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ABSTRACT: We simulated the dynamics of azole groups (pyrazole, imidazole, 1,2,3-triazole, 1,2,4-triazole, and tetrazole) as
neat liquids and tethered via linkers to aliphatic backbones to determine how tethering and varying functional groups affect
hydrogen bond networks and reorientation dynamics, both factors which are thought to influence proton conduction. We used
the DL Poly 2 molecular dynamics code with the GAFF force field to simulate tethered systems over the temperature range
200—900 K and the corresponding neat liquids under liquid state temperatures at standard pressure. We computed hydrogen
bond cluster sizes; orientational order parameters; orientational correlation functions associated with functional groups, linkers,
and backbones; time scales; and activation energies associated with orientational randomization. All tethered systems exhibit a
liquid to glassy-solid transition upon cooling from 600 to 500 K, as evidenced by orientational order parameters and correlation
functions. Tethering the azoles was generally found to produce hydrogen bond cluster sizes similar to those in untethered liquids
and hydrogen bond lifetimes longer than those in liquids. The simulated rates of functional group reorientation decreased
dramatically upon tethering. The activation energies associated with orientational randomization agree well with NMR data for
tethered imidazole systems at lower temperatures and for tethered 1,2,3-triazole systems at both low- and high-temperature
ranges. Overall, our simulations corroborate the notion that tethering functional groups dramatically slows the process of
reorientation. We found a linear correlation between gas-phase hydrogen bond energies and tethered functional group
reorientation barriers for all azoles except for imidazole, which acts as an outlier because of both atomic charges and molecular
structure.

1. INTRODUCTION effects:'*'* strong hydrogen bonding producing larger clusters

The past decade has seen significant research on tethered
hydrogen bonded systems for understanding a variety of
phenomena, including proton conduction in proton exchange
membranes (PEMs), — biological proton shuttling,’™® and
organic material self-assembly.””'* Focusing on proton
conduction in PEMs, there has been intense research on
materials composed of tethered amphiprotic functional groups
where unidirectional proton conduction is thought to follow
the Grotthuss mechanism involving two steps:"'"’ facile
multigroup proton jumps, followed by more sluggish functional
group reorientations to allow subsequent proton conduction.
This two-step mechanism complicates the design of advanced
materials because of two competing hydrogen bonding
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of hydrogen bonded functional groups, allowing longer proton
jumps, and weaker hydrogen bonding, allowing more rapid
functional group reorientation. Tethering of functional groups
generally causes proton conductivities to drop by orders of
magnitude from corresponding neat liquid values," warranting a
deeper fundamental understanding of the tethering effect on
hydrogen bonding in such systems. In this article, we report
classical molecular dynamics simulations on various azole
systems to study the effects of tethering and of varying
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functional groups to discover trends in hydrogen bonded
cluster sizes and functional group reorientation rates in glassy
and liquid systems.

Understanding the structures and dynamics of tethered
hydrogen bonding systems in the absence of excess charge is an
important precursor to a fuller consideration of charge
transport through such systems."*”'® Materials comprised of
tethered amphiprotic groups can exist in crystalline,">"”~"
glassy,”*"~** and liquid/molten™* ™" states, raising the question
of how phase changes may influence the nature of hydrogen
bond networks in tethered systems. From a molecular
standpoint, tethering functional groups involves the addition
of backbone and/or linker moieties, each with its own
relaxation time scales. This suggests fundamental questions
about the hierarchies of relaxation time scales for functional
group, linker, and backbone species and how they vary among
systems.”*">® This last issue is particularly relevant for
designing new proton exchange materials. In particular,
polymer chemists often strive to synthesize materials with
low glass-transition temperatures to retain segmental flexibility
and liquid-like dynamics that often give rise to higher proton
conductivities. However, it is not obvious how backbone
flexibility, which is related to the glass-transition, correlates with
functional group dynamics, which in turn is related to hydrogen
bond and proton motion. In the present work, we address these
issues by simulating the energetics associated with reorientation
of functional group, linker, and backbone species in liquid and
tethered azole systems.

