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Structural Relaxation in Polyanionic
Sodium Fluorophosphate Glasses
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Josef Zwanziger? and Lothar Wondraczek ™

' Otto Schott Institute of Materials Research, University of Jena, Jena, Germany, ¢ Department of Chemistry, Dalhousie
University, Halifax, NS, Canada

Structural heterogeneity is a common feature of all glasses, however, little is known
about the underlying contributions of chemical fluctuations and modulations in free
volume in concrete glass forming systems. In this investigation, we relate the dynamics of
structural relaxation of (100-x)NaPO3z-xAlF3 glasses to their heterogeneous structure as
determined from multinuclear magnetic resonance spectroscopic analysis. For this, we
evaluate differential scanning calorimetry (DSC) data using the integral isoconversional
method to determine the variation in activation energy, E,, of the glass transition as
a function of temperature and conversion progress. Specific heat measurements from
DSC allow for the determination of the effective size of the cooperatively rearranging
region (CRR). From 3'P, 19F and 27 AINMR, we observe that the introduction of AlFg into
the NaPO3 network increases the average connectivity (i.e., the number of heteronuclear
Al—O—P bonds), rationalizing the higher E4 determined from the DSC measurements.
We find highly constrained regions of Al(OP)4F»> with Al—F—Al cross-linking (high E3)
and, simultaneously, more flexible regions of phosphate chains containing P—F--(Na™),
bonds (low Ej); this results in a topologically and dynamically heterogeneous structure
as evidenced by the increased variability in E4 with higher AlFz content. The decreasing
size of the CRR reflects the increased heterogeneity: at low AlFg the CRR is large, while
at high AIFs (high heterogeneity), the CRR is significantly smaller (by a factor of 109).
Finally, we relate the heterogeneity to other macroscopic properties, such as T4 and
mechanical properties.

Keywords: structural relaxation, fluorophosphate glass, ionic glass, structural heterogeneity, thermal analysis,
structure-property relationship, NMR spectroscopy, structural analysis

INTRODUCTION

The non-equilibrium structure of glass becomes evident in the relaxation dynamics. Relaxation can
occur while heating through the glass transition, or during annealing below the glass transition
temperature (physical aging; Vyazovkin, 2015). Since the kinetics of structural relaxation are
indicative of molecular mobility and therefore, glass stability, studying the dynamics near the glass
transition is of importance for the characterization and fundamental understanding of physical and
chemical properties (Greaves and Sen, 2007).

Since the glass is frozen dynamically, the transition preserves the heterogeneity of the liquid
state, typically manifest in density fluctuations on the scale of a few nanometers (Ediger,
2000). Macroscopic consequences of structural heterogeneity are found in, e.g., ion mobility
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(Greaves and Ngai, 1995), mechanical behavior (Benzine et al.,
2018), crystallization (Moesgaard et al., 2010; Zhang et al,
2013), or Rayleigh scattering (Champagnon et al., 2009). During
re-annealing of the glass, structural relaxation occurs toward
a supercooled liquid via the cooperative motion of ions and
molecules (Greaves and Sen, 2007). This process is typically
known as «-relaxation; it is characterized by high activation
energy (typically hundreds of kilojoules per mole) and stands
in contrast to the movement of individual ions, atoms, or
molecules (8 relaxation). Molecules which are located in highly
correlated regions can move only cooperatively, i.e., together
with a large number of neighbors, while the molecules in less
crowded areas are able to move in a less cooperative manner.
The rearrangement of one molecule is only possible if a certain
number (Ng) of neighbor molecules also move (Donth, 2001).
According to Adam and Gibbs (Adam and Gibbs, 1965), a
cooperatively rearranging region (CRR) is defined as a subsystem
which, due to thermal fluctuations, can rearrange into another
configuration independent of its environment. When the glass
relaxes toward the liquid, the overall process generally occurs
via convolution of multiple more or less cooperative reactions
of structural rearrangement. However, one particular mechanism
may dominate the relaxation, depending on temperature or
relaxation progress (Vyazovkin, 2015). Near to the glass
transition temperature (Tg) , structural heterogeneity occurs on
the order of a few nanometers in diameter (Duval et al., 2007).

According to the heterogeneous nature of the glass transition,
the traditional concept of a constant activation energy [which
has already been criticized from a physical point of view (Garn,
1990)] is ill-suited for glass transition kinetics: Garn (1990) has
pointed out that a constant activation energy is strictly applicable
only to reactions that take place in homogeneous media. In
the case of an extremely heterogeneous, hyperquenched CaO-
MgO-SiO, glass, DSC showed the existence of two separate
sub-Tg relaxation peaks corresponding to two dynamically,
structurally and energetically different domains (Zhang et al,
2013). However, even for a single-step reaction, the temperature
dependence of the physical properties gives rise to variations
in energy barrier height and, thus, the activation energy
(Vyazovkin, 2016). As a consequence, the glass transition process
is represented by a distribution of the activation energies (Moeller
et al., 2006). For non-isothermal kinetic analyses, model-fits, and
model-free methods are usually employed, whereby model fits
are often ambiguous in terms of attributing a given reaction
mechanism. For this reason, model-free evaluation routines can
be used, such as the isoconversional method which allows for the
determination of the effective activation energy as a function of
conversion progress without assuming any particular form of the
reaction mechanism (Vyazovkin, 2006).

The various isoconversional methods which are available for
the evaluation of differential scanning calorimetric data can
be distinguished into two groups: Differential isoconversional
methods such as proposed by Friedman (2007) typically yield
sufficiently accurate values of the effective activation energy,
however, they are sensitive to noise in the raw data (Vyazovkin,
2016). Alternatively, integral isoconversional methods (Ozawa,
1965; Flynn and Wall, 1966; Vyazovkin, 2001, 2015) are

significantly less sensitive to noise in the raw data; consequently,
they are the most commonly used model-free methods for
calculation of the variable activation energy. Common to both
groups of methods, they do not yield the reaction model nor the
pre-exponential factor. In order to interpret the obtained varying
activation energy, a rational must be found from supporting
mechanistic data.

