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Thermo-Reversible Persistent
Phosphorescence Modulation
Reveals the Large Contribution Made
by Rigidity to the Suppression of
Endothermic Intermolecular Triplet
Quenching

Tomoya Kusama and Shuzo Hirata*

Department of Engineering Science, University of Electro-Communications, Tokyo, Japan

The suppression of thermally driven triplet deactivation is crucial for efficient persistent
room-temperature phosphorescence (pRTP). However, the mechanism by which triplet
deactivation occurs in metal-free molecular solids at room temperature (RT) remains
unclear. Herein, we report a large pRTP intensity change in a molecular guest that
depended on the reversible amorphous—crystal phase change in the molecular host,
and we confirm the large contribution made by the rigidity of the host in suppressing
intermolecular triplet quenching in the guest. (S)-(-)-2,2'-Bis(diphenylphosphino)-1,1'-
binaphthyl ((S)-BINAP) was doped as a guest into a highly purified (S)-
bis(diphenylphosphino)-5,5',6,6',7,7',8,8'-octahydro-1,1’-binaphthyl ((S)-Hs-BINAP)
host. It was possible to reversibly form the amorphous and crystalline states of the
solid by cooling to RT from various temperatures. The RTP yield (@) originating from the
(S)-BINAP was 6.7% in the crystalline state of the (S)-Hg-BINAP host, whereas it
decreased to 0.31% in the amorphous state. Arrhenius plots showing the rate of
nonradiative deactivation from the lowest triplet excited state (T4) of the amorphous
and crystalline solids indicated that the large difference in @, between the crystalline
and amorphous states was mostly due to the discrepancy in the magnitude of quenching
of intermolecular triplet energy transfer from the (S)-BINAP guest to the (S)-Hg-BINAP host.
Controlled analyses of the T4 energy of the guest and host, and of the reorganization
energy of the intermolecular triplet energy transfer from the guest to the host, confirmed
that the large difference in intermolecular triplet quenching was due to the discrepancy in
the magnitude of the diffusion constant of the (S)-Hg-BINAP host between its amorphous
and crystalline states. Quantification of both the T energy and the diffusion constant of
molecules used in solid materials is crucial for a meaningful discussion of the intermolecular
triplet deactivation of various metal-free solid materials.

Keywords: persistent room-temperature phosphorescence, triplet quenching, nonradiative deactivation, phase
change, diffusion constant, reorganization energy
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INTRODUCTION

Room-temperature phosphorescence (RTP) with an emission
lifetime of more than 100 ms—i.e., persistent RTP (pRTP)—
from metal-free molecular solids occurs after ceasing exposure
to fluorescence-independent excitation light (Clapp. 1939; Zhang
et al., 2007; Hirata et al., 2013). Because autofluorescence-
independent pRTP can be detected using small-scale and low-
cost photo detectors, chemicals and materials with pRTP
characteristics are crucial for state-of-the-art security, sensing,
and bioimaging applications (Deng et al., 2013; Zhang et al., 2014;
Fateminia et al., 2017; Zhen et al.,, 2017; Louis et al., 2019; Zhou
and Yan, 2019). Efficient pRTP produces much brighter
persistent emission compared with the general long persistent
luminescence from materials that has been reported previously
(Bhattacharjee and Hirata, 2020). Therefore, photophysical
insight into chemicals and/or materials to access the efficiency
and brightness of pRTP is crucial. Because pRTP from metal-free
chromophores is a slow process (Hirata, 2017), the suppression of
thermo-driven triplet deactivation is necessary for efficient pRTP.
However, the mechanism by which the triplet deactivation of
metal-free molecular solids occurs at RT remains unclear.
Triplet deactivation includes both intramolecular radiation-
less transition from the lowest triplet excited state (T;) to the
ground state (Sp) and the T, quenching caused by intermolecular
interactions. The rate of the intermolecular radiation-less
transition at RT (k,(RT)) is related to spin-orbit coupling
including vibrations and the energy gap between T; and the S,
of the target chromophores (Schlag et al., 1971; Metz et al., 1972;
Metz, 1973). However, the rate of the T; quenching caused by
intermolecular interactions (kq(RT)) is based on charge transfer
theory (Kohler and Bissler, 2011). In the 1980s, k,(RT) and
k4(RT) were considered separately using benzophenone as a guest
in polymer matrices, and the k,(RT) of benzophenone was found
to be almost independent of temperature from 77 K to RT (Horie
and Mita, 1982; Horie et al., 1984). Recently, cooperative analysis
of optical measurements and quantum chemical calculations have
confirmed that the k,(RT) values of a variety of heavy atom-free
chromophores are less than 10°s™" (Bhattacharjee et al., 2021;
Hirata and Bhattacharjee et al., 2021). This indicates that most
triplet deactivation of materials is caused by the ky(RT) (Hirata
etal,, 2020; Hirata and ; Bhattacharjee et al., 2021). With regard to
the kq(RT) of host-guest molecular solids, it is generally necessary
for the host molecules to have a larger T energy than the metal-
based phosphorescence guests to suppress the kq(RT) (Adachi
et al, 2001). However, for heavy atom-free and/or metal-free
guests, a long-lived T, at RT generally requires the host molecules
to have a considerably greater T, than the guests to significantly
suppress the kq(RT) (Hirata et al,, 2013; Totani et al,, 2013).
Contrary to general discussions about the contribution made by
the T, energy difference between the host molecules and the guest
chromophores to the ky(RT), triplet deactivation due to the
rigidity of the materials has often been reported, although it is
still regarded as phenomenological (Zhao et al., 2020). Although
recent analyses suggest that rigidity—including intermolecular
interactions—might not be related to k,(RT) but to k4(RT),
investigations into the physical factors governing rigidity and the
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T, energy difference between the host and the guest have not been
reported.

