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The gas-phase proton-transfer reaction of ammehjalrogen chloride and the effect of the first three water
molecules are investigated by high-level ab initio calculations on the molecular clustersHH-(H,0),,

n=0, 1, 2, 3. The equilibrium structures, binding energies, and harmonic frequencies of the clusters as well
as the potential energy surfaces along the proton-transfer pathway of amrgdiagen chloride are calculated

at the second-order MglleiPlesset perturbation (MP2) level with the extended basis set é-83Gid,p).

Either without water or with one water molecule, the ammethigdrogen chloride system exists as a usual
hydrogen-bonded complex. With two or three water molecules, the system becomes an ion pair resulting
from the complete transfer of a proton from hydrogen chloride to ammonia. The potential energy surfaces
along the proton-transfer pathway are examined to understand the effect of the water molecules. The harmonic
frequencies and infrared intensities of the clusters provide additional evidence in support of the transition
from the hydrogen bond to the ion pair structure as the water molecules are stepwise introduced. On the
basis of these results, we conclude that ammonium chloride might be formed by the gas-phase reaction of
hydrogen chloride with ammonia in the presence of adequate water vapor.

1. Introduction role in assisting proton transfer in NHHCI and in the majority
) of other acid-base systems. In fact, self-consistent reaction

Transfer of a proton from one atom to another is one of the fig|g (SCRF) calculatiorid of aqueous NE-HCI gave the
most general and important processes in chemistry. This gtaple jon pair product as expected. All of the SCRF meth-
elementary process plays a crucial role in a wide range of ogs2021however, treated Nit-HCl as a solute in a cavity which
chemical and biological reactions, from simple aeimase is surrounded by a continuum characterized by the dielectric
neutralization to tautomeric interconversion in DNA bases. The nermittivity of liquid water, and therefore no details were given
understanding of such a process has for a long time attractedapoyt the specific solutesolvent interactions in the framework
wide attention from all areas across chemistry. Ammonia and of the continuum model. As a result, the exact role played by
hydrogen chloride (Nkt-HCI) provide us with a simple,  the individual water molecules and the detailed mechanism of
prototypical acid-base pair for studying proton-transfer reac- proton transfer in Ng—HCI were not delineated. More
tions. In the aqueous solution, the reaction of HCI withf\é1  gpecifically, it is not clear whether proton transfer must take
instantaneous, and forms the solvated ions4sNHCI~, asthe  place in the aqueous solution or whether it is possible in the
product. One may, however, puzzle over the following ques- gas phase in the presence of only a few water molecules (water
tions: what is the detailed mechanism of proton transfer and yapor). If the latter is true, then what is the minimum number
what is the stable form of NiH-HCI in the gas phase?  of water molecules involved in proton transfer in NHCI?
Mulliken2 speculated that gas-phase NHHCI might existas  what is the exact role played by each water molecule? What
an ion pair (NH*-+-Cl7) just as in the aqueous solution. Early are the structural relationships among the ions and the water
ab initio calculations by Cleme#ti® indeed showed the strong  molecules in the system, and what are the molecular properties
ion-pair character for the system. These seem to corroboratecharacteristic of the system?
with the well-known observation that a white fog of solid  |n this paper, we attempt to provide some of the answers to
ammonium chloride particles appears in the interdiffusion of these questions from high-level ab initio calculations on the four
the vapors from concentrated ammonia and hydrochloric®cid. molecular clusters, Ng-HCI—(H;0), (n = 0, 1, 2, 3). We
However, microwave experiments by Legon and co-wofkers  compute the equilibrium structures, vibrational frequencies, and
concluded that the system exists as a simple hydrogen-bondechinding energies of the clusters as well as the potential energy
complex with HCl as the hydrogen bond donor andsMisthe  cyrves along the Ni-HCI proton-transfer reaction pathway.
acceptor rather than an ion pair form resulting from complete as one of the main goals of this study, we wish to explore
proton transfer. This eXpeI’imental result is Supported by SeVeralwhether proton transfer is possib|e for the NHHC| System in
higher level ab initio calculatiod$ !> and by matrix isolation  the presence of only a few water molecules. If proton transfer
studies'® is possible, we will then determine the minimum number of