Here, we report on the calorimetric investigation of the
structural relaxation in fluoride-phosphate mixed-anion glasses
of the type (100-x)NaPO3; - xAlF; (NAPF) using the integral
isoconversional method. In those glasses, large amounts of
aluminum fluoride can be dissolved (Brow, 1992; Zhang et al.,
2007; Le et al., 2017; Bradtmiiller et al., 2018). The simultaneous
formation of strong AlI—O—P bonds and weaker terminal AI—F
or P—F bonds reported (Brow, 1992) makes the NAPF system an
interesting candidate for studying structural heterogeneity; there
are highly constrained, strongly bonded regions (bridging O or
F) interspersed among more flexible, less-constrained regions
(NBOs or terminal F).

For rationalizing the observation of variable activation energy
at the glass transition, we conduct complementary structural
investigations of both glass former and anion mixing, using 'P,
27 Al, and "F MAS NMR. From DSC analysis, we interpret the
variations in activation energy in terms of chemical composition,
i.e., changes in dominant intermolecular interactions. Assuming
that the activation energy reflects the cooperative dynamics of
the glass transition, we examine the activation energy variability
as a function of CRR volume. Finally, we relate the distribution
of activation energies and average CRR volume to the degree of
structural heterogeneity within the glass as determined by NMR.

MATERIALS AND METHODS

In Table 1 the melting conditions and nominal compositions of
the fluorophosphate glasses of this study (NAPF: (100-x)NaPO3
- xAlF3) are given; glasses were prepared using optical-grade raw
materials of NaPO3 and AlF3;. We used platinum crucibles to melt
batches of 100g in a muffle furnace for 1.5h at 850-1,000°C,
followed by homogenization for 2 h at 1,000-1,100°C. Melts were
cast into preheated graphite molds and annealed at Tg+ 50° C
for 4 h before cooling to room temperature at a rate of about 3-5
K/min. Due to planned NMR experiments, glasses were prepared
with a small addition of CuO, 0.2 wt% (where CuO reduces
relaxation times), and all types of measurements were made on
these doped glasses. As has been thoroughly explored by Moncke
et al. (2018), the loss of fluorine at high melting temperatures
(> 850°C) is a common problem; as such, we expect that the
actual fluorine content is significantly lower than the reported
nominal values. All the same, in a binary series such as this,
our current and past results indicate a step-wise increase in AlF3
content (Le et al., 2017).

NMR Experiments

The 3'P NMR spectra were collected routinely and the
experimental parameters are reported in our previous paper (Le
et al., 2017). The 27 Al ssNMR experiments were conducted on a
Bruker Avance NMR spectrometer with a 16.45 T magnet (182.46
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TABLE 1 | Nominal compositions (mol %) and synthesis conditions for NAPF
glass series.

Glass series NAPF (100-x)NaPO3 - xAlF3
X 0 10 20 30 40
Synthesis condition T [°C] 800 850 900 1,000 1,000
T 15 15 15 15 15

MHz 27 Al NMR Larmor frequency) using our H-F/C-P probe
head for rotors of 2.5mm diameter. The 2’ Al NMR chemical
shift scale was referenced externally against potassium alum at
—0.033 ppm as a secondary reference. The 2’Al MAS NMR
spectra were acquired after a single 0.31 ps pulse (10 degree
pulse angle) at 25.00 kHz sample spinning with 0.2 s repetition
times accumulating between 1,024 and 4,096 scans depending
on the AlF; concentration. The short pulse was used to produce
quantifiable spectra on quadrupolar nuclei. A spectrum of an
empty rotor acquired under identical conditions but summing
18,000 scans characterized the 2”Al background signal. This
spectrum was subtracted from the sample 2’ Al NMR spectra
after accounting for the different scan numbers accumulated.
The chosen chemical shift ranges for integration of aluminum
coordinations are the following: Al[4] (29-60 ppm); Al[5] (5-29
ppm); and Al[6] (—63 - 5 ppm).

The °F ssNMR experiments were acquired on a Bruker DSX
Avance NMR spectrometer with a 9.4 T magnet (400 MHz 'H,
and 376.60 MHz F NMR Larmor frequencies) using our H-
F/C-P probe head for rotors of 2.5 mm diameter. The !°F NMR
chemical shift scale was referenced against Teflon at —123.2
ppm as a secondary reference relative to CFCl3 (MacKenzie and
Smith, 2002). The 'F MAS NMR spectra were acquired with a
Hahn-echo sequence (1/2 - T - m - acquire) with /2 and &
pulse durations of 8.5 and 17 s, respectively. The echo delay ©
was synchronized to one spinner rotation at 25, 23 and 19kHz
MAS spinning frequency (t = 40, 43, 52.6 ps, respectively). Spin
lattice relaxation times, T, were estimated from the 0-crossings
of an inversion-recovery experiment with Hahn-Echo detection.
The samples were acquired with recycle delays between 5 and
8.4s equal to or exceeding five times the estimated spin lattice
relaxation times, which were shortened by the copper doping.
Between 16 and 256 scans were accumulated depending on the
9F content. The absence of noteworthy background signal was
confirmed on the ’F MAS NMR spectrum of an empty rotor
acquired under identical conditions.

Chemical Shielding Calculations

Calculations of the F-19 chemical shieldings were performed
using the VASP code (Kresse and Furthmiiller, 1996), an
implementation of density functional theory using a plane
wave basis, periodic boundary conditions, and the projector
augmented wave formalism (PAW) (Kresse and Joubert, 1999).
The PAW data sets used were those supplied with VASP as the 5.4
release, using the Perdew-Burke-Ernzerhof (PBE) exchange and
correlation functional (Perdew et al., 1996). The valence spaces
were as follows: F, 2s22p°; Al, 3s23p; Na, 2s22p°®3s; O, 2s?2p%; P,

3s23p>. A 700eV plane wave energy cut-off was used, and a k
point mesh spacing of about 0.02 A~!. These values were found
to be sufficient to converge the shieldings to better than 1 ppm,
in these wide band-gap systems. The shieldings themselves were
computed using the gauge-including PAW method (GIPAW,
Pickard and Mauri, 2001) as implemented in VASP, in which the
electron current due to an external magnetic field is computed
to first order in density functional perturbation theory and then
used to calculate the nuclear magnetic shieldings.

