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Π-conjugated systems of delocalized aromatic electrons along their backbones, 
including conjugated small molecules, oligomers, polymers, and carbonaceous 
materials, etc., have received considerable attention from a wide variety of scientific 
and technical communities. Compared to inorganic materials, the advantages 
of those based on p-tectons lie in their broad diversity, flexibility, and tunability 
with regard to structure/geometry/morphology, processability, composition, 
functionality, electronic/band structure, etc. In terms of sophisticated molecular 
engineering, these features endow them not only with excellent self-assembly 
properties but also with unique optical, electrical, mechanical, photophysical, 
photochemical, and biochemical attributes. This renders them promising scaffolds 
for advanced functional materials (AFMs) in numerous areas of general interest such 
as electronics, optics, optoelectronics, photovoltaics, magnetic and piezoelectric 
devices, sensors, catalysts, biomedicines, and others.

With regard to the design/synthesis of novel p-tectons, the launch of diverse 
assembly/fabrication protocols, theoretical calculations, etc., the past several 
decades have witnessed tremendous advancements along this direction. Thus far, a 
vast array of high-performance p-tectons-based AFMs have been initiated. To some 
extent, the cooperative principle of p-pstacking and other noncovalent interactions 
has been revealed, and the structure-property relationships have been disclosed. 
Despite the existing progress, this field still faces challenges, for example:

(i) the need for scalable assembly/manufacture under ambient conditions—with 
low-cost, facile, environmentally-friendly protocols

(ii) clearer correlations bridging the underlying intricate relationships of each 
successive step in assembly/manufacture

(iii) corresponding theoretical calculations for guiding the rational design of 
p-tectons that elucidate the cooperative principle of p-p stacking and other 
noncovalent interactions, as well as the principle of structure-performance 
correlation

(iv) stability and durability, among the most important concerns regarding their 
commercialization

The advancements accumulated during the past decades have established a solid 
foundation for the further development of p-conjugated systems-based AFMs. We 
believe that with unrelenting efforts from both scientific and technical communities 
of various backgrounds, their practical applications will eventually be fulfilled.
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A novel p-type organic semiconductor with high thermal stability is developed by simply

incorporating cyclohexyl substituted aryl groups into the 2,6-position of anthracene,

namely 2,6-di(4-cyclohexylphenyl)anthracene (DcHPA), and a similar compound with

linear alkyl chain, 2,6-di(4-n-hexylphenyl)anthracene (DnHPA), is also studied for

comparison. DcHPA shows sublimation temperature around 360◦C, and thin film

field-effect transistors of DcHPA could maintain half of the original mobility value when

heated up to 150◦C. Corresponding DnHPA has sublimation temperature of 310◦C and

the performance of its thin film devices decreases by about 50% when heated to 80◦C.

The impressing thermal stability of the cyclohexyl substitution compounds might provide

guidelines for developing organic electronic materials with high thermal stability.

Keywords: organic semiconductors, anthracene derivatives, thermal stability, organic field-effect transistors,

mobility

INTRODUCTION

Organic field-effect transistors (OFETs) with organic semiconductors as key elements have been
extensively studied and believed to play a prominent role in future organic electronics, such
as flexible displays (Tang et al., 2009), the radio frequency identity tags (RFID) (Subramanian
et al., 2005), and various sensors (Huang et al., 2008, 2017; Knopfmacher et al., 2014; Lu et al.,
2017b). High mobility and great stability in ambient conditions are two prerequisites of organic
semiconductors for high-performance OFETs. In recent years, remarkable progress has been
achieved in improving mobility by design and synthesis of new molecules. In this process, it was
found that, tailoring molecular structures is quite effective in tuning the molecular packing motifs
and energy levels, which meanwhile influences the field-effect performance (Dong et al., 2010;
Watanabe et al., 2012; Mori et al., 2013).On the other hand, great efforts have been devoted to
improving the stability of OFETs, including environment stability (air and photo stability; Liu et al.,
2015a), operating stability, and stability in some extreme conditions like under high temperatures.

Among the diverse organic semiconductors developed so far, anthracene derivatives (Meng
et al., 2006; Klauk et al., 2007; Jiang et al., 2008a,b, 2009; Liu et al., 2009, 2016; Li et al., 2015;
Chen et al., 2017, 2018) generally exhibit high environment stability and are supposed to have
more commercial potential compared with the benchmark material of pentacene, but the thermal

6
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stability of anthracene derivatives have rarely been addressed.
Usually organic devices are prone to thermal degradation at
the elevated operating temperature (Kuribara et al., 2012).
Using organic semiconductor with great thermal stability is
a straightforward approach for fabricating thermally stable
organic transistors. To date, many researches on improving
the thermal stability of semiconductors have been reported.
For instance, DBTTT, which was derived from DNTT (Park
et al., 2015) by replacing the terminal benzene rings of DNTT
with two thiophene rings, exhibited good thermal stability with
the sublimation temperature above 350◦C, and the electrical
characteristics of its thin film transistors (TFTs) remained
unchanged when elevating the operating temperature from room
temperature to 140oC. Similarly, another DNTT derivative,
namely, DPh-DNTT (Yokota et al., 2013), was designed and
corresponding TFTs showed that the mobility of devices
decreased by no more than 20% upon annealing to 250oC.
Despite these advancements, most of them were tested at room
temperature after annealing to various temperatures (Sekitani
et al., 2004; Yi et al., 2016; Seifrid et al., 2017). There is very
few research on the thermal stability of simultaneous testing an
OFET during heating (Fan et al., 2018; Gumyusenge et al., 2018),
let alone possible strategies for improving the thermal stability of
OFETs under elevated testing temperatures.

In this study, we developed a novel p-type organic
semiconductor 2,6-di(4-cyclohexylphenyl)anthracene (DcHPA)
by simply incorporating cyclohexyl-phenyl groups into the
2,6-position of the molecular skeleton of anthracene, and
corresponding n-hexyl-phenyl substituted compound 2,6-di(4-
n-hexylphenyl) anthracene (DnHPA) was also studied for
systematical comparison. It was found that, the DcHPA showed
sublimation temperature of 360

◦

C (5% weight loss) and only
8% performance degradation for DcHPA thin film FETs when
heated to 80

◦

C, and it still maintained half of its original value
up to about 150

◦

C. DnHPA showed 50
◦

C lower sublimation
temperature, and the mobility of DnHPA TFTs decreased by 50%
when heated to 80oC, then rapidly degraded, and failed to work
at 120

◦

C. Moreover, single crystal OFETs of DcHPA exhibited an
average mobility of 1.98 cm2V–1s–1 and maximum mobility up
to 3.16 cm2V–1s–1, which was comparable to that of DnHPA (Xu
et al., 2016). All these results indicate that the cyclohexyl-phenyl
substitution obviously improves the thermal stability without
sacrificing the mobility, and it might provide guidelines for the
design and investigation of high-performance semiconductors
with high thermal stability in the future.

EXPERIMENTAL

Materials and Characterization
All reagents and chemicals were obtained from commercial
resources and used without further purification.

The synthesis of the DcHPA is illustrated in Scheme 1. The
final product can be easily synthesized through three simple steps
with high yields (Lu et al., 2017a). Firstly a reduction reaction
was carried out getting the intermediate of 2,6-dihydroxyl
anthracene, and then esterification reaction was done getting 2,6-
diyl bis (trifluoromethanesulfonate) anthracene as a yellowish-
white crystalline powder, finally by coupling the intermediate 2

with (4-cyclohexylphenyl) boronic acid under the presence of
Pd(PPh3)4 gave the target molecular DcHPA with a yield of 84%.
The compound was confirmed by MS (EI): m/z 494 (M+), NMR
(Figure S1) and elemental analysis calculated for C38H38 (%): C
92.26, H 7.74. Found: C 91.96, H 7.74.

1HNMR spectra were recorded on Advance 400 MHz
spectrometer in deuterated chloroform with tetramethylsilane
(TMS) as an internal reference. All chemical shifts were
reported relative to TMS at 0.0 ppm. Elemental analysis was
carried out by Flash EA 1112. The UV-vis spectra were
obtained on a Jasco V-570 UV-vis spectrometer with solution
concentration of 1 × 10−5 mol/L. Cyclic voltammetry (CV) was
run on a CHI660C electrochemistry station in THF solution
using tetrabutylammonium hexafluorophosphate (Bu4NPF6) as
electrolyte at a scan speed of 100 mVs−1, and glassy carbon
was used as the working electrode and Pt wire as the counter
electrode and ferrocene as inner standard. Thermogravimetric
analysis (TGA) was carried out on a Perkin Elmer TGA7
under nitrogen. Differential scanning calorimetry (DSC) was
carried out on DSC 250 under nitrogen with the heating rate of
10◦C/min. X-ray diffraction (XRD) measurement was performed
in reflection mode at 40 kV and 200mA with Cu Ka radiation
using a 2 kW Rigaku D/max-2500 X-ray diffractometer. Atomic
force microscopy (AFM) images of single crystal were obtained
by using a Digital Instruments Nanoscope III atomic force
microscope in air. Transmission electron microscopy (TEM)
and selected area electron diffraction (SAED) measurements
were carried out on a JEM 1011 (Japan). HR-AFM images were
obtained by the instrument of Asylum Research AFM.

Thin Film Transistors, Fabrication and
Characterization
The films were imaged in air using a Digital Instruments
Nanoscope III atomic force microscope operated in tapping
mode. Thin film devices were fabricated with bottom-gate top-
contact configuration. Fifty nanometer thin films of DcHPA
and DnHPA were grown on the octadecytrichlorosilane (OTS)-
treated Si/SiO2 (300 nm) substrate by vacuum deposition with
the speed of 0.1–0.4 Å/s at different substrate temperature (Tsub).
Twenty nanometer thick gold source and drain electrodes were
deposited successively using the shadow masks with width-to-
length ratio (W/L, 240/30µm) of cal. 8/1. OFET characteristics
of DcHPA were obtained in air under different temperatures on
a Keysight 1,500A and Signatone 1,160 probe station, and the
heating temperature was varied from 20 to 220oC in steps of
20oC. Then the mobility was calculated by using the equation:
IDS = (W/2L)×Ci×u×(VG − VT)

2 whereW and L are the width
and length of channels, respectively, and Ci is the capacitance of
the gate-dielectric capacitance per unit area.

Single Crystal Transistors, Fabrication and
Characterization
High quality ribbon-like single crystals were grown on OTS-
treated Si/SiO2 substrate by physical vapor transport (PVT)
method in a horizontal tube furnace under argon atmosphere
(Wang et al., 2018). In a tube furnace, DcHPA was placed in a
quartz boat at the high temperature zone of 180oC, and ribbon-
like single crystals could be obtained on substrate down the
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SCHEME 1 | Synthetic route to 2,6-di(4-cyclohexylphenyl)anthracene (DcHPA).

argon stream at the low temperature. The temperature of the
tube furnace was gradually increased to 180oC, then maintained
for 3 h. After cooling down to room temperature, single crystal
transistors were fabricated using the “organic ribbon mask”
technique (Jiang et al., 2008b).

RESULTS AND DISCUSSIONS

Figure 1A shows themolecular structure of DcHPA andDnHPA.
Cyclic voltammetry measurement of DcHPA was performed in
dichloromethane solution (with 10−3 M, BuNPF6 as electrolyte)
to investigate the electrochemical properties. As shown in
Figure 1B, it exhibited one quasi-reversible oxidative wave.
The highest occupied molecular orbital (HOMO) energy level
of DcHPA was calculated from the onset of the oxidation
peak with reference to Fc+/Fc (4.8 eV) using the equation of
EHOMO = [4.8-EFc+Eonsetox] eV, and HOMO level of 5.6 eV
was determined, which was similar to that of 2,6-diphenyl-
anthracene (DPA) (Liu et al., 2015a,b). UV-vis measurements of
DcHPA in dilute solution (10−5 M in CH2Cl2) and in the form
of thin film (50 nm) were performed as shown in Figure 1C.
All the spectra of DcHPA exhibited fine vibronic structures of
typical anthracene derivatives. The optical bandgap calculated
from the onset absorption using the equation of Eg = 1, 240/λ,
and bandgap of 3 eV was estimated. Besides, frontier orbitals
were estimated by theoretical calculation. Firstly, the molecular
geometric structures of DnHPA and DcHPA were optimized by
density functional theory (DFT) at the B3LYP/6-31G∗∗ level. As
seen in Figures 1D,E, the electron density distribution of the
HOMO and the lowest unoccupied molecular orbital (LUMO) of
bothDnHPA andDcHPA residemostly on the central anthracene
unit and a bit on the two appended benzene units. The different
substituted alkyl groups of n-hexyl and cylco-hexyl hardly affect
the HOMO and LUMO energies. Thermal stability of DcHPA
and DnHPA was measured by TGA (Figure 1F). The weight of
both the materials was almost constant when the temperature

was below 300oC, and the sublimation temperature (with 5%
weight loss) of DcHPA and DnHPA was 360oC and 310oC
under nitrogen atmosphere, respectively. According to results
of TGA, DSC measurements were carried out simultaneously
to investigate their thermal stability. No endothermic peak
and exothermic peak of DcHPA was observed during heating
and cooling process before the sublimation temperature, and
DnHPA showed endothermic peaks around 226 and 249◦C
during heating and exothermic peaks around 216 and 245oC
during cooling in the range of 20 to 300◦C. The peaks around
250◦C is caused by the melting and crystallization process of
DnHPAwhich was confirmed by the measurement of the melting
point, while peaks at around 226 and 216◦C might related to a
phase transition process.

DcHPA thin films were deposited on the OTS-treated Si/SiO2

substrate with different Tsub, and the corresponding morphology
of thin films were characterized by AFM as illustrated in
Figures 2A–C. The films were quite rough and lots of rod-like
domains could be observed when deposited on the substrate at
room temperature. With the increasing Tsub, the morphology
of DcHPA films gradually became smoother and the rod-like
grains gradually evolved into layer-by-layer crystalline domains.
Especially in Figure 2C, large and uniform grains with layer-
by-layer growth were observed, which proved that increasing
the Tsub was beneficial to the formation of uniform films. XRD
measurements were performed to study the structural order of
thin films. Strong and ordered diffraction peaks were obtained
(Figure 2D) indicating high crystallinity. Similar diffraction
peaks were observed for films deposited at different Tsub. A
primary diffraction peaks appeared at 2θ = 5.30◦, with third-
order diffraction perks at 2θ = 15.87◦. And the same 2θ
detected for all these films, indicates the simple morphology
change instead of phase transition for thin films deposited at
different Tsub (He et al., 2015; Zhang et al., 2016). Moreover,
the relative high diffraction intensity for films deposited at
elevated temperatures indicates higher crystallinity of the films.
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FIGURE 1 | (A) Molecular structure of DcHPA and DnHPA. (B) Cyclic voltammogram curves of DcHPA in CH2Cl2 with concentration of 10−3 M. (C) Uv-vis

absorption of DcHPA in dilute CH2Cl2 solution (10−5 M, black) and in thin film state (red). Frontier molecular orbitals for DnHPA (D) and DcHPA (E). (F)

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) of DcHPA and DnHPA.

The d-spacing of DcHPA obtained from the first diffraction
peak was 1.67 nm based on the equation of 2d × sin θ = nλ,
which was consistent with the single layer thickness shown in
Figure 2C inset. Figures 2E,F showed the typical transfer and
output characteristics at room temperature with the Tsub of 20oC,
and slight hysteresis was observed in transfer curves which might
be deduced from the trap states in thin films which blocking
carrier transport. The distribution of mobility and threshold

voltage of 40 devices was shown in the Figures 2G,H, and most
devices exhibit mobility in the range of 0.1–0.15 cm2V−1s−1,
with the threshold voltage in the range of −24∼-28V. The
larger grain size and better crystallinity of films deposited at
elevated temperatures also exhibited higher mobility (Table S1),
with typical transfer characteristics shown in Figures S2A,B. And
the average mobility increased from 0.12 to 0.37 cm2V−1s−1 and
0.52 cm2V−1s−1 for films deposited at Tsub from 20 to 60◦C and
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FIGURE 2 | AFM images of 50 nm thin films of DcHPA at (A) 20oC, (B) 60oC, and (C) 100oC, respectively. (D) Out of plane XRD results of DcHPA 50 nm films. (E)

Typical transfer and (F) output characteristics of thin film transistors. The distribution of the mobility (G) and threshold voltage (H) of DcHPA thin film transistors.

100◦C, respectively. Besides, OFETs studies were also conducted
on DnHPA thin films (Figures S3A,B). Typical transfer and
output curves were shown in Figures S3C,D, which exhibited
mobility of about 0.47 cm2V−1s−1, and thin films deposited at
Tsub of 60◦C showed mobility of 0.54 cm2V−1s−1 (Figure S4A).
However, lower mobility of 0.35 cm2V−1s−1 (Figure S4B) was
obtained for films deposited at Tsub of 100◦C. The slightly higher
mobility of DnHPA devices than DcHPA devices fabricated at

Tsub of 20◦C could be explained by the larger grain size of DnHPA
films (Figures S3A,B) than that of DcHPA thin films (Figure 2A)
at the Tsub of 20◦C, which result in less grain boundaries in the
conducting channel. The increased mobility of DcHPA indicated
that, the elevated temperature benefited the growth of DcHPA in
the whole temperature range. While DnHPA films were found
with lots of cracks at Tsub of 100◦C (Figure S5), which might be
caused by the different coefficient of thermal expansion of the
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FIGURE 3 | Typical transfer characteristics of DcHPA (A) and DnHPA (B) at elevated temperature from 20 to 220oC in steps of 20oC. Field-effect mobility (C) and

Maximum current (D) of DcHPA (black line) and DnHPA (red line) TFTs as a function of heating temperature.

semiconductor and the substrates, and these cracks act as traps
in the conducting channel and result in the lower mobility.

To investigate the thermal stability, OFETs were tested at
varied temperatures from 20 to 220oC in steps of 20oC (Okamoto
et al., 2013) for films deposited at Tsub of 50oC. The AFM
images of DcHPA and DnHPA at Tsub of 50◦C were depicted
in Figures S6A,B, respectively. The heating rate was 0.5oC/s and
the tests were carried out in air during heating. Figures 3A,B
showed the transfer characteristics of DcHPA and DnHPA,
respectively. Slight performance degradation was observed from
room temperature to about 180oC for DcHPA devices, and
DnHPA devices degraded obviously when heated to 120oC. The
results were further presented in Figure 3C. The mobility of
DcHPA and DnHPA devices as a function of the temperature
demonstrated that DcHPA TFTs are significantly more stable
than DnHPA TFTs at elevated temperatures. The mobility of
DnHPA devices decreased by 50% when heated to 80oC, and
rapidly degraded thereafter and had almost lost field-effect
performance when heated to 120◦C. By contrast, the change in
mobility of DcHPA devices was as small as 8% when heated to
80oC, and the devices still maintained half of its original value
up to about 150oC. The morphology of thin films at pristine state
and after heating were shown in Figures S7A–D, the morphology
of DcHPA thin films was almost unchanged, indicating strong
thermal stability of them. However, DnHPA thin films became
discontinuous after heating and large domains were formed
with abundance of cracks, which made poor connectivity of the
conducting channel. The change of maximum current in this
experiment in Figure 3D was similar to the change of mobility.

Obviously, devices of DcHPA have better thermal stability than
DnHPA. XRD measurements were also conducted for DcHPA
and DnHPA thin films at elevated temperatures from 20 to 200◦C
in steps of 20◦C, and the results were depicted in Figures S8A,B.
It can be observed that, there is no significant change of DcHPA
thin films in peak position except for slightly changes in intensity.
However, the second-order diffraction peak of DnHPA thin
films at 2θ = 13.63◦ obviously disappeared and a shoulder peak
emerged at diffraction 2θ = 5.84◦ at 160◦C, and further elevating
the temperature resulted in the disappearance of the diffraction
at 2θ = 5.46◦ and intensified diffraction at 2θ = 5.84◦, which
indicates a phase transition of DnHPA thin films at elevated
temperature. And this result correlates well to the DSC result
where a phase transition occurs at 226◦C. Instead of the phase
transition (He et al., 2015; Zhang et al., 2016), quick performance
degradation of DnHPA at around 80◦C might be caused by the
energetic disorder at high temperatures and the deterioration in
electrical contacts (Fan et al., 2018).

Due to the poor uniformity and small grains of DcHPA thin
films, many traps and defects exist in the conducting channel.
To address this issue, we next fabricated single crystal transistors
to investigate the intrinsic mobility of DcHPA semiconductor.
Bottom-gate top-contact single crystal transistors based on
DcHPA crystals with thickness of about 20 nm were fabricated
using the “organic ribbon mask” technique. Ribbon-like DcHPA
microcrystals were obtained by PVT method and AFM
image (Figure S9) showed that the DcHPA microcrystals have
smooth surfaces and clear edges, which promise HR-AFM
characterization (Figure 4B). TEM and SAED were performed
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FIGURE 4 | TEM and SAED (A) and HR-AFM (B) images of DcHPA single crystal obtained by PVT method. (C) Typical transfer and (D) output characteristics of

DcHPA single crystal transistors, and the insert of (C) was the optical image of single crystal device based on DcHPA. The distribution of the mobility (E) and threshold

voltage (F) of DcHPA single crystal transistors.

for microcrystal grown on copper grid (Figure 4A). And lattice
parameters of a-axis and b-axis were about 1.50 nm and
0.60 nm, respectively. HR-AFM image of DcHPA microcrystals
was illustrated in Figure 4B. The results showed that the
lattice type was rectangular and the lattice parameters of a-
axis and b-axis were 1.47 and 0.58 nm, respectively, which were
consistent with the SADE results. Combining the results from
HR-AFM (Figure 4B and Figure S10D) and XRD (Figure 2D
and Figure S3E), the lattice parameters of a = 1.47 nm and
b = 0.58 nm with d-spacing of 1.67 nm could be obtained
for DcHPA, and the values were 0.44, 0.52, and 1.62 nm for
DnHPA, respectively. Since longer molecular length could be
expected for the linear DnHPA compared with DcHPA, the
comparable d-spacing observed for the two materials, indicating
smaller tilt angle for DcHPA in the solid states, which might
result in more efficient π-π interactions, and thus enhanced
thermal stability and higher mobility. To gain insights into the
different thermal stability, a theoretical simulation was carried

out regarding 200 molecules in the solid states, however, the
intermolecular interaction energy density is almost identical
for the two compounds (Supplementary Material theoretical
calculation and Figure S11), and further estimation based on the
precise packing structure is needed to find the intrinsic origin of
the higher thermal stability of DcHPA.

The typical transfer and output characteristics with little
hysteresis were illustrated in Figures 4C,D, and the optical image
of single crystal transistor structure was shown in the inset
in Figure 4C. Mobility of the device was calculated to be 1.83
cm2V−1s−1 by using the equation of IDS = (W/2L) × Ci ×

u× (VG − VT)
2 with the channel length of 5.82µm and channel

width of 12.3µm. A total of 20 devices were measured, and 95%
devices exhibited mobility above 1.0 cm2V−1s−1 with the average
mobility of 1.98 cm2V−1s−1 as well as the maximum mobility
up to 3.16 cm2V−1s−1. The distribution of mobility was shown
in Figure 4E. On the other hand, 75% single crystal devices
had threshold voltage in the range of −30∼-40V (Figure 4F).
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And the output in Figure 4D indicated a relatively large contact
resistance in the device, which may be highly related to the
mismatch between the HOMO energy level of DcHPA (5.6 eV)
and the work function of gold (5.1 eV), and the series resistance
from the electrode to the conducting channel. Therefore, higher
mobility could be expected by reducing the contact resistance
(Li et al., 2013). In addition, DnHPA single crystals were
obtained and corresponding DnHPA single crystal transistors
were fabricated using the same method, which exhibited the
average mobility of 1.30 cm2V−1s−1 (Figures S10A–D).

CONCLUSIONS

In summary, we have synthesized a novel semiconductormaterial
DcHPA by simply incorporating cyclohexyl-phenyl groups into
the 2, 6-position of the molecular skeleton of anthracene.
The effect of deposition temperature on film morphology was
explored, showing that themorphology of DcHPA thin filmswere
more uniform, smoother and tended to grow layer-by-layer with
higher crystallinity at the elevated substrate temperature. More
importantly, thin film devices of DcHPA exhibited apparently
higher thermal stability than DnHPA. DcHPA OFETs could
maintain half of the original mobility value up to 150oC, while
the performance of DnHPA thin film devices decreased by
50% when heated to 80oC and degraded rapidly thereafter.
Although DcHPA and DnHPA have similar molecular weight,
DcHPA thin film devices were obviously more stable than
DnHPA devices under high temperature. In addition, single
crystal transistors were fabricated to investigate intrinsic mobility
of DcHPA semiconductor, which exhibits highest mobility of 3.16

cm2V−1s−1. All these results might provide guidelines for the
development of materials with high thermal stability.
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Conjugated microporous polymers (CMPs) have attracted intensive attention owing to

their permanent nanoporosity, large surface area and possibility for functionalization,

however their application in energy storage suffers from poor conductivity and low

hetero-atom content. Here, we demonstrate a hybrid of conjugated microporous

polymers and graphene aerogel with improved conductivity. After treating at 800◦C in

NH3, the nitrogen content increases to 9.8%. The resulting microporous carbon exhibits

a significant rise in supercapacitive performance up to 325 F g−1, 55% higher than

pristine triazine-based CMPs, with energy density up to 12.95 Wh kg−1. Moreover, it

has high stability with 99% retention after 10,000 cycles at 5 A g−1. The synergy of

hierarchical porous structure, graphene-based conduction path and high percentage

of hybridization with nitrogen ensures effective ion/electron transport and diffusion,

making NH3-treated graphene aerogel/CMP hybrid a promising electrode material in

high-performance supercapacitor.

Keywords: conjugated microporous polymer, graphene aerogel, supercapacitors, triazine-based electrode

materials, nitrogen-doped carbon

INTRODUCTION

Conjugated microporous polymers (CMPs) are one kind of covalently linked organic porous
materials which have attracted extensive interest in recent years due to their strong π-conjugated
linkage, permanent nanoporosity, large surface area, possibility to modify functional groups as well
as high stability compared with other porous organic materials (Xu et al., 2013). Until now, CMPs
have been used in various fields, including gas adsorption and storage (Yuan et al., 2010; Reich et al.,
2012), gas separation, heterogeneous catalysis, light harvesting devices, photoluminescence, electric
energy conversion and storage, etc. Among them, supercapacitor, as one kind of electrochemical
energy storage devices, shows great potential for daily appliances (Pang et al., 2015; Zhang
et al., 2015, 2016; Xie and Zhang, 2016) owing to its fast charge-discharge rate, high power
density, less environment pollution, etc. (Zhang and Zhao, 2009; Wang G. et al., 2012; Peng
et al., 2014; Salunkhe et al., 2014; Wang Q. et al., 2014)Compared with traditional supercapacitor
electrode materials, CMPs have high specific surface area and the possibility to tailor pore and
channel structures. Recently, the CMPs are normally produced by solvothermal method, which is
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suitable for carbon-carbon bond-forming reactions. However,
CMPs produced by solvothermal method have relatively poor
orbital overlap due to the twisted benzene rings, leading to
low electrical conductivity (Lee et al., 2016). To improve the
conductivity, CMPs with high carbon content are synthesized by
coupling reactions, however it usually results in poor wettability
of CMPs-based electrode.

To improve the performance of CMPs as electrode material,
hybridization with other heteroatoms are widely used, which
can increase both the wettability and the pseudocapacitance.
With higher nitrogen content, the supercapacitive performance
of a triazatruxene-functional CMP are remarkably improved,
however the value only reaches 183 F g−1 (Li et al., 2017).
Moreover, to increase the material conductivity, CMPs are
usually carbonized under high temperature, which graphitizes
the framework of carbon-based materials (Li et al., 2014; Wang
L. et al., 2014). As an example, Cooper et al. improve the
electrical conductivity and pseudocapacitive contributions of
CMPs by combining molecular design and carbonization under
an ammonia atmosphere, however the value only increased to
about 260 F g−1 and the performance still restricts by the limited
intrinsic conductivity of CMPs, which is also a common problem
for other porous organic electrode materials (Lee et al., 2016).

Here, graphene aerogels (GA) are hybridized with CMPs,
for the first time, to improve three-dimensional intrinsic
conductivity of CMPs. After carbonization under ammonia
atmosphere, the nitrogen content increases to 9.8%, while the
ratio of pyridinic nitrogen increase from 15 to 25.5%. Owing
to the improved electrical conductivity and higher nitrogen
content, the resulting NH3-treated GA/CMPs (N-GA /CMPs)
has extraordinary specific capacitance up to 325 F g−1 at 0.5 A
g−1 with excellent long-term cycling stability, showing its great
potential in high performance supercapacitors.

MATERIALS AND METHODS

Preparation of CMP, GA/CMP, N-GA/CMP
CMPs were synthesized by the ionothermal method (Kuhn et al.,
2008a). The proportional (1:20) monomer (m-phthalodinitrile)
and ZnCl2 were added to a Pyrex ampoule in an argon
atmosphere, and then the ampoule was evacuated and sealed.
With a 10◦C min−1 heating rate, the ampoule was heated to
600◦C for 40 h, and then was cooled down to room temperature.
If the synthesis temperature was higher than 500◦C, the ampule
was under pressure and would be released during opening (Kuhn
et al., 2008b). The product was subsequently grounded in an
agate mortar to get powder, and washed by deionized water to
remove ZnCl2. After that, the sample was stirred in 5% HCl
for 15 h to remove the residual ZnCl2. After purification, the
black powder was filtered and washed with deionized water and
tetrahydrofuran. Finally, it was dried in vacuum at 150◦C for 15 h.
Graphene oxide was synthesized from natural graphite according
to a modified Hummers method (Hummers Jr and Offeman,
1958). The prepared graphene oxide solution was purified by
5% HCl and deionized water for several times so that residual
salts and acids can be washed completed. Graphene Aerogel
was synthesized according to the literature (Xu et al., 2010). A

10mL portion of 1.5mg mL−1 homogeneous graphene oxide
aqueous dispersion was sealed in a 20mL Teflon-lined autoclave
and maintained at 180◦C for 12 h. The autoclave was naturally
cooled to room temperature, and the as-prepared graphene
aerogels were taken out and transferred to glass bottles. The
graphene aerogels were obtained by putting the glass bottles into
a freeze drying equipment for 24 h. The preparation of GA/CMPs
followed the preparation of CMPs but different ratio of graphene
aerogels, monomers and ZnCl2 were grinded evenly in an agate
mortar before adding to a Pyrex ampoule. The weight percentage
of GA was 15%. To prepare N-GA/CMP, GA/CMPs (200mg)
was placed in a ceramic boat, which was located in the center
of a tube furnace. The sample was exposed to a flow of N2 for
30min to remove the air from the tube, and then was treated by
ammonia at 800◦C for 2 h using nitrogen as the carrier gas. After
ammonia treatment, the sample was cooled to room temperature
and NH3-treated GA/CMP was obtained.

Material Characterization
The samples were measured by scanning electron microscopy
(SEM, Zeiss-Ultra 55), transmission electron microscopy (TEM,
Tecnai G2F20S-Twin), X-ray diffraction (XRD, Rigaku D/Max
2400, CuKα radiation, 40 kV, 100mA, λ = 1.5406 Å), and
X-ray photoelectron spectroscopy (XPS, Axis Ultra Dld, Al Kα

radiation, 15 kV, 30mA). Elemental analyses were carried out
using a vario EL cube analyzer. The pore structure was measured
by N2 sorption at 77K, Brunauer–Emmett–Teller (BET) surface
areas were calculated from the isotherm using the BET equation.

Fabrication of Electrodes
and Supercapacitor
The active material (80 wt.%), carbon black (10 wt.%), and
polytetrafluoroethylene (PTFE, 10 wt.% of a 60 wt.% dispersion
in water) were dispersed in ethanol, and then thoroughly mixed
in an agate mortar, adding ethanol several times. After that,
the mixtures were rolled into a uniform thin film and dried
at 80◦C for 12 h in a vacuum oven, and then film was cut
into 1 cm2 electrode slice and coated on a slice of nickel foam
current collector. Exerted 10MPa pressure by a table press, the
as-prepared electrodes were used as the working electrode. Pt foil
and an Hg/HgO electrode were used as the counter electrode and
reference electrode, respectively.

Electrochemical Measurement
Electrochemical measurement was performed by using an
electrochemical station (CHI660E, CH Instruments, Shanghai)
and a three-electrode system in 6M KOH alkaline electrolyte.
The specific capacitances of materials derived from galvanostatic
discharge curves were calculated by Equation (1):

Cm =
Id × 1t

m × 1V
(1)

where 1t was the discharge time (s), Id was the constant
discharge current (mA), 1V was the potential change (excluding
ohmic drop IR),mwas themass of activematerials in the working
electrode when using three-electrode system. In two-electrode
system,m was the mass of active material of whole device (mg).
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FIGURE 1 | (A) Illustration of synthesis of N-GA/CMPs. (B–G) FESEM and TEM images of the CMPs (B,E), GA (C,F), and N-GA/CMPs (D,G), respectively.

FIGURE 2 | (A) Nitrogen adsorption and desorption isotherms of CMPs (red) and N-GA/CMPs (blue). (B) Pore size distribution of CMPs and N-GA/CMPs. (C) XRD

pattern of N-GA/CMPs. (D) EA of N-GA/CMPs for carbon (black) and nitrogen (blue). (E) XPS N 1s spectra of CMPs, GA/CMPs and N-GA/CMPs (N1, oxide nitrogen;

N2, quaternary nitrogen; N3, pyrrolic nitrogen; N4, pyridinic nitrogen). (F) Ratios of different configurations of nitrogen in the materials.
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FIGURE 3 | (A) Illustration of the charge transfer in an N-GA/CMPs electrode. (B) CV curves and (C) GCD curves of the N-GA/CMPs. (D) Specific capacitances of

CMPs, N-CMPs, GA/CMPs, N-GA/CMPs, GA and physical mixture of 85% CMP and 15% GA as blank. (E) Nyquist plots of the CMPs, GA/CMPs and N-GA/CMPs.

The insert shows the plots in the high-frequency region. (F) Cycling performance of the N-GA/CMPs based supercapacitor. (G) Ragone plots of the N-GA/CMPs

based two-electrode supercapacitor. The values reported by literatures are shown in the figure.

The energy density (E, W h kg−1) and average power density
(P, W kg−1) of the whole two-electrode device were calculated
separately by Equations (2, 3):

E =
1

2
×

Cm × 1V2

m × 3.6
(2)

P = 3600 ×
E

1t
(3)

RESULTS AND DISCUSSION

After growth (Figure 1A), the morphologies of CMPs, GA,
and N-GA/CMPs were studied by field emission SEM (FESEM,
Figures 1B–D) and TEM (Figures 1E–G). The FESEM image
shows that the CMPs have similar porous structures with the
triazine-based CMPs reported in literature (Kuhn et al., 2008b).
The TEM image of the N-GA/CMPs shows that the GA skeleton
with layered structure is cross-linked and uniformly covered
by porous CMPs. Nitrogen adsorption-desorption measurement
(Figures 2A,B) has been performed to analyze the porous
structure of the N-GA/CMPs. The isotherm of the N-GA/CMPs

reveals a typical II type, which indicates the combination of
micro-pores and meso-pores in the material. The surface area
of N-GA/CMPs measured by BET is 1268.5 m2 g−1, and the
powder XRD pattern shows that the N-GA/CMPs don’t have any
crystallization peaks, proving the amorphous nature (Figure 2C).

To further study the chemical structure and elemental
composition, N-GA/CMPs were characterized by elemental
analysis and XPS. The elemental analysis shows that the pristine
GA/CMPs have a 6.3% nitrogen content (Figure 2D) (Hao
et al., 2014). After carbonization at 800◦C in ammonia, the
nitrogen content of N-GA/CMPs increases to 9.8%. In order
to analyze the nitrogen species in the material, we measured
XPS spectra of CMPs, GA/CMPs and N-GA/CMP (Figure 2E).
The XPS N 1s has four sub-peaks at 398.5, 399.8, 400.9, and
403.1 eV, which represent pyridinic nitrogen, pyrrolic nitrogen,
quaternary nitrogen and oxidized nitrogen, respectively. Except
quaternary nitrogen, other three types of nitrogen are located
at the edges or defects of the CMPs or GA layers. All examples
have low percentage of oxidized nitrogen, since the reactions
were token place under an inert atmosphere. Notably, after
treating at high temperature in ammonia atmosphere, no obvious
changes happen on pyrrolic and oxidized nitrogen, while the
ratio of quaternary nitrogen decreases and the ratio of pyridinic
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nitrogen remarkably increases up to 25.5% (Figure 2F), which is
of importance for achieving high supercapacitive performance.

To evaluate the supercapacitive performance, cyclic
voltammetry (CV), galvanostatic charge–discharge (GCD) tests
and electrochemical impedance spectroscopy (EIS) were carried
out in a 6M KOH aqueous electrolyte in a conventional three-
electrode system (Figure 3A). The CV curves for N-GA/CMPs
at different scanning rates are shown in Figure 3B. All CV
curves have quasi-rectangular shape without obvious reduction
and oxidation peaks, indicating the N-GA/CMPs have good
electroconductivity and stores energy mainly by double-layer
energy storage mechanism despise higher content of pyridinic
nitrogen. The GCD tests are performed at different current
densities from 0.5 to 5A g−1. The GCD curves (Figure 3C) have
a triangular shape, consistent with theoretical electrochemical
double layer capacitors, and don’t have obvious voltage drop,
showing the good conductivity of materials. The N-GA/CMPs
exhibit the highest specific capacitance of 325 F g−1 at the current
density of 0.5 A g−1. The calculated specific capacitance values of
CMP, GA/CMP and N-GA/CMP (Figure 3D) show that the GA
cannot greatly increase the specific capacitance, while the high-
temperature annealing in ammonia atmosphere leads to a great
enhancement. To understand the synergy effect of the GA and
the CMPs in the hybrids, we physically mixed same content GA
with CMPs and annealed at the same temperature in ammonia
atmosphere (named as blank group). The specific capacitance of
the physical mixture is nearly same with the CMPs (Figure 3D),
implying that the increase of specific capacitance mainly results
from the chemical combination of porous structure of CMPs
and in-plane conductive structure of GA (Figure 3A). The CMPs
cover on both sides of GA. The interconnected micro-pores
and meso-pores of CMPs shorten the diffusion length between
external electrolyte and the surface of electrode materials. At the
same time, the GA acts as a conductive framework to increase
the conductivity of the electrodes.

The Nuquist plot (Figure 3E) measured by EIS reveals the
device resistance including the electrolyte resistance, the ionic
resistance of ions moving through the separator, the intrinsic
resistance of the active electrode, and the contact resistance
at the interface between the active materials with the current
collector. In the high-frequency region, the equivalent series
resistance (ESR) of the N-GA/CMPs (0.58�) is smaller than
that of CMPs (0.65�) after N-doping, which indicates lower
charge transfer resistance at the electrode/electrolyte interface.
The smaller radius of semicircular and the more vertical line
in the low-frequency region indicate faster ion diffusion in the

electrode of the N-GA/CMPs. This phenomenon is attributed to
higher ratio of nitrogen in the N-GA/CMPs (Xiang et al., 2015),
in agreement with the EA.

In order to test the stability in the application, the
N-GA/CMPs were used in a conventional two-electrode system
for cycling experiments. The capacitance (Figure 3F) remains
above 95% after 10,000 charge-discharge cycles at a current
density of 5A g−1. Therefore, the N-GA/CMPs produced by
ionothermal synthesis possess not only high supercapacitive
performance but also excellent cycling life. The energy density
of the N-GA/CMPs supercapacitors (Figure 3G) is up to 12.95
Wh kg−1, which is among the highest reported value of the
CMP-based supercapacitors (Xu et al., 2017; Yuan et al., 2017;
Zhao et al., 2017).

CONCLUSIONS

In summary, GA templated triazine-based CMPs are synthesized
by ionothermal method followed by high temperature treatment
in ammonia atmosphere. By using GA as the template, the
inherent conductivity of triazine-based CMPs is improved. High
temperature process in ammonia atmosphere results in higher
pyridinic nitrogen content in the GA/CMPs, which introduces
more edge sites and defects in the material. As a result, the
specific capacitance of N-GA/CMPs electrode increases by 55%
up to 325 F g−1, and the energy density reaches 12.95 Wh
kg−1. Moreover, there is no significant degradation after 10,000
cycles at a current density of 5A g−1. Considering the easy
preparation and outstanding energy storage performance, the
N-GA/CMPs show great potential for practical application in
high-performance aqueous supercapacitors.
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Graphene family nanomaterials (GFNs) have experienced significant development in

recent years and have been used in many fields. Despite the benefits, they bring to

society and the economy, their potential for posing environmental and health risks should

also be considered. The increasing release of GFNs into the ecosystem is one of the key

environmental problems that humanity is facing. Althoughmost of these nanoparticles are

present at low concentrations, many of them raise considerable toxicological concerns,

particularly regarding their accumulation in plants and the consequent toxicity introduced

at the bottom of the food chain. Here, we review the recent progress in the study of

toxicity caused by GFNs to plants, as well as its influencing factors. The phytotoxicity

of GFNs is mainly manifested as a delay in seed germination and a severe loss of

morphology of the plant seedling. The potential mechanisms of phytotoxicity were

summarized. Key mechanisms include physical effects (shading effect, mechanical injury,

and physical blockage) and physiological and biochemical effects (enhancement of

reactive oxygen species (ROS), generation and inhibition of antioxidant enzyme activities,

metabolic disturbances, and inhibition of photosynthesis by reducing the biosynthesis of

chlorophyll). In the future, it is necessary to establish a widely accepted phytotoxicity

evaluation system for safe manufacture and use of GFNs.

Keywords: nanomaterials, plant, phytotoxicity, influencing factor, toxicity mechanisms

INTRODUCTION

Graphene family nanomaterials (GFNs), a typical representative of two-dimensional carbon
nanomaterials (CNMs), have been widely used in various fields, including energy storage,
nanoelectronic devices and batteries, biomedical applications, biosensors, cell imaging, drug
delivery, and tissue engineering (Ou et al., 2016). GFNs include few-layer-graphene (FLG), ultrathin
graphite, graphene oxide (GO), reduced graphene oxide (rGO), and graphene nanosheets (GNS)
(Sanchez et al., 2012). Furthermore, GFNs can serve as an important building platform for
constructing various supramolecular products that have several advantageous applications (Dreyer
et al., 2010; Zhou et al., 2013). However, these carbon nanomaterials will inevitably be released
into the environment during their production, transport, consumption, and disposal. Their
environmental use for wastewater and drinking water treatment will likely lead to considerable
release of the aforementioned materials (Zhao et al., 2014). There has been considerable research
regarding the phytotoxicity of GFNs, but far less research on the realistic release amount and
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concentration in the environmental media (air, water, and soil).
Yan et al. (2019) reported that the maximum release amount of
graphene was 1.6 mg/kg from graphene-polyethylene composite
films applied in food packaging, confirming the release of
GFNs. Miralles et al. (2012) summarized the release pathways
of engineered nanomaterials into the natural environment as
follows: their use in environment remediation, as delivery
systems in agriculture, as biosensors, and as release from medical
and cosmetic applications; as well as accidental release (e.g.,
atmospheric emissions, leaching from sewage sludge, etc.). This
information is helpful in understanding the release pathways
of GFNs. Early in 2005, researchers conducted an evaluation
of nanomaterials regarding human health risks (Thomas
and Sayre, 2005). Hereafter, considering its persistent and
hydrophobic properties, and dramatically increasing production,
(Arvidsson et al., 2013) proposed that the fate of graphene
in the environment and its toxicity should be further studied.
Many researchers have so far expressed concern about the
potential human health and ecological risks resulting from the
manufacture and use of GFNs (Gilbert, 2009; Suárez-Iglesias
et al., 2017; Chen et al., 2018b; Naasz et al., 2018). Currently,
most research is focused on the effects of GFMs on humans,
small mammals, invertebrates, and aquatic organisms, and little
research has investigated their effects on plants (Lee et al.,
2016). As primary producers, plants play a major role in the
ecosystem. They not only interact directly with the soil, water,
and atmospheric compartments of the environment (Miralles
et al., 2012), but also provide food for people and other animals.
It is also the starting point for the bioaccumulation of toxic
substances. Therefore, it is likely that nanoparticles are gradually
enriched to higher levels of the food chain, leading to toxic
effects in organisms further up the chain (Yang and Zhao,
2013). Understanding the hazards of nanomaterials (e.g., toxicity,
mutagenicity, impacts on ecosystem services), and the underlying
toxicity mechanisms, is a basis for the more focused study
of the processes required to control their exposure (Wiesner
et al., 2009). Therefore, we should pay more attention to the
phytotoxicity of GFNs and its influencing factors, as well as
its potential toxicity mechanisms. The purpose of this article is
to critically review the existing literature on the phytotoxicity,
toxic influencing factors, and toxicological mechanisms of GFNs.
Some reviews have been written on the toxic effects of GFNs
in several organs and cell models (Ou et al., 2016). In addition,
toxicity, uptake, and translocation of engineered nanomaterials
in vascular plants (Miralles et al., 2012). We believe that a
comprehensive review is necessary to recognize emerging trends
and to discuss existing knowledge gaps on the toxicity of GFNs to
plants, especially crop plants.

PHYTOTOXICITY OF GFNS

Due to possible direct human exposure through the food chain,
crop plants have been chosen as test subjects in most research on
phytotoxicity of GFNs. The following review is mainly focused on
the findings obtained regarding crop plants. The toxicity of GFNs
to plants is summarized in Figure 1.

GFNs Fate in Plants
Graphene can be transferred from wheat roots to shoots and
enter the cytoplasm and chloroplasts (Hu et al., 2014c); however,
GO accumulation was not observed in the root cells of wheat
(Chen et al., 2018a). Furthermore, GO did not accumulate in the
seedlings of spinach and chive from if their seeds were treated
with 50 mg/L GO (He et al., 2018). In another study, Zhao
et al. (2015) found that GO in the range of µg/L accumulated
in root hair and root parenchyma cells; however, it did not
translocate into the stem or leaves of Arabidopsis thaliana. This
finding was supported by Chen et al. (2017); GO was readily
absorbed by the plant roots, but the absorbed GO showed limited
upward translocation. Different quantitative and distributional
trends between the two graphene materials in pea plants were
observed by Chen et al. (2019). Their study showed that rGO
was translocated into leaves after being absorbed by the roots.
The uptake amount in the root tended to stabilize at 15-day
exposure, and the cumulative amount in the leaves was higher
than that in the roots at 20-day exposure, reaching accumulation
amounts up to mg level. Conversely, GO mainly accumulated
in the roots and low levels in leaves. Besides root accumulation
and translocation from root to shoot, Huang et al. (2018) further
discovered that ∼9% of the accumulated FLG was degraded to
CO2 in the rice plant, and that the hydroxyl radical in the leaf
played an important role in degrading FLG. Earlier studies have
demonstrated that CO2 was the final product of the complete
enzymatic catalyzed oxidation of GO (Kotchey et al., 2011),
and H2O2 was a key component of this degradation process
(Xing et al., 2014). In plants, H2O2 plays an important role in
regulating biotic and abiotic stress responses (Sun et al., 2018).
Thus, given the widespread presence of H2O2 in plants, they can
potentially eliminate accumulated GFNs and could be used as
phytoremediation agents for environmental clean-up.

Toxic Effects on Plant Germination
Generally, GFNs produce a delaying effect in plant germination.
For example, in rice seeds treated with 50 mg/L of graphene,
germination started 3 days after the control group (Nair
et al., 2012). A later study confirmed that the increase in
graphene stress (≤200 mg/L) induced a delay in the initiation
of the germination process in rice, but had no negative effects
on the final germination percentage (Liu et al., 2015). A
similar delay occurred in the appearance of the cotyledons
and the root system of tomato, cabbage, and red spinach
seeds treated with graphene (Begurn et al., 2011). However,
tomato seeds exposed to graphene at concentrations as low
as 40 mg/L obtained rapid seed germination and higher
germination rates, which was attributed to the penetration of
the seed coat by the graphene, thus facilitating water uptake
(Zhang et al., 2015b). GO also significantly stimulated plant
germination at 50 mg/L because its hydrophobic sp2 domains
transported more water to the seed in the soil (He et al., 2018).
GO at concentrations in the order of µg/L (10–1000 µg/L)
had no obvious influence on the germination of Arabidopsis
seeds (Zhao et al., 2015). When GO concentration was up
to 100 mg/L, the rice germination percentage insignificantly
decreased; the effect became significant at 500 mg/L GO
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FIGURE 1 | Schematic diagram of the phytotoxicity and possible mechanisms of GFNs.

(Liu et al., 2015). Similar to rice, the germination of wheat seeds
was inhibited owing to GO concentrations exceeding 400 mg/L
(Chen et al., 2017).

Toxic Effects on Plant Growth
The common toxicity symptoms observed in plants exposed
to GFNs are a severe loss of morphology and decreases
in growth parameters, such as root and shoot length, root
number, root diameter, and biomass production (Table 1). For
instance, the morphology of rice seedlings was significantly
inhibited if graphene concentration reached 100 mg/L
(Liu et al., 2015). GO also adversely affected biomass
accumulation and stem elongation in wheat seedlings (Chen
et al., 2017). After exposure to 50 and 500 mg/kg rGO,
negative effects on the shoot height and root length of rice
seedlings were observed by Hao et al. (2018); in addition,
the root diameter and the number of cells in the transverse
section significantly decreased. However, GO in the range
of µg/L did not cause significant changes in shoot and root
development of Arabidopsis seedlings, or flowering time
(Zhao et al., 2015). These apparently contrasting results
suggest that the toxic effects of GFNs are associated with
exposure concentrations.

FACTOR

The potential effects of GFNs depend on many factors, such as
their physicochemical, the exposure concentration and time, and
the plant species, which deserve further attention.

Physicochemical Properties of GFNs
The biological impacts of nanomaterials are dependent on their
size, chemical composition, surface structure, solubility, shape,
and aggregation. Of these properties, size and surface area
are important characteristics from a toxicological perspective;
a small size and a large surface area increase the uptake
and interaction with biological tissues, thus increasing the
probability of generating adverse biological effects in living cells
(Nel et al., 2006).

Because the large size of GO sheets hinders its translocation
from the roots to the stem and leaves, GO bioaccumulation
was much lower than that of fullerenol in wheat roots (Chen
et al., 2017). Using freshwater algae as a test plant, Zhao
et al. (2017) investigated the toxicity of GFNs based on their
different physicochemical properties and colloidal behaviors.
They found that GO with abundant functional groups could
adsorb more macronutrients (N, P, Mg, and Ca) from the culture

Frontiers in Chemistry | www.frontiersin.org 3 May 2019 | Volume 7 | Article 29223

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Wang et al. Phytotoxicity of GFNs

TABLE 1 | Toxic effects on the germination and growth of crop plants.

Plant species GFNs Exposure

concentration

Exposure time Toxic symptoms of growth References

Rice (Oryza sativa) Graphene 100 and 200 mg/L 16 days Inhibition of root and stem length,

adventitious root number, and root

and stem fresh weight

Liu et al., 2015

rGO 50, 500 mg/kg 30 days Reduced shoot height and root

length, decreased root diameter and

number of cells in transverse section

Hao et al., 2018

wheat (Triticum aestivum) GO >1000µg/mL 9 days Decrease in root length, shoot length

and relative biomass; obvious

damage to plant tissue structures

Chen et al., 2018a

Graphene 250, 500, 1000, and

1500 mg/L

30 days Root hair reduction, oxidative burst,

photosynthesis inhibition, and

nutritional disorder

Zhang et al., 2016

200 mg/L 5 days Inhibition in the number of wheat

roots

Hu et al., 2014c

Maize (Zea mays) GO 100, 500, 1500 mg/L 15 days Significant decrease of shoot and root

weight

Yin et al., 2018

Brassica napus GO 25–100 mg/L 15 days Shorter seminal root length Cheng et al., 2016

50-100 mg/L Decrease in fresh root weight

Cabbage (Brassica oleracea), tomato

(Lycopersicon esculentum), red

spinach (Amaranthus tricolor and A.

lividus)

Graphene 500–2000 mg/L 20 days Significant inhibition of plant growth

and biomass. Decrease in the

number and size of leaves

Begurn et al., 2011

medium than rGO, thus leading to stronger nutrient depletion-
induced indirect toxicity; rGO could directly penetrate into
algal cells, but GO, with more flexible sheets, could not. In
addition, GO had a significant shading effect on algal growth
due to its good dispersibility and transformation. Compared to
graphene and GO, hydrated graphene ribbon (HGR) not only
promoted the germination rate of aged seed, but also increased
root differentiation; the disordered layer structures of HGR
played a key role in this process (Hu and Zhou, 2014). The
observations of Chen et al. (2018a) showed that GO induced
obvious toxic symptoms in wheat, while amine-functionalized
GOwas non-toxic and enhanced plant growth. They inferred that
the introduction of amines could decrease the surface electrical
resistivity of GO, creating higher electronic conductivity, and
activating bioactivity in plant cells.

Exposure Concentration and Time
The general effect of GFNs on plant growth is dose-dependent.
Graphene at 5 mg/L promoted the number of adventitious
roots, and increased the root and shoot fresh weight of rice
seedlings; however, at a concentration of 50 mg/L, it significantly
inhibited the stem length and fresh shoot weight (Liu et al., 2015).
Graphene at 500 mg/L resulted in only a slight decrease in root
and shoot length of tomato, cabbage, and red spinach, whereas
a marked inhibition was induced by graphene at concentrations
up to 2,000 mg/L (Begurn et al., 2011). After a 10-day exposure
to GO, the lower concentrations (5 and 10 mg/L) had no
significant effect on root length and fresh weight, but the higher
concentrations (50 and 100 mg/l) showed inhibited root growth
(Cheng et al., 2016). However, this effect is not completely

concentration-dependent. Anjum et al. (2014) found that GO at
1600, 200, and 100 mg/L significantly inhibited the germination
rate and root length of the faba bean (Vicia faba), while the health
status of the plant was improved with exposure to GO at 400 and
800 mg/L. Their previous study assessed the tolerance of faba
bean to GO, in which the plant showed a significantly higher
sensitivity to GO at 1,600, 200, and 100 mg/L, and its tolerance
increased when exposed to 400 and 800 mg/L concentrations
(Anjum et al., 2013). Their further investigations indicated that
the sensitivity and/or tolerance of the plant to GO depended on
the cellular GSH redox system. Additionally, the concentration-
dependent toxicity of GFNs is also related to exposure time.
Zhang et al. (2016) found that long-term graphene exposure
(30 d) caused wheat leaf deformities and yellowing, whereas no
distinct alterations in leaf elongation were found after short-term
exposures (24 or 48 h). This exposure time-dependent toxicity
was also observed by Zhao et al. (2017). In their investigation, the
growth inhibition of GFNs to freshwater algae highly increased
with increasing exposure times (24–96 h).