A variety of NMR measurements of spin—lattice and spin—
spin relaxation times have yielded important information on
hydrogen bond dynamics for tethered functional groups. In
particular, Spiess and co-workers have applied magic angle
spinning (MAS) solid-state NMR methods to study the
hydrogen bond dynamics of imidazole® and triazole™ groups
tethered in various ways, finding the presence of both high- and
low-temperature phases with very different apparent activation
energies for functional group rotational motion. For the
imidazole-based system, Spiess and co-workers studied
materials composed of imidazole pairs linked by ether groups
of various lengths and found disordered domains with
molecules in a state of fluctuating hydrogen bonding alon:
with ordered domains with more static hydrogen bonding,”
raising a question about the nature of these different
environments. Spiess and co-workers also applied solid-state
NMR to study 1,2,3-triazole tethered to a siloxane polymer,
finding a low-temperature phase with an apparent activation
energy for functional group rotation of 58 kJ/mol and a high-
temperature activation energy of 31 kJ/ mol,* raising a question
about why these activation energies are so different. We apply
molecular dynamics simulations to address these qualitative and
quantitative experimental findings to shed new light on
hydrogen bonding in tethered systems.

The synthetic chemistry of tethering amphiprotic functional
groups utilizes a great variety of chemical species as flexible
linkers and backbones.’” ** To model such systems with one
simple and computationally tractable approach, we studied
herein and in previous work' "> the dynamics of materials
composed of oligomers, i.e., short brush-like molecules®® with
flexible alkane backbones and short alkyl linkers that connect
functional groups to backbones (see Figure 1). We showed in
earlier work that pentamer brushes with such an architecture
balance material stability and molecular flexibility.'*"* Below,
we investigate the competition between hydrogen bond

Pyrozale Imidazole 1,2,4-Triazole 1,2,3-Triazole Tetrazole

Figure 1. Oligomer with a butyl backbone, propyl linker, and various
functional groups.

network stability and flexibility in liquids and glassy materials
composed of pentamer brushes. Regarding functional groups,
the nitrogenous heterocycle imidazole has gained attention
because imidazole (the side chain in the amino acid histidine) is
found in many proton shuttling proteins.”*> Other azoles such
as pyrazole, triazole, and tetrazole have also been studied to
determine how the number and positionin§ of nitrogen in the
heterocycle influence proton motion.”**~*% A systematic study
considering these functional groups”>*”~* is important for
elucidating how the trade-off between hydrogen bonding
networks and functional group reorientation varies among
these systems. In addition, a systematic study comparing
untethered and tethered materials'®*"**** comprising these
functional groups can shed light on how tethering impacts the
trade-off between hydrogen bond network formation and
reorientation dynamics. We present such a systematic study
below using classical molecular dynamics.

Below, we find that tethered systems exhibit the same sizes of
hydrogen bond clusters as in untethered systems, except with
longer hydrogen bond lifetimes upon tethering. Simulated rates
of functional group reorientation reported below decreased
dramatically upon tethering. The computed activation energies
associated with orientational randomization show good agree-
ment with NMR data in the tethered imidazole system at low
temperatures and with the 1,2,3-triazole oligomer system in
both low- and high-temperature regimes.

The remainder of this article is organized as follows: Section
2 presents the theoretical and simulation methods applied
below; Section 3 details the results and discussion on hydrogen
bonding in liquid and glassy systems, and Section 4 offers a
summary and concluding remarks. We also include Supporting
Information with additional simulation data.

2. THEORETICAL METHODS

Systems. We modeled molecular oligomers with the
following pendant functional groups: pyrazole, imidazole,
1,2,4-triazole, 1,2,3-triazole, and tetrazole (see Figure 1). Each
monomer unit includes an amphiprotic group tethered to a
butyl backbone by a propyl linker (Figure 1). Our previous
work'#'*** and Cavalcanti” showed that such backbone/linker
groups are the shortest ones that provide enough configura-
tional freedom for strong hydrogen bonding between
amphiprotic groups. As such, these backbone/linker chains
allow for ample hydrogen bonding while excluding relatively
small volume fractions. In addition, such alkyl chains can be
described by well-established potential parameters. In previous
work,'#'52% we considered oligomers with pendant imidazole
of lengths ranging from n = 1 to 10, finding that pentamers
provide an interesting and potentially useful balance between
solid-like mechanical stability and liquid-like molecular
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flexibility. In what follows, we focus on five materials composed
of pentamers, each with one of the five pendant amphiprotic
groups.

