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Ab initio calculations were performed to investigate the structures, energetics, and vibrationgs ¢fipb),

cluster ions an = 0—5. Equilibrium geometries of Nkt and NH,"—H,0 are optimized at the MP2, MP4,
CCD, QCISD, and B3LYP levels using the 6-31G*, 6-31G**, 643&*, 6-31++G**, 6-311+G**, and
6-311++G** basis sets. The benchmark calculations indicate that using MP2 and B3LYP approaches with
the 6-3HG* basis set is well suited for characterizing large N@H,0), clusters. The two approaches
correspondingly find the existence of a number of structural isomers=aR—5, of which the isomer with

a filled first solvation shell is lowest in energy at= 4. The calculations further predict that,rat= 5, the
lowest energy isomer contains a four-membered ring with the second-si@laéting as a double-proton
acceptor (AA). The prediction is in good agreement with the observation of jet-coolgti(N4D)s, where

a characteristic hydrogen-bonded-OH stretching absorption3&60 cn? is identified for the AA-H,0
molecule in the vibrational predissociation spectra (Wang, Y.-S.; Chang, H.-C.; Jiang, J. C.; Lin, S. H.; Lee,
Y. T.; Chang, H.-CJ. Am. Chem. So4998 102,8777). In this study, in addition to energetics, how hydrogen-
bonding nonadditivity influences the geometries and vibrations of these clusters is analyzed.

Introduction brational frequencies, internal rotations, and chemical reactions
of neutral molecular systeni$pnly a few applications attempt
to elucidate ion-solvent interactions. In this study, we chose
to investigate ammonium ierwater clusters, which are abun-
dant in the biospher& The ammonium ion (Nk"), heavily
on ycraton, exensie expermet and theoreical s | VO 1 vatus baagica and e reactons s one
investigations of cluster ions in the gas phase have been .. . P P q -1Nsp
of its importance, our current knowledge of how the ammonium
performed over the past few decades. The commonly used.” . s
. . ion interacts with water molecules remains incomplete, and most
experimental techniques are mass spectrorétand laser of the existing work concerns only the interactions within the
spectroscopy.® The former provides useful information about g y

i — 11
the strength of binding between solvent molecules and ion coresg I)?[Z:]}ijecdorgpsl'ixm’s\lﬁoticgtoe. d u-ght?) é?ﬁg ()l;‘(ﬂ-:i(rg;/v IEdu%?n of
whereas the latter reveals structural details. Presently, a larg y YaNi2O)2-5 USING

body of thermochemical data about ion hydration exists in theeDFT-based ab initio calculations. It is found in these clusters

literature?=* however, the number of spectroscopic measurementsgi':; t;g'g:fgﬁc?o?nﬁgee;gc'eeg’; tr;JhcetuCrgj, ﬁgd ggﬁggg"ﬂ f[jerguzr:]-
is limited owing to experimental difficultie® Theoretical 9y y ping ydrog

. - L . bonds. The hydrogen bonding nonadditivity, also known as the
calculations offer an alternative approach in increasing our . .
. . . . . hydrogen-bond (HB) cooperative effect in many macromol-
understanding of ionsolvent interactions. Recent advances in ecules. condensed phases. and aqueous soldtidRss ana-
ab initio calculations have allowed the structures, binding ’ P ' q 35

energies, and vibrational frequencies of molecular clusters to lyzed ”.1 detail in the pr?se”t calculations.
be fairly accurately predictettl® The calculations not only Previous thermochemical measuremeéftsvealed a smooth

serve as a useful reference for comparison with experimentsdecrfase in the heat of hydrftioﬂmn—lﬂ) for the clustering,
but also furnish a complete picture of the structures and NH4 (H20)-1 + H20 — NH;"(H20)n, asn increases from 2
dynamics of the clusters of interest. to 6. The absence of an abrupt change betwdds, andAH, s

The density functional theory (DFT) has recently been suggests that structural isomerization can occur=at4 when

recognized as a useful method for studying extended systems,the first hydration is to be filled. This is indeed verified by Wang
al.5 who found a number of structural isomers for

such as clusters. The method possesses an attractive feature &t " ) o ) e :
being less computationally demanding when including electron NH4"(H20)s—s in @ supersonic jet using vibrational predisso-
correlation in the computation. To date, most of the DFT Ciation spectroscopy. Interestingly,rt= 5, the spectra in the

applications focus on the study of structures, proton affinities, Nydrogen-bondedOH stretching region indicate that the most

electron affinities, binding energies, isomeric transitions, vi- stable isomeric form of Nkf(H;O)s comprises a symmetric
four-membered ring with the fifth water molecule acting as a

T Institute of Atomic and Molecular Sciences, Academia Sinica. double-proton acceptor on the second solvation shell. This
* National Taiwan University. structure was not previously predicted by Armstrong etaho
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lon—solvent interactions play an important role in a wide
range of chemical and biological systems. The importance is
particularly evident in aqueous solutions where the interactions
involve hydrogen bondin§ To better understand the nature of
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calculated the structures and energetics ofyNH2O), up ton

= 5. In the HF/6-3%G* calculations, they considered mainly
charge-dipole interactions, which are insufficient to account
for the complex couplings involved in these clusters.

In this study, we carried out both DFT and conventional ab
initio calculations to interpret the spectroscopic observations
of NH4*(H20),.8 We calculated the total interaction energy of
the reaction N + nH,O — NH4(H.0), and the stepwise
hydration energy of Ngif(H20)n-1 + H20 — NH4*(H20)n.
Also explored in the calculations was the dependence of the
structures, hydration energies, and vibrational frequency shifts
on the number of solvent molecules; how these properties are
influenced by the attachment of outer shell solvent molecules
was investigated. The predicted spectra, containing information
of both vibrational frequencies and absorption intensities, of
the OH stretching of the solvent molecules and the NH
stretching of the ion core are presented for ;NfH20);—s.

Methods

The ab initio calculations were performed using the com-
mercial Gaussian 94 packagfeEquilibrium geometries of the
NH4" and NH;"—H,0 ions were optimized at the MP2, CCD,
QCISD, and B3LYP levels using the 6-31G*, 6-31G**,
6-31+G*, 6-31++G**, 6-311+G**, and 6-31H-+G** basis
sets as the benchmark calculations. For larger clusters, such a
NH4"(H20),—s, the geometric parameters were obtained at the
MP2 and B3LYP levels using 6-31G*. Most of the optimiza-
tions were symmetry-unconstrained with the binding energies
corrected by zero-point vibrational energy (ZPVE) and basis
set superposition errors (BSSE) following the procedures of
Boys—Bernardi® The BSSE corrections for the stepwise and
the total hydration energies were made as follows:

(1) The stepwise hydration, AW, + W — AW,
E(BSSE)= [E(AW,_,), — E(AW,,_p)] + [E(W,), — E(W)]
(2) The total hydration, A- nW — AW,

n

E(BSSE)=[E(A), — E(A)] + ) [E(W), — E(W)]

whereE(AW,-1)n, E(Wi)n, andE(A), represent the energies of
NH4"(H20)n-1, (H20),, and NH;* calculated using their geom-
etries within the clusters, an8(AWn-1)n-1, E(W;), andE(A)
are the energies of the individual clusters and ions with the basis
functions centered on themselves. A complete set of basis
functions was employed to describe AW

In this presentation, the factors used to scale the calculated
frequencies are 0.973 and 0.969 for B3LYP/6+&* and MP2/
6-31+G*, respectively. They were chosen by referring to the
experimentally observed free-OH stretching frequencies of two-
and three-coordinated® molecules in these clustets.

