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Theoretical Calculation of Structures and Proton Transfer in Hydrated
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Ab initio molecular orbital calculations have been performed to investigate the structures and quantum effects
of the proton motion in NBHCI:(H20), (n = 0—3) clusters using a MP2/aug-cc-pVDZ level of theory.

Three new stable structures and one transition-state structure are investigated for these clusters. The detailed
analyses of the intermolecular interactions suggest that three-body interactions play an important role to
determine the relative stability in each size of cluster. The quantum effects of the proton motion result in
frequency shifts for proton-stretching modes. Our one-dimensional and two-dimensional models fairly closely
reproduce the experimental proton-stretching vibrational frequency of theH@Hcluster. The most stable

isomer forn = 1 has a proton-transfer structure, which is weakened by the quantum effects of the proton
motion.

1. Introduction proton transfer from HCI to Nkloccurs at then = 1 cluster.
) ) ) However, the quantum effect of the bound proton was not taken

Proton-transfer reactions play an important role in many into account.
molecular systems, such as clusterS liquids # crystals!® and For then = 0 cluster, Del Bene and Jordarinvestigated
so forth. They are of particular interest with respect to quantum e effect of proton delocalization using the MP2/aug-cc-pVDZ
phenomena. The proton-transfer processes are also related Q| of theory. They found that the classical harmonic treatment
proton-tunneling effects or proton disorders in hydrogen-bonded ¢ 10 a significant overestimation of the experimental proton-
systems observed in biomolecules. stretching frequency.

It is usually the case that proton motion cannot be treated  This paper reports stable structures of \CI:(H-0), (n =
classically® because the mass of the proton is so small. The p—3) clusters determined from ab initio molecular orbital (MO)
quantum effects of the proton motion relax the localization effect calculations. We first discuss the structures and energies of these
of the proton position, and the wave function of the ground clusters. The intermolecular interaction within a given cluster
state sometimes broadly spreads. For example, we have previwas decomposed into one-body, two-body, three-body, and so
ously studied the pH;* clustet? using quantum wave-packet  forth terms. The relative importance of these various terms is
dynamics. If the quantum effects of the proton motion are taken discussed. Finally, the quantum effect of delocalization of the
into account, NH7* is predicted to havésy symmetry, not  hound proton was investigated by diagonalizing the model
Cs, symmetry. From the spectrum of,N;*, one deduce®sq Hamiltonian. On the basis of wave functions thereby computed,
symmetry. a discussion of the effects of proton delocalization on the

The ammonia-hydrogen chloride cluster is a simple and structures of the complexes is presented.
typical strong acietbase pair. Thus, it is an important aid to
the understanding of a wide variety of chemical reactions, such 2. Method
as proton transfers in biological systems. Previous theoretical
and experimental studies demonstrated that the gas-phase NH
HCI system exists as a hydrogen-bonded complé&in water
solution, the NH*:CI~ ion pair is more stable. Cazar and co-
workers studied binding energies and one-dimensional potential-
energy curves along the proton-transfer pathway og:NEl:
(H20), (n = 0—3) at the MP2/6-311t+G(d,p) level of theory.
They found that proton transfer is energetically favorablenfor
= 2. Latajka and BiczysKoconfirmed this finding in calcula-
tions at the B3LYP/6-31t+G(d,p) level. However, in a
successive study, Li et &.concluded that the basis set should
be larger than 6-31t+G(d,p) for theoretical research on proton
transfer in NH:HCI:H,0. The global energy-minimum structure
at the MP2/6-311+G(d,p) level is different from what is found
using larger basis set$They have recalculated stable structures W O B
at the B3LYP/d-aug-cc-pVDZ level of theory and found thata Eine = ) AEV[I] + Y AEZ[ij] + 5 AEV[ijK] +

|

1>] i>7>k

2.1. Structures and Interaction Energies.All geometry
optimizations of HCI:NH:(H20), (n = 0—3) have been carried
out using Gaussiang8 Normal-mode analyses were performed
to verify that optimized structures are either true minima or
transition states on the potential-energy surface. In the present
paper, second-order MollePlesset (MP2) theories with aug-
cc-pVDZ basis sef& 22 were applied to obtain potential-energy
surfaces. These basis sets are Dunning’s correlation-consistent
polarized-valence doublg-basis sets augmented by diffuse
functions on non-hydrogen atoms. They are known to improve
energetics for hydrogen-bonded systéis.