We also considered five neat liquids, each composed of the
amphiprotic groups shown in Figure 1 with R replaced by
hydrogen. The five pentamer-based systems were simulated at
temperatures from 200 to 900 K, while the neat liquids were
studied at temperatures between the known standard melting
and boiling temperatures for each liquid.

Each liquid system was formed by starting with the crystal
structure of the corresponding molecular solid, if available in
the Cambridge Structural Database (CSD),* and performing
the sequence of steps listed below. All simulations were carried
out using DL_Poly 2, as in our previously reported work on
these systems.'”"> When a crystal structure was not found in
the CSD, we constructed a plausible unit cell using interatomic
distances extracted from analogous systems. Beginning with
each unit cell, we performed the following steps:

(i) Periodic extension in three-dimensions to yield a system
with at least 500 molecules and with lattice parameters in
all directions of at least 30 A.

(ii) Truncation into an orthorhombic simulation box with
lattice parameters of at least 30 A, deleting a small
number of molecules outside the orthorhombic simu-
lation cell while retaining close to 500 molecules in all
cases to yield an initial condition for energy minimiza-
tion.

(iii) Energy minimization at constant (orthorhombic) volume
to yield an initial condition for constant pressure
molecular dynamics (NpT MD).

(iv) NpT MD simulations (2—3 ns at 1 atm) were done at
100 K, then heated at 200 K, and so on up to the normal
boiling point of each liquid to ensure proper melting
(more simulation details given below), followed by
sequential cooling to the normal freezing point of each
liquid to yield equilibrated systems and mean lattice
parameters for subsequent constant energy/volume
(NVE) MD at several temperatures.

(v) NVE MD simulations (1 ns constant volume/temper-
ature (NVT) equilibration, S ns NVE production) at
various liquid temperatures to produce dynamical
information such as orientational correlation functions
(details given below) free from thermostats or barostats
that may contaminate dynamics.

Table S1 in the Supporting Information contains useful
information for building these liquid systems such as CSD
name, numbers of molecules, and mean lattice parameters for
selected temperatures.

We built three-dimensional initial conditions for pentamer-
based materials by first placing pentamers in sheets of five
pentamers with reasonable van der Waals distances between
adjacent pentamers (see Figure 2 in ref 14 and then by stacking
six sheets with about 10 A between each sheet, yielding initially
ordered structures, including 150 azole molecules. Each of
these structures was subjected to a sequence of simulations
similar to those described above for the neat liquid systems,
beginning with energy minimization at constant volume in
orthorhombic cells (a # b # ¢) to produce initial configurations
for NpT MD simulations. We then performed a series of NpT
MD simulations (2—3 ns) at 1 atm equilibrating at 200 K, then
equilibrating to 300 K, and so on up to 900 K to produce an
equilibrated melt for each of the five pentamer-based materials.
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Figure 2. Dimerization energies calculated using MD (GAFF) (azoles:
pyrazole, imidazole, 1,2,4-triazole, 1,2,3-triazole, and tetrazole) (red)
and DFT (B3LYP/6-311G(d,p)-BSSE) (black). pyr = pyrazole; imi =
imidazole; tri4 = 1,2,4-triazole; tri3 = 1,2,3-triazole; tet = tetrazole.

We then cooled it sequentially from 900 to 800 K, from 800 to
700 K, and so on back to 200 K to generate reasonable models
of the likely disordered materials that synthetic chemists may
fabricate from such oligomers. We expect these materials to
cool to disordered, glassy states’’ because of the entangling
hydrogen bond clusters that are found to grow with decreasing
temperature. These equilibrated systems and mean lattice
parameters were then used for subsequent NVE MD
simulations (1 ns NVT equilibration, 5—30 ns NVE
production), which we used to extract dynamical information
for the pentamer-based materials for comparison with results
from corresponding nonpentamer liquid systems. Table S2
contains mean lattice parameters for each pentamer-based
material at 300 K.