Results and Discussion

To simplify the following discussions, we characterize the
water molecules, either in the first q{1or the second 3
solvation shell of the N ion core, according to their hydrogen
bonding: single-acceptor (A), single-donor (D), double acceptor
(AA), double-donor (DD), single-acceptor-single-donor (AD),
single-acceptor-double-donor (ADD), double-acceptor-single-
donor (AAD), and double-acceptor-double-donor (AADD).
The water molecules are also labeled using parentheses (W1
W2, ---, or Wn) on the basis of their positions. Depending on
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Figure 1. Ab initio optimized structures of Nk (H20O). The N, O,
and H atoms are denoted i@ O, ando, respectively.
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Figure 2. Ab initio optimized structures of Ni#(H.O).. The N, O,
and H atoms are denoted i@ O, ando, respectively.

how hydrogen bonding is made, the NH and OH groups are
prefixed with b or f representing, respectively, hydrogen-bonded
or non-hydrogen-bonded (free) states. In comparing the calcu-
lated results, both the B3LYP/6-315* and MP2/6-3%G*
values are listed but with the latter given in parentheses.

A. Geometries and EnergeticsA number of local minima
exist in the potential energy surfaces of NH,0);—s. Figures
1-5 illustrate some representative structures of these potential
minima. Table 1 lists the corresponding energies with and
without the BSSE and ZPVE corrections at both the MP2/6-
31+G* and B3LYP/6-34-G* levels, from which the total and
stepwise interaction energies given in Tables 2 and 3 were
obtained. Tables46 list the respective geometric parameters
of NH4"(H20)1—3. The salient features of these clusters, presum-
ably formed by successive addition of water molecules to the
ammonium ion core, are discussed below.

A.1. NH(H20). Three geometric configurations are found
on the interaction hypersurfaces of hHH,0).%¢ They are (1)
direct, (2) bisecting, and (3) axial structures, where the oxygen
atom of HO approaches the ion core either along the direction
of the NH bond, along the bisector of the angle held by the
two NH bonds, or along th€;, symmetry axis of the plane
defined by the three hydrogen atoms, respectively. These
structures have been scrupulously investigated in previous ab
initio calculations®94-%¢|t has been found that the complexion
via direct hydrogen bonding yields a structure of the lowest in
energy. The structure (witlc; symmetry) is predominantly
determined by chargedipole interactions. Table 4 lists the
geometric parameters of NHand this binary complex, where
the N—H---O hydrogen bond is shown to lie in the plane defined
by the HO with a bond angle dfIN—H---O ~ 180°. Compared
to that of NH,*, the proton-donating NH bond (denoted as
p-NH) is lengthened by~0.03 A and the free NH bonds
(denoted as f-NH) are shortened b¥.003 A. The predicted



Ab Initio Studies of NH*(H20);-5

3y EL ]

Figure 3. Ab initio optimized structures of Nk (H.O)s. The N, O,
and H atoms are denoted @ O, ando, respectively.

N---O distance is 2.728 (2.766) A, which is considerably shorter

than the typical separation of4 A in neutral van der Waals
complexes.
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Figure 4. Ab initio optimized structures of Nt (H,O)s. The N, O,

Table 2 compares the binding energies with and without the and H atoms are denoted 8 O, ando, respectively.

BSSE and ZPVE corrections of structurkat various compu-

tational levels. They are performed in an effort to find a reliable where the b-NH and the two f-OH bonds involved in each
and economical method for predicting the properties of larger hydrogen bonding lie in the same plane with an angle of
clusters. The calculated final interaction energy at the higher JO:-*H—N ~ 18C. In NH;"(H20),, the second hydrogen bond

levels is found to converge atAE; ~ 17.5 kcal/mol, a value
which is slightly overestimated by MP2 using the 6+33*,
6-31++G**, 6-311+G**, and 6-31H+G** basis sets. It

can also be formed between the twgQHmolecules, giving
rise to isomeRll which has an energy about 3 kcal/mol higher
than that of2l (cf. Table 3). Table 5 lists the geometric

appears that the use of basis sets that are more flexible tharparameters of these two isomers2inthe bond length of each
6-31+G* does not substantially improve the accuracy of the b-NH is slightly decreased by0.01 A, and the N-O distances
MP?2 calculations. However, if diffuse functions are notimposed are increased by0.05 A, compared to those af. For isomer
on the heavier atoms, considerable overestimation of the 2Il, however, the same comparison reveals that it has a bond
hydration energy can be made by MP2. As for DFT, when using length increase of more than 0.01 A in b-NH, and a0
the same basis sets, the B3LYP functional overestimates thedistance decrease 6f0.08 A. Also noteworthy ir2ll is that
interaction energy for more than 1 kcal/mol. Similar to that of the O--O separation of 2.705 (2.746) A is significantly shorter
MP2, the use of more flexible basis sets only slightly improves than the calculated 2.877 (2.906) A of the neutral water diher,
the results of this calculation. Comparing the calculated with and the predicted NH---O hydrogen bonding energy of 29.19
the measured values shown in Table 2 reveals that the MP2/(27.15) kcal/mol is considerably larger than thatlof Further-
6-31+G* method can already provide sufficiently accurate more, the predicted ©H---O bond strength of 12.66 (11.46)

estimates for the interaction energy of NHand HO. Unfor-

kcal/mol is nearly five-fold larger than 2.79 (2.42) kcal/mol of

tunately, application of this method to larger clusters is (H»0)..32 The dramatic increase of the-NH:--O and G-H--*
stillimpractical at present since extensive disk space is required.O bonding energies i@ll indicates that the extent of electron

The DFT is the alternative. To test the validity of the B3LYP
method in elucidating iormolecule interactions, calcula-
tions at both the B3LYP/6-3tG* and MP2/6-3#G* levels
were performed and compared for clusters with a size of
2-5.

A.2. NH"(H20),. The most energetically favored approach
for the second kD to NH;"(H20) is via the formation of an
additional N—H---O hydrogen bond. As illustrated in Figure 2,
the optimized geometry of this isomeRI] has aC; (Cy)
symmetry, predicted by B3LYP/6-31G* (MP2/6-31+G*),

transfer in these two hydrogen bonds is greatly augmented upon
complexion.