Plant Species
Heretofore, only a few studies have been designed to compare
the toxicity of GFNs to different plants. The hydroponics
experiments conducted by Begurn et al. (2011) indicated that
graphene had little or no significant toxic effect on lettuce
seedlings, but significantly inhibited the growth and biomass
of tomato, cabbage, and red spinach seedlings under the same
conditions. Among these selected vegetable species, tomato
seedlings exhibited the highest sensitivity to graphene, according
to the root and shoot weight data.
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Interaction With Co-existing Pollutants
Compared with studies on the ecotoxicity of single
nanomaterials, relatively little research has focused on the
interaction of nanoparticles and other contaminants (Zhang
et al., 2018). In general, GFNs coexist with other pollutants in
the natural environment. Heavy metals and organic pollutants
(OPs) are common in the water and soil environment. The
interactive toxic effects are different when GFNs are combined
with these pollutants; these are termed additive or antagonistic
effects. The research of Hu et al. (2014a) found that GO amplified
the phytotoxicity of As in wheat. It further revealed the main
mechanisms of indirect toxicity of GO: (a) enhancing the uptake
of GO and As by damaging cellular structures and electrolyte
leakage, and (b) promoting the transformation of As5+ to
high-toxicity As3+. Conversely, another investigation found
that GO alleviated the inhibitive effects of Cd2+ on the seminal
root and bud growth of rice, which possibly resulted from Cd2+

adsorption in available contact sites or accumulation in the
interlayer space of GO (Yin et al., 2018). Early researchers had
already noticed the strong attractive forces between Cd2+ and
GO, and had used GO as a sorbent for heavy metal removal from
waste water (Tan et al., 2015). Lingamdinne et al. (2016) found
that the adsorption occurred through physical and chemical
interactions between heavy metal ions and oxygen-containing
surface functional groups, and the π-π bond electrons of GO.
Moreover, functionalized GO exhibited significantly higher
adsorption capacity (Pirveysian and Ghiaci, 2018). However,
once desorption occurs, high adsorption capacity implies the
potential release, thus presenting a high risk to public health and
the environment (Yang and Xing, 2007). GFNs have also been
widely used to remove OPs from the environment (Chowdhury
and Balasubramanian, 2014; Amaranatha et al., 2015; Zhang
et al., 2015a). Although no direct data currently suggest that
interaction of GFNs and OPs enhances phytotoxicity of either, it
has been confirmed that GO can serve as an insecticide carrier to
enhance contact toxicities (Wang et al., 2019). This synergistic
mode of adsorption-delivery-release is most likely equally
effective for plants. Moreover, previous research demonstrated
that C60 fullerenes significantly increase the bioaccumulation of
DDE (dichlorodiphenyldichloroethylene, DDT metabolite) into
three selected food crops (De La Torre-Roche et al., 2012). These
findings indicate that the carbon nanomaterials can affect the
accumulation and bioavailability of co-existing pollutants, and
thereby be regarded as a toxic alert to plants.

TOXICITY MECHANISM OF GFNS

The toxicity mechanism of GFNs to plants is summarized
in Figure 1.

Physical Effects
The main physical mechanisms for the phytotoxicity of GFNs
include the shading effect, mechanical injury, and physical
blockage. Both shading effect and mechanical injury were
observed by Zhao et al. (2017). They found that the dispersed
and darkened GO reduced light transmittance, thus decreasing
the available light required to support plant growth, resulting in

approximately 16% of growth inhibition; and more interestingly,
direct penetration into algal cells by graphene materials was
discovered for the first time. The physical blockage is closely
related to the size of GFNs. If nanoparticle diameter is larger
than the diameter of root cell wall pores, particles will accumulate
at the root surfaces and form surface layers, thus decreasing
the hydraulic conductivity and uptake of nutrients (Asli and
Neumann, 2009).

Physiological and Biochemical Effects
GFNs enhance the generation of reactive oxygen species (ROS)
and inhibit antioxidant enzyme activities, resulting in oxidative
stress, which has been recognized as one of the most important
mechanisms in growth-limiting effects on plants (Hu et al.,
2014b; Zhang et al., 2016; Chen et al., 2017). GO also caused
metabolic disturbances linked to key biological processes, such
as inhibiting carbohydrate and amino acid metabolisms, and
increasing the ratios of unsaturated to saturated fatty acids,
changing the flux of nitrogen metabolism (Hu et al., 2014b).

It is well-known that photosynthesis is critical for plant
survival and growth. Graphene significantly inhibited the
biosynthesis of chlorophyll and decreased chlorophyll content in
plants, leading to impaired photosynthesis and reduced growth
(Hu et al., 2014c; Zhang et al., 2016). Hu et al. (2014c) also
found that glyconic acid and aconitic acid were upregulated by
graphene, and these metabolites were negatively correlated with
the biosynthesis of chlorophyll.

PROBLEMS AND PROSPECTS

Plant bioassay, the physicochemical properties of GFNs, and
toxicity endpoints, are key factors in toxicity evaluation. At
present, most research has focused on crop species (Miralles et al.,
2012), and competitive toxicity assays between GFNs has only
been conducted for lower plant forms. More risk assessments
in a large range of plants must be systematically investigated.
In order to develop GFNs for further use in various fields,
many efforts have already been initiated on functionalization of
GFNs by supramolecular approaches (Chen et al., 2015; Gobbi
et al., 2017); such modifications create multiple and complex
properties in GFNs (Xu et al., 2018). However, little is known
about the relevance of phytotoxicity with the properties of
GFNs, and a fundamental understanding of this relationship
is essential to their applications. Additionally, functionalized,
and non-functionalized nanomaterials exhibited significantly
different toxicity to several crop species, thereby requiring future
study to evaluate the potential toxicity of both forms Cañas
et al. (2008). Currently, indicators of plant germination, growth,
and physiology have been often used to evaluate the toxicity of
GFNs in most existing studies. These visually identifiable and
practical indicators are easy to obtain, but might not fully reflect
the toxic effects and mechanisms of GFNs; in addition, they
have a different sensitivity to GFNs. For instance, the number
of roots was more sensitive to graphene than seed germination
or fresh weight (Hu et al., 2014c). Therefore, endpoint selection
in toxicity tests is very important, and studies at the molecular
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level are needed to develop a deep understanding of the toxicity
mechanisms of GFNs in plants.

Compared to assessing their toxicity, the uptake, transport,
distribution, and degradation of GFNs within plants remains
poorly understood (Huang et al., 2018). Their transformation
pathways and fate in water/soil-plant systems requires additional
research, which will contribute to prevention of environmental
risks. It is possible that the phytotoxicity of GFNs could lead to
crop yield reduction. However, the current research is mainly
focused on responses of crop plants to GFNs at the seedling
stage, there is no direct data to support this. Therefore, relevant
researches should cover the whole of the growth period of each
tested crop.

Taken together, although a large number of phytotoxicity
assays for GFNs have been carried out, there is a big difference in
terms of the selected plant species, the growth stages of the plants,
the plant material culture methods (soil culture or hydroponics),
and the exposure time between these toxicity tests; this leads to
a lack of comparability of the assessment results. Moreover, the
systematical assessment of GFNs phytotoxicity is hampered by

this limited comparability. Therefore, it is necessary to establish
a phytotoxicity evaluation system for GFNs, like the U.S. EPA or
OECD guidelines for chemical testing.

Once GFNs are in use, release into the environment
should be avoided to the largest extent possible by a
rational scientific approach. For this purpose, the cooperation
of chemists and biologists is crucial to implementing the
proper preventive management strategies for safe manufacture
and use.
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A photoelectrochemical device was achieved by interfacial self-assembly of macrocyclic

π-conjugated copper phthalocyanine (CuPc) on surface of TiO2 nanorod arrays (NRs).

The photocurrent density of the elegant TiO2@CuPc NRs photoanode reaches 2.40

mA/cm2 at 1.23 V vs. RHE under the illumination of 100 mW/cm2 from AM 1.5G sun

simulator, which is 2.4 times higher than that of the pure TiO2. At the same time, the

photoelectrochemical device constructed through this strategy has good stability and

the photocurrent density remain almost no decline after 8 h of continuous operation. The

Mott-Schottky and LSV curves demonstrate that CuPc act as a co-catalyst for water

oxidation and a possible mechanism is proposed for water oxidation based on careful

analysis of the detailed results. The holes from VB of TiO2 photogenerated by electrons

exciting are consumed by a process in which Cu2+ is oxidized to Cu3+ and Cu4+, and

then oxidize water to produce oxygen. CuPc species is considered to be a fast redox

mediator to reduce the activation energy of water oxidation in and effectively promote

charge separation.

Keywords: self-assembly, copper phthalocyanine, TiO2, water oxidation, surficial naostructutre

INTRODUCTION

Photoelectrochemical (PEC) water splitting is considered as one of the most promising
technologies to address the challenges of impending worldwide energy consuming and associated
climate change resulting from combustion of fossil fuels (Du and Eisenberg, 2012; Wang et al.,
2016; Seh et al., 2017). Through this promising strategy, hydrogen could be produced as a clean
fuel by sun light photolysis of water under the help of a bias potential (Ferreira et al., 2004; Gibson
et al., 2017; Li et al., 2017). However, the sluggish kinetics of the two half-reactions of water
splitting, especially the more sluggish four-electron oxygen evolution reaction, always leads to poor
performance of the PEC device and relatively low energy efficiency (Haumann et al., 2005; Bessel
et al., 2010; Fang et al., 2017). Therefore, many research works in the past have still focused on
the design and improving the performance of photo anode on which water oxidation occurred,
although the more desired hydrogen evolution reaction occurred on the photo cathode (Osterloh,
2013; Meyer et al., 2017). In order to achieve PEC device with relatively high performance, many
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strategies have been employed. One of the effective strategies is
adopting photo electrode of vertically aligned arrays (Lee and
Chen, 2014) compositing of low dimensional nanostructures
such as nanorods (Bin and Aydil, 2009; Liu B. et al., 2013; Li et al.,
2016b; Tang et al., 2017), nanowires (Hang et al., 2001; Li et al.,
2016a; Zhang et al., 2016; Jeong et al., 2018; Yao et al., 2018),
and nanosheets (Zhu et al., 2011; Yang et al., 2012; Du et al.,
2013; Zhang et al., 2014; Zhang R. et al., 2018; Shi et al., 2018;
Zhao et al., 2018a) because this kind of interfacial nanostructures
can decouple the length scales of charge diffusion and light
absorption, at the same time offering sufficient surface area for
the photogenerated electrons or holes to diffuse onto the interface
of electrolyte and electrode (Xiao et al., 2015). TiO2 nanorod
arrays (Akira and Kenichi, 1972; Liu L. et al., 2013; Li et al., 2015,
2016c) had been applied extensively in PEC water splitting as for
its low cost, non-toxic, and stable performance.

Another effective way is selecting a suitable co-catalyst
to improve the photo electrochemical performance and
water oxidation activity in the process of assembling photo
electrochemical device (Ran et al., 2014; Ding et al., 2017; Zhang
Y. et al., 2018). In the process of PEC water splitting, co-catalysts
play three pivotal roles for improving the reliability and activity
of semiconductor: (i) co-catalysts could reduce the over-
potential (Artero et al., 2011) or activation energy for oxygen
production reactions on the surface of semiconductors; (ii)
co-catalysts are capable of slowing electron-hole recombination
at the interface between co-catalyst and semiconductor; (iii)
co-catalysts could improve the stability of semiconductor photo
electrode and suppress the photo-corrosion. Over the past few
years, the advances of electrode manufacturing technology and
materials science have greatly expanded in O2 evolution (Li
et al., 2012; Nepal and Das, 2013; Lauinger et al., 2015; Gong
et al., 2016). Many kinds of novel co-catalysts and interlayers
were successfully loaded on various photoelectrodes (Long et al.,
2018; Zhao et al., 2018b; Yin et al., 2019). Thus far, noble-metal
oxides (IrO2 or RuO2) act as the best accepted O2-evolution co-
catalysts, which have lower over-potential for oxygen evolution
in acidic conditions (Junya et al., 2005; Blakemore et al., 2010;
Cherevko et al., 2015).

With the exception of rare and precious metals, some noble-
metal-free and low-cost transitional metals, such as Co (Youn
et al., 2015; Zhang et al., 2017), Ni (Yoon et al., 2015) and
Fe (Youn et al., 2015) have also been used as co-catalysts in
PEC O2 production. Although copper (Zhou et al., 2015) based
catalyst often has been applied for H2 evolution (Kumar et al.,
2016), hardly for O2 production (Terao et al., 2016; Chauhan
et al., 2017), in Lu group (Lu et al., 2016), Cu(II) aliphatic
diamine complexes was immobilized on ITO as heterogeneous
water oxidation catalysts. In Su (Su et al., 2015) and Zhang
(Zhang et al., 2013) group, copper complexes were synthesized as
homogeneous O2 production catalysts. Copper phthalocyanine is
a kind of organic heterocyclic compounds, containing large ring
5 conjugated structure with good stability and effective property
(Jiang et al., 2017).

It has been proven that supramolecular self-assembly of
pi-conjugated molecules was a good strategy to fabricate various
functional organic-based nanostructured materials, which

aims to manufacturing sophisticated organized molecular
aggregate, through various non-covalent interactions, including
hydrophobic interactions, π-π interactions, electrostatic
interactions, etc. (Chen et al., 2008; Zhang et al., 2009; Qiu
et al., 2010; Guo et al., 2011, 2012). Although, supramolecular
assembled nanostructures (Wang et al., 2014; Liu et al., 2015;
Geng et al., 2018) based on pi-conjugated phthalocyanine
derivatives have been reported to be effective in the field of laser
printing, xerography, organic solar cells, etc., it is very rare to
apply this kind of strategy for constructing PEC device. Herein,
we adopted an electro-induced surficial assembly method to
construct PEC device with enhanced performance. We employ
copper phthalocyanine (CuPc) as an O2 evolution co-catalyst
and TiO2 nanorod arrays (TNRAs) as semicondustor for light
harvesting. The obtained surficial nanostructured assembly
could be used as photo anode for efficient PEC water splitting.
The photocurrent density of the elegant CuPc assembled TiO2

nanorod arrays (CTNRAs) photoanode reaches 2.4 mA/cm2

at 1.23V vs. RHE, which is more than 2 folders higher than
that of the pristine TNRAs and the stability of the PEC device
is also very good. There have no obvious performance decline
after 8 h continuous operation. A possible mechanism for
PEC water oxidation on CTNRAs was proposed based on
detailed experiments.

EXPERIMENTAL SECTION

Sample Preparation
Materials

All chemicals were analytical grade and used without further
treatment. Fluorine-doped tin oxide (FTO) substrates (14
Ω/square) were obtained from Huanan Xiangcheng Technology
Co., Ltd. Copper phthalocyanine (C32H16CuN8), tetrabutyl
titanate (C16H36O4Ti), Trifluoroacetic acid (CF3COOH), and
methanol (CH3OH) were purchased from Aladdin Chemical
Reagent Co. Ltd. In addition, acetone (C3H6O), hydrochloric
acid (HCl), and absolute ethanol (C2H5OH) were bought from
Sinopharm Chemical Reagent Co. Ltd. Ultrapure water was used
in the experiments.

Preparation of FTO@TiO2 (TNRAs) and FTO@TiO2@CuPc

(CTNRAs)
Preparation of TNRAs TiO2 nanorod arrays were prepared by
hydrothermal method in autoclave (Bin and Aydil, 2009). Firstly,
FTO were cleaned ultrasonically three times in solvents of
acetone, ethanol and deionized water alternatively 15min per
step, and were dried in vacuum dryer at 60◦C. Next, 0.4mL
tetrabutyl titanate were added drop wise into uniform mixed
solution of 12mL ultrapure water and 12mL hydrochloric
acid (mass fraction 36.5–38 %). When the mixture solution of
precursor was clarified, we transferred it into 100mL of Teflon-
lined stainless steel autoclave. The conductive surface of FTOwas
put downwards at a slight angle with the inner wall of autoclave.
Then, the autoclave was kept in an oven of 150◦C for 15 h and
cooled to 25◦C. Then the FTO with nanorod arrays of TiO2

were taken out and dried. Finally, the TiO2 nanorod arrays were
annealed at 450◦C for 1 h.

Frontiers in Chemistry | www.frontiersin.org May 2019 | Volume 7 | Article 33429

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Li et al. Phthalocyanine Assembly for Water Oxidation

Preparation of CTNRAs For synthesis of CTNRAs, 3 µmol
CuPc were dissolved in 5 mmol trifluoroacetic acid, which
mixed with 50mL chloroform as electroplate solution (Ogunsipe
and Nyokong, 2004). The mono-protonated [CuPc·H]+

(Figure S1A) and di-protonated [CuPc·H2]2+ (Figures S1B,C)
forms of copper phthalocyanine (CuPc) were obtained by
TFA (Su et al., 2009). The CTNRAs was fabricated by the
electrophoretic deposition (EPD) method from the protonated
CuPc dissolved in chloroform containing TFA. Then The
CuPc+ ([CuPc·H]+ and [CuPc·H2]2+) was loaded on TNRAs by
electrodeposition of 30, 60, 90, 120, and 150 s. Next CuPc+ were
deprotonated by dipping the TNRAs substrate in 1M ammonia
for 1 h and drying for 1 h at 200◦C and CuPc was successfully
covered onto TiO2 nanorod arrays (Figure 1). FTO@CuPc was
prepared in the same way.

Materials Characterizations
XRD were characterized by a Shimadzu 7000S X-ray diffract
meter with Cu-Kα radiation and operating in a 2θ range of
20–70◦ at a scan rate of 5◦ per minute. XPS patterns of the
as-prepared samples were carried on a Kratos Axis Ultra DLD
system with an Al Kα X-ray source (hν = 1486.69 eV). The
morphologies, EDS mapping analyse and high-resolution images
were studied by a field emission Tecnai G2 F20 transmission
electron microscopy with an acceleration voltage of 200 kV.
SEM images were achieved using a Hitachi S-4800 field-emission
scanning electron microscopy. Raman spectra were investigated
on a WITec Alpha 300 R Confocal Raman Spectrometer, which
has an excitation wavelength of 532 nm at the room temperature.
The UV-vis spectra were characterized by a Shimadzu UV-
2550 UV-Vis spectrophotometer using BaSO4 as the reference.
The linear sweep voltammetry (LSV), electrochemical impedance
spectroscopy (EIS) and cycle voltammetry (CV) were conducted
using an electrochemical workstation (CHI 660E) in a three-
electrode system. The incident photon-to-current conversion
efficiency (IPCE) was measured by the same workstation
and a Xenon lamp (300W) coupled with a monochromator.
Inductively coupled plasma (ICP) measurement was carried on
Varian 715-ES.

PEC Measurements
PEC water oxidation was investigated using a three-electrode
potential station (CHI 660 E, China) with a saturated Ag/AgCl
(in 3M KCl) as reference electrode and a platinum wire as
counter electrode. The schematic illustration for the geometry
and design of PEC reactor was shown in Figure S16. Under
AM 1.5G simulated solar light illumination (100 mW/cm2)
from a Xe lamp (300W), the as-prepared working electrodes
exhibit photoelectron activity for water splitting. 0.1M sodium
sulfate solution (pH ≈ 6.8) was used as electrolyte with 30min
N2 bubbling. LSV was conducted at a scan rate of 10 mV/s.
The potential of the working electrodes (vs. Ag/AgCl) can be
converted to the reversible hydrogen electrode (RHE) by the
Nernst equation:

ERHE = EAg/AgCl + 0.0591pH+0.19742

RESULT AND DISCUSSION

TNRAs on FTOwere prepared in an autoclave by a hydrothermal
method. The obtained TNRAs are almost vertically grown on
the FTO substrate, with an average diameter and length of
∼500 nm and ∼3µm, respectively (Figure 2A and Figure S4A).
Each nanorod consisted of several smaller rods as shown in
Figure S1C. Transmission electron microscopy picture from a
single nanorod (Figure 2C, and Figures S2A,B) shown that the
diameter observed is about 600∼800 nm which is in accordance
with SEM observation. High-resolution transmission electron
microscopy (HR-TEM) of TNRAs showed that two kinds of
lattice fringes could be clearly observed and the distances
between adjacent lattice fringes were about 0.325 and 0.249 nm
(Figure 2E), respectively. After careful comparison with the
results of literature we attribute them as lattice fringes from the
crystal lattice of (110) and (101) of rutile TiO2, respectively,
illustrating that the obtained TNRAs is rutile TiO2 and grow
along with the direction of (001) lattice (Wang et al., 2011).

The CTNRAs were fabricated through a simple
electrodeposition method, as illustrated in Figure 1. The
SEM images of CTNRAs were almost the same as pure TNRAs
(Figure 2B and Figures S3C, S4B), which indicate the process
of the CuPc deposition does not damage the structure of the
pristine TNRAs. But from Figure 2D and Figure S3 we can
observe that the surface of TiO2 was more rough compared
with that of TNRAs. The HR-TEM of CTNRAs reveals a single
crystalline structure in Figure 2F. Lattice fringes of 0.147 nm
(002), 0.167 nm (211), and 0.249 nm (101) belong to rutile TiO2

and which is consistent with that of pure TNRAs. Although
the lattice structure of CuPc was not found, the characteristic
elements of nitrogen and copper of CuPc could be seen in energy
dispersive X-ray elemental mapping (Figures 2G,H). From the
elemental mapping images of CTNRAs as shown in Figure 2G,
it is observed that the copper and nitrogen elements from CuPc
distribute as uniformly as the elements of oxygen and titanium
from TiO2, which means that CuPc was successfully deposited
on the surface of TNRAs and the deposited CuPc distribute
uniformly on the whole surface of TiO2 nanorod.

X-ray diffraction (XRD) curves (Figure 3A) indicate that both
TNRAs and CTNRAs can be ascribed to the tetragonal TiO2 with
the rutile phase (JCPDS 21-1276). As for pristine TiO2, the main
distinct diffraction peaks at 36.3◦, 54.5◦, and 62.6◦ can be well
attributed to (101), (211), and (002) crystal planes, respectively.
The XRD spectra are consistent with HR-TEM patterns. The
other distinct diffraction peaks from TNRAs located at 2θ values
of 27.2◦, 33.7◦, 38.1◦, 57.1◦, and 66.2 ◦ are attributed to SnO2

from FTO substrate. No apparent peaks of CuPc can be observed
in CTNRAs samples due to the low loading of CuPc, or the
amorphous state of CuPc from electrodeposition method.

Raman spectroscopy measurements were employed to further
observe the existence of CuPc on the surface of CTNRAs.
The data shown in Figure 3B clearly proved that CuPc was
successfully deposited on TNRAs to form CTNRAs. The
spectrum of pristine TNRAs show four characteristic peaks at
143, 448, 608, and 238 cm−1, respectively, matching well with the
B1g, Eg, A1g of rutile TiO2 and lattice distortion or multi spectral
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FIGURE 1 | Schematic illustration for the preparation of CTNRAs.

of rutile TiO2. In contrast, the characteristic Raman peaks located
at 1,535, 1,338, and 685 cm−1 are observed in the CuPc samples
(Ludemann et al., 2011), which could be accordance with the C-
N stretching vibration on pyrrole bonded to central copper ion,
C-N stretching vibration peak on heterocyclic ring and vibration
of large phthalocyanine ring, resprctively. As for the sample of
CTNRAs all characteristic peaks of CuPc and rutile TiO2 could
be seen with a slightly shift, which further elucidate the existence
of CuPc on CTNRAs. Optical properties of CTNRAs, CuPc,
and TNRAs were measured by UV-Vis absorption measurement
(Figures S6, S7). Owing to the broad band gap (3.0 eV), TiO2

only reveal a strong absorption at wavelength shorter than
410 nm. CuPc display strong absorption bands in the range of
500–800 nm. In comparison, TiO2@CuPc sample exhibit a strong
absorption shorter than 410 nm, and two very weak absorption
peaks at about 550 and 650 nm which results from CuPc due to
the lower deposition amount.

In order to further confirm the existence of CuPc in TNRAs
and understand the surface chemical state of the sample, we
have employed the X-ray photoelectron spectroscopy (XPS)
measurements. Obvious photoelectron peaks of C, N, Cu, O, and
Ti elements are observed in the XPS survey spectrum (Figure 3C)
of CTNRAs. In compare with pristine TNRAs, TCNRAs contain
not only Ti, O and C elements from TNRAs, but also Cu and N
elements from CuPc. The high resolution Ti 2p XPS spectrum
(Figure 3D) shows two different peaks at 462.4 eV and 458.4 eV,
which can be ascribed to the characteristic of Ti 2p1/2 and Ti
2p2/3 deriving from Ti4+, respectively. Furthermore, the O 1s
spectra (Figure S8) of TNRAs and CTNRAs can be factored into

two peaks at about 529.6 and 530.1 eV. The peak 1 at about
530.1 eV is ascribed to surface Ti-OH species, while peak 2 is
assigned to lattice oxygen in O-Ti4+. Compared to pure TiO2,
the deposition of CuPc reduces the area ratio of peak 1 to peak 2,
maybe indicating the surface of TiO2 was covered by CuPc, so
that it adsorb less amount of OH groups. It can be seen from
Figure 3E that the high resolution XPS spectrum of Cu 2p in
CTNRAs has two strong peaks at 954.3 and 934.5 eV, which are
the Cu 2p1/2 and Cu 2p2/3, respectively. The binding energy of
the Cu 2p2/3 is 934.5 eV, indicating that the Cu atom in the
CTNRAs exists in the Cu (II) state (Zheng et al., 2004). This data
can be explained by the chemical structure of the CuPc molecule,
in which the copper exists in the bivalent form. In addition, the
satellite peak of the Cu(II) state can be seen, which imply that the
CuPc molecular plane contains 3dx2-y2 orbitals. From the fine
spectrum of N 1s (Figure 3F), we can see two peaks located at
400.1 eV and 398.6 eV. N atoms have two chemical environments
in CuPc, one is C-N=C bond forming by 4C atoms with 2N
atoms which located in 398.6 eV, the other is the 4N atoms
coordination bonding with the Cu atom, the signal of which
located at 400.1 eV. As for high resolution XPS spectrum of C 1s
(Figure S9), there are two types of carbon atoms in the CTNRAs
8C atoms are bonded to 2N atoms forming N-C=N bond at
289.4 eV; the remaining 24C atoms have aromatic hydrocarbon
properties which is located at 285.0 eV. With decided contrast,
the XPS spectrum of pure TNRAs only have a C 1S signal at
284.8 eV, which can be attributed to the absorbed contaminants.
Combined with the results of XRD analysis, Raman spectra and
UV-Vis absorption, we concluded that CuPc indeed assembled
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FIGURE 2 | Typical top-view SEM images of (A) pure TNRAs and (B) the CTNRAs; TEM images of (C) pure TNRAs and (D) the CTNRAs; HR-TEM images of (E) pure

TNRAs and (F) the CTNRAs; (G) EDX elemental mapping of N, O, Ti, and Cu; (H) EDX spectrum of the CTNRAs.

onto the surface of TNRAs to form a uniform coverage through
electro-induced assembly. As far as the assembled pattern of
CuPc on the surface of TiO2 nanord was concerned, we inferred
that the plane CuPc molecules adopt a flattened pattern rather
than a standing pattern on the surface of TiO2 nanorod through
electrostatic self-assembly because CuPc have a plane structure
and the positive charge located near the center of the plane, so
the flattened pattern is more stable than the standing pattern,
which will be proved by the good stability of obtained device for
PEC operation.

The linear sweep voltammetry (LSV) curves showed in
Figure 4A reveals the photoelectrochemical (PEC) activities of
the as-prepared samples. Under 100 mW/cm2 irradiation by
the simulated solar light (AM 1.5G), transient photocurrent
responses of pristine TNRAs is 1.01 mA/cm2 at 1.23V (vs.
RHE), while pure CuPc almost have no PEC response. After
coating with CuPc, the photocurrent density of CTNRAs
showed dramatically increase. With the electrodeposition time

prolonged, the photocurrent density increased first and then
decreased (Figure S15). The optimized electrodeposition time is
60 s, the photocurrent density reaches 2.40 mA/cm2 at 1.23V (vs.
RHE), which was 2.40 times as that of pure TNRAs. Then, the
photocurrent response was decrease when electrodeposition time
longer than 60 s. The photocurrent density of CTNRAs was 1.80,
1.60, and 1.30 mA/cm2, when the electrodeposition time was 90,
120, and 150 s, respectively.

To more intuitive observe the relationship between the
photocurrent density enhancement and the deposition time of
the CTNRAs, the curve of growth rate of photocurrent density
vs. deposition time was ploted in Figure 4B. Growth rate can be
expressed concretely as:

Growth ratio=
ICTNRAs−ITNRAs

ITNRAs
×100%

Where ICTNRAs and ITNRAs were the photocurret density of
CTNRAs and TNRAs, respectively. The plot was shown as a
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FIGURE 3 | XRD patterns (A), Raman shift spectra (B) of pure TNRAs, CuPc and CTNRAs, XPS survey (C) of pristine TNRAs and CTNRAs; High resolution XPS

spectra of Ti 2p (D), Cu 2p (E), and N 1s (F).

single peak curve that the growth ratio increased rapidly as
the deposition time <60 s and reaches the maximum average
growth rate of about 120% at 60 s. When the time was prolonged
further, the growth ratio declined with deposition time. ICP-MS
measurements was carried out to estimate the loaded amount
of CuPc on the surface of TNRAs, when the electrodeposition
time was 30, 60, 90, 120, and 150 s, the anchoring mass of
CuPc was 0.024, 0.047, 0.069, 0.089, and 0.112 µmol on per
square centimeter TiO2, respectively. With the amount of CuPc
increased, the photocurrent density increased first and then
decreased. And the fine XPS spectrum of Cu2p and Ti2p in the
optimized CTNRAs sample was calculated carefully to estimate
the surface atom ratio of Ti and Cu (Figure S10), the results

illustrated that the surface atom ratio of Ti and Cu from the
optimized sample was about 30:1.

The stability of the optimized CTNRAs was detected by
photocurrent-time (I-t) measurement at 1.23V vs. RHE under
continuous illumination (100 mW/cm2, AM 1.5G) for 8 h
(Figure 4C). Starting without illumination, the photocurrent
density is almost zero. When illumination was opened, the
photocurrent density reached 2.40 mA/cm2. The value of
photocurrent density stays almost no decline in the long 8 h
operation which means that CTNRAs have a good stability
for PEC water oxidation. To observe the composition and
morphology change of the device during the process of
PEC operation, SEM, XPS and ICP-MS measurements were
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FIGURE 4 | (A) Photocurrent density vs. potential curves for the CTNRAs, pristine TNRAs, and CuPc under AM 1.5G (100 mW/cm2 ); (B) Growth rate of photocurrent

density-potential of CTNRAs with various deposition time; (C) Chronoamperometry (i-t) of CTNRAs with a three-electrode system at 1.23 VRHE for 8 h. (D) IPCE

pectrum of TNRAs and CTNRAs.

conducted. The results shown that: (1) the morphology of the
electrode after operation is almost the same as that before
operation (Figure S5); (2) XPS measurement (Figures S11, S12)
confirmed the exist of CuPc on the sample after operation,
but the ICP measurement show that the loaden amount of
CuPc is declined compared to the sample before operation.
This is probably due to the slight leakage of CuPC during the
PEC process.

Incident photon-to-current conversion efficiency (IPCE) was
measured at 1.23V vs. RHE, to further elucidate the enhanced
PEC oxygen production performance of CTNRAs. IPCE (Cho
et al., 2011) can be calculate concretely as:

IPCE=
(1240× J)

(λ × I)
×100%

Where λ and I are the incident light wavelength and the
power density for each wavelength, respectively, and J is the
photocurrent density produced by excited electrons. As shown
in Figure 4D, the IPCE of CTNRAs is higher than that of
pristine TNRAs in the whole spectrum, which indicates that
the photogenerated electron-hole pairs are effectively separated
in the CTNRAs. The IPCE value was reached 45% at 380 nm,
but the IPCE of pure TNRAs is only 21%. The IPCE value

can be improved by enhancing the charge injection efficiency,
efficiency of light capture and charge collection efficiency.
CTNRAs not only have TiO2 nanorod arrays that are grown
perpendicularly to the FTO substrate with a large surface
area, in case to enhance the light harvesting efficiency, but
also have CuPc layer which can provide a direct pathway for
excited holes to improve the collection efficiency and water
oxidation kinetics. Accordingly, the IPCE of CTNRAs can reach
as high as 45%.

In order to further verify the proposed mechanism, Mott-
Schottky measurements were used to obtain flat band potential
and the charge carrier density of the interface between
semiconductors. The positive slope of CTNRAs and pristine
TNRAs (Figure 5A) suggests the expected n-type semiconductor
of TiO2 in the nanocomposites. For n-type semiconductor, flat
band potential is consistent with the bottom of the conduction
band. Pristine TNRAs and CTNRAs have the same flat band
voltage, implying that the deposition of CuPc did not change the
flat band position of TNRAs. From the results of Mott-Schottky
measurements, we excluded the possibility of p-n junction
formation between the interface of CuPc and TNRAs, which also
confirmed by the IPCE measurements where no response was
observed from the longer wavelength according to the absorption
of CuPc.
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In order to further understand the enhanced PEC
performance, the inherent electronic properties of CTNRAs
were characterized by measuring electrochemical impedance
spectroscopy (EIS), the onset OER potential and linear Tafel

plots. It is well-known that the larger over potential of TNRAs
for water oxidation, presenting the sluggish kinetics, which can
limits its wide application in PEC water splitting. The onset
potential for OER of TNRAs and CTNRAs (Figure 5C) is 2.36,

FIGURE 5 | Mott-Schottky curves (A); electrochemical impedance specra (B); Polarization curves (C), and Tafel plots (D) of pristine TNRAs and the CTNRAs with

60 s deposition.

FIGURE 6 | (A) Proposed water-oxidation mechanism of CuPc catalysis, (B) Schematic diagram for transfer and separation of photogenerated charges and holes in

the CTNRAs heterostructure.
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and 2.04V, respectively, which indicate electrocatalytical activity
in CTNRAs was greatly enhanced by the deposition of CuPc.
Electrochemical impedance is an effective method for assessing
the kinetic of electron transfer at the electrode-electrolyte
interface. From Figure 5B, electrochemical impedance spectra
show that pristine TNRAs has higher resistance than CTNRAs,
indicating the loading of CuPc effectively promote the separation
of electron and hole and enable high-speed electron transport for
water splitting.

The Tafel plot depicts the relationship between the logarithm
of the current density (ik) and the over potential (η), which is an
important parameter for water spiltting electrocatalysts and can
provide important information about electronic enhancement
of electrocatalysts activity (Tong et al., 2014). Generally, the
decrease in the slope of the curve represents an increased kinetics
for PEC oxygen revolution. As shown in Figure 5D, the slope
of the Tafel curve for TNRAs and CTNRAs is about 405, and
256mV per decade, respectively. The result show CTNRAs has
lower slop value than TNRAs, which can indicate TNRAs has a
more sluggish kinetics than CTNRAs.

To validate the mechanism of PEC performance enhancement
by CuPc deposition, we compared the cyclic voltamn spectra of
TNRAs and CTNRAs, there exist two unconspicuous oxidation
peaks located at about 1.3 and 1.8V vs. RHE in the CV curve
of CTNRAs, while there are not any oxidation peaks in the
same range in the CV curve of TNRAs (Figure S13). Then the
LSV curve of CuPc deposited on FTO with that of blank FTO,
as shown in Figure S14A, the onset potential of CuPc is about
2.01V vs. RHE, while the onset potential of blank FTO anode
is about 2.29V vs. RHE under the same conditions. Obvious
cathodic shift of onset potential about 280mV is observed,
indicating that CuPc has acted as a co-catalyst for electrochemical
water oxidation which is coincident with the results of Mott-
Schottky. In order to further clarify the detailed process of
water oxidation catalyzed by CuPc, the cycle voltammetry (CV)
curves were measured and the results was shown in Figure S14B.
Compared with the CV curve of blank FTO, there appeared two
more oxidation peaks located at 1.31 and 1.69V vs. RHE in the
CV curve of CuPc, which could be attributed to the oxidation
process of Cu2+ to Cu3+ and Cu3+ to Cu4+, respectively
(Zhang et al., 2013). Based on the electrochemical analysis
above, a possible mechanism for water-oxidation catalyzed by
CuPc was proposed (Figure 6A). During the PEC process, a
water molecule from solution firstly coordinated to Cu center
of CuPc molecule anchored on the surface of the elelctrod
to form hydrated copper phthalocyanine (Li et al., 2012). As
follows, the resulting H2O=CuII-Pc is oxidized through a PCET
to yield a HO=CuIII-Pc, which can be further oxidized to a
O=CuIV-Pc by PCET. Next, O=CuIV-Pc is attacked by H2O
or OH− from the electrolyte, correspondingly, and O-O bond
can be generated. The process is in accordance with the water
nucleophilic attack (WNA) mechanism. HOO-CuII-Pc is an
important intermediate in the peroxide bridge structure, which
can be further oxidized to a −OO=CuIV-Pc by PCET, then
releases oxygen molecules and the CuPc species restore to the
initial state.

Based on the characterizations as mentioned earlier, a
possible mechanism for the PEC performance improvement over
CTNRAs is proposed as shown in Figure 6B. Under simulated
sunlight irradiation, photo generated electrons are excited from
the valence band (VB) of TiO2 to its conduction band (CB),
leaving holes in VB of TiO2. Ultimately, electrons pass through
the external circuit to the counter electrode andH+ were reduced
to produce H2. Accordingly, the holes from VB of TiO2 were
consumed by the process in which Cu2+ is oxidized to Cu3+ and
then to Cu4+. In the process of water oxidation, the presence of
CuPc derivated species is considered to be a fast redox mediator,
which not only reduce the activation energy of PEC water
oxidation, but promote effective charge separation as well.

CONCLUSION

In conclusion, through a simple electro-induced assembly
method π-conjugated copper phthalocyanine was successfully
deposited on the surface of TiO2 nanorod arrays to form
organic-inorganic hybrid nanostructures which were directly
grown on the FTO substrate. The obtained hybrid nanostructures
can be used as photoanode for PEC water splitting with
enhanced performance and good stability. Electrodeposited
copper phthalocyanine molecules were proved to act as a
co-catalyst for PEC water oxidation rather than a p-type
semiconductor to form p-n junction with TiO2. Detailed
mechanismwas also proposed based on detailed experiments and
analysis. This design establishes a cost-effective surficial assembly
strategy to fabricate PEC device with enhanced performance
using functional π-conjugated molecules in the field of PEC
water splitting, carbon dioxide reduction and other related
energy-storing reactions.
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Supramolecular gels containing porphyrins and phthalocyanines motifs are attracting

increased interests in a wide range of research areas. Based on the supramolecular

gels systems, porphyrin or phthalocyanines can form assemblies with plentiful

nanostructures, dynamic, and stimuli-responsive properties. And these π-conjugated

molecular building blocks also afford supramolecular gels with many new features,

depending on their photochemical and electrochemical characteristics. As one of the

most characteristic models, the supramolecular chirality of these soft matters was

investigated. Notably, the application of supramolecular gels containing porphyrins

and phthalocyanines has been developed in the field of catalysis, molecular sensing,

biological imaging, drug delivery and photodynamic therapy. And some photoelectric

devices were also fabricated depending on the gelation of porphyrins or phthalocyanines.

This paper presents an overview of the progress achieved in this issue along with some

perspectives for further advances.

Keywords: supramolecular assembly, supramolecular gels, porphyrins, phthalocyanine, π-conjugated systems,

functional soft matters

INTRODUCTION

Supramolecular gels (Steed, 2010; Buerkle and Rowan, 2012; Smith, 2012; Yu et al., 2013), in
which organic molecules self-assemble into nano/microstructures and immobilize the solvents
(Figure 1A), are attracting increased interests in different fields (Edwards and Smith, 2014; Shen
et al., 2015; Kaufmann et al., 2016). Depending on the solvent included into the gels systems,
the supramolecular gels can be either hydrogels or organogels. As the soft matters depending
on non-covalent interactions, supramolecular gels not only show very nice dynamic, reversible
and stimuli-responsive nature (Foster et al., 2010; Zhao et al., 2013; Wang et al., 2015a, 2018),
but also have versatile applications in the field of life and materials sciences (Bhattacharya and
Samanta, 2016; Goujon et al., 2017; Yang et al., 2017; Das et al., 2018). Based on the self-assembly
of various molecular systems, supramolecular gels with delicate structures have been designed
and developed (Yu et al., 2014; Silverman et al., 2017; Mallia and Weiss, 2018). One of the most
important advantages of supramolecular gels can be their capability of incorporating different
functional motifs via varied, sometimes very simple processes (Buerkle and Rowan, 2012). For
example, the fabrication of supramolecular gels containing π-conjugated systems can be either
from the synthesis and subsequent self-assembly of π-conjugated gelators or the co-assembly
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within carefully designed multicomponent gelating
systems, wherein π-conjugated functional groups
can be included by using simple molecular building
blocks (Bhattacharya and Samanta, 2016).

Tetrapyrrole macrocycle based π-conjugated systems, such
as porphyrin and phthalocyanine derivatives (Figure 1B), are
very famous rigid and aromatic molecular building blocks
with special electronic structures (Buchler and Ng, 2000; Mack
and Stillman, 2003). Porphyrin is one of the most important
natural pigments, which sets up the basis of hemoglobin
and chloroplasts, realizes many significant functions, from
carrying oxygen to photosynthesis (Drain et al., 2009; Severance
and Hamza, 2009; Kundu and Patra, 2017). Both porphyrin
and phthalocyanine derivatives have distinctive photophysical,
photochemical and electrochemical properties (Bian et al., 2011;
Lauceri et al., 2011; Hasobe, 2014). And the application of
these tetrapyrrole macrocycle based π-conjugated systems have
been developed in the field of catalysis (Feiters et al., 2000;
Zhang et al., 2017), molecular sensing (Paolesse et al., 2017),
organic semiconductor (Jiang et al., 2018), solar cells (Urbani
et al., 2014), and photodynamic therapy (Liu et al., 2013;
Giuntini et al., 2014; Moylan et al., 2015; Chen et al., 2017;
Li et al., 2018a; Zhu et al., 2018). It is conceivable that these
different functions should be dependent on both the molecular
structures and supramolecular architectures of porphyrin and
phthalocyanine derivatives. Especially, the systems derived from
the hierarchical assembly of porphyrins and phthalocyanines are
becoming more and more important. For the achievement of
so many applications, the cooperative organization of molecular
building blocks plays very important role (Guo et al., 2014;
Zhao et al., 2014; Zhang et al., 2015; Geng et al., 2017, 2018;
Yang et al., 2018c; Chang et al., 2019; Li et al., 2019b). And
supramolecular gels with plentiful nanostructures and properties
can be good carriers for the fabrication of porphyrin and
phthalocyanine assemblies. Moreover, based on supramolecular
gels, the porphyrin and phthalocyanine assemblies with stimuli-
responsive and dynamic properties can also be expected. Most
importantly, the good biocompatible nature of supramolecular
gels has been demonstrated, which guarantee the biomedical
applications of porphyrin and phthalocyanine assemblies.

Although the advantages of supramolecular gels based on
the assembly of porphyrins and phthalocyanines are distinct,
building these systems has been demonstrated to be not easy. This
situation is partly due to the difficulty of the synthesis of gelators
containing porphyrin or phthalocyanine motifs (Ishi-i and
Shinkai, 2005). Especially, the modification of phthalocyanine
rings with typical functional groups for gelation, for example
cholesterol, sugar and amino acids (Weiss and Terech, 2006;
Weiss, 2018), is difficult. And the synthesis of porphyrin
derivatives may also be confronted with some serious barriers,
such as low yield, limitations on preparative scale, and difficulties
in purification. On the other hand, even though introducing
porphyrin or phthalocyanine motifs into supramolecular gels
can be totally dependent on the hierarchical self-assembly, the
network of complex non-covalent interactions and possible phase
separation (Tanaka et al., 2012; Helmich andMeijer, 2013) within
multicomponent supramolecular gels still should be considered.

This strategy also requires carefully molecular designing to form
delicate supramolecular assemblies.

In this manuscript, we will focus on the works about the
construction and functions of supramolecular gels containing
porphyrin and phthalocyanine derivatives. And the functions
and typical applications of these systems depict a very good
prospect for the further development. The supramolecular
gels containing π-conjugated systems have many common
characters like that of general low-molecular-weight gels.
Certainly, porphyrin or phthalocyanine derivatives also can
afford supramolecular gels with many new features, which
expand the application of these soft matters. The gelation usually
needs chiral component to be included (Weiss and Terech,
2006). However, the supramolecular gels containing only achiral
molecules were also developed (Shen et al., 2015). Therefore,
the supramolecular chirality of these gels systems was addressed
in the paper. The mechanical properties of supramolecular gels
can be changed upon the variation of gelator substituents, which
were investigated in the gels systems containing porphyrin and
phthalocyanines. In addition to supramolecular gels containing
porphyrin and phthalocyanine derivatives, some interesting
works on the polymer gels (Figure 3G) related with porphyrin
or phthalocyanine assemblies were also included in this review.
Comparing with supramolecular gels, polymer gels can be
much more stable but may lack of some dynamic features.
However, the polymer gels have been widely applicated in
many fields, which also plays a leading role for the further
development of supramolecular gels. Nonetheless, polymer gels
containing porphyrin and phthalocyanine molecules also show
some distinctive features.

CONSTRUCTING SUPRAMOLECULAR
GELS CONTAINING PORPHYRIN OR
PHTHALOCYANINE MOLECULES

In principle, there are two strategies for introducing porphyrin
and phthalocyanine derivatives into supramolecular gels.
The fundamental method can be the synthesis of gelators
containing porphyrin and phthalocyanine motifs. In this
case, the self-assembly of these π-conjugated systems can
form supramolecular gels. Another process for constructing
porphyrin/phthalocyanine based supramolecular gels is not
dependent on the porphyrin and phthalocyanine based gelators.
Thus, even though porphyrin and phthalocyanine molecules
themselves cannot form supramolecular gels, these π-conjugated
molecules still can be included into the supramolecular gels via
the hierarchical co-assembly of different components or just by
simple mixing. The realization of this approach depends on the
unique characteristics of supramolecular gels.

Porphyrin or Phthalocyanine Gelators
The systematic research on the synthesis of porphyrin-based
gelators is from Shinkai group. They have developed several types
of gelators by introducing cholesterol, chiral urea groups or sugar
substituents onto the phenyl groups of tetraphenylporphyrins
(TPP) derivatives.
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FIGURE 1 | (A) Schematic illustration showing nanostructures of typical supramolecular gels; (B) molecular structures of porphyrin and phthalocyanine.

For example, they have synthesized zinc porphyrin appended
cholesterol derivatives (1) (Figure 2A), and found that the
gelation of these porphyrins are dependent on the odd or
even carbon numbers in the spacer (CH2)n, which connects
the porphyrin moiety with the cholesterol groups. After adding
fullerene C60 into the systems, the intermolecular Zn(II)
porphyrin-fullerene interaction can enhance the gelation abilities
of the corresponding porphyrin gelators (Figure 2A) (Ishi-i et al.,
2001).Many chiral substituents associated with natural molecules
have been introduced onto the porphyrin rings to synthesize
porphyrin-based gelators. For instance, some brucine-appended
porphyrins have been demonstrated to be nice gelators (Setnicka
et al., 2002). Porphyrin gelators based on sugar substituents,
which could be amphiphilic porphyrin bearing four β-D-
galactopyranoside groups at its periphery (2) (Figure 2B), have
been synthesized and studied (Tamaru et al., 2001). Compound 2
assembles into very stable organogels in DMF/alcohol mixture.
The SEM and TEM measurements on the corresponding gels
suggest that the self-assembly of this sugar-based porphyrin
could form helical nanofibers (Figure 2C), wherein the π-π
interactions between porphyrin rings and the hydrogen-bonding
among sugar moieties could operate cooperatively.

Notably, for the study of porphyrin-based gelators, the co-
assembly with fullerene C60 has attracted a lot of attention.
Shinkai et al. have synthesized porphyrin bearing eight
amide moieties (3) (Figure 2D). The cooperative non-covalent
interactions including π-π interaction between porphyrin rings
and the hydrogen-bonding between amide groups result in
the gelation. While adding fullerene C60 into the systems
could create one-dimensional multicapsular structures, which
can be supramolecular polymer showing fibrous structures
(Figures 2E,F). Both porphyrin-C60 interaction and hydrogen-
bonding play very important role (Shirakawa et al., 2003a).

The hydrogen-bonding interactions always plays very
important role for the gelation of different porphyrin-
based gelators. By changing the position of amide groups
around porphyrin rings, the aggregation of porphyrin
building blocks can be changed from J-aggregation into
H-aggregation (Shirakawa et al., 2003b). Depending on the
strong hydrogen-bonding interactions from several amide

groups close to each other, the porphyrins without distinct
hydrophilic substituents can also form organogels. Ihara
and his co-workers have synthesized porphyrins (4, 5)
substituted by didodecyl L-glutamic acid. These porphyrin
molecules can be either derived from protoporphyrin IX (4) or
TPP based porphyrin (5) (Figure 2G). These L-glutamide-
functionalized porphyrin derivatives self-assemble into
organogels with fibrous nanostructures. Interestingly, the
packing modes of porphyrin molecules can be modulated from
H-aggregation to J-aggregation with the variation of handedness
of supramolecular chirality upon changing the solvent,
concentration and temperature (Figure 2H) (Sagawa et al., 2002;
Jintoku et al., 2008).

The asymmetric porphyrin containing both carboxylic acid
and pyridine substituents (6) shows much better gelation
properties in different organic solvents, compared with that
of symmetrical reference porphyrins bearing two pyridyl
substituents (8) or two carboxylic acid groups (7) (Figure 2I).
In cyclohexane, the π-π interactions between porphyrin rings
and the carboxylic acid-pyridine hydrogen bonding work
cooperatively and render porphyrin 6 self-assemble into two-
dimensional sheet-like structures (Tanaka et al., 2005).

Moreover, the porphyrin containing both host and guest
motifs can form oganogels based on host-guest interactions.
Stoddart and his co-workers have synthesized porphyrin
derivative with pillar[5]arene and viologen at its 5- and 15-meso
positions (9). The host-guest interactions between pillar[5]arenes
and viologen could render the porphyrin to assemble into linear
supramolecular polymer with head-to-tail manner (Figure 3A),
which further form organogels at relatively higher concentrations
(Fathalla et al., 2015).

Some porphyrin dimmers were also developed as
supramolecular gelators. For example, the porphyrin-azulene-
porphyrin conjugate (10) can form organogels in different
organic solvents, while the corresponding monomer (11)
self-assemble into vesicles in chloroform/methanol mixture
(Figure 3B). For the self-assembly of porphyrin dimmer
and monomer, the intermolecular dipole–dipole interaction
of the azulene units plays very important role (Figure 3C)
(Xiao et al., 2009).
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FIGURE 2 | (A) Porphyrin appended cholesterol derivatives (1) can interact with fullerene C60 to form a 2:1 Zn(II) porphyrin/C60 sandwich complex; Reprinted with

permission from Ishi-i et al. (2001). Copyright 2001 American Chemical Society. (B) Molecular structures of porphyrin bearing four β-D-galactopyranoside groups (2),

and schematic illustration showing the molecular packing mode; Reprinted with permission from Tamaru et al. (2001). Copyright 2001 American Chemical Society. (C)

SEM (left) and TEM (right) pictures of the xerogel of porphyrin 2; Reprinted with permission from Tamaru et al. (2001). Copyright 2001 American Chemical Society. (D)

Molecular structures of porphyrin bearing eight amide moieties (3); Reprinted with permission from Shirakawa et al. (2003a). Copyright 2003 American Chemical

Society. (E) Schematic illustration showing the self-assembly of porphyrin 3 as well as the co-assembly of porphyrin 3 with C60; Reprinted with permission from

Shirakawa et al. (2003a). Copyright 2003 American Chemical Society. (F) TEM image of porphyrin 3 co-assembly with 0.50 equiv of C60; Reprinted with permission

from Shirakawa et al. (2003a). Copyright 2003 American Chemical Society. (G) Molecular structures of porphyrin bearing didodecyl L-glutamic acid; (H) Schematic

proposal on the ordered structure in the 5 aggregates; Reprinted with permission from Jintoku et al. (2008). Copyright 2008 Elsevier Ltd. (I) Molecular structures of

porphyrin containing carboxylic acid and pyridine substituents.

Different from porphyrin-based molecular building blocks,
phthalocyanine molecules usually have better planarity,
which introduces stronger π-π interactions and serious
aggregation (Chen et al., 2009; Gao et al., 2009). And the
modification of the periphery of phthalocyanine rings is
more difficult, compared with that of porphyrin derivatives.
Nevertheless, some intelligent molecular design was also
performed on the phthalocyanine gelators, which show some
interesting characteristics.

Nolte and his co-workers have synthesized phthalocyanine
containing crown ethers substituents and eight hydrophobic
chiral tails (12) (Figure 3D). This phthalocyanine can form
gels in chloroform upon self-assembly into helical fibers.
The further investigations show that the molecular packing
mode of phthalocyanine 12 containing (S)-chiral centers
could follow a typical hierarchical process. Firstly, the stacking
of phthalocyanine 12 along clockwise orientation forms
the fibers with right-handed helicity. And then, coiled-coil
interactions between different right-handed helical fibers could

form large aggregates with left-handed helicity (Figure 3D)
(Engelkamp et al., 1999).

Due to the strong π-π interactions between phthalocyanine
molecules, some very simple phthalocyanine molecules were also
found to form organogels. For example, tetra-n-butyl peripheral
substituted copper(II) phthalocyanine (13) can form organogels
in 1,2-dichlorobenzene upon ultrasonication (Figure 14C)
(Xu et al., 2016).

For the fabrication of phthalocyanine-based soft matters,
polymer gels have been employed. And the polymers containing
phthalocyanine motifs have been developed. For example, the
reaction between zinc phthalocyanine conjugated poly(ethylene
glycol) (PEG) and ε-caprolactone produces a type of copolymer
(14), which could form hydrogels (Dong et al., 2016a). And the
zinc phthalocyanine conjugated poly(ethylene glycol) (PEG) with
hydroxyl groups at the end can also be connected with alginate
(15). Copolymer 15 can form hydrogels, which show near
infrared fluorescence (Liang et al., 2017a; Figure 3E). Actually,
poly(ethylene glycol) (PEG) substituents were often utilized for
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FIGURE 3 | (A) Molecular structure and proposed self-assembly of porphyrin 9 to form linear supramolecular polymers; Reprinted with permission from Fathalla et al.

(2015). Copyright 2015 Royal Society of Chemistry. (B) Molecular structures of porphyrin-azulene-porphyrin conjugate (10) and porphyrin-azulene conjugate (11); (C)

Proposed mode for the formation of nanowire from 10 and vesicles from 11; Reprinted with permission from Xiao et al. (2009). Copyright 2009 Royal Society of

Chemistry. (D) Molecular structures of phthalocyanine gelator containing crown ethers substituents and eight hydrophobic chiral tails (12) and schematic illustration

showing helical aggregation formed by 12, the coiled-coil interactions introduce right-handed helical fibers form large aggregates with left-handed helicity; Reprinted

with permission from Engelkamp et al. (1999). Copyright 1999 American Association for the Advancement of Science. (E) Molecular structures of zinc phthalocyanine

polymeric gelator (14, 15); (F) Schematic illustration showing the reaction between PEG diamine and meso-tetrakis(4-carboxyphenyl) porphine (mTCPP) form polymer

hydrogels; Reprinted with permission from Lovell et al. (2011). Copyright 2011 American Chemical Society. (G) Porphyrin based mesoporous polymers can uptake

organic solvents to form organogels (Wu et al., 2014). Reprinted with permission from Wu et al. (2014). Copyright 2014 American Chemical Society.

building porphyrins and phthalocyanines polymeric hydrogels.
For instance, the reaction between PEG diamine and meso-
tetrakis(4-carboxyphenyl) porphine (mTCPP) could form stable
polymer hydrogels (Lovell et al., 2011; Figure 3F).

Multicomponent Supramolecular Gels
Containing Porphyrin or Phthalocyanine
Molecules
The supramolecular gels containing porphyrin or phthalocyanine
building blocks were also fabricated by using multicomponent
systems (Cornwell et al., 2015; Draper et al., 2015; Kar andGhosh,
2015; Versluis et al., 2016). In general, these multicomponent
supramolecular gels can be divided into two types. One is the
special supramolecular gels in which the gelators can be some
co-assemblies including porphyrin/phthalocyanine molecular
building blocks. While another type of supramolecular gels is
not dependent on the assembly of porphyrin/phthalocyanine
molecules. These π-conjugated molecules can be mixed
into supramolecular gels formed by other different gelators.
Certainly, this simple “mixing” strategy requests relatively
stable supramolecular gels with tolerant features. Otherwise
adding additional porphyrin/phthalocyanine molecules into
the systems could destroy the supramolecular gels. And

the interactions between mixed porphyrin/phthalocyanine
molecules and gelators should be considered. Depending on
the solvents included into the supramolecular gels, these mixed
porphyrin/phthalocyanine molecules either can be dissolved
into the liquid phase or form aggregations within the gels
systems. Even though the solubility of porphyrin/phthalocyanine
components and complex non-covalent interactions should be
considered, the advantage of this simple “mixing” approach
is still obvious. Thus, porphyrin and phthalocyanine with
different molecular structures can be included into the
supramolecular gels.

