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Abstract

Improving the proton transport in polymer electrolytes impacts the performance of next-generation
solid-state batteries. However, little is known about proton conductivity in nonaqueous systems
due to the lack of an appropriate level of fundamental understanding. Here, we studied the proton
transport in small molecules with dynamic hydrogen bonding, 1,2,3-triazole, as a model system of

proton hopping in nonaqueous environment using incoherent quasi-elastic neutron scattering. By



using the jump-diffusion model, we identified the elementary jump-diffusion motion of protons at
a much shorter length scale than those by nuclear magnetic resonance and impedance spectroscopy
for a long-range diffusion estimated. In addition, a spatially restricted diffusive motion was
observed, indicating that proton motion in 1,2,3-triazole is complex with various local correlated
dynamics. These correlated dynamics will be important in elucidating the nature of proton

dynamics in nonaqueous systems.

Introduction

Polymer-based electrolytes are promising materials for solid electrolyte batteries, flow batteries,
and fuel cells due to their high electrochemical stability, mechanical flexibility, processibility, and
ability to maintain electrical contact over large temperature variations.!> A major challenge in
designing next-generation polymer electrolytes is a lack of understanding regarding improving
their low ionic and proton conductivity while maintaining their desirable mechanical properties.
Understanding the atomic-scale mechanism of hydrogen transport is the key to controlling the
proton conductivity, thereby allowing the design of high-performance electrolytes. Proton
conductivity in aqueous systems has been extensively studied,* but our understanding of the
mechanism of proton conduction in non-aqueous systems, including small molecules and
polymers, remains limited. A deeper understanding of the fundamental mechanism of proton
conductivity is crucial to overcome the current knowledge gap.

In this study, we investigate the proton dynamics in 1,2,3-triazole, chosen as a small model
system of proton hopping in a nonaqueous environment. Triazoles are known as good proton
conductors.> Compared to other azoles, such as imidazole and 1,2,4-triazole, which are solid at
room temperature, 1,2,3-triazole is liquid at room temperature.® When tethered to a polymer

backbone, these azoles are expected to behave as proton solvents due to their amphoteric nature



and ability to undergo self-dissociation.>” Thus, understanding the proton transport in 1,2,3-
triazole will help formulate a guiding principle for designing polymer electrolyte that has high
proton conductivity. Earlier studies using impedance spectroscopy and 'H pulsed field gradient
nuclear magnetic resonance (NMR) spectroscopy report the separation of total proton conductivity
into proton hopping and vehicle mechanisms.® This separation based on macroscopic
measurements relies on the assumption about the proton hopping length using the diameter of the
triazole molecule and the distance between nitrogen atoms. Still, such a microscopic motion of
protons has not been directly identified by experiment.

This work reports the quasi-elastic neutron scattering (QENS) results of 1,2,3-triazole. QENS
allows the investigation of the proton dynamics of 1,2,3-triazole at the atomic-scale. Because of a
large incoherent neutron scattering cross-section of hydrogen, QENS measurement is instrumental
in obtaining information about the single-particle dynamics of protons.’ The QENS result shows
a short proton jump of 0.1 nm or less, much smaller than the typical ion jump length in ionic

liquids, indicating the elementary process of proton jumps in these systems.

Materials and Methods

1,2,3-triazole (C,H;N3) was purchased from Sigma-Aldrich and was used as a sample without
further purification. The incoherent scattering cross-section of nitrogen (0.5 barn) and carbon
(0.001barn) is negligibly small compared to that of hydrogen (80.26 barn); therefore, the major
information obtained in the neutron scattering is the self-diffusion of hydrogen (proton),
particularly at low-Q range. Note that the coherent scattering of nitrogen (11.01 barn) and carbon
(5.551 barn), as well as hydrogen (1.76 barn) overlaps with the incoherent scattering of hydrogen

at a higher-Q range where the correlation between atoms is observed, as shown later.



