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Abstract: The charge-transport mechanism in solid ammonium perchlorate crystal exposed to
an ammonia-rich environment is studied using ab initio molecular dynamics. Ammonium
perchlorate is an ionic crystal composed of NHI and ClOj units that possesses an or-
thorhombic phase at 7 < 513 K and a cubic phase at T > 513 K. Exposure to an ammonia-
rich atmosphere allows ammonia molecules to be absorbed into the crystal at interstitial sites.
It has been proposed that these neutral ammonias can form short-lived NZH}L complexes with
the NHI ions allowing proton transfer between them, thereby enhancing the conductivity
considerably. To date, however, there has been no direct evidence of this proposed mecha-
nism. In this paper, ab initio molecular dynamics techniques are employed to explore this
mechanism. By comparing computed infrared spectra of the pure and ammonia-doped crys-
tals, we observe a significant broadening of the NH stretch peak into a lower frequency re-
gion, indicating through an experimentally verifiable observable, the formation of hydrogen
bonds between NH; and NHX units. This suggestion is confirmed by direct observation of
N2H;r complexes from the trajectory. Comparison of the diffusion constants of NHI in the
pure and doped crystals yields a ratio that is comparable to the experimentally measured con-
ductivity ratio and clearly shows an enhanced positive charge mobility. Finally, compelling
evidence suggesting the possibility of an ammonia umbrella inversion following proton
transfer from N HX and NH; is obtained.

INTRODUCTION

Solid-state proton conductors are systems of considerable importance because of their potential uses in
solid-state batteries, sensors, and other electrochemical devices. For this reason, there is a growing in-
terest in such systems. However, unlike in aqueous electrolyte solutions, where proton transfer steps
occur readily due to anomalous mechanisms [1-5], proton transfer reactions in many crystalline sys-
tems are rare processes. Hence, proton conducting solids are of particular scientific interest because of
their novelty. Indeed, a particular class of materials, proton conducting molecular crystals, has received
considerable attention because of their wide range of structural and dynamical characteristics. A vari-
ety of such crystals can undergo temperature- and/or pressure-induced structural phase transitions, and,
in some cases, thermal decomposition may occur with a concomitant release of a large amount of en-
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ergy. One such material that has been studied extensively is the ammonium salt crystal, ammonium per-
chlorate (NH,CIO,) [6-23].

Ammonium perchlorate (AP) is one of the showcase examples of thermally labile material that
can undergo a decomposition process at high temperature, leading to its use in applications such as
rocket propulsion (see, e.g., the discussion in Oxtoby and Nachtrieb’s Principles of Modern Chemistry
[24]). The crystal structure of AP is temperature-dependent: at temperatures below 513 K, it possesses
an orthorhombic unit cell with space group Pnma, while at temperatures above 513 K, it undergoes a
structural phase transition to a simple cubic structure with space group Tj — F43m. While particular at-
tention has been devoted to the electrical conductivity of AP, the microscopic mechanism of charge
transfer has never been satisfactorily elucidated. Currently, two schools of thought prevail. One inter-
pretation of conductivity measurements is that a protonic defect can be formed in which ammonium
(NH}) ions transfer an excess proton to nearby perchlorate anions. This mechanism has also been im-
plicated as important in the initial stages of thermal decomposition [8,9,15], although more recent ex-
periments favor an electron-transfer process [19]. In the high-temperature phase, it is thought that the
perchlorate (C10;) anions can undergo “nearly free” rotation, which presumably allows HCIO, units to
move protons to other NH; defects. However, another interpretation, based on comparative studies of
the conductivity of AP and rubidium perchlorate, suggests a purely diffusive mechanism in which rel-
atively mobile NH} units diffusive through a “matrix™ of slowly rotating C10; ions. The latter of these
appears to be supported by infrared and Raman spectroscopic measurements [6,17], which indicate that
the ammonium ion, itself, undergoes nearly free rotation (estimates of the barrier range from 0.5 to
1.0 keal/mol [13,17,16]). This finding suggests that interactions between the NH} and ClOj ions are
relatively weak, which supports the notion that diffusion of NHj ions along crystalline planes is possi-
ble.

