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ABSTRACT: Pentazole (HNj;) and its anion (cyclo-Ns~) have been elusive for nearly a
century because of the unstable Nj ring. Recently, Zhang et al. reported the first synthesis and <
characterization of the pentazolate anion cyclo-N5~ in (N;)¢(H;0);(NH,),Cl salt at ambient
conditions (Science 2017, 35S, 374). However, whether the cyclo-N;~ in
(N;)6(H50)5(NH,),Cl salt is protonated or not has been debated (Huang ard “u, Science,
2018, 359, eaa03672; Jiang et al. Science, 2018, 359, aas8953). Herein, we emi'9;<d ab initio
molecular dynamics (AIMD) simulations, which can well present the dynan ic behavior at
realistic experimental conditions, to examine the potential proton-iec st.te of cyclo-Ng~ in
both crystal and dimethyl sulfoxide (DMSO) solvent. Our sitiu. tions revealed that the
protonation reaction of (N;)(H;0);(NH,),Cl — (N;)(N,H)(H,U)(H;0),(NH,),Cl is
thermodynamically spontaneous according to AG < 0, ana *h_ small energy barrier of 12.6

(N5)s(H;0)3(NH,),Cl

I
Crystal (g
DMSO %ﬂ

~_

To Be or Not To Be?

kJ/mol is not enough to prevent the partial protona‘.on o1 cyclo-Ns~ due to the temp:ra me effect; consequently, both
deprotonated and protonated cyclo-Ng~ exist in the ¢, =t.! Ir comparison, the DMSO sc'ver. ¢ffect can remarkably reduce the
difference of proton affinities among cyclo-N~, H,D ‘and NHj, and the temperature eficie can finally break these hydrogen
bonds and lead to the deprotonated cyclo-Ng~ i1 DMSO solvent. Our AIMD simnt '=ions reconcile the recent controversy.

P entazole (HNj;) and its anion (cyclo-N¢ ) < e the potential
constituents of energetic materia’s 2% can be applied in
both military and civilian contexts.'™ Ir Jinuary 2017, Zhang
et al.® reported the first synthesis and characterization of the
pentazolate anion, cyclo-N;~, in (Ns)s(H;0);(NH,),Cl salt at
ambient conditions and concluded that cyclo-N;~ is stabilizec
by hydrogen bonding from adjacent H;0" and <NH,

counterions. Encouraged by this exciting experimental ~_hiciZ-
ment, various complexes and salts containing cyslo?N\ = lave
been developed as new high-energy-density m~*otials: cyclo-
N~ can interact with metal ions (Mn**, Co?; Fu?*. Mg*', Ag",
Na¥, Zn>*, Li*, and Rb*)'™>"7'* to forn."ine al complexes,
coordination polymers, and metal—orgai'ic frameworks; it can
also be stabilized by nanocages (Na 'y, and NayNg),"
nanotubes (CNT),"* and organic iois.” Moreover, new
materials such as metal pentazsict: rrameworks'® have been
theoretically predicted. It«ds.n o vorthy that very recently Yu
et al. investigated the' siabiuties and possible formation
pathways of the pentazclate anion at the B3LYP/6-311+
+G** and CCSD(7 )/ bS levels.!” These results have been
illuminating the ©aths of theoretical and experimental studies
on pentazolrt.

However, t1.» precise characterization of cyclo-N;~ is difficult
because of the explosive hazard of the (Ns)s(H;0);(NH,),Cl
crystal as the energetic material and the inability of
experimental analysis to confirm the position of hydrogen
atoms. Modern quantum chemical computations offer an