Herein, we report the dependency of the thermo-reversible
intensity change of green pRTP of a guest on the
amorphous—crystalline phase change of a host molecule, and
determine the contribution made by the rigidity of the host in the
suppression of endothermic intermolecular triplet quenching.
(8)-(-)-2,2"-Bis(diphenylphosphino)-1,1’-binaphthyl (S)-
BINAP) was doped into a highly purified (S)-
bis(diphenylphosphino)-5,5',6,6',7,7',8,8' -octahydro-1,1'-binaphthyl
((S)-Hg-BINAP) host. The host-guest material in the crystalline state
produced green pRTP under ambient conditions, and the RTP
yield (®,(RT)) was 6.7%. However, the ®,(RT) of the
host-guest material in the amorphous state decreased to
0.31%, even when the materials were stored in a high
vacuum. Detailed optical measurements indicated that the
large @,(RT) in the crystalline state was caused by both the
increase in the triplet generation yield of the (S)-BINAP guest
and the large decrease of k4(RT) in the crystalline state compared
with in the amorphous state. The comparable T; energy values of
the (S)-Hg-BINAP host in both the amorphous and crystalline
states suggests that the decrease in ky(RT) was caused by the
suppressed molecular diffusion of the (S)-Hg-BINAP host
molecules in the crystalline state. The suppressed molecular
diffusion in the crystalline (S)-Hg-BINAP host was observed
using molecular dynamic simulation. Thus, suppressed molecular
diffusion is a crucial factor for minimizing the endothermic
intermolecular triplet energy transfer that induces triplet quenching.

RESULTS AND DISCUSSION

Thermo-Reversible Intensity Change of
Persistent Room-temperature

Phosphorescence

Commercially available (S)-Hg-BINAP crystals often generate
green pRTP after ultraviolet (UV) excitation has ceased
(Supplementary Figure S1A) because of the presence of (S)-
BINAP as an impurity (Supplementary Figure S2). After careful
repeated purification of the (S)-Hg-BINAP using silica column
chromatography, however, we noted that the purified crystals of
(S)-Hg-BINAP did not produce pRTP (Supplementary Figure
S1B) (Hirata et al., 2020). First (S)-BINAP powder was dissolved
in molten pure (S)-Hg-BINAP at 220°C. Next, the molten
materials were placed on a quartz substrate on a hotplate at
250°C which is higher temperature than a melting point of 208°C
of (S)-Hg-BINAP host (Supplementary Figure S3), and the
substrate was quenched to room temperature (RT) to prepare
an amorphous 5 wt% (S)-BINAP-doped (S)-Hg-BINAP film. The
resulting amorphous film of 5wt% (S)-BINAP-doped (S)-Hsg-
BINAP produced markedly weak pRTP after ceasing UV
excitation (Figure 1B; top). The weak pRTP of the amorphous
5wt% (S)-BINAP-doped (S)-Hg-BINAP film did not increase
under vacuum. The amorphous form of 5 wt% (S)-BINAP-doped
(S)-Hg-BINAP has a glass transition temperature of 104°C and
crystallizes at 165°C (Figure 1A; top). After crystallization at
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FIGURE 1 | Reversible crystal-amorphous phase change at RT and pRTP characteristics of the (S)-BINAP doped (S)-Hg-BINAP solid. (A) Differential scanning

Crystalline state at RT

calorimetry characteristics of amorphous state (upper) and crystalline state (lower) when heated at 5°C/min. (B) Emission behavior during and immediately after
excitation by exposure to radiation (330 nm) of amorphous (upper) and crystalline (lower) solids. ((S)-BINAP = (S)-(-)-2,2’-bis(diphenylphosphino)-1,1’-binaphthyl (S)-
Hg-BINAP = (S)-bis(diphenylphosphino)-5,5',6,6',7,7',8,8'-octahydro-1,1'-binaphthyl; pRTP = persistent room-temperature phosphorescence).
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FIGURE 2 | Absorption and emission characteristics of 5 wt% (S)-BINAP-doped (S)-Hg-BINAP films. (A) Absorption (i, ii), steady-state RT emission (i, iv), and RTP

(v, vi) spectra of amorphous (gray) and crystalline (green) films. (B) RTP decay characteristics of amorphous (gray) and crystalline (green) films. The RTP intensity
immediately after ceasing excitation in the crystalline state was normalized to one and the initial intensity of RTP immediately after ceasing excitation in the amorphous
state was set by considering the difference in @,(RT) between the crystalline and amorphous states. In (A) and (B), the excitation wavelength used for emission
measurements was 330 nm. (RT = room-temperature; RTP = room-temperature phosphorescence; (S)-BINAP = (S)-(-)-2,2"-bis(diphenylphosphino)-1,1’-binaphthy!