Comparison of the calculated results between isor2keasid
21l reveals the importance of HB cooperativity in determining
the molecular properties of protonated tomater clusters. In
isomer 21, the total interaction energy contained by the two
N—H---O hydrogen bonds is 34.73 (32.94) kcal/mol, which is
less than twice the NH---O bonding energy oflLl by 3.63
(2.96) kcal/mol. In contrast, the total interaction energy con-
tained by2ll in the N—H---O and O-H---O bonds is 31.73
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%° hydrogen bond. Compared 20 and1l, this isomer has a shorter
Q@,o & o—@? b-NH bond length, accompanied by an increaseddistance.
] ﬁ ~, ®\° The b-NH and the two f-OH bonds of each hydrogen bonding
' 9{’ Jos :.i) @,o remain coplanar with an angle oiN—H---O ~ 18C°. Notably,
QC@’”;O\Q{ O‘(i) @ﬂ I SN the energy of the hydratio2( + H,O — 3I) is ~13 kcal/mol,
c/@b \?’ which is smaller than-15 kcal/mole of {1 + H,O — 2I) and
~19 kcal/mole of (NH™ + H,O — 1I).
61 ol 5l Two additional isomers3|l and 3lll') are considered for
O\@ NH4"(H20)s. The symmetric, ring-shaped isoméil() is ~2
R@/O q@p % kcal/mol less stable thadl and is the second lowest in energy.
In this isomer, the water molecule situated on the second

! solvation shell (2) acts as a double-proton acceptor (AA),
;}n forming two equivalent ©H---O hydrogen bonds with the two
[ single-acceptor-single-donor (AD).8 molecules on the first
solvation shell (2). The two b-NH and the four OH bonds all
lie in the same plane composed by the four hydrogen bonds
involving the two AD-1°H,O molecules. The angle contained
1] 5V 6Vl by the two N—H bonds is tightened by°because of the four-
membered ring formation. Owing to the HB cooperativity
between N-H---:O and O-H---O, the b-NH bond length of
Q@"’ T 1.052 (1.045) A is slightly longer than that &f, and the N-:
Q?DO\@ Do @ -0 distance of 2.732 (2.757) A is slightly shorter than that of
/ ] 21. As for O-++0, the average separation of 2.862 (2.895) A is
M\ ?Q/E@" significantly larger than the corresponding one2ih, a result
A of anticooperative couplings between the twe l@--O hydro-
gen bonds. Although isom&il has one more hydrogen bond
than3l, it is one bond less in NH---O and thus is relatively
not favored in energy.

6Vl GYN SIX Two data sets concerning the bond length of b-NH and the
Figure 5. Ab initio optimized structures of Ni(H;O)s. The N, O, distance of N--O exist for 3lll, and they are exactly out of
and H atoms are denoted i O, ando, respectively. phase as compared to thosebfIn one set where the-€H---O
hydrogen bond is cooperative with-NH---O, the b-NH bond
is lengthened, and the-NO distance is shortened. This involves
bonding of the water dimer (WH W3) to the ion core. In
another set where the HB anticooperativity persists due to water
monomer (W2) attachment, the changes in geometry are similar
to that of1l — 2I: the b-NH bond is shortened and the-fO
distance is lengthened. The equilibrium geometry of this cluster
31l is, thus, a result of the delicate balance between these two
d competitive effects. Note that, while the number of B---O
hydrogen bonds i8lll is lower than that irBIl by one, they
are comparable in terms of stability. This is primarily due to

*-
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e
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(29.14) kcal/mol, which is larger than the sum of the interaction
energies of N-H---O in isomerll and O-H---O in (H;0), by
9.76 (8.77) kcal/mol. The increase in interaction energy, together
with the elongation of the b-NH bond and the reduction of the
N---O and Q-0 distances, indicates that the-M---O and the
O—H---O hydrogen bonds are cooperatively coupled in isomer
21l. This is opposite to the anticooperative casehfwhere
the b-NH bonds shorten, the-NO distances increase and the
interaction energy is negatively nonadditive when the secon
H,O molecule attaches to the ion core. It is now well-known
that the HB cooperativity due to concerted charge transfer can . e i i
greatly enhance the strength of the individual hydrogen bonds (€ 1058 Olf hydrogen bond directionality, which reduces the bond
involved in the coupling®34In isomer2l, where the NH* ion strength?* upon ring formation irglI.
acts as a double proton donor bridging two water molecules, In the course of performing calculations, MP2/6+33*
the extent of charge transfer between NkHind either HO is collapsed on isome31V, which consists of an asymmetric four-
reduced, resulting in weaker NH+--:O hydrogen bonding  fold ring. This isomer, however, is predicted to be stable by
compared to that ofll. As in isomer2ll, where the 1H,O B3LYP/6-31+G*. Differing from 3llI, it contains an AA-
functions both as a proton donor and as a proton acceptor in al°H.0, instead of an AA-2°H;O. The potential well of this
linear linkage, the strength of each-Mi---:O and O-H:--O isomer is relatively shallow, with a minimum which-isb kcal/
hydrogen bond is augmented due to the concerted coupling.mol higher than that of3l. Also due to the difference in
Although strongly favored by the HB cooperativity, ison2dr hydrogen bonding nonadditivity, two distinct data sets on bond
remains less stable th@hsince the G-H---O hydrogen bonding lengths and internuclear distances exist: 1.059, 2.670, and 2.754
is much weaker than that of N-H-+-O. A versus 1.040, 2.892, and 2.915 A for b-NH;-ND, and O

A.3. NHT(H20)s. The NH;T(H»0); cluster ion contains a  **O, respectively. In this isomer, theH,0 (W2) no longer lies
number of energy minima in the interaction potential. Figure 3 in the same plane with b-NH, indicating that the interaction
depicts the low-energy structures of the isomers with geometric between the b-NH dipole and the electron lone pair of O is the
parameters listed in Table 6. Among these isomers, one of thedominant intermolecular force in this case. Interestingly, while
lowest in energy i8I, in which NH;* forms three hydrogen  the number of hydrogen bonds is the same and the degree of
bonds with three geometrically equivaleni®molecules. The  losing hydrogen bond directionality is similar betwegih and
NH4" ion in this cluster behaves like a triple proton donor. The 31V, the latter is 3.5 kcal/mol less stable because the dipole
behavior diminishes the extent of charge transfer from the ion electron lone pair interaction is much weaker than the charge
core to each solvent molecule, thereby weakening eacH-NO dipole interaction.
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TABLE 1: Energies (hartree) of NH,7(H,0), at n = 0—5.