-4 ACS Publications  © 2018 American Chemical Society

alternativ<" 7nd also are powerful tools to investigate the
struc.ares and properties of materials. In this regard, in March
201¢; Huang and Xu'® challenged Zhang’s structural character-
waton. Their density functional theory (DFT) computations
~nd wave functional analysis based on static cluster models in
the gas phase suggested that the cyclo-N;~ anion does not exist
in the synthesized crystal; instead, its neutral protonated HNj
would be favored over the anion in the reported pentazolate
salt via proton transfer. In response, Jiang et al,'” the research
team receiving the comment, insisted on the existence of cyclo-
N;~, arguing that Huang et al.'® used an improper method to
access the proton transfer in a solid crystal structure, because
the result in the gas phase cannot explain the phenomenon in
crystal. Moreover, Jiang et al.'” also performed the static
periodic DFT calculations and liquid NMR spectroscopy to
confirm the existence of cyclo-N;~ in the crystal structure. Note
that external conditions, especially temperature, could greatly
influence the proton transformation in the solid, and the liquid
NMR spectrum might not well explain the situation in the
crystal structure. Nevertheless, the effects of temperature and
solvents have not been considered by Jiang et al."” in the above
debate. To date, the controversy has not been reconciled, and
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Figure 1. AIMD simulations of NPT ensemble on (N;)s(H-2.(-TH/),Cl crystal under different ter peracares (10, 123, 228, 255, 298, 373, 440,
and 573 K) and 1 bar. (a) Time-averaged energy curve, (b, vr.ume curve with timeline, (c) the protc-iation process from Ny ™+-H;0* to NyH---
H,O at 123 K, and (d) thermodynamic parameters of:(N;)sH;0);(NH,),Cl - (N;)(N-H(*T.C)(H;0),(NH,),Cl based on static periodic

DEFT calculations.

the question of whether the cyclo-Ng™ in thewnissaal structure
and DMSO solvent is protonated is stiu oran

Ab initio molecular dynamics (ruM])) is a powerful
computational technique that can better reflect dynamic
behaviors at realistic experimental conditions as compared
with static DFT calculations.”*** Herein, to answer the titular
question, we performed comprehensive AIMD simul2Zion
which can account for temperature and solvent efficu. tr
explore the form of cyclo-N;~ in (Nj)s(H30);(NH,).C L civscal
and DMSO solvent.

Protonated State of cyclo-Ns~ in Crystal. In the rystal, the
initial structures and cell parameters were | rstsuimized. Our
optimized cell parameters are in good agreeient with the
experimental data (Table S1). The sar~e as‘eported by Jiang
et al,'” we also found that the cycle'i7. " 1s not spontaneously
protonated by H;O" and NH, 'y static periodic DFT
calculation. Starting from the. cptunized initial structure, the
system was simulated in tl.2 2?1 ensemble at a pressure of 1
bar and eight important «xperiment temperatures, namely, 10
K (ultralow temperateve). 123 K (XRD temperature), 228 K
(reaction temper<‘m»). 255 K (sample rest temperature), 298
K (room temnentuie), 373 K (first decomposition temper-
ature), 440 K (sevond decomposition temperature), and 573 K
(final decomposition temperature), for 15 ps.

When the temperature is below 298 K, as indicated by the
averaged energy and volume fluctuations (Figure lab), the
(N;5)6(H50)5(NH,),Cl system can rapidly reach an equili-
brium state. The MD trajectories at 123 K (XRD temperature)
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revealed/dhat «wo cyclo-Ng~ have been protonated to HNj at
the biginuing of the simulations, as illustrated in Movie 1. In
otier,words, the protonation of cyclo-N;~ in
(N 4(H;0)5(NH,),Cl at 123 K is spontaneous (Figurelb),
wiuch is qualitatively in agreement with Huang’s conclusion
obtained by using a static gas-phase cluster model'” and
indicates that the extensive hydrogen-bonding interactions
between the cations and anions in the crystal'” are not
sufficient to retain all hydrogen atoms in H;O" (see the
detailed trajectory in the Supporting Information).

When the temperature reaches 298 K, the temperature effect
on the proton-transfer process becomes significant: continuous
proton transformation between one H;O" and three cyclo-N;~
can be observed (see Figure S1 and Movie 2), and the volume
change of the (Nj)4(H;0);(NH,),Cl crystal is within 5.5%
(Figure 1b). Further increasing the temperature resulted in the
collapse of (Nj)s(H;0);(NH,),Cl crystal with over 10.7%
volume expansion, in agreement with experimental observa-
tions. Note that the HNg can be observed at all these
temperatures (see Figure S2). Note that the quantum effect
and long-range correlation could influence the proton motion.
To consider these effects, we performed ab initio path integral
molecular dynamics (AI-PIMD) calculations at 10 K and also
performed AIMD simulations using a larger simulation box
(ie,2X1x1,1x2x%1,and 1 X 1X2)at 123 K. However,
our computations showed that including these factors does not
have a significant effect, and our original conclusion holds true
(see Figures S3 and S4, and Movie 3).
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Figure 2. (a) N—H distance distributions and (b) g(r) between hydrogen atoms and the nitrogen atoms of cyclo-Ns~ by AIMD simulations under
NVE ensemble in the (N;)4(H;0);(NH,),Cl crystal at different temperatures.