Only little works were performed on the development of
porphyrin or phthalocyanine molecules as the complementary
ingredient for the formation of gelators. Considering the
difficulty involved in the synthesis processes, sometimes synthesis
of porphyrin/phthalocyanine based gelators should be easier
than that of developing complementary molecular pairs. What
is worth noticing is α-cyclodextrin (α-CD), which help the
amphiphilic porphyrin-cored, star-shaped poly (e-caprolactone)-
b-poly (ethylene glycol) (SPPCL-b-PEG) copolymer (17) form
thixotropic and reversible supramolecular hydrogels (Figure 9A;
Jin et al., 2015). Moreover, hydrogel nanocomposites systems
were also fabricated by using the co-assembly of α-cyclodextrin,
PEG-conjugated porphyrin, and multi-walled carbon nanotubes
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(Figure 7C; Liang et al., 2017b). By connecting α-cyclodextrin
with photothermal dyes and further co-assemble with PEG-
conjugated porphyrins, photothermally controllable, visible, dual
fluorescent thermosensitive hydrogels were developed (Yang
et al., 2018a). Except for porphyrin derivatives, cyclodextrin
was also applied for the gelation of phthalocyanine systems.
For example, multi-photoresponsive supramolecular hydrogels
have been developed by mixing poly-β-cyclodextrin polymer,

hydrophobically modified dextran, zinc phthalocyanine, and a
tailored nitric oxide photodonor (Figure 10A; Fraix et al., 2014).

For another type of supramolecular gel based on
complementary phthalocyanine, both the phthalocyanine
molecules and their complemental molecular systems have
gelation substituents. The thermoreversible organogels were
prepared by using combination of low-molecular-weight
organogelators (18, 19) and zinc phthalocyanine moieties

FIGURE 4 | (A) Molecular structures of organogelators (18, 19) and zinc phthalocyanine containing complementary organogelators (20-24); Reprinted with permission

from Díaz et al. (2008). Copyright 2008 John Wiley and Sons. (B) Molecular structures of glutamic acid-based gelators (25) and achiral porphyrin with long alkyl chains

(26); (C) Schematic illustration showing the formation of induced supramolecular chirality of 26 upon the gelation with 25; Reprinted with permission from Li et al.

(2007). Copyright 2007 Royal Society of Chemistry. (D) Schematic illustration showing the encapsulation of phthalocyanine (28) in the hollow tubes of biscarbamate

(27) gels.; Reprinted with permission from Khan and Sundararajan (2011). Copyright 2011 John Wiley and Sons. (E) Structures of metallo-phthalocyanines and gelator

molecules. 33 is the schematic structure of a protein which can form hydrogels.; (F) Molecular structures of charged porphyrins (38, 39) and monomers used for

making polymer hydrogels.

FIGURE 5 | (A) Molecular structures of porphyrin gelators containing triethoxysilyl substituents; (B) schematic illustration showing the sol-gel polycondensation of the

peripheral triethoxysilyl groups of porphyrin-based gelators, which change supramolecular gels into organic/inorganic hybrid materials with unique mechanical

strength; Reprinted with permission from Kishida et al. (2005b). Copyright 2005 American Chemical Society. (C) Photograph and chemical structure of (a) chitosan

and (b) zinc phthalocyanine containing tetra-aldehyde substituents (43) before gelation. (c) Photograph and schematic of a proposed structure of the

phthalocyanine/chitosan hydrogel through Schiff-based reaction. (d) Pore size of 3D porous nanostructure phthalocyanine/chitosan hydrogel. Reprinted with

permission from Karimi and Khodadadi (2016). Copyright 2016 American Chemical Society.
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containing complementary organogelator (20-24). And further
in situ cross-linking could enhance the strength of the gels
(Figure 4A; Díaz et al., 2008).

On the other hand, “mixing” strategy has been used more
widely for the fabrication of multicomponent supramolecular
gels containing porphyrin or phthalocyanine molecules.
Certainly, the careful molecular design for the good gelators
is necessary for this strategy. The most representative
gelator can be some glutamic acid derivatives, for example
N,N’-bis(octadecyl)-L-Boc-glutamic diamide (25-L) and N,N’-
bis(octadecyl)-D-Boc-glutamic diamide (25-D) (Figure 4B).
25 can form supramolecular gel in nearly all kinds of organic
solvents. And the achiral porphyrin with long alkyl chains
(26) has been included upon mixing without damaging the
mechanical strength of the corresponding gels formed in
DMSO. Most interestingly, these glutamic acid-based gelators

can induce achiral porphyrin form supramolecular chiral
assemblies (Li et al., 2007).

Except for glutamic acid-based gels, the hydrogels formed
by aromatic short peptide Fluorenylmethoxycarbonyl-
Leucine-Leucine-Leucine-OMe (Fmoc-L3-OMe) can also
be doped with zinc porphyrin. And enhanced photocurrent
generation was investigated from this hydrogel system
(Figure 13A) (Feng et al., 2018).

A similar approach was developed by using
organogel fabricated by (1R,2R)-trans-1,2-
bis(dodecanoylamino)cyclohexane. When octakis(alkyloxy)-
substituted Zn(II)-phthalocyanines were incorporated into
the gels, unique brush-like nanostructures can be detected
(Diaz Diaz et al., 2007). A non-chiral organogelator (27) was also
found to form gels with hollow fibrous nanostructures, which can
encapsulate phthalocyanine molecules (28). And phthalocyanine

FIGURE 6 | (A) Porphyrin-based hydrogels working as template to manufacture helical silica; Reprinted with permission from Kawano et al. (2004). Copyright 2004

John Wiley and Sons. (B) Molecular structure of gelator and porphyrin. 44D can form gel with P-chirality, which changes into M-chiral gel upon water vapor. Porphyrin

39 co-assemble with 44D into J aggregates with P helical packing. NH3 can destroy porphyrin assemblies, while subsequent treatment with HCl and water vapor can

reassemble 39 into M-chirality; Reprinted with permission from Wang et al. (2016). Copyright 2016 Royal Society of Chemistry. (C) Molecular structures of the

glutamic acid-based gelator containing two chiral centers (45) and achiral C60 and porphyrin (26), and a schematic illustration of the self-assembly of the two achiral

molecules with the gelators. Chirality transfer occurred in the DMSO gel but not in the toluene gel. Reprinted with permission from Li et al. (2017b). Copyright 2017

John Wiley and Sons.

FIGURE 7 | (A) Fluorescence images of a mouse with the hydrogel implanted subcutaneously and monitored noninvasively; Reprinted with permission from Lovell

et al. (2011). Copyright 2011 American Chemical Society. (B) Screen captures from a fluorescence camera used to guide fluorescently the surgical removal of the

hydrogel in real time; Reprinted with permission from Lovell et al. (2011). Copyright 2011 American Chemical Society. (C) Synthesis of tin-porphyrin-PEG hydrogels;

Reprinted with permission from Huang et al. (2017). Copyright 2017 American Chemical Society. (D) Implantable tin porphyrin-PEG hydrogels with pH-responsive

fluorescence in vivo; Reprinted with permission from Huang et al. (2017). Copyright 2017 American Chemical Society. (E) Molecular structures of porphyrin

conjugated poly(ethylene glycol) (PEG) and ε-caprolactone (47). Reprinted with permission from Lv et al. (2014). Copyright 2014 John Wiley and Sons.
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molecules (28) form crystal within the gels (Figure 4D; Khan
and Sundararajan, 2011). In another sample, hydrogels based on
the mixture of sodium deoxycholate and lysine hydrochloride
were included with magnesium phthalocyaninate containing
crown ether substituents (Goldshleger et al., 2018).

Recently, non-covalent inclusion of different metallo-
phthalocyanines into different gel networks have been
thoroughly investigated (Figure 4E; Keseberg et al., 2016).
The results show that adding metallo-phthalocyanines could
change the thermal, morphological, and mechanical properties
of supramolecular gels.

Polymer gels always play very important roles for including
porphyrin and phthalocyanine molecules. For example, charged
porphyrins TMPyP (tetrakis(4-N-methylpyridyl)porphyrin)
(38) and TPPS (tetrakis(4-sulfonatophenyl)porphyrin) (39)
have been doped into the polymer hydrogels fabricated by
copolymers of HEMA (2-hydroxyethyl methacrylate) with either
MAA (methacrylic acid) or DEAEMA (2-(diethylamino)ethyl
methacrylate) (Figure 4F). Upon photoirradiation, the
porphyrin molecules (38, 39) included in the hydrogels can
generate singlet oxygen (Brady et al., 2007).

Doping with different functional molecules is one of the
distinctive features of polymer gels. And different polymer gels
systems, which can be fabricated by polypyrrole (Wang et al.,
2015b), chitosan (Karimi and Khodadadi, 2016; Xia et al., 2017)
or cellulose derivatives (Yang et al., 2018b) have been doped with
porphyrin and phthalocyanine molecules. And the applications
of these functional systems will be discussed in the following of
this article.

FUNCTIONS OF SUPRAMOLECULAR
GELS CONTAINING PORPHYRIN AND
PHTHALOCYANINE

As a type of characteristic soft matter, porphyrin/phthalocyanine
based supramolecular gels have great potential for different
applications, from biomedical systems to optoelectronic devices.
Even though we cannot address every aspect of these functions
in this manuscript, we still want to show some typical
new advances of these issues. Since attentions have been
focused on the mechanical properties of supramolecular gels,

FIGURE 8 | (A) Molecular structures of crown-containing phthalocyanines, sodium deoxycholate, and lysine hydrochloride; Reprinted with permission from

Goldshleger et al. (2018). Copyright 2018 Pleiades Publishing, Ltd. (B) Bioluminescence imaging and multispectral fluorescence imaging for the drug (doxorubicin)

loaded hydrogel of mixed fluorescence of the drug and the hydrogel with green and red, representing one of three in each group; Reprinted with permission from

Dong et al. (2016a). Copyright 2016 American Chemical Society. (C) Schematic of the thermosensitive porphyrin-poly(ethylene glycol) (49)/α-cyclodextrin hydrogel

loaded with carbon nanotubes for photo controlled disassembly; Reprinted with permission from Liang et al. (2017b). Copyright 2017 Elsevier Ltd. (D) Drug

formulation for oral administration of the SOD mimic (50); Reprinted with permission from Aikawa et al. (2015). Copyright 2015 Royal Society of Chemistry. (E) Two

pathways to prepare compartmentalized supramolecular hydrogels based on virus nanoparticles. Polymeric material HPC and CCMV nanoparticles were cross-linked

through a ternary hos-guest interaction, which involved methyl viologen and naphthyl moieties and CB[8]. Reprinted with permission from Yang et al. (2018b).

Copyright 2018 Royal Society of Chemistry.
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tuning mechanical properties of supramolecular gels containing
porphyrin and phthalocyanine molecules will be discussed.
Moreover, the concerns on the supramolecular chirality of
porphyrin/phthalocyanine based supramolecular gels also will be
addressed in this review.

The photophysical, photochemical and electrochemical
properties of porphyrin/phthalocyanine based supramolecular
gels will be discussed. And the applications of these soft matters
could be found in the fields of photodynamic therapy, molecular
sensing, luminescence and cell imaging, photocurrents and
semiconducting. Moreover, the catalytic properties of gels
containing porphyrin and phthalocyanine molecules are also
very interesting. These gels-based catalysts have been used for
photocatalytic hydrogen production, some organic reactions,
and even mimicking enzymes in vivo.

Mechanical Properties of
Porphyrin/Phthalocyanine Based
Supramolecular Gels
One of the important characteristics of supramolecular gels is
their mechanical properties, which can be the tunable strength,
self-healing properties and so on. The mechanical properties
of porphyrin/phthalocyanine based supramolecular gels have
been investigated by scientists for a long time. The original
idea could be developing robust materials containing porphyrin.
For example, Shinkai and his co-workers have synthesized
the porphyrin gelators containing triethoxysilyl substituents
(42TEOS) (Figure 5A). The interactions between porphyrin
and copper ions could form supramolecular gels with H-
aggregated one-dimensional molecular assemblies, which can
be further immobilized by sol-gel polycondensation of the
peripheral triethoxysilyl groups. Therefore, by using porphyrin-
based supramolecular gels as the template, novel functional
organic/inorganic hybrid materials with very high thermal
stability as well as a unique mechanical strength can be prepared
(Figure 5B; Kishida et al., 2005a,b).

Moreover, when phthalocyanine molecules were integrated
into the polymer hydrogels, the materials with mechanically
robust 3D nanostructure and self-healing properties can be
fabricated. Karimi and his co-workers have synthesized zinc
phthalocyanine containing tetra-aldehyde substituents (43),
which can crosslink covalently with chitosan containing amino
groups to form dynamic schiff-base linkage (Figure 5C).
The corresponding phthalocyanine/chitosan frameworks are
hydrogels with 3D porous nanostructure and self-healing ability.
Moreover, further including carbon nanotubes (CNTs) could
modulate the mechanical properties and electrical conductivity
of the hydrogels (Karimi and Khodadadi, 2016).

Supramolecular Chirality of
Porphyrin/Phthalocyanine Based
Supramolecular Gels
Chirality is the basic characteristics of nature. And the origin
and evolution of life is closely related to the molecular
chirality and supramolecular chirality (Michaeli et al., 2016;
Pizzarello, 2016). The research on chirality is significant for

understanding many of the secrets of nature. Notably, chiral
information can be expressed within different scales, from
molecules to supramolecular assemblies until macroscopic scales.
Constructing assemblies with supramolecular chirality is very
useful for producing novel soft matters with different potential
applications (Liu et al., 2015). For supramolecular gels containing
porphyrin/phthalocyanine, the research works on chirality
transfer and amplification are very important.

These situations are manifested in the transcription of
helical assemblies into helical-silica structures. Shinkai et al
have synthesized the porphyrin-based gelators containing
carbohydrate substituents. And the self-assembly of these
sugar-appended porphyrins can form different helical
structures depending on the molecular structure and chirality
of carbohydrate groups. Upon Sol-Gel polycondensation
of tetraethyl orthosilicate (TEOS), the organic helical
nanostructures can be transcripted into helical-silica structures,
which nicely inherit the organic morphology (Figure 6A;
Kawano et al., 2004).

For the chiral-related application of
porphyrin/phthalocyanine based supramolecular gels,
understanding the chirality transfer within these systems could
be significant. Sometimes, when the chiral gelators self-assemble
into helical nanostructures, the handedness of their molecular
chirality and the corresponding supramolecular chirality could be
different. In this context, the optical activity of doped porphyrin
assemblies could be interesting. Liu et al. have designed cationic
gelators bearing pyridinium and glutamide moieties (44D or
44L). And the co-assembly of these cationic chiral gelators
with dianionic tetrakis(4-sulfonatophenyl)porphyrin (39) could
form J-aggregates. Interestingly, the chiral signs of porphyrin
assemblies were found to follow the supramolecular chirality of
44 assemblies instead of the molecular chirality of 44 (Figure 6B;
Wang et al., 2016).

The chirality transfer, inversion and amplification within
more complex supramolecular gels were further investigated
by Liu et al. The glutamic acid-based gelator containing two
chiral centers (45) was found to form chiral nanotwists and
nanotubes in toluene and DMSO, respectively. While the co-
assembly of 45 with achiral porphyrin containing long alkyl
chains (26) and C60 can also form gel in DMSO by keeping
the tubular nanostructures. Both porphyrin and C60 were
included in confined nanotubes. Chirality transfer occurred
from the host chiral gel matrixes to guest achiral porphyrin in
DMSO. Remarkably, the addition of C60 to the porphyrin/gelator
gel could invert and further amplify the induced chirality of
the porphyrin due to the formation of donor-acceptor pairs.
However, in the case of multicomponent toluene gel, 26 and C60
only dissolve in the liquid phase. And no chirality transfer was
observed in the toluene gel (Figure 6C; Li et al., 2017b).

Porphyrin/Phthalocyanine Based
Hydrogels for Biological Imaging
Porphyrin molecules usually show strong fluorescence, which
has great potential for biological imaging. On the other hand,
hydrogels have been widely used in the field of biology and
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medicine. Therefore, when porphyrin molecules were doped
into hydrogels, the first application to be developed can be
biological imaging.

For example, Zheng et al. have developed the hydrogels
based on the reaction between PEG diamine and tetracarboxylic
acid porphyrins (Lovell et al., 2011; Figure 3F). Within the
network of corresponding hydrogels, porphyrin molecules were
well separated to prevent fluorescence self-quenching. The near-
infrared properties of the fluorescence of porphyrin enabled
low background, non-invasive fluorescence monitoring of the
implanted hydrogel in amouse in vivo, as well as its image-guided
surgical removal in real time (Figures 7A,B).

Moreover, the porphyrin-PEG-diamines polymer can be
further chelated with tin ions (46) (Figure 7C). Interestingly,
the fluorescence emission of Tin porphyrin hydrogel is strongly
reversible and pH responsive in the physiological range
between pH 6 and pH 8. This pH-sensitive emission was
detected via non-invasive transdermal fluorescence imaging
in vivo following subcutaneous implantation in mice (Figure 7D;
Huang et al., 2017).

Lv et al. have synthesized zinc phthalocyanine-PEG-alginate
copolymer (15). And the hydrogels formed by 15 can be further
included with another dye molecule (rhodamine). These dual
fluorescent hydrogels can be used for in vivo near infrared
fluorescence imaging (Liang et al., 2017a). In another work,
Lv et al. have synthesized porphyrin conjugated poly (ethylene
glycol) (PEG) and ε-caprolactone (47) (Figure 7E). And the
fluorescent nanogel fabricated by 47 can be used for in vivo
imaging, which targets tumor tissues in hepatoma tumor-bearing
mice (Lv et al., 2014; Dong et al., 2016b).

Hydrogels Containing
Porphyrin/Phthalocyanine for Drug
Delivery
The stimuli-responsive, dynamic properties as well as the
biocompatible nature of supramolecular gels render their
potential application in the field of drug delivery. For example,
the hydrogels based on biodegradable sodium deoxycholate

(SDC) and lysine hydrochloride (lys×HCl) can be included
with magnesium crown-containing phthalocyanines (48), which
can be released dependent on thermoreversible of hydrogels
(Figure 8A; Goldshleger et al., 2018).

For the gels containing porphyrin and phthalocyanine
molecules, sometimes the drug delivery can be related with
biological imaging. For example, by using porphyrin-PEG-ε-
caprolactone conjugates (47) as gelator, the doxorubicin-loaded
hydrogel has been developed as dual fluorescent anti-tumor drug
delivery system. Using nude mice bearing luciferase expressed
hepatic tumor as models, the whole process from the drug
delivery to the tumor therapeutic effects were real time visualized
simultaneously after administration at interval from 0 to 18 days
(Dong et al., 2017). A similar dual fluorescent drug delivery
system, which also enables the tracking of a drug delivery
process and the degradation of the carrier, was developed by
using doxorubicin loaded zinc phthalocyanine (14) incorporated
hydrogel (Figure 8B; Dong et al., 2016a).

Based on the hydrogel nanocomposites upon co-assembly
of α-cyclodextrin, PEG-conjugated porphyrin (49) and multi-
walled carbon nanotubes, the drug delivery systems with
photo response, fluorescence imaging tracking and photothermal
remote controlling properties can be achieved (Figure 8C).
The controlled disassembly of the hydrogel, which can be
efficiently accelerated under laser irradiation, was monitored in
real time by in vivo fluorescence imaging after subcutaneous
injection using mice as models (Liang et al., 2017b). By
connecting α-cyclodextrin with photothermal dyes and further
co-assemble with PEG-conjugated porphyrins, photothermally
controllable, visible, dual fluorescent thermosensitive hydrogels
were developed (Yang et al., 2018a). The hydrogel disassembly
with drug delivery can be achieved by the photothermal effect of
dye molecules. And the dual fluorescence imaging visualization
of hydrogels revealed the disassembly process by tracking
each component.

For the recently developed drug delivery systems based
on porphyrin containing hydrogels, porphyrin molecules can
be used as mimic of superoxide dismutase (SOD) inhibiting
tumor growth. Yuasa et al. have designed encapsulating

FIGURE 9 | (A) Schematic illustration of intermolecular multi-interactions of hydrogels fabricated by 51 and a-cyclodextrin; Reprinted with permission from Jin et al.

(2015). Copyright 2015 Elsevier Ltd. (B) The synthetic route of the TMPyP(38)-loaded injectable hydrogel and in vivo anticancer application; Reprinted with permission

from Xia et al. (2017). Copyright 2017 American Chemical Society. (C) pH-sensitive and injectable covalently cross-linked hydrogel for in situ tetra-aldehyde

functionalized zinc phthalocyanine (43) delivery for PDT. Reprinted with permission from Karimi et al. (2016). Copyright 2016 American Chemical Society.
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liposomal drugs by using an alginate hydrogel as carrier.
The liposomal drug was composed of manganese porphyrin
(50), which has been developed as a mimic of superoxide
dismutase (SOD). A cytochrome c assay revealed that the
O•−

2 inhibitory activity of 50 could be maintained even after
treatment with simulated gastric and intestinal fluids due
to the protection of hydrogels and liposomal aggregations
(Figure 8D). The oral administration of the formulated drug
significantly inhibited the growth of transplanted tumors in mice
(Aikawa et al., 2015).

The most elaborate drug delivery systems based on hydrogels
could be the complex of cowpea chlorotic mottle virus
(CCMV) particles and guest-modified hydroxylpropyl cellulose
(HPC), which were non-covalently crosslinked through the
formation of ternary host-guest complexes with cucurbit[8]uril
(CB[8]) (Figure 8E). When tetrasulfonated zinc phthalocyanine
molecules were loaded in CCMV particles within these
hydrogel complex, they showed nice water solubility without
undesired aggregation. Moreover, the particles together with
phthalocyanine cargo can be released in a controlled way without
an initial burst release (Yang et al., 2018b).

Porphyrin/Phthalocyanine Based
Supramolecular Gels for Photodynamic
Therapy
When photosensitizers were irradiated with light in the presence
of oxygen, free radicals or singlet oxygen could be generated.
And photodynamic therapy (PDT) can be achieved by using these
active substances for killing tumor cells, bacteria or viruses (Liu
et al., 2013; Giuntini et al., 2014; Moylan et al., 2015; Chen et al.,
2017; Li et al., 2018a; Zhu et al., 2018). The effects of PDT can be
dependent on the photochemical properties of photosensitizers,
metabolic characteristic of PDT molecules and accumulation
of photosensitizers in the diseased tissue. In this context,
both the molecular structure and supramolecular assembly (Li
et al., 2018b, 2019a; Zhang et al., 2018) of photosensitizers
are important.

Many porphyrins or phthalocyanine molecules have been
developed for the photodynamic therapy (PDT) of different
illnesses (Singh et al., 2015; Martinez De Pinillos Bayona
et al., 2017). On the other hand, porphyrin/phthalocyanine
based supramolecular gels for photodynamic therapy not
only provides the possibility of controllable photosensitizer
delivery, but also help photosensitizer molecules form useful
supramolecular nanostructures. The networks of supramolecular
gels segment the space within microscopic scale, which brings
many unique features for photodynamic therapy. For polymer
hydrogels containing porphyrin photosensitizers, the porphyrin
molecules can either be included in solid phase or liquid
phase. And both the self-assembly of porphyrin and interaction
between porphyrin and gelators could affect the corresponding
photochemical properties and yield of singlet oxygen
(Brady et al., 2007).

Nevertheless, the applications of hydrogels for the delivery
and release of porphyrin for photodynamic therapy are
receiving increasing attention. For example, one derivative

of α-cyclodextrin, PEG-conjugated porphyrin (17) was used
for constructing supramolecular hydrogels upon host-guest
interaction with a-cyclodextrin (a-CD). The corresponding
supramolecular hydrogels have good biodegradable and
biocompatible properties, which can be used as carrier
for doxorubicin (DOX) delivery systems. Considering the
generation of singlet oxygen upon photoirradiation on
porphyrin, the hydrogels for both sustained-release drug
delivery and photodynamic therapy (PDT) can be achieved
(Figure 9A; Jin et al., 2015).

Wu et al. have developed porphyrin included injectable
hydrogel by using glycol chitosan and dibenzaldehyde-
terminated telechelic poly(ethylene glycol) as well as water
soluble porphyrin (TMPyP) (38). Comparing to the solution,
the hydrogel containing porphyrin shows enhanced fluorescence
intensity with much more singlet oxygen generation upon
the same laser irradiation. Moreover, much longer tumor
retention can be observed due to the low fluidity of the hydrogel
(Figure 9B; Xia et al., 2017).

Another injectable hydrogel containing phthalocyanines
photosensitizers was developed by Karimi et al. By connecting
tetra-aldehyde functionalized zinc phthalocyanine (43) with
NH2 groups on chitosan through a dynamic covalent Schiff-
base linkage, pH sensitive photosensitizer delivery hydrogels
for localized cancer therapy can be prepared. The hydrogel
can release 43 in the acidic environment of tumors directly
by evading the circulation system. And the viability of
cancer cells incubated with the hydrogel was decreased
significantly at acidic pH after laser irradiation (Figure 9C;
Karimi et al., 2016).

Taking advantages of the inclusiveness of hydrogel systems,
multicomponent architectures with more complex functionality
can be fabricated for photodynamic therapy. For example,
Sortino et al. have developed engineered supramolecular
hydrogel containing four different components: poly-b-
cyclodextrin polymer, hydrophobically modified dextran, zinc
phthalocyanine (51) and tailored nitric oxide photodonor (52).
Upon visible light irradiation, both singlet oxygen and nitric
oxide can be generated for photodynamic cancer and bacterial
therapies (Figure 10A; Fraix et al., 2014).

In another system, Lin et al. have synthesized poly(ethylene
glycol) diacrylate (PEGDA) hydrogels containing rare earth-
doped nanophosphors (UCNPs) and zinc(II) phthalocyanine.
Upon 980 nm irradiation, the multicolor upconversion
luminescence of UCNPs not only can trigger the polymerization
of PEGDA, but also can excite photosensitizer zinc(II)
phthalocyanine to produce singlet oxygen (Figure 10B;
Xiao et al., 2013).

In another approach, the hydrogel containing poly (ethylene
glycol) double acrylates (PEGDA), polyethylene glycol 400
(PEG400), zinc phthalocyanine (ZnPc), and phosphotungstic
acid (PTA) was prepared. The polymer hydrogel not only
prevents diffusion of the photosensitizer, but also maintains
a high zinc phthalocyanine concentration around tumor cells
for more effective PDT. And phosphotungstic acid also can
help the acceleration of singlet oxygen generation (Figure 10C;
Wang et al., 2013).
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FIGURE 10 | (A) The multi-photoresponsive supramolecular hydrogel containing four different components can generate both singlet oxygen and nitric oxide upon

visible light irradiation; Reprinted with permission from Fraix et al. (2014). Copyright 2014 Royal Society of Chemistry. (B) PEGDA hydrogels containing rare

earth-doped nanophosphors (UCNPs) and zinc(II) phthalocyanine. Upon 980 nm irradiation, the multicolor upconversion luminescence of UCNPs can excite

photosensitizer zinc(II) phthalocyanine to produce singlet oxygen; Reprinted with permission from Xiao et al. (2013). Copyright 2013 Royal Society of Chemistry. (C)

Illustrations of the formation process and anti-tumor mechanism of the hydrogel containing poly (ethylene glycol) double acrylates (PEGDA), polyethylene glycol 400

(PEG400), zinc phthalocyanine (ZnPc), and phosphotungstic acid (PTA). Reprinted with permission from Wang et al. (2013). Copyright 2013 Royal Society of

Chemistry.

Porphyrin/Phthalocyanine Based Gels for
Molecular Sensing
Some supramolecular assemblies can be used for sensing ions,
gas or small organic molecules. For these applications, the
interactions between sensors and target molecules could produce
some special signals, such as electrical signals or fluorescence
(Che et al., 2010; Wong et al., 2010; Saha et al., 2016; Chen et al.,
2018). And the molecular sensing can be achieved by analyzing
the changes of these signals. Notably, such sensing is dependent
on both the molecular structures and the supramolecular
properties of the sensors.

The supramolecular gels containing porphyrin or
phthalocyanine have been investigated for molecular
sensing. For example, Zheng et al. have fabricated polymeric
hydrogels included with porphyrin by connecting 4-arm poly
(ethylene glycol) (PEG), 5,10,15,20-tetrakis(4-hydroxyphenyl)
porphyrin and hexamethylene diisocyanate (Figure 11A). The
corresponding hydrogels show strong fluorescent, which can
be further changed upon interaction with heavy metal ions,
such as Cu2+, Zn2+, Pb2+, Co2+, Hg2+, and Ni2+. Based on
this characteristic, the hydrogel exhibits rapid, significant and
visual sensitivity to low concentrations of heavy metal ions
(Figure 11B). Moreover, the uptake and release of heavy metal
ions can be recycled conveniently (Jia et al., 2015).

Another polymer hydrogel containing porphyrin derivative
(54) has been prepared into complex devices for real-time
and indicator-free detection of aqueous nitric oxide. The
polymer hydrogel can be photoluminescence, which is sensing
specific to NO. And the changes of photoluminescence can be
further transformed into electric signal by the photodetector
(Figure 11C; Chao et al., 2011).

Hassan et al. have prepared multifunctional conducting
polyacrylic acid (PAA) hydrogel (MFH) integrated with reduced
grapheme oxide (rGO), vinyl substituted polyaniline (VS-
PANI), double-deck lutetium Phthalocyanine (LuPc2), and
glucose oxidase (GOx). This complex system can be used for
electrochemical detection of glucose with high sensitivity (15.31
µA mM−1 cm−2), large concentration range of (2–12mM) and
low detection limit (25µm). This biosensor based on polymer
hydrogel has very fast response time (1 s) and high storage
stability (Figure 11D; Al-Sagur et al., 2017).

Different polymer gels systems containing porphyrins have
been developed for gas sensing. For example, McShane et al.
have prepared ratiometric oxygen sensor by incorporating
two luminophores into polymer hydrogels. In this case,
near-infrared emitting quantum dots can be employed as
reference luminophores; while long-lifetime platinum (II)
porphyrin phosphor was used as oxygen indicator (Figure 12A).
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FIGURE 11 | (A) Preparation procedure of the PEG-diisocyanate-porphyrin hydrogel; Reprinted with permission from Jia et al. (2015). Copyright 2015 Royal Society

of Chemistry. (B) Fluorescent intensity of PEG-diisocyanate-porphyrin hydrogels in different metal ion aqueous solutions (0.25M) at 420 nm. Insert: respective

photographs of hydrogels at 365 nm irradiation and visible light (from left to right: blank, Na+, Ca2+, Cu2+, Zn2+, Pb2+, Co2+, Hg2+, Ni2+); Reprinted with

permission from Jia et al. (2015). Copyright 2015 Royal Society of Chemistry. (C) Integrated semiconductor optoelectronic devices based on hydrogels for real-time

and indicator-free detection of aqueous nitric oxide; Reprinted with permission from Chao et al. (2011). Copyright 2011 Royal Society of Chemistry. (D) Schematic

representation of the formation of hydrogel (MFH) integrated with reduced grapheme oxide (rGO), vinyl substituted polyaniline (VS-PANI), double-deck lutetium

Phthalocyanine (LuPc2), and glucose oxidase (GOx). Reprinted with permission from Al-Sagur et al. (2017). Copyright 2017 Elsevier.

This sensing system possess excellent sensitivity (KSV = 0.00826
µM−1) at oxygen concentrations below 300mM and is resistant
to photobleaching (Collier et al., 2011). The hydrogel containing
porphyrins for in vivo oxygen sensing has been developed by
Lovell et al (Huang et al., 2014). The reaction between PEG
diamine and Pd substituted meso-tetrakis(4-carboxyphenyl)
porphine can generate hydrogels with extreme porphyrin
density (≈5 × 10−3 M) and very weak molecular aggregation.
This hydrogel exhibits oxygen-responsive phosphorescence
(Figure 12B) and can be stably implanted subcutaneously
in mice for weeks without degradation, bleaching, or host
rejection. When the matrix containing lots of identical dots
included with different luminescent molecules, the fluorescent
sensor membrane can be fabricated for sensing both pH value
and O2 at different emission wavelengths. Wolfbeis et al.
have prepared the sensing chips by including platinum(II)-
5,10,15,20-tetrakis-(2,3,4,5,6-pentafluorophenyl) porphyrin (56),
fluorescein isothiocyanate (57) (Figure 12C), and the reference

fluorophore diphenylanthracene into each dot (Meier et al.,
2011). In this case, oxygen can be detected by Pt-porphyrin,
while fluorescein isothiocyanate was used to sense pH. The
dual sensing can be achieved via RGB (red-green-blue)
method, wherein the fluorescence intensities can be imaged
with a digital camera (Figure 12D). Nevertheless, sensing
cellular oxygen is attracting increased interests recently. By
using porphyrin-based hydrogels, more versatile, flexible, and
simple oxygen sensors can be fabricated. Papkovsky et al.
have developed cell-penetrating phosphorescent nanosensor
MM2 by including porphyrin (56), fluorescent antennae
dyes (58) and Förster resonance energy transfer (FRET)
donor poly(9,9-dioctylfluorene) (59) into cationic hydrogel
(Kondrashina et al., 2012). This system provides efficient
delivery into the cell and subsequent sensing and high-
resolution imaging of cellular oxygen in different detection
modalities, including ratiometric intensity and phosphorescence
lifetime (Figure 12E).
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FIGURE 12 | (A) Confocal images of microparticle-based ratiometric oxygen sensors (green represents PtP emission; red represents QD emission); Reprinted with

permission from Collier et al. (2011). Copyright 2011 Royal Society of Chemistry. (B) Transdermal luminescence imaging of dual-implanted Pd-mTCPP and 15% free

base-Cu-mTCPP hydrogels. Left images were taken following anesthetization and right ones taken following high-pressure oxygen administration; Reprinted with

permission from Huang et al. (2014). Copyright 2014 John Wiley and Sons. (C) Molecular structures of components within fluorescent sensor membrane for sensing

both pH value and O2; (D) Sensing process for both O2 and pH. the ratio of red to blue channel pictures (R/B; displayed in pseudo colors) represents the oxygen

response and shows the lack of cross-reactivity to pH. The ratio of green to blue channel pictures (G/B; also displayed in pseudo colors) reflects the response to pH

and also demonstrates the lack of cross reactivity to oxygen; Reprinted with permission from Meier et al. (2011). Copyright 2011 John Wiley and Sons. (E) Widefield

fluorescence/phosphorescence lifetime imaging microscopy images of MEF cells stained with MM2 measured at different levels of atmospheric oxygen. Scale bar unit

is in µ m. Reprinted with permission from Kondrashina et al. (2012). Copyright 2012 John Wiley and Sons.

Porphyrin/Phthalocyanine Based Gels for
Catalyzing
Metal porphyrins or phthalocyanines are good catalysts for
different reactions. Many related systems, such as P450, have
been thoroughly investigated (Feiters et al., 2000). On the other
hand, catalyzing based on gels systems belong to supramolecular
catalysis (Feng et al., 2017). When molecules with catalytic
properties were self-assembled into ordered nanostructures, their
catalytic active centers can also form ordering aggregations.
Moreover, the confinement effect derives from self-assembled
nanostructures could be very useful for improving the yields and
stereoselectivity of chemical reactions. Importantly, the catalytic
properties of supramolecular assemblies can be modulated
upon changing the solvents and molecular building blocks.
In principle, the gels containing porphyrin or phthalocyanine
components can be used for catalyzing. And the nature of gel
systems should give the advantages for different applications.
Although there is still small amount of corresponding results
can be found in the literature, the ongoing works already cover
different fields. The gels systems containing porphyrin and
phthalocyanine have been proved to be able to catalyze some
special organic reactions. The photocatalyzing for degradation
of contaminants and hydrogen production was also investigated.
Moreover, the in vivo catalyzing strongly highlights the
advantages of the gels.

For catalyzing aerobic oxidation of olefins, Ghorbanloo
et al. have developed the hydrogels based on cationic cross-
linked polymeric ionic liquid (poly[(3-acrylamidopropyl)

trimethylammonium chloride]) embedded with anionic
[Mn(tetrakis(4-sulfonatophenyl)porphyrin)(OAc)] (39a)
(Figure 13A). The activity for catalyzing aerobic oxidation
of olefins was found to be dependent on substituent effect of
reactants, temperature and the amount of catalysts. And this
catalytic hydrogel can be easily recovered from the reaction
medium and could be reused for another seven runs without
significant loss of activity (Yazdely et al., 2018).

Chen et al. have developed poly(ethylene glycol)-based
nanocomposite hydrogels containing Fe-octacarboxylic acid
phthalocyanine (FeOCAP)/magnetic attapulgite (Figure 13B).
This system has excellent photocatalytic activity for rhodamine
B photodegradation. And the hydrogels could be reused
more than five times without losing any photodegradation
ability (Yuan and Chen, 2017).

An excellent gel system showing enhanced visible light
photocatalytic hydrogen production has been developed by
Zhang et al. These porphyrin-based imine gels offer chemical
variety and hierarchically porous structures. And the properties
of these catalysts can be easily medicated by changing porphyrin
metal centers. The Pd gel enables efficient photocatalytic
H2 evolution via photoinjection of electrons from the light-
harvesting gel network into the Pt nanoparticles. Upon
visible light irradiation, the Pd-porphyrin gels doped with Pt
nanoparticles show very high efficiency for hydrogen production
in aqueous sodium ascorbate solution (1.0744 × 105 µmol g−1

for 120 h totally) without significant degradation during four
runs (Figure 13C; Liao et al., 2018).
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FIGURE 13 | (A) Catalyst system comprised of anionic [Mn(tetrakis(4-sulfonatophenyl)porphyrin)(OAc)] ([Mn(TPPS)(OAc)]) embedded within cationic cross-linked

polymeric ionic liquid (poly[(3-acrylamidopropyl)trimethylammonium chloride]); Reprinted with permission from Yazdely et al. (2018). Copyright 2018 John Wiley and

Sons. (B) Poly(ethylene glycol)-based nanocomposite hydrogels containing Fe-octacarboxylic acid phthalocyanine (FeOCAP)/magnetic attapulgite; Reprinted with

permission from Yuan and Chen (2017). Copyright 2017 John Wiley and Sons. (C) Porphyrin-based imine gels for enhanced visible-light photocatalytic hydrogen

production; Reprinted with permission from Liao et al. (2018). Copyright 2018 Royal Society of Chemistry. (D) Dual enzyme gel with high antioxidant ability based on

engineered seleno-ferritin and artificial superoxide dismutase; Reprinted with permission from Gao et al. (2013). Copyright 2013 John Wiley and Sons. (E) Molecular

structure of hematin (62), and subcutaneous in situ gelation catalyzed by hematin (right). Reprinted with permission from Sakai et al. (2010). Copyright 2010 American

Chemical Society.

FIGURE 14 | (A) Self-assembled peptide hydrogel with porphyrin as a dopant for enhanced photocurrent generation; Reprinted with permission from Feng et al.

(2018). Copyright 2018 Elsevier. (B) Dopant-enabled supramolecular approach for controlled synthesis of nanostructured conductive polymer hydrogels; Reprinted

with permission from Wang et al. (2015b). Copyright 2015 American Chemical Society. (C) Ultrasound-induced formation of phthalocyanine organogel for field-effect

transistor applications. Reprinted with permission from Xu et al. (2016). Copyright 2016 American Chemical Society.
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The catalytic properties of porphyrin-based gels have been
utilized for tissue engineering depending on enzyme mimicking.
Sakai et al. found that iron-containing porphyrin hematin can act
as alternative catalyst to horseradish peroxidase (HRP) for in situ
gelation of polymers with phenolic hydroxyl (Ph) moieties in vivo
(Figure 13E). The gelatin derivative with phenolic hydroxyl
moieties can form gel in the presence of both hematin and H2O2

(Sakai et al., 2010).
By making gels containing porphyrin molecules, more

complex catalytic systems with delicate nanostructures and
functions can be achieved. Liu et al. have fabricated antioxidant
microgel with both glutathione peroxidase (GPx) and superoxide
dismutase (SOD) activities. In this case, the main catalytic
components of glutathione peroxidase were put onto the surface
of ferritin. The resulting seleno-ferritin (Se-Fn) monomers can
self-assemble into nanocomposites that exhibit remarkable GPx
activity due to the well-organized multi-GPx catalytic centers.
On the other hand, since some metal porphyrin molecules are
good superoxide dismutase mimic, the gel system mimicking
synergistic dual enzyme can be prepared by crosslinking
seleno-ferritin nanocomposites with porphyrin (Figure 13D;
Gao et al., 2013).

Photoelectric Device Based on Porphyrin
or Phthalocyanine Gels
The supramolecular gels containing porphyrin or phthalocyanine
building blocks could provide the porphyrin assemblies
or phthalocyanine aggregates with nice nanostructures
and tailored molecular packing modes. For example, the
tetrapyrrole macrocycle based π-conjugated systems can form
either J-aggregation or H-aggregation. Different molecular
packing modes could render the assemblies with varied
spectral characteristics, special energy transfer or electron
transfer properties. Therefore, some unusual photophysical,
photochemical or electrochemical properties of these assemblies
can be expected.

For example, Bai et al. have fabricated the hydrogels
upon the co-assembly of 5,10,15,20-Tetraphenyl-21H,23H-
porphine zinc (TPP-Zn) and aromatic short peptide
Fluorenylmethoxycarbonyl-Leucine-Leucine-Leucine-OMe
(Fmoc-L3-OMe). These assemblies show great light response
properties. In this case, the long-range order assembly of
aromatic peptide can act as photoelectron acceptor and
conductor to promote the production of photoelectrons by
the light antenna porphyrin molecules. And porphyrin can
effectively reduce the resistance, facilitating the transfer of
photoelectrons (Figure 14A; Feng et al., 2018).

On the other hand, when porphyrin or phthalocyanine
molecules were doped into the supramolecular systems, they
can also change the aggregation properties of other molecular
building blocks. Polypyrrole is a type of conducting polymer.
While doping copper phthalocyanine-3,4′,4′′,4′′′-tetrasulfonic
acid tetrasodium salt (63) could cross-link polypyrrole to form
hydrogels with three-dimensional network. Phthalocyanine
favors the formation of polypyrrole nanofibers. And the
enhanced interchain charge transport of polypyrrole/63
hydrogels resulted in greatly enhanced conductivity and

pseudocapacitance compared with pristine polypyrrole
(Figure 14B; Wang et al., 2015b).

The gels containing metal phthalocyanines not only can be
good electric conductor, but also can be nice semiconductor.
Xu et al. synthesized tetra-n-butyl peripheral substituted
copper(II) phthalocyanine, which can form supramolecular
gels upon ultrasonic irradiation. The corresponding gels can
be further fabricated into field-effect transistor (Figure 14C).
Due to the stronger π-π interactions within the assemblies,
organogel exhibits significant increase in charge carrier
mobility in comparison with other solution process techniques
(Xu et al., 2016).

CONCLUSION AND OUTLOOK

Fabrication of supramolecular gels containing porphyrins
or phthalocyanines molecules represents the efforts to
build novel functional soft matters. In this case, functional
molecular building blocks could organize into hierarchical
nanostructures in a controlled manner. Many interesting
features and subsequently novel applications of these materials
could be developed depending on ordered nanostructures.
Notably, the dynamic and stimuli-responsive nature of
supramolecular gels has greatly expanded the application
of included π-conjugated systems.

In principle, gels especially hydrogels can be considered
as matter of life, due to many similarities between their
nature and that of the organisms (Li et al., 2017a). However,
making the supramolecular assemblies as complex as the
nanostructures of some cell organelles is still very difficult. It
is necessary to further understand the complex non-covalent
interactions within various materials. Although there are still big
challenges to both controlling the nanostructures and improving
performance of functional soft matters, the development of
gels systems has provided unlimited expectation and possibility
(Weiss, 2014). And the fabrication of different gels systems
should be more dependent on the principles and methods of
biomimetic. Nevertheless, considering the infinite constructing
possibilities of supramolecular gels, functional gels containing
the hierarchical assembly of porphyrins or phthalocyanines will
be further developed in the field of chemistry, nanoscience, and
biological applications.
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Fluorination of conjugated polymers is an effective strategy to tune the energy levels

for obtaining high power conversion efficiency (PCE) in organic solar cells. In this

work, we have developed fluoro-modulated molecular geometries in diketopyrrolopyrrole

based low-bandgap copolymers. In these polymers, planar conformation can be locked

by intramolecular non-covalent interaction (intramolecular supramolecular interaction)

between the sulfur atoms and the introduced F atoms (F···S interaction). By varying

the fluorinated moieties, such a planarity can be disturbed and the molecular geometry

is tuned. As a result, the polymer’ properties can be modulated, including the

ultraviolet-visible absorption spectrum to become broaden, charge mobility to be

enhanced, open-circuit voltage (Voc) and short-circuited current (Jsc) to be elevated, and

thus photovoltaic performance to be improved. The photovoltaic device based on PCFB,

one of the fluorinated terpolymers, exhibited a high PCE near 8.5% with simultaneously

enhanced Voc and Jsc relative to the non-fluorinated one (PCB).

Keywords: diketopyrrolopyrrole, fluorination, supramolecular interaction, polymer solar cell, photovoltaic

performance

INTRODUCTION

Low-band gap (LBG) polymers have attracted lots of research attention due to their possibility to
extend the absorption of solar spectrum from ultraviolet-visible (UV-vis) to near-infrared (NIR)
region to make a good utilization of solar energy when used in organic solar cells (OSCs). They
have the merits of enhancing the light absorption, realizing high-efficiency tandem solar cells
with a wide bandgap polymer (Dou et al., 2012; You et al., 2013), and achieving semitransparent
photovoltaic devices that strongly absorb light in the NIR region while allowing most of the visible
light to get through (Dou et al., 2013). Among these LBG polymers, conjugated polymers employing
diketopyrrolopyrrole (DPP) unit were frequently reported in the areas of organic field-effect
transistors (OFETs) and OSCs in recent years (Hendriks et al., 2014a; Li et al., 2014b, 2018; Li
C. et al., 2016; Yu et al., 2016). The DPP moiety usually has strong intermolecular interactions in
the solid state including hydrogen bonding and π-π interactions and its polar nature enhances
the tendency of DPP-based polymers to crystallize (Sonar et al., 2010). As a result, DPP-based
conjugated polymers often exhibit an advantageously tunable and broad optical absorption, high
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SCHEME 1 | Molecular structures and synthetic methods of the polymers.

charge carrier mobilities, and good nanoscale morphologies
(Nielsen et al., 2013; Li et al., 2015; Wang et al., 2016), which
can result in high photocurrents and good fill factors (FF) in
OSCs. For instance, the optical absorption of the DPP based
polymers can extendmuch farther into the NIR region (Hendriks
et al., 2014b; Li et al., 2015), which provides wide photo-response
in a long wavelength range to give a high short-circuit current
(Jsc) in OSCs and can be applied in NIR organic photodetectors
(Ashraf et al., 2015).

However, there are also some drawbacks in DPP based
OSCs. Their open circuit voltage (Voc) was usually <0.7V due
to their shallow highest occupied molecular orbital (HOMO)
energy levels. Therefore, there are only several reports showed
a power conversion efficiency (PCE) over 8% in single-junction
OSCs based on DPP polymers (Hendriks et al., 2013; Choi
et al., 2015; Zheng et al., 2016). There are several ways to
adjust the energy level of polymers. One approach is to
introduce electron-withdrawing groups in the backbone of
the polymers. For example, poly (2,5-bis(2-decyltetradecyl
)-pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione-3,6-diyl-alt-3′′,4′

-difluoro-2,2′:5′,2′′:5′′,2′′′-quaterthiophene-5,5′′′-diyl (PDPP4T-
2F) was successfully designed by introducing two fluorine atoms
to the 2,2′-bithiophene monomer which gave deeper energy level
and higher Voc (Zheng et al., 2016). Introducing F atom is also
important in tailoring the chemical and physical properties of
the resulting polymers (Albrecht et al., 2012; Li et al., 2014a).
The non-covalent interaction of F atom not only exists in
copolymers, but also can be observed in non-fullerene small

molecule acceptors (Zhao et al., 2017; Liu et al., 2018). Because
fluorine is the most electronegative element in the periodic table,
the F atom is a powerful functional group for donor/acceptor
materials. It has a quite strong electron-withdrawing nature, so
the introduction of fluorine into the polymer/acceptor backbone
can lower the HOMO and the lowest unoccupied molecular
orbital (LUMO) energy level, resulting in the increase of Voc. It is
also believed that the fluorine atom offers non-covalent attractive
interactions in a molecule (i.e., intramolecular supramolecular
interaction) between the hydrogen or sulfur atoms, which
may contribute to enhancing the coplanarity of the polymer
backbone which would be favorable for the self-assembly and
the crystallinity of the polymer (Li et al., 2014a; Kawashima
et al., 2016; Zhang Q. et al., 2017). Another way to adjust
the energy levels of polymers is to fabricate copolymers with
different units. Recently, terpolymers which comprise three
various components in the backbone have emerged as a new
design strategy for donor polymers (Qin et al., 2014; Duan
et al., 2016; Wang X. et al., 2017; Wang Y. et al., 2017; Huo
et al., 2018). Among these copolymers, regioregular ones
provide natural advantages, such as well-defined molecular
structure, highly reproducibility and better molecular packing
(Qin et al., 2014; Kim et al., 2015; Lee et al., 2015). Based on
the above thinking, DPP based regioregular terpolymer with
difluorobenzene and difluorocarbazole units was successfully
fabricated and applied as donor material for OSCs in our
previous work with a high Voc of 0.86V and PCE over 8%
(Liu et al., 2016).
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Despite such advantages of F substitutions to the properties
of donor polymers, some reports demonstrated that excessive
F atoms would reduce the photovoltaic performance due to
the significantly aggravated aggregation of polymer chains and
enhanced trap-assisted charge recombinations (Jo et al., 2015;
Kawashima et al., 2016; Lee et al., 2016). It should be noted
that such results were all obtained based on donor-acceptor
(D-A) alternating binary copolymers. However, investigations
of the effect of fluorine substitutions on both LBG terpolymers
and DPP based copolymers are all currently absent. How the
F atoms will affect the properties of such copolymers and their
photovoltaic performance? With these questions in mind, here
we expect to investigate the photovoltaic performance of DPP-
based terpolymers by introducing fluorine atoms into different
moieties of the polymer backbone and adjusting the number of
fluorine atoms so as to modulate their properties. In this work,
four polymers (PFCFB, PCFB, PFCB, and PCB) were designed
by altering F atoms in the monomers. They were synthesized
with Suzuki coupling and exhibited similar molecular weight.
Their HOMO energy levels were significantly reduced with
the introduction of F atoms which gave higher Voc in the
photovoltaic device. F atoms was able to flatten the adjacent
aromatic units because of the F· · ·S and F· · ·H interactions.
The F· · ·S and F· · ·H interactions are ultimately electrostatic
interaction. In the previous literature (Fei et al., 2015), according
to density functional theory (DFT) calculations, positively
charged sulfur atom (+0.308) and negatively charged fluorine
atom (−0.281) tend to form strong electrostatic interaction.
However, hydrogen atom (+0.148) is less positively charged than
sulfur atom, so F···S rather than F···H intramolecular interaction
is preferred in our polymer backbone. Besides, Yan et al obtained
single crystal structure of the model compounds (Li Z. et al.,
2016). The observations of F· · ·S interactions dominate the
conformation or geometry. Therefore, we think the backbone
of our polymer tend to form F· · ·S intramolecular interaction.
In addition, the FF was decreased with the diminution of
F atom. The photovoltaic device based on PFCFB exhibited
the highest PCE of 8.48% with a highest Voc of 0.86V
and the device based on PCFB displayed a similar PCE of
8.46% with the highest Jsc of 17.20mA cm−2, which are all
improved relative to that of devices based on the non-fluorinated
polymer (PCB).

RESULTS AND DISCUSSION

The synthetic route of polymers PFCFB, PCFB, PFCB, and PCB
was shown in Scheme 1 (see Table S1). The original monomers

1, 2, 3, and 4 were synthesized as reported (Du et al., 2013; Park
et al., 2013; Liu et al., 2016). These polymers can be acquired by
Suzuki coupling using Pd(PPh3)4 as the catalyst. The molecular
weights of these polymers via gel permeation chromatography
(GPC) measurements are listed in Table 1. It is worth noting that
high number-average molecular weight over 250 kg/mol can be
acquired with facile Suzuki polymerization for these polymers.

UV-vis spectra of polymers were investigated in thin films
(Figure 1A). These polymers show similar absorption in visible
light region with two absorption bands. The one located at
shorter wavelength can be attributed to the localized π-π∗

transition and the strong peaks located at longer wavelength
originate from the intramolecular charge transfer (ICT) (Tanaka
et al., 2013). The absorption edges of these polymers are
not the same. Optical bandgaps (Eg) calculated from the
absorption edges of these polymers are listed in Table 1. It
shows that fluorination of the polymer backbone reduces the
optical bandgap. In addition, the dominant absorption peak of
PCFB (∼740 nm) is slightly red-shifted compared with that of
other polymers. This result can be explained by the shorter
lamellar distance existing in PCFB film as validated from X-
ray diffraction (XRD) data (vide infra, see Figure S1, Table S2),
which indicates that the polymer chains were packed more
tightly (Wang Y. et al., 2017). The electrochemical properties
were also investigated by cyclic voltammetry (CV). Based on the
CV results, energy levels of these polymers can be calculated
according to the equations: EHOMO =-e[Eox,onset – E(Fc/Fc+) +

4.8] (Li G. et al., 2016; Zhang C. E. et al., 2017), and ELUMO

= EHOMO + Eg,opt, where Eg,opt is the optical bandgap of
the polymer. The detailed information is shown in Figure 1B,
Table 1. As expected, the HOMO energy level was tunable and
lowered in an observable scale with the introduction of F atoms,
which is consistent with literature (Liu et al., 2018). Inevitably,
the Voc of corresponding devices is affected, which will be
discussed further below. The thermostability was investigated
with thermogravimetric analysis (TGA) shown in Figure S2

which indicates good thermal stability with a decomposition
temperature over 350◦C with a weight loss of 5% under nitrogen
atmosphere. The packing behaviors of PFCFB, PCFB, PFCB,
and PCB in films was surveyed by XRD measurements. All
of these polymers exhibit two diffraction peaks. As displayed
in Figure S1, Table S2, one set of the diffraction peaks in
PFCFB, PCFB, PFCB, and PCB films are located at 2θ of 4.76◦,
4.84◦, 4.75◦, and 4.79◦, corresponding to lamellar distances of
18.58, 18.26, 18.61, and 18.44 Å, respectively. Diffraction peaks
arising from the π-π stacking of backbones appeared at 2θ of
24.03◦, 23.85◦, 23.92◦, and 23.63◦, corresponding to distances
of 3.70, 3.73, 3.72, and 3.77 Å for PFCFB, PCFB, PFCB and

TABLE 1 | The physical, optical, and electrical properties of polymers.

Polymer Mn (kg/mol) Mw (kg/mol) PDI λmax (nm) in film Eg,opt (eV) HOMO (eV) LUMO (eV)

PFCFB 264 728 2.8 403, 677, 738 1.57 −5.31 −3.74

PCFB 284 1,006 3.5 393, 678, 742 1.55 −5.29 −3.74

PFCB 285 886 3.1 403, 670, 733 1.57 −5.28 −3.71

PCB 278 923 3.3 387, 667, 728 1.60 −5.25 −3.65
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FIGURE 1 | UV-vis spectra of polymers as thin films (A), and CV curves of polymer films on a Pt electrode measured in 0.1M Bu4NPF6 acetonitrile solutions for

oxidation at a scan rate of 100 mV/s (B).

FIGURE 2 | Optimized chemical geometries of the simplified repeating units using DFT at the B3LYP/6-31G(d) level.

PCB, respectively. The consequence indicates that PCFB with
fluorinated benzene but non-fluorinated carbazole moieties in
the polymer chain possesses the minimum lamellar distance,
while PFCFB with both fluorinated benzene and fluorinated
carbazole moieties shows the minimum π-π stacking distance.
Since the long-wavelength absorption peak (700∼750 nm) is
susceptible to the aggregation of polymer chains and the
short-wavelength one (around 400 nm) is influenced by the
π-π stacking of aromatic units, the XRD results are thus
in line with the UV-vis absorption spectra of the polymers,
where PCFB shows the most bathochromic-shifted peak in
the long-wavelength region but PFCFB does so in the short-
wavelength one.