B3LYP/6-31+G* MP2/6-31+G*
structures E Expvéd EP E (S EP

H-0 —76.422 5723 —76.401 476 —76.209 776 6 —76.188 532

NH,* —56.894 586 0 —56.844 686 —56.701 165 8 —56.650 671

1l —133.352 458 5 —133.278 527 —133.276 722 —132.946 353 6 —132.871 481 —132.867 802
21 —209.804 435 4 —209.706 472 —209.702 984 —209.186 574 3 —209.087 339 —209.080 231
211 —209.800 504 0 —209.702 219 —209.698 188 —209.181 898 6 —209.082 203 —209.074 181
3l —286.252 050 9 —286.130 387 —286.125 246 —285.422 959 5 —285.299 643 —285.289 203
3l —286.253 116 9 —286.128 585 —286.122 197 —285.424 2259 —285.298 283 —285.285 572
3l —286.250 003 8 —286.127 600 —286.121 991 —285.420033 7 —285.296 031 —285.284 798
3V —286.247 112 2 —286.122 482 —286.116 586

3V —286.246 591 7 —286.121 390 —286.115 792 —285.4204150 —285.293 729 —285.282 082
3VI —286.243 593 7 —286.121 060 —286.114 821 —285.412 694 6 —285.288 559 —285.276 405
4 —362.695 994 2 —362.550 927 —362.544 061 —361.656 046 4 —361.509 075 —361.495 229
41l —362.698 969 4 —362.550 921 —362.542 889 —361.659 012 6 —361.509 250 —361.493 268
41l —362.6954250 —362.549 232 —362.542 027 —361.654 423 9 —361.506 464 —361.492 069
4lv —362.693 964 0 —362.545 536 —362.537 453

av —362.694 190 7 —362.544 672 —362.537 344 —361.656 535 8 —361.505 651 —361.490 465
4V —362.696 2740 —362.545 473 —362.537 078 —361.657 783 6 —361.505 729 —361.488 835
4Vl —362.698 317 9 —362.549 749 —362.540 965 —361.657 447 6 —361.506 999 —361.489 666
4Vl —362.693 752 4 —362.544 424 —362.535 642

41X —362.694 402 2 —362.547 613 —362.539 906 —361.652 491 5 —361.503 810 —361.488 558
4X —362.691 920 3 —362.545 146 —362.537 392 —361.649 8735 —361.501 323 —361.486 038
51 —439.137 873 6 —438.968 206 —438.959 377 —437.886 160 4 —437.714 516 —437.696 787
511 —439.141 6450 —438.970 072 —438.960 490 —437.890872 4 —437.717 469 —437.698 155
511 —439.137 830 8 —438.965 797 —438.955 978 —437.886 413 5 —437.712 830 —437.693 601
51V —439.137 663 0 —438.963 593 —438.954 162 —437.888 017 0 —437.712 267 —437.693 021
5V —437.887 7251 —437.712 639 —437.693 215
5VI —439.141 692 5 —438.967 112 —438.957 066 —437.892 072 4 —437.716 076 —437.695 632
5Vl —439.143 1812 —438.971 085 —438.960 788 —437.891 356 4 —437.717 105 —437.696 588
5Vill —439.139 580 5 —438.966 234 —438.955 872

51X —439.141 002 3 —438.968 150 —438.957 704 —437.889 067 6 —437.714 588 —437.694 145

aWith ZPVE corrections? With both ZPVE and BSSE corrections.

TABLE 2: First Hydration Energies (kcal/mol) of NH 4~ kcal/mol because of the loss of hydrogen bond directionality in
methods —AE  —AEqp —AEpe —AE both N-H---O and G-H---O.
B3LYP/6-31G* 2531 2411 2371 2251 Calculations of the linear isome3VI were conducted to
B3LYP/6-314G* 2215 21.02 20.31 19.18 explore the long-range influence of the ion core. Owing to the
B3LYP/6-31G** 25.64 24.30 2417 2277 increased HB cooperativity, the b-NH bond is further lengthened
BSLYP/6-3HG* 2211 2115 20.30  19.34  gnd the N-H---O bond is shortened. Compared to tha®df,
B3LYP/6-31+G 2202 21.20 2015 19.33 the interoxygen separation BVI is shorter by 0.071 (0.067)
B3LYP/6-311+G** 22.01 21.17 20.13 19.29 . .
MP2/6-31G* 2421 2263 22 41 20.83 A for O;+++O,. This means that adding one moreHto the
MP2/6-3HG* 2222 19.91 20.25  17.95 end of the water chain strengthens the hydrogen bonding
MP2/6-31G** 2421 2249 22.54 20.83 between 1H,0 and 2H,0. The Q—H---O3 bond, however, is
MP2/6-31 +G™ 21.74 19.75 19.88  17.88 relatively weaker because th&80 molecule is situated further
MP2/6-311+G 2161 19.74 19.80  17.93 away from the ion core. The predicted hydration energy2df (
MP2/6-31H-+G** 2161 19.71 19.81 1791  H.0 — 3VD) is 9.69 (8.88) keal/mol. which i bstantiall
MP4/6-31H+G**(D) 2 2115 1931  19.35 17.51 2 ) is 9.69 (8.88) kcal/mol, which is substantially

MP4/6-311+G**(SD)2b 20.96 19.18 19.16  17.38 larger than that in neutral water clusters, suggesting that the
MP4/6-31H-+G**(SDQ)2?  21.00 19.17 19.20 17.37 ion core continues to influence the bonding of theFBO
MP4/6-31H+G*(SDTQ)** 21.34 19.34 1954 1754 molecule. It is interesting to note that the interaction energy of

gg%g}?ﬂ;ﬁg;b ég'gé %g'g% igig gg% O1—H---O;in this linear chainlike isomer is surprisingly large,
exptl ' 19'.99 17.2d 17.3 ' 19.62 (17.99) kcal/mol, which signifies the important role the
) ] HB cooperative effect plays in hydrogen-bonded systems.
aOf the MP2/6-31#+G** geometrleS.b_ZPVE corrections made A.4. NH*(H,0). Isomeral pr nts itself as the most stabl
based upon the MP2/6-3+1#G** geometries® Reference 39 Ref- e 2Y)a. _ presents itsel as the most stable
erence 2b¢ Reference 39 Reference 2be Reference 2a. structure of NH™(H20),; it contains an ion core with a complete

solvation shell. Other isomers of comparable stability can also
] . ) ) be found in Table 3, wherél, 411, and4lll are within 2 kcal/
Isomer3V is formed by attaching a cyclic water trimer to  mg| of each other in energy. Previous vibrational predissociation
the ammonium ion core via three-NH---O hydrogen bonds.  spectroscopy of Nit(H,0), reveals three isomers in a super-
The size of the water trimer is slightly expanded with an average sonic jet, and they were identified d$, 411, and4lll based
O--+0 distance of 2.87 (2.87) A and an average angle Of- upon their characteristic vibrational signatufesSystematic
H---O ~ 125.2 (124.5), compared to the corresponding values investigations of the temperature-dependent spectra indicate that
of 2.771 A and 149.1for isolated cyclic (HO)s.?In order to  the isomers are stable in the order4df> 41l > 4lll . This
form this isomer, the linearity of the three-MH---O hydrogen experimental observation is in good agreement with the
bonds must be reduced ftN—H---O ~ 134° (133). Although calculated energies listed in Table 3. Note that, for these three
isomer 3V possesses three NH:--O and three ©H-:-O isomers, the respective stepwise hydration energieSloft(
hydrogen bonds, it is higher in energy thanhby 5.93 (4.47) H,O — 4l), (31 + H,O — 411) and @I + H,O — 4lll) are all
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TABLE 3: Total and Stepwise Hydration Energiest kcal/mol) of [NH 4™ + nH,O — NH4"(H,0),] and [NH;"(H,0),-1 + H,O —
NH4*(H-0),] Estimated by B3LYP/6-31+G* and MP2/6-31+G*