The experimental and theoretical studies carried out thus far water molecules involved in the NHHCI proton transfer and
have focused on the pure binary system ofsNHCI, although study the role of these water molecules individually. We also
Legon and co-worket$1® studied many other acicbase wish to discuss some interesting theoretical predictions that
systems and observed proton transfer in several gas-phasevould stimulate and guide new experiments on the relevant
N(CHs);—HX systems. We anticipate water to play a critical problems. Finally, we hope that the results of this study will
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be instructive in understanding the general mechanism for-acid
base proton-transfer reactions.

2. Theoretical Method

Equilibrium geometries for the clusters, NMHCI—(H20),
(n=0, 1, 2, 3), were obtained by full geometry optimization
at the level of frozen-core second-order Mgh&lesset per-
turbation approximation (MP2%23with the extended basis set
6-311++G(d,p)?426 Harmonic vibrational frequencies and
infrared intensities of the equilibrium geometries were also
obtained at the MP2/6-3#1+G(d,p) level using analytical force
constants. We searched for the equilibrium geometries at other
intermolecular configurations with competitive stability, but all
were eventually optimized to the same global minimum
geometries as reported. The intermolecular energies isg-NH
HCI—(H20), (h =0, 1, 2, or 3) are expected to be dominated
by exchange and electrostatic energies which are readily
recovered at the Hartred-ock level. Consequently, electron
correlation at the MP2 level should be sufficient for the recovery Figure 1. A schematic cluster structure of NHHCI surrounded by
of the relatively small dispersion energy. one HO molecule and the labeling of the atoms. Cluster structures

The binding energyD. of each cluster was given as a with two and three KO molecules may be constructed by stepwise
difference between the total energy of the cluster and the sumaddition of HO at the remaining positions wit@;, symmetry about
of the total energies of the isolated monomeric species (hydrogent€ Principal axis of N-HCI. The arrow shows the direction of the

. . . proton transfer in Ns—HCI as the HO molecules are added.
chloride, ammonia, and water) present in the cluster. The zero-
point energy (ZPE) corrections based on harmonic vibrational TABLE 1: Equilibrium Bond Lengths (in A), Bond Angles
frequencies were also considered to give the ZPE-corrected(degrees), Dipole Momentg (D), and Total Energies
binding energyDy of the cluster. It should be noted that the (Hartrees) of NHs, HCI, H;0, and NH," from MP2

basis set superposition error (BSSE) was not considered in the@lculations with the 6-311+G(d,p) Basis Set

—\Cl

present study. A reliable estimate of BSSE for a reacting molecul@ (symmetry)  parameter [MP2 exXpt
molecular system involving several interacting submolecules NH; (Ca,) r(NH) 1.014 1.012
such as those involved in this work is a rather difficult issue, OHNH 107.2 107.0
and might not be possible because of the lack of a unique and u 1.74 1.47
consistent reference for defining the BSSE. This is particularly E(a%';) :gg-ﬂggg
true when multiple water molecules are involved. Fortunately, HCl r((HCI) ) 1.273 1.275
as shown in our previous studythe BSSE effect o, for a u 1.37 1.11
similar system (HN@—-NHz) at the equilibium geometry was E(SCF) —460.09548
found to be less than 0.4 kcal/mol with the 6-31G(d,p) E(MP2) —460.24492
basis set, which may be regarded as negligible compared to the H20 (C2) r(OH) 0.960 0.957
binding energy of HN@-NH; (about 14 kcal/mol). This EHOH 1023.256 10143355
indicates that the BSSE effect in the present study is negligibly E(SCF) —76.05260
small with the 6-31%++G(d,p) basis set. E(MP2) —76.27492
The potential energy surface of each cluster along the proton- NH* (To) r(NH) 1.024