Additional experiments on AP crystals [12] indicate that the electrical conductivity of AP in-
creases markedly when it is exposed to an ammonia-rich atmosphere. Based on these findings, it has
been suggested that the increased conductivity is due to an anomalous Grotthuss-type mechanism in
which the mobile NH} ions can transfer protons to the neutral ammonia molecules at lattice vacancies
or at interstitial sites. The newly formed neutral ammonia molecules at lattice sites subsequently be-
come recipients of excess protons from NH} ions now at interstitial sites. This mechanism is expected
to dominate over the formation of Schottky or Frenkel defects [12]. However, the suggestion of such a
process leaves many microscopic-level questions unanswered, and, indeed, the increased conductivity
cannot be regarded as definitive evidence of the truth of such a mechanism.

Given the many unanswered questions concerning charge transport in AP crystal and the general
importance of solid-state proton conduction, we have undertaken an ab initio molecular dynamics
(AIMD) study of ion rotation and charge transport in AP crystal in both its low (orthorhombic) and high
(cubic) temperature phases. In these studies, finite-temperature molecular dynamics trajectories are
generated with forces determined directly from electronic structure calculations performed “on the fly”
as the simulation proceeds via the Car—Parrinello approach [25]. The electronic structure is described
by a gradient-corrected density functional theory (DFT) representation. The validity of the DFT ap-
proach in ammonia systems, including the pure liquid [26,27] and ion solvation in the liquid [27] has
been previously verified. Direct access to the electronic properties of the system allows the infrared (IR)
spectra of the two phases of the crystal to be computed and compared to experiment. Moreover, calcu-
lation of the IR spectrum of AP with neutral ammonia placed in interstitial sites at a mole fraction of
0.5 [to be denoted hereafter as AP-(NHj;), 5] provides direct, experimentally verifiable evidence of the
formation of relatively short-lived hydrogen-bonded N2H;r complexes through which a proton can be
transferred from NH to NHj;. That such transfers are possible has been suggested by numerous gas-
phase studies of the NzH;r complex [27-32].

The signals in the IR spectrum indicative of the formation of such complexes are a strong red-
shift in the NH stretch band and a broadening of this band, both being caused by strong hydrogen bond-
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ing between NH}; and NHj;. The presence of NZH;r complexes in the doped crystal is also confirmed by
direct observation from the trajectories. In addition, the ratio of calculated diffusion constants of NHI
in the pure AP and the AP-(NH;), 5 crystals is consistent with the ratio of the measured conductivities.
As no proton transfer between the NH} and ClOj ions in the pure AP crystal is observed on the time
scale of our MD simulations in either the orthorhombic or cubic phases, we propose that the dominant
charge-transport mechanism in pure AP crystal is diffusion of the NH} ions in particular crystal planes.
Consistent with the observed rotational behavior of the C1O; ion [17], we also find a marked increase
in the rotation rate of ClOy in the cubic phase over the orthorhombic phase. Finally, the simulations
yield compelling evidence of the possibility of umbrella inversion events of newly formed NH; in the
doped crystal following the proton-transfer step.

METHODOLOGY

AIMD simulations of the AP crystal in the low-temperature orthorhombic and high-temperature cubic
phases were carried out using the Car—Parrinello extended Lagrangian method [25]. In the orthorhombic
phase, whose space group is D2h Pbnm (= Pnma) [33— 35] two unit cells were used, giving a supercell
with dimensions L, = 9.2 A, L =11.6 A, and L, =745 Ato Wthh periodic boundary conditions were
applied. Two unit cells in the cublc phase, whose space group is Td F43m [36], were used as well, giv-
ing a periodic supercell with dimensions, L, = 15.2598 A, Ly =7.6299 A, and L, =7.6299 A. In addi-
tion to the pure crystal, trajectories were also generated for an AP crystal doped w1th neutral NH; mol-
ecules placed at interstitial sites in the high-temperature cubic phase at a mole fraction of approximately
0.5. Simulations were also carried out for supercells consisting of 4 unit cells, for which the box di-
mensions were L. = 15.2598 10\, Ly =15.2598 A, and LZ =7.6299 A. In all cases, the electronic struc-
ture was represented within the generalized gradient approximation (GGA) of density functional theory
(DFT) using the B-LYP functional [37,38]. The Kohn—Sham orbitals were expanded in a plane-wave
basis up to a cutoff of 70 Ry, and core electrons were replaced by atomic pseudopotentials of the
Troullier—Martins form [39] for nitrogen, oxygen, and hydrogen and of the Godecker et al. type for
chlorine [40,41]. This simulation protocol has been shown to reproduce well the experimental radial
distribution functions in liquid ammonia (see Fig. 1) [42]. In the low-temperature calculations, the sys-
tem was equilibrated for 1 ps under NVT conditions at a temperature of 300 K using a Nosé—Hoover
chain thermostat [43] and then allowed to run under microcanonical conditions for 10 ps. In the high-
temperature case, the system was equilibrated for 3 ps under NVT conditions at a temperature of 530 K
and then allowed to evolve under microcanonical conditions for 15 ps. In the AP+(NH3), 5 system with
two unit cells, an equilibration stage at 530 K of 5 ps was followed by a production run of 27 ps, while
in the four-unit cell case, equilibration of 1.5 ps at the same temperature was followed by a production
run of 17 ps. In all cases, a time step of 0.12 fs was used. All calculations were performed using the
CPMD [44] and PINY MD [45] codes.
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Fig. 1 Comparison of calculated (solid line) and experimental (dashed line) [42] radial distribution functions for
pure liquid ammonia: (a) nitrogen—nitrogen, (b) hydrogen—hydrogen, and (c) nitrogen-hydrogen.