The intermolecular interaction ener@: can be expanded
as

A
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AEY[i] = E°™i] — E**i] (2) 0A 1A
0, 0.984
AEP[ij] = ™) — E°™i] - EP™j]  (9) s _ H, / Ha_m
1.726 1.343 1.032
AE®[i5j:k] = E©™ij:k] — z SHKIEEDY AE@[1:m]
ler]k [>m
1, mei j,k )
AEW[ifjikl] = E°™ijikl] = E°™Mm] —
mel,) k|
AE@[mn] — > AE®[mn:p] (5)
m>n m>n>p
m,nei,j k| m,n,peij k|l

where AEQ)[i] is the deformation energy of the molectile
Evaqi] is the energy of an isolated moleculeand ES°™i:j:k:
...] is the energy of moleculdsj, k, ... when they are part of
the complex. In these expansionsE®@)[i:j], AEC)i:j:K], and
AE®@[i:j:kl] are two-, three-, and four-body-interaction energies,
respectively. Three-body, four-body, and so forth interactions
are referred to as many-body interactions.

2.2. Quantum Effects of the Proton Motion.To investigate
the quantum effects of the bound proton between the nitrogen
and chloride atoms, we have used one-dimensional (1-D) and
two-dimensional (2-D) potential surfaces for= 0 and 1
clusters. Fon = 2 and 3 clusters, only the 1-D model has been
applied because it is very time consuming to generate 2-D
potential surfaces, given our computational resources. In the
2-D model, the two coordinates considered are theCHbond
length and the N-CI bond length fom = 0. The N-H bond
length and the N-ClI bond length were used for= 1. In the
1-D model, potential-energy curves have been generated along
the proton-transfer minimum-energy path.

In the 2-D model, components of the x n discrete
representation of Hamiltonian matrixim can be written as

935 0 0.992
2 2 1 i
h h : “3 | wzﬁ/&@ H;

(//Lm =0 + > (If | = m) (6) Hy 1917 ‘\ g \o ma
(Aqx) (Aqy) o H, N 1.046
s 7~ l;: 0@;@ o
—h? e . . . . H, | 2128
Hm = > (if Lis a neighboring grid ofn; i € X, y) 74| lH,
2(Aq) @) 0992 1711l goss "o
05 H; c,
Tom=0 (in other cases) (8)  Figure 1. Optimized structures of NgHCI:(H,0), clusters with some
geometrical parameters. The geometrical parameters are determined with
In these equationdi is Planck’s constant divided byr2and the MP2/aug-cc-pVDZ method. These structures are confirmed to be

Agy and Aqy are intervals of the mass-weighted coordinate €&l minima by evaluating the harmonic frequencies.