DENSITY FUNCTIONAL THEORY
CALCULATIONS

Density functional theory (DFT) calculations at the B3LYP/6-
31G(d) level was used to investigate the chemical geometry and
electronic structures of the simplified repeating units. As shown
in Figure 2, the two important dihedral angles in the repeating
units are marked. The one formed by benzene and thiophene
is significantly reduced from about 20◦ to only several degrees
after fluorine substitution. However, the other one formed by
carbazole and thiophene is quite large about 25◦ and only
decreased to 10◦ after fluorine substitution. It is worth noting
that these dihedral angles were approaching to zero degree after
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FIGURE 3 | J-V (A) and EQE (B) curves of OSCs based on PFCFB, PCFB, PFCB, and PCB.

TABLE 2 | Photovoltaic parameters of devices based on PFCFC, PCFB, PFCB,

and PCB.

Polymer DIO Voc(V) Jsc(mA/cm2) FF PCE (%)

PFCFB 1% 0.86 14.60 (14.34)a 0.66 8.48

PCFB 0.8% 0.79 17.20 (16.56)a 0.62 8.46

PFCB 1% 0.78 16.21 (15.71)a 0.61 7.73

PCB 1% 0.73 15.19 (14.91)a 0.59 6.64

aCalculated by EQE measurements.

fluorination of both the carbazole and the benzene units, which
endows excellent planarity of the repeating unit based on PFCFB.
This planarity guarantees the outstanding transport mobility
of the polymers which may give the high FF of the devices.
PCFB is the other one who possesses a moderate planarity
with two dihedral angles of 4.1◦ and 25.1◦, which may give
a reason why it has both a short lamellar and π-π stacking
distance. Such an enhanced planarity of the aromatic fragments
in fluorinated polymer chains arises from the intramolecular
F· · ·S interaction, which lock their planar conformations in the
solid states (Jackson et al., 2013; Cheng et al., 2016). It is worth
noting that the result of the calculations is consistent with the
X-ray diffractions. As shown in Table S2, polymer film based on
PFCFB exhibit the lowest d-spacing distance about 3.70 Å, the
one based on PCB own a d-spacing distance of 3.76 Å, and the
d-spacing distance of the PFCB and PCFB was between PFCFB
and PCB. This phenomenon arises from the different planarity
of the polymers caused by the differences in intramolecular
non-covalent interactions. The electronic properties are also
investigated via DFT calculations (see Figure S3). The tendency
was consistent with CV measurements. The HOMO energy
level moved downwards after the introduction of F atoms,
which will be helpful to enhance Voc of the devices based on
fluorinated polymers.

PHOTOVOLTAIC PROPERTIES

The photovoltaic properties of the polymers was
investigated using conventional device with a structure
of ITO/PEDOT:PSS/polymer:PC71BM/LiF/Al in which
ITO and PEDOT:PSS mean indium tin oxide, poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate), phenyl-C71-
butyric acid methyl, respectively. Various conditions were

employed to optimize the photovoltaic performance, such
as different ratios of donor/acceptor, solvent additives and
spin-coating rates. The optimized current-voltage (J-V) curves
is shown in Figure 3. The active layer was spin-coated on the
substrate with a solution of CHCl3 (with DIO as the additive).
The optimized donor to acceptor weight ratio is 1:2 (w/w), and
the optimized thickness is 100 nm by a spin-coating rate about
1,100 r/min with dilute polymer concentration of 3 mg/mL. The
optimized photovoltaic parameters were summarized in Table 2.
Devices based on PFCFB and PCFB gave the high PCE of 8.48
and 8.46%, respectively. It should be noted that PFCFB shows
a different photovoltaic performance with PCDPP (Liu et al.,
2016), which has a similar molecular structure as PFCFB. The
difference comes from two aspects. First, PFCFB has a straight
alkyl chain (n-octyl) on the carbazole unit; however, PCDPP has
a branched one (2-ethylhexyl). Second, the processing solvents
for depositing the active layer are different. The active layer was
deposited from chlorobenzene solutions for PCDPP based device
(Liu et al., 2016). In contrast, the active layer was deposited from
a solution of CHCl3 for PFCFB. Here, the reason for using a
solution of CHCl3 is that PCFB dissolves better in CHCl3 than
in chlorobenzene. In order to make a comparison with the other
three compounds, we thus chose chloroform as the processing
solvent. The optimized PFCB and PCB based devices gave a
relatively low PCE of 7.73 and 6.64%, respectively. Moreover, the
Voc of these devices was decreased with the reduction of F atoms
due to the increase of HOMO energy level of polymers. Typically,
the Voc of PFCFB based device was 0.86V which is among the
highest Voc of DPP-based polymers (Liu et al., 2016). The Voc

of PCB based device was decreased about 15% with a value
of 0.73V. The elevated Jsc of PFCB and PCFB based devices
relative to that of PCB based one can be attributed to the reduced
π-π stacking distance which facilitates the charge transport
(vide infra). Although PFCFB demonstrated the highest Voc

among the four polymers, it shows the lowest Jsc value which
arises from its low photoresponse in the wavelength range of
600–800 nm. External quantum efficiency (EQE) measurements
were performed under monochromatic irradiation to investigate
the spectral photoresponse and to verify the Jsc obtained from
J-V curves. The photo-electron response region was contributed
by both the two components of the blend film. In addition,
the edge of EQE curves were mainly decided by the UV-vis
absorption of the polymers due to the narrow absorption of the
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FIGURE 4 | TEM images of the blend films based on the polymer (A) PFCFB, (B) PCFB, (C) PFCB, and (D) PCB.

PC71BM. Therefore, devices based on PCFB exhibit the broadest
photo-electron response region, while PCB based devices possess
the narrowest one. It is worth noting that the Jsc obtained from
EQE curves is within 5% deviation to that of J-V curves.

CHARGE TRANSPORT PROPERTIES

The charge transport properties were characterized to further
expose the differences in the four polymers. Hole and electron
mobilities were measured by the space-charge-limited-current
(SCLC) method with a structure of ITO/PEDOT:PSS/active
layer/Au and ITO/ZnO/active layer/Al, respectively (shown in
Figure S4). The hole and electron mobilities were listed in
Table S3. The hole and electronmobility of PCFBwas the highest
one with a value of 4.63 × 10−4 and 2.40 × 10−4 cm2 V−1 s−1,
respectively, which leads to the high Jsc of optimized device based
on PCFB.

FILM MORPHOLOGIES

In order to better understand the fluorine effect on the
photovoltaic performance, the morphologies of the blend
films were investigated by atomic force microscope (AFM)
and transmission electron microscope (TEM). As shown
in Figure S5, the corresponding root-mean-square (RMS)
roughness (Rq) values of PFCFB, PCFB, PFCB, and PCB based
films are 1.51, 1.77, 1.41, and 1.26 nm, respectively. Networks of
polymer fibrils can be found in the blended films (see Figure 4),
which facilitate the charge separation and transport. Specially,
proper aggregation was observed in Figure S5B based on PCFB

which may explain why its hole and electron mobility is the
highest and give the highest Jsc.

CONCLUSION

In summary, regioregular terpolymers by changing F atoms
in the various moieties in the polymer chain were carefully
designed and synthesized by Suzuki coupling. These polymers
showed broad absorption in the visible region and exhibited
a low bandgap <1.6 eV. From DFT calculations we know that
the introduction of F atoms can flatten the molecular geometry
between adjacent aromatic units due to the intramolecular
supramolecular interaction. By introduction of F atoms to the
benzene or carbazole segments or both of them, the molecular
geometry can be modulated. Among the four terpolymers,
PFCFB exhibited an excellent planarity with low dihedral
angles. PCFB and PFCB showed a less good planarity than
PFCFB but they are still much better than the unfluorinated
one (PCB). Their molecular geometries thus influence the
corresponding UV-vis spectra and charge transport properties.
The introduction of F atom into the polymer chains can also
significantly affect their energy levels. We demonstrate that
PFCFB based devices have the highest Voc of 0.86V which
seriously reduce to 0.73V after the remove of F atoms (the
PCB case), while PCFB based ones give the highest Jsc of
17.20 mA/cm2. For these two polymers (PFCFB and PCFB), the
highest PCE of ∼8.5% was achieved. Our results give a clear
explanation that how F atoms take effect on the regioregular
terpolymers and modulate their photovoltaic performances. We
show that selecting proper donor units with F atom to fabricate
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copolymers is an effective way to realizing high-efficiency
polymer solar cells based on DPP units by enhancing in both Voc

and Jsc.
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Yulia G. Mourzina 1*

1 Forschungszentrum Jülich, Institute of Complex Systems-8 (Bioelectronics), Jülich, Germany, 2 Institute of Chemistry,

Saint-Petersburg State University, Saint-Petersburg, Russia

Porphyrin macrocycles and their supramolecular nanoassemblies are being widely

explored in energy harvesting, sensor development, catalysis, and medicine because of

a good tunability of their light-induced charge separation and electron/energy transfer

properties. In the present work, we prepared and studied photoresponsive porphyrin

nanotubes formed by the self-assembly of meso-tetrakis(4-sulfonatophenyl)porphyrin

and Sn(IV) meso-tetra(4-pyridyl)porphyrin. Scanning electron microscopy and

transmission electron microscopy showed that these tubular nanostructures were

hollow with open ends and their length was 0.4–0.8µm, the inner diameter was

7–15 nm, and the outer diameter was 30–70 nm. Porphyrin tectons, H4TPPS
2−
4 :

Sn(IV)TPyP4+, self-assemble into the nanotubes in a ratio of 2:1, respectively, as

determined by the elemental analysis. The photoconductivity of the porphyrin nanotubes

was determined to be as high as 3.1 × 10−4 S m−1, and the dependence of the

photoconductance on distance and temperature was investigated. Excitation of the

Q-band region with a Q-band of SnTPyP4+ (550–552 nm) and the band at 714 nm,

which is associated with J-aggregation, was responsible for about 34 % of the

photoconductive activity of the H4TPPS
2−
4 -Sn(IV)TPyP4+ porphyrin nanotubes. The

sensor properties of the H4TPPS
2−
4 - Sn(IV)TPyP4+ nanotubes in the presence of iodine

vapor and salicylate anions down to millimolar range were examined in a chemiresistor

sensing mode. We have shown that the porphyrin nanotubes advantageously combine

the characteristics of a sensor and a transducer, thus demonstrating their great potential

as efficient functional layers for sensing devices and biomimetic nanoarchitectures.

Keywords: porphyrin nanotubes, Sn(IV) porphyrin, meso-tetra(4-sulfonatophenyl)porphyrin, π-tecton,

supramolecular nanoassembly, photoconductivity, chemiresistor, salicylate

INTRODUCTION

The self-organization of tetrapyrroles in the form of molecular aggregates is known in biological
systems for its role in light harvesting, energy transformation, and electron transport. The
properties and functions of natural chlorophyll pigments, which in the composition of the
chloroplasts carry out the photosynthesis, and hemes, which in the composition of hemoglobin
carry out oxygen transport, in the composition of myoglobin—its storage, and in the composition
of cytochromes—catalysis of biological redox reactions, inspired wide use of porphyrins and their

67

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org/journals/chemistry#editorial-board
https://www.frontiersin.org/journals/chemistry#editorial-board
https://www.frontiersin.org/journals/chemistry#editorial-board
https://www.frontiersin.org/journals/chemistry#editorial-board
https://doi.org/10.3389/fchem.2019.00351
http://crossmark.crossref.org/dialog/?doi=10.3389/fchem.2019.00351&domain=pdf&date_stamp=2019-05-16
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles
https://creativecommons.org/licenses/by/4.0/
mailto:y.mourzina@fz-juelich.de
https://doi.org/10.3389/fchem.2019.00351
https://www.frontiersin.org/articles/10.3389/fchem.2019.00351/full
http://loop.frontiersin.org/people/734271/overview
http://loop.frontiersin.org/people/4886/overview
http://loop.frontiersin.org/people/521844/overview
http://loop.frontiersin.org/people/486960/overview


Koposova et al. Photoresponsive Porphyrin Nanotubes

molecular assemblies as biomimetic materials in systems
replicating photosynthesis, electron transport, and enzymatic
catalysis. Therefore, the self-assembly of porphyrin macrocycles,
whose nanostructures have interesting electronic and optical
properties, is being used in search for new nanoscale materials in
the field of reversible binding and (photo)catalysis, biomimetic
sensors, solar energy conversion, and electrically active
components in various nanodevices (Fukuzumi and Imahori,
2008; El-Khouly et al., 2014; Fuhrhop, 2014; Guo et al., 2014; Ou
et al., 2014; Zhang et al., 2015; Chen et al., 2016; Koposova et al.,
2016a; Mirkovic et al., 2017; Paolesse et al., 2017).

Particular attention has been given in the past to the water-
soluble porphyrins. The synthesis of the first J-aggregates of a
water-soluble porphyrin, 5,10,15,20-tetra(4-sulphonatophenyl)
porphyrin, formed in acidified aqueous solutions, provided
the stimulus for the investigations of the self-assembled
porphyrin nanostructures (Pasternack et al., 1972; Ohno
et al., 1993; Mchale, 2012). Fine-tuning the properties of a
metallo-porphyrin complex by varying its different components,
such as the molecular skeleton, peripheral substituents,
coordinated metal as well as pH and ionic strength of the
solutions, allows the creation of self-assembled nanostructures
of various shapes with different properties. Self-assembly
of porphyrin tectons into nanostructures is controlled by a
multiplicity of non-covalent interactions such as hydrogen
bonds, electrostatic and π-π interactions, axial coordination,
and van derWaals forces (Guldi and Imahori, 2004; Martin et al.,
2010, 2013;Würthner et al., 2011).

The electrical and photoconductivity properties of
aromatic π-conjugated porphyrin macrocycles and their
nanoarchitectures are intensively studied. The π-conjugated
porphyrin macrocycles absorb the visible light energy, which
may lead to the intermolecular transfer or delocalization
of the excitation energy in porphyrin aggregates and arrays
making them photoconductive under application of electric
field (Weigl, 1957; Golubchikov and Berezin, 1986; Kobayashi
et al., 1993; Chou et al., 2000; Drain, 2002; Schwab et al.,
2004; Yeats et al., 2008; Kocherzhenko et al., 2009; Friesen
et al., 2010; Martin et al., 2010; Riley et al., 2010; Cai
et al., 2014; Adinehnia et al., 2016; Koposova et al., 2016b,
2018; Borders et al., 2017). So far, electrical properties of
porphyrin nanostructures and the mechanisms of charge
transport in their aggregates have not been investigated
and explained in details. Photoconductivity was reported
in J-aggregates of free-base porphyrins (Schwab et al.,
2004; Yeats et al., 2008; Friesen et al., 2010; Riley et al.,
2010), whereby most studies so far have dealt with the self-
assembled nanorods of 5,10,15,20-tetra(4-sulphonatophenyl)
porphyrin. Later on, Adinehnia et al. (2016) and Borders
et al. (2017) studied photoconductive properties of porphyrin
nanostructures composed of oppositely charged free-base
porphyrins: 5,10,15,20-tetra(4-sulfonatophenyl)porphyrin with
5,10,15,20-tetra(N-methyl-4-pyridyl)porphyrin, TPPS4:TMPyP,
(Adinehnia et al., 2016) or 5,10,15,20-tetra(4-pyridyl)porphyrin,
TPPS4:TPyP, (Borders et al., 2017).

Martin et al. (2010) described photoconductive microscale
clover-shaped structures self-assembled from the water-soluble

metalloporphyrins Zn(II)TPPS4− as a donor and Sn(IV)T(N-
EtOH-4-Py)P4+ as an acceptor. The authors discussed the
observed photoconductivity of the nanostructures in terms
of exciton delocalization and charge-transfer exciton theory
based on a model of the electron-donor-acceptor charge-
transfer complex tetrathiafulvalene-tetracyanoquinodimethane
(TTF-TCNQ) (Ferraris et al., 1973). By analogy with TTF-
TCNQ, the authors proposed an arrangement of individual
electron donor, Zn(II)TPPS4−, and acceptor, Sn(IV)T(N-
EtOH-4-Py)P4+, porphyrin molecules in segregated stacks,
whereby the charge carriers produced by photoexcitation can
move along the stacks, when an electric potential is applied
in the direction of the stacks. Formation of heteroaggregates
with charge-transfer interactions was also found earlier in
the assembly of electron-attracting Au(III) porphyrin and
electron-releasing Zn(II) porphyrin (Segawa et al., 1989).
Segawa et al. (1992b) reported photoinduced electron-transfer
reactions in porphyrin heteroaggregates of the water-soluble
Au(III) and Zn(II) porphyrins and formation of the contact
radical ion pair as a result of photoexcitation. Recently,
photoinduced charge separation has been observed for the
ion-pairs obtained from water-soluble cationic and anionic
porphyrins ZnTMePyP4+ or H2TMePyP4+ and ZnTPPS4−

or H2TPPS4− (Natali and Scandola, 2016). In this system,
the porphyrins of cationic character were reduced, while the
porphyrins of anionic character were oxidized. Collman et al.
(2000) reported a series of bis(metalloporphyrin) sandwich
complexes as charge-transfer materials and their conductivities.
Porphyrins as molecular acceptors form donor-acceptor
systems with other molecular donors (Segawa et al., 1992a;
Jana et al., 2017). The above studies give an evidence for the
electron-donor-acceptor charge-transfer complex mechanism
of the photoconductivity of the porphyrin dimers, aggregates,
arrays, and nanostructures. However, a better knowledge
of the supramolecular non-covalently bonded porphyrin
nanoaggregates and their properties is required to understand
natural macrocycles assemblies, evaluate their utility as electrical
components in nanodevices, and advance the exploitation
of their properties, such as excited state delocalization,
energy and electron transfer, and photoconductivity in
bio-mimicking materials in the fields of photodetectors,
solar energy applications, catalysis, and sensors. Earlier, we
reported on the self-assembly and photoconductivity of the
porphyrin nanostructures in systems of meso-substituted
Co(III) and Sn(IV) porphyrins as well as meso-substituted
Co(III) and free-base porphyrins. In this report, we present
the morphological, spectral, electrochemical properties, and
photoconductivity phenomenon of self-assembled porphyrin
nanostructures of meso-tetra(4-sulfonatophenyl)porphyrin and
Sn(IV) meso-tetra(4-pyridyl)porphyrin, which shows the highest
photoconductivity of the last systems.

MATERIALS AND METHODS

Chemicals
Sn(IV) meso-tetra(4-pyridyl)porphyrin dichloride and meso-
tetra(4-sulfonatophenyl)porphyrin dihydrochloride were

Frontiers in Chemistry | www.frontiersin.org 2 May 2019 | Volume 7 | Article 35168

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Koposova et al. Photoresponsive Porphyrin Nanotubes

obtained from Frontier Scientific (>95% purity) and used as
received, (Figure 1). All other chemicals were from Sigma-
Aldrich. Diamond (1µm) and alumina (0.05µm) polishing
suspensions and the corresponding polishing pads were from
ALS Co. All solutions were prepared using distilled water.
Sodium hydroxide and hydrochloric acid solutions were used to
adjust the pH.

Nanotube Synthesis
The porphyrin nanotubes were prepared using equal volumes
of the 10µM stock solutions of individual porphyrins (an
equimolar, 1:1 concentration ratio) and adjusting the pH of
the mixture to pH 2, 6, and 10.5. The formation of colloids
started immediately at pH 2, while at pH 6 and 10.5 no
nanostructure formation was observed. The nanostructures
were also prepared using 1:5 and 5:1 concentration ratios of
Sn(IV)TPyP4+ : H4TPPS

2−
4 in solutions at pH 2. The colloidal

solutions remained in the dark for 5 days. To prepare the stock
solutions, Sn(IV)TPyP4+ was dissolved in 0.02M HCl, while
H2TPPS

4−
4 /H4TPPS

2−
4 (TPPS4) was dissolved in water.

Characterization of the Structure and
Composition
The nanostructures were characterized by scanning electron
microscopy using a Gemini 1550 VP SEM (Carl Zeiss, Jena,
Germany). To prepare the samples for SEM, 50 µL of the
nanostructures solutions were dropped on the Si substrates, and
the samples were left to dry for 12 h. After that, the samples
were washed with 0.01M HCl, water, and left to dry. The
transmission electron microscopy (TEM) images were obtained
using a FEI Tecnai G2 F20 microscope operated at 200 kV.
EDX analysis was performed using a JEOL 840A. The samples
of the nanostructures for the EDX analysis were concentrated
in a 0.02M HCl by centrifugation (10,000 rpm 7min) and
washing several times until a transparent supernatant solution
was obtained to remove not self-assembled porphyrins. Fifty
microliter of the nanostructures solutions were dropped on
the Si/SiO2 substrates, and the samples were left to dry. This
procedure was repeated four times. After that, the samples were
washed with 0.01M HCl, water, and left to dry. The AFM
measurements of the nanostructures on the Si/SiO2 substrates
were performed using a MultiMode scanning probe system
(Bruker) in a tapping mode. The samples were prepared as
described above for the SEM samples.

The optical spectra were obtained on a PerkinElmer Lambda
900 spectrometer. Quartz cuvettes with a path length of 10
and 5mm were used. Individual porphyrin solutions for spectra
measurements were prepared by dissolving Sn(IV)TPyP4+ in
acidified water (pH = 2.0) and H4TPPS

2−
4 in water. The

samples of the nanostructures for the UV-vis spectrometry were
concentrated in a 0.02M HCl by centrifugation (10,000 rpm
7min) and washing several times until a transparent supernatant
solution was obtained to remove not self-assembled porphyrins.

The ratio of S:N atoms was found using an elemental analysis,
which determines the absolute element content. The samples
of the nanorods for the elemental analysis were prepared by
centrifugation (10,000 rpm 7min) and washing of the nanorods

solutions with subsequent drying of the collected sediments and
analyzed by the “vario El cube” (Elementar) with a thermal
conductivity detector.

Electrochemical Methods
Electrochemical experiments were performed with a potentiostat
(Autolab PGSTAT100, The Netherlands) controlled by the Nova
2.1 software. The experimental setup for recording the cyclic
voltammograms included a three-electrode electrochemical cell.
A coiled platinum wire was used as a counter electrode. A glassy
carbon electrode (BASi Inc.) with a diameter of 3mm was used
as a working electrode. The potentials were controlled relative
to a double junction Ag/AgCl, Metrohm, Ag | AgCl | KCl 3
M::0.5M KCl reference electrode. The solution in the bridge of
the reference electrode was replaced after each measurement to
avoid contaminations of the electrochemical cell. Measurements
were carried out under Ar in the dark at room temperature
(21 ± 1◦C). Glassy carbon electrodes were cleaned before each
electrochemical measurement as described below: the electrodes
were polished with diamond (1µm) and then alumina (0.05µm)
slurry on the respective polishing cloths. Immediately after
polishing, the electrodes were rinsed with distilled water and
sonicated in a mixture of water and ethanol for about 10 s
to remove polishing residues from the electrode surface. The
electrodes were then thoroughly rinsed with distilled water and
dried with nitrogen.

Electrophotoresponse Measurements
To measure the (photo)conductance of the porphyrin nanorods,
two types of thin-film gold electrodes were used: gold electrode
pairs with an electrode gap of 400 nm, (Figure S1), and
interdigitated electrode arrays with a 2µm spacing between the
electrode lines and an electrode line thickness of 2µm. The
electrodes were produced on a Si substrate with a silicon dioxide
layer of 1,000 nm thickness using electron beam lithography, lift-
off process, and thin-film technologies in an ISO 5 cleanroom
as described in detail in Muratova et al. (2016). Thin metal
layers of titanium for adhesion (10 nm) and gold (50 nm) were
deposited by means of an electron beam evaporation using a
Pfeiffer PLS 500 equipment. After fabrication, the electrodes were
cleaned in acetone and isopropanol. After that, the electrodes
were treated with oxygen plasma (≪Plasma system FEMTO≫).
Finally, the electrodes were rinsed with ethanol and distilled
water. Two microliter of the porphyrin nanostructures solution
was pipetted onto the electrodes and the samples were allowed to
dry in the dark for 2 h. The samples were then rinsed with 0.01M
HCl, water, and allowed to dry for 24 h. The measurements
were also performed using an equimolar solution of TPPS4 and
Sn(IV)TPyP4+ of pH 6 instead of the nanostructure solution. The
device was prepared in a similar way as for the nanostructures,
namely, 2 µL of the solution of porphyrins was pipetted onto the
electrodes and the device was allowed to dry in the dark for 2 h.
The device was then rinsed with water and allowed to dry for 24 h.

The (photo)conductance was recorded with a Keithley 4200
SCS semiconductor analyzer using a two-probe configuration.
Applied potential was 0.5 V. The gold electrodes were connected
to the external circuit by contacting the bond pads with tungsten
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FIGURE 1 | Structures of the porphyrin diacid H4TPPS
2−
4 and Sn(IV)TPyP4+ (pyridyl groups are shown in the protonated state).

needles. A 150W xenon arc lamp assembled with an AM1.5 filter
(Oriel Instruments, Model No. 6255) and a visible light filter
(390–630 nm) was used for photoexitation. The light intensity
of the beam focused on the sample during experiments was
measured using a photodetector (CAS140CT-154 Kompakt-
Array-Spektrometer model UV-vis-NIR, Instrument Systems)
and equaled 29 mW cm−2.

RESULTS AND DISCUSSION

Nanotube Morphology
Sn(IV)TPyP4+ and H4TPPS

2−
4 solutions produced brown

precipitates in a self-assembly reaction at pH 2. It should be
noted that that for a concentration ratio of 5:1 (Sn(IV)TPyP4+

: H4TPPS
2−
4 ), a very small amount of the nanostructures is

formed in a self-assembly reaction, which makes them not very
suitable for practical use. SEM, TEM, and AFM analyses revealed
that these two porphyrins form the tubular nanostructures,
(Figures 2–4) and (Figures S2, S3).

TEM images show that the tubular nanostructures are
hollow with open ends. These structural details are clearer
at the edges of the round formed conglomerates, because
the material layers overlap at the places with a higher
density of nanotubes. Additionally, the open ends of the
nanotubes can be seen in some of the SEM images, e.g.,
(Figure S2B). The nanotubes have a length of 0.4–0.8µm, an
inner diameter of 7–15 nm, and an outer diameter of 30–70 nm,
(Figures 2–4) and (Figures S2, S3).

Interestingly, SEM and AFM investigations indicated a
presence of two types of the nanostructures in a system,
where the porphyrins were taken in a 1:5 (Sn(IV)TPyP4+:
H4TPPS

2−
4 ) concentration ratio, (Figures 2C,D, 4C,D) and

(Figures S2, S4). One kind of the nanostructures is similar
to the nanostructures in the systems, where the porphyrins
were taken in 1:1 and 5:1 (Sn(IV)TPyP4+ and H4TPPS

2−
4 )

concentration ratios, while the presence of much thinner
nanorods of about 10 nm diameter and patches (unrolled
pieces of nanorods) of about 6 nm thickness is observed in a
1:5 (Sn(IV)TPyP4+ : H4TPPS

2−
4 ) system, (Figures 2C,D) and

(Figures S2, S4). We assume that these thinner and segregated
nanostructures are H4TPPS

2−
4 self-assembled nanorods formed

due to the excess of this porphyrin because of the structural
and optical absorption similarity (see below). The thin nanorods
and patches were observed to be located under the thicker
Sn(IV)TPyP4+-H4TPPS

2−
4 nanotubes and on the edges of the

layers formed by the thick Sn(IV)TPyP4+-H4TPPS
2−
4 nanotubes,

(Figures 2C,D) and (Figure S2). One may conclude that the
excess of H4TPPS

2−
4 results in a larger dispersion of the

nanostructures, which is also supported by the AFM investigation
below, producing at least two types of the nanostructures. These
segregated thin nanorods and patches do not form, however,
continuous layers like the thick Sn(IV)TPyP4+-H4TPPS

2−
4

nanotubes form.
An interesting feature of the nanostructures self-assembled

in a system, where the porphyrins were taken in a 5:1
(Sn(IV)TPyP4+ : H4TPPS

2−
4 ) concentration ratio, in comparison

with other two systems at pH 2 was a transparency of the
nanotubes, (Figures 2E,F) which is probably related to their
thickness or non-dense structure.

AFM analysis showed that the nanostructures self-
assembled from equimolar solutions of two porphyrins
produced smoother layers, (Figures 4A,B), while the
nanostructures obtained from 1:5 (Sn(IV)TPyP4+ : H4TPPS

2−
4 )

solutions formed more rough layers, (Figures 4C,D),
which might be explained by the presence of the
nanostructures of two types. Additionally, AFM showed
a different morphology of the nanotube surfaces formed
in a system, where the porphyrins were taken in a
5:1 (Sn(IV)TPyP4+ : H4TPPS

2−
4 ) concentration ratios.

One can observe a nodular or twisted surfaces of the
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FIGURE 2 | SEM images of the H4TPPS
2−
4 -Sn(IV)TPyP4+ porphyrin nanostructures formed by the self-assembly in solutions at pH = 2.0 and Sn(IV)TPyP4+ and

H4TPPS
2−
4 taken in a 1:1 concentration ratio (A,B), Sn(IV)TPyP4+ and H4TPPS

2−
4 taken in a 1:5 concentration ratio (C,D), the arrow shows the second type of

nanostructures formed in this system, which are thinner nanorods, also visible in image (C), and Sn(IV)TPyP4+ and H4TPPS
2−
4 taken in a 5:1 concentration ratio (E,F).

nanotubes, (Figures 4E,F). This feature requires, however,
further investigations.

The nanotubes in the TEM images appear in round formed
agglomerates, being connected together by one edge and
diverging in different directions from one place. The appearance
of the round nanostructure conglomerates may emerge either in
the solution during synthesis after the formation of individual
nanotubes which then stick together or after deposition of
the nanotubes on a solid substrate and subsequent water
evaporation. Thus, SEM, TEM, and AFM analyses show that

the structural features of the H4TPPS
2−
4 –Sn(IV)TPyP4+ binary

nanotubes differ essentially from those of the self-assembled
H4TPPS

2−
4 nanorods. The latter are well-segregated nanorods

with an essentially smaller outer diameter of about 10–15 nm,
as it is shown in Figure S5. The smaller nanostructures in the
system, where the porphyrins in the solution were taken in a
concentration ratio of 1:5 (Sn(IV)TPyP4+ : H4TPPS

2−
4 ), were

probably the result of self-assembly mainly H4TPPS
2−
4 because of

its excess. A synergy of various intermolecular interactions and
structural features of individual porphyrin tectons (Agranovich
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FIGURE 3 | TEM images of the H4TPPS
2−
4 –Sn(IV)TPyP4+ porphyrin nanostructures formed in equimolar porphyrin solutions at pH = 2.0 by the self-assembly

reaction.

and Bassani, 2003; Guldi and Imahori, 2004; Medforth et al.,
2009; Koposova et al., 2016b, 2018) are responsible for a great
multiplicity of the observed 1D to 3D geometries of porphyrin
molecular aggregates formed by self-assembly.

The self-assembly of the H4TPPS
2−
4 : SnTPyP4+ porphyrin

nanotube (2.4:1mol mol−1) was first shown by Shelnutt and
co-workers (Wang et al., 2004). The self-assembly was highly
pH dependent, since the protonation states of the porphyrin
molecules determined the balance of molecule charges for the
assembly (Wang et al., 2004; Franco et al., 2010). At pH
= 2.0, partially dissociated sulfonato-groups (pKa = 2.6 for
benzenesulfonic acid), a protonated center of H4TPPS

2−
4 (pKa

= 4.9), and protonated pyridyl groups of Sn(IV)TPyP4+ (pKa

= 5.2 for pyridine) participate in the molecular assembly.
Influence of the pH on the porphyrin molecular assembly was
also documented in the study of the Sn(IV)TPPS4-Co(III)TPyP
nanostructures, where the Sn:Co atomic ratio was found to be
1:1.15 at pH 2.7 and 1:3 at pH 4.8 (Koposova et al., 2016b). These
molecule ratios were due to the neutralization of anionic and
cationic porphyrin species at different pH. Accordingly, pH plays
an important role in the self-assembly, since it determines the
electrostatic interactions of the porphyrin tectons.

In our study, TPPS4 and Sn(IV)TPyP4+ taken in a 1:1
concentration ratio did not self-assembly into the nanostructures
at pH 6 and 10.5, where TPPS4 is predominantly in its
deprotonated H2TPPS

4−
4 form. This indicates that the presence

of the protonated center of H4TPPS
2−
4 and its assembly into

the slipped face-to-face configuration is a driving force for the
self-assembly process, while the Sn(IV)TPyP4+ tectons, which
do not produce the nanostructures by its own, co-assembly in
this self-assembly process. In these cases, the optical absorption
spectra, (Figure 5), of Sn(IV)TPyP4+ and TPPS4 taken in 1:1
concentration ratio at pH 6 and 10.5 are practically overlap of
the optical absorption spectra of the individual porphyrins at
the same pH and are not indicative for the formation of new

species. In addition, as it was mentioned earlier, a very small
amount of nanostructures was formed if the initial molar ratio
of H4TPPS

2−
4 : SnTPyP4+ in solution was 1:5, pH 2. Altogether,

these observations indicate that H4TPPS
2−
4 represents the driving

force for self-assembly in this porphyrin couple, while SnTPyP4+

is rather included due to its cationic nature.
The UV-visible absorption spectrum of the H4TPPS

2−
4

nanorods demonstrates a sharp J-band at 491 nm red-shifted
from the monomer absorption and distinguished by its
narrowness and high extinction coefficient together with a
band at 706 nm in a Q-region typical for the J-aggregates
of H4TPPS

2−
4 , (Figure 5).

Absorption spectrum of the H4TPPS
2−
4 -SnTPyP4+ nanotubes

prepared using different molar ratios of the porphyrins in the
solutions at pH 2 in our study, Figures 5A,C, indicates presence
of the J-aggregates in the Sn(IV)TPyP4+-H4TPPS

2−
4 self-

assembly according to the characteristic absorption bands at λ =

500–516 nm and λ= 714–726 nm. The bands are red-shifted and
broadened compared to the absorption bands of the H4TPPS

2−
4

nanorods (dark yellow line), (Figures 5A,C). Interestingly, that
in the case of a system, where SnTPyP4+ and H4TPPS

2−
4

porphyrins were taken in a concentration ratio of 1:5 (green line),
(Figure 5C), the J-band at about 500–516 nm is splitted, which
may support existence of two types of nanostructures in this
system, as it was discussed above. The presence of J-aggregate
bands indicates that excitons may be delocalized over multiple
molecules (Torres and Bottari, 2013). Thin nanotubes formed by
self-assembly of the metal-free porphyrin H4TPPS

2−
4 into slipped

face-to-face columnar arrangements as well as the mechanism of
their formation have been presented and discussed in a series
of studies (Ohno et al., 1993; Maiti et al., 1995; Würthner
et al., 2011; Mchale, 2012). Inclusion of the hexacoordinated
Sn(IV)TPyP4+ metalloporphyrin with a heavy metal results in
thicker nanotubes with larger sizes saving stack configuration
in the assembly and interrupting the usual dipole coupling that
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FIGURE 4 | AFM images of the H4TPPS
2−
4 -Sn(IV)TPyP4+ porphyrin nanostructures formed by the self-assembly in solutions at pH = 2.0 and Sn(IV)TPyP4+ and

H4TPPS
2−
4 taken in a 1:1 concentration ratio (A,B), Sn(IV)TPyP4+ and H4TPPS

2−
4 taken in a 1:5 concentration ratio (C,D), and Sn(IV)TPyP4+ and H4TPPS

2−
4 taken

in a 5:1 concentration ratio (E,F).
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FIGURE 5 | UV-visible absorption spectra of the protonated H4TPPS
2−
4 and H4TPPS

2−
4 J-aggregates at pH 0.94 (dark yellow), 1µM SnTPyP4+ (dark red), and

H4TPPS
2−
4 -SnTPyP4+ nanotubes (blue) at pH 2 (A). Spectra of the mixed equimolar solutions of TPPS4 and SnTPyP4+ porphyrins at pH 6 (red dashed line) and pH

10.5 (black line) and the spectra of the corresponding porphyrins at pH 10.5: SnTPyP at pH 10.5 (green) and deprotonated TPPS4 at pH 10.5 (violet). The formation

of nanostructures is not observed. The insert in (B) shows an enlarged long-wavelength region (B). Spectra of the SnTPyP4+-H4TPPS
2−
4 nanotubes self-assembled

in solutions at pH 2 and SnTPyP4+ and H4TPPS
2−
4 taken in concentration ratios of 1:5 (green line), 1:1 (brown), and 5:1 (pink). The arrows indicate the spectral

features characteristic for the absorption of individual porphyrins (C).

lead to broadening of J-bands (Franco et al., 2010). Unlike
H4TPPS

2−
4 , Sn(IV)TMPyP4+ does not form homoaggregates on

its own (George et al., 2010). This may be explained by the
presence of the obligate axial ligands of the Sn(IV) porphyrin,
which is expected to inhibit macrocycle stacking due to the lack
of a cationic center (Ohno et al., 1993; Franco et al., 2010). The
Sn4+ ion with the axially coordinated Cl− ions hinder the face-
to-face geometry, preventing its own J-aggregates but allowing
electrostatic interaction between H4TPPS

2−
4 and SnTPyP4+ via

the cationic and anionic peripheral groups (Rosaria et al.,
2008), which is another force of the assembly process. In
Koposova et al. (2016b), a cationic center of the H4TPPS

2−
4

dianion was replaced with a metal cation, which resulted in a
network-like nanostructures prepared by self-assembly of two
metalloporphyrins, Sn(IV)TPPS4-Co(III)TPyP, instead of well-
formed nanorods characteristic for the H4TPPS

2−
4 self-assembly.

Thus, the central metal affects the assembly dimension (Rosaria
et al., 2008), which is useful for modulating the aggregate size
and properties. Based on previous literature and our experiments
above, we assume that the main driving force of self-assembly
in this porphyrins pair is assembly of the TPPS4 dianion,
H4TPPS

2−
4 , with a slipped face-to-face stacking with inclusion of

a six-coordinated tin porphyrin, which do not form aggregates by
its own. However, exact relative molecular arrangement of both
porphyrins in these nanostructures remains under discussion
(Wang et al., 2004; Franco et al., 2010).

In the present study, EDX spectroscopy showed a presence
of both porphyrins (according to the presence of both sulfur
and tin elements) in the self-assembled nanotubes, (Figure 6
and Figure S6). Because of the poor accuracy of quantitative
EDX analysis, we used chemical elemental analysis to estimate
the presence of both porphyrins in the nanotubes. Since a
very small amount of the nanostructures is formed in a
5:1 (Sn(IV)TPyP4+ : H4TPPS

2−
4 ) solution, and system 1:5

(Sn(IV)TPyP4+ : H4TPPS
2−
4 ) produced at least two different

kinds of nanostructures, we performed an elemental analysis of
the nanostructures self-assembled from the equimolar porphyrin
solutions at pH 2, Figure S7, which indicated a H4TPPS

2−
4 :

SnTPyP4+ molar ratio in the nanostructures of 2:1.

Photoconductivity
The electrophotoresponse of the H4TPPS

2−
4 -SnTPyP4+

porphyrin nanotubes was measured in the dark (dark
current) and after photoexcitation with visible light, (Figure 7).
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FIGURE 6 | EDS analysis of the H4TPPS
2−
4 -Sn(IV)TPPyP4+ nanotubes formed in an equimolar solution at pH = 2.0.

Photoexcitation resulted in a photocurrent in case of the
H4TPPS

2−
4 -SnTPyP4+ porphyrin nanotubes as one can see in

Figure 7. Photoresponse of a device, where an equimolar solution
of TPPS4 and SnTPyP4+ porphyrins (pH 6) was dropcasted onto
the device and prepared for the measurements in the same way
as for the nanostructures (see section Electrophotoresponse
Measurements) is also shown. However, no photocurrent was
observed in this case probably due to the absence of a permanent
layer of porphyrins in the gap between the contact electrodes in
the conditions of experiments and a lower photoconductivity of
the individual porphyrin molecular layers.

After subtracting the dark current, the apparent
photoconductivity of the H4TPPS

2−
4 –Sn(IV)TPyP4+ nanotubes

at 23 ◦C was estimated as (3.1 ± 0.9)×10−4 S m−1 (n = 5).
Slightly lower and less reproducible value, (2.2 ± 1.0) × 10−4 S
m−1, was found for the nanostructures prepared in a solution
with a Sn(IV)TPyP4+ : H4TPPS

2−
4 concentration ratio of 1:5.

We assume that this might be due to the presence of several
types of the smaller nanostructures formed by H4TPPS

2−
4 ,

which do not form a continuous layer over hundreds of nm
distances, (Figures 2C,D and Figure S5), and contact area with
the metal electrodes. The latter value is thus not a characteristic
of one type of nanostructures, but rather characterizes a
nonhomogeneous mixture of the nanostructures obtained in this
system. Amounts of the nanostructures prepared in a solution
with a Sn(IV)TPyP4+ : H4TPPS

2−
4 concentration ratio of 5:1

was practically very small for the accurate measurements of
photoconductivity, giving a similar approximate value of (1.8
± 0.8) × 10−4 S m−1 (n = 2). Identical spectral features of the
nanostructures prepared at pH 2, (Figure 5C), are in agreement
with similar values of photoconductivities in these systems.

The value of the apparent photoconductivity of the
H4TPPS

2−
4 -Sn(IV)TPyP4+ nanotubes is lower than for the

FIGURE 7 | Visible light photoresponse of the H4TPPS
2−
4 -SnTPyP4+

nanotubes prepared in an equimolar solution at pH 2, electrode gap 400 nm,

Vapp = 0.5 V. A dark blue curve shows a visible light photoresponse of a

device with no nanostructures. The device was prepared by dropcasting an

equimolar solution of TPPS4 and SnTPyP4+ (pH 6) onto the chip as described

in experimental section Electrophotoresponse Measurements.

porphyrin-acetylene-thiophene polymer wires synthesized in Li
et al. (2004), which, had, however, covalent nature, (Table 1).
On the other hand, the apparent photoconductivity of the
H4TPPS

2−
4 -Sn(IV)TPyP4+ nanotubes is higher by several

orders of magnitude than for similar systems, (Table 1), and
corresponds to the conductivity region of semiconductors
(Kobayashi et al., 1993; Naarman, 2012). As can be seen in
Table 1, the photoconductivities of the porphyrin films and
porphyrin self-assembled nanostructures were demonstrated in
a range of 10−10-10−3 S m−1 (Golubchikov and Berezin, 1986).
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TABLE 1 | Conductivity and photoconductivity of different self-assembled and covalently bonded porphyrin systems.

Porphyrin system σ , S m−1 References

Tetraphenylporphine (TPP) filma 1.5 × 10−9 Weigl, 1957

Oxygen-doped (air) ZnTPP thin filmb <10−9 Kobayashi et al., 1993

Charge-transfer complexes of Lanthanide(III) bis(porphyrin) sandwich complexes of

Gd and Lu and Zr(IV) bis(porphyrin) sandwichesb
10−5-8 × 10−3 Collman et al., 2000

Cu-porphyrin Langmuir-Blodgett filmb 2.54 × 10−5 (x axis) and 4.71 × 10−7 (y axis) Zhang et al., 1995

Porphyrin-acetylene-thiophene polymer wiresb 6 × 10−1 Li et al., 2004

P(V)-porphyrin(electron acceptor)-oligothiophene(electron donor) polymersb,c 1.2 × 10−7-5.1 × 10−6 Segawa et al., 1992a

Porphyrin polymer with oligophenylenevinylene Jiang et al., 1997

bridge undopedb <10−10

after dopingb 10−4

Nanofilaments of tetra-meso-amidophenyl

substituted porphyrina,d

90–400W m−2, bias 1 V

up to 100 × 10−12 m Ω−1 W−1 Schall et al., 2015

meso-tri(4-sulfonatophenyl)monophenylporphine, TPPS3, nanotapes
a,d 5×10−8 m Ω−1 W−1 Yeats et al., 2008

Chlorophyll-aa,e (0.2–1.0) × 10−8 Jones et al., 1983

Protoporphyrin IX dimethyl ester 1.5 × 10−5

TPyP:TSPP crystalline rodsa,f 9.3 × 10−8 Borders et al., 2017

TMPyP:TSPP crystalline rods a,g 4.0 × 10−10 Adinehnia et al., 2016

H2TMPyP:Cu(II)TSPPa,h 7.7 × 10−8 Borders et al., 2018

Cu(II)TMPyP:H2TSPP 1.1 × 10−8

H2TMPyP:Ni(II)TSPP 7.7 × 10−9

Ni(II)TMPyP: H2TSPP 6.3 × 10−9

Sn(IV)TPPS4-Co(III)TPyP nanostructuresa,i 6 × 10−7 Koposova et al., 2016b

Co(III)TPyP-H4TPPS
2−
4 porphyrin nanostructuresa,i 5 × 10−5 Koposova et al., 2018

Sn(IV)TPyP-H4TPPS
2−
4 porphyrin nanotubesa,i 3.1 × 10−4 This work

aPhotoconductivity.
bConductivity.
c In polymers the conductivity was enhanced by the photoirradiation. In the case of photoirradiation by 500W Xe lamp through UV and IR cut-off filters, the enhancement was > 3 fold

(Segawa et al., 1992a).
dThe photoconductivity in this study is defined as the conductivity divided by the light intensity.
ePhotoconductivity parallel to the plane of the multilayer, in-plane photoconductivity, 50W m−2 of white light, 5 V bias.
fAt 405 nm excitation, 10 kW m−2, 2 V bias.
gAt 445 nm excitation, 10 kW m−2, 2 V bias.
hAt 445 nm excitation, 1.0W cm−2, 5 V bias.
iVisible light, Xe lamp, 0.25 kW m−2, bias 0.5 V.

Figure 6A shows that the photocurrent of the self-assembled
H4TPPS

2−
4 -Sn(IV)TPyP4+ nanotubes decreases over the µm

distances. The dependence of the photroconductance of the
H4TPPS

2−
4 –SnTPyP4+ nanostructures on temperature was

investigated in the range from 23 to 70◦C, (Figure 6B).
Increasing the temperature resulted in a decrease in the
photocurrent, dσ/dT<0. At the highest temperature, 70 ◦C,
a decrease in the dark current was also observed. The
metal-like character of the dependence of the photoconductivity
of the H4TPPS

2−
4 –SnTPyP4+ nanotubes on temperature

was also observed earlier for the H4TPPS
2−
4 –Co(III)T(4-

Py)P self-assembled nanostructures (Koposova et al., 2018).
Furthermore, the photoconductivity of the Sn(IV)TPPS4-
CoTPyP nanostructures was characterized by the decrease in
both photocurrent and dark current at the elevated temperature
(Koposova et al., 2016b). The observed dependence may
be explained by overcoming the energy of intermolecular
interactions with increased disorder, as well as the recombination
of electrons and holes at elevated temperatures. A similar

metal-like character of the conductance was also observed in a
TTF-TCNQ complex in a narrow range of temperature (Ferraris
et al., 1973) and arrayed iodine-doped metallo-macrocycles
(Schramm et al., 1980; Hoffman and Ibers, 1983; Golubchikov
and Berezin, 1986). After cooling down to the initial temperature,
the conductance properties recovered and photoconductance
even increased slightly, (Figure 6B) (dotted line). This indicates
that the destruction of the nanostructure assembly does not occur
during heating.

Photoinduced charge transfer in self-assembled porphyrin
nanomaterials can be described in terms of charge-transfer
exciton theory, where two neighboring porphyrin molecules
with different electronic characteristics form an electron-donor-
acceptor charge-transfer complex (Segawa et al., 1989, 1992b;
Knoester and Agranovich, 2003; Scholes and Rumbles, 2006;
Zhu et al., 2009; Martin et al., 2010; Natali and Scandola, 2016).
This theory assumes that the charge-transfer excitons in the
electron-donor-acceptor complexes are generated by absorption
of light, and that these are essential for the creation of free

Frontiers in Chemistry | www.frontiersin.org 10 May 2019 | Volume 7 | Article 35176

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Koposova et al. Photoresponsive Porphyrin Nanotubes

carriers (Knoester and Agranovich, 2003). The locations of the
hole and electron on different porphyrin molecules due to their
different electron donating and electron accepting properties
(Knoester and Agranovich, 2003; Martin et al., 2010; Natali
and Scandola, 2016) increases the electron and hole separation
distance and the probability of a free charge-carrier formation.
An applied electric field may favor the charge separation (Scholes
and Rumbles, 2006) and result in a photocurrent. Exciton
theory has been applied to biomolecular aggregates in the light-
harvesting systems of plants and several types of green bacteria,
which absorb sunlight and transport the excitation energy to the
reaction centers (Knoester and Agranovich, 2003).

As it was mentioned in the introduction section, Martin et al.
(2010) described the photoconductance of the microscale clover-
shaped assemblies of two metalloporphyrins Zn(II)TPPS4− and
Sn(IV)T(N-EtOH-4-Py)P4+ in terms of the charge-transfer
excitons produced in the photoexcited nanostrucutres. ZnPs
were considered donors and Sn(IV)Ps were considered acceptors
because of the redox potentials estimations based on the literature
data for the Zn and Sn(IV)OEPs. The segregated stacking of
molecules similar to that in a classical donor-acceptor organic
solid TTF-TCNQ was supposed. In this configuration, the
excitation with light resulted in electrons on acceptor porphyrin
in columns of positive charges of the pyridinium groups, and
the holes remained on porphyrin with a donor character with
channels formed by the negative charges of the sulfonate groups.

The donor and acceptor character of the nanorod tectons
can be estimated from the energy levels of each component.
This can be approached using cyclic voltammetry, which
reveals the first oxidation and reduction potentials and, as
a result, the relative location of the porphyrin energy levels
(Mairanovsky, 1987; Bouvet and Simon, 1990; Rieger, 1994;
Kadish and Van Caemelbecke, 2003; Martin et al., 2010).
Under defined conditions (Delahay, 1954; Rieger, 1994), the
half-wave potentials of the compounds can be taken as an
approximation to the standard potentials and it is expected that
their values correlate with the electron affinity of the compounds.
The electron affinity is expected to be related to the energy
of the lowest unoccupied molecular orbital. We carried out
cyclic voltammetry of TPPS4 and Sn(IV)TPyP4+, (Figure 7 and
Table 2). Measurements were performed at pH=2.0 and 3.5
for SnTPyP4+, and at pH = 4.0 for H4TPPS

2−
4 (dimerization,

self-assembly) and pH = 6.9 for H2TPPS
4−
4 , respectively. On

the one hand, the measurements at higher pH were impeded
by a poor solubility of Sn(IV)TPyP4+. On the other hand,
H4TPPS

2−
4 forms dimers, J-aggregates, and nanotubes in neutral

and acidic media (pH < 4.8), respectively, and the redox peaks
were very sluggish and poorly defined. In general, adsorption
also complicates the electrochemical measurements of TPPS4 and
Sn(IV)TPyP compounds. Therefore, we used a negative shift of
0.030V pH−1 for the first reduction of SnTPyP (found from
the values taken at pH 2.0 and 3.5) to estimate Ered1/2 of about
−0.534V for SnTPyP at pH 6.9. It is lower in energy than that
found for H2TPPS

4−
4 at this pH. The oxidation peak could be

resolved only for H2TTPS
4−
4 at pH 6.9. The oxidation peak of

Sn(IV)TPyP is at more positive potentials interfering with the
decomposition of the aqueous solutions. The CV of the NS

TABLE 2 | Half-wave reduction (Ered1/2) and oxidation Eoxp potentials of TPPS4 and

Sn(IV)TPyP4+ at different pH in aqueous solution.

Porphyrin E1/2
red, Eoxp , V

pH = 2.0 pH = 3.5 pH = 4.0 pH = 6.9

TPPS4 (−0.434)a −0.703

– +0.868

Sn(IV)TPyP −0.384 −0.429 – (−0.534)b

>1.40 >1.40 –

aPossible formation of dimers or larger aggregates.
bCalculated assuming ca. 30mV pH−1 for Sn(IV)TPyP.

adsorbed overnight on a GCE (washed thoroughly with water
before measurements) revealed a broad feature corresponding
presumably to the reduction of the Sn(IV)TPyP species at a
lower potential window of about −0.6 to −0.4V (Ag/AgCl). It
also revealed a reduction process at a higher energy of about
−0.7V (Ag/AgCl), (Figure 7), presumably corresponding to the
reduction processes of the TPPS4 species. However, it was shown
that the redox potentials of the porphyrins may be shifted due
to their interactions, e.g., as shown for the porphyrin ion-paired
porphyrin dimers (Natali and Scandola, 2016). Altogether, the
data suggest that Sn(IV)TPyP can be considered as a molecule
with more acceptor properties and TPPS4 as a molecule with
more donor properties in this couple. Indeed, this is in agreement
with the fact that the Sn(IV) complex is considered one of the
most electropositive metalloporphyrins (Fuhrhop et al., 1973;
Koposova et al., 2016a). While it is stable against electrophilic
attack, it is very reactive with reducing agents (Fuhrhop et al.,
1973). Moreover, the Py substituents of the porphyrin ring have
more electron-withdrawing properties than 4-sulfonatophenyl
substituents, contributing to lowering the reduction potential of
Sn(IV) porphyrins with Py substituents of the macrocycle and
the stability of a π-radical anion of Sn(IV)P (Jahan et al., 2012;
Koposova et al., 2016a). It is worth mentioning that the CV of
the adsorbed nanostructures indicates that the energy levels of
individual molecules may be changed in the nanostrucutres, as
shown for the porphyrin ion pairs (Natali and Scandola, 2016).

Thus, applying this principle to the couple under investigation
and based on the cyclic voltammetry data we can assume
that photoirradiation may lead to exciton delocalization in
the H4TPPS

2−
4 –Sn(IV)TPyP4+ porphyrin nanotubes, where

Sn(IV)TPyP porphyrin possesses an acceptor character and
H4TPPS

2−
4 porphyrin possesses a donor character in this

couple, although, the positions of LUMO and HOMO for
Sn(IV)TPyP4+ and H4TPPS

2−
4 are difficult to define at the

same conditions. However, donor-acceptor interactions and
charge-transfer exciton may appear not only in systems with
two types of molecules but for one type of molecules such
as chlorophyll (Katz, 1979), in the case of separation and
transportation of the photogenerated electron-hole pairs in
the 5,10,15,20-tetraphenylporphyrin nanospheres (Zhang et al.,
2015), or molecule crystals such as anthracene, naphthalene,
etc. (Knoester and Agranovich, 2003). In the latter case, any
molecule in the crystal can play the role of donor or acceptor.
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FIGURE 8 | Dependence of the photocurrent of the H4TPPS
2−
4 -Sn(IV)TPyP4+ porphyrin nanotubes on the path length, interdigitated electrode array (see

experimental section), Vapp = 0.5 V (A). Temperature dependence of the photocurrent of the H4TPPS
2−
4 - Sn(IV)TPyP4+ nanotubes: 23◦C–black line, 30◦C– red line,

40◦C–blue line, 50◦C– violet line,70◦C– green line, after cooling down to 23◦C–dotted line. Insert shows a dependence of lnσphoto on 1,000/T, 400 nm electrode

gap, Vapp = 0.5 V (B).

FIGURE 9 | Cyclic voltammograms on a GCE: Sn(IV)TPyP4+ at pH 2 (black

line) and 3.5 (red line), H2TPPS
4−
4 at pH 6.9 (dark yellow line), H4TPPS

2−
4 and

aggregates at pH 4 (brown dashed line), and H4TPPS
2−
4 -Sn(IV)TPyP4+

adsorbed overnight (blue line), 0.1M KNO3, scan rate 50mV s−1.

Additionally, it was supposed in the above-mentioned works
(Franco et al., 2010; Martin et al., 2010) that the location of the
hole on the positively charged porphyrins (Sn(IV)TPyP4+) and
the electrons on the negatively charged porphyrins (H4TPPS

2−
4 )

might be energetically unfavorable and result in electron-hole
recombination not favoring the conductivity (Martin et al.,
2010). These data also support the charge-transfer mechanism in
the H4TPPS

2−
4 -Sn(IV)TPyP4+ system with Sn(IV)TPyP4+ as an

electron acceptor and H4TPPS
2−
4 as a donor.