Simulation Details. The general Amber force field
(GAFF)** was initially chosen to describe intra- and
intermolecular interactions for all systems studied. The
intramolecular bonded interactions contain bond stretching,
angular bending, and dihedral twisting. Nonbonded inter-
actions include electrostatic and van der Waals (VDW) terms.
The functions employed by GAFF can be written as follows:

1 1
V=) hlr - D k(0 = 9,)*
N, N,

+ Z k[l + cos(mgp — ¢)]
Ny
12 6
9:4; o; o;
+ — +agl[2] -2
Ty

N i i

’ (1)
where 7, 6, and ¢ are the intramolecular bond length, valence
angle, and dihedral angle, respectively, and q is the atomic
partial charge. ¢; and o;; are the van der Waals parameters used
for intermolecular interactions. The partial atomic charges of
isolated azole molecules and azole monomers (repeat units)
were determined by fitting point charges to the electrostatic
potential®>>" obtained using B3LYP/6-311G(d,p) in Gaus-
sian09.>” Atomic point charges on tethered systems and in
tethered functional groups are reported in Table S3.

As a fundamental test of this force field, we calculated
binding energies of gas-phase homodimers of functional group
molecules (without linker or backbone) optimized using
B3LYP/6-311G(d,p) in Gaussian09 with single-point correc-
tions for basis set superposition error (BSSE) in dimerization
energies using the counterpoise method.>® These dimerization
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energies (AE = |Ege — 2Eonomer) Were taken as measures of
hydrogen bonding strengths for direct comparison with
optimized GAFF homodimerization energies computed with
cell parameters large enough (15—20 A) to minimize
interactions among periodic images in DL_Poly 2. The
resulting comparison of dimerization energies (Figure 2)
shows that the collection of force fields used herein captures
hydrogen bond strengths for all five systems. In addition, we
produce liquid densities close to the experimental values (see
Figure 3 for simulated liquid and pentamer densities versus
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Figure 3. Densities of neat liquid azoles (solid circle) and pentamers

(open circle) as a function of temperature. Experimental solid azole

densities at 298 K (squares) are shown, giving plausible agreement
with extrapolated equations of state for the simulated liquids.

temperature for various systems). The intermolecular hydrogen
bond lengths (N—H) from B3LYP/6-311G(d,p) and
DL _Poly 2 dimer optimizations are given in Table S4, also
showing broad agreement. As such, the force fields used herein
capture the essential characteristics of hydrogen bonding in the
five systems studied below.

All MD simulations reported herein used the velocity-Verlet
algorithm to integrate Newton’s equations with a 1 fs time step.
All simulations were performed using three-dimensional
periodic boundary conditions. Long-range electrostatic inter-
actions were calculated with Ewald lattice summation using a
convergence parameter of 107, while van der Waals
interactions were shifted and cut off with a radius of 10 A.
MD simulations in the NpT ensemble were performed using
the Nose-Hoover thermostat (1 ps relaxation time) and
barostat (2 ps relaxation time)®* in DL_Poly 2. Each NVE
simulation was (i) initiated with an equilibrated configuration
and mean lattice parameters from a corresponding NpT
simulation, (ii) equilibrated in the NVT ensemble for 1 ns by
scaling velocities every SO steps, and (iii) run in the NVE
ensemble for another 5—30 ns (depending on the dynamics of
the system in question) without a thermostat or barostat.
Production simulations were carried out on our Beowulf cluster
using 24 2.53 GHz processors (8 processors/node) and also on
the Massachusetts Green High Performance Computing Center
(MGHPCC) cluster, both requiring roughly 45 CPU hours per
temperature. In what follows, we describe the methods used to
characterize hydrogen bond networks and reorientation
dynamics in the neat liquids and pentamer-based materials
studied below.

Cluster Statistics. In this work, as in our previous work,'*
the hydrogen bond is defined when the intermolecular distance
between (N)H:N species is less than 2.5 A. Other authors

have considered multidimensional definitions of hydrogen
bonds, including bond lengths, angles, and energies.DS For
example, when considering the O—H—O bond angle for
hydrogen bonding in water, Matsumoto suggested angles
greater than ~90° as a defining characteristic of hydrogen
bonding. Our simulations (Figure S2) show that, for the
overwhelming majority of configurations with intermolecular
H-N distance above 2.5 A, the NHN angle is already above
90°. As such, the simple distance criterion for hydrogen
bonding used below was found to be sufficient. The number of
hydrogen bonds per amphiprotic molecule/group was
computed for liquid/pentamer systems (Figure S4) by
investigating configurations every 50 fs. Hydrogen bond
lifetimes were calculated by recording initial and final times
for each hydrogen bond. All the mean hydrogen bond lifetimes
simulated herein were found to exceed 200 fs (Figure 4),
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Figure 4. Arrhenius dependence of hydrogen bond lifetimes for neat
liquid azoles (solid circles) and azole pentamers (open circles).
Apparent activation energies are shown in Table SS.

indicating that examining trajectories every 50 fs is sufficient to
capture most of the hydrogen bond dynamics. Hydrogen bond
lifetime activation energies were extracted by fitting the
Arrhenius equation to the temperature dependence of mean
hydrogen bond lifetimes.