RESULTS AND DISCUSSION

Infrared spectra

The procedure for calculating the IR spectrum in an ab initio MD simulation is described in detail else-
where [46-50]. Here, we briefly review the technique. The IR absorption coefficient, o), at frequency
o can be computed using linear response theory from the autocorrelation function of the total electric
dipole moment, M(¥), via [51]

(@) = 41 tanh(fho/2)

3ncV
where n(w) is the refractive index, c is the speed of light in vacuum, V is the system volume, and
B = UkgT. The total dipole moment consists of both ionic and electronic contributions. While the for-
mer can be computed straightforwardly, the latter cannot because the quantum mechanical position op-
erator is not well defined for an infinite periodic system [47,49,50]. This difficulty has been solved
using the so-called Berry phase approach [46,47,49,50] according to which the electronic contribution
to the dipole moment for a cubic supercell at the I"-point is given by

M(y) = —ilm In det [R(Y)]
T

elec —

[7,dr 7 (M(r)- M(0)) (1)

2
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where yindexes the three spatial components, and the matrix R is given by
jo?/) =<'1Ui |e—2niry/L |le> 3)

Here, ry=XY2 for y=1,2,3, respectively and |‘I’i) is the ith Kohn—Sham orbital. In general, run lengths
are too short to compute the IR spectrum by direct Fourier transformation of the autocorrelation func-
tion. In this case, maximum entropy methods [52] can be very useful as a means of extracting the spec-
trum, as we have shown in previous calculations in high- and low-concentration KOD solutions [53]. In
the present case, a maximum entropy method based on the 200-point Burg algorithm [52] was em-
ployed. As always with maximum entropy methods, one needs to check that a given order algorithm
does not introduce spurious features into the spectra. In the present case, the computed spectra were
checked and were not found to be sensitive to the order of the maximum entropy algorithm—essentially
the same result was obtained with 150, 200, 250, and 300 points.

The IR spectrum for the low-temperature orthorhombic phase is shown in Fig. 2a. The inset
shows the experimental spectrum [6,16]. As can be seen from the figure, good agreement is obtained
between the experimental and computed spectra. The broad band at 3150 cm™! corresponds to the NH
stretch modes. This serves as a benchmark for the present AIMD protocol. In Fig. 2b, the IR spectra for
the pure AP and AP-(NHj), 5 systems in the cubic phase are shown together. The AP-(NH;), 5 spec-
trum corresponds to the system with 2 unit cells. In Fig. 2¢, a comparison of the spectra between 2 and

— 1500 LI B B B R

§ 1000 N e (@) ;

’§ cm=

E 500 -

é 0 1 1 1 1

S 1000 1500 2000 2500 _13000 3500 4000
/21 [cm ]

— 1500 | DL IR LA B B

i 1000 doped cu.bic\ (b) ]

3 ——- pure cubic |

E 500 -

\8/ 0 ~7 |\‘-‘ 1

S 1000 1500 2000 2500 _13000 3500 4000
/27 [cm ]

— 1500

E 1000 2 un!t cells (C) 3

5 ——= 4 unit cells

:é\’ 500 -

g . .