B3LYP/6-314+-G*

MP2/6-31+G*

NH4+(H2O)H _AEn _AEnfl,nb _AEn _AEnfl,nb
11 19.18 17.95
21 34.73 15.52711) 32.94 14.8811)
21l 31.73 12.6611) 29.14 11.4611)
3l 47.77 13.0271) 45.77 12.6571)
3l 45.86 11.0521) 43.49 10.4521)
3l 45.73 11.1021), 13.94 ll) 43.01 10.2571), 13.66 @lI)
31V 42.34 7.5821)
3V 41.84 41.30
3V 41.23 9.692I1) 37.74 8.882ll)
4 58.65 10.813) 56.74 10.763)
41l 57.92 10.0731), 11.98 @lI) 55.51 9.623l), 11.81 @ll)
4l 57.38 9.698l), 11.56 @lI) 54.76 9.1281), 11.51 @Il )
41v 54.51 12.443IV)
AYS 54.44 12.633V) 53.75 12.383V)
4V 54.27 52.73
avil 56.71 11.12311) 53.25 10.21311)
4Vl 53.37 11.5731V)
41X 56.04 10.463l11) 52.55 9.7038lIll')
4X 54.46 8.733lll) 50.97 8.243l1)
51 67.34 8.7641), 9.89 @Il ) 64.92 8.2941),9.91 @Il )
5l 68.04 9.2241), 10.04 @) 65.78 9.034l), 10.00 @l1)
511 65.20 6.534l), 10.66 41V) 62.92 6.0941)
51V 64.06 9.734V) 62.56 8.994V)
5V 62.68 9.114V)
5VI 65.86 11.594VI) 64.20 11.374VI)
5VII 68.18 10.51411), 11.37 @VII) 64.80 9.70411), 11.28 @VII )
5VIII 65.18 10.874Vi), 7.85 @lI1), 11.27 6X)
51X 66.26 8.994lI1) 63.26 8.594l11)

aWith BSSE and ZPVE correctiongNotations in parentheses denoting the isomers ofi{#HbO)n-1.

TABLE 4: Geometric Parameters of NH,© and NH,*(H,0)?2

structures B3LYP/6-31G* MP2/6-31+G*
NH4* d(NH) = 1.0293,0HNH = 109.47 d(NH) = 1.0287,0HNH = 109.47
1l d(NH) = 1.0625, 1.0264D(NO) = 2.7284; d(NH) = 1.0529, 1.0261D(NO) = 2.7660;

OHNH = 109.99, 109.87, 109.97;
109.09, 109.06, 108.88]JNHO = 179.64

2 The bond lengths are in unit of angstroms and angles in degrees.

UOHNH = 109.95, 109.86, 109.92;
109.07, 109.15, 108.87JNHO = 179.75

TABLE 5: Geometric Parameters of NH;"(H,0),2

structures B3LYP/6-3£G* MP2/6-31+G*
21 d(NH) = 1.050, 1.025D(NO) = 2.785, 2.784; d(NH) = 1.043, 1.025D(NO) = 2.814;JHNH = 110.28;
OHNH = 110.57;0NHO = 179.01, 179.02 ONHO = 179.62
211 d(NH) = 1.082, 1.025D(NO) = 2.646;D(00) = 2.705; d(NH) = 1.066, 1.024D(NO) = 2.686;D(00) = 2.746;

ONHO = 178.21;,0JOHO = 173.47
@ The bond lengths are in unit of angstroms and angles in degrees.

ONHO =177.91,00HO =173.79

slightly smaller than those oR( + H,O — 3I), (21 + H,O — ammonium ion by one and two \H---O hydrogen bonds,
3ll), and @I + H,O — 3lll'). This property reflects that both  respectively.
the charge delocalization of the ion core and the HB anticoop-  Two channels are available for the fourth®to approach
erativity are reinforced by the additiona-\---O formation. isomer3Il. This approach can proceed through either linking
Other than this, the general features of these three isomersyo the f-NH of NH,* or the 2H,0O of 3II. The former leads to
closely resemble those &, 3II, and3lll . the formation of isome#lIl and the latter to that ofVII .
Isomers4lV, 4V, and4VI are similar in energies but are4 Energetics calculations of these two species reveal that the
kcal/mol less stable thafi, according to B3LYP/6-31G*. The 3°H20 in4VII maintains a fairly strong bonding with thét2,0
calculation for the ring-shaped isom#l collapsed when MP2/ ~ molecule; hence, the hydration energy [11.12 (10.21) kcal/mol]
6-31+G* was used. Similar t8V, isomer4V contains a cyclic ~ of (3l + HO — 4VIl) is comparable to that [11.98 (11.81)
water trimer but with a complete solvation shell. Owing to the kcal/mol] of @Il + H,O — 4I1).
distortion of the hydrogen bonds in the ring, it is considerably ~ Upon attaching one more B to 3lll , three isomers4(ll ,
higher in energy thadl. For isomer4VI, the intermolecular 41X, and4X) can be produced, and their geometries depend on
interaction is complicated by the presence of roughly three how hydrogen bonds are formed. The specids, which is
independent units: a water monomer, a water trimer, and anconsiderably lower in energy than the other two, has been
ammonium ion core. A single ©H---O hydrogen bond bridges  previously observed by means of vibrational predissociation
the water monomer and the trimer, which are linked to the spectroscopy in a supersonic $8tThe symmetric chainlike
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TABLE 6: Geometric Parameters of NH;"(H>0)3s?
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structures B3LYP/6-3tG*

MP2/6-31+-G*

3l d(NH129 = 1.043,d(NH) = 1.023;D(NO) = 2.832;
ONHO = 179.25, 179.23, 179.23

3l d(NH;2) = 1.052,d(NH) = 1.023;D(NO; 5) = 2.732;
D(O;05) = 2.861,D(0;05) = 2.862;INHO; = 162.08,
ONHO, = 162.06;10;HO; = 159.83,010,HO; = 159.85;
OH;NH, = 105.90

31l d(NH;) = 1.063,d(NH,) = 1.046,d(NH) = 1.024;
D(NO,) = 2.707,D(NOy) = 2.805;D(0,0,) = 2.733;
ONH;0; = 178.01,0NH,0, = 178.70;10;HO; = 174.26;
OHiNH, = 110.72