Collective hydrogen bond networks can be thought of as
fluctuating clusters, whose sizes can be computed by analyzing
the connectivity matrix C designed by Sevick.” If two
molecules (i) are directly connected by a hydrogen bond,
the i—jth matrix elements C;; = C;; = 1; otherwise, they take the
value zero. When the jth molecule is also directly hydrogen
bonded to another molecule, k, then the i—k pair is indirectly
connected, and the matrix elements take the value C;; = C; =
1. From analysis of the connectivity matrix, we obtain hydrogen
bond cluster sizes in neat liquids and pentamer systems.

Orientational Dynamics. The orientational dynamics of
various molecular segments were investigated by the following
orientational autocorrelation function:

C(t) = (N(0) X N(t)) = (N) X (N) @)

where N(t) is the unit vector normal to the ring of an
amphiprotic molecule or a functional group at time t. The order
parameter [(N)| provides information on the liquid-to-glass
transition as temperature is decreased in pentamer-based
materials. As in our previous work,"”> we found it more
convenient to separately analyze order parameters and
correlation functions. We also studied order parameters and
correlation functions of backbone and linker groups using end-
to-end unit vectors of carbon chains' to study the temperature

DOI: 10.1021/acs.jpcb.6b07148
J. Phys. Chem. B 2016, 120, 10411—10419


http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.6b07148/suppl_file/jp6b07148_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.6b07148/suppl_file/jp6b07148_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.6b07148/suppl_file/jp6b07148_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.6b07148/suppl_file/jp6b07148_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcb.6b07148

The Journal of Physical Chemistry B

dependence and hierarchy of backbone, linker, and functional
group motions. As such, we computed and fitted orientational
correlation functions as shown in eq 3 below:

C(t) = (N(0)-N(t))

Ct)=b+ae/"+ (1 -a)e" (3)

The first lifetime (7;) in eq 3 is related to relatively rapid
librations (hindered rotor vibrations) of a given molecular
segment, while the second lifetime (7,) is the time associated
with complete orientational randomization.” Activation ener-
gies for orientational randomization were obtained by fitting
the Arrhenius equation to the temperature dependence of
reorientation times (7,) for liquid molecules, pentamer
backbones, linkers, and functional groups.

3. RESULTS AND DISCUSSION

Here, we report a hierarchy of simulated properties, including
the calculated thermodynamic densities of liquid and pentamer
systems from NpT simulations, hydrogen bonding lifetimes,
cluster sizes, orientational order parameters, orientational
correlation functions, and reorientation rates of various
molecular segments from NVE simulations of the neat liquids
and pentamer-based materials.

Density Equation of State. To test the thermodynamic
predictions of the force fields, we show in Figure 3 the densities
of azole pentamer systems over the range of 200—900 K and
neat liquids in each liquid temperature range. The experimental
densities of liquid imidazole at 384 K (black square) and liquid
1,2,3-triazole at 298 K (green square) agree well with our
simulated values. The experimental densities of solid azoles at
298 K (squares) are shown as reference values. The
temperature dependencies of pentamer densities are weaker
than those of the liquids, which may be due to the glassy state
of pentamer materials at lower temperatures. The radial
distribution function plots for intermolecular H:-N atom
pairs in neat liquids at 300 K are shown in Figure S3, and their
peak distances are tabulated in Table S4, which agree well with
available literature values.