To investigate the temperature effect, we carried out the
thermodynamic analysis of the proton-transfer process, ie.,
(N5)6(H;0)3(NH,),Cl > (N;5)s(N;H)(H,0)-
(H;0),(NH,),Cl (Figure 1d). The instantaneous proton
transfer to N~ found in MD simulations can be fully
understood from both the negative Gibbs free-energy change
(AG, AG = AH — TAS) of this process and the very low
energy barrier of 12.6 kJ/mol obtained by static computations.
Notably, the AG value becomes more negative with increasing
temperature because of the positive AS value. Thus, from the
thermodynamic viewpoint, it is a spontaneous reaction #2:at the
proton transfers from H;O0" to cyclo-Ng~ to form pontuzole.
The thermodynamically spontaneous process ani the small
energy barrier (12.6 kJ/mol) for the protonaton reaction,
(N5)6(H;0)35(NH,),Cl - (Njg)s(15%)(H,0)-
(H;0),(NH,),Cl, allow the transformatios b tween N and
HNj in the crystalline environmen! ew:n “under very low
temperature (e.g., 10 K).

Our AIMD simulations at the NPT ensemble revealed the
existence of HNj in the crystal. To certify the presence of HNj
and examine the behavior and stability of HNy under 298 K
we further performed 30 ps AIMD simulations under’ NVi’
ensemble at the temperatures of 10, 123, 228, 255, anc 252 <
to equilibrate the crystal.

To examine the state of N5~ and hydrogen bona in H;0"--
N;~, we employed the atom in molecule (AT mthod™’ to
analyze the interaction between N and H<uing Multiwin
software.”* The interaction between N and Hzin be divided to
four categorieszs’% (for detailed classi"=-tion, see Table S2).
As displayed in Figure 2a, the static “esc s (0 K) revealed that
the (N5™) N--H (H;0") is mair'v va. .gorized as ii and iii, e.g.,
the weak and medium hydrog . bonds, and protonated HNj
does not exist, which is ity azres ment with Jiang et al.’s periodic
DFT computations.'” With increasing temperature from 10 to
298 K, the cyclo-N.7pacies (HN;) begins to emerge: the
percentage of cov ie.t N—H bond (iv) increases to 15.0% at
123 K, reaches a 1naaiurn value of 23.2% at 228 K, up to 22.6%
at 255 K, anc thex declines to 16.3% at 298 K. Such increasing
precentage of covalent N—H bond from 10 to 255 K can be
explained by the more negative AG with the rising of
temperature in Figure 1d, because the more negative AG
will lead to the higher transformed tendency from N~ to HNj
in the crystal.
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To get a full picture of the protonation of cyclo-Ns~, we
plotted the radial distribution function g(r) between nitrogen
atoms of. ¢y1o-N;~ and all the hydrogen atoms (Figure 2b),
which helt: wSualize the distribution of N—H distances. In
general, dis inct g(r) peaks corresponding to the covalent N—
F Eonc (iv: 0.95—1.25 A) in HNj appear at all temperatures
(Tiguie 2b), indicating that ‘he protonated HNj is a
perinanent and ineradicable shusics under the temperatures
we studied. Note that the (N5, .(H;0);(NH,),Cl salt is very
similar to the substance (n \he lithium imide/amide systems;
the possible existenc: ov rrenkel defects could affect the
protonated states_of <yulo-Ns~ in the crystal because the
Frenkel defect. v !""Change (increase or decrease) the number
of groups (i, 1TH,", H;0%, and CI7) around cyclo-N;~.*”

Protonatew Stute of cyclo-Ns~ in Dimethyl Sulfoxide (DMSO)
Solvent. " u: AIMD simulations strongly confirmed the
domihaice of N~ and the existence of HN; in the
(2)-(1130)5(NH,),Cl crystal under experimental conditions.
The i, how about the situation in a solvent?