transfer pathway of Ng+HCI was calculated with a constrained E(SCF) —56.55865

E(MP2) —56.75569

optimization procedure. Only the HCI bond distance was
constrained while the geometry of the cluster was optimized. *Some of the atomic labels are omitted due to uniqueness or
The potential energy surface was scanned at a set of values fosymmetry.” Experimental equilibrium structures for Nidnd HO are

the H—CI bond distance with variable increments. and was from ref 30 and for HCI from ref 31; experimental dipole moments
represented by the energy of each cluster as a function of the2"® ffom ref 32.

H—Cl bond distance. optimization, which is likely the result of the repulsion from

All calculations were carried out with the Gaussian 94 :
the other HO molecule. The bond distances, bond angles
m gé,zg A M ’ ’
program packa on DEC Alpha 5/266 and IBM RS6000/ dipole moments, and total energies of the monomeric species,

3CT workstations running Digital UNIX and AlX, respectively. NHs, HCl, H,0, and NH*, are presented in Table 1 and

compared with the available experimental valéfe$?2 The
three-dimensional structures of the clusters are shown in Figure

Equilibrium Structures. A schematic structure showing the 2 with two side views of each cluster. The selected bond
NH3;—HCI unit surrounded by one 4 molecule is presented distances, rotational constants, and dipole moments of the
in Figure 1, along with the labeling of the atoms. The cluster clusters are presented in Table 2.

3. Results and Discussion

structures with two and three;B molecules may be formed Itis clear from Table 1 that the calculated geometries of the
by stepwise addition of §D to the NB—HCI unit so that the monomers and their properties are all in reasonable agreement
H,O being added occupies the remaining positions With with experimental values. All bond lengths fall within 0.005
symmetry about the principal axis of NHHCI. Each of the A and the bond angles within 0.5rom experiment. The
H2O molecules is exactly coplanar with one of the threeNH- calculated dipole moments, particularly at the self-consistent

Cl planes in NH—HCI, except for NH—HCI—(H.0), case in field (SCF) level, are larger than the experimental values. This
which one HO is slightly drifted out of the plane after geometry s typical for the level of theory and basis set used in this study.
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(d) HCI-NH,-(H,0),
Figure 2. Two side views of the equilibrium structure for each of the
clusters (a) NB—HCI, (b) NH;—HCI—H;0, (c) NH;—HCI—(H20),,
and (d) NH—HCI—(H;0)s.

The large dipole moments may potentially lead to an overes-

timation of the binding energy in weakly bonded complexes.
However, the contribution of dipotedipole interaction to the
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TABLE 2: Selected Equilibrium Bond Lengths (in A), Bond
Angles (degrees) Rotational Constant#, B, C (GHz), and
Dipole Moments # (D) of NH3—HCI—(H,0), (n =0, 1, 2, 3)
from MP2/6-311++G(d,p) Calculations

NH3;—HCIl— NH3;—HCI- NH3;—HCI—
parameter NB-HCI H0 2H,0 3H0
r(H—CI) 1.312 1.361 1.861 1.938
r(N---H) 1.82G¢ 1.613 1.087 1.062
r(N—Ha) 1.016 1.016 1.026 1.022
r(N---Cl) 3.132b 2.966 2.922 3.000
r(N---O) 2.943 2.739 2.767
r(Cl---0) 3.322 3.120 3.178
OHNH, 112.1 115.1 104.9 106.2
OHNH,  106.7 108.0 1115 1125
ONHCI 180.0 171.7 164.2 180.0
A 188.762 6.313 3.359 1.648
B 4.24P 3.5631 2.393 1.648
C 4.247 2.292 1.659 1.397
u 4.648 3.470 6.038 4.181

aCCSD(T) values (ref 15)r(N-+-Cl) = 3.137 A,r(H—Cl) = 1.302
A, andr(N::+H) = 1.835 A.b Experimental values (ref 9)r(N-+-Cl)
= 3.136 A,B = 4.243 GHz.