Hydrogen Bond Numbers and Lifetimes. Figure S4
shows the numbers of hydrogen bonds as a function of
temperature for neat liquids and pentamers relative to the total
number of amphiprotic groups in each simulation. The
pyrazole, 1,2,4-triazole, and tetrazole neat liquids in Figure S4
show similar (normalized) numbers of hydrogen bonds in
corresponding tethered systems for which tethering has little
effect on the number of hydrogen bonds. For imidazole,
tethering appears to increase the number of hydrogen bonds, as
found in our previous work, because connecting imidazole to
alkane linkers increases the magnitudes of N and H partial
charges in hydrogen bonded NH atoms.'*'*** However, for
1,2,3-triazole, tethering appears to decrease the number of
hydrogen bonds, even though tethering also increases the
magnitudes of N/H partial charges, and imidazole-like
hydrogen bond networks are possible with 1,2,3-triazole.”®
The key difference for 1,2,3-triazole is its linker connection
point (Figure 1), which impacts the nature of hydrogen bond
network connectivities. The variation in numbers of hydrogen
bonds with temperature is too weak to extract apparent
activation energies for these systems, prompting us to turn to
hydrogen bond lifetimes.

Figure 4 shows mean hydrogen lifetimes for liquids and
pentamers versus temperature. Hydrogen bonds were found to

10415

exhibit lifetimes in pentamers longer than those in correspond-
ing liquids, indicating that the topological constraints from
tethering enhance hydrogen bond lifetimes. The apparent
activation energies associated with these hydrogen bond
lifetimes are slightly larger for pentamers than for neat liquids.
Both liquid and pentamer lifetime activation energies are much
less than typical apparent activation ener§ies extracted from
reorientation rates of functional groups,29’3 indicating that the
simple act of breaking individual hydrogen bonds does not
account for the energetics of functional group reorientation.
Hydrogen Bond Cluster Sizes. We now turn to more
collective properties of hydrogen bonding in these systems,
focusing first on hydrogen bond cluster sizes. Figure S5 shows
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Figure S. Mean hydrogen bond cluster sizes versus temperature for
neat azole liquids (solid circles) and azole pentamers (open circles).

mean hydrogen bond cluster sizes as a function of temperature
for the neat liquids and pentamers. The triazole and tetrazole
systems show clusters larger than those in imidazole and
pyrazole neat liquids, likely due to their multiple proton
acceptors. As with the number of hydrogen bonds, there is no
single effect from tethering on cluster sizes. Indeed, for
imidazole, tethering extends clusters, while for 1,2,3-triazole,
tethering reduces cluster sizes down to the values seen for
pyrazole. These trends in cluster sizes mirror those found above
in the numbers of hydrogen bonds.

Functional Group, Linker, and Backbone Orienta-
tional Order Parameters. Figure 6 shows the functional
group orientational order parameter in pentamer materials as a
function of temperature over the range of 200—900 K. Figures
S5 and S6 show the same for linker and backbone segments.
Order parameters computed for liquid systems (data not
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Figure 6. Orientational order parameter versus temperature for
functional groups in pentamer materials.
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shown) were found to vanish within statistical error of a few
percent. If we define liquid-like motion by an order parameter
less than 0.1, we see in Figure 6 that the azole functional groups
achieve liquid-like motion at 500 K. Similar trends are seen in
Figures S5 and S6 for linker and backbone segments; all of the
azole-based materials achieve linker/backbone orientational
randomization at 600 K. The vanishing of these order
parameters shows that the initial order assumed in our
construction of these tethered systems has been destroyed by
sufficient heating.

Figures 6, S5, and S6 show that trends in backbone
orientational order parameters related to the glass transition
temperature (Tg) of polymers®” also track with trends in linkers
and functional groups. This finding may explain why proton
conductivities often anticorrelate with polymer T, values,” as

g
lower T, values correspond to higher backbone flexibilities,

which 0%11‘ present findings suggest may also correlate with
enhanced functional group and linker motion.

Orientational Correlation Functions (OCFs). OCFs for
liquid molecules, pentamer functional groups, linkers, and
backbone segments were calculated for all five functionalities
and for a variety of temperatures over relevant ranges. Here, we

report on selected OCFs. Figure 7 shows OCFs for tetrazole
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Figure 7. Orientational correlation functions of liquid tetrazole at
various temperatures.

liquids at various temperatures. All OCFs for liquid molecules
were found to exhibit complete decay, consistent with vanishing
order parameters. Figure 8 shows OCFs for tethered tetrazole
functional groups over the range of 200—900 K, revealing
distinct liquid-like regimes at high temperatures and glassy
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Figure 8. Orientational correlation functions of tetrazole functional
groups in pentamers at various temperatures.

regimes at low temperatures. Figures S7 and S8 show OCFs for
backbone and linker segments, respectively, in tetrazole-based
pentamers over a range of temperatures, indicating the same
liquid-like and glassy regimes. All OCFs for liquids and
pentamers (above 500 K) were fitted to biexponential
functions; reorientation times (z,) were extracted at various
temperatures, and apparent activation energies were computed
(Table S6) by Arrhenius analysis (Figures S9—S11). The
pentamer motions below 500 K were too sluggish to be
captured by our present computational resources.