DSC Measurements

Both, specific heat capacity and non-isothermal DSC,
measurements were conducted on a Netzsch STA 449 F3
Jupiter equipped with DSC sample holders. Samples were in
a bulk form with mass of around 30mg and one polished
surface in order to ensure good contact with the bottom of the
employed platinum crucibles and, hence, the thermal sensor.
Each measurement was done in inert atmosphere of N, with a
flow rate of 20 ml/min. Temperature and heat flow calibrations
were done for all heating/cooling rates used in this investigation.

In order to erase the initial thermal history, each glass sample
was first heated to a temperature of Ty +-40°C, held for 2 min and
then cooled down to 60°C at a rate of 20 K/min. The actual DSC
scan was subsequently conducted under constant heating rates of
5, 10, 15, and 20 K/min, respectively, up to a peak temperature
of Ty + 60°C, followed by cooling back to room temperature
at 20 K/min. Each full measurement consisted of two such runs
under equivalent conditions. Thereby, the first run was a blank
run, with both sample and reference crucibles empty, while the
second run had the reference crucible empty and the glass sample
in the sample crucible. The temperature program for each run
consisted of two subsequent heating and cooling cycles with the
same heating/cooling rates. This procedure resulted in four DSC
curves per sample, recorded for four different heating rates (5, 10,
15, and 20 K/min).

Specific heat capacity measurements were done in accordance
with previous studies (Wondraczek and Behrens, 2007;
Wondraczek et al, 2007), using a sapphire crystal as bulk
reference material. The specific program consisted of starting at
room temperature, then heating up to 40°C, holding for 30 min
to equalize the temperature on the samples and furnace, then
heating up to T + 60°C with a heating rate of 20 K/min, holding
at Ty + 60°C for another 30 min and finally cooling back to
room temperature.

RESULTS

Structure Determination

In order to understand the thermal relaxation processes, the glass
structure was analyzed by >'P, 1°F, and 2 Al MAS NMR. Although
the 3'P NMR spectra have partially been reported elsewhere
(Le et al,, 2017), we believe the analysis to be pertinent to the
discussion here. As shown in Figure 1, the 3'P NMR spectrum
of pure NaPOj3 is dominated by the expected single peak at ~-
20 ppm (assigned as Q%pa1) with a small contribution near —8
ppm (Q'ga1). Upon the introduction of 10 mol% AlFs, two new
peaks appear; a peak upfield of each the Q! and Q241 peaks
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at —14 and —26 ppm, respectively. Given that aluminum is an
intermediate glass former and similar literature (Le et al., 2017),
we assign these new peaks to Q!4 and Q?1Al, respectively. In

0 -10 -20 -30 -40
*'P-8/ppm

FIGURE 1 | 31pP MAS NMR spectra deconvolutions. Modified and reproduced
from Le et al. (2017).

this paper, we follow the terminology used by Bradtmiiller et al.
(2018): Q"m notation is the typical Q" notation, with »n being
the number of homonuclear phosphate bonds and m being the
number of aluminum neighbors, whereas in the P7m notation,
q refers to number of total bridging oxygens (P or Al). For the
10 and 20 mol% AlF;, the peaks with one aluminum neighbor
(Q'1a1 and Q%)) grow in at the expense of the Q'ya and
Q241 peaks, and commensurately with the amount of AlF; in
the glass.

Figure 2 displays clearly the evolution of the Qf, species
with increased AlFs;. For compositions with > 30 mol%
AlF3;, a structural change occurs, where now additional
AlF; results in the formation of Q!js species only, with
Q21 species remaining constant (Q!gs; and Q?pa continue
to decrease). Although the four peaks overlap, the area
fractions show the expected monotonic exchange between
the Q" species with and without aluminum neighbors.
Moreover, the trends match those of Bradtmiiller et al
(2018) found for the same glass series, including the
increase and then subsequent decrease of the Q'oa; species.
The exact fitting 3P NMR parameters can be found
in Table 2.

The major advantage of using the P},(q refers to number
of total bridging oxygens, P or Al) notation is that we can
monitor the connectivity changes in the glass; we observe that
although the homonuclear Q" species, i.e., P—O—P bonds,
are decreasing, they are being replaced with equal amounts
of heteronuclear P—O—AI bonds. For example, when 10-20
mol% AlF; is present in the glass, P2y is being replaced with
roughly equal amounts of P!y, P21A1, and Pf Ap Summing
to only small changes in the number of bridging oxygens
connected to the phosphate network. For >30 mol% of AlFs,
P24 tetrahedra are being replaced with more Pi A1 Species than
Plyal (we are ignoring the increase in P? 4, since number of
BO is the same). Consequently, the total number of bridging
oxygens per phosphate tetrahedron is actually increasing for >
30 mol% AlFs.
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TABLE 2 | 3'P NMR shifts NMR parameters of (100-x)NaPO3 — xAlFg series.

Q° Q'lop =Plon Q' = P2 QZgp = P2gp Q245 =P,
) fwhm Area ) fwhm Area ) fwhm Area ) fwhm Area ) fwhm Area
[ppm]  [ppm] [%] [ppm]  [ppm] [%] [ppm]  [ppm] [%] [ppm]  [ppm] [%] [ppm]  [ppm] [%]
X
0 1.5 5 0.5 —-7.8 6.5 4 - - - —-19.7 7.4 95 - - -
10 1.5 5 0.8 —7.6 7.3 —-14.3 9.8 10 —-19.8 8 69 —26.2 11.8 11
20 1.5 5 0.6 —7.6 7.5 10 —14.1 8.6 17 —20.0 8.7 55 —26.2 12.2 18
30 0.5 55 0.5 —7.6 —14.3 10.9 35 —20.5 10 41 —26.8 12.5 19
40 0 6 0.4 —7.6 —15.1 114 50 —-21.6 11 29 —26.8 12.9 18

Modified and reproduced from Le et al. (2017).