It is interesting to compare the apparent photoconductivity
of the H4TPPS

2−
4 -Sn(IV)TPyP4+ nanotubes with that of

the H4TPPS
2−
4 -Co(III)T(4-Py)P self-assembled nanotubes

(Koposova et al., 2018) and Sn(IV)TPPS4-Co(III)T(4-Py)P
nanostructures (Koposova et al., 2016b), which we studied
recently. In the first two systems, the optical UV-visible
spectra of the self-assembled nanostructures exhibit J-aggregate

absorbance bands at about 500 nm, 716 nm and 494 nm,
709 nm, respectively, while the absorption spectrum of
the Sn(IV)TPPS4 - Co(III)T(4-Py)P nanostructures lacks
these bands, probably because of the longer intermolecular
distances, weaker intermolecular interactions, and a weaker
electronic coupling in the latter system. As a result, the apparent
conductivities of the H4TPPS

2−
4 -Sn(IV)TPyP4+ and H4TPPS

2−
4 -

Co(III)T(4-Py)P self-assembled nanotubes are higher due to
a higher probability of the exciton delocalization. Additional
factors, which may contribute to the higher photoconductivity
of the H4TPPS

2−
4 -Sn(IV)TPyP4+ system is closeness of the

energies of unoccupied molecular orbitals and electron affinity
of the porphyrins in this system as follows from the above
mentioned experiments so that no completed redox processes
between two porphyrins takes place, which would stop a
directed electron flow. Further studies on elucidation of exact
relative arrangement and packing of different porphyrin
molecules in the nanostructures may be useful to explain
influence of the structural features on photoconductivity in the
porphyrin nanotubes.

Porphyrin and porphyrin nanostructures are important
compounds for the development of sensors (Malinski, 2000;
Guo et al., 2014; Paolesse et al., 2017; Skripnikova et al.,
2017). In particular, Sn(IV)Ps are responsible for the selectivity
to salicylate anions in ion-selective electrodes due to axial
salicylate ligand binding to the metal center (Malinski, 2000;
Skripnikova et al., 2017). In this study, we also examined the
sensing properties of the H4TPPS

2−
4 –Sn(IV)TPyP4+ nanorods

based on their photoconductivity in a chemiresistor sensor
mode (Muratova et al., 2016, Figure 8A). Figure 8B illustrates
the change in the photocurrent of the nanostructures after
exposure to Sal−-ions at room temperature. All samples were
dried before themeasurements. Insert in Figure 8B demonstrates
a corresponding dependence of the photoconductivity of
the H4TPPS

2−
4 -Sn(IV)TPyP4+ nanorod chemiresistor on the

concentration of salicylate ions. We suppose that a relatively
large error of measurements is due to a poor reproducibility
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FIGURE 10 | Schematic illustration of a porphyrin nanorod chemiresistor (A). (Photo)current response curves of the H4TPPS
2−
4 -Sn(IV)TPyP4+ porphyrin nanorods in

a chemoresistor sensor mode before (black line) and after exposure to salicylate 10−4 M (red line), 10−3 M (blue line), 5·10−2 (dark yellow line), and 10−2 M (green

line) (B), insert in (B) shows a corresponding dependence of the photocurrent of the H4TPPS
2−
4 -Sn(IV)TPyP4+ nanorod chemiresistor on the concentration of

salicylate ion, n = 3, p = 0.95. (Photo)current of the H4TPPS
2−
4 -SnTPyP4+ porphyrin nanorods before (dark yellow line) and after (brown line) exposure to iodine

vapor for 60min, Vapp = 0.5 V (C).

of the interface between porphyrin nanorods and the contact
metal electrodes, (Figure 8A). However, these experiments show
a potential utility of the self-assembled porphyrin nanorods as
functional layers for the sensor devices.

Both the dark current and photoconductance of the
H4TPPS

2−
4 -SnTPyP4+ nanorods increased in case of exposure

to iodine vapor, Figure 10C. The photocurrents of porphyrin
films pretreated with iodine or oxygen electron acceptors
were found to be higher than those without pretreatment
(Yamashita and Maenobe, 1980; Hoffman and Ibers, 1983; Zhang
et al., 1995; Savenije and Goossens, 2001). The contribution of
acceptor impurities, e.g., O2 or iodine, should be taken into
account in the exciton mechanism of the photoconductance of
porphyrins, where a charge-transfer complex formation with
an acceptor such as iodine (Hoffman and Ibers, 1983) or
oxygen (Kobayashi et al., 1993) was proposed. Recently, a
nanoelectronic chemosensor was proposed for the detection of
vapor-phase H2O2 based on the self-assembled Ti porphyrin
(Guo et al., 2014). It can be assumed that hydrogen peroxide
influences the number of charge carriers in the porphyrin
nanostructure-based channel, which would be responsible for the
sensor sensitivity.

The absorption spectrum of SnTPyP4+-H4TPPS
2−
4 porphyrin

nanotubes has a series of absorption bands in 400–750 nm

region, (Figure 4). Previous studies have shown that the
photoconductivity is observed at a laser illumination of 488 nm
(close to the absorption wavelength of J-aggregates) in the TPPS4
and TPPS3 nanorods (Schwab et al., 2004; Yeats et al., 2008),
any wavelength of absorption in TTP (Weigl, 1957), and at
different wavelengths with different intensity according to the
absorption spectra of the nanorods assembled from TSPP and
TMPyP or TPyP (Adinehnia et al., 2016; Borders et al., 2017).
In this study, we found that the Q-band region with a Q-band of
Sn(IV)TPyP4+ (550–552 nm) and the J-band of nanostructures at
714 nm are responsible for about 34% of photoconductance of the
self-assembled H4TPPS

2−
4 -Sn(IV)TPyP4+ porphyrin nanotubes

by exposure to visible light irradiation with an additional 550 nm
longpass filter.

CONCLUSIONS

We investigated morphological, spectral, and electrical
properties of the self-assembled H4TPPS

2−
4 -Sn(IV)TPyP4+

tubular nanostructures formed by monomers at pH =

2.0. The formation of hollow tubes can include a series of
mechanisms of self-assembly assuming a combination of a series
of intermolecular interactions. The H4TPPS

2−
4 –Sn(IV)TPyP4+

nanotube network demonstrates a photoconductivity under
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visible light in a semiconductor range of (3.1 ± 0.9) × 10−4 S
m−1. The temperature dependence of the photoconductance
of the nanotubes showed a metal-like character of decreasing
current with increasing temperature. The photocurrent
decreased over the µm distances. It was found that excitation
of the Q-band region with a Q-band of Sn(IV)TPyP4+ (550–
552 nm) and the J-band of the nanostructures at 714 nm is
responsible for about 34% of the photoconductance activity
of the H4TPPS

2−
4 –Sn(IV)TPyP4+- porphyrin nanotubes. The

sensor properties of the nanotubes in a chemiresistor mode
were tested to demonstrate a perspective of the self-assembled
porphyrin nanorods as functional layers for the sensor devices
and biomimetic nanoarchitectures.
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It is highly desired that synthesis of photothermal agents with near-infrared (NIR)

absorption, excellent photostability, and high photothermal conversion efficiency

are essential for potential applications. In this work, three (D-A) conjugated

polymers (PBABDF-BDTT, PBABDF-BT, and PBABDF-TVT) based on aza-

heterocycle, bis(2-oxo-7-azaindolin-3-ylidene)benzodifurandione (BABDF) as the

strong acceptor, and benzodithiophene-thiophene (BDTT), bithiophene (BT), and

thiophene-vinylene-thiophene (TVT) as the donors, were designed and synthesized.

The conjugated polymers showed significant absorption in the NIR region and a

maximum absorption peak at 808 nm by adjusting the donor and acceptor units.

Their photothermal properties were also investigated by using poly(ethylene glycol)-

block-poly(hexyl ethylene phosphate) (mPEG-b-PHEP) to stabilize the conjugated

polymers. Photoexcited conjugated polymer (PBABDF-TVT) nanoparticles underwent

non-radiative decay when subjected to single-wavelength NIR light irradiation, leading

to an excellent photothermal conversion efficiency of 40.7%. This work indicated the

aza-heterocycle BABDF can be a useful building block for constructing D-A conjugated

polymer with high conversion efficiency.

Keywords: conjugated polymer, aza-heterocycle acceptor, near-infrared absorption, nanoparticles, photothermal

conversion

INTRODUCTION

Near-infrared (NIR) light has been widely used in sensing, imaging, and biotherapy fields (Qian
et al., 2013; Yang et al., 2013; He et al., 2015; Antaris et al., 2016; Song et al., 2016; Zhang et al.,
2016), owing to its superior advantages in remote sensing operations, microinvasion, and biological
window. Photothermal conversion is the result of the non-radiative transition of excited electrons
back to the ground state. (Huschka et al., 2011; Geng et al., 2015). Therefore, photothermal agents
with NIR absorption are very important as they can convert NIR light into thermal energy. To
date, various photothermal conversion reagents with various NIR absorbance have been explored.
Among them, precious metals (such as Au, Ag, and Pt) (Shi et al., 2014; Kim et al., 2015;
Marta et al., 2015; Luo et al., 2016), carbon nanomaterials (Yang et al., 2010; Guo et al., 2015),

83

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org/journals/chemistry#editorial-board
https://www.frontiersin.org/journals/chemistry#editorial-board
https://www.frontiersin.org/journals/chemistry#editorial-board
https://www.frontiersin.org/journals/chemistry#editorial-board
https://doi.org/10.3389/fchem.2019.00359
http://crossmark.crossref.org/dialog/?doi=10.3389/fchem.2019.00359&domain=pdf&date_stamp=2019-05-21
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles
https://creativecommons.org/licenses/by/4.0/
mailto:gbzhang@hfut.edu.cn
mailto:lzhqiu@hfut.edu.cn
https://doi.org/10.3389/fchem.2019.00359
https://www.frontiersin.org/articles/10.3389/fchem.2019.00359/full
http://loop.frontiersin.org/people/701301/overview
http://loop.frontiersin.org/people/650103/overview


Zhang et al. Aza-Based Polymer Modulated Photothermal Conversion

inorganic compounds (Tian et al., 2013), and other materials
have shown excellent photothermal properties. However, these
materials are not biodegradable and may cause potential long-
term toxicity in biological applications (Li et al., 2016a; Zhou
et al., 2016). Compared with inorganic materials, organic NIR
dyes have attracted considerable attention because of their
good biocompatibility and biodegradability (Chen et al., 2013;
Zheng et al., 2013). However, severe photobleaching and low
photothermal conversion efficiency has hindered their further
application. Therefore, organic photothermal agents with a high
photothermal conversion efficiency and excellent photostability
should be developed. The conjugated polymers showed a sharp
and broad absorption peak in the NIR region by adjusting the
donor and acceptor units and they have been widely used in
organic photovoltaics and field-effect transistors (Günes et al.,
2007; Liang and Yu, 2010). As reported, the conjugated polymers
displayed excellent photostability, high photothermal conversion
efficiency, and good biocompatibility (Pu et al., 2014; Lyu
et al., 2017). They also exhibited strong donor–acceptor (D-
A) interaction between the nearest neighbor intermolecular
overlapping regions and ordered close packing of polymer chains.
The D-A structure facilitated strong intramolecular charge
transfer (ICT), resulting in efficient fluorescence quenching and
high photothermal performance (Guo et al., 2017). Therefore,
conjugated polymers are a promising photothermal agent which
can effectively utilize the NIR light for photothermal application.
For example, Lee and co-workers used the D-A strategy to
synthesize a semiconductor nanoparticle with a low bandgap to
harvest infrared light. Furthermore, they introduced a porphyrin
as a light-harvesting side chain into the backbone, resulting
in a record-high photothermal conversion efficiency of 62.3%
(Zhang et al., 2017b). Huang and co-workers achieved good
planar backbone structure through turning the acceptor unit; it
exhibited higher photothermal conversion efficiency of 74% and
this is the highest one so far for conjugated polymers (Dong
et al., 2018). Within the building block library for conjugated
polymer, isoindigo (IIG) is one of the most popular acceptors
to construct high-performance semiconductors (Mei et al., 2013;
Holliday et al., 2014; Chang et al., 2018). The advantages of IIG
as an acceptor unit for D-A conjugated polymers arise from
low energy levels, large local dipole, and excellent solubility
after N-alkylation (Deng and Zhang, 2014). However, IIG-based
conjugated polymers exhibited relatively narrow absorption,
the edges of the film absorption bands only extend to about
800 nm. Consequently, the maximum absorption of IID-based
polymer showed bad overlap with the NIR window, which has an
irradiation at about 808nm. Thus, the exploration of IIG-based
conjugated polymers with maximum absorption located in the
NIR region is highly desired.

In our previous work, an IIG derivative unit and its
D-A conjugated polymer were designed by incorporating
benzodifurandione into the π-conjugated backbone. The
introduction of an electron-deficient moiety not only results in
strongly electron-deficient characteristics but also extends the
conjugation and enhances the intramolecular and intermolecular
interactions of the polymers. Therefore, the D-A conjugated
polymer (PBIBDF-BT) had the absorption extend to the

NIR region and exhibited excellent photothermal conversion
efficiency (34.7%) (Yang et al., 2017). Herein, we currently
introduce another isoindigo derivative (BABDF) by replacing
the outer benzene rings of BIBDF with aza rings (Figure 1), an
obvious next step, synthesize three BABDF-based conjugated
polymers (PBABDF-BDTT, PBABDF-BT, and PBABDF-TVT)
and study their photothermal properties. On the one hand,
the introduction of electronegative N atom could further
enhance the electron-withdrawing power of acceptor which
result in strong push-pull interaction and significant red-
shifts of absorption (Zhang et al., 2017a). On the other hand,
the N-substitution on backbone can produce non-covalent
interaction (S. . .N and CH....N) and endows the polymer with
improved planar structure, which can also lead the redshift of
absorption (Jackson et al., 2013; Zhang et al., 2019). Because of
the hydrophobic conjugated polymers, it is difficult to further
apply to living organisms, conjugated polymer-based NPs were
prepared by using amphiphilic diblock copolymer poly(ethylene
glycol)-block-poly(hexyl ethylene phosphate) (mPEG-b-PHEP)
as the stabilizer using the single emulsion method. As a result,
the polymer based on TVT as donor and BABDF as acceptor
exhibited an excellent extinction coefficient of 55 cm−1

·mg−1
·mL

and a high photothermal conversion efficiency of 40.7%. These
demonstrate that the aza-heterocyclic BABDF unit may be
promising in development of D-A conjugated polymer with high
photothermal conversion efficiency.

EXPERIMENTAL SECTION

Materials
Three conjugated polymers were synthesized. And a diblock
copolymer mPEG-b-PHEP reported previously (Sun et al.,
2014). bis(6-bromo-1-(4-decyltetradecyl)-2-oxo-7-azaindolin-
3-ylidene)benzo[1,2-b:4,5-b′]-difuran-2,6(3H,7H)-dione
(2Br-BABDF), (3,3′-didodecyl-[2,2′-bithiophene]-5,5′-
diyl)bis(trimethylstannane) (2tin-BT), ((4,8-bis(5-(2-
ethylhexyl)thiophen-2-yl)-6-(trimethylstannyl)benzo[1,2-b:4,5-
b’]dithiophen-2-yl)dimethylstannyl)methylium (2tin-BDTT),
and (E)-1,2-bis(3-dodecyl-5-(trimethylstannyl)thiophen-2-
yl)ethene (2tin-TVT) were synthesized according to the methods
that reported in documents (Li et al., 2016b; Zhang et al.,
2017a). Tris(dibenzylideneacetone)dipalladium (Pd2(dba)3),
tri(o-tolyl)phosphine (P(o-tol)3), and other chemicals were
purchased from Sigma-Aldrich Chemical Company, Alfa Aeasar
Chemical Company, and Sinopharm Chemical Reagent Co. Ltd.,
China. Chemical regents were purchased and used as received.
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT) was purchased from Sigma-Aldrich (St. Louis, MO,
United States).

Synthesis of the Polymer PBABDF-BDTT
Tris(dibenzylideneacetone)dipalladium (Pd2(dba)3, 0.004 g,
0.0044 mmol) and tri(o-tolyl)phosphine (P(o-tol)3, 0.0055 g,
0.018 mmol) were added to a solution of 2Br-BABDF (0.15 g,
0.11 mmol) and 2tin-BDTT (0.10 g, 0.11 mmol) in toluene
(15mL) under nitrogen. The solution was subjected to three
cycles of evacuation and nitrogen filling. The mixture was then
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FIGURE 1 | Synthesis pathways for the CPs: PBABDF-BDTT (A), PBABDF-BT (B), and PBABDF-TVT (C).

heated to 110◦C for 48 h. After cooling to room temperature, the
mixture was poured into methanol and stirred for 12 h. A black
precipitate was collected by filtration. The product was purified
by Soxhlet extractor using methanol and dichloromethane. The
residue was extracted with hot chloroform in an extractor for
24 h. After removing the solvent, a black solid was collected
(0.14 g, 70.5%). GPC: Mn = 42.5 kDa, PDI = 2.47. Elemental
analysis: calcd for C104H144N4O6S4 (%): C, 74.60, H, 8.67, N,
3.35, S, 7.66. Found (%): C, 74.75, H, 8.73, N, 3.30, S, 7.58.

Synthesis of the Polymer PBABDF-BT
The same procedure was used as PBABDF-BDTT. The
compounds used were Pd2(dba)3, (0.004 g, 0.0044 mmol), P(o-
tol)3 (0.055 g, 0.018 mmol), 2Br-BABDF (0.15 g, 0.11 mmol) and
2tin-BT (0.09 g, 0.11 mmol). After the workup, a black solid was
collected (0.14 g, 72.0%). GPC: Mn = 40.6 kDa, PDI = 2.30.
Elemental analysis: calcd for C104H156N4O6S2 (%): C, 76.99, H,
9.69, N, 3.45, S, 3.95. Found (%): C, 77.02, H, 9.87, N, 3.22, S, 3.90.

Synthesis of the Polymer PBABDF-TVT
The same procedure was used as PBABDF-TVT. The compounds
used were Pd2(dba)3, (0.004 g, 0.0044 mmol), P(o-tol)3 (0.055 g,
0.018 mmol), 2Br-BABDF (0.15 g, 0.11 mmol) and 2tin-TVT
(0.094 g, 0.11 mmol). After the workup, a black solid was
collected (0.14 g, 73.1%). GPC: Mn = 44.2 kDa, PDI = 2.12.
Elemental analysis: calcd for C106H158N4O6S2 (%): C, 77.23, H,
9.66, N, 3.40, S, 3.89. Found (%): C, 77.70, H, 9.57, N, 3.23, S, 3.72.

Fabrication and Characterization
of Nanoparticles
A CHCl3 solution (200 µL) containing mPEG-b-PHEP
(10.0mg), PBABDF-BT (1.0mg), and ultrapurified water
(1.0mL) was emulsified by ultrasound for 2min (work 5 s and
rest 2 s) at a 325W output using a microtip probe sonicator
(JY92-IIN, Scientz Biotechnology, Ningbo, China). The solution
was vortexed for 30min to remove the organic solvent and
centrifuged at a speed of 3,500 for 5min. No precipitation
occurred in this way. It was then further purified by being
passed through a 0.45µm filter (Millipore). Also, the above steps
were repeated s to obtain the NPTVT and NPBDTT. The size
distribution of conjugated polymer nanoparticles in aqueous
solution was measured by dynamic light scattering (DLS) that
conducted with a NanoBrook-90 Plus instrument (Brookhaven
Instrument Corporation, Holtsville, NY, United States). The
transmission electron microscope (TEM, JEOL-2010, Japan)
measurements were implemented with an acceleration voltage
of 200 kV.

Measurement of Photothermal
Conversion Efficiency
In order to evaluate the photothermal ability, the aqueous
solution of these conjugated polymer nanoparticles (40.0µg/mL)
was placed in centrifuge tube and then illuminated with 808 nm
irradiation at 2.0 W/cm2 (New Industries Optoelectronics,
Changchun, China) for 15min. In this process, the temperature
of the solution and the infrared thermal images was recorded
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using an infrared camera (ICI7320, Infrared Camera Inc.,
Beaumont, TX, United States).

According to the reported method by Roper et al. the total
energy balance for the system can be indicated by Equation 1:

η =
hS (TMax − TSurr) −QDis

I(1− 10−A808 )
(1)

In which, h is heat transfer coefficient, S is the surface area of the
container, TMax (unit: ◦C) and TSurr (unit: ◦C) are the balance
temperature and ambient temperature of the surroundings,
respectively, QDis is the heat induced by the light absorbance
of water solvent without nanoparticle, and I (unit: mW) is the
incident laser power. A808 is the absorbance of nanoparticle
solution at 808 nm.

Photostability
The NPs (40.0µg/mL) were irradiated by 808 nm NIR laser (2.0
W/cm2, 15min, laser on). Subsequently, the NIR laser was closed
for 15min, and then the solution was naturally cooled to room
temperature. The laser on and laser off cycles were repeated three
times to monitor temperature changes as described above.

In vitro Cytotoxicity of NPTVT
Breast cancer MDA-MB-231 cells (American Type Culture
Collection, Rockefeller, Maryland, United States), were seeded
in a 96-well plate (1 × 104 cells per well) at 37◦C with 5%
CO2 overnight. The medium was substituted by fresh medium
containing NPTVT at different concentrations. After incubation
for 4 h, and then the cell viability was analyzed by MTT assay.

FIGURE 2 | (A) Absorption spectra of these conjugated polymers with different D units (10.0µg/mL). (B) Mass extinction coefficients at 808 nm. (C) Cyclic

voltammetry. (D) The band gaps of these conjugated polymers.

TABLE 1 | Molecular Weight, optical and electrochemical properties of polymers.

Polymer (λabsmax) nm Mn PDI(kDa) λonset(nm) E
opt
g

a(eV) HOMOb (eV) LOMOc (eV) Eecg
d (eV)

solution

PBABDF-BDTT 804 42.5 2.47 969 1.28 −5.80 −4.08 1.72

PBABDF-BT 846 40.6 2.30 998 1.24 −5.81 −4.11 1.70

PBABDF-TVT 853 44.2 2.12 1019 1.22 −5.70 −4.02 1.68

aE
opt
g =1240/λonset.

bHOMO = −(4.75+ Eoxonset ).
cLUMO = −(4.75+ Eredonset ).
dEecg = −(HOMO–LUMO).
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Measurements and Characterization
Nuclear magnetic resonance (NMR) spectra were recorded
on a Mercury plus 600 MHz machine. Elemental analysis
was performed using a Vario EL instrument. Molecular
weights were characterized by gel permeation chromatography
(GPC) using a Waters Series 1525 binary HPLC pump and
1,2,4-trichlorobenznen as the eluent and polystyrene as the
standard. Thermogravimetric analysis (TGA) analyses were
conducted with a TA instrument QS000IR at a heating
rate of 20◦C min−1 under nitrogen gas flow. Differential
scanning calorimetry (DSC) was performed on a TA instrument
Q2000 under nitrogen. The sample was first cooled down
to −65◦C, then heated up to 250◦C and held for 2min
to remove thermal history, followed by cooling at a rate
of 10◦C min−1 to −65◦C and then heating at a rate of
10◦C min−1 to 250◦C in all cases. UV-vis-NIR spectra
were detected using a UV-3802 (UNICO, Shanghai, China)
spectrophotometer. The absorption spectra were recorded on
polymer solutions in chloroform and nanoparticle solutions
in water. Electrochemical measurements were conducted on
a CHI 660D electrochemical analyzer under nitrogen in
a deoxygenated anhydrous acetonitrile solution of tetra-n-
butylammonium hexafluorophosphate (0.1M) with a scan rate

of 0.1 V/s. A platinum electrode was used as both working and
auxiliary electrodes, and an Ag/Ag+ electrode was used as a
reference electrode.

RESULTS AND DISCUSSION

Synthesis and Characterization
The synthetic route of three polymers (PBABDF-
BDTT, PBABDF-BT, and PBABDF-TVT) are shown
in Figure 1. The three polymers were synthesized by
Stille cross-coupling polymerization in the presence of
tris(dibenzylideneacetone)dipalladium (Pd2(dba)3) as the

TABLE 2 | Optical and fluorescence quantum yield of NPs.

Nanoparticle λ
abs
max(nm) ε

808 (cm−1
·mg−1

·mL) Quantum yield, QY(%)

Solution

NPBDTT 799 35.1 0.012

NPBT 821 45.2 0.015

NPTVT 819 57.2 0.010

FIGURE 3 | (A) Scheme illustration of the nanoparticles prepared. (B) Size distributions. (C) TEM images and Photographic images. (D) Absorption spectra of NPs

(10.0µg/mL).
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catalyst and tri(o-tolyl)phosphine (P(o-tolyl)3) as the ligand. The
three polymers were purified by precipitating from methanol
and washing with methanol and hexane by Soxhlet extraction
for 24 h to eliminate the oligomers. Then, the residue was
extracted with chloroform. After concentrating the chloroform
solvent under vacuum distillation, the three polymers were
obtained by precipitating from methanol. The structures
were characterized by nuclear magnetic resonance (NMR)
(Figures S5–S7). And the molecular weights of three polymers
were determined by gel permeation chromatography (GPC),
using trichlorobenzene as the eluent. The number average
molecular weights (Mn) of PBABDF-BDTT, PBABDF-BT,
and PBABDF-TVT were 42.5, 40.6, and 44.2 kDa, respectively,
and the polydispersity indexes (PDI) were 2.47, 2.30, and
2.12, respectively.

As shown in Figure S1, the thermal properties of three
polymers were evaluated by thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC) under
nitrogen atmosphere. The decomposition temperature
(Td) at 5% weight loss for polymers was above 350◦C,
high enough for photothermal study. The DSC results did
not provide any information about the glass transition
temperature of polymers in the temperature range of
our study.

Optical and Electrochemical Properties
The UV-vis-NIR absorption spectra of the polymers
characterized in chloroform solution (10µg/mL with 2mL)
were shown in Figure 2A. All the polymers showed typical
dual-band absorption in the solution, and the absorption band-
edge (λonset) extend to ∼1000 nm. The maximum absorption
peaks were 804, 846, 853 nm for PBABDF-BDTT, PBABDF-BT,

PBABDF-TVT, respectively. The low-energy band ranged from
600 nm to 1000 nm; this can be attributed to intramolecular
charge transfer (ICT) from the donor to the acceptor core. The
high-energy band ranged from 310 nm to 500 nm that can be
assigned to the π-π∗ transition of polymer backbone (Pierre
et al., 2010; Kim et al., 2014). Moreover, the corresponding mass
extinction coefficients at 808 nm (Figure 2B) were calculated
to be 36.3, 46.1, and 55.7 cm−1

·mg−1
·mL for PBABDF-BDTT,

PBABDF-BT, PBABDF-TVT, respectively. The absorption
intensity gradually increased with increasing concentrations
(Figures S2A–C), and all CPs displayed a linear relationship
between absorbance and concentration at 808 nm (Figure S2D).
In addition, the PBABDF-TVT showed a slightly red shift
and strong NIR absorption compared with the other two
materials. This is most probably attributed to the more planar
structure of PBABDF-TVT (Lei et al., 2012). The corresponding
optical bandgaps of PBABDF-BDTT, PBABDF-BT, and

FIGURE 4 | (A) Temperature change curves of the nanoparticles upon exposure to NIR laser (808 nm, 2.0 W/cm2, 15min). (B) Thermal images of NPs upon exposure

to the NIR laser (808 nm, 2.0 W/cm2). (C) Photothermal conversion efficiency. (D) Temperature elevation of NPs (40.0µg/mL) over three laser on/off cycles of NIR

irradiation (808 nm, 2.0 W/cm2, 15min).
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PBABDF-TVT were 1.28, 1.24, and 1.22 eV, respectively. The
narrow bandgaps were due to the extended π-conjugation
along the polymer backbone and may be beneficial to their
photothermal conversion in NIR region (Lei et al., 2012).

The electrochemical properties of three polymers were
investigated by cyclic voltammetry (CV) (Figure 2C). And the
corresponding data was summarized in Table 1. Three polymers
showed deep lowest unoccupied molecular orbital (LUMO)
and highest occupied molecular orbital (HOMO) energy levels
due to the presence of strong electron-withdrawing BABDF
group. The LUMO/HOMO energy levels were −4.08/−5.80 eV,
−4.11/−5.81 eV and −4.02/−5.70 eV for PBABDF-BDTT,
PBABDF-BT, and PBABDF-TVT, respectively. As shown in
Figure 2D, the bandgaps were 1.72 eV, 1.70 eV, and 1.68 eV,
respectively, which are 0.4 eV higher than their optical bandgaps
calculated from the absorption of their solutions. These
differences may be caused by large exciton binding energy
(Bredas, 2014, Zhu et al., 2016).

Preparation and Characterization of NPs
To endow these polymers with good stability for subsequent
applications, an amphipathic carrier mPEG-b-PHEP was used to
package the D-A conjugated polymer through self-assembly and
to provide a relatively inert particle surface (Figure 3A). This is
the hydrophobic conjugated polymer and the hydrophobic part
of the amphiphilic block copolymer gradually tangled during the
evaporation of organic solvents from oil/water emulsion, which
is result of the intermolecular interactions, mainly involving the
hydrophilic and hydrophobic interactions. The obtained NPs

were denoted as NPBDTT, NPBT, and NPTVT, respectively. The
average size of all the obtained NPs determined by dynamic light
Scattering (DLS) was about 100 nm (Figure 3B). Additionally,
the transmission electron microscopy (TEM) images of NPs
showed a classic spherical structure (Figure 3C). No sediment
was observed for the NPs after storage at 4◦C for three months
(Figure 3C). These results indicated that all the NPs have good
stability. The UV-vis-NIR absorption spectra of the polymer
nanoparticles in water obtained at the same concentration
(10µg/mL with 2mL) were shown in Figure 3D. NPBDTT, NPBT,
and NPTVT exhibited absorption peaks at 799 nm, 821 nm and
819 nm, respectively, which are blue-shifted by about 5 nm,
25 nm and 32 nm compared to the absorption peaks from
these conjugated polymers. Moreover, the corresponding mass
extinction coefficients of NPs at 808 nm were calculated to be
35.1, 45.2, and 57.5 cm−1

·mg−1
·mL, respectively. The results

showed that the extinction coefficient of NPs was similar to
those of conjugated polymers. The corresponding data was
summarized in Table 2.

Photothermal Performance of NPs
To demonstrate the photothermal conversion ability of NPs, the
temperature change was monitored under 808-nm irradiation
at 2.0 W/cm2. NPs with a concentration of 40.0µg/mL
were irradiated for 15min, the infrared thermal images of
nanoparticle aqueous solution were recorded. As the irradiation
time increased, the temperature of particle solution gradually
increased in the following order: NPBDTT < NPBT < NPTVT
(Figure 4A). After the irradiation for 15min, the temperature

FIGURE 5 | (A) Energy level diagram. (B) Phosphorescence spectra of NPBDTT, NPBT, NPTVT upon excitation at 808 nm. (C) Cell viability of 231 cells in the presence

of NPs treated with different concentrations.
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changes of NPBDTT, NPBT, and NPTVT increased by 18.78, 25.16,
and 30.27◦C, respectively. In addition, the temperature of all
the NPs monotonically increased with increasing concentration,
and the temperature increased of NPs at each concentration
followed this order (Figure S3). The infrared imaging color also
showed the temperature difference between these NPs. As shown
in Figure 4B, the color of photothermal images changed from
violet (low temperature) to bright yellow (high temperature).
According to the method developed by Roper et al. (2007),
the photothermal conversion efficiencies (η value) of NPs were
calculated (see calculation details in Supporting Information).
As shown in Figure 4C and Figure S4, the η values of NPBDTT,
NPBT, and NPTVT were calculated to be 23.5, 32.4, and
40.7%, respectively. Further, the photostability of these NPs was
studied. Three cycles of laser on/off (time: 15min) with NIR
irradiation (808 nm, 2.0 W/cm2) were performed. Compared
to the temperature change after the first laser irradiation, the
temperature showed no significant reduction for all these NPs
for another two cycles (Figure 4D). Moreover, the NPs were
exposed to the 808-nm NIR laser of 2.0 W/cm2 for 15min
until steady-state temperature was reached. Figure 4D showed
that all the NPs reached a certain temperature and remained
unchanged, indicating that they had excellent NIR photostability.
The excellent photostability of NPs can be attributed to the
thermal properties of semiconducting polymers. As mentioned
before, their decomposition temperatures were above 350◦C
(Figure S1), which was enough for the photothermal effect.

Interpretation of
Photothermal Performance
The abovementioned results indicated that the photothermal
effect of NPs decreased in the following order: NPTVT >

NPBT > NPBDTT. When nanoparticle solutions are irradiated
by a beam of light, it produces a range of possible physical
phenomena, such as scattering (including the result of multiple
refractions and reflections), absorption, and luminescence.
We set the intensity of the incident light to Iincident, the
intensity of the scattered light to Iscat, and the intensity of the
absorbed light to Iabs, then Iincident = Iscat + Iabs, and the
absorbance of light can be calculated as: Qabs = Iabs/Iincident.
As shown in Figure 5A, the absorbed light energy usually
undergoes (i) fluorescence emission, (ii) non-radiation (thermal
energy loss), and (iii) intersystem conversion to long-lived
species (e.g., phosphorescence) (Silvia and George, 1992). If
nanoparticle solutions are not chemiluminescent or negligible,
then the absorbed light energy could be eventually converted
into almost all heat. To prove the photothermal effect of
these NPs in such an order, the photothermal conversion
efficiency, absorption spectrum, fluorescence quantum yield,
phosphorescence, and mass extinction coefficient were tested.
All NPs showed almost no fluorescence emission (Table 2).
And phosphorescence spectra of NPs upon excitation at
808 nm were shown in Figure 5B. It can be seen that their
absorption was negligible. Therefore, the generation of heat
may be the main way to eliminate the absorption of energy
after NIR irradiation. The mass extinction coefficient of NPs

was calculated from its absorption spectrum, which are 35.1,
45.2, and 57.5 cm−1

·mg−1
·mL, respectively. NPTVT absorbed

more light energy at the same concentration compared to
NPBDTT. Therefore, the photothermal performance of NPTVT
was significantly higher than that of NPBDTT. These results
showed that photothermal effect was related to the mass
extinction coefficient. The strongest absorbance at 808 nm
ensured the highest photothermal effect of NPTVT, followed by
NPBT and NPBDTT.

In vitro Cytotoxicity of NPTVT
To achieve the full potential of NPTVT in biomedical fields,
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT) assay was used to detect the cytotoxicity
of NPTVT. MDA-MB-231 cells were selected as cancer cell
model. MDA-MB-231 cells were incubated with NPTVT
at different PBABDF-TVT concentrations. As shown in
Figure 5C, with the increase in concentration, no obvious
cytotoxicity and proliferation inhibition of 231 cells were
observed. Notably, incubation with NPTVT nanoparticles,
even at the highest concentration, also did not exhibit
obvious toxicity to MDA-MB-231 cells without NIR light
illumination. This indicated that the NPTVT nanoparticle is
biocompatible, and because of its high photothermal conversion
efficiency, it can be further applied to organisms for cancer
photothermal therapy.

CONCLUSION

Here, a series of polymers with different chemical structures
were synthesized by varying the donor moieties. A systematic
study showed that the chemical structure of a strong acceptor
and suitable donor unit has a significant effect on the absorption
spectrum, extinction coefficient, and photothermal conversion
efficiency of polymers. This study demonstrated that high
extinction coefficient, excellent photothermal conversion
efficiency, good biocompatibility, and high stability of
conjugated polymers can be obtained through rational
molecular design by introducing a strong electron-withdrawing
electron acceptor.
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Two novel aromatic imides, diarylcyclopentadienone-fused naphthalimides (BCPONI-2Br

and TCPONI-2Br), are designed and synthesized by condensation coupling

cyclopentadienone derivatives at the lateral position of naphthalimide skeleton. It

has been found that BCPONI-2Br and TCPONI-2Br are highly electron-withdrawing

acceptor moieties, which possess broad absorption bands and very low-lying LUMO

energy levels, as low as −4.02 eV. On the basis of both building blocks, six low bandgap

D-A copolymers (P1–P6) are prepared via Suzuki or Stille coupling reactions. The

optical and electrochemical properties of the polymers are fine-tuned by the variations

of donors (carbazole, benzodithiophene, and dithienopyrrole) and π-conjugation linkers

(thiophene and benzene). All polymers exhibit several attractive photophysical and

electrochemical properties, i.e., broad near-infrared (NIR) absorption, deep-lying LUMO

levels (between −3.88 and −3.76 eV), and a very small optical bandgap (E
opt
g ) as low

as 0.81 eV, which represents the first aromatic diimide-based polymer with an E
opt
g of

<1.0 eV. An investigation of charge carrier transport properties shows that P5 exhibits a

moderately high hole mobility of 0.02 cm2 V−1 s−1 in bottom-gate field-effect transistors

(FETs) and a typical ambipolar transport behavior in top-gate FETs. The findings suggest

that BCPONI-2Br, TCPONI-2Br, and the other similar acceptor units are promising

building blocks for novel organic semiconductors with outstanding NIR activity, high

electron affinity, and low bandgap, which can be extended to various next-generation

optoelectronic devices.

Keywords: diarylcyclopentadienone-fused naphthalimides, D-A conjugated polymers, optical band gap, electron-

transporting materials, charge carrier transport

INTRODUCTION

Soluble donor–acceptor (D–A) conjugated polymers can offer a flexible and tunable electronic
structure and optoelectronic properties (Guo et al., 2014; Dou et al., 2015), which encourage the
incessant exploration of multiple potential applications in next-generation optoelectronic devices,
including organic light-emitting diodes (OLEDs) (Grimsdale et al., 2009), organic photovoltaics
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(OPVs) (Cheng et al., 2009), organic field-effect transistors
(OFETs) (Hu et al., 2018; Yang et al., 2018), and organic
photodetectors (OPDs) (Gong et al., 2009). By independently
selecting or modifying D/A segments, one can readily regulate
optical properties, electronic structures (bandgap and HOMO/
LUMO energy levels), and charge carrier transport of the target
D-A polymers (Hwang et al., 2012; Cui and Wudl, 2013; Zhao
et al., 2015; Chen et al., 2016; Fei et al., 2016; Li et al., 2016). Such
a D-A strategy has led to the rapid development of numerous
D-A conjugated polymers and makes a great contribution to
promote device performance in organic electronics (Guo et al.,
2014; Dou et al., 2015; Yang et al., 2018). In recent years, some
classical organic dyes, such as diketopyrrolopyrrole (DPP) (Zou
et al., 2009; Li et al., 2011, 2013c) and isoindigo (IDG) (Stalder
et al., 2010; Lei et al., 2011; Mei et al., 2011; Gao et al., 2017),
have been successfully used as the acceptor building blocks to
construct low bandgap D-A conjugated polymers for various
optoelectronic devices, especially in OPVs and OFETs. Hole or
electron mobilities higher than 5.0 cm2 V−1 s−1 (Chen et al.,
2012; Gao et al., 2015) and a power conversion efficiency (PCE)
of above 8.0% (Hendriks et al., 2013) have been reported for the
DPP-containing D-A polymers.

In view of the urgent need for electron-transporting materials,
aromatic imides like rylene diimides have been widely studied
(Zhan et al., 2011). Moreover, they have also become attractive
acceptor building blocks for n-type conjugated polymers due
to the strong electron-deficient feature, high electron mobility,
tunable solubility supported by N-alkylation, and excellent
chemical and photochemical stability (Zhan et al., 2011). So
far, the most studied rylene diimides are perylene diimide
(PDI, 1) and naphthalene diimide (NDI, 4) (Figure 1). Zhan
and co-workers reported the synthesis of the first soluble PDI-
dithienothiophene copolymers (Zhan et al., 2007), which yielded
a moderately high electron mobility of 0.013 cm2 V−1 s−1 and
a PCE value of 1.5% when used as the active layers in top-
gate OFETs and all-polymer OPVs, respectively. Since then, great
efforts have been made to structurally modify PDI acceptor
units, thereby generating a sets of core-extended PDI analogs
(Choi et al., 2011; Usta et al., 2012; Cai et al., 2017, 2018), such
as dithienocoronene diimides (DTCDI, 2) (Choi et al., 2011;
Zhou et al., 2012) and naphthodiperylenetetraimide (NTDPI, 3)
(Guo et al., 2017) (Figure 1). Compared with PDIs, both DTCDI
and NTDPI acceptor building blocks possess larger conjugation
backbones than PDI, which could facilitate strong intermolecular
interactions and charge carriers transport of the polymers (Zhou
et al., 2012). Facchetti and co-workers reported the synthesis of
soluble D-A polymers containing DTCDI and thiophene units
(Usta et al., 2012), which exhibited good hole and electron
mobilities of 0.04 and 0.3 cm2 V−1 s−1, respectively. Zhao and
co-workers synthesized the NTDPI and vinylene-linked n-type
polymer and afforded an excellent PCE value of 8.59% in the
inverted all-polymer OPVs (Guo et al., 2017).

Naphthalene diimide (NDI, 4, Figure 1) is the other
strongly electron-deficient building block for the development
of polymer electron-transporting materials. Watson and co-
workers. pioneered the use of NDI as an acceptor building block
in D-A copolymers with a tunable optical bandgap (Eoptg ) ranging

from 1.7 to 1.1 eV (Guo and Watson, 2008). Later, Facchetti
and co-workers reported the synthesis and OFETs properties
of an NDI-bithiophene polymer (N2200), which exhibited an
impressive electron mobility up to 0.85 cm2 V−1 s−1 under
ambient conditions (Yan et al., 2009). Thanks to structural
optimization and device engineering, copolymers-based NDI
units have also very recently provided near state-of-the-art
electron mobilities >7.0 cm2 V−1 s−1 (Zhao et al., 2017; Wang
et al., 2019). An all-polymer OPV device, reported by Huang
and co-workers has been further developed to a benchmark
PCE value of 11% (Li et al., 2019), which fabricated from
an N2200 acceptor and polymer donor (PTzBI-Si). Recently,
a core-extended strategy has been successfully utilized to
prepare various heteroaromatic-fused NDI derivatives, such as
thiophene-fusedNDI (NDTI, 5) (Fukutomi et al., 2013), thiazole-
fused NDI (NDTZ, 6) (Chen et al., 2013), and pyrazine-fused
NDI (BFI, 7) (Figure 1) (Li et al., 2013b). These core-extended
NDI units can afford a rigid π-conjugation backbone with
distinct electronic structures as relative-to-simple core-linked
NDIs, which has been developed as the promising building blocks
for polymer electron-transporting materials (Chen et al., 2013;
Fukutomi et al., 2013; Li et al., 2013a). A typical example of the
core-extended NDI is tetraazabenzodifluoranthene diimide (BFI,
7) reported by Jenekhe and co-workers; moreover, it was found
that a BFI-containing copolymer has a large lateral extension
(2.0 nm) of π-conjugation and perfect lamellar ordering,
thereby achieving high electron mobilities of 0.3 cm2 V−1 s−1

(Li et al., 2013a).
Diarylcyclopentadienone-fused naphthalimide (CPONI,

Figure 2) is a novel family of aromatic imide building blocks that
originally derived from naphthalimide and cyclopentadienone
units and is similar in structure to cyclopentadieneones. Wudl
and co-workers reported the synthesis and OFET properties
of cyclopentadieneones-containing oligomers (Walker et al.,
2008; Yang et al., 2008), which demonstrated very small
bandgaps as low as 0.9 eV and a moderate hole mobility of
2.26 × 10−2 cm2 V−1 s−1 (Yang et al., 2008). Compared
with cyclopentadieneone analogs, the combined advantages
of both NDI and cyclopentadienone units endow CPONI
acceptors with extended π-conjugation backbone, enhanced
electron-withdrawing capacity, as well as tunable solubility that
supported by N-alkylation. The imide nitrogens in the CPONI
units allow attachment of solublizing side chains in the polymer
backbone in order to tune solubility and self-organization
without disrupting backbone’s coplanarity. Thus, CPONI
derivatives are of great interest to construct low band-gap
D-A conjugated polymers with promising electronic structure
and optoelectronic properties. Nevertheless, literature reports
on the synthesis, reactivity, and optoelectronic properties of
diarylcyclopentadienone-fused naphthalimide derivatives are
rarely seen (Ding et al., 2015; Ishikawa et al., 2018). To our
knowledge, the CPONI-based polymers have not been reported.

In this article, two novel CPONI-derived acceptor building-
blocks, diphenylcyclopentadienone- fused naphthalimide
(BCPONI-2Br) and dithienylcyclopentadienone-fused
naphthalimide (TCPONI-2Br) (Figure 2), were designed
and synthesized for low bandgap D-A polymers. Herein,
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FIGURE 1 | Some perylene diimide and naphthalene diimide building blocks in conjugated polymers.

FIGURE 2 | Molecular design and chemical structures of the two monomers (BCPONI-2Br and TCPONI-2Br) and their D-A copolymers (P1–P6). The optimized

structures, molecular orbitals, and HOMO/LUMO energy levels of the two monomers as obtained from density functional theory (DFT) calculations.

thiophene and benzene rings were selected as the π-linker units
of TCPONI-2Br and BCPONI-2Br, respectively, in order to
manipulate backbone coplanarity, energy levels, and absorption
of the target polymers. As revealed by theoretical calculations,
the dihedral angles of thiophene-flanked TCPONI-2Br (ca.
10.6 and 10.7◦) are smaller than those of benzene-flanked
BCPONI-2Br (ca. 31.7◦), indicating better backbone coplanarity
for TCPONI-2Br. Interestingly, the attachment of electron-rich
thiophene units endows TCPONI-2Br with a slightly reduced
LUMO value (ca. −3.47 eV) but sharply improved the HOMO
value (ca. −5.52 eV) relative to BCPONI-2Br. Such deep-lying
LUMO values indicate that TCPONI-2Br (ca. −3.47 eV) and
BCPONI-2Br (ca. −3.42 eV) are promising strong acceptor
units for electron-transporting polymers. By using both building
blocks as the electron acceptors, six novel D-A conjugated
polymers with different electron-donating capability donor

units (carbazole, benzodithiophene, and dithienopyrrole) were
prepared by Suzuki or Stille coupling reactions. The polymers
exhibit very attractive photophysical and electrochemical
properties, i.e., broad near-infrared (NIR) absorption extended
to 1,600 nm and adjustable E

opt
g values from 0.81 to 1.55 eV,

which was realized by employing different donor units and
π-conjugation linkers. To our satisfaction, an ultralow E

opt
g of

0.81 eV was achieved for TCPONI-containing polymer (P6),
which represents the first aromatic diimide-based polymer with
the Eoptg <1.0 eV.

EXPERIMENTAL SECTION

General Measurements
Nuclear magnetic resonance spectra (1H NMR and 13C NMR)
were collected on a Bruker AVANCE 400 spectrometer. Mass
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spectrometry (MALDI-TOF-MS) was performed on a Bruker
AutoflexTM III instrument. Molecular weight was determined
by high temperature gel permeation chromatography (150◦C in
1,2,4-trichlorobenzene) on a Polymer Labs PL 220 system. UV–
vis–NIR absorption spectroscopy was measured using a Perkin-
Elmer Lamada 750 UV/vis spectrometer. Thermogravimetric
analysis (TGA) was recorded on a Perkin-Elmer TGA-7 Analyzer
with a heating rate of 10◦C min−1. Differential scanning
calorimetry (DSC) was measured on a DSC Q10 instrument with
the heating/cooling rates of 10◦C min−1. Cyclic voltammetry
(CV) was performed on an electrochemistry workstation
(CHI660E, Chenhua Shanghai) using a three-electrode cell. For
the characterization of small molecules, three-electrode cell with
a Pt wire counter electrode, a Ag/AgCl (KCl, Sat’d) reference
electrode, and a glassy carbon working electrode was utilized.
For the measurement of polymers, a Pt wire, a Ag/AgCl (KCl,
Sat’d) electrode and a Pt disk drop-coated with polymer film
were used as the counter, reference electrode, and working
electrode, respectively. The electrolytes were anhydrous and N2-
saturated tetrabutylammonium hexafluorophosphate (TBAPF6,
0.1M) solutions in dichloromethane or acetonitrile. A Fourier-
transform infrared spectroscopy (FT-IR) was carried out on a
Nicolet 6700 FT-IR spectrometer in a scan range from 4,000
to 600 cm−1. The film surface morphology was characterized
by atomic force microscopy (AFM, Bruker Multi-Mode 8
microscope) using a tapping mode. Grazing incidence X-ray
diffraction (GIXRD) experiments were performed to characterize
film organization. The polymer film samples were illuminated at
a constant incidence angle of 0.2◦.

Materials and Synthesis
Tetrahydrofuran (THF) and chlorobenzene were dried and
distilled prior to use. All the reagents and chemicals were
purchased from Chem Greatwall, Derthon, and Alfa Aesar.
Some important intermediates, including 1,3-dithiophenyl-2-
propanone (1) (Walker et al., 2008), 1,3-bis(4-bromophenyl)-2-
propanone (3) (Walker et al., 2008), 2-(2-decyltetradecyl)-1H-
indeno[6,7,1-def ]isoquinoline-1,3,6,7(2H)-tetraone (4) (Li et al.,
2013b), N-(2-decyltetradecyl)-2,7-bis-(4,4,5,5-tetramethyl-
1,3,2-dioxaborolane-2-yl)carbazole (Kim et al., 2011),
2,6-bis(trimethyltin)-4,8-di(2-hexyl)decyloxybenzo[1,2-b;3,4-
b′]dithiophene (Mei et al., 2013), and 2,6-bis(trimethylstannyl)-
N-(2-decyltetradecyl)dithieno[3,2-b:2′,3′-d]pyrrole (Zhang
et al., 2010), were synthesized according to literature
procedures, respectively.

Synthesis of Compound 2
Under nitrogen, a mixture of 1,3-dithiophenyl-2-propanone
(1.2 g, 5.40 mmol) and CHCl3 (25mL) was stirred at 0◦C. Next,
2.11 g of N-bromobutanimide (NBS) (11.88 mmol) was slowly
added to the reaction mixture. After stirring for 5 h at room
temperature, the reaction was quenched with water. The organic
layer was extracted by CH2Cl2 and dried over anhydrousMgSO4.
After removal of the solvent, the crude product was purified by
column chromatography on silica gel using a mixed eluent of
petroleum ether and CH2Cl2 (3:1, v/v) to afford a yellow solid
(1.05 g, 51%). 1H NMR (400 MHz, CDCl3), δ (ppm): 6.93–6.92

(d, J = 3.7Hz, 2H), 6.65–6.64 (d, J = 3.7Hz, 2H), 3.91 (s, 4H). 13C
NMR (100MHz, CDCl3), δ (ppm): 201.47, 135.94, 129.78, 127.53,
111.81, 42.74. FT-IR spectra data: υC=O: 1,698 and 1,663 cm−1.

Synthesis of BCPONI-2Br
Under nitrogen, to a mixture of compound 4 (500mg,
0.85 mmol), 1,3-bis(4-bromophenyl)-2-propanone (313mg, 0.85
mmol), and ethanol (25mL), 24mg of KOH (0.42 mmol) in
5mL of ethanol were added slowly. The solution changed to
red immediately and then precipitates formed gradually. The
mixture was refluxed for 30min and then cooled down to room
temperature. The organic layer was extracted by CH2Cl2 and
dried with anhydrous MgSO4. After removal of the solvent, the
crude product was purified by column chromatography on silica
gel using a mixed eluent of petroleum ether and CH2Cl2 (1:2,
v/v) to yield a brown solid (470mg, 60%). 1H NMR (400 MHz,
CDCl3), δ (ppm): 8.60–8.58 (d, J = 7.6Hz, 2H), 8.22–8.20 (d,
J = 7.6Hz, 2H), 7.73 (br, 8H), 4.13–4.12 (d, J = 4.0Hz, 2H),
1.98 (br, 1H), 1.21 (m, 40H), 0.86 (m, 6H). 13C NMR (100
MHz, CDCl3), δ (ppm): 199.52, 163.35, 151.73, 142.55, 135.34,
132.61, 132.23, 130.53, 128.95, 126.73, 124.58, 124.08, 122.56,
121.34, 44.76, 36.67, 31.95, 31.77, 30.07, 29.69, 29.38, 26.54, 22.71,
14.14. FT-IR spectra data: υC=O: 1,698 and 1,663 cm−1. HRMS
(MALDI–TOF): m/z [M]+ calcd for (C53H62Br2NO3): 918.3090;
found: 918.3090.

Synthesis of TCPONI-2Br
Under nitrogen, to a mixture of compound 4 (500mg, 0.85
mmol), 1,3-bis(5-bromothiophenyl)-2-propanone (324mg, 0.85
mmol), and ethanol (25mL), 24mg of KOH (0.42 mmol) in
5mL of ethanol were added slowly. The red mixture was then
refluxed for 30min. The organic layer was extracted by CH2Cl2
and dried with anhydrous MgSO4. After filtration and removal
of the solvent, the crude product was purified by column
chromatography on silica gel using a mixed eluent of petroleum
ether and CH2Cl2 (1:2, v/v) to yield a brown solid (476mg, 60%).
1H NMR (400 MHz, CDCl3), δ (ppm): 8.43–8.41 (d, J = 7.6Hz,
2H), 8.05–8.03 (d, J = 7.7Hz, 2H), 7.37–7.36 (d, J = 4.0Hz,
2H), 6.99–6.98 (d, J = 4.0Hz, 2H), 4.10–4.08 (d, J = 7.1Hz, 2H),
1.98 (br, 1H), 1.38–1.20 (m, 40H), 0.86 (m, 6H). 13C NMR (100
MHz, CDCl3), δ (ppm): 197.23, 163.02, 146.76, 141.29, 133.36,
133.24, 131.87, 130.60, 130.04, 125.93, 122.08, 121.80, 118.18,
117.01, 36.93, 31.98, 31.74, 30.25, 29.76, 29.73, 29.42, 26.50,
22.73, 14.16. FT-IR spectra data: υC=O: 1,698 and 1,660 cm−1.
HRMS (MALDI–TOF): m/z [M]+ calcd for (C49H58Br2NO3S2):
930.2219; found: 930.2226.

Synthesis of P1
Under nitrogen, a mixture of BCPONI-2Br (147mg, 0.16
mmol), N-(2-decyltetradecyl)-2,7-bis-(4,4,5,5-tetramethyl-
1,3,2-dioxaborolane-2-yl)carbazole (124mg, 0.16 mmol),
Pd(PPh3)2Cl2 (15mg), chlorobenzene (5mL), 2mL of Na2CO3

aqueous solution (2M), and a drop of aliquat 336 was added
into a 25mL Schlenk tube. The tube was charged with nitrogen
through a freeze-pump-thaw cycle for three times. The mixture
was stirred at 100◦C for 5 h in the absence of light. After cooling
to room temperature, the mixture was dropped into a mixed
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solution of methanol (200mL) and concentrated hydrochloric
acid (5mL) and stirred for another 0.5 h. The dark solid was
collected and Soxhlet-extracted with ethanol, acetone, hexane,
and chlorobenzene. After removal of chlorobenzene, a black
solid was obtained (170mg, 84%). 1HNMR (500 MHz, C2D2Cl4,
373K), δ (ppm): 8.70–7.31 (br, 18H), 4.50–4.00 (br, 4H), 2.31
(br, 1H), 2.12 (br, 1H), 1.60–0.70 (m, 92H). FT-IR spectra data:
υC=O: 1,699 and 1,664 cm−1. GPC:Mn = 7.47 kDa,Mw = 24.12
kDa, PDI= 3.23.