3

0
1000 1500 2000 2500_13000 3500 4000
/21 [cm ]

Fig. 2 (a) Infrared spectrum for pure ammonium perchlorate crystal in the orthorhombic phase at 300 K. The inset
shows the experimental spectrum from ref. [1]. (b) Infrared spectra for ammonium perchlorate in the cubic phase
at 530 K. The dashed line shows the spectrum for the pure crystal, and the solid line shows the spectrum for the
ammonia-doped crystal. (c) Infrared spectra for 2 (solid line) and 4 (dashed line) unit cells of ammonia-doped
ammonium perchlorate crystal in the cubic phase at 530 K.
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4 unit cells of the AP-(NH;),, 5 system is shown. In Fig. 2b, it can be seen that in the AP+(NH;),, 5 spec-
trum, the NH stretch band is broadened to the left, indicating a red-shift of some of the NH stretch
modes. We interpret this finding as a clear signal of the formation of strongly hydrogen-bonded
N2H;r complexes. In recent DFT-based studies of proton transfer in the NQH;r complex at 300 K [27],
a very small free-energy barrier to proton transfer (0.3—0.5 kcal/mol) was obtained, indicating a rela-
tively strong hydrogen bond between NH} and NHj;. Such strong hydrogen bonds generally cause a red-
shift of the NH stretch frequencies in IR spectra, as Fig. 2b clearly shows. In order to check the de-
pendence of the barrier height on temperature, we carried a similar study of the gas-phase
N2H;r complex at a temperature of 530 K using the same DFT scheme and simulation protocol as for
the crystal. The resulting free-energy profile is shown in Fig. 3a, together with the profile from ref. 24.
The reaction coordinate in this case is taken to be proportional to the asymmetric stretch of the proton:

5 = leH* _szH* (4)

where dN,-H* is the distance of the shared proton, H* from nitrogen, N;, i =1,2. It can be seen that that
there is only a relatively small barrier at both high and low temperatures. Finally, in Fig. 2¢c, the com-
parison of spectra for 2 and 4 unit cells of the AP+(NHj) 5 system shows the spectra for the two sys-
tem sizes are very similar, indicating that finite size effects are of minor importance for the IR spectra.
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Fig. 3 (a) Proton-transfer free-energy profiles as a function of the reaction coordinate, & (cf. eq. 4) for the N2H§r
complex in the gas phase at 300 K (dashed line) and at 530 K (solid line). (b) The same in the cubic phase of the
ammonia-doped ammonium perchlorate crystal at 530 K.

Charge transport

The spectra of the previous section provide strong evidence of the formation of NQH;r complexes in the
AP+(NH;),, 5 system. Moreover, gas-phase studies at 300 and 530 K of the NZH}' complex indicate that
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proton transfer through the N-H---N hydrogen bond is possible. In this section, we present further evi-
dence from the simulations that the charge-transport mechanism in the AP+(NH;), 5 is dominated by
such proton-transfer steps. In Fig. 4a, radial distribution functions in the pure AP and AP-(NH;), 5 sys-
tems in the high-temperature cubic phase. In the AP+(NHj), 5 system, the presence of a peak at 2.7 A
provides further evidence of the formation of N2H+ complexes. Interestingly, this value is similar to that
obtained in recent studies of stabilization of the N2H+ complex in the supramolecular calix[4]arene™
anion cavity [54] and the value 2.9 A of the NN distance between NH4 and NH; when the former is
solvated in liquid ammonia [27]. This value should also be compared with the average nitrogen—nitro-
gen distance in the pure crystal, 4.6 and 4.7 A, in the orthorhombic and cubic phases, respectively.
Visual inspection of the trajectories shows that these complexes play a critical role in the charge trans-
port process. Because of the relatively high mobility of both the NH; and NHj; units in the system,
N2H;r complexes of finite lifetime are formed. While these complexes live, the proton can be transferred
from NH} to NH;. If the complex dissociates after the proton has been transferred, the result is a neu-
tral NH; ata lattice site and an NHI at an interstitial site. In this state, the neutral NH; is able to accept
another proton from a nearby NH}, leading to a kind of “relay” mechanism based the formation and
dissociation of NZH;r complexes. The free-energy profile associated with the proton-transfer process,
characterized by the reaction coordinate of eq. 4, is shown in Fig. 3b together with the gas-phase free-
energy profile at 530 K. The figure shows that the barrier to proton transfer is higher (~2 kcal/mol) than
in the gas phase, but is still relatively low.
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Fig. 4 (a) The nitrogen—nitrogen radial distribution function (solid line) in the cubic phase of the ammonium-doped
ammonium perchlorate crystal at 530 K. The dashed line shows the integrated coordination number. (b)
Oxygen-hydrogen radial distribution functions in the cubic phase of pure (dashed line) and ammonia-doped (solid
line) ammonium perchlorate crystals.
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In order to quantify the enhancement in charge transport in the AP and AP+-(NH;), 5 crystals, the
mean-square displacements of the NH} units in both systems are plotted in Fig. 5a. The figure shows a
dramatic enhancement in the rate of diffusion of positive charge carriers in the AP-(NH;), 5 crystal.
From the slopes of the linear part of these curves, we find that the ratio of diffusion constants is ap-
proximately 4.9. This number is very similar to the measured conductivity ratios 4.5 and 6.0 at mole
fractions 0.42 and 0.61, respectively at 503 K [7]. Although these quantities are not directly compara-
ble, the fact that they are in the same range leads to an important prediction concerning charge trans-
port in the pure AP crystal in its high-temperature phase. First, consider the OH radial distribution func-
tions of AP in the orthorhombic and cubic phases shown in Fig. 4b. These show that the ammonium and
perchlorate units are never close enough (on the time scale of the present simulations) to allow proton
transfer from NHj to C10}, indicating that such a process would be a very rare event. Based on this
finding and the computed diffusion constant ratio, we conjecture that the charge-transport mechanism
in pure AP crystal in both the cubic and orthorhombic phases is dominated by diffusion of the NH ions.
Indeed, from the free-energy profile of NHj rotation (not shown), we estimate a rotational barrier of no
more than a few tenths of a kcal/mol, in agreement with experimental estimates [13,17,16], which sug-
gests only weak interactions between the NH; and Cl1O} units. Also shown in Fig. 5b are the mean-
square displacement curves for the CIOy ions in the orthorhombic and cubic phases. Comparison of
these figures shows that in the pure crystal, somewhat contrary to the common conception, the NH and
ClOy ions actually diffuse at roughly the same rate, while in the AP-(NH;),, 5 crystal, the charge-trans-
port process occurs in a slowly moving background matrix of ClOj ions. This suggests that, in the pure
crystal, motion of NH is limited by the slower diffusion of C10;.
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Fig. 5 (a) Mean-square displacements of NHZ in the pure orthorhombic ammonium perchlorate crystal at 300 K
(dashed—dotted line), pure cubic ammonium perchlorate crystal at 530 K (dashed line), and doped cubic
ammonium perchlorate crystal at 530 K (solid line). (b) The same for the C1O, anion.
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lon rotation