hydrogen bond donor and NHs the acceptor. The optimized
geometry for NH—HCI without H,O hasCs, symmetry as
expected. The hydrogen bond distandd®---H) = 1.820 A,

is approximately the same as the CCSD(T) value of 1.835 A
by Corongiu et al® It is shorter than the hydrogen bond distance
in a more typical hydrogen-bonded system such as in the water
dimer (1.96 A), indicating a strong hydrogen bond betweer NH
and HCI. The heavy atom distaneéN---Cl) = 3.132 A, and

the rotational constantB = 4.247 GHz, are in excellent
agreement with the experimental values, 3.136 A and 4.247
GHz, respectively. In NHz—HCI—H,0, theC3, symmetry of
NHs—HCI is broken and the hydrogen bond in BHHCI is
bent as shown by the angleNHCI = 171.7. The HO
molecule is coplanar with NCI—=H of NH3;—HCI-H0,
indicating that HO is not hydrogen bonded with NH The
hydrogen bond distance between Nind HCI, r(N---H),
decreases from 1.820 A in NHHCI to 1.613 A in N—HCI—

H»0, but the bond distance of HQI(H—CI), increases from
1.312 to 1.361 A. This indicates further strengthening of the
strong hydrogen bond in N\HHCI, but weakening of the HCI
bond occurs because of the presence of tfe folecule. The
three heavy atoms, N, Cl, and O, approximately located at the
centers of mass for the three molecules in the cluster, form a
nearly equilateral triangle as shown by the distarr¢ds:-Cl),
r(N---O), andr(Cl---0O).

The structure of the Nk+HCI unit changes dramatically in
the presence of two ¥ molecules. The second@ takes a
position symmetrically equivalent to the first molecule around
NH3—HCI, but is slightly off plane formed by a second-\H

binding energy in the complexes is less important than the bond and the N-Cl axis of the NH—HCI unit, which is

contributions of high multipole interactions. This can be seen

probably due to the repulsion between the tw@Hnolecules.

by comparing the SCF and MP2 values of the dipole moments The major structural change in NHHCI due to the presence

with those of the binding energies (sBg values in Table 3).

of the second kD is the increase of the bond distangkl—

The SCF values of the dipole moments are more severely Cl) from 1.361 to 1.861 A and the decrease of the bond distance
overestimated, but the SCF values of the binding energies arer(N-:+H) from 1.613 to 1.087 A. This indicates that the-8I
about 50% less than the MP2 values. The calculated protonbond is no longer existent and a new-N bond is formed. In

affinity (PA) based the SCF or MP2 energies of f\kihd NH,™
listed in the table is about 10 kcal/mol too large compared to
the experimental value of 205 kcal/n§lbut the correction for
zero-point vibrations, 9.5 kcal/mol, brings the calculated PA in
nearly complete agreement with the experiment.

It is clear from the cluster structures presented in Figure 2
and Table 2 that, either without,B or with one HO molecule,
the NHs—HCI unit is hydrogen-bonded, with HCI acting as the

other words, a proton is transferred from HCI to jlforming
an ion pair, NH*---CI=. The formation of such an ion pair is
also demonstrated by a sharp increase in the dipole moment
(from 3.47 to 6.04 D) from the one-water to the two-water
cluster.