Synthesis of P2
Under nitrogen, a mixture of BCPONI-2Br (147mg, 0.16
mmol), 2,6-bis(trimethyltin)-4,8-di(2-hexyl)decyloxybenzo[1,2-
b;3,4-b′]dithiophene (177mg, 0.16 mmol), Pd2(dba)3 (9mg),
P(o-tol)3 (15mg), and anhydrous chlorobenzene (5mL) was
added into a 25mL Schlenk tube. The tube was subsequently
charged with nitrogen through a freeze-pump-thaw cycle for
three times. The mixture was heated to 120◦C and stirred for 60 h
in the absence of light. After cooling to room temperature, the
mixture was dropped into amixed solution of methanol (200mL)
and concentrated hydrochloric acid (5mL) and stirred for
another 0.5 h. The black solid was collected and further Soxhlet-
extracted with ethanol, acetone, hexane, and chlorobenzene.
After removal of chlorobenzene, P2 was obtained as a black solid
(227mg, 92%). 1H NMR (500 MHz, C2D2Cl4, 373K), δ (ppm):
8.70–7.50 (br, 14H), 4.50–4.00 (br, 6H), 2.20–2.00 (m, 3H), 2.00–
0.70 (m, 122H). FT-IR spectra data: υC=O: 1,700 and 1,666 cm−1.
GPC:Mn = 55.31 kDa,Mw = 75.67 kDa, PDI= 1.37.

Synthesis of P3
A mixture of BCPONI-2Br (147mg, 0.16 mmol), 2,6-
bis(trimethylstannyl)-N-(2-decyltetradecyl)-dithieno[3,2-
b:2′,3′-d]pyrrole (135mg, 0.16 mmol), Pd2(dba)3 (9mg),
P(o-tol)3 (15mg), and anhydrous chlorobenzene (5mL) was
added to a 25mL Schlenk tube. The tube was then charged with
nitrogen through a freeze-pump-thaw cycle for three times. The
mixture was heated to 115◦C and stirred for 72 h under nitrogen
atmosphere. After cooling to room temperature, the mixture
was dropped into a mixed solution of methanol (200mL) and
concentrated hydrochloric acid (5mL) and stirred for another
0.5 h. The solid product was collected and Soxhlet-extracted with
ethanol, acetone, hexane, and chlorobenzene. After removal of
chlorobenzene, a black solid was obtained (188mg, 92%). 1H
NMR (500 MHz, C2D2Cl4, 373K), δ (ppm): 8.70–7.00 (br, 14H),
4.50–3.70 (br, 4H), 2.18–2.04 (br, 2H), 1.70–0.70 (m, 92H). FT-IR
spectra data: υC=O: 1,697 and 1,662 cm−1. GPC: Mn = 23.50
kDa,Mw = 45.82 kDa, PDI= 1.95.

Synthesis of P4
A mixture of TCPONI-2Br (149mg, 0.16 mmol),
N-(2-decyltetradecyl)-2,7-bis-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolane-2-yl)carbazole (124mg, 0.16 mmol),
Pd(PPh3)2Cl2 (15mg), chlorobenzene (5mL), 2mL of Na2CO3

aqueous solution (2M), and a drop of aliquat 336 was added
to a 25mL Schlenk tube. The tube was then charged with
nitrogen through a freeze-pump-thaw cycle for three times.
The mixture was stirred at 100◦C for 5 h under nitrogen

atmosphere. After cooling to room temperature, the mixture
was dropped into a mixed solution of methanol (200mL) and
concentrated hydrochloric acid (5mL) and stirred for another
0.5 h. The crude product was collected and Soxhlet-extracted
with ethanol, acetone, hexane, and chlorobenzene. After removal
of chlorobenzene, P4 was obtained as a black solid (171mg,
84%). 1H NMR (500 MHz, C2D2Cl4, 373K), δ (ppm): 9.00–6.50
(br, 14H), 4.50–3.80 (br, 4H), 2.00–0.60 (m, 94H). FT-IR spectra
data: υC=O: 1,697 and 1,660 cm−1. GPC: Mn = 20.10 kDa, Mw

= 40.41 kDa, PDI= 2.01.

Synthesis of P5
A mixture of TCPONI-2Br (149mg, 0.16 mmol), 2,6-
bis(trimethyltin)-4,8-di(2-hexyl)decyloxybenzo[1,2-b;3,4-
b′]dithiophene (177mg, 0.16 mmol), Pd2(dba)3 (9mg), P(o-tol)3
(15mg), and anhydrous chlorobenzene (5mL) was added to a
25mL Schlenk tube. The mixture was charged with nitrogen
through a freeze-pump-thaw cycle for three times and then
stirred at 110◦C for 3 h in the absence of light. After cooling
to room temperature, the mixture was dropped into a mixed
solution of methanol (200mL) and concentrated hydrochloric
acid (5mL) and stirred for another 0.5 h. The solid product
was collected and Soxhlet-extracted with ethanol, acetone,
hexane, and chlorobenzene. After removal of chlorobenzene, a
black solid was obtained (239mg, 96%). 1H NMR (500 MHz,
C2D2Cl4, 373K), δ (ppm): 9.00–6.50 (br, 10H), 4.60–3.80
(br, 6H), 2.50–0.60 (m, 125H). FT-IR spectra data: υC=O:
1,698 and 1,662 cm−1. GPC: Mn = 32.21 kDa, Mw = 77.10
kDa, PDI= 2.40.

Synthesis of P6
A mixture of TCPONI-2Br (149mg, 0.16 mmol), 2,6-
bis(trimethylstannyl)-N-(2-decyltetradecyl)-dithieno[3,2-
b:2′,3′-d]pyrrole (135mg, 0.16 mmol), Pd2(dba)3 (9mg),
P(o-tol)3 (15mg), and anhydrous chlorobenzene (5mL) was
added to a 25mL Schlenk tube. The mixture was charged with
nitrogen through a freeze-pump-thaw cycle for three times and
then stirred at 115◦C for 24 h in the absence of light. After cooling
to room temperature, the mixture was dropped into a mixed
solution of methanol (200mL) and concentrated hydrochloric
acid (5mL) and stirred for another 0.5 h. The solid product
was collected and Soxhlet-extracted with ethanol, acetone,
hexane, and chlorobenzene. After removal of chlorobenzene, a
black solid was obtained (196mg, 95%). 1H NMR (500 MHz,
C2D2Cl4, 373K), δ (ppm): 8.00–6.40 (br, 10H), 4.50–3.60 (br,
4H), 2.40–0.50 (m, 94H). FT-IR spectra data: υC=O: 1,696 and
1,660 cm−1. GPC:Mn = 7.06 kDa,Mw = 16.49 kDa, PDI= 2.34.

RESULTS AND DISCUSSION

Synthesis
Figure 3 describes the synthetic routes of the two CPONI-
containing monomers and their D–A copolymers. Two
important intermediates, 1,3-dithiophenyl-2-propanone (1)
(Walker et al., 2008) and 1,3-bis(4-bromophenyl)-2-propanone
(3) (Walker et al., 2008), were synthesized according to the
reported procedures, respectively. The synthesis of both
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FIGURE 3 | Synthetic route for the CPONI-based monomers and their copolymers.

monomers started from the self-condensation reactions of
thiopheneacetic acid or 4-bromobenzeneacetic acid to give
compounds 1 and 3, respectively. Then, bromination of
compound 1 with NBS afforded 1,3-bis(5-bromothiophenyl)-
2-propanone (2) in 51% yields. Finally, double Knoevenagel
condensation reactions were readily performed between
diketone-containing 5 and compounds 1 or 3 to produce two
black solids, BCPONI-2Br and TCPONI-2Br, respectively. The
chemical structures of all the intermediates and dibrominated
monomers were confirmed by 1H NMR and 13C NMR
(Figures S11–S16). In addition, the diboronicester reagent of
carbazole (Kim et al., 2011), as well as distannyl derivatives
of benzodithiophene (Mei et al., 2013) and dithienopyrrole
(Zhang et al., 2010), were prepared according to similar

literature procedures, and their 1H NMR data are provided in
Figures S17–S19.

The target copolymers were synthesized via the standard
palladium-catalyzed Suzuki or Stille coupling reaction
between the dibrominated monomers (BCPONI-2Br and
TCPONI-2Br) and electron-donated monomers (carbazole,
benzodithiophene, and dithienopyrrole). For benzodithiophene-
and dithienopyrrole-containing polymers (P2, P3, P5, and
P6), Stille polymerization was conducted using Pd2(dba)3/P(o-
tol)3 as the catalyst, while P1 and P4 was synthesized by
Pd(PPh)2Cl2-catalyzed Suzuki polymerization. In fact, when
we chose Pd2(dba)3/P(o-tol)3 as the catalyst, all the resulted P1
and P4 samples were insoluble due to “over-polymerization.”
Fortunately, we obtained all the solution-processable polymer
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TABLE 1 | Molecular weight, yield, and decomposition temperature of

the polymers.

Polymer Yield Mn Mw PDI Td

(%) (kDa) (kDa) (◦C)

P1 84 7.47 24.12 3.23 405

P2 92 55.31 75.67 1.37 344

P3 92 23.50 45.82 1.95 412

P4 84 20.10 40.41 2.01 429

P5 96 32.21 77.10 2.40 351

P6 95 7.06 16.49 2.34 413

samples (P1–P6) that can be dissolved in warm organic solvents
(chloroform, chlorobenzene, and xylene).

Molecular weight of the polymers was measured by high-
temperature (150◦C) GPC and calibrated by monodisperse
polystyrene. The observed number-average molecular weights
(Mn) are 7.06–55.31 kDa, and the polydispersity indices are 1.37–
3.23 (Table 1 and Figures S1–S6). The thermal properties of
the polymers were investigated by TGA and DSC instruments
under nitrogen. As seen from Figure 4, all the polymers
display excellent thermal stability. For the carbazole- and
dithienopyrrole-containing polymers (P1, P3, P4, and P6), the
thermal decomposition temperature (Td) at 5% weight loss are
above 398◦C, while the benzodithiophene-containing P2 and P5
exhibit much lower Td (ca. 350◦C). Additionally, no obvious
phase transition was detected from the DSC measurements
during the heating/cooling scan between room temperature and
280◦C (Figure S7). FT-IR spectroscopy of the polymers displays
typical characteristic bands (υC=O) at ca. 1,697 and 1,660 cm−1,
thereby providing direct evidence for the carbonyl groups in
the polymers (Figures S8, S9). Although 1H NMR spectroscopy
of the polymers were collected at a high temperature of
373K, only broad and featureless signals were detected at
aromatic (δ = 7.0–9.0 ppm) and alkyl bands (δ = 3.5–4.5
and 0.5–2.5 ppm) (Figures S20–S25). The results suggest that
a common phenomenon, i.e., strong interchain aggregation
(Guo and Watson, 2011), also exists in the newly-developed
CPONI-containing polymers and cannot be broken even at high
temperature of 373 K.

Optical Properties
UV-vis-NIR absorption spectra of the CPONI-containing
monomers and their D-A polymers were recorded in chloroform
(ca. 10−5 M) and in spin-coated thin films (Table 2 and
Table S1). As seen from Figure 5A, the absorption spectrum of
the BCPONI-2Br solution covers the whole UV-vis band, while
the one of TCPONI-2Br is further extended to the NIR band, as
far as 850 nm. The maximum absorption peak of the TCPONI-
2Br solution is 532 nm, which exhibits a 46 nm red-shift
compared with BCPONI-2Br (Figures 5A and Table S1). This
bathochromic shift can be ascribed to the enhanced coplanarity
and stronger D-A intramolecular interaction between rich-
electron thipohene and CPONI moieties. Interestingly, the
overwhelmingly electron-deficient feature of the central CPONI

FIGURE 4 | TGA curves of the CPONI-based polymers.

acceptor unit endows BCPONI-2Br and TCPONI-2Br with
remarkably extended absorption onsets when compared with
the well-known acceptor building blocks, such as DPPT-2Br
(Gao et al., 2015) and NDIT-2Br (Senkovskyy et al., 2011)
(Figures 5A,B). In comparison with solution spectra, both
BCPONI-2Br and TCPONI-2Br thin films exhibit much broader
absorption bands, with the maximum absorption onsets of
ca. 750 and 950 nm, respectively. All these results indicate
a strong solid-state aggregation or interchain organization,
generally associated with high-mobility charge carrier transport
(Zhu et al., 2017).

Due to the strong D-A intramolecular interactions (Zhu et al.,
2017), all polymers achieve ultra-broadband absorption from
UV to NIR (Figures 5C,D). Moreover, three typical absorption
bands, corresponding to π-π∗ transition (ca. 350–500 nm)
and charge transfer (ca. 500–1,600 nm), were clearly observed
in both solution and thin-film spectra. For TCPONI-based
polymers, the maximum absorption peaks were 408 nm for P4,
440 nm for P5, and 475 nm for P6 (Table 2). Compared with
TCPONI-containing analogs, three BCPONI-based polymers
exhibit relatively narrower light-capturing bands and sharply
blue-shifted π-π∗ transition peaks, which could be explained
by the strong backbone twisting and weak electron-donating
ability of benzene moieties. In thin film, the π-π∗ transition
peaks for all polymers display a slight (ca. 2–6 nm) red-shift,
while the maximum absorption edges were blue-shifted by ca.
4–56 nm (Table 2), indicative of a more planar conformation
in their solid-state films (Zhu et al., 2017). Accordingly, all
these observations reveal that the absorption and E

opt
g of

the BCPONI- and TCPONI-containing polymers can be fine-
tuned by choosing different donors and π-conjugation linkers.
Moreover, the absorption wavelength can be extended easily by
increasing the electron-donating ability of the donor units. On
the basis of the absorption onsets of polymer films, the Eoptg values
were determined to be 1.55 eV for P1, 1.44 eV for P2, 1.20 eV for
P3, 1.07 eV for P4, 1.06 eV for P5, and 0.81 for P6. Notably, such
ultralow E

opt
g ≈ 0.81 observed here suggests that P6 has a highly

Frontiers in Chemistry | www.frontiersin.org 7 May 2019 | Volume 7 | Article 36299

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Li et al. Low Bandgap Donor-Acceptor π-Conjugated Polymers

TABLE 2 | Photophysical and electrochemical properties of the Polymers.

Polymer λ
sol
max λ

sol
onset λ

film
max λ

film
onset 1E

opt a
g EHOMO Eox

onsetb
ELUMO Ered

onsetb
1Ecvg

(nm) (nm) (nm) (nm) (eV) (eV) (V) (eV) (V) (eV)

P1 330 762 338 798 1.55 −5.78 1.36 −3.79 −0.63 1.99

P2 389 863 390 860 1.44 −5.34 0.92 −3.77 −0.65 1.57

P3 408 1,088 410 1,032 1.20 −5.12 0.70 −3.76 −0.66 1.36

P4 408 1,174 414 1,152 1.07 −5.43 1.01 −3.88 −0.54 1.55

P5 440 1,196 444 1,164 1.06 −5.40 0.98 −3.88 −0.54 1.52

P6 475 1,534 481 1,530 0.81 −4.96 0.54 −3.86 −0.56 1.10

aOptical bandgaps estimated from the onset of film absorption and calculated from 1E
opt
g (eV ) = 1, 240/λfilmonset;

bEoxonset and Eredonset determined from the first onset of oxidation and

reduction potentials, respectively.

FIGURE 5 | Absorption spectra of the monomers (BCPONI-2Br and TCPONI-2Br), their analogs (DPPT-2Br and NDIT-2Br), and as-synthesized polymers that

measured in chloroform solution (A,C) and in thin film (B,D).

delocalization of the π-electrons, which can be associated with
good backbone coplanarity, large π-conjugation, and strong D-A
interaction between donor and CPONI acceptor moieties (Chen
et al., 2012; Zhu et al., 2017).

Electrochemical Properties
To evaluate the electrochemical properties of the CPONI-
containing monomers and their D-A polymers, CV
measurements were performed in both dichloromethane
solution and thin film. Detailed CV data are provided in Table 2,
Table S1, and Figure 6. The EHOMO and ELUMO levels are
calculated from the onset oxidation (Eoxonset) and reduction
(Eredonset) potentials using the following equations: EHOMO =

–(Eoxonset + 4.42) (eV) and ELUMO = –(Eredonset + 4.42) (eV),
which is calibrated by ferrocene/ferrocenium (Fc/Fc+) couple

(0.38V vs. Ag/AgCl) (Chen et al., 2012; Zhu et al., 2017).
During positive and negative scans, reversible oxidation, and
reduction processes were observed for TCPONI-2Br, while only
reduction processes show a reversible feature for BCPONI-2Br
(Figure 6A). The calculated LUMO and HOMO energy levels
of BCPONI-2Br are −3.87 and −5.79 eV, respectively. In
comparison with benzene-flanked BCPONI-2Br, thiophene-
flanked TCPONI-2Br exhibits a reduced LUMO energy level
(−4.02 eV) but an elevated HOMO energy level (−5.63 eV),
owing to enhanced molecular coplanarity as well as improved
electron-donating ability of thiophene units (Cui and Wudl,
2013). Surprisingly, much deeper LUMO energy levels for
both monomers are observed than that of the previously
reported acceptor unit DPPT-2Br (LUMO = −3.34 eV) (Gao
et al., 2015), and are even comparable to the classical n-type
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FIGURE 6 | (A) CV curves of the monomers (BCPONI-2Br and TCPONI-2Br), their analogs (DPPT-2Br and NDIT-2Br). (B) CV curves of the polymers. (C)

Comparative diagram for the HOMO and LUMO energy levels.

building block NDIT-2Br (LUMO = −3.94 eV) (Senkovskyy
et al., 2011). These results suggest that BCPONI-2Br and
TCPONI-2Br are very strong acceptor units, which exhibits
great potential in construction of various organic/polymeric
electron-transporting materials.

All the polymers P1–P6 exhibit strong and reversible
oxidation and reduction processes (Figure 6B). The LUMO
energy levels of P1–P6, estimated from Eredonset , are −3.79 eV
for P1, −3.77 eV for P2, −3.76 eV for P3, −3.88 eV for P4,
−3.88 eV for P5, and −3.86 eV for P6. As to two type of
polymers, their LUMO energy levels show a negligible change
with the enhancement of the electron-donating capability of
the donor units, while they can be directly influenced by the
π-conjugation linkers of both BCPONI-2Br and TCPONI-2Br
monomers; therefore, the thiophene-flanked P4–P6 show slightly
reduced LUMO energy levels relative to the benzene-flanked
analogs (P1–P3). It was found that the HOMO energy levels and
band gaps of the polymers can be readily tuned by the selection
of different donors. With increasing donor strength, the HOMO
energy levels of the polymers will be upshifted, which caused a
reduced band gap. Additionally, the electrochemical band gaps
(Ecvg ) determined here are ca. 0.13–0.48 eV higher than those of

their Eoptg . Such a small difference between Ecvg and E
opt
g has been

reported in many studies (Cui and Wudl, 2013 and Chen et al.,
2016) and can be explained by the exciton binding energy of the
π-conjugated polymers (Sariciftci, 1997).

OFET Performance and Film Organization
To demonstrate the application potential of the CPONI-based
polymers in OFETs, P5 was chosen as an example to fabricate
polymer FET devices due to its good backbone coplanarity,
proper HOMO/LUMO energy levels, good solubility, and
high molecular weight. For the optimization of charge carrier
transport performance, both bottom-gate/bottom-contact
(BG/BC) and top-gate/bottom-contact (TG/BC) device
configurations were used to fabricate polymeric FETs. The
detailed device fabrication procedures can be found in the
supporting information. Under ambient conditions, P5-based
BG/BC OFETs exhibited a typical p-type transport characteristic
with a moderately high hole mobility of 0.02 cm2 V−1 s−1 and
current on/off ratio>104, while only weak electron transport can
be observed in both transfer and output curves (Figures 7A,B).
Considering that the LUMO value (−3.88 eV) of P5 is far from
the requirement of thermodynamic stabile electron transport,
electrons can be readily captured by H2O/O2 in air (Zhan
et al., 2011 and Chen et al., 2013). Therefore, only strong hole
transport were observed in the P5-based BG/BC OFETs. Due
to an effective encapsulation effect of the dielectric layer in
TG/BC OFET devices, P5 exhibited an obvious ambipolar
transport behavior with both p- and n-type operation modes for
negative and positive gate voltages, respectively. The saturation
mobilities were determined to be 4.11×10−3 cm2 V−1 s−1 for
holes and 5.15×10−4 cm2 V−1 s−1 for electrons (Figures 7C–F).
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FIGURE 7 | (A) Transfer and (B) output curves of the BGBC OFET devices. (C,E) Transfer and (D,F) output curves of the TGBC OFET devices.

The observed hole and electron mobilities are sufficient for
charge carrier transport in potential OPV devices, especially
in all-polymer OPVs (Cui and Wudl, 2013). The findings
presented above suggest that BCPONI-2Br and TCPONI-2Br
are promising building blocks for the construction of polymer
electron-transporting materials with attractive electronic
properties. To further characterize film organization and surface
morphology, AFM and GIXRD measurements were conducted.
As seen from Figure S10A, the π-π stacking reflection (010) are
clearly observed in the qz direction, indicative of a primarily face-
on model packing for the P5 film. This type of stacking model is
consistent with the classical NDI-based polymers such as N2200
(Yan et al., 2009). The calculated lamellar stacking distance
and π-π stacking distance are around 29.11 and 3.79 Å, which
were determined from the (100) and (010) peaks, respectively.
Furthermore, P5 film shows a smooth surface microscopy and
a very small root-mean-square surface roughness of 0.82 nm
(Figure S10B), which is helpful for good interface contact
between polymer film and dielectric layer (Zhu et al., 2017).

CONCLUSIONS

We have designed and synthesized two novel aromatic
imides, diarylcyclopentadienone-fused naphthalimides
(BCPONI-2Br and TCPONI-2Br), in which a five-membered
cyclopentadienone unit is fused at the lateral position of the
naphthalimide skeleton. Compared with both well-known
DPPT-2Br and NDIT-2Br building blocks, BCPONI-2Br and
TCPONI-2Br exhibit extended absorption bands, narrower band
gaps, and even lower LUMO levels, as low as −4.02 eV. Such
deep-lying LUMO values enable them to function as the strong
acceptors. Furthermore, Stille and Suzuki polycondensation
between both novel acceptors and different donors (carbazole,
benzodithiophene, and dithienopyrrole) was performed to

afford six novel D–A polymers (P1–P6). It was found that
optical and electrochemical properties of the polymers are fine-
tuned by the variations of donors and π-conjugation linkers.
Compared with the BCPONI-containing analogs (P1–P3), the
TCPONI-containing P4–P6 exhibit extended absorption bands
and deeper LUMO energy levels due to more electron-rich
thiophene and more planar π-conjugation skeleton. With an
increasing electron-donating ability of the donor units, an
extended NIR absorption and an upshifted HOMO levels were
observed clearly, while LUMO levels were almost unaffected. The
estimated LUMO levels were as low as −3.88 eV, indicating very
strong electron affinities for these polymers. Preliminary OFETs
results show that P5 exhibits a moderately high hole mobility
of 0.02 cm2 V−1 s−1 in BGBC OFETs and a typical ambipolar
transport behavior in TGBC OFETs. All these observed results
suggest that BCPONI-2Br and TCPONI-2Br units are very
strong and interesting acceptor building blocks for the creation
of various low bandgap π-conjugated materials, especially
for electron-transporting polymers. These polymers could be
functioned as the electron acceptor materials in all-polymer solar
cells or other optoelectronic devices.
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Three stereoisomers of Tröger’s Base-based dimeric macrocycles Trögerophane 1 (T1)

including one pair of enantiomers (rac-T1) and one meso isomer (R2NS2N-T1) were

obtained and fully characterized by X-ray analysis. In the crystalline stacking state

R2NS2N-T1 showed heterochiral self-sorting behavior along a axis with cofacial π-π

stacking interactions, while rac-T1 showed heterochiral self-sorting behavior along c

axis with slipped π-π stacking interactions, respectively. Meanwhile both of them showed

homochiral self-sorting behavior along b axis as well as one pair of supramolecular helixes

were formed in both cases. All the self-sorting behaviors are controlled by two chiral

Tröger’s Base units from neighboring molecules. To the best of our knowledge, such

chiral self-sorting and supramolecular helixes of N-centered chiral superstructures is a

rare example. In addition, R2NS2N-T1 and rac-T1 demonstrated different adsorption

capacities toward the vapor of dichloromethane and acetone, respectively.

Keywords: tröger’s base, chiral self-sorting, supramolecular helix, gas adsorption, N-centered chirality

INTRODUCTION

Chirality is ubiquitous in the abundant forms of fundamental and crucial processes to create well-
order functional structures (Liu et al., 2015; Xing and Zhao, 2018) from natural chiral products
amino acid, carbohydrate, nucleic acids, to biomacromolecules of proteins, DNA double helix, to
macroscopic systems of chiral crystals, and even to the spiral nebulae of the macroscopic universe.

Chiral self-sorting (Jedrzejewska and Szumna, 2017; Shang et al., 2018) is known as one of self-
sorting (Safont-Sempere et al., 2011; Imai et al., 2019) behaviors, in which chirality is one of key
differentiating factors for the selectivity of self-assembly. In general, chiral self-sorting is classified
as chiral self-recognition or chiral self-discrimination based on the chiral recognization (Chen
et al., 2015) by itself or the mirror image of enantiomer, resulting in the formation of homochiral
(Makiguchi et al., 2015) or heterochiral species (Yao et al., 2016), respectively. Homochiral self-
sorting commonly occurs during the breaking of the symmetry in racemic mixtures, and it is
mainly found in (i) conglomerates during crystallization from solution to generate homochirality
at the single-crystal scale, (ii) self-assembly on solid surfaces, and (iii) other higher-order functional
structures. Compared with homochiral self-sorting, heterochiral systems are mostly relied on the
mixture of enantiomers.
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Currently, most of chiral self-sorting behaviors occured in
the simple molecular system and even in the supramolecular
self-assembly (Yashima et al., 2016) were based on carbon
stereogenic factor. To the best of our knowledge, few studies
have been attempted to elucidate chiral self-sorting properties
based on nitrogen stereogenic factor so far, although nitrogen
stereogenic factor, particularly nitrogen stereogenic center was
one of the important sources of chirality (Slater et al., 2016;
Feng et al., 2018). In order to understand broadly and deeply
chiral behaviors: chiral recognition, chiral amplification, and
chiral transmission, it was significant to fabricate chiral system
possessing nitrogen stereogenic factors.

Along this line of consideration, Tröger’s Base (TB) fell in
our sights as the candidate. In 1887, Tröger first discovered
the reaction of p-toluidine with formaldehyde in hydrochloric
acid, and the product base was characterized as a white
solid with the formula C17H18N2. After research by Spielman,
Reed, and other researchers, this base was identified as TB
(Dolenský et al., 2012). In TB structure, its V-shaped structure
and rigid conformation make it be a useful building block
to construct various functional architectures in diverse areas
such as catalysis (Du et al., 2010), molecular recognition
(Shanmugaraju et al., 2017), optical materials (Neogi et al.,
2015), and polymer membranes (Yang et al., 2016). In
particular, TB unit is an inherently C2-symmetric chiral
compound as a classical example of nitrogen stereogenic
centers with two N-centered chiral units due to the bridged
methylene groups of diazocine nitrogen atoms, which prevents
the inversion of the configuration around the stereogenic
nitrogen atoms.

Since the birth of supramolecular chemistry, a large number
of macrocycles (Cantrill et al., 1999; Ogoshi et al., 2016; Liu
et al., 2017; Wu et al., 2017; Li et al., 2019) have been
constructed and widely used in molecular machines (Erbas-
Cakmak et al., 2015), interlocked structures (Akae et al., 2018),
supramolecular catalysis (Blanco et al., 2015; Palma et al., 2017),
gas adsorption (Li et al., 2018), adsorptive separation (Jie et al.,
2018), and smart materials (Qu et al., 2015; Guo et al., 2018).
However, the majority of synthetic macrocycles are bridged from
repeating achiral functional units, which limit their applications
in the chiral fields. Therefore, the efficient and convenient
synthesis of covalent organic macrocycles bearing chiral units,
typically with N-centered chiral TB units, is needed urgently
(Weilandt et al., 2009).

TB-based dimeric macrocycles Trögerophane 1 (T1) with
bridged oligoethylene glycol (OEG) between two TB units was
reported in this work. The rectangular-like T1 possessed four

SCHEME 1 | Synthetic route to Trögerophane 1 (T1).

chiral nitrogen centers, and theoretically, should be a mixture
of three stereoisomers: one pair of enantiomers and one meso
isomer due to the fixed chirality of TB units (RN , RN and SN , SN)
in the macrocycle. In 1998, Inazu (Brahim et al., 1998) reported
the synthesis of T1 with very low yield (< 3.0%) in more than 10
days and stereoisomers of T1 were not recognized correctly. In
our research, three stereoisomers of T1: one pair of enantiomers
(RN , RN , RN , RN)-T1(denoted as R4N-T1) or (SN , SN , SN , SN)-
T1 (denoted as S4N-T1) and one meso isomer (RN , RN , SN ,
SN)-T1(denoted as R2NS2N-T1) were successfully synthesized,
separated and characterized by X-ray analysis undoubtedly for
the first time.

More interestingly, the obtained racemate crystals rac-T1

showed the heterochiral self-sorting along c axis with slipped π-
π stacking interactions and the homochiral self-sorting along
b axis forming supramolecular P/M helix by each single
enantiomer, respectively. However, either pure enantiomer R4N-
T1 or S4N-T1 could not form supramolecular P/M helix in crystal
state. Surprisingly, T1 meso isomer, R2NS2N-T1, also showed
heterochiral self-sorting behavior along a axis with cofacial π-
π stacking interactions in crystal state, while homochiral self-
sorting behavior was observed along b axis and supramolecular
P/M helixes were formed although T1 meso isomer itself is an
achiral molecule. All the self-sorting behaviors occurred between
two TB units from neighboring molecules and were controlled by
the chirality of Tröger’s Base units involved.

EXPERIMENTAL

Synthesis and Compound Characterization
As shown in (Scheme 1), T1 was synthesized from nitroaromatic
compound 3, which was reduced to amine 2. Then, amine 2 was
reacted with 1.5 equiv. of paraformaldehyde and trifluoroacetic
acid as the solvent under an inert atmosphere over 48 h at the
ambient temperature. The resulting reactionmixture was basified
(pH>10) using aq.NH3 and then extracted by dichloromethane,
which gave the target dimeric macrocycle T1 in 13% yield.
A combination of 1H and 13C nuclear magnetic resonance
spectroscopy (NMR) and high-resolution mass spectrometry
(HRMS) confirmed (Figures S1–S3) the formation of T1. The
other isolated by-products could be some oligomers or polymers
due to the broad peaks observed in the 1H NMR spectra.

Isomer Separation and Circular
Dichroism Spectrum
The investigation of the stereoisomer structures of T1 was
conducted further by injecting T1 solution into a chiral
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FIGURE 1 | (A) Resolution of stereoisomers of T1 by a chiral HPLC (fractions of S4N-T1, R2NS2N-T1, and R4N-T1 from left to right). (B) CD spectra of S4N-T1 (0.01

mM, red), R2NS2N-T1 (0.01 mM, black), and R4N-T1 (0.01 mM, blue) in CH2Cl2.

FIGURE 2 | Crystal structures of enantiopure R4N-T1 (A), enantiopure S4N-T1 (B), and R2NS2N-T1 (C) assigned to corresponding chemical structures of

stereoisomers. TB units with SNSN is depicted in red, while TB units with RNRN is shown in blue.

FIGURE 3 | Solid-state (super)structures of R2NS2N-T1, rac-T1, and S4N-T1 obtained from single-crystal X-ray crystallography. (A) Slipped π-π stacking between

R4N-T1 and S4N-T1 molecules observed in rac-T1 crystal packing (left). (B) Cofacial π-π stacking between two R2NS2N-T1 molecules observed in crystal packing

(middle). (C) Solid-state (super)structures of S4N-T1 molecules observed in crystal packing (right). TB units with SNSN are depicted in red, while TB units with RNRN
are shown in blue.
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FIGURE 4 | Single-crystal (super)structure of the single helix formed on crystallization of rac-T1 and R2NS2N-T1, respectively. (A) Solid-state superstructure of the

complementary (P) and (M)-single helixes formed separately from the enantiomeric S4N--T1 and R4N-T1, respectively. (B) The corresponding single helixes of

S4N-T1 are depicted in red, while the corresponding single helixes of R4N-T1 are shown in blue. (C) Solid-state superstructure of the complementary (P) and

M-single helixes formed separately from the enantiomeric R2NS2N-T1, (D) the corresponding single helixes of R2NS2N-T1. Note: TB units with SNSN is depicted in

red, while TB units with RNRN is shown in blue. For clarity, the solvent molecules inside were also omitted.

HPLC column, and three isolated peaks were observed clearly
(Figure 1A). The HPLC spectrum exhibited three single peaks
with the mole ratio of 1:2:1, which was well in accord with
three types of stereoisomers of T1, one pair of enantiomers
R4N-T1, S4N-T1, and one meso isomer R2NS2N-T1. Then,
these three fractions were collected separately as the single
isolated pure stereoisomer for the study of circular dichroism
(CD) spectroscopy. The CD spectrum of one of stereoisomers
corresponding to the first fraction of HPLC spectrum exhibited
a strong negative CD signal at 304 nm, and one of stereoisomers
corresponding to the third fraction of HPLC spectrum
exhibited a mirror spectrum with positive CD signals at the
same wavelength, while another stereoisomer corresponding
to the second fraction of HPLC spectrum showed no active
Cotton effects in CD spectrum. Experimental results given
by HPLC and CD indicated that the second fraction should
be assigned to the meso structure (Figure 1B). As a result,
T1 can be confirmed experimentally as the mixture of three
stereoisomers with the mole ratio of 1:1:2 of a pair of
enantiomers of R4N-T1, S4N-T1, and one meso isomer R2NS2N-
T1, respectively.

Crystal Structure Analysis
Single crystals of S4N-T1, R2NS2N-T1, and R4N-T1 suitable for
X-ray diffraction were obtained from each isolated pure fraction
of the preparative chiral HPLC colunm fortunately (For details
see Tables S1–S4). In the crystal of R2NS2N-T1, the cavity size
as defined by the distance between two bridged methylene
carbons is 13.9 Å in diagonal length, and the distance from the
centroid of the benzene rings to the opposite bridged methylene
carbon is 10.9 Å and 8.8 Å, respectively. For each crystal
of enantiopure S4N-T1 or enantiopure R4N-T1, the distance
between two bridged methylene carbons is 14.2 Å, with average
dimensions of 11.2× 8.2 Å2. As shown in (Figure 2), all the three
stereoisomers have rare rectangle-like shapes with four nitrogen
stereogenic centers and relatively big cavities (>1 nm).

Slow evaporation of a solution of T1 in acetone/diisopropyl
ether 1:1 afforded X-ray quality crystals of the racemate. Analysis
of the packing of the enantiomers of T1 allowed us to understand
how enantiomer segregation takes place. In the crystal of rac-
T1, two neighboring enantiomers stacked via a slipped π-π
interaction along c axis with the distance 3.92 Å, and showed
heterochiral self-sorting behaviors (RNRN-to-SNSN) between two
TB units from neighboring molecules (Figure 3A). Compared
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FIGURE 5 | Gas adsorption experiments in rac-T1 or R2NS2N-T1 with

dichloromethane (DCM), acetone, cyclohexane, benzene, respectively.

with the crystal of rac-T1, in the crystal of the meso isomer
achiral R2NS2N-T1 molecules are arranged in such a way
that cofacial π-π stacking interactions between neighboring
molecules in the a direction involve TB subunits of opposite
chirality (Figure 3B).

Besides the heterochiral self-sorting in the racemate crystal of
rac-T1 along c axis, the helical chirality was also observed along
b axis due to the homochiral self-sorting behavior of TB units.
In the racemate crystal of rac-T1, two S4N-T1molecules stacked
together by C-H···π interactions (dCg···C = 3.75 Å and θC−H···O

= 125.3◦) between H atom on one of the outwardly tilted
phenylene ring and the centroid of another phenylene ring along
the b axis. The vertical binding energy between two neighboring
macrocycles is calculated to be−37.2 kJ/mol (For computational
details see Table S5). Then, all S4N -T1 molecules stacked
homochirally (SNSN-to-SNSN) along the b axis with a rotation of
180◦, resulting in a right-handed (P) supramolecular single helix.
Meanwhile, by the similar self-assembly behaviors, all R4N-T1
stacked homochirally (RNRN-to-RNRN) along the b axis, forming
a left-handed (M)-single helix. It demonstated that the hands of
the single helixes formed in rac-T1 along b axis were controlled
by homochiral self-sorting behaviors between two chiral TB units
(Figures 4A,B). By comparison, in each enantiopure crystal R4N-
T1 or S4N-T1 from the isolated enantiopure solution, no such
supramolecular helix was observed (Figure 3C).

In the crystal of R2NS2N-T1, the left/right (M/P)-handed helix
along b axis was found as well (Figures 4C,D). The chiral two
TB units from neighboring molecules along the b axis in the
case of (RNRN-to-RNRN) formed right-handed (P) helix and in
the case of (SNSN-to-SNSN) formed left-handed (M) helix, and
the interaction of Van der Waals forces was suggested as the
main driving force. The vertical binding energy between two
neighboring macrocycles is calculated to be −13.0 kJ/mol (For

computational details see SI). Remarkably, the achiral meso
isomer also shows segregation phenomena in the crystal state, as
molecular packing results from interactions between homochiral
TB subunits of neighboring achiral macrocycles. Therefore, in
both cases, racemic and meso isomer, the supramolecular helical
arrangements of the TB macrocycles in the solid state result
from preferred intermolecular interactions between homochiral
TB subunits.

Gas Absorption
As shown in Figure 2, three stereoisomers of T1 have rare
rectangle-like shapes and relatively big cavities (>1 nm), so solid-
vapor adsorption experiments were carried out to investigate
fundamental properties of special cavities of T1. The solid
powder of R2NS2N -T1 or rac-T1 was desolvated at 80◦C under
vacuum, generating the activated solid powder of R2NS2N-
T1 or rac-T1 (For details, see SI). The common solvents
dichloromethane (DCM), acetone, benzene, and cyclohexane
(CYH) were chosen as vapor sources, and adsorption results
were monitored by 1H NMR spectroscopy (For details see
Figures S4–S11). It was found that the activated powderR2NS2N-
T1 could selectively adsorb DCM over acetone, benzene, and
cyclohexane, and the mole ratio of adsorbed guest molecule:
R2NS2N-T1 is 1.28, 0.30, 0.48, and 0.33, respectively, where the
activated powder rac-T1 could slightly better adsorb acetone
over DCM, benzene, and cyclohexane. The mole ratio of
adsorbed guest molecule: rac-T1 is 0.85, 0.75, 0.46, and 0.37,
respectively (Figure 5).

Although many efforts to get all crystals with different
solvents captured inside the cavity failed, the obtained crystal
of 2DCM@R2NS2N-T1 and 2acetone@rac-T1 could help us
understand the properties of the cavities of R2NS2N-T1 and
rac-T1 much more. In the crystal of 2DCM@R2NS2N-T1
(Figure 6A), a 1:2 host-guest complex was formed via the
favorable C-H···π interaction between DCM and phenylene ring
of R2NS2N-T1. Interestingly, an inversion center (i) was found
inside the crystal of 2DCM@R2NS2N-T1. In the racemate crystal
of rac-T1, one acetone molecule was placed in each cavity of
R4N-T1 or S4N-T1 respectively, which was stabilized by C-H···π

interactions between acetone and phenylene ring of rac-T1,
forming two 1:1 host-guest complexes. An inversion center was
also found in the crystal of 2acetone@rac-T1 if 2acetone@rac-

T1 was treated as a group (Figure 6B). Although the crystal
structures were basically in accord with the corresponding
selectivity of gas adsorption, further research still need to
be conducted to elucidate the intrinsic relation between the
formation of the inversion center and the selectivity of
vapor adsorption.

CONCLUSION

In conclusion, we have synthesized three stereoisomers of
Tröger’s Base-based dimeric macrocycles T1 with four nitrogen
stereogenic centers, which exhibited interesting heterochiral and
homochiral self-sorting behaviors between chiral TB units from
neighboring molecules along different axis. In the crystal of
rac-T1, two enantiomers stacked via a slipped π-π interaction
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FIGURE 6 | Single-crystal X-ray structures of the complexes (A) 2DCM@R2NS2N-T1, two dichloromethane molecules were bound within the cavity. (B) Pink dashed

lines indicate the [C-H···π] interactions and R2NS2N-T1 encapsulated two dichloromethane molecules. Corresponding guest molecule structural formulas: C, gray; H,

pink; Cl, green. (C) 2acetone@rac-T1, two acetone molecules are bound within the cavity of S4N-T1 and R4N-T1, respectively. (D) Pink dashed lines indicate the

[C-H···π] interactions and rac-T1 encapsulated two acetone molecules. Corresponding guest molecule structural formulas: C, gray; H, pink; O, turquoise. i: inversion

center.

along c axis, and showed heterochiral self-sorting behaviors. In
the crystal of R2NS2N-T1, neighboring molecules stacked via
a cofacial π-π stacking along a axis, and showed heterochiral
self-sorting behaviors as well. In the crystal state, both rac-T1
and R2NS2N-T1 showed homochiral self-sorting behaviors and
as a consequence, the corresponding (P)- and (M)- single helixes
were formed.

As mentioned above, most of the existing chiral self-sorting
behavior was based on carbon stereogenic factors. N-centered
chiral self-sorting example has been rarely reported so far. As
the complementary of carbon stereogenic factors, our research
extends the span and scope of chiral self-sorting behaviors, and
paves a way to understand broadly the chirality between different
chiral species in different scales.
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Indacenodithiophene (IDT) is a promising building block for designing organic

semiconductors. In this work, a new pentacyclic ladder-type arene IDMe was designed

and synthesized by introducing methyl substitution on the short-axis of IDT. Two

non-fullerene electron acceptors (IDIC and ID-MeIC) without and with methyl substitution

were designed and synthesized for further study. Compared with IDIC, ID-MeIC with

methyl substitution on the short-axis of IDT shows smaller bandgap, stronger extinction

coefficient, and better crystallinity. Besides, PBDB-T: ID-MeIC blend film shows more

efficient exciton generation and dissociation and more balanced charge transport

mobility. Therefore, polymer solar cells based on PBDB-T: ID-MeIC can achieve better

photovoltaic performance with a PCE of 6.46% and substantial increase in JSC to

14.13mA cm−2 compared to 4.94% and 9.10mA cm−2 of PBDB-T: IDIC. These results

suggest that short-axis substitution on multi-fused ladder-type arenes, such as IDT

is an effective way to change the optical and electronic properties of the organic

semiconductors for high-performance OPVs.

Keywords: indacenodithiophene, methyl group, short-axis substitution, non-fullerene electron acceptors, polymer

solar cells

INTRODUCTION

Organic solar cell (OSC) is one of the most promising new energy technologies due to their
advantages such as low cost, lightweight, enable roll-to-roll fabrication (Hiramoto et al., 1995;
Halls et al., 1996). Generally, OSCs have a bulk hetero-junction (BHC) consist of an electron
donor (D) and an electron acceptor (A) (Halls et al., 1995). In the past few years, fullerene and
its derivatives such as (PC61BM) are widely applied as the electron acceptor (Chen et al., 2015).
Although the PCE of fullerene-based OSCs can above 11% (Zhao et al., 2016), it is hard to achieve a
further development because of its complicated synthesis, low light absorption coefficient, and poor
tunability in energy levels (He et al., 2010). In the past 3 years, non-fullerene electron acceptors
(NFAs) as alternatives for fullerene-base electron acceptors have achieved great developments.
Now, the maximum PCEs have surpassed 15% (Yuan et al., 2019) for single-junction cells and
17% for double-junction tandem cells (Meng et al., 2018). Among all kinds of NFAs, A-D-A type
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GRAPHICAL ABSTRACT

NFAs is one of the most successful design strategies (Kang et al.,
2016; Li S. et al., 2016; Li Z. et al., 2016; Li et al., 2018; Xie
et al., 2018a,b). What is particularly exciting is the chemistry
that has allowed the synthesis of novel multi-fused ladder-type
arenes with tunable energy levels and highly desirable optical or
electronic properties for A-D-ANFAs (Lin et al., 2015a;Wu et al.,
2015; Dai et al., 2017; Yang et al., 2018).

Indacenodithiophene (IDT), a pentacyclic ladder-type arene
(Bai et al., 2015; Lin et al., 2015b), has a coplanar fused-ring
aromatic structure with a low degree of energetic disorder and
high carrier mobility (Würfel et al., 2015; Jia et al., 2017). Thus,
IDT has been widely applied as a donor (D) unit and combined
with an acceptor (A) unit to construct a variety of D-A conjugated
polymers, which become one of the major families of polymers
for organic solar cells (OSCs) (Li et al., 2017a; Zhang et al., 2017).
In these 2 years, various non-fullerene electron acceptors based
on IDT- and its derivatives have also been developed for OSCs
(Yan et al., 2017; Jiang et al., 2018). These facts are enough to
prove that IDT is a promising building block to design organic
semiconductors for organic electronics. Thus, it is valuable to
tailor the IDT’s structure for selectively optimizing electrical
properties of IDT-based organic semiconductors.

In the past 3 years, the structural diversity of IDT is flourishing
(Liu et al., 2017). However, as shown in Figure 1, most of IDT-
derivatives focus on the long-axis substitution approach such as
through extension conjugated length along the long axis (Li et al.,
2017b;Wang et al., 2017).Many researchersmay notice that there
are possible substituted positions on the central benzene of IDT
core (Li et al., 2019). However, few related reports are available in
this short-axis substitution approach probably due to synthesis
difficulty. Dithienyl[1,2-b:4,5-b′] benzodithiophene (BDCPDT),
another kind of core, can easily make this modification by
using different side-chains in the precursors (Kan et al., 2018).
Recently, our group designed and synthesized two new non-
fullerene electron acceptors (CBT-IC and SBT-IC) by the short-
axis substitution modification of non-fullerene acceptors based
on the BDCPDT-system. This work shows that the short-axis
substitution is also an effective way to optimize the optical and
electronic properties of the organic semiconductors for organic
photovoltaics (OPVs) (Lin et al., 2018). Besides, unlike the side-
chains on the sp3 hybridized carbon that make them point out of
the backbone planes; short-axis substitution can provide another
kind of side-chains appended to the conjugated backbone; thus,
they can directly affect energy levels especially the HOMO(Yang
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et al., 2016; Bin et al., 2017). This impact is quite similar to that of
end-capping groups which are placed along the IDT’s long-axis.

Herein, a new IDT-derivative core, denoted as IDMe,
was design and synthesized through the short-axis methyl
substitution approach (introducing the methyl on the central
benzene of IDT core, Figure 1). Then, a new non-fullerene
acceptor (ID-MeIC) based on IDMe was design and synthesized.
For comparison, IDIC without methyl-substitution was also
synthesized. Compared with IDIC, ID-MeIC with methyl

FIGURE 1 | Design strategy of IDT-derivatives.

substitution on short-axis of IDT shows a smaller bandgap,
stronger extinction coefficient and better crystallinity. Besides,
PBDB-T: ID-MeIC blend film shows more efficient exciton
generation and dissociation a balanced charge transport mobility.
Therefore, polymer solar cells based on PBDB-T: ID-MeIC can
achieve better photovoltaic performance with a PCE of 6.46%, a
substantial increase in JSC (14.13mA cm−2) and a higher VOC of
0.90V while a smaller FF of 0.50. The value of PCE is 30% higher
than that of PBDB-T: IDIC based PSCs.

RESULTS AND DISCUSSION

Material Synthesis and Characterization
Chemical structures of polymer donor (PBDB-T) and two
non-fullerene electron acceptors (IDIC and ID-MeIC) are
shown in Figure 2. The detail synthetic routes of compound
ID-MeIC are illustrated in Scheme 1. The key intermediate
compound 2 was obtained via Suzuki coupling reaction with
92% yield. Then 4-hexylphenyl was introduced into compound
2 via nucleophilic reaction, followed by intramolecular Friedel-
Crafts cyclization under acidic conditions to afford the
new building block (IDMe) with 68% yield in two steps.
Compound 5 (IDMe-CHO) was obtained by Vilsmeier-Haack
reaction using dimethylformamide (DMF) and phosphorus
oxychloride (POCl3) with 80% yield. Finally, ID-MeIC was
synthesized by the Knoevenagel reaction of IDMe-CHO
and 1,1-Dicyanomethylene-3-indanone (IC) in chloroform
with 80% yield. For comparison, IDIC was also synthesized
according to the literature report (Lin et al., 2017). All the
chemically synthesized compounds were fully characterized by
1H NMR and MALDI-TOF with their spectra described in the
Supporting Information. Thermogravimetric analysis (TGA)
was performed to study the thermal stability of ID-MeIC. As
shown in Figure S1, ID-MeIC shows decomposition temperature

FIGURE 2 | Chemical structures of (A) donor PBDB-T and (B) acceptor IDIC and ID-MeIC; (C) The molar extinction coefficients of IDIC and ID-MeIC in chloroform

(10−5 M); (D) Normalized absorption spectra of IDIC and ID-MeIC in thin film; (E) Energy diagram of materials used in the PSC.
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SCHEME 1 | Synthetic routes of ID-MeIC.

TABLE 1 | Optical and electrochemical properties of IDIC and ID-MeIC.

Acceptor λmax
sol (a)

λmax
film (b)

λonset
film (c) Eg

opt (d) E HOMO (e) ELUMO (e) Eg
cv (f)

(nm) (nm) (nm) (eV) (eV) (eV) (eV)

IDIC 646 689 741 1.67 −5.71 −3.60 2.11

ID-MeIC 665 741 819 1.51 −5.68 −3.58 2.10

(a)Maximum absorption in chloroform solution; (b)Maximum absorption at thin film; (c)Absorption onset at thin film; (d)Optical band gap calculated by the absorption onset of thin film

state; (e)HOMO/LUMO value calculated from the onset oxidation/reduction potential; (f )HOMO-LUMO gap estimated from CV.

(Td, 5% weight-loss) of 353◦C, which indicated that ID-MeIC has
good thermal stability.

As shown in Figure 2C, with the detail spectra data provided
in Table 1. IDIC show absorption band in 500–700 nm with
a maximum absorption wavelength at 646 nm. However, ID-
MeIC has the maximum absorption wavelength red-shifting
to 665 nm with an extinction coefficient of 2.61 × 105 L
mol−1 cm−1, which is larger than that of IDIC (1.63 ×

105 L mol−1 cm−1). In thin film, the maximum absorption
wavelength of IDIC and ID-MeIC red-shift to 689 nm, 741 nm,
respectively (Figure 2D). Interestingly, ID-MeIC shows larger
bathochromic (about 76 nm) and stronger relative intensity of
absorption peak in the long wavelength. This may due to the
stronger intermolecular aggregation interaction by introducing
the methyl substitution on the short-axis of IDT. The optical
band gaps (Eoptg ) of IDIC and ID-MeIC calculated from their
absorption edge are 1.67 and 1.51 eV, respectively. Meanwhile,
the energy-level alignment of IDIC and ID-MeIC are calculated
by the cyclic voltammetry measurements and the potentials
are calibrated using Fc/Fc+ redox couple (Figure S2). The

corresponding highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) energy levels are
calculated from the onset oxidation and reduction potentials
(φox/red), according to the equations: EHOMO/LUMO = -e (φox/red

+ 4.8–φ+

Fc/Fc) (eV). The EHOMO/LUMO are calculated to be
−5.68/−3.58 eV and −5.71/−3.60 eV for IDIC and ID-MeIC,
respectively. The higher EHOMO and deeper ELUMO of ID-MeIC
indicate that methyl substitution on the short-axis of IDT can
directly affect the energy levels.

To investigate the geometric structure and electronic
properties of IDIC and ID-MeIC, density functional theory
(DFT) calculations at the B3LYP/6-31G (d) level were performed.
As shown in Figure S3, IDIC and ID-MeIC both have highly
coplanar structure. And the HOMO/LUMO wave functions
of compound IDIC and ID-MeIC are well delocalized over
their backbone, which is beneficial for their charge transport
mobilities. In addition, the calculated HOMO/LUMO of
IDIC and ID-MeIC are −5.63/−3.39 eV and −5.54/−3.34 eV,
respectively, which are consistent with values estimated from
CV experiments. These results suggest that methyl substitution
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on short-axis of IDT methyl can increase the electron-donating
ability of IDT core and directly affect its energy levels.

The methyl group has a tremendous impact on the
crystallinity and molecular packing in the thin films, which
be evidenced by grazing-incidence wide-angle X-ray scattering
(GIWAXS) as shown in Figures 3a–c. For IDIC, both the
lamellar (100) reflections and π-π stacking (010) reflections
can be observed, which suggested that face-on and edge-on
crystallites coexisted in the corresponding film. However, ID-
MeIC with methyl substituents on the central benzene ring
along the short-axis of IDT, displayed a predominant face-on
crystalline orientation. Interestingly, ID-MeIC exhibited stronger
π-π stacking (010) reflection with a new strong reflection peak
appear in the out-of-plane direction. These results suggest methyl
substituents on the short-axis can enhance the crystallinity
of IDT.

Photovoltaic Performances
To investigate the photovoltaic performance of these NF-SMAs,
polymer solar cells were fabricated with the device structure
of indium tin oxide(ITO)/poly(3,4-ethylene dioxythiophene):
poly(styrene sulfonate)(PEDOT: PSS)/Active Layer/3,3′-
(1,3,8,10-Tetraoxoanthra[2,1,9-def: 6,5,10-d’e’f ’]diisoquinoline-
2,9(1H,3H,8H,10H)-iyl)bis(N,N-dimethylpropan-1-amine
oxide)(PDINO)/aluminum (Al), where PEDOT:PSS and PDINO
served as the anode and cathode interlayers; a wide bandgap
polymer donor named PBDB-T blending with these two NF-
SMAs served as the active layer. The devices were optimized

with different donor/acceptor (D/A) weight ratios, thermal
annealing conditions, and active layer thickness. The detailed of

optimization process are shown in ESI
†

Tables S1–S4.
The current density-voltage (J-V) curves are shown in

Figure 4A with the detail photovoltaic performance parameters
provided in Table 2. For IDIC without methyl substitution, the
optimized PBDB-T: IDIC -based device shows a maximum PCE
of 4.94% with a VOC of 0.89V, a JSC of 9.10mA cm−2 and an FF
of 0.61. In contrast, for ID-MeIC, the PBDB-T: ID-MeIC -based
device show the highest PCE of 6.46% with a substantial increase
in JSC (14.13mA cm−2) and a slightly higher VOC of 0.90V
whereas a decrease of FF (0.50). This higher JSC and VOC of
PBDB-T: IDIC-Me -based device is due to themethyl substitution
on the short-axis of IDT which can elevate the EHOMO and
decrease the Eg of ID-MeIC acceptor. Figure 4B depicts the
external quantum efficiency (EQE) curve of this device. It is
obvious that device based on PBDB-T: ID-MeIC demonstrates
has a strong solar spectral response at the range of 700–800 nm,
which is in consistency with the UV-vis spectra and is accounted
for its higher JSC. The integrated current density JSC of PBDB-
T: IDIC and PBDB-T: ID-MeIC-based devices are calculated of
10.47, 13.03, mA cm−2, respectively.

Charge Generation, Transport, and
Recombination
The photocurrent density (Jph) vs. effective voltage (Veff) of
the devices based on PBDB-T: acceptors were also plotted to

FIGURE 3 | 2D GIWAXS patterns of (a) IDIC film and (b) ID-MeIC film; (c) Sector average line outs of the GIWAXS images of IDIC and ID-MeIC neat film.
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FIGURE 4 | IDIC and ID-MeIC-based devices (A) J–V curves; (B) EQE curves; (C) Photocurrent vs. effective voltage; (D) Light-intensity dependence of JSC.

TABLE 2 | Comparison photovoltaic parameters of PSCs based on IDIC and ID-MeIC.

Active layer VOC (V) JSC (mA cm−2) JSC (mA cm−2) (a) FF PCEmax/PCE
(b)

avr (%)

PBDB-T: IDIC 0.89 ± 0.00 (0.89) 8.67 ± 0.43 (9.10) 10.47 0.60 ± 0.01 (0.61) 4.94/4.67

PBDB-T: ID-MeIC 0.90 ± 0.00 (0.90) 13.67 ± 0.46 (14.13) 13.03 0.50 ± 0.01 (0.50) 6.46/6.28

(a) Integrated current density calculated from EQE curves; (b)Average values were obtained from 10 devices.

study the exciton dissociation and charge collection properties in
the OSCs (Figure 4C). Jph were measured as a function of the
effective voltage (Veff is defined as V0-Vbias), from which we can
calculate the exciton dissociation probability (Pdiss defines as the
ratio of Jph/Jsat, and Jsat is the saturation current density at high
Veff). In this way, under short-circuit conditions, the values of
Pdiss were determined to be 54% and 82% for the PBDB-T: IDIC
and PBDB-T: ID-MeIC–based devices, respectively. These results
indicate that PBDB-T: ID-MeIC–based device has more efficient
exciton generation and dissociation, which is contributed to its
high JSC.