QENS measurements were carried out using the near-backscattering spectrometer, BASIS!?, in
the Spallation Neutron Source (SNS), Oak Ridge National Laboratory (ORNL) for a finer energy
resolution and the cold-neutron disk-chopper spectrometer, AMATERAS!!!2, in the Materials and
Life Science Experimental Facility of the Japan Proton Accelerator Research Complex (J-PARC)
for a wider energy range.

At BASIS, incident neutron of bandwidth centered at 6.4 A was used, covering an energy
window of + 100 peV with an energy resolution of 3.6 peV (full width at half maximum). The
sample was prepared using a thin-walled aluminum annular can with 0.1 mm thickness to minimize
the multiple scattering contribution. The sample can was placed in a top-loading closed cycle
refrigerator, and the measurement was carried out at 297, 301, and 308 K. Sample-specific
instrument’s energy resolution function was measured at 30 K. The QENS spectra were reduced
to I(Q,E) by using Mantid'3, and the analysis, using a global fit approach, was carried out with
QClimax software package,'4.

At AMATERAS, incident energy of 3.13 meV was chosen, and the energy resolution at the
elastic line was 0.052 meV. The sample was sealed in a thin-walled aluminum annular can, and
the thickness of the sample was 0.2 mm. Sample temperature was controlled using a top-loading
closed-cycle refrigerator. The measurements were conducted at 269, 291, 297, 301, 305, 309, and
313 K. The collected QENS spectra taken at AMATERAS were first reduced to the scattering
intensity 1(Q,E) by using Utsusemi suite,'> and then were converted to the intermediate scattering
function, F(Q,t), by calculating the Fourier transform of the spectra over energy transfer E. The
spectra of the vanadium cylinder were used to correct the influence of the energy resolution.

The measured spectra, I(Q,E), is a function of energy transfer £ and momentum transfer QO and

is given by:



I(Q.E) = [C1(Q)S(E) + C2(Q)S(Q.E)] ® R(Q.E) + B(Q.E)#(1)
Here, the delta function §(E) corresponds to the elastic scattering signal and the quasielastic
scattering component that are immobile within the time-window of the instrument, and C;(Q) is a
QO-dependent coefficient of each component. The dynamic structure factor, S(Q,E), is a model
function to describe the dynamic processes in the system. As S(Q,E), a single or multiple
Lorentzian functions are traditionally used, but a Cole—Cole function!¢ was used in this study to

fit the data taken at BASIS. The Cole—Cole function in the energy domain is given by:
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Here, AT'(Q) is equivalent to the half-width of half maximum of the signal, the exponent a(Q)
describes the degree of distribution of relaxation times. When a = 0, this function becomes a
Lorentzian. A linear background, B(Q,E), account for dynamical processes that are too fast for the
energy-range of the instrument and a possible sample-dependent backgrounds. The energy
resolution of the instrument was described by R(Q,E). In this study, the data collected at 30 K
were used as R(Q,E).

We started to analyze the BASIS data employing a more traditional approach by using two
Lorentzian functions with a linear background and an elastic scattering component, which fitted
the data well. However, we found a strong correlation among the estimated values, particularly of
the linear background and the broader Lorentzian function, leading to an unreliable estimation.
Besides, the estimated values were physically unreasonable and inconsistent with the results
obtained from the QENS data at AMATERAS. Thus, we only show the results using the Cole—

Cole function in the following.



Results and Discussion
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Figure 1. Elastic neutron scattering intensity taken at AMATERAS, integrated from —0.2 meV to

0.2 meV. The data taken at 269 K shows the diffraction from 1,2,3-Triazole.