bgtwe_en ne|ghbor|ng Q”ds along.thandy axis, respectively. Table 1 indicates considerable basis-set dependence of the
Vibrational eigenfunctions and eigenvalues of the 1-D model 50 jatecD, values. This basis-set dependence is probably due
were calculated using the same methods as those we havg, pagjsset superposition error (BSSE). The correlation-
previously reported consistent aug-cc-pVDZ basis sets systematically extend the
atomic radial R) and angular spaces. Thus, the effects of the
BSSE on the intermolecular interactions can be shown to be
3.1. Optimized Structures.Figure 1 shows stable structures small for various propertié$2® if such basis sets are used.
and some interatomic distances. Total energiEs Kinding Indeed, the present structure, 1A, using the MP2/aug-cc-pVDZ
energies D¢), zero-point energies (ZPE), and ZPE-corrected method (127 basis functionRy—p1 = 1.146 ARyi_c=1.724
binding energiesy) for these structures are summarized in A), is very close to the structure using larger basis sets such as
Table 1. TheD¢ values are calculated by the difference between MP2/d-aug-cc-pVDZ (178 basis functions) and MP2/6-8115-
the energy of the molecular complex and the sum of energies (2df,2p) (170 basis functions) resdtéRy—11 = 1.145 A Ru1—ci
of the isolated molecules. The water shared-ion-pair structure= 1.724 A and Ry-p1 = 1.141 A, Ryi—q = 1.718 A,
1A has already been characterized by Li et3abtructure 1A respectively). In the B3LYP/d-aug-cc-pVDZ structure obtained
does not haveCs symmetry because the water molecule’s by Li et al.13 N—H; and H—CI distances are 0.005 and 0.014
dangling hydrogen atom is bent out of the mirror plane b$. 17 A longer than the MP2/d-aug-cc-pVDZ results, respectively.

3. Results and Discussion



Hydrated Ammonia-Hydrogen Chloride Clusters J. Phys. Chem. A, Vol. 109, No. 9, 2008823

TABLE 1: MP2 Total Energies E (Hartree), Binding Energies D, (kcal/mol), MP2 Zero-Point Energies ZPE (kcal/mol), and
ZPE-Corrected Binding Energies Dy (kcal/mol)

E2 EP D& D¢ ZPE ZPP D¢? D¢°
0A —516.672 45 —516.675 20 —9.88 —9.26 2.32 2.61 —7.56 —6.65
1A —592.948 95 —592.962 56 —19.66 —17.07 6.02 4.51 —13.64 —12.56
1B —592.934 46 —10.57 3.62 —6.95
1C —592.944 98 —-17.17 4.65 —12.52
2A —669.232 27 —668.451 59 —33.72 —30.44 9.31 9.83 —24.41 —20.61
2B —669.232 23 —33.70 9.32 —24.38
2C —669.220 26 —26.18 6.55 —19.63
3A —745.512 67 —745.553 28 —45.95 —42.72 11.43 11.58 —34.52 —31.14
3B —745.515 63 —47.81 12.10 —35.71
3C —74551751 —48.99 12.60 —36.39

aaug-cc-pVDZ basis set.6-311H-+G(d,p) basis s€t.

TABLE 2: Sums of Deformation Energies Y AE® and the three-body interactions must be included in order to obtain
Two-Body SAE®), Three-Body Y AE®), Four-Body ¥ AE®), the correct relative stabilities.
and Five-Body S AE® Interaction Energies (in kcal/mol)

The sums of three-body-interaction energi@\E®), are
positive values except for those of isomers 1C and 2C, as seen
in Table 2. Following the definition of three-body-interaction

S (AE® +
YAE® YAE® AEQ@) YAE® YAE® FAE® D@

0OA 107 —1095 -—9.88 —9.88 energy given in eq 3, the positive value indicates that the
12 12?:% _}fg:ig :ig:g% _2%505 :1?:613? calg:ulated interact_ion energy qf the isomer becomes less stab!e,
A 12445 —169.24 —44.79 1157 —0.50 —33.72 taking three-body interactions into account, than that of the pair
2B 125.75 —166.46 —40.71 6.90 0.11 —33.70 additive approximation. Each molecule that is a part of isomers
2C 294 -—-21.45 -1851 -7.02 —0.65 —26.18 1C and 2C has two hydrogen bonds and behaves as a proton