‘To address this question, we performed molecular dynamics
simulations with explicit solvent models. In our model, there
are 30 DMSO solvent molecules in a 15 X 15 X 15 cubic box.
The HN;_H,0,N;~ H;0%, and N;~ NH," complexes, whose
existence was revealed by our AIMD simulations in the crystal,
were put separately into the solvent system. Note that DMSO
solvent can easily dissolve the (N;)(H;0);(NH,),Cl crystal,
as indicated by the very narrow "N NMR.® Moreover, the N/
H;0*/NH," fragments and DMSO solvent can form good
hydrogen-bonding networks (Figure S6). Therefore, the rest of
the components in the crystal can be approximately ignored in
the theoretical calculations because of their insignificance and
the limitation of the current computational resources. The
initial structures were first simulated by 1 ns MD simulation in
the NVT ensemble at 298 K based on the Dreiding force
field,” i.e, MM/MD, and further optimized and dynamically
simulated at the PBE-D3/DZVP level of theory.

According to our MM/MD simulations, the strong electro-
static interaction between charged species drives H;O" or
NH," surrounding the cyclo-N;~ in Ny~ H;0" and Ny~ NH,*
systems, while in the HN; H,O system, the neutral H,O and
HNj interact by (H,0)O--H(HN;) hydrogen bonding. Note
that the N~ H;0* complex can adopt two different
configurations: In the first configuration, denoted as

DOI: 10.1021/acs jpclett.8002841
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N;~_H;0%, H;O" interacts with cyclo-Ns~ by hydrigen
bonding. In the second configuration, denoted as N7~ QF."
H;0" is tightly captured by three DMSO moleci'cs via
(H;0*)H:--O(DMSO) hydrogen bond interactins; conse-
quently, the cyclo-N;~ could interact only with k> C ratom of
H,0%, rather than H atoms. Thus, four svsiemy containing
these complexes, namely, N~ H;O*, N.” (OF ;", N~ H,0%,
and N~ NH,* (detailed structurel i these four initial
structures are provided in Figure S€)<were subsequently
investigated by the precise AIMD simulations in the NPT
ensemble.

The system initially containing the Ny~ H;0" complex.=ar.
quickly reach equilibrium at 298 K (Figure 3a), and the curvy
of (N;™)N---H(H;O") distance reveals that the interact* ns>‘e
mostly strong hydrogen bonding, with only & fov: M—H
covalent bonding (with N—H distances <1.25 A). Fswever,
the stability of this hydrogen bond-containiry s, ste n is rather
low, as revealed by our subsequent 15 p.-Ivv % simulations.
This hydrogen bond can remain stable for Ciity ~10 ps and
finally breaks with obvious energy “i~rease (Figure 3b),
leaving one hydrogen of H;O" taker av.ay by DMSO (Figure
3c; see Movie 4 for details). Siztilor,, for the system initially
containing the Ny~ OH;" coi n =x, the cyclo-Ng~ cannot take
hydrogen away from the'H O™ vhich is hydrogen bonded with
DMSO, as seen from the \napshots in Figure 4 and the over 6
A N—-O distance in“i%gure S4. Thus, because of the strong
ability of DMSO .. ¢»aure H;0%, the chance for cyclo-N;~ to

interact with H.Q' 10 form either Ny~ H;O" or N~ OH;*
complexes is -ather slim.
Can the HN; originally existing in the

(N;)(H50)5(NH,),Cl crystal preserve its protonated form
in DMSO solution? Our AIMD simulations on the HN; H,O
system in the NPT ensemble revealed that the covalent N—H
bond quickly breaks; the lost H first forms a hydrogen bond

7140

[(NsT)N--H(H;0")] witr | ,O*; finally this hydrogen bond is
broken by the effect! of ‘temperature, and cyclo-Ns~ departs
from H;O0" similar to what occurs in N;~ H;0" and
N~ OH;" systeins Figure 4).

We also_ c.aniined the possﬂ:nlity for the Ny~ NH,"
complex. 276= that Jiang et al.'” pointed out that the NH,
molecrle 2, a stronger proton affinity than H,O, indicating
the Zizher difficulty for cyclo-Ns~ to be protonated by NH,".
This expectation was confirmed by AIMD simulations: the N~
«nd NH," units separate from each other along the simulations
i Figures 4 and S5).

Our AIMD simulations showed that cyclo-Ng~ can be
protonated in the crystal, but it preserves the free anion form
in the DMSO solvent; in other words, there is cyclo-Ng~ of
(N5)6(H30)5(NH,),Cl in DMSO solution (Table 1). Why can
the cyclo-Ns~ not be protonated by H;O" or NH," in the
DMSO environment? To gain further insights into the
different behavior in the crystal and solvent, we calculated
the proton affinities (PAs) in both the gas phase and DMSO
solvent (Table 2; see Supporting Information for details).