An analysis of the distribution of time scales in the glassy
systems may shed light on the experimental observation by
Spiess and co-workers on the presence of both static and
dynamic hydrogen bonding for tethered imidazole systems on
NMR time scales.”” From our simulations of tethered imidazole
at 400 K, we find a wide distribution of rotational time scales,
ranging from S0 ps to 26 ns and exhibiting a distribution similar
to log-normal in shape (see Figure S12 for raw data)."” In an
effort to understand the origin of this distribution of time
scales, we first pursued a correlation with a measure of local
density around each functional group based on the hypothesis
that local density fluctuations may hamper or facilitate
functional group rotation. We computed the number of
atoms in a sphere of given radius (considering radii from 4—
13 A) centered on each functional group and compared the
resulting densities to the rotational time scales in Figure S12.
No clear correlation emerged from this analysis (density data
not shown), which revealed a surprisingly narrow distribution
in local densities. We then pursued a correlation between
rotational time scales of selected functional groups and their
mean hydrogen bond lifetimes (Figure S13), which showed a
good correlation. Despite this progress, the question of what
local environmental and structural characteristics cause the
wide distribution of rotational time scales and hydrogen bond
lifetimes remains to be determined.

Here, we compare activation energies extracted from
Arrhenius analyses of our simulated functional group
reorientation rates (Figure 9) with activation energies measured
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Figure 9. Arrhenius plot of reorientation times for amphiprotic groups
in pentamers. The dashed lines are data, and the blue solid line is the
linear fitting of tetrazole data.

via MAS NMR experiments. Akbey et al.>’ applied variable-
temperature NMR to study solids composed of triazole groups
tethered to a polysiloxane backbone via flexible linkers. They
measured relaxation times associated with the orientational
randomization of the triazole groups. The activation energies of
these molecular reorientations at high temperatures (T > 310
K) and low temperatures (260 < T < 300 K) are shown in
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Table 1, revealing very good agreement with our simulation
results. We note that the MD simulations considered much

Table 1. Apparent Activation Energies (kJ/mol) of Triazole
Reorientation Times from NMR (Ref 30) and Our
Simulations for Tethered Triazole Oligomers at High (HT)
and Low Temperature Ranges (LT)

name E, (HT) E, (LT)
Tril24 222 +0.1 59.7 + 32
Tril23 221 +0.1 57.9 + 43
Tri123* 30.7 583

broader temperature ranges because of the well-known time
scale limitations of MD.

Goward et al.*’ studied ethylene-oxide-tethered imidazole
pairs (Imi-nEO) with high-resolution solid-state 'H NMR,
where n reflects the length of the ethylene-oxide linker. They
characterized the local mobility of the hydrogen bonded
protons as a function of temperature by their spin—spin
relaxation (T§) behavior. Although the tethering architectures
of our model systems and the species considered by Goward et
al. differ in detail, we can compare them based on the numbers
of backbone and/or linker heavy atoms (carbons and oxygens)
per imidazole in each respective oligomer molecule. In the Imi-
1EO and Imi-SEO molecules, this ratio takes the values 3 and 9,
respectively, while in our model architecture, the ratio equals 7.
As such, we might expect the Imi-1EO and Imi-SEO behaviors
to bracket that of our model system. Activation energies for
imidazole orientational randomization measured from Imi-1EO
and Imi-SEO are shown in Table 2. These values do indeed
bracket our computed value for tethered imidazole, as expected.

Table 2. Apparent Activation Energies (kJ/mol) of
Imidazole Reorientation Times from NMR (Ref 29) and
Our Simulations for Tethered Imidazole Oligomers in the
Solid State

name E, chain atom/number of imidazoles”
Imi 529 +£29 7
Imi-1EO” 48 3
Imi-SEO” 60 9

“Ratio between the number of backbone and linker heavy atoms to the
number of imidazoles.