3A 12361 —18583 —62.22 1756 —142 013 —45.95 donor and, spontaneously, as a proton acceptor. These “push-
gg ﬁg% :igi:ig :gg:g ﬁgg :8:2; 822 :g:gé and-pull” cooperative effects of protons usually have negative
energy contributions to the sum of three-body-interaction
# ZPE non-corrected binding energies using aug-cc-pVDZ basis sets. energies. Indeed, component analyses in Table 3 show that three-
_ . body-interaction energieAEG[M;:M;:M] are positive values
The new isomer, 1C, was found in the present study. Its jf component molecule MM;, or My has characteristics of either
energy is 2.49 kcal/mol hlgher than that of isomer 1A (See the a “two"_proton donor or a “two"_proton acceptor_ For examp|e’
Devalues in Table 1). Howevel), values of 1A and 1C become AEGINH4":CI~:H,0] in 2A is 4.82 kcal/mol. In this moiety,
—13.64 and—12.52 kca|/m0|, respectively; that iS, the ZPE Hl and I—b atoms in the Nhﬁ' ion bind to the oxygen atom in
correction reduces the energy difference to 1.12 kcal/mol. H,0 and the Ct ion, respectively. Therefore, N§i and Ct
Clearly, structure 1Cis a hydrogen'bonded molecular pail’. The ions can be considered as a “two”_proton donor and a “two”-
transition-state structure 1B indicates concerted motion of H proton acceptor, respectively. ThuSE®[NH4:Cl~:H,0] in
and H in the formation of 1A from 1C. Th&o energy of this  2A becomes a positive value. This simple rule seems to fail
transition state is estimated to be 5.57 kcal/mol higher than that only for AEG[NH,™:CI—:H,0] in 3C, which is 0.45 kcal/mol.
of 1C. This ImpIIeS that 1C is kinetica”y rather stable at low However, two Symmetric protonS,sHlnd Hh bind direcﬂy to
temperature. Following the statistical Boltzmann weight factor, the chlioride ion; therefore, the ammonia and chloride ions have
we can estimate the probablllty of ﬁndings of 1C to be about characteristics of a “two”_proton donor and a “two”_proton
13.4% at the room temperature of 300 K. acceptor, respectively. Because there are two large negative
Three isomers were found far = 2 clusters. In the most  three-body components in 2BE®[NH,;:0,:0;] and AE®-
stable isomer, 2A, the hydrogen-bonding pattern is similar to [CI~:0,:0;], the De values become very close to each other
that of 1A. The isomer 2B may be regarded as an eight- between isomers 2A and 2B.
membered ring. The difference DB energies between 2A and 3.3. Quantum Effects of the Proton Motion. We now
2B was found to be negligibly small. The higher-energy isomer discuss the quantum effects of the proton motion using model
is clearly a hydrated NgHCI complex.Do of 2C is 4.78 kcall  potential surfaces. Isomers 1C and 2C are unfavorable at room
mol higher than that of 2A. Far = 3 clusters, we found anew  temperature considering statistical Boltzmann weight factors,
configuration, 3C, which is the most stable isomemir= 3 as we mentioned above. Unfortunately, we have to treat more
clusters. than two mode couplings for isomers 1C, 2C, and 3C. As we
3.2. Intermolecular Interactions. Table 2 lists sums of  will discuss later, the potential-energy curve for the proton
deformation energies and two-, three-, four-, and five-body- motion is more flat in 1A than in 1C, and the required energy
interaction energies of each stable isomer. Components of thesdrom 1C to 1A is large, that is, 5.57 kcal/mol. Thus, the
many-body interactions are summarized in Table 3. Four- and concerted proton motion is more important in 1C than in 1A.
five-body interactions make small contributions to tok There are symmetrical protons in 2C and 3C. In these three
values except in the case of structure 3A; the total four-body isomers (1C, 2C, and 3C), we must consider double proton
interaction is—1.42 kcal/mol, 3.1% ob.. The relative stability transfers to provide sufficient reliable information, where two
order can be roughly explained by the deformation, pair, and protons should be treated quantum mechanically; therefore, they
three-body interactions. Considering up to pair additive interac- require quite-large computational resources. For these reasons,
tions, the relative stability order cannot be reproduced. For we will pay attention to single proton-transfer processes in OA,
example,> (AE® + AE@) values indicate that 3A is the most 1A, 2A, 2B, 3A, and 3B, which will be used for dynamic
stable of then = 3 clusters. If three-body interactions are taken analyses based on 1-D models. Dynamic behaviors of OA and
into account, structure 3C is found to be the most stable. Thus, 1A are also analyzed using 2-D models.
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TABLE 3: Comg)onents of Deformation EnergiesAE®[M ], Two-Body AE@[M:M|], Three-Body AEG[M:M:M], and
[