In NH3—HCI—(H20)3, the third HO takes a position so that
the C3, symmetry in pure NB—HCI is restored after geometry
optimization. The third HO effectively moves the transferred
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TABLE 3: Hartree —Fock SCF and MP2 Total Energies (in Hartrees) and Binding EnergieD. (kcal/mol), MP2 Zero-Point
Energy Corrections AZPE (kcal/mol), and ZPE-Corrected Binding EnergiesDy (kcal/mol) of NHz;—HCI—nH,0 (n = 0,1,2,3)

molecule E(SCF} E(MP2) Do(SCF} D(MP2) AZPE Do(MP2)
NHs—HClbe —516.31973 —516.67520 6.24 9.26 —2.61 6.65
NHs—HCI—H,0 —592.37788 —592.96256 9.73 17.07 —4.51 12.56
NHs—HCI—(H0), —668.45159 —669.25879 22.97 30.44 -9.83 20.61
NHs—HCI—(H,0)s —744.52154 —745.55328 33.87 42.72 ~11.58 31.14

aThe SCF total energies and binding energies are reported for the MP2 equilibrium strutExgsrimental value for Ng-HCI: Do = 8.0
=+ 2.8 kcal/mol (ref 34)¢ CCSD(T) values for NE+HCI: D = 8.0 kcal/mol,Do = 5.5 kcal/mol (ref 15).

proton closer to the nitrogen. ThéH—CI) distance increases 20 1 —— ——T
by 0.077 A to 1.938 A, whereagN-:-H) decreases by 0.027 F e n=0 ]
A to 1.062 A. Nevertheless, the geometry of the NHHCI L n=1 E
unit is similar to that with two HO molecules. It is reasonable 10 £ —&— n=2 3
to expect no major structural changes for thesNHCI unit = I —4&— n=3 .
when more than three water molecules are brought into the g 5F E
system. = 0 E E

It is interesting to note that the dipole moment of the three- ¢ . E
water cluster is decreased upon the addition of the third & 5 F \\ 3
water molecule, in contrast to the sharp increase in the dipole < c T ]
moment from the one-water to the two-water cluster. This result -10 E
may be explained by the fact that all of the water monomer 15 £ =
dipole moments in the cluster are aligned by the electrostatic £ ]
forces in the direction to cancel out the dipole moment 20 B
contribution from the Ni—HCI unit. The decrease, from 6.04 12 14 16 18 2 2.2
to 4.18 D, is approximately accountable by the component r(H-CI) (A)

dipole of the third water£2.0 D) and the realignment of
the overall dipole of the cluster along ti, axis. In fact, a

Figure 3. Potential energy profiles along the proton-transfer pathway
of NH;—HCI in the clusters NE—=HCI—(H.0O),, n =0, 1, 2, 3. The

similar decrease in the dipole moment is also seen as the firstenergyAE (in kcal/mol) of each cluster is relative to that of the cluster

water molecule is added to the NMHHCI unit without transfer

of a proton. The decrease due to the first water, from 4.65 to

with r(H—Cl) = 1.3 A.

3.47 D, is smaller in magnitude than the decrease due to thetions with water molecules. The NHHCI with the first HO

third water. This may be attributed to the water dipole
contribution in the direction off the NJH-HCI axis in NH;—
HCI-H,O. As a result, the varying dipole moments of the

is a neutral hydrogen-bonded complex, but with two or three
H>O molecules it becomes an ion pair. Generally, an ionic
species is more readily hydrated with a larger hydration energy

clusters may be sufficiently explained by a simple vector model than is a neutral species.
and there are no substantial polarizations within the subunits TheDe values at the SCF level range from about 57% of the

of the clusters.
Binding Energies and Potential Energy Surfaces.The total

D, at MP2 for NHs—HCI—H0 to 80% for HCH-NH3—(H20)s.
It indicates that the binding energies appear to be predominated

energies and binding energies of the clusters are summarized?y €lectrostatic interactions, particularly for the clusters contain-
in Table 3, along with the ZPE corrections and ZPE-corrected ing the ion pair.

binding energies. As shown in the table, the binding energy of
a cluster (with respect to the infinitely separate monomers HCI,