Figure 10 pursues the possibility of a correlation between
reorientation activation energies of functional groups in
pentamer systems and hydrogen bond energies from DFT
calculations on gas-phase dimers (Table S6). Such a correlation
could simplify the process of obtaining design parameters for
new PEMs. Figure 10 reveals that data from pyrazole, the two
triazoles, and tetrazole lie close to a correlation line with slope
0.61 + 0.11, while data from imidazole represent a statistically
significant outlier from this correlation. Indeed, the apparent
activation energy for imidazole functional group orientational
randomization in the pentamer system, 27.7 kJ/mol, is 6.3 kJ/
mol higher than that expected from this line (21.4 kJ/mol).
Our results above suggest that two factors may conspire to
explain this behavior of imidazole: (i) key charges on hydrogen
bonding atoms N and H intensify upon tethering, and (ii) the
structure of imidazole allows for “linear” and not “zig-zag”
hydrogen bonding clusters. Linear hydrogen bond clusters are
postulated to pack more effectively and thus be more stable.*®
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Figure 10. Graph of reorientation (solid line) activation energies from
functional groups in pentamers (red points) versus DFT-computed
hydrogen bond energies on the wx-axis (B3LYP/6-311G(d,p)-BSSE,
normalized by number of bonds) showing that a linear correlation (R*
= 0.94) exists between the gas-phase dimer energy and bulk rotation
barrier in pyrazole, triazoles, and tetrazole.

Imidazole is the only azole considered herein with both of these
properties. Despite this exception, the correlation in Figure 10
provides a potentially useful design parameter for next-
generation PEMs.

4. SUMMARY AND CONCLUSION

We simulated structures and dynamics of hydrogen bonding in
amphiprotic groups, including azole bases (pyrazole, imidazole,
1,2,4-triazole, 1,2,3-triazole, and tetrazole), as neat molecular
liquids and also tethered in pentamer brush-like structures.
Each monomer of the pentamer brush includes one
amphiprotic functional group connected to a butyl backbone
via a propyl linker. We investigated how tethering and varying
functional groups influence sizes of hydrogen bond networks
and rates of reorientation dynamics, both factors thought to
affect proton conduction.

We employed the DL_Poly 2 molecular dynamics suite with
the GAFF force field for azoles to simulate pentamer systems
for temperatures in the range of 200—900 K and neat liquids
under liquid temperatures at a pressure of 1 atm. Accuracy tests
of the force fields used herein showed good agreement on
hydrogen bond strengths and bond lengths when compared to
density functional theory calculations on gas-phase dimers.
NpT MD simulations were used to compute thermodynamic
equations of state for the five liquids and five pentamer
materials, giving good agreement for systems where experiment
density data are available. NVE MD simulations were launched
from equilibrated NpT configurations to compute properties
such as sizes of hydrogen bond clusters; orientational order
parameters and orientational correlation functions (OCFs)
characterizing liquids, tethered functional groups, linkers, and
backbones; and reorientation times and associated activation
energies.

In general, the tethered systems retain roughly the same size
of hydrogen bond cluster as do liquids at the same temperature
but with longer hydrogen lifetimes. All the pentamer-based
materials studied above exhibit a liquid to glassy-solid transition
upon cooling, with glassy solids forming around 500 K.
Functional-group reorientation rates were found to decrease
dramatically upon tethering, and reorientation barriers
increased upon tethering. The activation energies associated
with orientational randomization of functional groups agree
well with NMR data for imidazole oligomers tethered with
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ethylene oxide linkers. We also found good agreement with
NMR data for low- and high-temperature activation energies
associated with orientational randomization of tethered 1,2,3-
triazole systems. Finally, we found a linear correlation between
gas-phase hydrogen bond energies and tethered-functional
group reorientation barriers for all azoles except for imidazole,
which exhibits a rotational barrier ~6 kJ/mol above the
correlation-line value because of both charges and molecular
structure allowing more stable packing of hydrogen bonded
clusters.

Future simulations of proton diffusion in untethered and
tethered amphiprotic groups in liquid and glassy systems are
necessary to understand more fully the competition between
hydrogen bond cluster size and functional group reorientation
rate in controlling proton conduction.
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