(S)-Hg-BINAP = (S)-bis(diphenylphosphino)-5,5',6,6',7,7',8,8'-octahydro-1,1’-binaphthyl).

165°C for 30 min, the produced 5 wt% (S)-BINAP-doped (S)-Hg-
BINAP crystalline films (Figure 1A; lower) produced much
brighter green pRTP compared with the amorphous form after
exposure to excitation light of 330 nm had ceased (Figure 1B;
lower).

More detailed optical measurements were performed to
investigate the differences in the pRTP characteristics

between the crystalline and amorphous states of 5 wt% (S)-
BINAP-doped (S)-Hg-BINAP solid. Both the crystalline and
amorphous 5wt% (S)-BINAP-doped (S)-Hg-BINAP films
absorbed radiation at 330 nm ((i) and (ii) in Figure 2A). The
amorphous 5wt% (S)-BINAP-doped (S)-Hg-BINAP  film
produced a fluorescence spectrum beginning at approximately
400nm ((iii) in Figure 2A), and the steady-state RT
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FIGURE 3 | Absorption and emission spectra of (S)-BINAP molecularly dispersed in 2Me-THF (i), an amorphous (S)-Hg-BINAP film (i), and a crystalline (S)-Hg-
BINAP film (iii). (A) Absorption spectra. (B) Fluorescence spectra obtained by excitation at 300 nm at RT. (C) Phosphorescence spectra obtained after ceasing excitation
at 300 nm at 77 K. The orange dotted lines in the graph were used to determine the onset energy of T,. (2Me-THF = 2-methyltetrahydrofuran; RT = room-temperature;
(S)-BINAP = (S)-(-)-2,2'-bis(diphenylphosphino)-1,1’-binaphthyl (S)-Hg-BINAP = (S)-bis(diphenylphosphino)-5,5',6,6',7,7',8,8'-octahydro-1,1-binaphthyl).

emission yield was 2.5%. Immediately after excitation by
exposure to UV radiation ceased, a weak green pRTP
remained ((v) in Figure 2A). The quantum yield of
phosphorescence at RT (®,(RT)) was estimated to be
0.31% by comparing the intensity of the steady-state RT
emission spectrum ((iii) in Figure 2A) with the RTP
spectral intensity immediately after ceasing excitation ((v)
in Figure 2A). The RTP decay had multi-exponential
characteristics (gray in Figure 2B). For the crystalline 5 wt
% (S)-BINAP-doped (S)-Hg-BINAP films, the larger increase
of absorbance at wavelengths less than 350 nm resulted from
the absorption of (S)-BINAP and (S)-Hg-BINAP ((ii) in
Figure 2A). An increase of the baseline at wavelengths
longer than 400 nm was caused by light scattering arising
from the polycrystalline films. In contrast to the amorphous
state, the crystalline 5 wt% (S)-BINAP-doped (S)-Hg-BINAP
film had two large peaks at 510 and 545 nm under steady-state
UV excitation at 330 nm in addition to fluorescence spectra
commencing at approximately 400 nm ((iv) in Figure 2A).
The steady-state RT emission yield was 9.8%. After ceasing
excitation, a large RTP spectra with peaks at 510 and
545nm remained ((vi) in Figure 2A). @,(RT) was
determined to be 6.7% by comparing the spectral intensity
of steady-state RT emission ((iv) in Figure 2A) with the RTP
spectral intensity immediately after ceasing excitation ((vi) in
Figure 2A). The RTP had single exponential decay
characteristics (green in Figure 2B). Thus, the intensity of
the pRTP produced by the 5wt% (S)-BINAP-doped (S)-Hs-
BINAP solid differed by approximately 20 times when
comparing the crystal and amorphous states of the
materials. The large ®,(RT) of (S)-BINAP-doped (S)-Hs-
BINAP crystalline films does not change at concentrations
of (S)-BINAP from 5wt% to 15wt%, but substantially
decreased at higher concentrations of (S)-BINAP
(Supplementary Figure S4 and Supplementary Table S1).