Al—F-(Na"),
Na* :
Al—E—Al
P—F--(Na"), :
1

x=30
x=20
x=10
-;0 -1'oo «1150 -2100 ppm

*°F & [ppm]

FIGURE 3 | "9F MAS NMR of (100-x)NaPOz — xAlF3 series.

The 'F NMR spectra in Figure 3 reveal three types of fluorine
in the glass, i.e., terminal phosphorus-bound [P—F--(Na™),],
bridging Al—F—Al, and terminal aluminum-bound [Al—
F--(Na*),] found at —75, —148, and —172 ppm, respectively.
The assignments are based on NMR studies of similar glass
systems and double resonance NMR experiments, which showed
a lack of AI—F—P bonds (Le et al., 2017; Bradtmiiller et al.,
2018). These assignments are validated further by calculated

TABLE 3 | Computed '9F shifts in various crystal models.

Compound Site Siso [PPM] Nearest Neighbors
AlFg F1 —-172 2 Al
NazAlFg F1 —-191 1Al 2Na

F2 —-191 1Al 2 Na

F3 —-191 1Al 2 Na
NasAlF,(PO4)o F1 —170 1Al 4Na
NaAIFPO4 F1 —147 2 Al 1 Na
Nao POsF F1 —68 1P 1Na

F2 —74 1P 1 Na

Shifts are referenced such that the computed of AlF3 appears at —172 ppm, as it does
experimentally when referenced to neat CFCl3".

TABLE 4 | '9F chemical shifts of (100-x)NaPOg - xAIF3 series.

Al—F..(Nat), Al—F—Al P—F-.(Nat),
AlF3 CS [ppm] CS [ppm] CS [ppm]
10 —17144+05 —148 +6 —7474+0.3
20 —172.7 £ 0.1 —146 +2 —75.6 +0.1
30 —173.1 £ 0.1 —147 £ 2 —76.74+05
40 —174.5 £ 0.1 —1472+£05 —78240.3

YF NMR chemical shifts for various crystalline compounds
(Table 3). These calculations reveal that both Na™ neighbors and
phosphate next-nearest neighbors change the '°F chemical shifts
of pure AlF; significantly: sodium coordination changes the °F
chemical shift from —172 ppm (Al—F—Al) in crystalline AlF3
to —191 ppm for terminal Al—F--(Na™),, in Na3AlFe. Yet the
further addition of phosphate moves the '°F shift back to —170
ppm for terminal Al—F--(Na™); in NasAlF,(POy); and back
to —147 ppm for bridging Al—F—Al with 1 Na™ neighbor, in
NaAIFPOy. The lack of intensity in the g spectra at —191
ppm, the computed chemical shift of NazAlF, indicates that no

!The near neighbors to fluorine were determined based on a cut-off of 2.35 A, with
the exception that the fourth Na in Nas AIF,(POy); is slightly farther, at 2.45 A.
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TABLE 5 | '9F intensities of (100-x)NaPOg — xAlF3 series.

Al—F-.(Nat)p Al—F—Al P—F.-(Nat),
AIF, Int. [%] Int. [%] Int. [%)]
10 68 + 2 10+4 2246
20 7042 1642 1443
30 67 + 2 2043 1345
40 64 + 2 2943 842

“islands” of Al, F, and Na exist; the chemical shifts found in these
glasses correspond to crystals containing phosphate. Also, these
shifts indicate that fluorine is always associated with at least one
sodium, even bridging fluorines, which may indicate a preference
for F--(Na™), association.

19F NMR spectra collected at three different MAS spinning
speeds were fitted using the dmfit program (Massiot et al., 2002),
accounting for the respective spinning sidebands and their results
are given in Tables 4, 5.

Figure 4 shows the progression of fluorine types with
further addition of AlF3 to NaPO-3. Within the uncertainty
of the peak deconvolution, the relative concentration of Al—
F--(Na™t), stays constant, however, with increasing AlF; and
correspondingly decreasing NaPO-3 content, P—F--(Na™), is
replaced with bridging Al—F—Al (w/one Na™ neighbor). This
result indicates that as more aluminum is available connectivity
increases between the aluminum atoms: at high AlF; content
(x = 30, 40 mol%), there are significant amounts of bridging
Al—F—Al bonds, ~17% and ~24%, respectively. The increase
in bridging oxygens per phosphate and appearance of Al—F—
Al bonds is likely caused by the decrease of sodium available;
P and Al want to form four and six bonds, respectively,
but are forced to bond to neighboring glass formers, rather
than form non-bridging oxygens or terminal fluorines. It is
also worth noting that initially when terminal P—F--(Na¥),
bonds are prevalent (high sodium), P!js; and P? ] Species
increase (Figure2), but at low NaPOs; mol%, when P—
F--(Na™), bonds are only a small structural contribution, P!
and Pf A1 Peaks stop growing in; this similarity in trends
demonstrates how aluminum fluorine initially adds to the
phosphate backbone (P!gs; and P? A Species) when sodium is
present until Al—F—Al bonds begin to dominate and only
P2, 4 forms.

The 2 Al NMR spectra in Figure 5 reveal that the aluminum
site is to a high percentage octahedral (order of and larger
than 90%), with a small variation between Al[5]- and Al[4]-fold
sites. Given the low intensities of Al[5] and Al[4] coordinations,
integration was fixed to a chemical shift range based on the
60NaPO3-40AlF; sample, shown in Figure 5; our final values
are given in Table 6. These values agree with the descriptions
reported elsewhere on this same glass series: Bradtmiiller et al.
(2018) demonstrate that at low AlF; content, all the aluminum is
6-fold coordinated and only at high amounts of AlF3 (40 mol%)
are small amounts of 5-fold (8%) and 4-fold (1%) aluminum
present. Similarly, Brow (Brow, 1992) observed only one central

peak at —10 ppm in the 2’ Al NMR spectra of this glass series,
without any evidence for Al[4] or Al[5].