Our used theoretical levels (M06-2X-D3 and PBE-D3) can
reproduce the experimental PA values for NH,;, H,O, and
DMSO in the gas phase (the error between experiment and
calculation is less than 9 kJ/mol) and are expected to well
predict PA values of other related systems in this work. cyclo-
N~ (PA = 1332.8 kJ/mol) has a much higher PA than H,O
(691.9 kJ/mol) and NHj, (845.0 kJ/mol at M06-2X-D3 level of
theory), which can explain qualitatively the protonated HNj in
the isolated gas- phase H;0" N;~ complex model reported by
Huang et al.'® and the appearance of HNj in
(Ng)6(H;0)5(NH,),Cl crystal revealed by our AIMD
simulations. Note that proton affinity is a reliable parameter
to determine the basicity of a neutral atom or molecule or an
anion in the free state. However, the PA computations can

DOI: 10.1021/acs jpclett.8002841
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Figure 4. Snapshots of N5~_OH,, HN;_F,0 .~ NH," systems in NPT ens:m’le at 298 K. The hydrogen bonds are denoted by cyan lines.

Table 1. Summary of Protonated State in Different Systems Locause the PA values in the gas phase might differ
in DMSO Solvent after AIMD Simulations at 298 K in NPT aignificantly from those in the liquid phase because of the
and the Subsequent NVE Ensembles solvent effect, we computed their PA values in the solvent
o using both the implicit SMD solvation model and the explicit
Tinitial 29 .. .. .
e interaction® NPT? Lt model.”™ This implicit model can increase the PA values of
N, H,0" H-bonding a few protonations, > NH;, H,0, and DMSO (by ca. 230-370 kJ/mol), while it
mostly H bonding piotonation decreases the PA value of cyclo-Ng~ by ca. 210 kJ/mol,
N;~_OH;*  van der Waals no protonation o consequently reducing the PA difference between H,O and
interaction protonation cyclo-Ns~ from ca. 640 kJ/mol in the gas phase to ca. 64 kJ/
HN;_H,0  covalent bond a few protonations, no . mol in the solvent at the M06-2X-D3 level of theory (Table 2).
mostly H bcding protonation i . X .
N- NH To deeply investigate the influence of the realistic hydrogen-
s _NH,” van der Waals no protonat: i no T .
interaction protonation bonding interactions between the solvent (DMSO) and solutes

307 L
“The initial interaction between ni“.~c n of cyclo-Ns~ and hydrogen (NH;, NH,", H,0, and H;0"),”" besides the empirical implicit
of H;0" or NH,". "The protona  state of cyclo-Nj . solvation model, we also calculated the PA values of H,O and

—— - NH; combined with different numbers (n = 1-3) of DMSO

solvent molecules to approach the explicit solvent model as

provide only a qualititive order for the relative basicity of H,0, much as possible. As the number of DMSO molecules increase,
NH,, and Ng~ hu' ~ar=ot give a quantitative result because the the PA values of both H,O and NH; increase, confirming that
charge of N..avion 1s not exactly —1 in the crystalline the DMSO solvent can increase the PA of H,O and NH;, as
environment. TIAdS, to quantitatively describe the proton found in the 1mp11c1t solvent model. Thus, the solvent effect of
transfer in crystal, we provided the thermodynamic data DMSO is responsible for the greatly reduced PA differences
(enthalpies, entropies, and Gibbs free energies) under the among cyclo-N5~, H,O, NH;, and DMSO species.
crystalline environment (Figure 1d). The narrow range of AH More specifically, for the Ny~ H;O0" complex, the minimum
(—0.31 to 2.66 kJ/mol) and the negative AG values are on the potential energy surface (PES) along the (N )N--
attributed to the proton transfer in the crystal. H(H;0") distance in the gas phase significantly differs from
7141 DOI: 10.1021/acs.jpclett.8002841
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Table 2. Proton Affinity (kJ/mol) of cyclo-N;~, H,0, NH;, and DMSO Calculated in the Gas Phase and in the Solvent Using

Implicit SMD and Explicit Solvent Models”

gas phase implicit solvent number of DMSO in explicit model”
species exptl” calc” calc” 1 2 3
cyclo-Ns~ 1332.8/1351.1 1124.3/1140.6
H,0 691.0 691.9/696.9 1060.0/1068.2 947.3/946.3 1014.2/1021.2
NH, 853.6 845.0/854.1 1175.3/1185.1 992.4/999.2 1049.0/1063.3 1083.4/1090.1
DMSO 884.4 886.6/880.4 1109.9/1110.1

“The number of DMSO molecules in the explicit model (n = 1-3) of DMSO is also given. Experimental values reported by Hunter et al.