FUNDAMENTAL PHOTOPHYSICAL
PROPERTIES

The absorption and emission characteristics of the (S)-BINAP
guest and the (S)-Hg-BINAP host were measured to determine
the mechanism by which green pRTP was generated by the 5 wt%
(S)-BINAP-doped (S)-Hg-BINAP films. When dissolved in 2-
methyltetrahydrofuran (2Me-THF), the (S)-BINAP guest
produced an absorption spectrum at wavelengths of less than
350 nm, and the molar absorption coefficient (¢) at 330 nm was
6.1 x 10° M~ cm™" (Figure 3A; (i)). The neat amorphous film of
(S)-Hg-BINAP had a long small tail of absorption in the
350-400 nm range, and an ¢ at 330 nm of 6.4 x 10°M ™' cm™
when the density of the amorphous (S)-Hg-BINAP solid was
considered to be approximately 1 (Figure 3A; (ii)). The
comparison of & between the (S)-BINAP guest and the (S)-Hg-
BINAP host indicated that the (S)-BINAP guest absorbed 33% of
the excitation light at 330 nm when the amorphous 5 wt% (S)-
BINAP-doped (S)-Hg-BINAP films were irradiated with
excitation light. In the neat crystalline film of (S)-Hg-BINAP,
light scattering increased from the baseline at wavelengths longer
than 350 nm, whereas (S)-Hg-BINAP exhibited marked
absorption at wavelengths less than 350 nm (Figure 3A; (iii)).
The (S)-BINAP guest dissolved in 2Me-THF produced a
fluorescence spectrum with a peak at 353 nm (Figure 3B; (i)).
The amorphous and crystalline (S)-Hg-BINAP hosts produced
broad fluorescence spectra with onset energies at approximately
400 nm (Figure 3B; 2) and (iii)). Thus, the energy of the lowest
singlet excited state (S;) of the amorphous and crystalline (S)-Hg-
BINAP hosts was slightly smaller than that of the molecularly
dispersed (S)-BINAP. However, the T; energy of the molecularly
dispersed (S)-BINAP was much smaller than that of the
amorphous and crystalline (S)-Hg-BINAP hosts. The (S)-
BINAP molecularly dispersed in 2Me-THF produced green
persistent phosphorescence at 77 K immediately after ceasing
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FIGURE 4 | Scheme showing T generation in (S)-BINAP. (A) In (S)-Hg-
BINAP hosts. (B) In amorphous B-estradiol host. ((S)-BINAP = (S)-(-)-2,2'-
bis(diphenylphosphino)-1,1'-binaphthyl (S)-Hg-BINAP = (S)-
bis(diphenylphosphino)-5,5',6,6',7,7’,8,8'-octahydro-1,1’-binaphthyl).

excitation at 330nm (Figure 3C; (i)). The spectral shape
produced by the phosphorescence and the energy of the
molecularly dispersed (S)-BINAP was comparable to those of
the amorphous and crystalline 5 wt% (S)-BINAP-doped (S)-Hsg-
BINAP films. Because neat solid (S)-BINAP does not produce
RTP at all, even when it is in a vacuum, the green pRTP of the
amorphous and crystalline 5wt% (S)-BINAP-doped (S)-Hsg-
BINAP films was caused by the molecularly dispersed (S)-
BINAP. Although high-concentration doping is not generally
appropriate when different chromophores are doped into
different crystalline molecules, the similar sizes and structures
of (S)-BINAP and (S)-Hg-BINAP may allow the efficient
replacement of (S)-Hg-BINAP by (S)-BINAP in a (S)-Hsg-
BINAP crystalline lattice. At 77K, both the amorphous and
crystalline neat films of (S)-Hg-BINAP produced broad
phosphorescence spectra with onset energies of approximately

Endothermic Intermolecular Triplet Quenching

425 nm (Figure 3C; 2) and (iii)). The comparable S; and T,
energies between the amorphous and crystalline (S)-Hg-BINAP
hosts do not satisfactorily explain the large difference in the
@, (RT) between the (S)-BINAP in the amorphous (S)-Hg-BINAP
host and that in the crystalline (S)-Hg-BINAP host. Appropriate
discussions about @,(RT) generally require investigation of both
the generation yield of T; and the T;-Sy processes (Hirata, 2017).
Therefore, the following two sections comprise a discussion of
these two points.

TRIPLET GENERATION SCHEME

The T, generation mechanism and the yield of the (S)-BINAP
doped into the (S)-Hg-BINAP host were investigated. Again, we
note that the (S)-BINAP dissolved in 2Me-THF produced
fluorescence with a peak wavelength at 353 nm (Figure 3B,
(i)). However, the peak disappeared, and a broad-fluorescence
spectra with an onset energy at approximately 400 nm appeared
when the (S)-BINAP was doped into the amorphous and
crystalline (S)-Hg-BINAP hosts ((iii) and (iv) of Figure 2A,
respectively). Those fluorescence spectra are comparable to the
fluorescence spectra of the amorphous and crystalline (S)-Hg-
BINAP hosts ((ii) and (iii) of Figure 3B, respectively). The S,
energy of (S)-BINAP was transferred to the amorphous and
crystalline (S)-Hg-BINAP hosts via fluorescence resonance
energy transfer (FRET) ((i) in Figure 4A). The generated S,
energy of the (S)-Hg-BINAP hosts allowed intersystem crossing
(ISC) from S; to generate T, in the (S)-Hg-BINAP hosts ((ii) in
Figure 4A). Finally, the generated T, in the (S)-Hg-BINAP hosts
was effectively trapped by the T} of the (S)-BINAP, because the T
of the (S)-BINAP was much less than that of the (S)-Hg-BINAP
hosts ((iii) in Figure 4A).