31V d(NH;) = 1.059,d(NH,) = 1.040,d(NH) = 1.024;
D(NO;) = 2.670,D(NO,) = 2.892;D(0,03) = 2.754,
D(0;05) = 2.915;0NH;0; = 160.13,0NH,0, = 162.24;
0O;HO; = 134.74,00;HO, = 134.86;00H;NH, = 107.20

3V d(NH;) = 1.037,d(NH,) = 1.037,d(NH3) = 1.036,
d(NH) = 1.022;D(NOy) = 2.772,D(NO,) = 2.774,
D(NOs) = 2.775;D(0,0;) = 2.876,D(0,0s) = 2.871,
D(030,) = 2.868;[INH;0; = 134.72,0NH,0, = 134.32,
ONH30; = 133.20;00,HO, = 124.89,
0O;HO; = 125.37,00;HO; = 125.32;00H;NH, = 105.73,
OH,NHs = 105.84,0HsNH; = 105.79

3V d(NHy) = 1.095,d(NH) = 1.025;D(NOy) = 2.612;

D(O:0z) = 2.634,D(0;05) = 2.760;NH,0; = 175.02;
0O;HO, = 170.99,00,HO; = 178.35

d(NH;.2.9 = 1.038,d(NH) = 1.023;D(NO) = 2.855;
ONHO = 179.27, 179.26, 179.32

d(NH;.2) = 1.045,d(NH) = 1.023;D(NO; ) = 2.757;
D(0,05) = 2.890,D(0,05) = 2.899;0INHO; = 161.04,
ONHO; = 161.05;00;HO; = 161.07,00,HO; = 161.06;
OH;NH, = 105.97

d(NH;) = 1.053,d(NH,) = 1.041,d(NH) = 1.024;
D(NOy) = 2.739,D(NO;) = 2.830;D(0,05) = 2.769;
ONH;0; = 177.66,0NH,0, = 179.06;10;HO; = 174.46.;
OH;NH, = 110.68

d(NH;) = 1.034,d(NH,) = 1.034,d(NHs) = 1.034,d(NH) = 1.023;
D(NOy) = 2.788,D(NO;) = 2.789,D(NOs) = 2.790;
D(0,0) = 2.870,D(0;05) = 2.875,D(0:0) = 2.871;
ONH;0; = 133.32,0NH,0, = 133.41,INH;0; = 133.36;
0OHO, = 124.59,00,HO; = 124.61,00:HO; = 124.41;
OH;NH, = 106.23,0H,NH; = 106.24,0H:NH; = 106.23

d(NHy) = 1.072,d(NH) = 1.025;D(NOy) = 2.656;
D(0,0) = 2.679,D(0;05) = 2.797;
ONH,0; = 175.18,00;HO, = 169.65,010,HO; = 179.43

aThe bond lengths are in unit of angstroms and angles in degrees. The numbering of the H atoms folldit that of HO hydrogen bonded

to them.

isomer4lX, with the ion core situated in the middle, is more by entropy effects at higher cluster temperatures. To better

stable than its analogiX, by 1.58 (1.58) kcal/mol. IiX, a

understand the isomeric transition, we calculated the transition

3°H,0 can also be found. Although this species is the second state of4l — 4l at the B3LYP/6-31G* level. This transition,

least stable isomer of all Nfi(H>O), presently considered, it

instead o5l — 5I1, was chosen to minimize the computational

maintains a relatively high bonding energy of 8.40 (8.24) kcal/ time but still obtain meaningful physical insight into the ring-

mol for the 3H,O molecule.

closing process. It is found that the isomeric transi#bn—

Isomer 4VIIl is the highest in energy of all the species 4l has a barrier height of less than 1 kcal/mol. The transition

illustrated in Figure 4. This isomer, similar 8V and4lV in
that it contains an AA-1°H,0, was not favored by the MP2/

state has a geometry similar to that of the ring-open form, but
with one of the two OH bonds of the’R,0 pointing toward

6-314-G* calculations. This occurs because the approach of the the electron lone pairs of°H,O after bond reorientation. In

fourth H,O to 3IV can effectively open the ring, producing
isomers4lX and4X. While isomer4VIIl has the same number
of N—H---O and O-H---O hydrogen bonds agViIl, the

this exothermic process, the instability arising due to hydrogen
bond distortion il is compensated by the interaction energy
increase due to the additionak®i---O hydrogen bond forma-

difference in arrangement of the water molecules results in ation. The energy involved in this ring formation smoothly

large deviation in stability between them.

decreases from 11.05 (10.45) kcal/mol 2F - H,O — 3I1) to

A.5. NH;(H20)s. Figure 5 illustrates the isomeric structures  9-22 (9.03) kcal/mol of4l + H,0 —’+5”), indicating that the
of NH4*(H20)s predicted by the present calculations. Isomers hydrogen bonding of kO with NH,™ not only can alter the
51—5VI have a complete solvation shell whereas the solvation Strength of the individual NH---O bonds but also can influence

in 5VII =5IX is incomplete with one dangling NH bond
exposed. As previously noted, the-®---O hydrogen bonds

the interaction between the¢ H,O and 2H,O molecules.

The other ring-shaped isom8HI , which contains an AA

which produce the outer shell are no longer coplanar with the 1°H,O, is not energetically favored and has an interaction energy
H,O molecules in these isomers. The formation of these about 2 kcal/mol less than that 6f. The stepwise hydration
hydrogen bonds is, thus, predominantly governed by the energy of 4IV + H,O — 5llI'), which originates from the

interaction of HO dipoles with the oxygen electron lone pairs
of the solvent molecules. Formed by attaching the fifg®Ho

41, isomers5l, 511, and5lll have been previously identified
by vibrational predissociation spectroscopy of NHH2O)s in

a supersonic jeét.From systematic temperature dependence
measurements, isomBH is found be the most abundant form

formation of the fourth N-H---O hydrogen bond, is-AEn-|n

= 10.66 kcal/mol. The value is smaller than 10.81 (10.76) kcal/
mol of (3 + H,O — 4l), but is significantly larger than 10.04
(10.00) kcal/mol of 41l + H,O — 5I1), meaning that the NH-

-O bonding is sensitive to how the;&8 molecules are arranged
in the first and the second solvation shells.

of the clusters at low temperatures. The present calculations The ion core charge delocalization effect intensifies as the
predict that the ring-closed isomer with an A&°H,0 is 0.70 solvation number increases fram= 1 ton = 5. This has been
(0.86) kcal/mol lower in energy than the ring-opened one, evident from earlier calculations that the individuat-N-+-O
consistent with the observations. The finding that isobieis hydrogen bond gradually weakens as water molecules succes-
less stable thabll, which is reversed in stability compared to  sjvely attach to the ion core. Such a charge delocalization creates
its analogs &I, 3I11) and @l, 4l11), is interesting. a unique situation that the bonding between Nidnd H,O