131

“Calculated values at the M06-2X-D3 (in roman type) and PBE-D3 (in bold) levels of theory.
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Figure 5. (a) Potential energy surface curve along the direcion of \7vs”)N--H(H;0") distance in thc. N. = H;O" system in the gas phase (black)
and DMSO liquid (red); (b) minimum energy structures (h, drogen bonds are denoted by desiied nes) (unit: kJ/mol).

that in DMSO solvent: in the gas phase, thera .= 2 1.042 A
covalent N—H bond as the minimum, wheraas in the DMSO
solvent, the minimum with 1.467 A Jist'nci of (N )N--
H(H;0") (explicit solvent model) inci<ice’ a hydrogen bond
(Figure S). Moreover, this potential enéigy curve also reveals
that the deprotonated process of HNy in DMSO solvent is
much easier than that in the gas phase. Very similar behavior

was also observed for the N;~ NH,* system (Figure €4).
These phenomena are attributed to the solvent effect: "n the
DMSO solvent, the PA differences between cyclo-M 7 <id

H,0, NH;, and DMSO species are significantly redused: Lnus,
the proton transfer from H;O* and NH," to cycloX1- 7 aoes not
occur, or the formed hydrogen bond cesiiiot pe:sist upon
temperature increase (as seen in the case i t.e Ny~ H,;0"
system in Figure 3).

In summary, to understand and b« .2 tially reconcile the
recent controversy about the proten.tea state of cyclo-Ng~, we
performed AIMD simulations *h:t can better model the
realistic conditions of (Ng)4(F ;< )3(NH,),Cl in the crystalline
environment and DMSQ tolveat. The presence of the cyclo-
N~ differs significantly in the crystal and liquid states. In
(N5)6(H30)5(NH, ) Cl crystal, because of the synergistic
interactions betw.-n'*le thermodynamically favored proton
transfer and the ‘emperature effect, the dominant unproto-
nated cyclo-N T coexists with its protonated NjH even at the
super low temperature of 10 K; the protonated HN; has 15%
at 123 K and can reach a maximum percentage of 23.2% at 228
K. In contrast, in the DMSO solvent, the solvent effect
significantly narrows the proton affinity difference between
cyclo-N;~ and H,O (or NH,), and the temperature effect
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further drivis the existence of only unprotonated cyclo-Ng~,
which w75 :rniumbiguously identified by the single N peak in
the ligeic MMR experiment. Our AIMD simulations not only
recndile the recent controversy but also call for more
atvyndion to considering external conditions, such as temper-
awrie and solvent, for structural elucidations and property
ctudies in both experimental and theoretical investigations.

B COMPUTATIONAL METHODS

CP2K software”® was employed to explore the dynamic
behavior of (N;)s(H;0);(NH,),Cl in solid and liquid states.
All the density functional theory computations were carried
out using the PBE-D3 method.”*** For
(Ny)6(H30)5(NH,),Cl in the solid state, the triple-¢ valence
plus polarization (TZVP) basis set’® and the Goedecker—
Teter—Hutter (GTH) pseudopotentials®>’” were used, while
the smaller basis set, namely, double-{ valence plus polar-
ization (DZVP),” was used for the much larger liquid systems,
which contain 30 DMSO molecules and four complexes
(Ns~_H,0%,N,”_OH,", HN,_H,0, and N~ NH,") within a
15 X 15 X 15 cubic box. During the SCF procedure, a 360 Ry
density CUTOFF criterion with the finest grid level was
employed, together with multigrids number 4 (NGRID 4 and
REL CUTOFF 70).