The T, generation yield of the (S)-BINAP in the (S)-Hsg-
BINAP host (®,) via the processes from (i) to (i) in
Figure 4A has the following relationship with @,(77 K):

®,(77K) = Dk, 7, (77K) (1)

where k;, is the rate constant of phosphorescence of the (S)-
BINAP guest. (S)-BINAP doped into an amorphous f-estradiol
host produced a fluorescence spectrum at 355nm (blue in
Supplementary Figure S2A), and generated green pRTP
(green in Supplementary Figure S5A,B). In addition, the
fluorescence energy of the (S)-BINAP doped into the
amorphous f-estradiol was comparable to that of the (S)-
BINAP dissolved in 2Me-THF. Therefore, the T; of the (S)-
BINAP doped into the amorphous $-estradiol was formed via the
ISC from §; to the triplet states ((i) in Figure 4B). The @,(RT) of
the (S)-BINAP doped into the amorphous fS-estradiol can be
expressed as (Hirata, 2017):

@p (RT) = @isckap (RT) (2)

where @; is the ISC yield from S, to the triplet states. The @;,. of
the molecularly dispersed (S)-BINAP was quantified as 0.29 using
a transient absorption technique (Supplementary Figure S6;
Supplementary Table S2) (Bhattacharjee and Hirata, 2020).
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TABLE 1 | Photophysical values relating to phosphorescence of 5 wt% (S)-BINAP-doped (S)-Hg-BINAP solids in crystalline and amorphous states.

Phase of host o @,(RT) D(77 K)
(%) (%) (%)

Crystal 68 6.7 12.5

Amorphous 15 0.31 2.3

AValues determined using Eq. 1.
PValues calculated by substituting @, D,(RT), and (77 K) into Eq. 4.
“Values determined using fitting lines in Figure 5B.

7p(77 K) karRT) + ko(RT)° kndRT)° ko(RT)®
(s) ™ s™ ™
0.75 2.24 1.65 0.59
0.63 15 2.15 9.36

%alues determined by subtracting k.(RT) determined using fitting lines in Figure 5B from k.(RT) + ko(RT).
(S)-BINAP = (S)-(-)-2,2'-bis(diphenylphosphino)-1,1"-binaphthyl (S)-Hg-BINAP = (S)-bis(diphenylphosphino)-5,5',6,6',7,7',8,8'-octahydro-1,1'-binaphthyl; RT = room temperature.

Because 0.3 wt% (S)-BINAP doped into f-estradiol had an
@p(RT) of 0.052 and a 7,(RT) of 0.72s (Supplementary
Figure S$5C), the k, of (S)-BINAP was quantified as 0.25 st
according to the values of @i, ®,(RT), and 7,(RT) in Eq. (2).
The optically determined k, was comparable to 0.22 s, which
was the k;, value calculated using the optimized T, geometry of
(S)-BINAP. In addition, the locally excited transition
characteristics between T; and S,, which can be used to
explain the optically observed vibrational shape of the pRTP
spectra of (S)-BINAP, were calculated for the optimized T,
geometry of (S)-BINAP (Supplementary Figure S7A). The
calculated T);-S, transition energy based on the optimized T,
geometry of (S)-BINAP provides a simple statistical explanation
for the green color of the pRTP of the (S)-BINAP
(Supplementary Figure S7B). The @,(77K) and 7,(77K)
values of the amorphous 5wt% (S)-BINAP-doped (S)-Hg-
BINAP film were 0.023 and 0.63 s, respectively. The optically
determined k;, the @,(77K), and the 7,(77K) were substituted
into Eq. 1 to determine the @, = 0.15 of the amorphous 5 wt% (S)-
BINAP-doped (S)-Hs-BINAP film (Table 1). Similarly, the
@,(77K) and 71,(77K) values of the crystalline 5wt% (S)-
BINAP-doped (S)-Hg-BINAP film were 0.125 and 0.75s,
respectively. The k,, the ®@,(RT), and the 7,(RT) were
substituted into Eq. 1 to determine the @, = 0.68 of the
crystalline  5wt% (S)-BINAP-doped (S)-Hg-BINAP  film
(Table 1). Hence the approximate 4.5 times difference in @,
between the crystalline and amorphous 5 wt% (S)-BINAP-doped
(S)-Hg-BINAP films. However, the difference in @, was still small
compared with the approximate 20 times difference in @,(RT)
between the crystalline and amorphous 5 wt% (S)-BINAP-doped
(S)-Hg-BINAP films. Therefore, further investigation about the
mechanism of transition from T; to S, in the films is required.