To study the charge recombination kinetics properties in
the devices we measured the dependence of JSC on light
intensity (Plight); There the power-law equation JSC ∝ Pα can
be described the relationship between JSC and Plight. As we
know, if the value of α is close to 1, it means that all the
charges are swept out and collected by the electrode without
recombination in the device. As shown in Figure 4D, the value
of α for PBDB-T: IDIC and PBDB-T: ID-MeIC–based devices
are 0.943 and 0.998, respectively. These results imply that

methyl substitution on the short-axis of IDT help prevent the
bimolecular recombination.

The charge transport properties of IDIC and ID-MeIC were
measured by space charge limited current (SCLC) measurements
(Figure S4). The electron mobility (µe) of IDIC and ID-MeIC
are 6.6 × 10−6 and 1.0 × 10−6 cm2 V−1 s−1, respectively.
The hole (µh) and electron mobilities of the blend films
also measured to investigate the charge-transport behavior
in the active layer. As shown in Figure S4, the µh/ µe of
PBDB-T: IDIC and PBDB-T: ID-MeIC–based devices were
evaluated to be 2.1 × 10−4/7.8 × 10−6 and 9.1 × 10−5/3.4
× 10−6 cm2V−1S−1 with a µh/µe ratio of 27 and 26,
respectively. The slightly balanced charge transport proprieties
of PBDB-T: ID-MeIC-based devices also contribute to its
high JSC.

Morphology Characterization
The morphologies of PBDB-T: IDIC and PBDB-T: ID-MeIC
blend films were firstly investigated by GIWAXS (Figure 5).
Similarly, both the lamellar (100) reflections and π-π stacking
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FIGURE 5 | 2D GIWAXS patterns of (a) PBDB-T: IDIC, (b) PBDB-T: ID-MeIC blend film; (c) Sector average line outs of the GIWAXS images of PBDB-T: IDIC and

PBDB-T: ID-MeIC blend film.

(010) reflections were competitively observed for PBDB-T: IDIC
blend film, confirming that face-on and edge-on crystallites
coexisted. From Figure 5b, it is obvious that PBDB-T: ID-MeIC
blend film has a predominant face-on crystalline orientation.
This face-on crystalline orientation is beneficial for the charge
transport in the solar cells. On the other hand, for PBDB-T:
ID-MeIC blend film, polymer PBDB-T shifts too much lower
q in the (010) direction corresponding to larger π-π distance
and a smaller coherence length (CL) than that of PBDB-T: IDIC
and PBDB-T: IDIC-Me blend film. These results indicate that
PBDB-T has not good compactmolecular packing when blending
with ID-Me IC, which also accounts for the lower FF based on
PBDB-T: ID-MeIC–based device.

The morphologies of the blend films PBDB-T: IDIC and
PBDB-T: ID-MeIC were also investigated by atomic force
microscopy (AFM). As shown in Figure 6. The excessive
crystalline feature of ID-MeIC in the thin film is revealed by its
larger root-mean-square (RMS) roughness of 8.20 nm over that
of the IDIC film (3.84 nm). This larger RMS roughness of ID-
MeIC is another factor that causes the low FF of the device based
on PBTB-T: ID-MeIC blend films.

CONCLUSION

In summary, a new pentacyclic ladder-type arene ID-MeIC has
been design and synthesized by methyl substitution on the

short-axis of IDT core. ID-MeIC was functionalized as non-
fullerene electron acceptors for comparison with previously
reported IDIC without the methyl substitution. Compared
with IDIC, ID-MeIC with methyl substitutionon on short-
axis of IDT showed smaller bandgap, stronger extinction
coefficient, better crystallinity. Besides, PBDB-T: ID-MeIC
blended film exhibited more efficient exciton generation and
dissociation as well as more balanced charge transport ability.
Therefore, polymer solar cells based on PBDB-T: ID-MeIC
demonstrated better photovoltaic performance with higher
PCE of 6.46% and a substantial increase of JSC to 14.13mA
cm−2. The value of PCE is 30% higher than that of the
PBDB-T: IDIC based PSC. Our results suggested that IDMe
is a promising multi-fused ladder-type building block for
designing efficient non-fullerene electron acceptors. And short-
axis substitution on multi-fused ladder-type arenes, such as
IDT and IDTT is an effective way to tune the optical
and electronic properties of the organic semiconductors for
high-performance OPVs.
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FIGURE 6 | AFM height images and phase images of (a,c) PBDB-T: IDIC, (b,d) PBDB-T: ID-MeIC.
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Because of the considerable advantages of functional molecules as well as

supramolecules, such as the low cost, light weight, flexibility, and large area preparation

via the solution method, molecular electronics has grown into an active and rapidly

developing research field over the past few decades. Beyond those well-known

advantages, a very long spin relaxation time of π-conjugated molecules, due to the weak

spin-orbit coupling, facilitates a pioneering but fast-growing research field, known as

molecular spintronics. Recently, a series of sustained progresses have been achieved

with various π-conjugated molecular matrixes where spin transport is undoubtedly an

important point for the spin physical process and multifunctional applications. Currently,

most studies on spin transport are carried out with a molecule-based spin valve,

which shows a typical geometry with a thin-film molecular layer sandwiched between

two ferromagnetic electrodes. In such a device, the spin transport process has been

demonstrated to have a close correlation with spin relaxation time and charge carrier

mobility of π-conjugated molecules. In this review, the recent advances of spin transport

in these two aspects have been systematically summarized. Particularly, spin transport in

π-conjugated molecular materials, considered as promising for spintronics development,

have also been highlighted, including molecular single crystal, cocrystal, solid solution as

well as other highly ordered supramolecular structures.

Keywords: molecular spintronics, molecular spin valve, spin transport, functional molecules, supramolecules

INTRODUCTION

The spin degree of freedom of electrons exhibits particular potential on information non-
volatile memory, transport, and processing (Wolf et al., 2001). The π-conjugated molecules,
usually composed of elements with low atomic numbers, theoretically possess extremely long spin
relaxation times and thus excellent spin transport properties. Organic spintronics has thus attracted
extensive attention in the past decade (Dediu et al., 2009; Sanvito, 2011) after the successful spin
injection in molecular materials was first reported (Dediu et al., 2002). Additionally, abundant
chemical tailorability, functionality, and mechanical flexibility of organic semiconductors (OSCs)
give organic spintronic devices various accessional functionalities except for a spin valve effect, such
as a light embittering, photovoltaic effect, or a photoresponse, etc (Guo et al., 2019). Undoubtedly,
spin transport, an important and basic topic of organic spintronics, plays a crucial role in
understanding the mechanism of spin-related phenomena and in developing novel multipurpose
spintronic devices (Sun X. et al., 2016; Sun et al., 2017).

121

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org/journals/chemistry#editorial-board
https://www.frontiersin.org/journals/chemistry#editorial-board
https://www.frontiersin.org/journals/chemistry#editorial-board
https://www.frontiersin.org/journals/chemistry#editorial-board
https://doi.org/10.3389/fchem.2019.00428
http://crossmark.crossref.org/dialog/?doi=10.3389/fchem.2019.00428&domain=pdf&date_stamp=2019-06-18
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles
https://creativecommons.org/licenses/by/4.0/
mailto:zhuxw@nanoctr.cn
mailto:sunxn@nanoctr.cn
https://doi.org/10.3389/fchem.2019.00428
https://www.frontiersin.org/articles/10.3389/fchem.2019.00428/full
http://loop.frontiersin.org/people/649835/overview
http://loop.frontiersin.org/people/693358/overview


Guo et al. Spin Transport

In a molecule-based spintronic device, spin-polarized carriers
are normally injected from a magnetic electrode, and transported
in the OSC, and are finally detected by another magnetic
electrode before their spin polarization becomes totally relaxed
(Jang and Richter, 2017). Thus, the spin injection efficiency
and the spin transport process co-determines the spin transport
distance, wherein, an efficient spin-polarized injection is a
prerequisite of spin transporting in the molecular layer (Shim
et al., 2008; Raman et al., 2009). In order to enhance the spin
injection efficiency, ferromagnetic (FM) electrodes with high
spin polarization and Curie temperature are preferably used.
In particular, LSMO possesses 100% spin polarization but can
only be realized at 4.2 K (Bowen et al., 2003), which greatly
reduces its application potential. In contrast, Fe3O4 (Zhang
et al., 2014), NiFe (Sun X. et al., 2016), Ni (Starko-Bowes et al.,
2013), and Co (Sun et al., 2013) with high Curie temperature
is more inclined to be used in the devices in room-temperature
operations. In addition, a thin buffer layer is normally inserted
at the FM/molecule interface to relieve the Schottky barrier
or energy level mismatch, which has been demonstrated as a
very efficient method to enhance spin injection. Layer materials
include metallic oxides or fluorides [e.g., AlOx (Sun et al., 2013;
Zhang X. et al., 2013), MgO (Szulczewski et al., 2009), LiF (Schulz
et al., 2011; Nguyen et al., 2012)], molecules (Prieto-Ruiz et al.,
2019), self-assembled monolayers (Pookpanratana et al., 2015),
etc. The spin-polarized carriers tunnel across such an interface
and thus the problem of energy level mismatch can be ignored.
It is also worth noting that the inserted interfacial layer on the
top of molecular layer can also reduce the penetration from the
top electrode, which will efficiently protect the molecular layer
and facilitate the formation of spin valves rather than tunnel
junctions (whose spin transport mode is tunneling due to very
thin molecular materials). Furthermore, novel spin injection
methods via a spin pumping process (Ando et al., 2013; Jiang
et al., 2015; Sun D. et al., 2016) or via hot spin electron emitting
(Appelbaum et al., 2007; Gobbi et al., 2012) are also being actively
explored. Indeed, a few recent reviews have made a relatively
detailed introduction to spin injection and spinterface (Cinchetti
et al., 2017; Jang and Richter, 2017; Sun andMi, 2018), which can
be referenced as well.

The influence factors of spin transport performance in OSC

can be found in Einstein’s relationship, λs=
√

(Dhop + Dex) τ s,

where Dhop, Dex, τs, are the spin diffusion constants based
on the hopping spin transport mode and exchange coupling
mode, spin relaxation time of molecules, respectively. It is
worth noting that, only with a high carrier concentration in
the molecular layer, generally induced via the impurity band
(Yu, 2014; Bergenti et al., 2018; Riminucci et al., 2019) or
doped molecular semiconductors (Wang et al., 2019), is Dex a
prominent value and should therefore be seriously considered.
An exchange coupling model provides a particularly fast speed
compared to hopping transport since the spin transport process
can decouple with charge transport. Moreover, the absence of
the Hanle effect (Grünewald et al., 2013; Riminucci et al., 2019)
and the low operating voltage (Barraud et al., 2010; Grünewald
et al., 2014) in a device based on a molecular layer with an

impurity band can also be explained. For the hopping transport
mode, Dhop=kBTµ/e, where kB, µ are the Boltzmann constant,
and charge carrier transport mobility, respectively. Therefore,
from the Einstein relationship, a long spin relaxation time
and high carrier concentration or mobility of OSC appears to
improve the spin transport distance. The spin relaxation time
therefore determines the duration of the spin polarization in
OSC, which is mainly influenced by elemental compositions,
molecular structure sand morphologies of OSC. The mobility
of the semiconductor determines the transport rapid of spin-
polarized carriers and is influenced by the molecular structures,
packing mode, aggregation structure, as well as defects (Dong
et al., 2013) (Figure 1).

One main purpose of this review is to provide guidelines
for key points toward pursuing longer spin transport distances
in OSCs, while the relationship between the characteristic
of π-conjugated molecules and the spin transport process
will be the focal point. First, by introducing two typical
spin relaxation mechanisms, spin-orbit coupling (SOC) and
hyperfine interaction (HFI), a systematic illustration on
how the elementary composition and molecular structure
affects the spin relaxation time will be provided. Second,
has been found that the aggregation structure has dual
effects on both the spin relaxation time and mobility. Thus,
spin transport properties of OSCs, with three different
aggregation structures including polycrystalline/amorphous
thin films, single crystals as well as supramolecular assembly
structures, are discussed and prospected, respectively.
Additionally, a conclusion and outlook section has also
been provided at the end in order to summarize the current
achievements and outline challenges for obtaining longer spin
transport distances.

FIGURE 1 | An overview of this review, with the key points of achieving long

spin transport distances in OSCs, where spin relaxation time and mobility are

the direct impacts affected by elementary composition, molecular structure,

packing mode, aggregation structure, and morphology of OSCs.
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SPIN RELAXATION MECHANISM IN
π-CONJUGATED MOLECULES

The SOC and HFI are considered to be the principal factors
that cause spin relaxation in OSCs. So far, few studies have
revealed that themodification of the elementary composition and
chemical structure of molecules are feasible ways to weaken the
SOC orHFI effects, therefore prolonging the spin relaxation time.

Spin-Orbit Coupling
The SOC is the interaction between the spin and charge’s orbital
angular momentum, which has a double impact on spin devices:
it contributes to the spin-charge conversion and also causes spin
relaxation (Schott et al., 2017). Generally, the SOC strength is
proportional to the fourth power of the atomic number, and the
light-weight-element composition (such as C, H, O, N) of OSCs
just leads to a very weak SOC strength and therefore extremely
long spin relaxation time up to a millisecond level experimentally
and even second level in theory (Pramanik et al., 2007; Watanabe
et al., 2014).

By comparing the SOC strength of tris-(8-hydroxyquinoline)
aluminum (Alq3) and tris(2-phenylpyridine) (Ir(ppy)3)
whose chemical structures are similar, Wohlgenannt’s group
demonstrated that heavier atoms of Ir leads to a stronger SOC
in the Ir(ppy)3 molecule (Figure 2) (Nguyen et al., 2007; Sheng
et al., 2007). Furthermore, a series of molecules resembling
such a molecular structure, Xq3 (X = Al, Ga, In, Bi) and
triethylsilylethynyl (TES) series molecules, are studied through
muon spin resonance (µSR) and intersystem crossing rates,
where a similar dependence on the atom number has been
observed (Nuccio et al., 2013). In addition to attributing the
SOC strength to different elements, benefiting from the chemical
designability of OSCs, the SOC strength can be modulated
by synthesizing molecules containing different concentrations
of heavy metal atoms. With an increased Pt concentration
in three synthetic Pt-containing polymers, the SOC strength
obviously increased, which can be found, on one hand, in
the molecular structure (Pt concentration, Pt-1<Pt-3<Pt-Q,
Figure 2). The distance between two adjacent Pt-atoms shrunk
gradually with an increased Pt-atom concentration, and the
intersystem-crossing (ISC) between the singlet and triplet
states enhanced due to the localized Metal-to-Ligand Charge
Transfer (MLCT), finally leading to an increased ratio of
phosphorescence(Ph)/fluorescence(FL) (Sheng et al., 2013). On
the other hand, from the measured results of inverse spin Hall
voltage (VISHE), the observation of the measured stronger SOC
strength, corresponding to larger VISHE, is consistent with the
detected ratio of Ph/FL (Sun D. et al., 2016), which suggests the
effect of atomic numbers.

Particularly, though theoretical calculations, Yu found that the
SOC strength in sexythiophene (T6) and copper phthalocyanine
(CuPc) was obviously lower than that in Alq3 molecule, although
the atom weight of sulfur (S) and copper (Cu) elements were
higher than the aluminum (Al) element. It was found that, T6
and CuPc are planar structures, whereas Alq3 is mainly a spatial
stereostructure with three ligands arranged orthogonally, which
enhances the spin mixing and thus leads to a stronger SOC

(Yu, 2011, 2012). This report reveals that the SOC strength is
not only related to the atomic number of materials but is also
strongly affected by the molecular structure. The influence of
the torsion angles of adjacent planar units in P3HT has also
been researched through experiments and calculations, wherein,
the large thiophene-thiophene dihedral angle corresponded to a
larger spin admixture parameter which reflects the SOC strength,
and thus a shorter spin diffusion length (Wang et al., 2019).
Similarly, has also been found that the C60 expresses a large SOC
even if it is purely composed by carbon atoms. Experimentally,
through a more direct SOC measuring method of inverse spin
Hall effect (ISHE), Sun et al. found that the SOC strength
of C60 is even larger than the Pt-containing polymers. For
such unusual observations, Sun et al. and Yu proved that the
strong curvature of 60 carbon atoms on a spherical π orbitals
results in the mixing of π and σ electrons (Yu, 2012; Sun D.
et al., 2016). Moreover, with respect to the effect of curvature
degree on the strength of SOC in fullerene-based materials,
the effective SOC of C60 and C70 were estimated indirectly by
obtaining the spin diffusion length in C60 film and C70 film
by fitting the thickness dependence of magnetoresistance (MR)
in OSVs using the modified Jullière equation, as well as the
effective spin polarization at the interface of Co/C60 and Co/C70

using a first principle calculation. Stronger SOC in C60 and a
higher spin polarization at Co/C60 interface, but shorter spin
diffusion length, have been demonstrated, which reveals that the
apparently larger SOC in C60 is derived from the lager curvature
of the molecular structure (Liang et al., 2016).

Hyperfine Interaction
HFI is another main intrinsic effect that can cause spin relaxation
in OSCs, which primarily originates from the half-integer nuclear
spins of atoms, for example, 1H, 19F, 27Al, 63Cu, etc. The half-
integer nuclear spins leads to random magnetic fields which can
indirectly couple to the spins of the carbon π electrons through
the exchange interaction of carbon s electrons. Such interactions
leads to the precession of the π electron spin, and consequently
gives rise to spin relaxation (Bobbert, 2010; Yu et al., 2013).

Quantitative research, for HFI fields in a few molecules
frequently employed in studies of spintronics, has already
been implemented via first-principle calculations or ab initio
calculations (Filidou et al., 2012; Giro et al., 2013; Yu et al.,
2013). An effective HFI field for electron and hole polarons in
molecular materials with H and deuterium(D)-substituted, have
been shown in Yu’s research (Yu et al., 2013). It has been found
that substituting a given nucleus with its isotope, is an effective
method to modify the HFI strength. And by replacing H by D
via deuteration, the effective HFI field is expected to be reduced
by a quarter in poly(dioctyloxy)phenylenevinylene (DOO-PPV)
(Yu et al., 2013). Furthermore, relevant experimental evidence
has also been reported by Vardeny’s group (Nguyen et al.,
2010b). The important role that HFI plays in spin transport has
been demonstrated in a designed D-polymeric semiconductor
where all 1H near the backbone carbon atoms on the polymer
chains have been exchanged to 2H (D) atoms, from which
the electronic properties are reserved but the nuclear magnetic
moment becomes smaller. All devices based on the D-polymer
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FIGURE 2 | Chemical structures of molecules that have been employed in recent studies regarding spin transport.

have a larger spin valve effect and longer spin diffusion length
than those based on the H-polymer, which is in agreement with
the increase of the spin-relaxation time they measured. Besides
deuteration, the substitution of 12C atoms with 13C atoms in
the chemical backbone of the DOO-PPV polymers has also been
studied, and the HFI increases with the half-integer nuclear
spins of 13C, as expected (Nguyen et al., 2010a, 2011). Fullerene
(C60) is considered to be a particularly unique molecule that
only contains 12C and thus is considered to contain no HFI
field. The HFI in C60 is estimated via organic magnetoresistance
(OMAR) whose intrinsic mechanism can supposedly, according
to some researchers, be interpreted by HFI (Kalinowski et al.,
2003; Bobbert et al., 2007; Nguyen et al., 2007; Koopmans et al.,
2011). Experimentally, no measurable OMAR effect is observed
in C60-based devices, therefore, they note that the absence of
hydrogen in most inorganic materials may be the reason why the
OMAR effect cannot be found in inorganic spin devices. From
the research of spin transport and OMAR (Bobbert, 2010), on
one hand, HFI should be as small as possible to achieve a long
spin lifetime and transport distance. On the other hand, HFI
is considered to be larger due to its effect on OMAR (Sheng
et al., 2006; McCamey et al., 2010; Nguyen et al., 2010a) and the
manipulation of spins in molecular spintronics (Bobbert, 2014).

EFFECT OF MOBILITY ON
SPIN TRANSPORT

Charge carrier mobility is another important factor that
determines the spin transport process in OSCs. At the initial
research stage, thin-film semiconductors with low mobility
are usually used as the spin transport layer, which is normally
prepared via thermal evaporation (Xiong et al., 2004; Nguyen
et al., 2012). So far, although many significant contributions
have already been made based on such thin films (Nguyen et al.,
2012; Sun et al., 2017), the low mobility is clearly a bottleneck
for further enhancing the spin transport performance. Thanks
to the great development in the field of organic electronics,
especially the prosperous research on organic field effect
transistors (OFETs) in the past decades, many high-mobility
organic semiconductor materials have been developed (Dong
et al., 2013; Gao and Zhao, 2015), which provides strong
material support for the current research of spin transport. For
instance, the high mobility n-type semiconductor, poly[N,N

′

-
bis(2-octyldodecyl)-1,4,5,8-naphthalenedicarboximide)-2,6-
diyl]-alt-5,5

′

-(2,2
′

-bithio-phene) [P(NDI2OD-T2)] with the
electron mobility of 0.2∼0.85 cm2/Vs, has been employed to
build OSVs and a very long spin transport distance of 64 nm
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has been observed at 4.2 K (Li et al., 2015). The OSC single
crystal has long been considered to be the ideal material for spin
transport, since it possesses both a long spin relaxation time
and very high mobility due to the relatively pure matrix and
thus weak scattering during the transport process of spin/charge
carriers (Wang et al., 2018; Zhang et al., 2018). Additionally,
supramolecular semiconductors, especially the cocrystals,
have also exhibited significant advantages in terms of high
conductivity, photoelectric property and non-linear optics, etc
(Zhu et al., 2015; Wang et al., 2016). With the target of both high
mobility for long spin transport distance and multifunctional
applications, single crystal, and supramolecules are very
promising for the future development of organic spintronics,
however related research is currently still in its infancy.

OSC Thin Films
Since the first observation of giant magnetoresistance (GMR)
in 8-hydroxy-quinoline aluminum (Alq3) (Xiong et al., 2004),
a variety of OSC thin films have been applied as the spacer
in spin valves. Table 1 shows a summary of the spin transport
distances and corresponding mobilities of few OSCs that
have been widely employed in previous studies of spintronics.
Although the experimentally measured spin transport distance is
comprehensively affected by magnetic electrodes, spin injection
efficiency, device fabrication, etc (Dediu et al., 2009), a clear
relationship that can be found is that the spin transport distance
has obviously been enhanced in OSCs with higher mobility.
Additionally, it worth noting from Table 1 that a high-mobility
polymer, known as P(NDI2OD-T2), corresponds to a relatively
short spin transport distance of 42 nm at 300K, which can be
attributed to the vacancy or solvent residue in P(NDI2OD-
T2) film prepared via the solution method (Li et al., 2015),
whereas other organic semiconductors in Table 1 are prepared
via thermal evaporation. In fact, the defects in organic molecules
will lead to strong spin scattering centers which are much more
sensitive to defects in contrast to the carrier mobility of thin films.
With regard to defects induced via the solution method, Mei’s
group have developed a novel melt-processing method which can
clearly decrease the defect density and thus achieve an excellent
charge carrier transport in thin films (Zhao et al., 2017, 2018).

A number of novel high-mobility OSCs (>5 cm2/Vs) and
feasible methods for achieving high-performance charge carrier
transport have also been summarized in recent reviews (Tsao
and Mullen, 2010; Dong et al., 2013; Gao and Zhao, 2015),
and herein, several important points for selecting high-mobility
semiconductors used in organic spintronic field were extracted.
First, the condensed π-π stacking and little tilt angle of adjacent
molecules will help increase the charge transfer integrals and thus
the mobility, which can be realized via appropriate molecular
design engineering, such as maximizing the intermolecular
π-conjugated and by introducing intermolecular hydrogen-
bonding or dipole-dipole interaction, and by increasing the
intrachain conjugated length, etc. Second, morphology control
is another key point for obtaining high mobility, and an
accepted fact is that polycrystalline or ordered OSCs possess a
higher mobility than a disordered structure. A grain boundary
separating the packed crystalline domains is themain obstacle for

pursing highmobility, and it can be highly reduced by controlling
the chemical structure and molecular weight design, solvent or
thermal annealing, etc. For simply fabricating an ordered thin
film, a novel method of using Chinese brushes to control liquid
transfer canmake themoleculesmore ordered along the brushing
direction and thus leading to an enhanced electrical property (Lin
et al., 2017).

In previous studies it has been found that the grain boundaries
can also work as the spin scattering centers in polycrystalline
OSC thin films. The correlation between grain boundary
density and spin transport performance has been investigated
in polycrystalline C60 thin films whose carrier mobility can
be changed from 2 to 5 cm2/Vs according to the controllable
grain size (Kwiatkowski et al., 2009). Recently, Nguyen et al.
prepared C60 thin films with grain sizes between 8.8 and
10.5 nm by simply controlling the grown thicknesses of the
films (Figures 3A,B) (Nguyen et al., 2013). It was found that
the spin transport performance decreases with the increased
thickness of the molecular layer, nevertheless, a variation of
GMR has been measured and the highest MR is measured at
the thickness of 45 nm (Figure 3C). Thus, it is clear that the
dominant effect on spin transport distance has been changed
from the mobility to morphology effect enhanced by spin
scattering along with the increased thickness, which means the
gradually increased grain boundary density in the film enhances
the surface spin-flip probability and therefore weakens the spin
transport distance. Similar morphology effects on carrier/spin
transport performance have also been observed in other studies
(Shim et al., 2008; Bobbert et al., 2009). Recently, Sun et al.
demonstrated that the homogeneous amorphous OSC thin
films may possess much better spin transport performance by
excluding the negative effect of grain boundary density in thin-
film spin valves (Table 1) (Sun X. et al., 2016). In that study,
polycrystalline F16CuPc has shown distinctive grain boundaries
and much larger root-mean-square (RMS) roughness than
the amorphous one (Figures 3D,E). Although the amorphous
F16CuPc deposited at low temperature (LT) merely shows
a mobility of 0.9 × 10−3 cm2/Vs, much lower than the
polycrystalline one (4.2 × 10−3 cm2/Vs), a large spin diffusion
length up to 180 nm has been observed at room temperature
(RT) which, to our knowledge, is the best recorded molecular
matrix so far. According to the above studies, OSC materials
with high mobility and weak spin scattering factors are very
promising for spin transport applications. In fact, a long spin
transport distance up to hundreds of nanometers or even at the
millimeter level in single-crystal rubrene has been predicted in
a theoretical study (Yu, 2012), whereas the amorphous rubrene
thin film has shown a spin diffusion length of merely 13.3 nm
(Shim et al., 2008).

Single Crystals
Organic semiconductor single crystals, with a perfect crystal
texture, minimal density of defects, and an absence of grain
boundaries have exhibited very high mobility (>5 cm2/Vs)
and unique physicochemical properties, which have developed
rapidly in recent years (Briseno et al., 2006; Fan et al., 2013;
Wang et al., 2018; Zhang et al., 2018). Different from the hopping
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TABLE 1 | Mobility of thin-film OSCs and the corresponding spin transport distance in spintronic devices.

Organic semiconductor Mobility of thin film (cm2/Vs) Device structure (bottom to top) Spin transport distance

Alq3 2 × 10−8
∼2 × 10−10 (Chen et al., 1999) Co/Al2O3/Alq3/Ni80Fe20 1.6 nm @ 300K (Santos et al., 2007)

Ni/Alq3/Co 4.25 nm @ 50K (Pramanik et al., 2007)

LSMO/Alq3/Co/Al 45 nm @ 11K (Xiong et al., 2004)

Rubrene (Amorphous) ∼10−6 (Seo et al., 2006) Fe3O4/AlO/Rubrene/Co 20 nm @ 300K (Zhang et al., 2015)

Fe/Rubrene/V[TCNE]X/Al 10 nm @ 300K (Li et al., 2011)

Fe/Al2O3/Rubrene/Co/SiO 13.3 nm @ 0.45 K(Shim et al., 2008)

BCP 5 × 10−6 (Liu et al., 2011) Co/leaky AlOx/BCP/Ni80Fe20 60 nm @ 300K (Sun et al., 2013)

C60 (Amorphous) 1.4 × 10−5 (Im et al., 2011) MgO/Fe3O4/Al-O/C60/Co/Al 110 nm @ 300K (Zhang J. et al., 2013)

LSMO/C60/AlOx/Co 36 nm @ 300K (Li et al., 2014)

LSMO/C60/Co/Al 12 nm @ 10K (Nguyen et al., 2013)

F16CuPc 9 × 10−4 (Sun X. et al., 2016) Co/AlOx/F16CuPc/Ni80Fe20 180 nm @ 300K (Sun X. et al., 2016)

P(NDI2OD-T2) 0.2∼0.85 (Yan et al., 2009) LSMO/P(NDI2OD-T2)/AlOx/Co 42 nm @ 300K (Li et al., 2015)

64 nm @ 4.2K (Li et al., 2015)

FIGURE 3 | The effect of morphology on carrier mobility and spin transport distance. AFM image of C60 thin film (A). The relationship between grain size and film

thickness, and the area of (111) Bragg scattering peak and film thickness (B). C60 thickness dependence of MR with bias of 10mV (C). [A&B&C reproduced from

(Nguyen et al., 2013), with permission of American Physical Society] AFM images of F16CuPc fabricated at RT and LT (D). Transfer curves of F16CuPc-based OFET at

RT and LT (E). [D&E reproduced from (Sun X. et al., 2016), with permission of John Wiley and Sons].

transport mode of carriers in thin-film OSCs, delocalized band-
like charge transport is presented in organic single crystals,
which possesses a negative temperature coefficient of mobility
(Krupskaya et al., 2015; Xu et al., 2016). The long range ordered
arrangement of the molecules leads to anisotropic charge-
transport properties and carrier mobility. Generally, large π-
stacking and strong transfer integrals will lead to an efficient
charge transport along the π-π stacking direction (Zhang et al.,
2018), and if the current direction is perpendicular to the
strong interlayer electronic couplings, the charge transport will

be diminished remarkably (Zhang Z. P. et al., 2016), which
means that the called “face on” stacking style will be beneficial
for the vertical spin devices and the “edge on” style will be
more beneficial for lateral spintronic devices. However, the
effect of stacking style on spin transport performance has not
been systematically studied so far, and more research efforts
still need to be devoted on this point. In a recent report,
Tsurumi et al. studied the spin transport process and relaxation
mechanism in a lateral-structured device based on C10-DNBDT-
NW single crystals, where the Hall mobility reached 16.5 cm2/Vs
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at the in-plane direction, while the experimental measured
spin relaxation time reached 16.6 ns at RT. According to the
Einstein relationship, the corresponding spin transport distance
is estimated to be 840 nm at RT and up to 1.6µm at 50K, which
shows the great potential of single crystals in the application
of spintronic devices (Tsurumi et al., 2017). However, this
experimental lateral device does not have a real spin injection
process, whichmeans it is not a true sense of the spintronic device
and also implies a big challenge in using single crystals within the
research field of spintronics.

As for using single crystals to fabricate spintronic devices
and research spin transport properties, several challenges need
to be addressed or paid attention to. With regard to spintronic
device preparation, the fabrication of the top magnetic electrode
is a serious issue, since the organic single crystal tends to
be damaged by the very high temperature during the process
(Sun et al., 2014). So far, the buffer layer assisted deposition
(BLAG) (Sun et al., 2010) and the liquid nitrogen cooling
method (Sun et al., 2013) are demonstrated to be very promising
in avoiding metal penetration in organic spintronic devices
during top electrode deposition on OSC thin films. However,
such methods have not yet been applied to fabricate electrical
devices based on a single crystal. For fabricating single-crystal-
based electronic devices such as OFETs, thermal evaporation at
a high vacuum and stamping Au layer are usually employed
to pattern the source and drain electrodes on OSC crystals
(Zhang et al., 2010; Kikuchi et al., 2017). Similar methods may
possibly also be introduced for fabricating single crystal based
spintronic devices by replacing the Au with magnetic metals,

however, there are of course many technical challenges that
still need to be overcome. Particularly, with regard to lateral
single-crystal spintronic devices (Figure 4A), the limitation of
existing spin transport distance will be an issue, since the
longest spin transport distance is merely 180 nm currently
(Sun X. et al., 2016; Tsurumi et al., 2017). In addition, spin
injection, a key point for successfully detecting spin signals,
may suffer from the influence of bad contact between the
magnetic electrode and single crystal, which is limited by both
the dedicated device structure and the current level of lab-
scale fabrication techniques. Indeed, spintronic devices based
on an organic single crystal is a novel research field and shows
abundant possibilities due to its unique properties, however,
various issues need to be addressed in the exploration of this
new direction.

Supramolecules
The π-conjugated supramolecular materials are normally
assembled by two or more kinds molecules that held together by
non-covalent intramolecular interactions, such as π-π stacking,
hydrogen-bonding and dipole-dipole interactions etc (Ghosh
et al., 2017; Ikeda and Haino, 2017), which generally exhibit a
special functionality compared to homogeneous OSC and have
shown great potential in functional spintronic devices. Based on
supramolecular material, Urdampilleta et al. fabricate a lateral
spintronic device, in which the source and drain electrodes
are palladium and the charge transport layer is composed
of a single-walled carbon nanotube (SWCNT) coupled with
modified TbPc2 single-molecule magnets (Pc = phthalocyanine)

FIGURE 4 | Schematic diagram of lateral spintronic devices based on single crystals [Reproduced from Zhang et al., 2016, with permission of John Wiley and Sons]

(A), cocrystals [Reproduced from Zhang et al., 2016, with permission of John Wiley and Sons] (B) and solid solutions [Reproduced from (Xu et al., 2015), with

permission of American Chemical Society] (C). Schematic diagram of a supramolecular spin valve based on SWCNT, coupled with modified TbPc2 single-molecule

magnets [Reproduced from (Urdampilleta et al., 2011), with permission of Springer Nature] (D), where the supramolecules of SWCNT coupled with modified TbPc2
can be substituted by single crystals, cocrystals, and solid solutions.
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through supramolecular π-π interaction (Figure 4D). When
non-spin-polarized carriers transport in SWCNT, the localized
magnetic moments from TbPc2 will lead to obvious magnetic
field dependence of conductance, where a magnetoresistance
up to 300% can be observed below 1K (Urdampilleta et al.,
2011). Although this supramolecular spin valve has not shown
a classical spin transport process in the molecular matrix, it still
presents a very promising future of supramolecular assemblies
for spintronic applications.

More functional supramolecular semiconductor materials are
eagerly expected to be applied in the study of spin transport
and functional spintronic devices, especially after the success of
the first molecular spin photovoltaic (MSP) device, in which the
spin transport, coupled with a photovoltaic effect, has been firstly
achieved in molecule-based devices (Sun et al., 2017). However,
in this study, the MSP device just shows an extremely low power
conversion efficiency (PCE) since the active layer consists of only
one component C60, which is clearly a large limitation for further
enhancing the spin performance of this device. As known in the
organic photovoltaic (OPV) field, bulk heterojunction structured
devices hold much higher PCE than single layer devices,
where the supramolecular interaction and assembly of donor
and accepter materials plays a crucial role (Wurthner, 2016;
Ghosh et al., 2017). The purpose of studying supramolecular
assembly in OPV is mainly to obtain a high charge transfer rate
and low charge recombination in the perpendicular direction,
which is partially consistent with the demand of vertical
spintronic devices. However, the interface induced by a two-
phase structure may enhance the spin scattering, which is
similar to the impact of grain boundaries. Therefore, how
to utilize the supramolecular Nano assembly to modulate the
microphase separation, and thus to reduce spin scattering and
enhance PCE, will be a very interesting research direction in
the future.

Organic cocrystals, composed of two or more components
through supramolecular interaction, is a single-phase
semiconductor and appears to exhibit more benefits for
spin transport (Zhu et al., 2015; Wang et al., 2016), in which the
defect induced charge/spin carrier scattering can be minimized
(Figure 4B). Hydrogen-bonded, halogen-bonded, π-π stacking
and charge transfer are the four typical supramolecular
interactions in organic cocrystals. The charge transfer interaction
is an especially important type, showing high conductivity
(Hiraoka et al., 2007; Zheng et al., 2018), while the π-π stacking
interaction tends to make a contribution to the photoelectronic
properties of cocrystals (Zhang J. et al., 2013). At present, organic
cocrystals have already been preliminarily used in lateral OPV
devices. Even though a PCE of only 0.27% has been obtained
based on C60-DPTTA with the electron and hole mobility of
0.01 and 0.3 cm2/Vs, respectively, it distinctly demonstrates the
possibility for applying cocrystal in MSP devices (Zhang et al.,
2016b). In addition, solid solutions and doped crystals are two
novel types of supramolecular crystals which also present unique
photoelectric properties and high conductivity (Figure 4C). The

different two-phase proportions in cocrystals, solid solutions
and doped crystals may lead to different spin scattering
strengths and spin transport performances, certainly it needs
sufficient investigations in the future. Once the supramolecular
semiconductors are successfully applied in spintronics, both
the interesting functions and attractive transport properties in
supramolecules should enrich the theoretical and experimental
research of this field.

CONCLUSION AND OUTLOOK

Spin transport greatly depends on the spin relaxation time
and carrier mobility of OSCs, where elementary composition,
molecular structure, packing mode, aggregation structure, and
morphology play crucial roles. In this review, correlations
between the above parameters and spin transport performance
are systemically discussed, and some primary guidelines
for enhancing spin transport performances in π-conjugated
molecular materials are provided. SOC and HFI, as two
principle spin relaxation mechanisms, are closely related to
elementary composition and molecular structure, which can
be distinctly weakened by modifications on the molecular
structure. In addition, on the basis of effectively controlling
the spin scattering which originates from grain boundaries
and other structure defects, the high mobility of π-conjugated
molecular materials is demonstrated to be very promising
for long-distance spin transport. Particularly, the ordered
stacked aggregation of molecules with both high mobility
and weak spin scattering factors possess great potential in
high-performance spin transport, including single crystals and
supramolecular Nano assembled structures (especially organic
cocrystals). In terms of current developments in organic
electronics and spintronics, spintronic devices based on single
crystals or cocrystals can only be applied through lateral
device structures, and many restrictions at the technical level
still need to be overcome, while reliable device fabrication
and efficient spin injection should receive more attention in
the future.
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The assembly of a peptide-tetrathiophene-peptide (PTP) conjugate has been

investigated in mixed solvents, which has different polarities by changing the solvent

proportions. It was found that PTP can form fibers in THF/hexane solutions with 40–80%v

of hexane. The fibers were stable and did not change on time. On the other hand, PTP

formed ordered structures in a mixed solution with the water content from 40 to 60%v.

For the as-prepared solutions, two nanostructures vesicles and parallelogram sheets

were obtained. The parallelogram sheets could transform into vesicles on time. The fibers

showed supramolecular chirality, however, there was no Cotton effect for vesicles and

parallelogram sheets. UV-vis, FL, XRD, FT-IR, and CD spectra together with SEM, AFM,

TEM were used to characterize the nanostructures and properties of the assemblies.

Molecular packing mechanism was proposed based on the experimental data.

Keywords: oligopeptide, oligothiophene, peptide-tetrathiophene-peptide, supramolecular assembly,

supramolecular chirality

INTRODUCTION

The performance of the functional materials based on these systems is largely affected by the
nanostructures of the assemblies, therefore the manipulation of the nanostructures is one of the
most important issue to tune their properties (Ajayaghosh et al., 2006; Zhang et al., 2009; George
et al., 2012; Mitra et al., 2013; Shin et al., 2013; Baram et al., 2014; Liu et al., 2014). Especially,
different nanostructures with distinct properties can be constructed from the same entity by
adjusting the outside environment. Many strategies, such as guest induction (Janssen et al., 2010),
light (Diegelmann et al., 2012; Samanta et al., 2012), pH (Mba et al., 2011; Draper et al., 2017),
and solvent polarity (Hu et al., 2012; Guo et al., 2017a), have been used to assemble various
superstructures based on the biomolecule-assisted self-assembly of π-conjugated systems.

The chiral property endows the materials with potential applications, such as chiral sensing,
chiral switch, and asymmetric catalysis etc., (Zhang et al., 2014; Kim et al., 2015; Jiang
et al., 2016; Jia et al., 2019). Supramolecular chirality is highly related to the packing mode
of molecules, thus different packing styles may lead to diverse supramolecular chirality even
when the chirality at the molecular level is the same. So, controlling the chiral properties of
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self-assemblies based on the biomolecule-π-conjugated
systems is an important issue. Bäuerle et al. have tuned the
supramolecular chirality of the assembled oligothiophene
nanostructures by decorating carbohydrate or amino acid
with different chirality (Schmid et al., 2009; Digennaro et al.,
2013; Schillinger et al., 2013). Wei and et al. reported a sugar-
based amphiphilic perylene diimide derivative (PTCDI-HAG)
which self-assembled into two kinds of fibers with opposite
supramolecular chirality by using binary solvents (Huang et al.,
2011). Yao and Zhan et al. showed that the chirality of nanohelices
formed from a tripeptide-perylene diimide (PDI) conjugate could
be reversed through heating and ultrasound treatment (Ke et al.,
2013). In these previous reports, although the supramolecular
chirality could be tuned, no distinct nanostructure change
was observed, for example, fibers are still fibers although
its twisting direction changed. On the other hand, distinct
nanostructure change which is accompanied by supramolecular
chirality change might provide alternative ways for chirality
sensing materials. However, inspecting the relationship between
distinct assembled nanostructure (Echue et al., 2015) and its
supramolecular chirality is rarely reported especially based
on the self-assembly of π-conjugated systems assisted by
biomolecules (Shang et al., 2017).

Here, a peptide-tetrathiophene-peptide (PTP) conjugate
(Figure 1) was used as amodel object to explore themanipulation
of morphology and supramolecular chirality of the assemblies via
simply changing the solvent polarity. There are some significant
features for PTP: Gly-(L-Val)-Gly-(L-Val) segments at both ends
of the thiophene backbone are relatively hydrophilic than the
thiophene core and can provide hydrogen bond sites through
which β-sheet structures could be formed (Wall et al., 2011; Guo
et al., 2013); the thiophene core decorated with two octyls in
the middle is a hydrophobic part and can form π-π stacking
as well (Lehrman et al., 2012; Guo et al., 2014); the linkers
between the thiophene and peptide are flexible and then the
spatial location of both hydrophilic and hydrophobic parts in
the supramolecular assemblies can be freely tuned under certain
conditions. Thus PTP gives chances to tune the self-assembly by
verifying the solvent polarity, since H-bonding and π-π stacking
are the driving forces for the self-assembly of peptide-thiophene
conjugates (Guo et al., 2017b).

FIGURE 1 | Chemical structure of PTP.

RESULTS AND DISCUSSIONS

The synthesis of PTP has been reported in our previous report
(Guo et al., 2013). And it could form gels in some aprotic
solvents (THF, dioxane, and acetone) and also protic solvents
(methanol and ethanol) as reported in our previous work. Among
these solvents, the critical gel formation concentration in THF
is the highest, indicating the better solubility. In the present
investigation, the assembly of PTP in solution were performed
in pure THF, or mixed solvent composed of THF at very
low concentration. The impact of different proportions of the
mixed solvent on the nanostructures and properties were studied.
Moreover, concentrations and time effect were also checked.

Solvent Induced Formation
of Nanostructures
Firstly, the self-assembly of PTP was performed in THF with the
concentration at 0.1 mg/mL (6.61 × 10−5 M). It was found that
no well-organized nanostructures can be formed in THF solution
Figure S1). Then the mixed solvent was used to detect if the
nanostructures change when varying the solvent polarity. The
solvent with high polarity (water) or low polarity (hexane) was
added to THF to enhance or decrease the polarity of the mixed
solvent. The proportions of the mixed solvent could be varied
to obtain solvents with different polarities. For the preparation
of the samples, PTP was dissolved in THF to make a parent
solution and then water or hexane was added to get the solution
with different volume ratio of the two solvents. The samples were
stirred vigorously for 10min and then kept at room temperature
for a certain period of time.

For PTP in THF/hexane solution with a concentration at 0.1
mg/mL, it was observed that ordered nanostructures could be
formed only in a certain range of hexane content (40–80%v). The
morphology of the assembled PTP in THF/hexane (40–80%v)
was always fiber structures (Figure S2). Figure 2 shows the
nanostructures in AFM and TEM images formed from the
THF/hexane solution. It is clear that fibers were formed in the
solvent with 50%v of hexane. PTP assembled into fibers with
widths of 43 ± 15 nm and heights of 13 ± 6 nm (Figures 2a,b;
Figure S3). The width of fibers was measured as 32± 17 nm. The
difference for the above data might be due to the expansion effect

Frontiers in Chemistry | www.frontiersin.org 2 June 2019 | Volume 7 | Article 467133

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Guo et al. Surpramolecular Chiral Assembly Tetrathiophene Derivative

FIGURE 2 | AFM (a) and TEM (b) images of assembled structures of PTP in THF/hexane (1:1, v).

FIGURE 3 | SEM (a,b) and AFM (c,d) images of the as-prepared assembled structures of PTP in THF/water solution. (b) was zoomed in from the area enclosed by

white dotted line in (a). (a,c) showed the nanostructures composed of sheet structures and spherical ones. (b,d) indicated the spherical structures.

from the AFM tip and the possible drying effects on substrate.
Inspecting the fibers carefully, thick ones were formed from
thin ones as can be seen also in the SEM images (Figure S2).
It should be noted that no obvious chiral structures could be
observed indicating that the chirality from the peptide did
not transfer into the assembled nanostructures (Yang et al.,
2013; Wang et al., 2018), although supramolecular chirality
might be formed in the assemblies. This formation of fiber in
THF/hexane was also confirmed by SEM characterization

(Figure S2). Aging treatment had no impact on such
fiber structures.

It was the other case when mixed solvent composed of
water was used. It was found that ordered structures can be
formed in a narrow range of water content (40–60%v), and two
nanostructures always could be formed in such range of water
content for the as-prepared solutions. Figure 3 showed SEM and
AFM images obtained from THF/water solutions (water, 50%v).
It is obvious that sheet and spherical structures were formed.
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FIGURE 4 | The assembled structures of PTP in THF/water with 4 days of aging: (a) SEM image, (c) TEM image, and (d) AFM image. (b) Size distribution

measurement of the vesicles by DLS. The section profile of one vesicle in (d) was shown in (e).

Some sheets were parallelograms. The thickness of the sheets
ranges from tens to hundreds of nanometers (Figure S4).

It should be noted that there is a time-dependent
transformation of the nanostructures form sheet to spheres.
As time went on, sheets structures gradually became into
spheres. After 4 days of aging, only spherical aggregates were
observed and their morphology was characterized by SEM,
TEM, and AFM (Figures 4a,c,d; Figure S5). The diameter of the
spheres ranges from 255 to 825 nm as evidenced by Dynamic
Light Scattering (DLS) (Figure 4b). Furthermore, such sphere
seems sunken from the SEM image, indicating that hollow
spheres might be formed. This speculation was proved by TEM
measurement, which clearly showed that the wall of sphere, as
shown in the inset of Figure 4c. In addition, the morphology in
AFM image is very similar to that obtained in the SEM image.
Concave spheres were observed (Figure 4d). The section profile
of a sphere shows that the ratio of horizontal distance (630–340
= 290 nm) to vertical distance (24 nm) is about 12. This high
width to height ratio combined with the observation from SEM,
TEM, and AFM images confirmed that vesicles were formed.
The thickness of the vesicle wall was estimated to be about 12 nm
by TEM image (Figure 4c). From AFM analysis, the thickness
of double walls was measured as 22 ± 3 nm in accordance with
the TEM results. A typical section profile of a vesicle was shown
in Figure 4e.

The concentration impact on the nanostructures was detected
as well for the two different mixed solvents. For the assembly of
PTP in THF/Hexane (40–80%v), there was no obvious effect of
the concentration on the fiber structures. However, it is the other
case for the assembly in THF/water (40–80%v). On increasing
the concentration of PTP to 0.2 mg/mL (THF/water, 1:1, v),

the sheets became the major structures and the vesicles was
almost disappeared for the as-prepared solutions (Figure S6).
As discussed above, there is time-dependent transformation
tendency from sheets to spheres. It is the same case for the high
concentration solution. The sheets would transform into vesicles
gradually. After 2 days of aging, vesicles appeared (Figure S7).
And sheet structures can hardly be found for this solution after
4 days of aging, and only the vesicles showed up (Figure S8).
Actually, it was found that the much-diluted solutions had the
same tendency to from vesicles after long time of aging, although
the number of vesicles was much less than that obtained from
the high solutions. Based on the above investigation, it can be
concluded that the sheets are dynamic controlled intermediate
structures and the vesicles are thermodynamic stable ones.

Spectral Investigation of the
Assembled Nanostructures
UV-Vis and FL Spectra

UV-vis and FL spectra were used to detect the aggregation
of PTP (Figure 5). In THF, PTPs are in the molecularly
dissolved state, the maximum absorption of PTP is at 412 nm
which belongs to the π-π∗ transition of the tetrathiophene
backbone (Schillinger et al., 2009; Kumar et al., 2011). Two
resolved emission peaks of PTP are observed at 498 and
529 nm, which again indicated the molecularly dissolved state
of PTPs in THF. In the mixed solvents, absorption/emission
band changes occurred and varied according to the polarity
of the mixed solvents. In THF/hexane, the absorption was
at 398 nm, showing a 14 nm blue-shift compared to that in
the molecularly dissolved state, and the absorption intensity
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FIGURE 5 | (A) UV-vis (solid line) and FL spectra (dashed lines) of PTP in THF,

THF/hexane (1:1, v), and THF/water (1:1, v). The excitation is 412 nm for all

solutions. (B) CD spectra of PTP in THF/hexane and THF/water. [PTP] =

0.1 mg\mL.

decreased apparently. In FL spectra, the emission peaks became
unresolved, and moreover, the intensity decreased by 50%
with respect to that in THF. Based on the UV-vis and FL
data, it was suggested that the PTP formed H-like aggregates
in THF/hexane (Wall et al., 2011; Digennaro et al., 2013).
While in THF/water, it is clear that the absorption spectrum
is very close to that in THF, both in shape and intensity.
The maximum absorption is at 409 nm, only a 3 nm of blue
shift from that in the molecularly state (412 nm) was observed.
The emission of PTP in THF/water was almost the same
to that in THF. Only a very small blue shift occurred in
accordance with the UV-vis spectra. It could be concluded that
the interaction between thiophene backbones was weak and
the chromophores were loosely packed in THF/water solution.
Overall, spectroscopic data have proved that changing the
solvent polarity could induce distinct aggregation modes of
the molecules.

CD Spectra

Normally, the conjugates of peptide and thiophene will assemble
into nanostructures with supramolecular chirality in thiophene
parts if the peptide is chiral (Stone et al., 2009; Kumar et al., 2011;
Lehrman et al., 2012). Thus, we explored the supramolecular
chirality of the assembled vesicles and fibers (Figure 5B). The

solution with fibers shows an obvious negative Cotton effect
with a negative absorption at 442 nm, a positive absorption at
367 nm, and a crossover at 405 nm. A weak negative band at
284 nm was also found. Since the absorptions at about 400
and 280 nm were assigned to the tetrathiophene backbone, the
CD signals should be due to the exciton coupling between
thiophene chromophores (Cao et al., 2013). The small difference
in the absorption positions in UV-vis and CD spectra would
be due to the light scattering (Ajayaghosh et al., 2006). The
CD spectrum was inconclusive about the presence of β-sheets
in samples. Since molecularly PTP shows no chirality in the
thiophene part (Figure S9), it indicated that the chirality of
peptide was transferred to thiophene stacks which adopted a
helical stacking way, in other words supramolecular chirality
was formed consequently. Such helical stacks hierarchically
assembled into fiber structures. However, the solution composed
of vesicles was surprisingly CD silent from 270 to 700 nm.
Only noise signal could be observed in the range from 200
to 250 nm. It was hardly to deduce the formation of regular
β-sheets from the CD spectrum. It was indicated that the
chirality transfer from peptide to thiophene was prohibited
in THF/water solution. Based on the morphology and CD
data, we can conclude that the different packing modes of
PTP molecules in THF/hexane and THF/water lead to different
chirality transfer behavior.

The above investigations were mainly focused on the packing
of the thiophene core. FT-IR spectra were used to characterize
the assembly of peptide segments (Figure S10). FT-IR data shows
that the assemblies of the peptide segments in both cases are
similar. Amide I and Amide II were found at 1,635 and 1,540
cm−1 in THF/hexane, and they were at 1,635 and 1,549 cm−1

in THF/water. Such absorptions indicate that β-sheets between
peptide segments were formed in both cases (Diegelmann et al.,
2008; Ke et al., 2013). The absorption at 3,289 cm−1 from theN-H
stretching vibration further confirmed the formation of H-bonds
for PTP in both solutions (Lehrman et al., 2012).

Based on the experimental data, molecular packing modes of
PTP in THF/hexane and THF/water were proposed (Figure 6).
In THF/hexane, it is speculated that the main driving force of
self-assembly are hydrogen bond and π-π stacking, through
which PTP assembled into H-like aggregates, and such H-
like aggregates further hierarchically assembled into thin fibers.
These thin fibers could further interact and twist with each
other to form thicker ones. During such process of assembly,
the chirality of peptide transferred to thiophene units, and
helical thiophene stacks were formed. The chirality of peptide
finally was expressed into the supramolecular chirality of the
assembled nanostructures. On the other hand, since the polarity
of the THF/water solution was much more polar than that
of the THF/hexane solution, the hydrophobic part of PTP,
that is the tetrathiophene core, tends to stay away from the
polar solvent. Consequently, we postulated that the flexible
linker between thiophene and peptide allows PTP to adopt
a conformation different from that in THF/hexane: two octyl
chains stay on one side and the two peptide segments stay
on the opposite side with the tetrthiophene in the middle.
Based on such conformation, octyl chains interdigitate with
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FIGURE 6 | Proposed self-assembly of PTP in different solvents.

octyl chains via van de Waals interactions, and peptide
segments interdigitate with peptide segments from different
PTPs via the hydrogen bonds, and finally 3D vesicles were
formed. It is suggested that there are four PTP layers in the
normal direction of the vesicle wall. It was estimated that
such alignment will give a wall thickness of about 11 nm
(Figure S11), which is in good agreement with the AFM and
TEM data (12 nm). XRD was also used to check the molecular
packing (Figure S12). XRD data of vesicles showed an obvious
peak with d spacing of 12.7 and 6.2 nm for the vesicles,
confirmed the bilayer signature. For the fibers, there was no
such peaks. The small peaks with d spacing of 0.78 nm were
both observed for vesicles and fibers should be from the π-
π packing (0.78/2= 0.39 nm). So, in THF/water, octyl chain-
octyl chain interactions and H-bonding interactions between
the peptide segments would play an important role in the
formation of vesicles. It is interesting that the chirality transfer
was blocked from peptide to thiophene in the vesicles. Two
reasons might lead to such result in THF/water: (i) the chiral
peptide segments prefer to stay on one side of the thiophene
and in such conformation the peptide segment are somehow
perpendicular to the long axis of thiophene, which might lead
to the low possibility of chirality transfer; and (ii) UV-vis and

FL spectral data showed very small changes in the aggregation
state of PTP in THF/water compared to its dissolved state
in THF, indicating that the interactions between thiophene
units were not strong enough to generate exciton coupling
between chromophores. Based on the above aspects, the chirality
transfer was prohibited in the vesicles and supramolecular
chirality formation did not occur either. It is clearly evidenced
by the present investigation that there is a direct relationship
between the assembled nanostructures and the formation of
supramolecular chirality.