Further information about the dynamics of the AP and AP+(NHj;), 5 crystals can be gleaned from a
study of rotation of the NHI and ClOj ions. It has been proposed that the C1Oy ions have greater rota-
tional freedom in the high-temperature cubic phase than in the orthorhombic phase, while the NHI ions
can undergo “nearly free” rotation in both phases. Moreover, if directional bonding with neutral am-
monias in the AP-(NH;), 5 crystal plays such an important role in the charge-transport process, as dis-
cussed in the previous subsection, then it should be possible to detect a suppression of such nearly free
rotation of the NHI ion in the AP+(NH;), 5 system. To this end, we plot, in Figs. 6a and 6b, the rota-
tional mean-square displacements of the NHjL and ClOy ions, respectively, in the orthorhombic and
cubic phases of pure AP crystal and of the AP+(NHj;), 5 system. These are expressed as

Au? (1) =< LS [;(7) —ﬁi(O)]2> )

N =1

where @,(¢) is the unit vector along the bond from a central atom (Cl for C1O, and N for NHZ ions, re-
spectively) to atoms bond to it (O for ClO, and H for NHZ, respectively), and the sum, with N* = 4,
runs over the four O or H atoms in each case. The figure shows that the ClO, ion rotation exhibits dif-
fusive behavior in the cubic phase, while in the orthorhombic phase, the rotational motion is severely
hindered. In addition, it can be seen that rotational diffusion of NHI is comparable in the orthorhombic
and cubic phases, but that there is a slight suppression of rotation in the AP+(NH;),, 5 system. This lat-
ter finding provides further evidence of the formation of hydrogen-bonded NZH;r complexes.
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Fig. 6 (a) Rotational mean-square displacement curves as defined by eq. 5 for the NHX cation in the pure
orthorhombic ammonium perchlorate crystal at 300 K (dashed—dotted line), pure cubic ammonium perchlorate
crystal at 530 K (dashed line), and doped cubic ammonium perchlorate crystal at 530 K (solid line). (b) Same for
the ClO, anion. Note the difference in the scale on the y-axis.
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Ammonia rotation vs. umbrella inversion