Before analyzing the QENS spectra, the structure of 1,2,3-Triazole was examined by analyzing
the elastic component of QENS spectra. Figure 1 shows the scattering intensity spectra taken at
AMATERAS, integrated over the elastic line (—0.2 < E/meV < 0.2). The major contribution of the
scattering in this Q-range is incoherent neutron scattering by hydrogen. Still, the coherent
scattering by nitrogen and oxygen also contributes to a broad peak at around 1.4 A~ (T >291 K)
due to the intermolecular correlation and the Bragg peaks (7 = 269 K) associated with the
crystalline structure of 1,2,3-triazole. No Bragg diffraction was observed at higher temperatures,
ensuring the QENS measurements at 291 K and above were done for a liquid sample. In an earlier
study, a high-temperature orthorhombic crystalline phase was observed up to 20 °C,® but we did
not observe the crystalline phase at 291 K. This discrepancy is likely due to the difference in
thermal history and heating rates. One possible explanation is a slow liquid-solid transition of this
sample that is hard to detect with a continuous temperature scan, confirmed by a separate visual

inspection of phase transition. This reasoning is also supported by a broad endothermal peak



associated with the melting of 1,2,3-Triazole! and the broad range of reported melting

temperatures, 17-23 °C.6!7
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Figure 2. QENS spectra (red circles) measured at Q = 0.7 A~! taken at BASIS: (top) 297 K,
(middle) 301 K, and (bottom) 308 K. Solid lines: the fits generated from the model Cole—Cole
function described in the text, the dashed lines: the model function, and the dotted lines: a linear

background. The data at 30 K was used as a resolution function (blue dash-dotted line).

Now we discuss the QENS spectra taken at BASIS. Figure 2 shows the QENS spectra taken at
O = 0.7 A™! as representative results. The QENS spectra taken at BASIS was analyzed using a
model-based approach using QClimax'4, instead of more conventional fitting procedure using
multiple Lorentzian functions as discussed in the method section. In this approach, the fitting was

carried out globally, which means that the data were fitted simultaneously at all Q values with a



specific model, while fits are carried out sequentially and independently at each Q in the
conventional approach. In the present study, a single Cole—Cole function!¢ was used as a model
function to describe the dynamic structure factor, and a jump-diffusion model'®!? was employed
to model the O-dependence of the energy-width of QENS signal:

_ e #(3
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Here, Al corresponds to the HWHM of the quasi-elastic neutron scattering peak, D is the diffusion
coefficient, and 7, is the residence time between jumps. In the panels of Fig. 2, the Cole—Cole
model function, the energy resolution function, and the linear background function are shown
together with the total fit of the data. The model function fitted the experimental QENS spectra
well for all the temperatures and Q’s. The Cole—Cole exponents, a(Q), were 0.23 (297 K) and 0.20
(301 K and 308 K) and did not depend on Q, indicating the validity of the fitting procedure. As
the temperature increases, the elastic scattering component represented by the delta function
convolved with the energy resolution function (the dash-dotted lines) decreases, while the quasi-
elastic scattering component (dashed lines) and the baseline increase, as also highlighted in Fig. 3.
Both the coefficient for the elastic scattering component, C;, and the quasielastic scattering
component, C,, shows a dip at around O = 1.3 A1, (the bottom left panel of Fig. 3) while the linear
component that represents faster dynamics shows a larger value, particularly at higher
temperatures (the bottom right panel of Fig. 3). This Q-range is closer to the intermolecular
correlation as shown in Fig. 1. This relative decrease of quasielastic and elastic scattering indicates

that intermolecular correlation, whose correlation time is faster than the time-window of BASIS,

must be present at around O = 1.3 A1,
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Figure 3. (Top) The dependence of the HWHM (#I') obtained from the model fit on Q?, taken
from the QENS spectra measured at BASIS. The solid lines are the fits generated from the jump-
diffusion model as described in the main text. The error bar defined by a standard deviation is
smaller than the size of symbols. (Bottom left) The amplitude of elastic scattering component (Cj,
open symbols) and of quasielastic scattering component (C,, closed symbols). (Bottom right) The

amplitude of the linear background at £ = 0.