LARGE DIFFERENT TRIPLET
DEACTIVATION DEPENDING ON THE
PHASE CHANGE OF THE HOST

To investigate the large difference in @,(RT) between the
amorphous and crystalline states of the 5wt% (S)-BINAP-
doped (S)-Hg-BINAP, the temperature dependence of the
emission characteristics of the two materials was determined.
The fluorescence characteristics were almost independent of
temperature in both the amorphous and crystalline states
(Supplementary Figure S8), whereas there was a large

difference between the temperature dependence of the
phosphorescence characteristics of the amorphous and
crystalline states (Figure 5A and Supplementary Figure S9)
of the 5wt% (S)-BINAP-doped (S)-Hg-BINAP solid. The @,
of the crystalline 5wt% (S)-BINAP-doped (S)-Hg-BINAP
decreased from 12.5 to 6.7% as the temperature increased
from 77K to RT (red in Figure 5A). In contrast, the @, of
the amorphous 5wt% (S)-BINAP-doped (S)-Hg-BINAP
decreased markedly from 2.3 to 0.31% as the temperature
increased from 77K to RT (blue in Figure 5A). The
phosphorescence lifetime at T (r,(T)) is generally expressed as
(Hirata, 2017):

7o (T) = [k + ke (T) + kg (T)] 3)
The following equation can be produced from Eq. 1 and Eq. 3:
kne (T) + ko (T) = @ik, /D, (T) -k, (4)

For the amorphous 5 wt% (S)-BINAP-doped (S)-Hg-BINAP
film, @, = 0.15, k, = 0.25 s ! and @,(T) (blue plots in Figure 5A)
were substituted into Eq. 4 to determine the k(T) + kq(T) of the
molecularly dispersed (S)-BINAP in the amorphous (S)-Hg-
BINAP host (blue plots in Figure 5B). For the 5wt% (S)-
BINAP doped into the crystalline (S)-Hg-BINAP film, @, =
0.68, k, = 0.25 s7! and @,(T) (red plots in Figure 5A) were
substituted into Eq. 4 to determine the k,.(T) + kq(T) of the
molecularly dispersed (S)-BINAP in the crystalline (S)-Hsg-
BINAP host (red plots in Figure 5B).

The k,(T) + kg(T) of (S)-BINAP did not increase significantly
when (S)-BINAP was doped into the crystalline (S)-Hg-BINAP
host (red in Figure 5B). However, the k,(T) + kq(T) of (S)-
BINAP increased markedly in the amorphous (S)-Hg-BINAP
host (blue in Figure 5B). We note that k,(T) + kq(T) was
comparable in the low-temperature range, whereas it was
markedly different in the high-temperature range. In previous
research, the very small increase in k,(T) + kq(T) in the low-
temperature range was often caused by k,,,(T) (Hirata et al., 2013;
Kwon et al., 2015). The lack of a marked increase in k,(T) as the
temperature increases has been confirmed from experimental and
theoretical viewpoints using a variety of heavy atom-free
chemical backbones (Bhattacharjee et al, 2021; Hirata and
Bhattacharjee, 2021). Therefore, the lack of a marked increase
in k,(T) in (S)-BINAP is plausible. Indeed, the theoretical
calculations that depend on spin-orbit coupling with
consideration for vibrations support the idea that the k,(T) in
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FIGURE 5 | Temperature dependence of phosphorescence and
nonradiative deactivation of amorphous (blue) and crystalline (red) 5 wt% (S)-
BINAP-doped (S)-Hg-BINAP. (A) Temperature dependence of @y(T). The
excitation wavelength was 330 nm. (B) Temperature dependence of
kne(T) + ko(T). The dashed lines are fitting lines for k,(T), which was determined
according to the exponential function for data from 77K to 140 K. ((S)-BINAP
= (S)-(-)-2,2"-bis(diphenylphosphino)-1,1’-binaphthy! (S)-Hg-BINAP = (S)-
bis(diphenylphosphino)-5,5',6,6',7,7’,8,8'-octahydro-1,1’-binaphthyl).

(S)-BINAP hardly increased from 77 K to RT (Supplementary
Figure S10). Therefore, k,(T) is almost independent of
intermolecular interactions between (S)-BINAP and (S)-Hg-
BINAP. Because the comparable k,(T) values of (S)-BINAP in
different phase conditions were estimated (Figure 5B), the large

Endothermic Intermolecular Triplet Quenching

difference in k,(T) + kq(T) at high temperatures was caused by
intermolecular processes, i.e., kq(T).

DISCUSSION OF THE DRIVING FORCE
BEHIND INTERMOLECULAR TRIPLET
QUENCHING

Triplet quenching caused by endothermic triplet-triplet energy
transfer has been reported for metal-free and/or heavy atom-free
chromophores with small k, and k,,(RT) values, even when the T,
energy of the host is much larger than that of the guest, and the solid
materials are under high vacuum (Hirata et al., 2013; Totani et al,
2013). In research on organic light emitting diodes, kq(RT) values of
varying magnitudes are often discussed in terms of the difference in
the T, energy between the guest and host (AE) (Adachi et al., 2001).
However, the absence of a significant difference between the onset
energy values of the phosphorescence spectra of the amorphous and
crystalline states of (S)-Hg-BINAP (Figure 3C; (ii) and (iii))
indicates that the T; energy of the neat (S)-Hg-BINAP solid
hardly changed between those states. Because the onset energy of
phosphorescence of the (S)-BINAP guest also hardly changed
between the amorphous and crystalline states of (S)-Hg-BINAP
host, the AE of the 5wt% (S)-BINAP-doped (S)-Hg-BINAP was
comparable between those states. Therefore, other physical
viewpoints are crucial for explaining the difference in ky(RT)
values between the amorphous and crystalline states of 5wt%
(S)-BINAP-doped (S)-Hg-BINAP solid.