Four-Body AE®[M:M:M:M|] Interaction Energies in NH3:HCI:(H 20), (n = 0—3) Clusters (in kcal/mol)

AE(D[Mi]‘El Mib AE(z)[MiZMj]C MiZMjb AE(s)[MiZMjZMk]d MiZMjZMkb AE(4)[MiZMjZMkZM|]e

MiZMjZMkZM|b

0A 0.01 NH; —10.95 NH;:HCI
1.05 HCI
1A —204.22 NH* —131.59 NH*:Cl~ 6.55 NH,:CI~:H,O
331.99 Cr —11.58 NH™:H,0
0.25 HO —11.07 CI:H,0
1C 0.01 NH —2.67 NH;:HCI —2.90 NH;:HCI:H,O
0.69 HCI —6.78 NH;:H,O
0.45 HO —5.96 HCI:HO
2A —208.05 NH* —123.22 NH*:Cl~ 4.82 NH,:CI~:H,O —0.50
331.99 Cr —11.83 NH:H,0 1.10 NH:H,0:H,O
0.26 HO —11.60 CI:H,0 0.83 CI:H,0O:H,O
0.83 HO:H,O
2B —207.07 NH* —127.52 NH*:CI~ 7.29 NH":ClI™:0Oy 0.11
331.99 Cr —-17.81 NH:0, 5.36 NH,":CI~:0,
0.51 (@] —1.59 NH™:0, —2.60 NH:01:0,
0.32 Q —-1.02 CI:0; —-3.15 CIF:0.:0,
—14.05 Cr:0,
—4.48 Q:0;
2C 0.03 NH —2.10 NH;:HCI —0.55 NH;:HCI:O, —0.65
1.92 HCI —-2.71 NH;:Oy —-3.72 NH:HCI:O»
0.04 (@] —6.82 NH;: O, —1.09 NH;:0:1:0,
095 Q —1.96 Cr:0, -1.67 HCIL:Q:0,
—6.31 CI:0,
—1.54 Q:0,
3A —208.84 NH™ —121.90 NH™:Cl~ 4.35 NH;:CI7:H,O —0.40
331.99 Cr —10.81 NH*:H,0O 0.72 NH":H,O:H,O —0.13
0.16 HO —-11.26 CI:H,0 0.80 CI:H,0O:H,0 —-0.11
0.76 HO:H,O —0.04 HO:H,0:H,0O
3B —208.74 NHT —121.82 NH™:Cl~ 4.59 NH:ClI~:0Oy —0.52
331.99 Cr —12.16 NH':0; 6.26 NH":CI™:0, —0.43
0.24 Q —17.56 NHT:0» 4.63 NH,:Cl~:0O3 —-0.12
0.44 (e} —-2.02 NH;™:05 1.44 NH:01:0, 0.08
0.29 Q —11.58 CI:0, 0.08 NH,":0:1:03 0.17
—-1.22 CI:0, —2.45 NH:0,:03
—-14.10 CI:0s 0.08 CIF:0.:0,
0.39 Q.0; 0.99 CI:0::03
0.64 Q:03 —-3.14 CIF:0,:05
—4.57 Q.03 0.26 Q:02:03
3C —209.44 NH* —101.14 NH*:CI~ 0.45 NH;":ClI:H,O —-0.01
331.99 Cr —15.52 NH":H,0 2.29 NH:H,0:H,O —-0.24
0.40 HO —12.99 Cr:H,0 1.26 Cr:H,0:H,0 —-0.15
0.76 HO:H,O —0.08 HO:H,0:H,0O