The HWHM of the S(Q,E) spectra, Al", obtained from the model-fit using the Cole—Cole function
is shown in Fig. 3 (top). The jump-diffusion model provides the diffusion coefficient of (1.64 +
0.00) x 1071 m?/s (297 K), (1.75 £ 0.00) x 1071 m?/s (301 K), and (2.00 = 0.00) x 1071 m?/s (308
K), where the uncertainty is defined as a standard deviation determined by the global fitting. These
values are comparable to the diffusion coefficient of the aromatic C—H protons (1.39 x 1071 m?/s
at 303 K) and the acidic N—H protons (1.47 x 1071 m?/s at 303 K) reported from a 'H PFG NMR

spectroscopy.? In the present QENS study, the dynamics of aromatic C—H protons and acidic N—
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H protons are not distinguished, likely contributing to the broad spectra represented by the Cole—
Cole function. The values of 7, from the fitting were 13.1 + 0.00 ps (297 K), 12.1 + 0.00 ps (301
K), and 3.77 £ 0.00 ps (308 K), respectively. Note that the global fitting procedure provides a very
small uncertainty in the current study. The diffusion coefficient D and t, are related as L? = 6D1,
where L is a jump distance in the jump-diffusion model. By substituting the values, we obtain the
model-dependent estimates of the jump length as 1.135 = 0.000 A (297 K), 1.130 + 0.000 A (301
K), and 0.67 £ 0.00 A (308 K), which are much smaller than the typical ion jump distance observed
for ionic liquids?® and the effective proton hopping lengths estimated for triazole® and
imidazole?!*? using NMR and impedance spectroscopy, where the sum of the intramolecular
hopping distance and a molecular diameter was used as the characteristic hopping length. This
discrepancy is explained as follows: in the current QENS study, wider ranges of local jump
processes are directly observed, and these fast and short proton jumps are likely associated with
the elementary proton jumps not involving molecular rotation, rather than the long-range diffusion
of protons. In contrast, NMR and impedance spectroscopy do not distinguish the elementary proton
jumps from molecular reorientations (32.4 ns at 303 K from dielectrical relaxation time), causing
the larger values of characteristic hopping length, estimated as 4.84 A for 1,2,3-Triazole at 303 K.8
This explanation is supported by a recent observation of the proton jump distance of 0.5-0.7 A in
phosphoric acid, a typical proton conducting molecule, as reported by using the result of dielectric
spectroscopy, QENS, and ab initio molecular dynamics simulation.?? A large decrease in 7y and L
was observed at 308 K. We do not have a clear explanation for this. The details will be discussed

in a future work involving molecular dynamics simulations.
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Figure 4. Normalized intermediate scattering function, F(Q,t)/F(Q,0) of 1,2,3-Triazole at 301 K.
The left panel is in a linear scale and the right panel shows semi-log plot. The solid lines are the

fits to the data using two exponential functions as described in the main text.

To obtain the knowledge of faster dynamics at a local scale, the QENS spectra taken at
AMATERAS were analyzed. Instead of using multiple Lorentzian functions to fit the spectra in
the energy domain, we calculated the intermediate scattering function; the termination errors
associated with the Fourier transform over energy transfer were minimal because of the wide E-
range compared to the data taken at BASIS. Figure 4 shows the normalized intermediate scattering
function at 301 K as a representative dataset. The semi-log plot in the right panel clearly shows a
two-step decay; the first decay up to a few ps, followed by the second slower decay. At each Q,
the normalized intermediate scattering function was fitted by using two exponential functions (z;
<1n):

F.)

F(Qt=0) [Ale_a +(1- Al)e_a](l —B) + B#(4)

where the parameter A, and B are defined such that the right-hand side equals to unity at = 0.