It may be necessary to consider other diffusion-limited
processes to determine potential factors that contribute to
ky(RT). Although endothermic processes are not generally
rapid, the diffusion process in a solid state is potentially
slower than a slow endothermic process. Because this
condition satisfies the definition of a diffusion-limited process,
the observable rate constant kq(RT) can be expressed using the
formula for a general diffusion-limited process (Fukuzumi et al.,
2003; Chakraborty et al., 2006):

kaite (T)ket (T)
[Kai (T) + ket (T)]
where kg T) is the diffusion rate constant at T and k(T) is the rate

constant of triplet deactivation via triplet-triplet energy transfer from
guest to host. kga(T) is generally expressed as: (Horie et al.,, 1984)

kast (T) = 4nRD(T)N|[C] (6)

kq(T) = )

where R is the reaction radius between guest and host, D(T) is the
diffusion coefficient at T'K, N is the Avogadro number, and [C] is the
concentration of host. Because Dexter energy transfer is often
discussed using the double electron transfer model according to
Marcus-based theory (Dexter, 1953; Marcus, 1956; Closs et al., 1989;
Kohler and Bissler, 2011), ke(T) may be expressed based on the
following Marcus formula:

B 1 (A + AE)
ket(T) = V( m) exP[ - W] (7)
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FIGURE 6 | Physical behavior relating to k4(RT) except for AE from the perspective of intermolecular interactions between an (S)-BINAP guest and the (S)-Hg-BINAP

host molecules. (A) Reorganization energy for endothermic triplet-triplet energy transfer. (i) represents a case in which (S)-BINAP and (S)-Hg-BINAP have no
intermolecular interactions. (i) represents a case in which a molecule in a crystalline lattice of (S)-Hg-BINAP is replaced by (S)-BINAP. (B) The diffusion constant; (i) and (i)
represent the amorphous and crystalline states, respectively. The red arrows indicate different magnitudes of the diffusion constant at RT between the amorphous
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where v is the frequency of the motion in the reactant potential
well between guest and host, A is the reorganization energy for
triplet-triplet energy transfer, and k is the Boltzman constant. Eq.
5 and Eq. 6 indicate that D(RT) is almost proportional to k4(RT)
when kgig(RT) is much less than k. (RT). Although the
relationship between kq(RT) and AE is mostly considered with
regard to solid molecular materials in the field of organic light
emitting diodes (Adachi et al., 2001; Hirata et al., 2013; Notsuka
etal, 2017), Eqs. 5-7 indicate that an increase in \ and a decrease
in D(RT) also contribute to the suppression of kq(RT). Therefore,
consideration of AE, A, and D(RT) is necessary for a discussion of
the difference in kq(RT) values between amorphous and
crystalline states.

If A in the crystalline state is much larger than it is in the
amorphous state due to more potential intermolecular
interactions, the difference in the number of intermolecular
interactions causes a large difference in ky(RT), even when AE
is comparable. Under the condition that (S)-BINAP had
intermolecular interactions with the (S)-Hg-BINAP molecules in
the crystalline (S)-Hg-BINAP lattice (A.), the reorganization energy
with regard to the energy transfer from T, of (S)-BINAP to T, of
(S)-Hg-BINAP was calculated to enable further discussion of the
contribution made by A to ky(RT) (Figure 6A; (ii)). Initially, a

molecule of (S)-Hg-BINAP in the crystalline lattice of (S)-Hsg-
BINAP was replaced by (S)-BINAP (Supplementary Figure S11A;
(). The Sp and T, geometries of the replaced (S)-BINAP were
optimized without changing any of the coordinates of the (S)-Hg-
BINAP molecules around the (S)-BINAP (Supplementary Figure
S11A, (II)). Subsequently, the Sy and T geometries of the (S)-Hs-
BINAP molecule in the crystalline lattice of (S)-Hg-BINAP were
optimized without changing any of the coordinates of the (S)-Hs-
BINAP molecules around the target (S)-Hg-BINAP
(Supplementary Figure S11B; (III)). The four geometries were
used to determine A, and A, = 1.59 eV was calculated using the
Amsterdam Modeling Suite (AMS) 2020 software package with the
B3LYP functional and the TZP basis set (Supplementary Material,
Section 4). The reorganization energy relating to the energy
transfer from T, of (S)-BINAP to T, of (S)-Hg-BINAP under
the condition that (S)-BINAP and (S)-Hg-BINAP had no
intermolecular interactions (A,,) was also calculated (Figure 6A;
(i) and Supplementary Figure S12). The S, and T, geometries
were calculated for isolated molecules of (S)-BINAP and (S)-Hg-
BINAP. The four geometries were used to determine A,,,, and A,,, =
1.84 eV was calculated using the AMS 2020 software package with
the B3LYP functional and the TZP basis set (Supplementary
Material, Section 4). Although a larger A in the crystalline state
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had been logically considered because intermolecular interactions
may cause more energy to coordinate change for reorganization, A
was slightly smaller than A,,. For example, the reorganization
energy for charge transfer between molecules in a crystalline
semiconductor is 0.1eV (Liu et al., 2017). However, this is
often less than that calculated for isolated molecules without
any intermolecular interactions (Narushima et al, 2019).
Therefore, the local rigidity in molecular solids may be hardly
related to the reorganization energy for charge transfer. Therefore,
AE and A do not properly explain the large increase in k(RT) in the
amorphous, compared with the crystalline, 5wt% (S)-BINAP-
doped (S)-Hg-BINAP.