NHs, and HO) increases progressively with the number g©H
molecules in the cluster. The binding ene@y (MP2) for
NH3;—HCI without water is 9.26 kcal/mol, which is compared
to the CCSD(T) value of 8.0 kcal/mol by Corongiu efalhe
ZPE correction is—2.61 kcal/mol, which leads to the ZPE-
corrected binding energo = 6.65 kcal/mol. This value is
between that of CCSD(T), 5.5 kcal/m®l,and that of the
experiment, 8.0t 2.8 kcal/mol?* Compared to more typical

To understand the onset of proton transfer in the seriesNH
HCI—(Hx0), (n=0, 1, 2, 3) and the role of the water molecules,
we now examine the potential energy surface along the proton-
transfer pathway between HCI and Bjl&hd its change with an
increasing number of water molecules. The minimum energy
curves along the proton-transfer pathway for the clusters-NH
HCI—(H20), (n=0, 1, 2, 3) are presented in Figure 3, in which
the energy of each cluster, relative to the energyldt-Cl) =
1.3 A, is plotted as a function o{H—CI).

For NH;—HCI without H,O, the potential energy minimum

hydrogen-bonded complexes such as water dimer, the bindingis located near(H—CI) = 1.3 A and corresponds to a hydrogen-

energy for NH—HCI is much larger, and is consistent with the
shorter hydrogen bond distance in pHHHCI discussed in the
earlier section.

The presence of the firstJ® results in an increase of about
8 kcal/mol inDe. This energy change can be viewed as the
hydration energy of Ng—HCI by a single water molecule. The
introduction of the second and the thirga® molecules each
results in an increase of about 13 kcal/moDig This is much
larger than the increase . due to the first HO molecule
added. This indicates that the hydration by the firsOHs
somewhat different from that by the second or the thig®OH

bonded structure. As the proton is forced to transfer to the
nitrogen of NH, the energy of NE—HCI increases sharply.
This indicates that proton transfer is unlikely in pure NH
HCI, and the ion pair structure is unstable with respect to the
hydrogen-bonded structure. For BHHCI—H,0, the potential
minimum is also located neafH—CI) = 1.3 A and the system
remains hydrogen-bonded. However, the potential energy curve
for NH;—HCI—H,0 becomes much flatter than that of hH
HCI. This indicates that the ion pair form becomes close in
stability to the hydrogen bond form of NHHCI—-H,O. We
therefore conclude that the,8 molecule favors the stability

Such a difference in hydration energy might suggest that the of the ion pair over the hydrogen bond form as it creates a flat

species being hydrated are physically different in their interac-

potential energy pathway for proton transfer.
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TABLE 4: Harmonic Vibrational Frequencies (in cm ~1) and
Infrared Intensities (km/mol) of NH ;—HCI and
NH3;—HCI—H,0 Correlated by Intramolecular Vibrational
Modes for NHs3, HCI, and H,02
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TABLE 5: Harmonic Vibrational Frequencies (in cm ~1) and
Infrared Intensities (km/mol) of NH ;—HCI—(H;0), and
NH3;—HCI—(H,0); Correlated by Intramolecular Vibrational
Modes for NH,™ and H,02