CONCLUSIONS

In summary, the self-assembly of a PTP conjugate in different
solvents was systematically investigated. It reveals that the
solvent polarity can induce different ways of hierarchical
assembly, leading to different nanostructures and properties,
especially the supramolecular chirality. In THF/hexane,
chirality transfer from peptide to thiophene occurred and
chiral fibers were formed. While in THF/water, vesicles
were obtained and chirality transfer was prevented. This
investigation highlighted that simple strategy could be used
to manipulate the assembled nanostructures. Especially,
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supramolecular chirality can be also tuned by forming different
structures. The present strategy provides opportunities to
fabricate assemblies with distinguished supramolecular chirality
through manipulating the assembled nanostructures, therefore
leading to diverse chiral functionalities, such as sensors
or switches.
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Terrylene diimide derivatives are pigments for dyes and optoelectric devices. A terrylene

diimide derivative N,N’-di(1-undecyldodecyl)terrylene-3,4:11,12-tetracarboxdiimide

(DUO-TDI) decorated with long branched alkyl chains on both imide nitrogen atoms

was designed and synthesized. The supramolecular assembly behaviors of DUO-TDI

in solution and at the liquid-solid interface were both investigated. The assembled

nanostructures and photophysical properties of TDI in solution were explored by

varying solvent polarity with spectral methods (UV-Vis, FL and FT-IR) and morphological

characterization (AFM). Depending on the solution polarities, fibers, disk structures

and wires could be observed and they showed diverse photophysical properties. In

addition, the interfacial assembly of DUO-TDI was further investigated at the liquid-Highly

Oriented Pyrolytic Graphite (HOPG) interface probed by scanning tunneling microscope

(STM). Long range ordered monolayers composed of lamellar structures were obtained.

The assembly mechanisms were studied for DUO-TDI both in solution and at the

interface. Our investigation provides alternative strategy for designing and manipulation

of supramolecular nanostructures and corresponding properties of TDI based materials.

Keywords: terrylene diimides, supramolecular assembly, scanning tunneling microscope, aromatic systems,

liquid-solid interface

INTRODUCTION

Rylene diimide dyes derivatives are famous for their outstanding photophysical and photochemical
stability and their high fluorescence quantum yield (Zhao et al., 2016; Feng et al., 2017; Frankaer
et al., 2019). They have not only shown importance as vat dyes in industrial olorants, but also
have been proven to be excellent organic semiconductor candidate for opto-electronic applications
(Geerts et al., 1998; Wolf-Klein et al., 2002; Jung et al., 2006). Terrylene diimides (TDIs) are a class
of rylene diimide dye consisting of terrylene core, a large aromatic core along the long molecular
axis. It shows brilliant blue color and emits fluorescence at long wavelengths with long fluorescence
lifetime. Moreover, TDIs also show good thermal, chemical, and photochemical stabilities. TDIs are
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potential candidates as excellent probes for bio-labeling, energy
convertors for light concentrators, and functional materials in
electronic devices (Peneva et al., 2008; Bai et al., 2011; Berberich
and Würthner, 2012; Chen et al., 2014; Stappert et al., 2016).
Then, the design and synthesis of TDI based molecules have been
attracting increasing attention recently, although less research
had been done compared to perylene diimides (PDIs) (Chen
et al., 2015; Würthner et al., 2016; Guo et al., 2019), another
kind of rylene diimides. TDI derivatives were mostly designed
via the decoration of the parent TDI molecule with various
functional groups on the imide positions or on the periphery of
the terrylene core (Heek et al., 2013). Actually, the competition
and cooperation of the π-π stacking from the terrylene cores
and other weak interactions of added functional groups play
a great role in the modulation of molecular packing and their
nanostructures and properties. One of the strategies is by using
flexible chains, especially the alkyl chains (Davies et al., 2011).
The affiliation of alkyl chains could vary the solubility, processing
ability, molecular arrangement way, and the corresponding
properties of TDIs. The topological structures of the alkyl chains
could affect the assembly of rylene imides as well (Balakrishnan
et al., 2006). It was proved that branched alkyl chains were
capable of promoting distinguished assembly than induced by
normal alkyl chains (Liao et al., 2013). For TDIs, branched
alkyl chains were indeed fixed on the aromatic core to study
the assembly therefore (Nolde et al., 2006). It should be known
that the length of the alkyl chains could greatly affect the
molecular assembly even with only one methylene difference
(Chesneau et al., 2010; Xu et al., 2013; Li et al., 2017). Here, we
report on the synthesis and self-assembly of one terrylene imide
derivative modified with alkyl chains. For this subjective, it has
two branched long alkyl chains on both imide positions. The
presence of long alkyl chains significantly enhances the solubility
and inhibits the intermolecular interaction and aggregation.
The modulation of the solution assembly of TDI was realized
by changing the solvent polarity and monitored by spectral
and morphological methods. It was found that different kinds
of assembled nanostructures with various properties could be
formed. In addition, the surface/interfacial assembly behaviors
could provide insights into the design, select and optimizing of
semiconductors for using in opto-electronic devices. Then the
assembly of TDI at the liquid-HOPG interface was also explored
by STM (Lee et al., 2014a,b).

RESULTS AND DISCUSSIONS

Synthesis and Properties of DUO-TDI
DUO-TDI was synthesized based on reported methods (Mayo
et al., 1990; Nolde et al., 2006) (Scheme 1). Blue powder was
obtained for DUO-TDI. The molecular structure was confirmed
by 1HNMR, 13CNMR and MALDI TOF MS. As indicated in the
Scheme 1, a large aromatic core exists between two branched
alkyl chains. From the optimized molecular structure of TDI,
the aromatic core is almost planar from the side view of the
molecular structure. The distance between the twoN atoms in the
molecular skeleton is about 1.58 nm and such large π-conjugated
core could provide strong π-π interactions with neighboring

SCHEME 1 | (A) Molecular structure of DUO-TDI. (B) The top and side view of

DUO-TDI molecule. The optimization was performed using the Forcite module

of Materials Studio 7.0. The DREIDING force field was implemented for the

geometry optimizations (Mayo et al., 1990).

conjugated systems. The four undecyl chains with length about
1.39 nm in the periphery of the core structure not only change
the solubility in usual organic solvents, but also offer van der
Waals interactions among adjacent chains. It could be expected
that the synergistic effect between π-π interactions from the core
and the van der Waals interactions from such long alkyl chains
could be effectively modulated by varying the conditions, thus
leading to diverse assembly process, assembled nanostructures,
and properties (Chen et al., 2015; Zhang et al., 2016).

Tetrahydrofuran (THF) is a good solvent for DUO-
TDI. The absorption and emission properties of DUO-TDI
in molecular state were investigated by UV-Vis and FL
emission spectra. Firstly, the concentration-dependent UV-
Vis absorption spectra of DUO-TDI in THF solutions were
studied (Figure 1A). It can be seen that all the UV-Vis
absorption spectra exhibited well-resolved vibronic structures
when the concentration was varied from 4.3 × 10−6 to
3.5×10−5 M. With the concentration increasing, the absorbance
intensity increased accordingly but without band shift. The
relationship of absorbance intensity at 644 nm as a function
of the concentration was shown in Figure 1B. From the fitted
linear line, it was clear that DUO-TDI did not assemble into
aggregates. In another words, DUO-TDI exists in molecularly
state in THF within the above concentration range. In solution,
the absorbance band from 450 to 700 nm was ascribed to
the π-π∗ electronic transition of the chromophores in the
monomeric state along with vibrational transitions (Figure 1C).
Four characteristic vibration absorption bands centered at
644, 591, 546, and 505 nm were observed, and attributed to
the 0-0, 0-1, 0-2, and 0-3 vibrational transitions, respectively
(Nagao et al., 2002).
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The cast film from THF solution of DUO-TDI was also
studied to compare with the molecularly DUO-TDI. Two
structureless bands at 670 and 597 nm were obtained for the cast
film. The band at 597 nm should shift from that at 644 nm from
diluted THF solution. Such blue shift indicated the formation of
H-aggregates in the film (Davies et al., 2011). At the same time,
the appeared shoulder band at 670 nm suggested the existence of
J-aggregates in the cast film (Jung et al., 2006). From FL spectra,
one emission peak at 672 nm and a shoulder band at 725 nm
showed up for DUO-TDI in diluted solution. In contrast, the
emission of DUO-TDI was completely quenched in the cast film,
suggesting the main formation of H-type molecular packing in
accordance with the results from UV-vis data (Jung et al., 2006).

Solvent Induced Assembly of DUO-TDI
Apart from the above discussions on the molecular behaviors
in diluted solutions and in films, the self-assembly of TDI was
further investigated in mixed solvent with varied polarity. In
the present contribution, the mixed solvents were prepared by
adding water into THF solutions. The volume percentage of
water (Vw, v %) in the mixed solvent was altered to adjust
the solvent polarity. Vw was changed from 0 to 75v% to study
the solvent-dependent self-assembly of DUO-TDI, which was
monitored by UV-vis and FL spectra firstly (Figure 2). With
Vw = 25 v%, the absorption spectral lineshape was almost the
same to that from monomeric DUO-TDI in THF (0 v%), while
the absorbance intensity was slightly enhanced and the bands

FIGURE 1 | (A) Concentration-dependent UV absorbance spectra of DUO-TDI in THF solutions, (B) The absorbance intensity at 644 nm as a function of

concentration. The fitting R squared factor was 0.9966, (C) UV absorption spectra of DUO-TDI in THF solution (1.5 × 10−5 M) and cast film, (D) FL spectra of

DUO-TDI in THF solution (1.5 × 10−5 M) and cast film. The excitation wavelength (λex) was 644 nm for solution. And Xex = 598 (red solid line) or 672 nm (red dashed

line) for cast film.

FIGURE 2 | (A) UV absorption and (B) FL emission spectra of DUO-TDI in solutions of water/THF. The concentration of all mixed solutions was 5.4 × 10−6 M. The

excitation wavelength was 644 nm for all samples.
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shifted to red. It can be seen that the three monomeric absorption
bands at 546, 591, and 644 nm, which belong to the 0-2, 0-1,
and 0-0 electronic transitions from the terrylene diimide cores
red-shifted to 549, 597, and 648 nm. FL spectra were recorded
to shed light on the self-assembly of DUO-TDI. It was shown
that the emission was quenched greatly (about 50%) and themain
emission band at around 662 nm red-shifted to 670 nm. It could
be concluded that J-aggregates were formed with Vw = 25 v%
(Jung et al., 2006). When Vw was raised to 50 v%, drastic changes
of absorption band were observed. The absorption bands were
broadened and turned into unresolved structures. Two main
bands appeared at 600 and 690 nm, accompanied by incremental
absorption at a wavelength longer than 700 nm. Clearly, the
absorption at 612 nm was blue-shifted from the band at 644 nm,
and the absorption at 690 nm was a newly appeared band. In
addition, the emission was quenched as well. It was demonstrated
that H-aggregates were mainly formed with J-aggregates in a
minority in solution with Vw = 50 v%. With Vw = 75 v%, it
showed similar spectral lineshape to that of 50 v%, however the
two main peaks were centered at 600 and 680 nm (Figure 2A).
It was obvious that the blue shift was enlarged compared to that
from solution with Vw = 50 v%, indicating the increased π-π
stacking. Apart from that, the relative intensity at about 600 and
690 nm was increased from 1.89 to 3.14, suggesting the increased
relative amount of H- to J-aggregates. Besides, the fluorescence
emission was completely quenched in accordance with the results
fromUV-vis spectra. Based on the above results, DUO-TDI could
assemble into J- or H-type of aggregates relying on the solvent
condition. Slightly increasing polarity of solvent, J-aggregates
would be formed, and the elevation of polarity could facilatate
the formation of H-aggregates. The molecular arrangement of
DUO-TDI within the aggregates could be altered by changing
solvent polarity.

FT-IR spectral method was used to detect alkyl chain packing
in the molecular assemblies (Figure 3). It was reported that the
alkyl chains with all trans-cis zigzag conformation could show
an asymmetric stretching vibration of methylene group (CH2) at
2,916–2,918 cm−1 (Wang et al., 1996; Zhang et al., 1997). For
DUO-TDI powder, the asymmetric stretching vibration was at
2,918 cm−1, which indicated all trans-cis zigzag conformation
of alkyl chains. It was found that this peak shifted on varying
VW. The absorption of CH2 from the branched undecyl groups
were at 2,919 cm−1 from THF, indicating the relative disordered
packing of alkyl chains. With the increase of polarity by the
addition of water, the asymmetric vibrations of CH2 shifted
to longer wavenumbers, from 2,918 to 2,922 cm−1, implying
that gauche conformation or disordered packing of alkyl chains
increased gradually. From the FT-IR and UV-Vis spectral data,
both the π-π stacking and the alkyl chain packing were both
varied on changing the solvent conditions.

Atomic force microscopy (AFM) measurements were carried
out to investigate the polarity effect on the self-assembled
nanostructures of DUO-TDI. Figure 4 shows the AFM images of
DUO-TDI nanostructures formed in different mixed solutions.
It was evident that in the cast film from pure THF solution, no
uniform structures could be observed. Amounts of amorphous
structures existed on the surface with few thin fibers. The width
of the fibers was around 18 nm. The observed fiber structures

FIGURE 3 | (A) FT-IT spectra of DUO-TDI in solutions with variable Vw (0, 25,

50, and 75 v%). (B) Variation of peak positions of asymmetric stretching

vibration of CH2.

might be obtained due to the evaporation of THF on mica
surface, since there was no obvious aggregation behaviors were
found based on the solution spectral data. For VW = 25
v%, helical fibers with left-handedness were mainly obtained.
It means that chiral nanostructures were assembled, although
DUO-TDI is an achiral building block (Shen et al., 2014). It
was suggested that the J-aggregation manner facilitates DUO-
TDI to hierarchically assemble into structures with handedness.
The height of the helical fibers was around 13 nm. The width
of the fibers was about 70 nm. It can be easily seen that thick
fibers were entangled by thin fibers. With VW = 50 v%, helical
fibers almost disappeared, and there were sphere structures with
diameters ∼1µm and the height about 100 nm. Considering the
high ratio (∼ 10) of width to height, it could be deduced that
actually disk structures were formed. So, the emergence of both
H- and J-aggregates could prevent the hierarchical growth of
one dimensional fibers and the formation of chiral sense for the
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nanostructures. On increasing the VW to 75 v%, lots of wires
with an average width of 50 nm showed up without obvious
helical sense. Since H-aggregation manner was the major way
of molecular packing with VW = 75 v%, then it seems that
the H-aggregates could promote the growth of one dimensional
structures, but inhibit both chiral packing of molecules and
hierarchical growth with chirality. It was clear that the solvent
polarity indeed affected the assembled structures of DUO-TDI.
The formation of helical fibers, disk structures and wires could
be manipulated by controlling the solvent polarity and this
further confirmed the different molecular packing modes and

FIGURE 4 | AFM images of DUO-TDI films casted from solutions with varied

Vw. (A) Vw = 0 v%, (B) Vw= 25 v%, (C) Vw = 50 v %, and (D) Vw= 75 v%.

The concentration of all mixed solutions was 5.4 × 10−6 M.

FIGURE 5 | Large-scale STM images (60 × 60 nm2) of DUO-TDI at the (A)

1-Octanoic acid-HOPG interface and (B) 1-Phenyloctane-HOPG interface.

Imaging conditions: (A)Iset = 70pA, Vbias = −750mV; (B)Iset = 75pA, Vbias
= −750mV. One DUO-TDI is enclosed by a white oval in each image, and the

inset indicates the magnified image for clarity. The yellow arrow points to the

structure direction of the strip.

hierarchical ways within the assembled nanostructures. The AFM
data was in accordance with that from the spectral results.

Assembly of DUO-TDI at the Liquid-HOPG
Interface
We also reported the self-assembly of this n-type semiconductor
at the liquid-HOPG interface. For DUO-TDI, the large π-
conjugated core provides the π-π staking interactions with the
substrate; and the four long alkyl chains offer potential good
affinity with the HOPG surface and Van der Walls interactions
among neighboring alkyl chains (Chen et al., 2014; Liu et al.,
2015, 2016). Different solvents were tried, since the solvent may
affect the self-assembly behaviors of molecules at the interface
between the liquid and HOPG (Shen et al., 2010; Li et al., 2016).
Here, 1-Octanoic acid and 1-Phenyloctane were used for detect
the solvent effect. 1-Octanoic acid is a polar and protic solvent,
and 1-Phenyloctane is an apolar and aprotic solvent.

In the first stage, the 2D crystallization behaviors of DUO-
TDI at 1-Octanoic acid-HOPG interface were investigated. It
was found that DUO-TDI could form ordered stable monolayers
composed of lamellar structures (Figure 5). Figure 5A showed
a large range of monolayers of DUO-TDI molecules. The
relative bright dots were attributed to the π-conjugated core

FIGURE 6 | (A,B) High-resolution STM images (15 × 15 mm2, 4.3 × 10−6 M)

of DUO-TDI at the 1-Octanoic acid-HOPG interface. Imaging conditions (A)

Iset = 70pA, Vbias = −750mV; (B) Iset = 70pA, Vbias = −750mV. The

graphite symmetry axes are shown in red. The yellow lines indicate the

directions of the unit-cell vectors. (C,D) Tentative molecular packing models

corresponding to the STM images. Hydrogen bonds are indicated by white

dotted lines.
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of DUO-TDI (Figure S1). Obviously, only two out of four
alkyl chains of DUO-TDI adsorbed at the interface. One DUO-
TDI core was enclosed by a white oval and enlarged in the
inset of Figure 5A for clarity. The one well-ordered lamellar
structure was indicated by a yellow arrow. Similar ordered stable
monolayers were obtained for DUO-TDI at the 1-Phenyloctane-
HOPG interface (Figure 5B).

To inspect the 2D molecular packing of this semiconductor
in more detail, we recorded the high-resolution STM images.
Figure 6 showed a high-resolution image of DUO-TDI at the
1-Octanoic acid-HOPG interface. The unit cell parameters of
the mirror patterns were the same within experimental error:
a = 1.53 ± 0.01 nm, b = 1.96 ± 0.02 nm, and γ = 86
± 2◦ for the packing in Figure 6A; a = 1.55 ± 0.02 nm,
b = 1.97 ± 0.05 nm, and γ = 86 ± 1◦ for the packing
in Figure 6B. In addition, the orientation angles of vector a
with respect to the main symmetry axes of the underneath
HOPG for the enantiomeric patterns were −9◦ and + 9◦

(Figures 6A,B), respectively. Thus, 2D chirality was not only
expressed within the monolayer plane, but also at the level of
the monolayer orientation with respect to the HOPG substrate
(Elemans et al., 2009; Guo et al., 2017). The tentative models
for DUO-TDI are shown in Figures 6C,D, where the mirror-
related patterns were clearly demonstrated. In rows, two DUO-
TDI molecules were aligned in a shoulder-to-shoulder manner to
form a dimer, indicated in the zoomed-in images of Figure 6D.
Such dimers were connected with each other through two
pairs of H-bonds (C-H· · ·O) within the same row. In STM
images, the bright rows in the STM image corresponds to the
molecular benzene ring skeleton in the model, and the dark
rows corresponds to the alkyl chain in the model. The high
resolution STM images at the 1-Phenyloctane-HOPG interface
were also recorded and the monolayer composed of same
nanopatterns with same unit cell parameters was obtained
(Figure S2). However, it should be noted that the orientation
angle of vector a with respect to the main symmetry axes of
the underneath HOPG was 0◦ for both enantiomeric patterns.
It can be seen that DUO-TDI molecules could form same long-
term ordered nanostructures at both liquid-HOPG interface,
but that the monolayer chirality was changed. Form above
discussions, the formation of stable monolayers were attributed
by the synergistic effect of H-bonds, π-π stacking, and Van der
Walls interactions. And the solvent played an important role in
the expression of supramolecular chirality, especially at the level
of monolayers.

Actually, the bulk assemblies for DUO-TDI were examined
by using the TGA and DSC (Figure S3). TGA was used to
characterize the thermal stability, and it was showed that DUO-
TDI could be stable at the temperature lower than 360◦C. DSC
was performed to detect the phase transition of the DUO-TDI
molecules. It was found that DUO-TDI showed two peaks at
145 and 137◦C in the first cooling curve. It was obvious a
thermotropic liquid crystal behavior was observed (reference).
The systematic investigation of thermotropic liquid crystal
behavior of DUO-TDI is undergoing.

CONCLUSIONS

The synthesis and the investigation of supramolecular assembly
of a terylene diimide derivative DUO-TDI have been reported.
DUO-TDI has a large π-conjugated core decorated with long
branched 1-undecyldodecyl at both N positions. It was found that
the supramolecular assembly could be manipulated by changing
polarities of solutions consisting good solvent THF and poor
solvent water. When varying the volume percentage of water
(Vw) from 0 to 75v%, monomeric DUO-TDI, J-aggregates, H-
aggregates with minor J-aggregates were obtained. Moreover,
J-aggregates benefited for the formation of helical fibers, H-
aggregates facilitated the fabrication of achiral nanostructures,
such as nanodisks and wires. UV-vis, FL and FT-IR spectra
confirmed that π-π stacking and alkyl chain packing were
both altered within different nanostructures resulted from the
difference in solvent polarity. The assembly of DUO-TDI at
the liquid-HOPG interface was also studied. Stable monolayers
composed of lamellar structures were observed. Chirality at the
pattern level and monolayer level showed up for DUO-TDI at
the 1-Octanoic acid-HOPG interface. While the monolayer level
chirality disappeared at the 1-Phenyloctane-HOPG interface.
The synergetic effect ofπ-π stacking from the large aromatic core
and Van der Walls interactions from alkyl chains was proposed
to contribute to the assembly of DUO-TDI in solutions and at
the interface. The present investigation provides insight into the
design of TDI based semiconductors for both academic research
and potential opto-electronic devices or materials.
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Guanine-quadruplexes (G4s) are targets for anticancer therapeutics. In this context,

human telomeric DNA (HT-DNA) that can fold into G4s sequences are of particular

interest, and their stabilization with small molecules through a visualizable process

has become a challenge. As a new type of ligand for HT-G4, we designed a

tetraimidazolium tetraphenylethene (TPE-Im) as a water-soluble light-up G4 probe. We

study its G4-binding properties with HT-DNA by UV-Visible absorption, circular dichroism

and fluorescence spectroscopies, which provide insights into the interactions between

TPE-Im and G4-DNA. Remarkably, TPE-Im shows a strong fluorescence enhancement

and large shifts upon binding to G4, which is valuable for detecting G4s. The association

constants for the TPE-Im/G4 complex were evaluated in different solution conditions via

isothermal titration calorimetry (ITC), and its binding modes were explored by molecular

modeling showing a groove-binding mechanism. The stabilization of G4 by TPE-Im has

been assessed by Fluorescence Resonance Energy Transfer (FRET) melting assays,

which show a strong stabilization (1T1/2 around +20◦C), together with a specificity

toward G4 with respect to double-stranded DNA.

Keywords: tetraphenylethene, G-quadruplexes, fluorescence, light-up probe, supramolecular

INTRODUCTION

G-quadruplexes (G4s) are secondary structures of DNA, formed by specific guanine-rich sequences
in presence of monovalent cations. Guanine-rich sequences can self-assemble into square planar
networks (called G-quartets) via Hoogsteen hydrogen-bonds, and these G-quartets can stack on
top of each other, stabilized by monovalent alkali cations, to form G-quadruplexes (G4s) (Davis
and Spada, 2007; Bochman et al., 2012; Doluca et al., 2013). Notably, it has been demonstrated that
G4s are formed in human telomeres, made of DNA sequence d(TTAGGG)n (Balasubramanian
and Neidle, 2009; Phan, 2010; Wu and Brosh, 2010; Lam et al., 2013; Hänsel-Hertsch et al., 2017).
Telomeres are non-coding regions at the end of chromosomes that protect chromosomal ends
from fusion during replication of DNA. A specific enzyme, the telomerase, add repetitions of
d(TTAGGG)n at the end of telomeres, and it has been shown that in most cancer cells, this
enzyme is overexpressed. The normal expression of telomerase into cells allows protection of
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coding genes during the cell life, whereas when telomerase is
overexpressed, the cell can no longer enter into senescence
and start multiplying in a non-controlled manner, causing
tumor growth (Phan, 2010; Wu and Brosh, 2010; Biffi et al.,
2013; Maji and Bhattacharya, 2014). The challenge that emerge
from these hypotheses in anti-cancer drug design is designing
molecules that can bind/stabilize G4s and inhibit the telomerase
activity in tumor cells (Monchaud and Teulade-Fichou, 2008;
Balasubramanian and Neidle, 2009; Collie and Parkinson, 2011;
Tucker et al., 2012; Neidle, 2017; Asamitsu et al., 2019). A
large number of small molecules, such as porphyrin, perylene,
and naphthalene diimide derivatives, have been prepared and
demonstrated their ability to bind G4 (Zhao et al., 2013; Golub
et al., 2015; Rubio-Magnieto et al., 2015). We have notably
studied the interaction between imidazolium- or pyridinium-
based tetracationic porphyrins and demonstrated their strong
binding with G4s, and their selectivity to G4 over double-
stranded DNA (dsDNA) (Rubio-Magnieto et al., 2015). Indeed,
porphyrins have interesting UV-Vis absorption properties, but
their fluorescence intensities in interaction with G4 are weak,
hampering their use as fluorescent probes.

With the aim of evolving toward G4-DNA fluorescent probes,
we synthesized a cationic tetraphenylethene (TPE) derivative,
as recently reported by Hahn and coworkers (Sinha et al.,
2017). The TPE core was selected due to its appropriate size
in comparison to intramolecular human telomeric G4s (Hong
et al., 2010). To promote multi-site interactions and solubility
in aqueous media, four cationic groups were introduced into
the TPE core as it has been achieved with porphyrins by us
and others (Flynn et al., 1999; Trommel and Marzilli, 2001;
Rubio-Magnieto et al., 2015). A remarkable characteristic of
TPEs is their peculiar fluorescence properties: TPEs are poorly
fluorescent when molecularly dissolved in solution due to the
possible intramolecular rotations which lead to deexcitation
through non-radiative pathways. However, when TPEs aggregate,
a large increase of the fluorescence is noted because of the
restriction of its intramolecular rotations by the aggregate
formation (Mei et al., 2014; Yang et al., 2016). These Aggregation-
Induced Emission (AIE) properties of TPE motivated us to
conceive a “light-up” probe to stabilize and detect G4s with a
very low detection limit. In contrast to another approach that
make use of flexible alkylammonium groups (Hong et al., 2010;
Zhang et al., 2015), we have selected imidazolium cationic groups
directly connected to the TPE core (Scheme 1), as these were
found to provide high affinity toward human telomeric G4s,
through the combination of electrostatic interactions with the
DNA backbone and π-type interactions with the nucleobases of
the G4 loops (Rubio-Magnieto et al., 2015).

In this paper, we report on the synthesis and the optical
properties of a novel compound TPE-Im, see Scheme 1. We
study its G4 binding properties with human telomeric DNA
(HT-DNA) sequences, by means of circular dichroism (CD), and
fluorescence spectroscopies, and isothermal titration calorimetry
(ITC). We have selected the (HT-DNA) sequences Tel22 (5′-
AGG GTT AGG GTT AGG GTT AGG G-3′) because of
their relevance as G4 targets in cancer research, and because

SCHEME 1 | Chemical structure of TPE-Im.

these sequences can adopt different intramolecular G-quadruplex
structures depending on the solution conditions.

MATERIALS AND METHODS

Materials
Dry DMF and THF were obtained by a solvent purification
system PureSolve MD5 from Innovative Technology. Preparative
purifications were performed by silica gel flash column
chromatography (Merck 40–60mm). Solvents used as eluents are
technical grade.

Synthesis
The synthesis of 1,1,2,2-tetrakis(4-bromophenyl)ethane
(TPE-Br) was performed according to literature procedures
(Schultz et al., 2003).

Synthesis of Tetra-Imidazole-Appended
Tetrakis(p-phenylene)Ethylene (TIPE)
1,1,2,2-tetrakis(4-bromophenyl)ethene (0.500 g, 0,772 mmol),
imidazole (0.42 g, 6.177 mmol; 8 eq.), potassium carbonate
(0.750 g, 5.435 mmol; 7 eq.) and CuSO4 (0.025 g, 0.157 mmol; 0.2
eq.) were placed into a Schlenk flask under an argon atmosphere
and anhydrous DMF (2mL) was added. The solid mixture was
then heated to 140◦C for 24 h. The reaction mixture was cooled
to room temperature and was washed three times (3 × 20mL)
with distilled water. The remaining solid residue was extracted
with methanol (3 × 10mL) and the methanol solution was
filtered and evaporated under vacuum. The crude product was
then purified by column chromatography on silica gel eluting
with a gradient of dichloromethane:methanol (98:2–90:10) to
give TIPE as a colorless solid. Yield: 0.220 g (0.370 mmol, 48%).
Spectroscopic data for TIPE are the same as previously described
in the literature (Sinha et al., 2017). 1HNMR (300 MHz, DMSO-
d6): δ = 8.27 (s, 4H), 7.75 (s, 4H), 7.54 (d, 3JH−H = 8.5Hz, 8H),
7.19 (d, 3JH−H = 8.5Hz, 8H), 7.09 ppm (br. s, 4H) ppm.
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Synthesis of TPE-Im
In a 50mL Schlenk tube under an argon atmosphere, TIPE
(0.100 g, 0.168 mmol) was dissolved in anhydrous DMF (15mL).
Iodomethane (5mL, 0.800 mmol; 470 eq.) was added at once.
The reaction mixture was stirred at room temperature for 72 h.
TPE-Im is then precipitated in diethyl ether (400mL) and filtered
leading to a yellow solid. Yield: 0.180 g (0.146 mmol, 87%). 1H
NMR (300 MHz, CD3OD) δ = 9.55 (s, 4H), 8.05 (t, JH−H =

1.7Hz, 4H), 7.76 (t, JH−H = 1.8Hz, 4H), 7.61 (d, 3JH−H =8.7Hz,
8H), 7.42 (d, 3JH−H = 8.7Hz, 8H), 4.03 (s, 12H, N-CH3) ppm.
13C{1H} NMR (101 MHz, CD3OD) δ = 143.8, 142.2, 135.3,
134.2, 125.7, 123.2, 122.6, 37.0 ppm. HR-MS (ESI-TOF+): m/z
calculated C42H40N

4+
8 164.0844 [M – 4I]4+, found 164.0845. UV-

vis (H2O) λ (ε L. mol−1. cm−1)= 260 (29 800), 293 (20 800), 322
(16 800) nm.

UV-Vis Absorption and Circular Dichroism
Spectroscopy
UV-Vis absorption spectra of pure TPE-Im were recorded at
25◦C on a JASCO V-750 spectrophotometer in 10mm quartz
cells (Hellma). The extinction coefficients were determined
by preparing solutions of TPE-Im at different concentration,
and the concentration range was judiciously chosen to remain
in the linear range of the Beer-Lambert relationship (A ∼

0.2–0.8). For TPE-Im/G4 mixtures, UV-Vis absorption and
Circular Dichroism (CD) measurements were recorded using a
ChirascanTMPlus CD Spectrometer fromApplied Photophysics.
The measurements were carried out using 2mm suprasil quartz
cells from Hellma Analytics. The spectra were recorded at
20◦C between 225 and 600 nm, with a bandwidth of 1 nm,
time per point 1 s. The buffer water solvent was Tris-EDTA
prepared from 1M Tris-Cl and 0.5M EDTA to achieve a 10mM
Tris-Cl and 1mM EDTA final buffer at pH 7.5. The buffered
water solvent reference spectra were used as baselines and were
automatically subtracted from the CD and UV-Vis absorption
of the samples. All the spectra were treated by using OriginPro
2018 software.

Fluorescence Spectroscopy
Emission spectra of pure TPE-Im were recorded at 25◦C
on a fluorescence spectrophotometer (FS920, Edinburgh
Instruments) equipped with a calibrated photomultiplier in
a Peltier (air cooled) housing (R928P, Hamamatsu), with a
450W continuous xenon arc lamp as the excitation source for
steady-state photoluminescence measurements using a quartz
cuvette with 1.0 cm excitation path length. Emission spectra of
TPE-Im/G4 mixtures were recorded using a ChirascanTM Plus
CD spectrophotometer from Applied Photophysics equipped
for fluorescence measurements. The measurements were carried
out using 4mm by 10mm suprasil quartz cells from Hellma
Analytics. The spectra were recorded at 20◦C between 270 and
700 nm, with a bandwidth of 2.0 nm, time per point 0.5 s. The
buffer water solvent was Tris-EDTA at 10mM Tris-Cl and 1mM
EDTA, pH 7.5, same as CD and UV-vis experiment. All the
spectra were treated by using OriginPro 2018 software.

Molecular Docking
TPE-Im was built within the Avogadro molecular editor
(Hanwell et al., 2012). Molecular mechanics calculations were
then performed to optimize the geometry of the TPE-Im

molecule. For this, a two-step minimization procedure, i.e., a
steepest descent optimization followed by a conjugate gradient
optimization, was performedwith the General Amber Force Field
(GAFF) (Wang et al., 2004). The energy convergence criterion
was set at 10−5 kJ. mol−1 for the energy minimization. The
coordinates of the two G-quadruplexes (G4) were obtained from
the Protein Data Bank (PDB ID: 143d and PDB ID: 2hy9).
For each G4, we extracted the different NMR conformations to
perform ensemble docking calculations, i.e., six conformations
for the 143D target and 10 conformations for the 2HY9 target.
Docking calculations were performed with the AutoDock Vina
package (Trott and Olson, 2009). As we have no a priori
knowledge of the TPE-Im binding mode along the G4 structures,
a sufficiently large grid was built around each G4 structure to
allow the exploration of the entire G4 surface during the docking
calculations. A large grid size of 100 × 100 × 100 Å3 with a
spacing of 0.375 Å was thus considered. The center of the grid
box was located on the center-of-mass of the G4 targets. As
the grid presents an important size, an exhaustiveness value of
32 was chosen, a larger one than the default value, i.e., eight
(Jaghoori et al., 2016). TPE-Im was set as a flexible entity, and
we considered various torsions between imidazolium and benzyl
moieties. The 10 most energetically favorable complexes were
retained for each docking calculation. The PyMOL molecular
visualization system was used to depict illustrations of the TPE-
Im docking calculations (Delano, 2002).

Fluorescence Resonance Energy Transfer
(FRET) Melting Assays
FRET melting assays were performed according to Decian et al.
(2007), Renciuk et al. (2012), and Rubio-Magnieto et al. (2015),
using a synthetic double-dye labeled oligonucleotide called
F21T 5′-FAM-GGG(T2AG3)3-TAMRA-3′ (purchased with the
highest purity grade from Eurogentec, Belgium). The solutions
were prepared at a concentration of around 0.3µM (ODN
concentration) in 10mM lithium cacodylate buffer (pH = 7.2)
in presence of 100mM KCl. The solutions were first heated
to 90◦C for 315min in the corresponding buffer conditions
and then slowly cooled down at 1.5◦C/min to 20◦C to support
the formation of G4 secondary structure. The mixtures were
equilibrated at 25◦C during 5min. The FRET spectra were
measured using a ChirascanTM Plus CD Spectrophotometer
equipped for fluorescence measurements. The samples were
excited at 492 nm and the fluorescence emission spectra were
collected between 500 and 700 nm. The temperature was varied
from 20 to 95◦C at a rate of 0.3◦C/min. The melting of the
F21T was monitored by measuring the fluorescence of FAM
(at 516 nm), as described in reference (Decian et al., 2007;
Renciuk et al., 2012; Rubio-Magnieto et al., 2015). The FAM
emission intensity was normalized and 1T1/2 was defined as the
temperature for which the normalized emission equals 0.5. For
the selectivity studies, a solution of 10 molar equivalents of a
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SCHEME 2 | Synthesis of TPE-Im.

dsDNA competitor (∼3µM in double-strand) was added into the
F21T/TPE-Im solution and the final solution was equilibrated at
25◦C during 5min. The dsDNA competitor (ds43) is a 43 base
pairs with sequence: 5′-CGT CAC GTA AAT CGG TTA ACA
AAT GGC TTT CGA AGC TAG CTT C-3′, hybridized with its
complementary sequence. All the spectra were treated by using
OriginPro 2018 software.

Isothermal Titration Calorimetry
Isothermal titration calorimetry (ITC) experiments were carried
out at 20◦C on a Microcal ITC200 instrument (Microcal). The
titration cell was filled with a solution of 10–20µM Tel22 DNA
and the syringe was loaded with a TPE-Im solution of 600–
2,000µM. Experiments consisted of a series of 26 injections
of ligand from rotating syringe (speed 750 rpm) into the
thermostatic cell (initial delay of 60 s, duration of 2 s and spacing
of 120 s). Control experiments were carried out where the ligand
solution was added into the buffer containing cell. The corrected
ITC titrations were treated by using Origin 7.0 software.

RESULTS AND DISCUSSION

Synthesis
TPE-bridged tetraimidazolium salt (TPE-Im) was synthesized
in two steps starting from 1,1,2,2-tetrakis(4-bromophenyl)ethene
(TPE-Br) by using a slightly modified version of a previously
reported procedure (Scheme 2) (Sinha et al., 2017). First, the
imidazole was linked to the TPE core through Ulmann coupling
reaction leading toTIPE in 47% yield (Supplementary Figure 1).
Then, the alkylation of TIPE with an excess of iodomethane
afforded the tetraimidazolium salt in a quantitative yield
(Supplementary Figures 2, 3). The 1H NMR spectrum of TPE-
Im in CD3OD clearly shows the downfield signal of the acidic
proton (C-H) of the imidazolium ring at δ = 9.55 ppm and the
signal of N-CH3 at δ = 4.03 ppm (see Supplementary Figure 2).
The molecular mass peak of TPE-Im was observed by using ESI-
TOF mass spectrometry at m/z = 164.0845, as expected for this
tetracationic species (calculatedm/z = 164.0844 [M−4I]4+).

Optical Properties
The optical properties of TPE-Im were studied by UV-Vis
absorption and photoluminescence (PL) spectroscopies. The
absorption and emission spectra of TPE-Im in water (0.8 %

DMSO) are shown in Figure 1A. Two unstructured absorption
bands are observed at 293 nm and 322 nm, which could be
assigned to π-π∗ transition (Salimimarand et al., 2017; Kayal
et al., 2018). In water, TPE-Im shows two emission bands: a
structured one at ∼380 nm and another broader and weaker at
∼480 nm. The shape of the emission spectra, especially the ratio
of the intensity of the two bands at ∼380 nm and ∼480 nm, is
dependent on the nature of the solvent. Figure 1B shows the
emission spectra of TPE-Im in polar aprotic (acetonitrile, DMF,
DMSO) and protic (MeOH) solvents. A strong increase of the
emission band at ∼480 nm in the emission spectra of TPE-Im
in pure DMSO is noticed compared to water (0.8% DMSO). To
understand the nature of the band at longer wavelength, the
effect of concentration on the emission profile of pure TPE-Im
in water is studied (from 10−5 to 10−3 M, see Figure 1C). At
high concentration (5× 10−4–10−3 M), only the broad emission
band at longer wavelength remains but its intensity gradually
decreases. The solvatochromic and concentration effects may
indicate that the broad peak at around 470 nm is due to a
twisted intramolecular charge transfer (TICT) state, as previously
observed for tetrapyridinium-based TPE (Grabowski et al., 2003;
Shigeta et al., 2012). To investigate the potential AIE behavior
of TPE-Im, emission spectra were then recorded in water/THF
mixtures with different THF fractions in view of fine-tuning
the THF content as well as the aggregation extent (Figure 1D).
Adding a poorer solvent (THF) to the water solution results in
the gradual disappearance of the broad emission band around
380 nm. Only the broad emission band around 480 nm remains
at high THF content (90%). However, adding THF to a solution
of TPE-Im in water not only leads to a modification of the
emission profile but also to an important decrease of the emission
intensity. These results clearly indicate that TPE-Im is AIE-
inactive in THF/water solution conditions.

DFT B3LYP 6/31G∗ calculations have been carried out on
TPE-Im to both get information about its optimized structure
and its frontier orbitals plots (Frisch et al., 2009). As observed
with other TPE derivatives, the optimized structure shows a
four-winged propeller-like conformation with slightly different
torsion angles between the ethylene core and the adjacent phenyl
rings in the range of what is usually measured from the crystals
(ϕ1 = 52.0◦, ϕ2 = 52.9◦, ϕ3 = 50.1◦, ϕ4 = 53.8◦, ϕav =

52.2◦) (Supplementary Figure 4 and Supplementary Table 1)
(Cai et al., 2018; Zhang et al., 2019). Examination of the frontier
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FIGURE 1 | (A) UV-Visible absorption (blue) and PL spectra (red) of TPE-Im in water (0.8 % DMSO) at 2 × 10−5 M (λexc = 265 nm). (B) PL spectra of TPE-Im in

water (black), methanol (blue), acetonitrile (orange), DMF (red), and DMSO (green) at 2 × 10−5 M (λexc = 265 nm). (C) PL spectra of TPE-Im at different

concentrations (λexc = 265 nm). (D) PL spectra of TPE-Im in water/THF mixtures with different THF fractions (Concentration: 2 × 10−5 M, λexc = 265 nm).

FIGURE 2 | Isosurface plots of frontier orbitals in the ground state: HOMO (left) and LUMO (right) orbitals of TPE-Im.

orbital plots indicates that HOMOand LUMOorbitals aremainly
located on the TPE core with a relatively low contribution of
the imidazolium rings, which suggests that the photophysical
properties mainly arise from the TPE core (Figure 2).

Binding to Human Telomeric Sequence
The human telomeric sequence studied here was Tel22 of
d[AG3(T2AG3)] sequence, which presents different G4 loop
structures depending on the nature of the alkali cation added
in solution. With Na+ at 100mM, Tel22 specifically folds
into G4 parallel loop structure. In contrast, with K+ at
100mM, it folds into a mixture of parallel and anti-parallel

G4 conformation, in a dynamic equilibrium between hybrid
structures (Dai et al., 2008; Phan, 2010). CD spectra of TPE-
Im in interaction with different Tel22 in different aqueous
solution media are presented in Figure 3. The CD spectra of
Tel22 in presence of KCl show a positive peak at 290 nm
and a shoulder at 250 nm, which is typical of Tel22 with K+

(Rubio-Magnieto et al., 2015). In the TPE-Im/Tel22 mixture
(5:1), the CD bands related to the G-quadruplex are barely
modified, with a slight decrease of the signal intensity. A
weak negative peak appears at 315 nm, in the spectral range
where only TPE-Im absorbs. Indeed, pure TPE-Im in aqueous
solution does not show any CD signal. CD spectra of Tel22
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FIGURE 3 | CD spectra of (A) TPE-Im:Tel22 in TE buffer + 100mM KCl; B)

TPE-Im:Tel22 in TE buffer + 100mM NaCl. The molar ratio for (A) and (B) is

5:1 in TPE-Im:Tel22.

in aqueous solution with NaCl show specific antiparallel G-
quadruplex structure, with a positive peak at 295 nm and strong
negative peak at 265 nm (Wang and Patel, 1993; Rubio-Magnieto
et al., 2015). These signals are reduced in presence of TPE-

Im, and a very weak negative signal at 315 nm is present. As
the concentration of Tel22 is maintained constant for both
experiments (see Supplementary Figure 5), the modifications in
the spectra seem to be directly linked to the interaction between
TPE-Im and Tel22.

Molecular Modeling of TPE/G4 Binding
Modes
To gain insights into the affinity and the binding modes
of TPE-Im with Tel22, we perform docking calculations
using the AutoDock Vina package (Trott and Olson, 2009),
see computational details in the Supporting Information.
We consider several conformations for both G4 targets (six
conformations for the PDB IDs 143D with Na+, and 10
conformations for 2HY9 with K+) to take into account,
in an implicit manner, the flexibility of the targets. The
affinity, calculated on the 10 most stable docking solutions

for each conformation of both G4 targets, are reported in
Supplementary Figure 10. In Supplementary Table 2, we report
the statistical analysis of the related docking calculations. For
the G4 target in K+ (2HY9), the best average affinity is found
for the third conformation (model 3 in the NMR structure),
with the global maximal affinity (lowest binding energy) of
Eb = −7.3 kcal/mol (corresponding to the structure shown
in Figure 4 top). Let us note that the average RMSD of the
10 recorded docking solutions is also the lowest for the third
conformation, which emphasizes a stable binding mode. For
the G4 target in Na+ (143D), the most stable set of docking
solutions is found for the conformation #5 (Eb= −7.1 kcal/mol,
Supplementary Figure 10 and Supplementary Table 2), see its
structure in Figure 4 bottom.

The most energetically favorable docking solutions for TPE-
Im/Tel22 complex present similar calculated binding energies
[Eb = −7.3 kcal/mol for the TPE-Im/G4(2HY9) complex and
Eb = −7.1 kcal/mol for the TPE-Im/G4(143D)]. However,
the superpositions of the 10 most stable docking solutions
(Supplementary Figures 11, 12) depict different TPE-Im/G4
binding modes depending on the alkali cation. For the 2HY9
G4, docking solutions are well-superposed, indicating one clear
binding mode of TPE-Im (Supplementary Figure 11). Nine of
the ten TPE-Im/G4 (2HY9) docking solutions are grouped
into only two clusters (Supplementary Figure 11). Moreover,
these two clusters are similar between them regarding the weak
RMSD value with respect to the most stable docking solution
(Supplementary Table 3). Therefore, docking calculations show
that TPE-Im ligand has a single, well-defined binding mode,
as shown in Figure 4 with TPE-Im buried at the bottom of
the 2HY9 target. The close contacts of the most stable docking
solution show that the charged nitrogen atoms of TPE-Im

ligand are close to the phosphate groups of 2HY9. A proximity
between aromatic nucleobases and aromatic ligand moieties is
also observed. The affinity of the TPE-Im ligand to the G4 target
(2HY9) arises from concomitant electrostatic interactions and
stacking interactions.

The possible binding modes are different for the second G4
target (PDB ID: 143D). Although the TPE-Im is also bound
in a wide groove of 143D, the 10 docking solutions are clearly
much less superimposed than for 2HY9, illustrating various
binding modes. The docking solutions are therefore grouped
into clusters (Supplementary Figure 12), with high differences
in RMSD values (Supplementary Table 4) compared to the case
of TPE-Im/G4(2HY9) complex. The close contacts of the most
stable docking mode do not involve phosphate groups (see
Figure 4 bottom), and the aromatic moieties of the TPE-Im

are not in contact with nucleobases, with a quasi-perpendicular
binding mode between the G4(143D) tetrad and the main plane
of TPE-Im. Such a binding mode explains why the affinity of
the TPE-Im ligand with the 143D target is lower compared
to the 2HY9 target. Let us note that the most stable docking
solution of TPE-Im/G4(143D) implies a particular conformation
of the G4(143D) target, i.e., an opening of the G4 structure
through disruption of some interactions between nucleobases.
The docking calculations do not take into account the entropic
effects, but such a binding mode could have a high entropic
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FIGURE 4 | Structures of the most stable docking solutions for each G4 target (see PDB ID on the left). The close contacts are shown on the right, with TPE-Im

surrounded by its van der Waals surface. The spheres in dots represent van der Waals spheres of the atoms of G4 in contact with the TPE-Im ligand.

cost, needing an opening of 143D. These docking calculations
indicate a groove-bindingmechanism ofTPE-Im to HT-G4, with
more diverse possible binding modes for 2HY9 G4 compared to
143D G4.

Fluorescence Spectroscopy of TPE/G4
The interactions between TPE-Im and Tel22 have also been
studied by fluorescence spectroscopy, as shown in Figure 5.
Pure TPE-Im in TE buffer (black lines Figure 5) reaches
an emission maximum at 390 nm, with a broad shoulder at
470 nm. In the presence of salt or in physiological environment
buffer, only minor changes are observed in the emission profile
compared to pure TPE-Im: the intensity of the emission band
at 390 nm is slightly modified whereas the emission band at
470 nm shows the same intensity with or without KCl in
the solution (Supplementary Figures 6, 7). Adding Tel22 to
a solution containing NaCl, the emission peak at 470 nm of

TPE-Im strongly increases while the peak at 390 nm vanishes.
This increase of fluorescence for TPE-Im may be due to the
concomitant electrostatic interactions and stacking interactions
taking place with G4 (see above), which leads to restricted
intramolecular rotations and thus, an exalted emission band
around 480 nm; a typical value for TPE derivatives in aggregated
state (Huang et al., 2012; Odabas et al., 2013; Sinha et al., 2017).
The same behavior is observed with Tel22 in an aqueous solution
containing KCl, the shoulder at 390 nm decreases while the peak
at 470 nm strongly increases, with about the same intensity than
with NaCl. This “light-up” fluorescence effect is influenced by the
presence of added salt in the mixture. Indeed, the increase of the
fluorescence is significantly higher when no salt is added (note
that pure Tel22 form G-quadruplex structures even without
adding salt to the solution, see Supplementary Figure 8), while
it is lower with a concentration of added salt at 100mM of NaCl
or KCl (see green lines vs. red lines in Figure 5, respectively).
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FIGURE 5 | Fluorescence spectra of (A) TPE-Im:Tel22 in TE buffer (λexc =

265 nm). (B) TPE-Im:Tel22 in TE buffer (λexc = 265 nm). The molar ratio for

(A) and (B) is 5:1 in TPE-Im:Tel22.

It is likely that G4 binding and further aggregation of TPE-

Im over G4 is more favorable when the concentration of alkali
cations is low, with a lesser extent of screening by alkali ions
than for solutions with 100mM of added salt. The selectivity
of TPE-Im toward double stranded DNA (dsR20) vs. G4 DNA
(Tel22) was estimated through fluorescence measurements.
Adding Tel22 to TPE-Im results in a fluorescence exaltation
three or five times higher than that with double-stranded DNA
(see Supplementary Figure 9).

Stability and Specificity of TPE/G4
Interaction
Fluorescence Resonance Energy Transfer (FRET) melting assays
were performed in order to assess the stability and selectivity of
TPE-Im for G-quadruplex over double-stranded DNA (dsDNA).
These experiments are based on the measurement of the melting
temperature of double-dye labeled G4, by monitoring the FRET
between two dyes located at 5′ and 3′ positions when the
G4 goes from folded to unfolded states upon increasing the
temperature of the solution. The oligonucleotide used here is a
modified Tel22 sequence end-capped with a fluorescein amidite
dye (FAM) at 5′-end and a tetramethylrhodamine (TAMRA)

FIGURE 6 | FRET melting essay for solutions of pure F21T (200 nM), and in

the presence of 1µM TPE-Im with or without 10 equivalent of competitor

double-stranded DNA (ds43). The emission intensity corresponds to

normalized FAM fluorescence (λexc = 492 nm). All measurements were

performed in a 10mM lithium cacodylate buffer (pH = 7.2) with 100mM KCl.

at 3′-end, the labeled oligonucleotide FAM-5′-GGG(T2AG3)3-
TAMRA-3′, referred to as F21T. This oligonucleotide has been
widely studied in the literature for assessing stabilization of G4
and selectivity by ligands (Decian et al., 2007; Renciuk et al.,
2012). After a preliminary heating/cooling cycle of F21T to
make sure of its folding into a G4, TPE-Im is added and the
emission of the donor dye (i.e., FAM, λexc = 492 nm) has been
followed as a function of temperature, as it has already been done
by us and others. This method has been shown to give more
reproducible results than the sensitized emission of the acceptor
(i.e., TAMRA). The G4 structure unfolds when the temperature
increases and thereby the light emission of the donor (i.e., FAM)
increases. The denaturation of G4 has been followed for pure
F21T, for a mixture F21T/TPE-Im in a 1:5 molar ratio, and
for a mixture F21T/TPE-Im/ds43 in a 1:5:10 molar ratio in
K+ buffer conditions, as shown in Figure 6. The determination
of the half-melting temperature difference (1T1/2) between the
pure F21T and F21T/TPE-Im is a quantitative measurement
of the stabilization effect due to the added ligand. The results
show T1/2 of 61.0 and 80.5◦C for the pure F21T and TPE-

Im/F21T, respectively. These results show a strong stabilization
of G-quadruplex by TPE-Im, with a 1T1/2 = 19.5◦C. The
addition of 10 equivalents of dsDNA competitor (ds43)
disturbs the TPE-Im/F21T stabilization, with a T1/2 of 68◦C
(1T1/2 = 7◦C), despite the high content in competitor.
This means that TPE-Im is more specific to Tel22 G4
DNA conformation than to dsDNA conformation, even with
10 times the concentration of double-stranded DNA vs. G4
DNA. The TPE-Im/F21T complex seems disturbed by the
high concentration on competitive double stranded DNA but
we cannot see a complete drawback to pure F21T T1/2.
In comparison with the previous work of our group, the
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FIGURE 7 | ITC binding isotherms obtained at 20◦C for TPE-Im in two different buffers. (A) 10mM Tris, 1mM EDTA, 100mM KCl, pH 7.4. (B) 10mM Tris, 1mM

EDTA, 100mM NaCl, pH 7.4. The upper isotherms indicate Tel22 DNA binding raw data. The lower curves are obtained after integration of individual heat flow signals

as function of DNA/ligand molar ratio in the calorimeter cell.

TABLE 1 | Estimates of the association constants Ka and thermodynamic

parameters, as determined by ITC.

TPE-Im/HT-G4

in NaCl in KCl

Ka (M−1) 3.2 (±1.1).105 2.4 (±1.0).105

1H (kcal.mol−1 ) −0.3 (±0.06) 0.8 (±0.1)

–T1S (kcal.mol−1.K−1) −7.1 (±0.2) −8 (±0.2)

TPE-Im/F21T complex is less disrupted than the porphyrin’s one
(Rubio-Magnieto et al., 2015). It is likely due to its geometry that
is particularly adapted to the G4 structure (see above). Note that
we observe a jump in the green curve at 72◦C which may be
due to a partial intercalation of TPE-Im in the unwound double
stranded DNA (that has a melting temperature slightly under
at 67◦C).

Isothermal Titration Calorimetry
Isothermal titration calorimetry experiments were carried out to
quantify the binding of TPE-Im to Tel22 DNA in presence of
NaCl or KCl, see Figure 7 and Table 1. In both cases, binding
seems to be strongly driven by favorable entropy changes to a
much greater extent than with the flexible cationic TPE-based
ligands previously described (Hong et al., 2010). This different
behavior is possibly due to the dehydration of the larger aromatic
surface ofTPE-Imwhereas entropic penalty occurs upon binding
for the TPE-derivatives having flexible side-chains. While a small
favorable enthalpy change is observed in the presence of NaCl, an
endothermic binding occurs in the presence of KCl. It is possible
that this small difference is due to the better pre-organization

of Tel22 in a single G4 parallel loop structure with NaCl
and in a mixture of parallel and anti-parallel G4 conformation
with KCl, but we interpret this with caution because of the
small difference of measured association constants. Overall, the
observed association constants reach 3.2 ± 1.1 105 M−1 in NaCl
and 2.4 ± 1.0 105 M−1 in KCl (Figure 7), which are typical of
TPE-based G-quadruplex ligands (Hong et al., 2010).

CONCLUSIONS

We have reported on the design of a novel TPE-based
fluorophore that features methyl-imidazolium groups directly
tethered to the TPE core, TPE-Im. We found that this original
design endows peculiar optical properties and a significant shift
from 380 to 480 nm in the fluorescence emission that is triggered
by aggregation. Binding to a (HT-DNA) sequences Tel22 was
characterized by CD spectroscopy without and with salts (NaCl,
KCl), and molecular modeling suggest a predominant side-on
groove binding, with an opening of the grooves in the case
of Tel22 in KCl. Fluorescence spectroscopy demonstrates that
the probe TPE-Im shows a turn-on fluorescence emission upon
binding to Tel22, and interestingly, also displays a significant
shift in fluorescence emission (380 to 480 nm). A FRET melting
assay shows a strong stabilizing effects of TPE-Im on the
secondary folded structure of Tel22 (1T1/2 = 19.5◦C), with a
good degree of selectivity to G4 against double-stranded DNA.
Finally, ITC was used to determine the association constants,
which are in the range 2.4–3.2 × 105 depending on the solution
conditions. Overall, we believe these results set the stage for the
further use of TPE-Im as a novel probe that display turn-on and
ratiometric responses upon binding to DNA G-quadruplexes.
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