Another potential reason to change k,(RT) independently of AE
and A may be D(RT). Diffusion depends on Brownian motion. It is a
different physical phenomenon from the vibrations and coordination
changes that take place in molecules during reorganization (Brown,
1828; Einstein, 1905). The theory underlying Brownian motion was
established in the early 1900s (von Smoluchowski, 1906). Because
molecules in an amorphous state generally have a large free volume
compared with those in a crystalline state, the local diffusion of
molecules is allowed, even when the solids are below the glass
transition temperature (Horie and Mita, 1982; Horie et al., 1984).
The D(RT) of a side group in a representative amorphous
polymer—i.e., polymethylmethacrylate—was reported to have a
magnitude of 107* cm®/s (Horie et al,, 1984), which is less than
the D(RT) of a general liquid molecule, i.e., 1/ 108 (Monguzzi et al,
2013). The D(RT) in the amorphous state may be large compared
with that in the crystalline state for solid materials at RT. To enable
triplet-triplet energy transfer, two molecular orbitals must overlap.
In the amorphous state, a large D(RT) increases the possibility
of the overlap of two molecular orbitals enabling triplet-triplet
energy transfer (Figure 6B; (i)). However, stronger
intermolecular interactions decrease D(RT), reducing the
possibility of orbital overlap (Figure 6B; (ii)). Molecular
dynamics (MD) analysis indicates that the simulated D(RT)
of (S)-Hg-BINAP in the amorphous state is approximately
10 times larger than it is in the crystalline state
(Supplementary Figure S13). The magnitude of the
difference in the calculated D(RT) between the amorphous
and crystalline states is comparable to that of the ky(RT)
between those states. Thus, the similar increase of
magnitude of the enhanced D(RT) of crystalline (S)-Hg-
BINAP solid compared with amorphous (S)-Hg-BINAP
solid was observed between optically estimated D(RT) and
simulated D(RT). To date there has been no discussion of AE,
A, and D(RT) with regard to kq(RT). By investigating large
differences in kq(RT) between two solid materials with
comparable AE and A values, we attempted to confirm that
the control of D(RT) is also a dominant factor in increasing the
triplet quenching caused by endothermic triplet energy
transfer. Therefore, more detailed discussions about
molecular diffusion in solid materials are essential. The
contribution of D(RT) to kq(RT) has not been addressed in
research into organic electronics. The contribution made by
AE to kg(RT) has not been investigated in research on
aggregated chromophores that generate pRTP, and the
relationship  between rigidity and vibrations and

Endothermic Intermolecular Triplet Quenching

intermolecular interactions remains unclear. The controlled
results reported in the present paper indicate that discussions
about both AE and D(RT) are crucial for the intrinsic control of
kq(RT) and the long-lived RT triplet state of heavy atom-free
and/or metal-free solid materials.

CONCLUSION

In the present study, a thermo-reversible phase change of an (S)-Hsg-
BINAP host doped with (S)-BINAP was induced. The (S)-BINAP
produced a pRTP spectrum that was comparable to the spectra of the
(5)-Hg-BINAP host in the two phases. The molecularly dispersed (S)-
BINAP had a @(RT) of 6.7% in the crystalline (S)-Hs-BINAP host
and a @y(RT) of 031% in the amorphous host. Detailed
photophysical analyses indicated that the triplet generation of (S)-
BINAP and the magnitude of the difference in k4(RT) between the
(S)-BINAP guest and the (S)-Hg-BINAP host both differed between
the amorphous and crystalline states. This caused a large difference in
the @, (RT) of (S)-BINAP between those states. Differing AE, A, and
D(RT) values were considered as a potential explanation for the
difference in kq(RT) values between the amorphous and crystalline
states. Comparable AE and A values in both the amorphous and
crystalline states indicated that the D(RT) is the reason for the large
discrepancy in kq(RT). The large difference in the magnitude of
D(RT) between the amorphous and crystalline states was supported
by MD simulations. The suppression of vibrations by intermolecular
interactions is often used to explain the decrease in nonradiative
deactivation from T;. However, analysis of AE, A, and D(RT) from all
perspectives clarifies that the small D(RT) in the solid state makes a
large contribution to the control of ky(RT), and intermolecular
interactions could be used to suppress molecular diffusion in the
solid state, thereby reducing the k4(RT). Because the significantly low
rate of diffusion in molecular solids is also logically related to solid-
state chemical reactions, analysis of slow local diffusion may be
crucial to the control of chemical conversion in the solid state (Kubota
et al,, 2019). Because an accurate estimation of the small diffusion
constant in molecular solids is difficult, the analysis introduced in the
present paper is important for the construction of a variety of
materials that allow long-lived RT triplet excitons, and for the
control of electron transfer and chemical reactions in molecular
solids.
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