isolated NH3z—HCI— isolated NHz—HCI— NH3;—HCI—
monomers NHB-HCI H20 monomers (H20)2 (H20)3
monomer mode freq IRint freq IRInt freq IR int monomer mode freq IRint freq IRint freq IRInt
NHz® v sym str 3526 (3506) 2 3514 0 3490 31 NH4™® vy sym str 3414 (3115) 0 3401 59 3441 11
vasym deform 1073 (1022) 206 1171 135 1197 88 va(e) deg def 1734 (1638) O 1700 60 1728 2
vz d—str 3678 (3577) 6 3655 17 3627 69 1731 2 1728 2
3659 21 va(t) deg str 3548 (3250) 195 2419 2108 2771 1577
v4d-deform 1666 (1691) 24 1637 24 1645 19 3497 220 3571 166
1648 25 3617 582 3571 166
HCIc vy str 3091 (2990) 35 2528 1572 1901 2888 va(t) deg def 1496 (1398) 155 1335 45 1331 153
Hx04  v1sym str 3884 (3832) 13 3829 79 1521 77 1555 80
vy antisym str 4003 (3943) 63 3978 121 1567 297 1555 80
vz bend 1629 (1648) 57 1652 137 H,O¢ vy symstr 3884 (3832) 13 3638 447 3698 482
a . . . . 3631 191 3674 392
Experimental harmonic frequencies for the monomers are given 3674 403
in parentheses. Intermolecular frequencies and IR intensities are listed vpantisym str 4003 (3943) 63 3968 64 3969 10
in Supporting Information? Experimental harmonic frequencies for 3068 146 3968 156
NH; are from ref 35¢ Experimental harmonic frequency for HCI is 3068 156
from ref 31.9 Experimental harmonic frequencies for® are from v3 bend 1629 (1648) 57 1662 71 1671 104
ref 36. 1669 64 1659 53
1659 53

In NH3—HCI—(H20),, the second kD molecule significantly
contributes to favor the ion pair form over the hydrogen bond
form just as does the first J. As a joint result of the two
water molecules, the hydrogen-bonded structure is no longer
stable with respect to the proton transfer as shown by the
decreasing potential energy wittH—CI). The potential energy
minimum is shifted tor(H—CI) = 1.861 A, corresponding to
the ion pair structure with the proton completely transferre
from HCI to NHs. In NH3—HCI—(H20)3, the ion pair structure
becomes increasingly more stable than ingNHCI—(H20),,
as shown by the more sharply decreasing potential energy with
r(H—CI). The potential minimum in HCtNH3—(H20)3 is
shifted tor(H—CI) = 1.938 A. All of these findings suggest

d

a Experimental harmonic frequencies for the monomers are given
in parentheses. Intermolecular frequencies and IR intensities are listed
in Supporting Information? Experimental fundamental frequencies
measured for Nk in solid ammonium metavanadate (WHD3), from
ref 37.¢ Experimental harmonic frequencies fop®lare from ref 36.

very well with the experiment. Note that fundamental frequen-

cies are typically 90% of the corresponding harmonic frequen-

It is not surprising that most of the harmonic frequencies of
intramolecular modes for the two smaller clusters,sNHCI
and NH—HCI—-H,0, remain nearly the same as those for the
isolated monomers. This is consistent with the fact that the

that the ion pair structure becomes increasingly more stable aglwo clusters exist as intermolecular complexes without signifi-

water molecules are added.

Note that there is only a single minimum on the potential
energy surface along the proton-transfer pathway in any of
HCI—NH3—(H20),, either at the hydrogen bond or ion pair
equilibrium structure. There is no potential energy barrier to
separate two minima, one corresponding to the hydrogen bond
structure and the other to the ion pair structure.

Harmonic Frequencies. Table 4 presents the harmonic
frequencies and infrared intensities of the smaller clusterg;-N\NH
HCl and NH—HCI—H,0, with all of the intramolecular modes
correlated by the monomer vibrations of jHHCI, and HO.
Table 5 presents the harmonic frequencies and infrared intensi-
ties of the larger clusters, NHHCI—(H,0), and NHs—HCI—

cant changes in valence bonding from the isolated monomers.
However, there is one major exception which involves the HCI
stretching modey;). The HCI stretching frequency undergoes
a red shift of 563 cmt in NHz—HCI from a frequency of 3091
cm! for free HCI, along with a sharp enhancement in IR
intensity. The red shift in; (HCI) continues as the first water

is added to the Nk+HCI complex with a further enhancement
in IR intensity. This is consistent with the successive weakening
of the HCI bond as it forms clusters with NHand HO.
Because of the predicted large frequency shift and intensity
enhancement, the; (HCI) mode for the two clusters may be
of great interest to experimentalists who plan to conduct a
spectroscopic search for the clusters. This is particularly true
because the frequency, 2528 thfior NHz;—HCI or 1901 cnt?