Bradtmiiller et al. (2018) complete a comprehensive structural
study giving many insights to the role of AlF; in these glasses.
One major conclusion is that the fluorine is uniformly distributed
throughout the glass structure, i.e,, no AlFs-like regions are
formed. Using the 2nd moments from several nucleus pairs of
double resonance NMR experiments, the authors determine that
on average Al[6] is coordinated by four phosphorus and two
fluorine atoms, AI(OP)4F,. Given the similarity in our NMR data
as well as phase-pure XRD and optical microscopy results, we also
conclude that our glasses contain Al(OP)4F, and do not exhibit
phase separation.

Brow et al. (1993) have measured and predicted the
distribution of Al[4], Al[5], and Al[6] for a related glass system
without fluoride, (1-x)NaPO3; - xAl,O3. They found that the
average Al coordination decreased from six to four as the Al/P
ratio increased; specifically, only Al[6] was found at low Al/P,
< 0.3, while Al[4] dominates at higher Al/P, > 0.6. The Al/P
ratio of our glass series ranges from 0.1 to 0.7, yet no significant
differences in Al-speciation are observed between samples, i.e.,
no dependence on amount of AlF; is found, indicating that
fluorine is affecting the glass structure in a different way
compared to oxygen.

The strong effect of fluoride addition upon Al coordination
can be seen in Figure 6, where fluoride content clearly favors
6-fold aluminum at any Al/P ratio. Similar to our results,
Zhang et al. (2007) found for sol-gel-derived glasses along the
composition lines Na/Al/P/F 2:x:2:1, 2:2:x:1, 2:2:2:x, and x:2:2:x,
respectively, that both low Al/P (< 1) and high F/Al (or F/P)
ratio were associated with increased fraction of Al[6]. The Al/P
ratio still plays a role: at lower Al/P ratio, less fluorine drastically
increases the average Al coordination, which agrees well with
our 2’ Al NMR data. If we compare [F]/[Al+P] ratios for Zhang
etal. (2007) and our glass system (indicated by degree of shading
in Figure 6), all of our samples have higher [F]/[Al4-P] ratios
(and therefore higher proportion of Al[6], with the exception
of the 90NaPO3-10AlF; sample, which also has the lowest Al/P
ratio). These two factors, Al/P ratio and fluorine content, are the
reason we see nearly no variation in Al speciation, unlike the
corresponding (1-x)NaPO3 — xAl, O3 series.

The next several structural figures use valence unit [V.U.]
theory (Bunker et al., 1991) to understand the driving forces
behind the propensity of aluminum to form Al[6] in the presence
of fluorine. Valence unit [V.U.] theory proposes that strong
cations have V.U. equal to their valence which are shared by
the number of bonds they form, i.e., tetrahedral P> has 5V.U.
shared among four bonds. Additionally, oxygen bonds must
sum up to 2 V.U., while modifying ions are more fungible (0.1-
—0.4 V.U. each). Due to the chemical complexity of our system,
rather than finding crystals of corresponding composition, we
have decided to focus on the fluoride bonding between aluminum
and phosphorus. Brow et al. (1993) have used valence bond
theory to explain the bonding in aluminophosphate glasses,
specifically the equilibrium of Al[4] and Al[6] units as a function
of Al/P. Figure 7A demonstrates that at low Al/P, < 0.3, the
fluoride bond in Al[4]—F—Al[4] is overbonded. Moreover, in
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Figure 7B, we observe at the same low Al/P ratio, fluorine is
overbonded in P—F—AI[4] and energetically unfavored (even
when the NBO and terminal F possess maximum ionicity,
blue values). In fact P—F.-(Na™), bonds are much preferred
and in agreement with the ’F NMR results: at low Al/P, 10-
—20 mol% AlF;, P—F--(Na™), bonding is prevalent. Indeed,
the experimental and calculated '°F chemical shifts indicate
that fluorine, even bridging Al—F—AI bonds have at least one
coordinated Na™, with terminal fluorines likely requiring more
Na™ partners; as such, we assume that every terminal fluorine has
one Na™ contributing 1/6 V.U.

On the one hand, Figure7C clearly indicates the high
stability of the bridging fluoride in Al[6]—F—Al[6], with it
being preferred over P—F--(Nat), once sufficient aluminum
is available at higher Al/P, 30-—40 mol% AlF; (°F NMR).
Yet we know that P—F—AI[6] is still not formed: Figure 7D
proposes that the high electron density (1.8 V.U.) on two NBOs
of the phosphate tetrahedra is unstable. In metaphosphate the
maximum V.U. on the two NBOs is 1.5 (which can also be
intraconverted into 2.0 and 1.0 VU or a double and single bond,
respectively), thus there is likely a resonance stabilization which
cannot be achieved in Figure 7D.

Finally, we find it interesting that at low phosphate content,
the aluminum coordination is significantly less sensitive to
fluorine content; even at the same [F]/[Al4+P], the average
aluminum coordination is five rather than six observed in
Zhang’s data (Zhang et al., 2007). Figure 8 indicates that terminal
fluorine have more flexibility in their valence (compared with
bridging anions), therefore, they can compensate to ensure the
bridging fluorine in Al—F—Al is not overbonded. There appears

to be a large difference in Al/P of 0.67 and Al/P of 1.0, yet
as it is always associated with terminal fluorines, the amount
of sodium also plays a significant role; when an aluminum can
have at least two terminal fluorines it can remain as Al[4] (right
side), however, if two P—O—Al bonds are formed (low sodium),
then the aluminum prefers Al[6] to accommodate more bridging
oxygens (left side).

Thermal Analysis

Examples of endothermic peaks corresponding to the glass
transition in NAPF glass (x = 20), using heating rates of 5, 10, 15,
and 20 K/min, are shown in Figure 9. It is evident, from Figure 9,
that the glass transition temperature (Ty) shifts to higher values
with increasing heating rate, illustrating the kinetic nature of the
glass transition.