NH;":Cl~:H,0:H,0

NH4+ZC|7101102

NH;:HCI:01:0,

NH;*:ClI:H,0:H,0
NH;:H,0:H,0:H,0O
CF:HZO:HZO:HZO

NH;":Cl=:01:0;
NH4+ZC|7101103
NH*:Cl7:0,:05
NH4+101102203
CI’:01:02203

NH,":CI~:H,O:H,0
NH;*:H,0:H,0:H,0O
Cr:Hgo:Hzo:Hzo

a AE@[M|] is the deformation energAE® of molecular unit M. ® O;, O,, and Q denote HO molecules including @ O,, and Q atoms in
Figure 1, respectivel\yt AE@[M;,M]] is the two-body-interaction energyE® of molecular units Mand M. ¢ AE®[M;,M;,M{] is the three-body-
interaction energyAE® of molecular units M M;, and M. ¢ AE®[M;,M;,M,M|] is the four-body-interaction energyE® of molecular units M

Mj, Mk, and M.
(a) (b)
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Figure 2. Potential-energy curves of the NHICI:(H,O), complex. (a) Potential curves along tRe—n; distance. (b) Potential curves along the
Ru-+1 distance.

1-D potential-energy curves as a function R§—n; are energy curves fon = 1, in which the proton is bound to a
illustrated in Figure 2a for each of the structures considered. nitrogen atom to make the ion pair form in stable structures,
D decreases with increasing hydration numieProton H is are rather flat at distances beyond the potential-energy minimum.

bound to the chloride atom for structure OA. The 1-D potential- In other words, NiF™ and CI ions produced by proton-transfer
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Figure 3. Potential-energy curves, probability distribution for the proton, that is, the squares of vibrational wave functions, and corresponding
eigenvalues. The ground state, the first excited state, and the second excited state are depicted.

reactions may dissociate without high-energy barriers. To proton does not penetrate into the proton-shared regiom for
investigate the quantum effects of the proton motion using 1-D 2 clusters, because the probability function is negligible for
models fom > 1, Ry-n1 is considered to be a more reasonable Ry_n; equal to or greater than 1.6 A.

reaction coordinate for the proton transfer thRy-n; because Figures 4 and 5 illustrate 2-D calculated probability distribu-
proton H binds to N rather than Cl in its energy-minimum tions for the ground state and the first excited states for OA and
structures. These curves of potential energy as a function of 1A, respectively, superimposed on the MP2/aug-cc-pVDZ
Rn-H1 are depicted in Figure 2b. Figure 3 illustrates proton potential surfaces. There is weak mode coupling between the
distributions as a function dRy—p1, Which are given by the N—CI and CkHH; stretching modes for OA, in contrast with
squares of vibrational wave functions, of the ground state and those of 1A. In the latter complex, there is strong coupling
the first and second excited states for the proton nucleus with between the N-Cl and N-Hj stretching modes, especially in
their corresponding eigenvalues superimposed on the MP2/augthe first excited state. Table 4 summarizes expectation values
cc-pVDZ potential curves. The potential curve of 1A is quite of bond lengthsRx—n1[d and peak bond lengthg™;,, for the
anharmonic, and the corresponding wave function of the ground ground-state wave functions calculated by using 1-D and 2-D
state has appreciable values Ri—w1 between 0.9 and 1.9 A, models together with optimized equilibrium bond lengtas1eq

The partial optimization of 1A restricted ®y-p1 = 1.6 A obtained from ab initio MO calculations.
gives arRc_n; value of nearly 1.4 A. These distances are nearly  The calculated quantum results of the 1-D and 2-D models
the same as those for isomer OA, which consists of ldhid are close to each other for OA and 1A. As one can see, in the