(H20)s, with all of the intramolecular modes correlated by the  for NH;—HCI—H,0, is considerably far from all other frequen-

monomer vibrations of Nif, and HO. The intermolecular
harmonic frequencies and infrared intensities are given in the
footnotes of Tables 4 and 5. The calculated harmonic vibra-
tional frequencies and infrared intensities of the monomers, NH
HCI, H,O, and NH*, are also listed in the two tables along
with the available experimental harmonic frequencies in
parenthese¥.35-37

The calculated harmonic frequencies and infrared intensities

cies of either cluster and is highly IR active.

The harmonic frequencies of the larger clustersgNHCI—
(H20), and NH—HCI—(H20)s, are different from those of the
smaller clusters. The intramolecular frequencies become dif-

ficult to correlate with the frequencies of the isolated JNHCI,

and HO, but are easily correlated with the isolated NHind
H,O. This can be regarded as strong evidence for the formation
of the NH;* ion in the clusters. As expected, on the other hand,

for the monomers are in good agreement with the experimentalthe frequencies involving Nt and HO in the clusters are not

values. No experimental harmonic frequencies for the gas-phaseexactly the same as those of isolated monomers. The differences
free NH,;t ion are available for comparison. However, the can be interpreted as the frequency shifts from the pure ion and
fundamental frequencies for NH determined from the infrared ~ water to those in the clusters, revealing the strong interactions
spectra of solid ammonium metavanadate {M85),%” indicate between the ion species and®in the clusters. The largest
that the calculated harmonic frequencies for JHagree frequency shifts appear to be related to the reduction of
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symmetry regarding the Nfi unit in the clusters from the  We have also carefully examined the intramolecular harmonic
isolated ion. For example, the 3-fold degenerate stretching modefrequencies and infrared intensities of the clusters. This provides
v3(t) = 3548 cntl for NH4T is split into 2419, 3497, and 3617  further evidence in support of the transition from the hydrogen
cmtin NH3—HCI—(H;0), and 2771, 3571, and 3571 cin bond to the ion pair structure as the water molecules are
NH3;—HCI—(H20);. The frequency with the largest red shift, progressively introduced. On the basis of these results, we

2419 cntlin NH3—HCI—(H20), or 2771 cntin NH3—HCI— conclude that ammonium chloride might be formed by the gas-
(H.O)s, is assigned to the antisymmetric stretching mode phase reaction of hydrogen chloride with ammonia in the
corresponding to the transfer of a proton from NHo CI~, presence of adequate water vapor.

which is an exact reversal of the proton transfer from HCl to  The presence or absence of water appears key to understand-
NHa. Note that the largest red shift also comes with the largest ing both the microwave experiment of Legon and co-workers
enhancement in IR intensity. This is similar to the HCl and the interdiffusion experiment with the HCI and NH
stretching in the smaller clusters where HCl is hydrogen-bonded vapors®’ The microwave experiment was carried out with the
to NHs. vapor from dry ammonium chloride crystals and the interdif-
The HO molecules in the clusters are all oriented according fusion experiment was carried out with the vapors from aqueous
to the argument for favorable electrostatic interactions. No NHz; and HCI solutions. In the former, only pure NHHCI
significant changes in frequency would be anticipated fg@dH  was involved and, as a result, a simple hydrogen-bonded
in the clusters from the isolated,8 molecule. Indeed, most structure was found. In the latter, water vapor was unavoidable
of the frequencies associated with®in the clusters, particu-  and so the ionic ammonium chloride particles were produced.
larly in NHs—HCI—H0, change very little from those of the
isolated HO molecule. However, large red shifts in frequency ~ Acknowledgment. This work was supported by a Type G
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