In order to estimate the activation energy as a function of
the extent of conversion («), the integral isoconversional method
proposed by Vyazovkin (2015) was applied to the non-isothermal
DSC data. Here, variable activation energies (E,) are calculated
by minimizing the function:

R X s e B
with the integral J[Ey, T (ty )]
J[Ea,Tiaa)]E/ta exp[ i ]dt @)
ta— A RT;(1)

In Equation 2, Tj(t), i = 1...n, is a set of arbitrary temperature
programs and R is the universal gas constant. The method relies
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FIGURE 5 | 27 Al MAS NMR of (100-x)NaPOg — xAlF5 series.

on direct numerical integration without any approximations. In
the next step, the progress of conversion is defined,

(P q)g)‘T

where @ is the heat flow at a given temperature T, and ®; and
&, represent heat flow values for the liquid and glass phases
extrapolated to the same temperature T (inset of Figure 9).

The application of the aforementioned procedure results in
a vs. Tcurves (Figure 10). The endothermic overshoot which is
observed during heating gives rise to a-values which are formally
higher than 1, however, the iso-conversional calculations for
measurements performed on heating require only the ascending
part of the « vs. T'curves in the limit of « = 1.

The activation energies as a function of both conversion
extent and temperature are shown in Figure 11. The E,vs.
«a and E, vs. T representations are linked to each other
because they are two projections of the same line that cuts

o =

TABLE 6 | Chemical shift ranges and integration of (100-x)NaPOg3 — xAlF3 series
from 27 Al MAS NMR.

Range Integrated Over [ppm]
Start 60.2 29.4 5.1
End 29.4 5.1 —63.3
Relative Intensity [%]

%AIF3 All4] Al5] Al[B]
10 5 7 88
20 1 4 95
30 1 6 93
40 2 8 91

The uncertainties of all the relative intensities is £2%.

through the three-dimensional surface E(w,T). The line is
determined by the « vs. T trace, which is simply a kinetic
curve measured at a given heating rate (Vyazovkin, 2018).
Based on the data presented in Figure 11, we find that the
reduction of NaPOs3/AlFj3 ratio leads to an increase in E, values,
as well as an increase in the range of activation energies
with conversion progress. Addition of 10 mol% AlF3 causes a
small but progressive change in Ey, but not in the range of
activation energies. Activation energy in these glasses (x =
0, 10) can be considered as constant during the glass transition
process, which according to Vyazovkin (2018) can be interpreted
as an effectively single-mode relaxation, characterized by an
almost constant degree of molecular cooperativity. The near-
constant activation energy typically indicates that the rate of
a multistep process is either limited or dominated by the rate
of one step. When more AlF; is added, a distinct peak in
E, develops indicating a pronounced multi-mode relaxation
process. The activation energy of the lowest process is equal to
that at low AlIF; content, yet the highest-energy step increases
significantly, signifying that a different, higher-energy process is
being introduced.

The characteristic volume of the cooperatively rearranging
region (CRR) at the glass transition temperature (V) can be
obtained from calorimetric data (Donth, 1982):

2 1 1
kBTg ( lass liquid)
&
‘v ‘v

p(8T)>

Ve =68 = (4)
where, & represents characteristic length (size of CRR), Ty
is the glass transition temperature, cy is the specific heat
at constant volume, p is density of the sample, kp is the
Boltzman constant and 87T is the average temperature fluctuation
of an average CRR. Specific heat capacity, cy, is a function
of the structure of the material itself and depends on the
number of degrees of freedom of motion that are available;
the larger the number of degrees of freedom available to
the particles of the material, the larger the specific heat
capacity of the material. Kinetic energy of the particles
in the material, i.e., translation and rotation of polyatomic
molecules, is only one of the many possible types of degrees
of freedom which manifests as a temperature change; some
thermal energy may also be stored as the potential energy
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FIGURE 6 | Comparison of our NMR data to literature NMR data from Brow et al. (1993) and Zhang et al. (2007, 2013). Effect of [All/[P] ratio and fluorine content on
the average Al coordination in aluminophosphate and fluoroaluminophosphate series (completely shaded markers have the most fluoride, [F]/[AI+P] = 1.2, and
unshaded markers have no fluoride content, [FI/[Al+P] = 0). Without fluorine, substantial Al[6] only forms at very low [Al/[P], < 0.3. The effect of fluorine content on
the Al coordination can be observed: addition of fluoride ([F}/[P] = 0.5) forces most Al content into Al[6] despite a much higher [All/[P] (~0.5) compared with only
aluminophosphate, while at sufficiently high [All/[P] (~1), much more fluoride content can be added without forcing all aluminum into 6-fold coordination (some
remains as Al[4] and Al[5]).
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FIGURE 9 | Multiple heating rate DSC curves of 80NaPO3 — 20AIF3 glass and
determination of the extent of conversion at the heating rate of 15 K/min.

associated with higher energy modes of vibration, often occurring
in interatomic bonds in a glass. These two types of energy,
kinetic and potential, represent the degrees of freedom of
motion which classically contribute to the heat capacity of a
thermodynamic system.

Reliable values of Al/c, and 8T can be calculated according
to Hempel et al. (2000) (Figure 12):

1 glass 1 liquid
so=() - (2)
() G)

p

~
~

(53)

where ¢, and ¢, are specific heats (J/mol-K) at constant
pressure and volume, respectively. 8T represents the mean-
square temperature fluctuation of one average CRR, and
it is, in the case of specific heat measurements upon

~
~

)

—e— 5 K/min
—e— 10 K/min
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FIGURE 10 | Conversion against temperature curves for the glass transition of
80NaPOgz — 20AIF3 glass at four heating rates.

heating, calculated as Hempel et al. (2000):

AT

3T = —
2.5

(6)

Since our specific heat measurements were done under constant
pressure, the approximation Ac, ~ Ac, was made in Equation
5 in order to calculate the characteristic volume of the CRR
(Equation 4). Previously published Ac, and Ac, values (O'Reilly,
1977) were used to calculate a correction factor, S, determined
from four small-molecule glass formers and 14 polymers
(Hempel et al., 2000):

A(1/cy)

S =
A(I/Cp)

=074£02 (7)

where 4:0.22 is the standard deviation. All V¢ values (Figure 13)
are corrected by S = 0.74.

Taking the variability of activation energy as the difference
between its minimum and maximum values, we find a
relationship between activation energy variability and CRR
volume (Figure 13): the activation energy variability decreases
exponentially with increasing CRR volume.