HCI molecules. These results imply that protonadcesses the  1-D models, quantum effects incred$& —Hiedd OVer rx—ieq
proton-shared regidhbetween nitrogen and chloride atoms in by values ranging from 0.04 to 0.16 A. In particular, the large
1A even in its ground vibrational state. On the other hand, the shift is seen for isomer 1A, in which the expectation value for
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I8 o (b) TABLE 4: Expectation Values of Bond Lengths Rx—_n:[d (A)
T /\ and Peak Bond Lengthsry_,™ (A) Calculated by Using
SN 1-D and 2-D Models Tog\ether with Optimized Equilibrium
< 16 Bond Distancesrx-nieq (A) Obtained from Ab Initio MO
\E Calculations Using an MP2/aug-cc-pVDZ Level of Theory
P14 parameter OA 1A 2A 2B 3A 3B
1-D Rx—n1ld 141 131 113 119 110 111
12 | rx—pa™* 138 125 111 116 1.09 1.09
2-D Rx—n1ld 140 1.27
26 30 34 38 42 26 30 34 38 42 rx-n™ 139 125
Ry.c, /A Ryq, /A I'X—Hieq 134 115 108 111 1.06 1.07

Figure 4. Squares of the wave functions for isomer OA superimposed > X = Cl for isomer 0A and X= N for other isomers.
on the MP2/aug-cc-pVDZ potential surface. Potential-energy contours . .
are at energies 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 8.0, and 10.0 kcal/mol abovel ABLE 5: Frequencies (cn%), ZPEs (kcal/mol) by

o . «+ Harmonic and Anharmonic Approximations for
the global energy minimum. (a) The ground state and (b) the first h .
excited state are shown. Proton-Stretching Modes, and Energies (kcal/mol) of the

First Excited State

) 0A 1A 2A 2B 3A 3B
22 ’ : Frequency
harmonic 2249 1604 2624 2100 2797 2747
<18 anharmonic
oy one-dimensional 1328 552 1562 1108 2146 1947
o two-dimensional 1538 790
14 experimental 1371
ZPE
1.0 ‘ - harmonic 3.2 2.3 3.8 3.0 4.0 3.9
26 28 30 32 34 26 28 30 32 34 anharmonic
Re . /A Re . JA one-dimensional 2.6 1.4 2.9 2.4 3.6 3.4
N-Cl N-Cl AEharm-anharm. 0.6 0.9 0.9 0.6 0.4 0.5
Figure 5. Squares of the wave functions for isomer 1A superimposed Eirst Excited State
on the MP2/aug-cc-pVDZ potential surface. Potential-energy contours - .monic 9.6 69 114 90 120 117

are at energies 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 8.0, and 10.0 kcal/mol above ;nharmonic
the global energy minimum. (a) The ground state and (b) the first one-dimensional 6.4 30 7.4 56 9.7 9.0

excited state are shown. AEnarmeanham. 32 39 40 34 23 27

a Reference 26.
computed anharmonic proton-stretching frequency of 1566 cm
is close to our result of 1538 crh The differences in frequency

than the equilibrium distance, that is, gbout 0.04 A. Thgs, the between our calculation and the experimental data are 43 and
quantum effects are large for= 1 according to our calculations, 167 cnrl in the 1-D and 2-D models respectively. These

but quantum effects are considerably smallerrfar 2. differences are smaller than those of the previous stidy.