Once an NHI ion transfers a proton to a neutral NH;, the newly created NH; is not in a correct orien-
tation to accept a proton from a different NHZ. In particular, the NH; either needs to rotate in such a
way that its lone pair points in the opposite direction along the C; axis compared to its configuration
just after proton transfer, or it must undergo an umbrella inversion so as to leave the NH; in such an ori-
entation. Since the latter is dominated by quantum mechanical tunneling, we are not able to capture it
entirely in the present simulations, hence our observed reorientation mechanism is entirely due to rota-
tion. This is illustrated in Fig. 7a, which shows the evolution of the quantity [fiy(r) — Gy (0)], where
Uipp4(#) is the unit vector along a typical NH bond of an ammonia molecule. The trajectory plot gives a
qualitative picture of the rotational motion of NH;. In the initial segment of the trajectory from 0 to
about 0.3 ps, the ammonia is hydrogen-bonded to an NHI ion just after a proton-transfer event. It can
be seen that rotational motion is hindered due to the hydrogen bond. At 0.3 ps, the hydrogen bond
breaks, and the NH; is “free”, and a corresponding increase in the rotational activity can be seen from
the figure. Despite the limitations of a purely classical treatment of the nuclear motion, we, neverthe-
less, have been able to obtain very compelling evidence of the possibility of umbrella inversion as a
means of NH; reorientation in the lattice. This is illustrated by a plot of probability distribution func-
tion of the average angle between the three NH bonds and the C; axis, which is shown in Fig. 7b. The
figure shows that the angle has a broad distribution that often approaches values near 90°. This suggests
that a fully quantum mechanical treatment of the nuclear motion via ab initio path integrals [55,56]
should be able to capture this phenomenon, if it can occur. As part of future work, we plan to carry out
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such ab initio path integral simulations in order to explore how the inclusion of nuclear quantum effects
changes the relative importance of rotation vs. umbrella inversion.

CONCLUSIONS

Ab initio molecular dynamics studies of pure ammonium perchlorate crystal in its low-temperature or-
thorhombic and high-temperature cubic phases have been performed. Additional simulations of ammo-
nium perchlorate crystal doped with neutral ammonia molecules at a 0.5 mole fraction in the cubic
phase have also been carried out. The aim of these studies has been to investigate the charge-transport
mechanism in both the pure and doped crystals. Infrared spectra extracted from the trajectories show
that the NH stretch peak of the pure crystal is broadened into a lower frequency region in the doped
crystal, suggesting the formation of strongly hydrogen-bonded NZH;r complexes in the latter system and
providing direct, experimentally verifiable evidence for the existence of such complexes. These com-
plexes are also observed directly from the trajectory and indicate that, in the doped crystal, charge trans-
port can occur via a Grotthuss hopping mechanism in which NH} ions transfer an excess proton to the
neutral NH; molecules at interstitial sites through the hydrogen bonds in these NzH;r complexes.
Rotational mean-square-displacement curves indicate that the newly formed NH; molecules undergo
rapid reorientation, allowing them to accept protons from other NHj ions in the lattice. The simulations
also show compelling evidence for a possible NH; umbrella inversion process that may play a signifi-
cant role in the charge-transport mechanism. Further exploration of this will require inclusion of nuclear
quantum effects and will be deferred for future work. That a marked enhancement in the rate of charge
transport is found for the doped crystal compared to the pure crystal is in agreement with experimental
observations [7]. Moreover, the ratio of the diffusion constants of NHj for the doped and pure crystals
is in good agreement with the experimentally measured conductivity ratio for these two systems. This
finding, together with the fact that no proton transfer events between NH} and ClOj ions is observed
for the pure crystal in the present simulations, suggests that the charge-transport mechanism in the pure
crystal is dominated by pure diffusion of NHJ, which is rate-limited by the slow diffusion of C10; ions.
Finally, the rotational motion of both types of ions was studied in the pure crystal. It was found, in
agreement with experiment, that the NH} ions undergo nearly free rotation in both phases while rota-
tional diffusion of ClOy ions is noticeably larger in the cubic phase compared to the orthorhombic
phase.

The present study underscores the fact that solid-state charge transport can be influenced by a
wide variety of dynamical factors. In the present case, translational diffusion is strongly coupled to ro-
tational diffusion of the two types of ions present. When the pure ammonium perchlorate crystal is
doped with neutral ammonia, another mechanism comes into play, namely, the Grotthuss proton hop-
ping mechanism via short-lived NQH;r complexes. Given the growing importance of solid-state proton
conduction, we hope that the present studies will inspire further theoretical and experimental investiga-
tion into the microscopic mechanisms that govern the charge-transport process in molecular crystals.
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