The result of fitting using this model function is shown in Fig. 5. Even though the temperature
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range is relatively narrow, we see little dependence of 7; on the sample temperature, while a clear
temperature dependence of 7, as highlighted in Fig. 6, is observed. As the temperature increases,
the value of baseline decreases, indicating that the fraction of slower dynamics that is outside of
the time-window covered in the measurement, much longer than 40 ps, decreases. This trend is
consistent with the relative reduction in the amplitude of elastic scattering (delta function)

observed in the BASIS measurement (Fig. 2).
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Figure 5. Fitting results of the intermediate scattering function: (top left) the faster relaxation time
71, (top right) the slower relaxation time 7,, (bottom left) the fraction of faster dynamics, and
(bottom right) the baseline corresponding to the dynamics observed in the BASIS and the static

component.
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Figure 6. Temperature-dependence of the relaxation time, 7; (bottom) and 7, (top), obtained from

the intermediate scattering function of 1,2,3-Triazole. The error bars represent the uncertainties

defined by a standard deviation.

The relaxation time obtained from the AMATERAS data is converted into the energy width, E;
= hl'; = h/t; and is plotted together with the result of BASIS data in Fig. 7. The faster component,
hT'y, shows a little O-dependence at Q > 0.65 A~!, indicating that the corresponding motion is due
to the rotation of the triazole molecules. The slower component, Al';, shows a Q-dependent
behavior but does not approach zero in the limit of O = 0 and takes a finite value. This limiting
behavior indicates that the dynamical process described by this component corresponds to
localized and restricted motion in a finite space. Note that this slower component, Al';, was present
at the tail-part of spectra in the BASIS measurement. However, it was not unambiguously

identified because of the limited energy window and was not separated from the jump-diffusion
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component. Regardless, the existence of this restricted motion has little impact on determining the
jump-diffusion motion of protons from the BASIS data using a single Cole—Cole model,
particularly at lower-Q because of their difference in energy-scale. The difference between the
relaxation times observed by BASIS and by AMATERAS as shown in Fig. 7 illustrates the
complexity in the proton dynamics in this system: It is not simple random-walk diffusion, but it

involves local correlated dynamics.
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Figure 7. Dependence of Al (top) and 4", (bottom) on the square of momentum transfer. The
sample temperature is shown in the inset of the top panel. The closed symbols in the bottom panel

are hl" determined by the QENS taken at BASIS (see Fig. 3).

A broad peak in the elastic line at around 1.4 A~! (Fig. 1) indicates that the dynamic structure
factor contains the information about the correlated and self motions of ions/molecules. Gaining
the knowledge about the structural diffusion of molecules and their correlated motions, in addition

to the proton diffusion, will help elucidate the mechanisms of proton transfer, namely the vehicular
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mechanism and Grottuss mechanism, although the separation of the correlated motion is highly
model-dependent in the reciprocal space and thus unreliable. The conversion of QENS and
inelastic neutron scattering over wide-Q and E into the real-space correlation function will help
disentangle the self and correlated motion,>*?> which will be discussed in detail in separate
publications. Partial and selective deuteration of 1,2,3-Triazole and other proton-conducting
molecules will also help elucidate the detailed mechanism of proton diffusion in these systems

through QENS measurement.

Conclusion

We used QENS measurements to study the dynamics of proton in 1,2,3-triazole. The diffusion
coefficients of the proton were obtained from the data taken at BASIS with high energy resolution
using jump-diffusion model. We identified the elementary jump-diffusion motion of protons at a
much shorter length scale than those for a long-range diffusion, which NMR and impedance
spectroscopy estimate. The data taken at AMATERAS cover a wider range of energy-transfer than
with BASIS and capture the faster proton dynamics. The rotational and the restricted diffusive
motion in a finite space of protons were faster than the elementary jump-diffusion observed at
BASIS. The existing studies using impedance spectroscopy and NMR did not catch these three
types of local proton dynamics, indicating that proton motion in 1,2,3-triazole is complex with
various local correlated dynamics. These correlated dynamics will be fundamentally important to
elucidating the nature of proton hopping and also expected to serve as a fundamental dataset for
testing accurate atomistic/ionic models and machine-learning potentials for molecular dynamics
simulations, significantly enhancing our ability to predict the proton hopping dynamics in

anhydrous systems.
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