From the energy difference between the ground state and the It is clear that anharmonic treatments lower the calculated
first excited state, the frequency for the periodic proton motion Vibrational frequencies. Although differences of the ZPEs
has been determined. The anharmonic proton-stretching fre-between the harmonic and the anharmonic treatments are less

guencies can be calculated using the two-state model, as showrhan 1.0 kcal/mol, energy discrepancies for first excited states
in our previous paper on the,N;" cluster!2 We argued that range from 2.3 tp 4.0 kcal/mol. The;e fgcts suggest that f[he
the proton vibrational behavior is mainly influenced by the two domlnant_ factor in the IO\_Nerlng of y|brat|onal frequencies is
lowest eigenstates using the wave-packet dynamics of the 1_Dthe lowering of the energies of the first excited states.
model!2 Calculated frequencies, ZPEs, and energies of first 4. Conclusions

excited states are given in Table 5. For isomer 0A, the harmonic We have investigated the quantum effects of the proton

spectrum has a large, intense proton-stretching band at 2249motion on single proton-transfer reactions in small ammenia

cm™, in contrast to the experimental frequeffoyf 1371 cnr* hydrogen chloride clusters NHHCI:(H;0), (n = 0—3) by using

for the corresponding vibration. an ab initio MP2/aug-cc-pVDZ level of theory. Three new stable
Del Bene and Jordadhalso investigated the anharmonicity ~Structures and one transition-state structure are investigated for

of the CIH:NH; complexes without water molecules using MP2/  these clusters. According to component analyses of intermo-
aug-cc-pVDZ potential-energy surfaces. They have pointed out lecular interactions, we have concluded that three-body terms
that the harmonic treatment for CIH:NHeads to a significant make a significant contribution to the interaction potentials for
overestimation of the experimental proton-stretching frequency thgrﬁleui\tg/se. functions of the proton have been estimated b
and that an anharmonic treatment improves the results. In their P y

. ) diagonalizing 1-D- and 2-D-model Hamiltonian matrices.
study, a 1-D potential curve was generated by the d'SplacememQuantum effects of the proton motion lower the proton-

vector of the normal coordinate for the harmonic proton- gyretching vibrational frequencies, especially for the most stable
stretching mode and the two coordinates considered in the 2-Diggmer inn = 1 clusters. Thus, the quantum effects are large
model were the HX bond length and the NH bond length.  for n = 1, according to our calculations, but they are much
Our 1-D model gives a significantly improved result. The smaller forn > 2. In other words, complexes with just one water
calculated frequency is 1328 ctin the present model, whereas molecule result in a significant quantum delocalization of the
Del Bene et al. obtained 1842 cf In the 2-D model, their proton.

the 1-D model is 1.31 A, as compared to the equilibrium value
of 1.15 A. Inn = 3 clusters,Rx—_1[d is only slightly longer
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Now, we can summarize structural features of (10) stich, 1.; Marx, D.; Parrinello, M.; Terakura, K. Chem. Phys.
NHsz:HCI:(H,0), (n = 0—3) clusters. In classical terms, the 1997 107, 9482. _
structure OA exists as a hydrogen-bonded structure. Two ,,{11) DelBene, J. E; Jordan, M. J. I.Chem. Physl998 108 3205

. , ; 3212,
conformations become stable m= 1; one is a hydrogen- (15 asada, T.; Haraguchi, H.; Kitaura, . Phys. Chem. 2001, 105,
bonded structure, and the other is an ion-pair form. It is 7423-7428.
reasonable to say that the most stable isomenfer 1 is the (13) Li, R.-J.; Li, Z.-R.; Wu, D.; Hao, X.-Y.; Li, Y.; Wang, B.-Q.; Tao,

ionic structure, although it is weakened by the quantum effects F--M.; Sun, C.-CChem. Phys. LetR003 372, 893-898.

of the proton motion. The lowest energy structures forrthe (14) Komatsuzaki, T.; lwao, CMol. Simul.1996 16, 321~344.
(15) Shimizu, A.; Tachikawa, HChem. Phys. Lettl999 314 516-

2 and 3 clusters are also ionic. Quantum delocalization of the 521
proton is much smaller for these clusters. (16) Del Bene, J. E.; Jordan, M. J. T.; Gill, P. M. W.; Buckingham, A.
D. Mol. Phys.1997 92, 429.
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