DISCUSSION

To better visualize the changes in the phosphate network with
increasing AlF3; content, we begin with a schematic of pure
NaPOj; glass in Figure 14A. Although POZ_ are tetrahedra in
the glass, we have chosen to represent them with triangles
in 2d space. As in the glass, most phosphate tetrahedra
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FIGURE 11 | Conversion and temperature dependence of the activation energy for NAPF [(100-x)NaPOz-AlFz, x = 0, 10, 20, 30, 40] glasses.

are Q%pa species and the average phosphate chain length is

five tetrahedra (grouped in yellow). This is a relatively long =
. . . { —— 90NaPO_-10AIF
chain length and represents a large cooperatively rearranging : 3
region (grouped in yellow), calculated to have volume of ~70 204
nm?® in Figure14Aa (~4nm in effective diameter, or 10°
phosphate tetrahedra, using molar volume Le et al., 2017). 18- o laid

As CRR was defined earlier, we expect each phosphate chain
to be able to rearrange independently of its environment.
Despite some variation in chain length, the individual tetrahedra
in the phosphate chains experience very similar bonding 1.4+
environments and the E, required to plastically deform each
chain is roughly equal. Consequently, the glass transition 1.2
is dominated by one process with a relatively low E, of 1
300 kJ/mol (Figure 11). 1.0 at

Addition of AlF3 results in the formation of AI(OP)4F, —— 11—
groups (Bradtmiiller et al., 2018) causing a sufficient increase 460 480 500 520 540 560 580 600 620 640 660
in the degree of molecular cooperativity to raise the activation TIK]
energy barrier slightly, compared with sodium metaphosphate o N

.. FIGURE 12 | Scheme for the determination of the quantities needed for the

glass. Although the connectivity of the pure phosphate backbone calculation of the CRR volume based on specific heat measurements using
is decreasing, the P2y are being replaced by Ploan P2, Al DSC.
and Pi  (Figure 2) maintaining the number of BOs per
tetrahedra and bonding to Al, which in turn, is connected to
four other phosphorus atoms through bridging oxygens (as
Al(OP)4F;) (Bradtmiiller et al., 2018). In terms of connectivity, ~ there has been evidence that the introduction of halides
Al(OP)4F, may be considered as a Q* species, thus we argue encourages reforming of BOs from NBOs (Baasner et al., 2014);
that the introduction of AlF; increases the connectivity of  halides’ bonding preference for modifiers is sufficiently strong
the glass, which agrees with the higher activation energy  so that the halides pull the modifiers from the phosphate
observed for 10-20 mol% AlF3 in Figure1l. Moreover, backbone. In the case of x = 20, activation energy values
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are a bit higher compared to that of x = 10, due to
increased connectivity via more heteronuclear BOs between
phosphate tetrahedra (Al—O—P), some bridging fluorines
(AI—F—AIl) and possibly some reformed P—O—P bonds
as well.
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FIGURE 13 | Dependence of the activation energy variability on CRR volume
for NAPF [(100-x)NaPOgz - xAlFz, x = 0, 10, 20, 30, 40] glasses.

In addition to increasing connectivity, AI(OP)4F, is
significantly more constrained than only Q? phosphate
chains. The glass transition involves energy on the scale of plastic
deformation and the AI(OP)4F, octahedra can be thought as
pin defects between phosphate chain segments. Nonetheless, the
average phosphate chain length is much lower, 2.5 tetrahedra
(grouped in yellow), making the calculated average CRR volume
smaller as well (~20-40 nm?, corresponding to some 300-600
formula units of glass).

At the highest AlF3 content, in Figure 14C, we introduce some
bridging fluorines between AI(OP)4F, octahedra. More AlF;
results in further depolymerization of the phosphate backbone,
but also the creation of more substantial grain-boundary-like
AlF;3 chains. Here the CRRs (grouped in yellow) are very small
(210 nm>, < 200 formula units). The structural ensemble
is becoming more heterogeneous in terms of the selective
precipitation of super-structural units; the AI(OP)4F, octahedra
are significantly more constrained (more than four bridges to
neighboring Al or P) than phosphate tetrahedra (less than
two bridges to neighboring Al or P). This is similar to the
structurally and dynamically heterogeneous domains found by
Moesgaard et al. (2010) in calcium aluminosilicate: regions of
highly constrained, alternating A1O4 and SiOy tetrahedra located
between more mobile, depolymerized calcium SiO4 domains.
As Brow (Brow, 1992) discusses, AlF3; addition creates strong
Al—O—P bonds, while simultaneously producing unconstrained
terminal phosphorus-bound and aluminum-bound F-. As such,
we expect that in contrast to highly constrained AI(OP)4F,
octahedra, there are also highly mobile phosphate regions with
terminal fluorines.

A high AlF3:NaPOj ratio (x = 30, 40) results in a large
increase in activation energy (up to 700 kJ/mol) and a large

A~ oo

A Pure NaPO,

B 80NaPO,- 20 AlF,

' AI(OP),F, ® F

C 60NaPO,— 40 AIF,

FIGURE 14 | Manually drawn schematic of (A) pure NaPOs5 glass, all Q2 chains and an average chain length of 5 phosphate tetrahedra (large CRR, ~ 70 nm?, 103
phosphate tetrahedra for real system); (B) 80NaPOgz — 20AlF3, Q', and Q2 species present and an average chain length of 2.5 phosphate tetrahedra (smaller CRR, ~
20 — 40 nm?3, 300 - 600 formula units in real system) and (C) 60NaPO3 — 40AIF3, Q', and Q2 species present and an average chain length of 1 phosphate tetrahedra
(smallest CRR, ~ 10 nm3, < 200 formula units in real system). Highlights the Al—F—All bridges leading to high energy barrier for some CRR.
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difference between the minimum and the maximum of the
activation energy (450 kJ/mol). Interestingly, in Figure 11 the
activation energy minima remain relatively constant as AlF3 is
introduced (increasing from ~275 to 325 kJ/mol), indicating
that a similar relaxation process is present in all samples which
involves the pure NaPOj; component; when we assign the
minimum E, mode to P?,, phosphate chains, with or without Al
or F~ neighbors, there appear to be only small differences based
on the chemical identity of neighbors with number of constraints
being the dominant factor.