The intriguing ring closing procesS] — 5II, is expected to is comparable in strength to that between solvent water
occur rapidly, since it requires only bond rotation to establish molecules ah = 4. Owing to this effect, isomesVIlI having
the O—H---O connection. This process, however, is not favored a dangling NH bond can be one of the lowest energy structures
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Figure 6. Vibrational stick spectra of (a) free NHand free HO, and the lowest energy isomers of (b) NtH-0), (c) NH,*(H20),, (d) NH4*-
(H20)s, and (e) NH*(H20), predicted by B3LYP/6-31G* (left) and MP2/6-3%G* (right).

of NH4T(H20)s. Interestingly, this isomer contains three types cluster sizes and structures, the predicted vibrational features
of water molecules: AH,O (W3 and W5), AD-H,O (W1 in the NH and OH stretching regions are plotted in Figure 6 for
and W2), and AAD-H,O (W4); it can serve as a model NH;"(H,0):—4and are listed in Table 7 for NFi(H,O)s. Since
molecule for understanding how the frequency red shifts of free- in these clusters, the structural isomerization is most dramatic
OH stretching vibrations depend on theGHcoordination. It is in NH4T(H20)s,° the following discussion concerning the
also noteworthy that isomé VIl is most probably produced spectral features and their isomeric dependence will primarily
by the hydration o#lll or 4VII, but not with4l as the precursor.  focus on the clusters with = 5. A similar rationale can be
This kinetics consideration has been previously employed to applied in discussing Nif(H20);—4 and larger clusters when
explain why this species was not observed in a supersonicnecessary.

expansiorf? although it is one of the lowest energy isomers.  B.1. NH,"(H,0),_4. Figure 6 illustrates the calculated spectra
The similar competition of solvation betweetH,O and 2H,0 of free O, NH,*, and NH;"(H;0), atn = 1—4 where all the

also exists when isoméiVIll is formed. water molecules are hydrogen-bonded to the ion core. Both the
The predominant isomeric forms of NF{H,0)s depicted in MP2/6-3H-G* and B3LYP/6-31-G* calculations indicate that
Figure 5 have a structure analogous to that ofsNH,O); 4. the frequency shift of the b-NH stretching is substantially larger

They can be produced either by covering the danglingHN than that of the f-NH. The red shifts, however, decrease
bond with HO or by attacking the AAH,O molecule of its smoothly withn, an indication of N-H---O bond weakening
analogs ah = 3 and 4. There are other ways of growing larger asn increases. Notably, such a decrease in red shifts correlates
water clusters as well. Isome&V and5V, for example, are well with the previously discussed changes in b-NH bond
formed by hydrogen bondingJ@ to the water monomer and  lengths, N-H---O distances, and the \H---O hydrogen

to the cyclic water trimer ofV, respectively. These two species, bonding energies at = 1—4. All these changes lead to the
however, are relatively unstable. The MP2/6+&3* calculations same conclusion that, as the number of-lt--O bonds

predict that they are comparable in energ kcal/mol higher increases, both the charge delocalization and the HB anticoop-
than that of5Il, but B3LYP/6-31-G* collapsed during the erative effect intensify.
structural optimization o6V. Interestingly, the isomers3(V, The frequency shifting of f-NH and f-OH stretches lies in
41V, 4VIIl , 5VIII) containing an AA-1°H,O molecule and free  the same direction of b-NHs asincreases, although they are
NH bonds are never found by MP2/6-8G*. much smaller in magnitude. For f-OH, the resonances are located
This work also considered isomBiX, which owns a five- at nearly the same frequencies, i-€3630 and~3730 cnt?
membered ring. The five-membered ring structure is somewhatfor the symmetric and asymmetric stretches of IRH,0 in
similar to that found in the neutral water pentarffWhile this isomersll—4l, respectively. Shown in Figure 6 is the smooth
species is~1 kcal/mol more stable thablll , evidence for it frequency increase of the symmetric stretching from 3627 (3610)
was not found in the measuremeffts. cm! of 11 to 3636 (3619) cm! of 41. The frequencies of the

B. Vibrational Spectra. Vibrational predissociation spectra asymmetric stretching also increase with a similar measure, from
of NH,4"(H-0), revealed that more than one stable isomer could 3723 (3721) cm! to 3739 (3740) cm' for isomers1l—4l.
be synthesized by a free-jet expansion at 45 Particularly at These frequencies essentially shift toward 3635.7 (3632.7) and
n= 5, a dramatic isomeric transition 6f — 5II was observed ~ 3756.9 (3774.1) cm' of free HO at a largen.®? This blue
at a temperature near 1508R¢ The observations strongly  shifting derives naturally from charge delocalization of the ion
suggest that Ngt(H20)s can serve as a benchmark system for Ccore upon solvation.
studying hydrogen bond rearrangement dynamics in cluster B.2. NH;t(H2,O)s. Upon formation of the second solvation
ions26 To assist the interpretation of the experimentally observed shell, the NH*(H,0)s spectra in the OH stretching region
spectra and to perceive the spectral changes as a function ofiramatically change. New features emerge at 338800 cnt?!
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TABLE 7: Frequencies (cntt) and Absorption Intensities (km/mol) of NH and OH Stretches of NH,"(H,0)s?