The time steps in liquid and solid states were both set to 1
fs. In the solid, (N)s(H;0),(NH,),Cl was simulated in the 15
ps NPT ensemble (constant temperature and pressure using a
flexible cell) at temperatures of 10, 123, 228, 255, 298, 373,
440, and 573 K, which rely on a canonical sampling through

DOI: 10.1021/acs jpclett.8002841
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velocity rescaling (CSVR) thermostat®® with a time constant of
100 fs to ensure fast thermal equilibration; afterward, 30 ps
MD simulations of the NVE ensemble at several temperatures
(10, 123, 228, 255, and 298 K) were used to count the
percentage of HN;. The quantum effects could influence the
proton motion, especially at ultralow temperature, and the ab
inito path integral molecular dynamics (AI-PIMD) was
employed to consider the quantum effects at 10 K. In liquid
systems, N~ H;0", Ny~ OH;*, HN;_H,0, and N;~ NH,*
complexes in DMSO environment were performed starting
with a 10 ps equilibration run to initialize the systems, followed
by the production run of 15 ps to obtain a sufficient sampling
of the phase space.

To obtain the energy barrier of the proton transfer in the
solid, i.e., the process of (N;)s(H;0);(NH,),Cl —
(N5)s(NH)(H,0)(H;0),(NH,),Cl, the transition state was
optimized by the Dimer method.”” On the basis of the
optimized structures and frequencies of
(N5)s(H30)5(NH,)4Cl and (N;5)s(NgH)(H,0)-
(H;0),(NH,),C], the thermodynamic analysis of this process
was carried out by TAMkin software.*’

The proton affinity calculations were performed at the
PBE** and M06-2X*" level of theory with consideration of
Grimme’s dispersion correction (DFT—D3)3’4 using Dunning
basis sets cc-PVTZ.*>*’ The PA values in the gas phase were
directly calculated according to the equation

PA(gas) = E(X) — E(HX")
(X = N7, H,0, NH,, and DMSO)

In liquid, the implicit solvent model, SMD,** wasas d ‘e
describe the species, and the corresponding PA valu:, were
calculated following the equation

PA(liquid) = E(X_SMD) — E(HX"_SML)
(X = N7, H,0, NH;, and DMSJ)

where E(X_SMD) and E(HX*_SMD) ai<'the total energies of
X and HX" in the SMD solvent model, respectively.

Moreover, different numbers of DMSO molecules combined
with H,O and NH; were used to realize the explicit sol=nu
model as much as possible, and the PA equation can be v.~ittel
as

PA(liquid) = E(X_nDMSO) — E(HX"_nDMSQ)
(X =H,0 and NH;; n = 1-3)

where E(X nDMSO) and E(HX' nDMSG), are the total
energies of X and HX", respectively. ¢ .= bined with different
numbers (n) of DMSO molecules. Al these PA calculations
were performed using Gaussian 02 (version B.01).*’

Similar to the PA calcvlatic s the potential energy surface
(PES) was scanned aling, tuc direction of N—H bond in
N;~ H;0" and N;~_ NY,* complexes under three conditions,
ie, gas phase, imp'ici colvent model (SMD), and explicit
solvent model. /T.=» '=sc two conditions can be easily carried
out by Gaussizn 09," and the explicit solvent model was
represented L 7 30 DMSO molecules in a 15 X 15 X 1S box via
VASP code.*® T'0 realize the PES scan in the explicit solvent
model, Ny~ H;0" and Ny~ NH," complexes were first
optimized to minima without any constraints in DMSO
solution. Subsequently, a series of structures with N—H
distance ranging from 0.8 to 2.0 A were optimized. During the
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optimization, the N—H distance was fixed by freezing N and H
atoms, but other atoms were relaxed.
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© Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.jp-
clett.8b02841.

Additional calculation details and results (PDF)
Movie 1: Trajectory for the proton transfer between
H;0" and cyclo-Ns~ in the (Nj)s(H;0);(NH,),Cl
crystal at 123 K (XRD temperature) and 1 bar (MPG)
Movie 2: Trajectory for the proton transfer between
H;0* and cyclo-N~ in the (Nj)s(H;0);(NH,),Cl
crystal at 298 K (room temperature) and 1 bar
(MPG)
Movie 3: Trajectory for the proton transfer between
H;0" and cyclo-Ng~ in the (Nj)4(H;0);(NH,),Cl
crystal at 10 K (super low temperature) and 1 bar
(MPG)
Movie~4: Trajectory for the HN;_H,O complex in
DMAU s lvent at 298 K (room temperature) and 1 bar
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