At x > 30, a major structural change occurs; the aluminum-
bound fluorine bridges (Al—F—Al) become more common
than the phosphorus-bound terminal fluorines (P—F--(Na™),,)
and more BOs per phosphate tetrahedron are formed, leading
to a sharp increase in the connectivity of the glass structure.
According to the results shown in Figure 11, increase in
temperature (conversion) up to around « 0.5 enhances
molecular motion and increases the degree of molecular
cooperativity leading to an increase in activation energy.
Since the AI(OP)4F, is highly constrained, all the neighboring
phosphate chains need to be mobile before the AI(OP)4F,
participates cooperatively. As a result, the rearrangement of
the regions involving AI(OP)4F, lag behind those composed
of mostly phosphate chains, but also have higher activation
energies (stronger Al—O—P bonds). As « increases from 0.5
to 1, the free volume continues to increase and the bonds
become weaker and longer, decreasing the activation energy
of the relaxation processes as well as giving polyhedra more
freedom of motion, resulting in higher probabilities of less
cooperative motion.

The exact size or length of the two heterogeneous domains,
Al(OP)4F; octahedra and phosphate tetrahedra chains, is not
known, however based on the '°F, we expect mostly isolated
Al(OP)4F; octahedra at low AlF; and as more AlF; is introduced,
Al(OP)4F; octahedra form dimers, followed by longer AI(OP)4F,
octahedra “chains” (larger domain size). Consequently, at low
AlF; content, the isolated Al(OP)4F, octahedra domains are
much shorter than the phosphate chains. Yet, at high AlF;
content, half of the phosphate groups are no longer in chains,
but are isolated pyrophosphate groups (Q', PZO;‘_ ). If we assume
each AI(OP)4F, octahedra has two F~ bonds and that no Al—
O—Al bonds form, the °F NMR informs us that at high AlF;
content, roughly half of the AI(OP)4F, octahedra bond to another
Al(OP)4F; octahedron (dimers or longer “chains”); therefore, the
sizes of the two domains [AI(OP)4F, octahedra and phosphate
tetrahedra] overlap and are much more comparable at high AlF;
content. This similarity in domain size may be another reason for
Al—F—Al bonding being such a crucial factor in determining the
thermal relaxation behavior.

The structural schematics presented in Figure 14 demonstrate
clearly the decrease in CRR, however, they less accurately
portray the structural relaxation with increasing temperature.
Although Al(OP)4F; octahedra separate the glass network into
differently sized phosphate regions, when the glass relaxes,
the phosphate regions do not relax completely, leaving frozen
Al(OP)4F, regions behind. We believe that this is more
akin to lower aluminum-to-phosphorus regions cooperatively

rearranging, followed by regions with higher aluminum-to-
phosphorus ratios. This creates a topologically heterogeneous
glass composed of faster (low E,) and slower (high E,) relaxing
regions. We believe these higher E, relaxation modes to govern
macroscopic properties other than the Tg; shear and bulk
modulus also increase non-linearly for samples with > 30% AlF3
content (without the commensurate non-linear increase in molar
volume, packing density or volume density of bonding energy;
Le et al., 2017).

CONCLUSION

31p NMR indicated that the introduction of AlF; increases the
average connectivity in the glass through heteronuclear AlI—O—
P bonding, i.e., replacement of P2;,; with P2, and formation
of P? 41 at high AlF3 content, and the forced association of Na*
with terminal fluorines. °F NMR revealed that AlF5 adds to the
phosphate backbone mostly as Al—F--(Na*),,, with initial AlF;
addition creating P—F--(Na™),, bonds until the lack of sodium
and availability of aluminum force AlI—F—Al bonds to become
more dominant at 30 mol% AlF;. DFT calculations verified
the 'F assignments, lack of Al—F—P bonds and the strong
coordination of Na™ with both bridging and terminal fluorine.
In agreement with other 2’ Al NMR results, we found that low
Al/P ratio or high fluorine content result in Al[6] sites being
the dominant species negligible Al[5] and Al[4] sites at high
AlF3 content; based on Bradtmiiller et al’s. [15] investigation, we
conclude that our system also contains octahedral Al(OP)4F;.
Finally, we used Valence Unit theory to explain the instability
of AlI—F—P bonds, while demonstrating the preference for
Al[6]—F—Al[6]; similarly, we used V.U. theory to discuss
the role of sodium in the formation of P—F--(Nat), and
Al[4]—F—Al[4] bonds.

Multinuclear NMR analysis allowed us to produce structural
schematics that demonstrate the structural and topological
differences which occur as a function of AlF; and relate the
trends to relaxation processes. Concurrent with the rise in
maximum E,, the variability of the E, for the glass transition
also increases with increasing AlF; content. We proposed
that there are phosphate-rich regions which are more like
NaPOs3 without many bridging bonds to Al, but at the same
time, there are AI(OP)4F,-rich regions that are much more
topologically constrained. As more AlF; is added, some glass
regions become increasing constrained due to more Al—F—
Al and Al—O—P cross-links, which increases further AE,. At
the same time, P—F--(NaT), bonds create less constrained,
flexible regions that have similarly low E, as phosphate chains
in pure NaPOj3. The large difference between minimum and
maximum E, indicates that the glass transition is composed
of several different-energy structural relaxation processes and
that the glass structure is heterogeneous on the length-scale of
these processes.

Surprisingly, despite a higher maximum E, for relaxation
processes and a higher connectivity in the glass network
at high AIF; content, an on average smaller volume of
cooperatively rearranging regions is found for glasses with higher
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fluorine content. The AI(OP)4F; octahedra are significantly more
topologically constrained and break up the phosphate network
into smaller phosphate chains, similar to pin defects in granular
materials. The observed decrease in the average CRR size agrees
with the results from 3'P NMR: the average homonuclear
phosphate chain length decreases with increasing AlF; content
(mostly P2 at high AlF3).
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