B3LYP/6-31+G*

MP2/6-314+-G*

species scaled frequency intensity scaled frequency intensity assignments
51 3064.9 844.6 3158.7 438.7 bonded-NH (1)
3179.3 441.1 3256.5 671.2 bonded-NH (2,3,4)
32254 810.0 3316.7 729.2 bonded-NH (4,2)
3226.9 804.0 3317.6 733.0 bonded-NH (3,2)
3412.4 668.8 3464.6 542.2 bonded-OH (1)
3637.1 37.9 3620.1 35.9 symmetric free-OH (4)
3637.1 38.0 3620.5 375 symmetric free-OH (3)
3637.5 10.8 3620.7 20.1 symmetric free-OH (2)
3637.9 19.5 3623.8 245 symmetric free-OH (5)
3714.1 108.4 3710.7 148.1 two-coordinated free-OH (1)
3741.2 105.1 3742.3 131.2 asymmetric free-OH (3)
3741.3 110.7 3742.8 124.1 asymmetric free-OH (4)
3741.7 136.1 3743.2 151.2 asymmetric free-OH (2)
37445 117.4 3748.6 134.2 asymmetric free-OH (5)
5lI 3141.2 113.9 3200.1 36.5 bonded-NH (1,2)
3170.7 529.6 3271.8 470.3 bonded-NH (1,2)
3213.9 1064.9 3306.4 1002.8 bonded-NH (3,4)
3228.2 822.9 3318.2 745.4 bonded-NH (3,4)
3507.6 250.6 3531.3 175.4 bonded-OH (1,2)
3528.7 483.8 3545.9 438.8 bonded-OH (1,2)
3618.5 14.5 3600.2 3.6 symmetric free-OH (5)
3637.4 38.7 3620.6 42.6 symmetric free-OH (3)
3637.7 16.5 3620.7 19.1 symmetric free-OH (4)
3717.3 127.8 3715.5 144.7 asymmetric free-OH (5)
3718.9 254.8 3717.6 318.1 two-coordinated free-OH (1,2)
3722.2 41.4 3722.3 67.7 two-coordinated free-OH (1,2)
3741.4 158.3 3742.6 178.8 asymmetric free-OH (3)
3741.5 83.4 3742.6 99.0 asymmetric free-OH (4)
5111 2949.7 986.8 3099.9 629.7 bonded-NH (1)
3165.1 378.5 3239.5 450.2 bonded-NH (3,4)
3208.6 913.1 3301.6 823.2 bonded-NH (3,4)
3288.2 390.1 3355.8 453.3 bonded-NH (2)
3371.3 744.8 3453.4 541.1 bonded-OH (1)
3555.6 251.2 3574.1 201.4 bonded-OH (5)
3614.4 21.7 3597.2 6.7 symmetric free-OH (2)
3634.9 375 3617.8 42.2 symmetric free-OH (4)
3635.4 23.0 3618.3 25.2 symmetric free-OH (3)
3712.4 122.8 3710.9 140.6 asymmetric free-OH (2)
3715.8 113.9 3717.7 164.3 two-coordinated free-OH (1)
3722.0 164.5 3730.2 205.3 two-coordinated free-OH (5)
3737.6 77.1 3738.6 59.4 asymmetric free-OH (3)
3738.2 168.6 3739.1 223.0 asymmetric free-OH (4)
1\ 2952.0 1364.9 3084.7 955.9 bonded-NH (4)
3274.1 438.1 3318.6 521.1 bonded-NH (1,3)
3325.0 167.5 3389.6 184.2 bonded-NH (1,2,3)
3341.0 145.0 3391.6 174.4 bonded-NH (1,2,3)
3379.5 731.3 3441.7 588.9 bonded-OH (4)
3501.5 28.0 3520.7 34.1 bonded-OH (1,2,3)
3532.0 256.1 3549.8 168.4 bonded-OH (1,2,3)
3536.5 234.4 3550.0 167.1 bonded-OH (1,2,3)
3637.8 25.6 3624.4 27.4 symmetric free-OH (5)
3708.2 202.1 3703.7 232.1 three-coordinated free-OH (1,2,3)
3708.7 209.1 3703.9 230.7 three-coordinated free-OH (1,2,3)
3710.4 22.2 3704.3 52.1 three-coordinated free-OH (1,2,3)
37119 123.1 3706.6 170.3 two-coordinated free-OH (4)
3743.6 120.1 3748.4 137.2 asymmetric free-OH (5)
5V 3202.7 77.7 bonded-NH (4)
3287.4 871.2 bonded-NH (1)
3327.8 516.1 bonded-NH (3)
3401.6 182.6 bonded-NH (2)
3431.6 707.3 bonded-OH (1)
3500.0 58.0 bonded-OH (2)
3539.4 175.1 bonded-OH (3)
3618.0 36.0 symmetric free-OH (4)
3625.9 58.2 symmetric free-OH (5)
3639.5 218.1 bonded-OH (1)
3702.7 182.2 three-coordinated free-OH (2)
3707.2 158.1 three-coordinated free-OH (3)
3737.1 147.7 asymmetric free-OH (4)

3749.9 138.5 asymmetric free-OH (5)
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TABLE 7: (Continued)

B3LYP/6-31+G* MP2/6-31+G*
species scaled frequency intensity scaled frequency intensity assignments
5VI 3066.8 568.8 3158.4 305.8 bonded-NH (3)
3160.1 746.9 3247.8 711.8 bonded-NH (4)
3255.3 509.2 3323.8 586.9 bonded-NH (1)
3330.0 205.2 3389.2 2195 bonded-NH (2)
3451.3 118.9 3482.7 103.3 bonded-OH (5)
3471.9 416.5 3503.7 309.1 bonded-OH (1)
3508.8 371.3 3534.9 277.8 bonded-OH (3)
3540.4 174.6 3549.5 137.2 bonded-OH (2)
3635.6 32.4 3618.3 35.3 symmetric free-OH (4)
3698.3 155.5 3693.1 195.4 three-coordinated free-OH (5)
3702.3 186.8 3696.0 198.8 three-coordinated free-OH (1)
3705.4 92.1 3699.5 147.4 three-coordinated free-OH (2)
3727.6 144.5 3725.0 184.5 two-coordinated free-OH (3)
3737.3 131.6 3737.8 146.8 asymmetric free-OH (4)
5Vl 3045.3 661.0 3136.9 414.3 bonded-NH (1,2)
3052.7 697.8 3169.3 573.5 bonded-NH (1,2)
3165.4 1051.0 3258.1 1101.5 bonded-NH (3)
3339.4 1157.1 3395.5 976.9 bonded-OH (4)
3403.7 493.6 3447.7 388.2 bonded-OH (1,2)
3441.5 155.6 3476.5 188.7 free-NH
3452.7 350.1 3489.5 282.3 bonded-OH (1,2)
3636.8 315 3619.8 35.0 symmetric free-OH (3)
3641.8 28.0 3626.3 314 symmetric free-OH (5)
3684.7 104.4 3678.5 140.0 three-coordinated free-OH (1)
3719.7 234.1 3714.6 294.9 two-coordinated free-OH (1,2)
3722.2 22.0 3718.0 36.3 two-coordinated free-OH (1,2)
3739.4 128.3 3739.8 146.2 asymmetric free-OH (3)
3747.0 130.1 3749.2 145.6 asymmetric free-OH (5)
5Vl 2851.0 1155.6 bonded-NH (1)
3110.0 308.1 bonded-NH (2)
3148.0 1233.1 bonded-NH (3)
3309.4 929.5 bonded-OH (2)
3331.0 636.4 bonded-OH (1)
3439.7 106.0 free-NH
3504.8 334.1 bonded-OH (4)
3634.8 41.6 symmetric free-OH (3)
3635.3 23.0 symmetric free-OH (5)
3685.9 103.9 three-coordinated free-OH (2)
37125 115.2 two-coordinated free-OH (1)
3713.7 145.5 two-coordinated free-OH (4)
3737.3 122.4 asymmetric free-OH (3)
3739.2 135.2 asymmetric free-OH (5)
51X 2898.6 1196.3 3076.5 808.4 bonded-NH (1)
3089.7 601.6 31935 532.0 bonded-NH (2)
3164.6 959.2 3270.2 963.5 bonded-NH (3)
3338.6 848.4 3442.1 665.9 bonded-OH (1)
3438.8 96.3 3488.6 124.3 free-NH
3486.3 509.3 3532.8 385.7 bonded-OH (2)
3533.8 330.5 3570.9 284.2 bonded-OH (4)
3615.4 17.0 3614.2 4.4 symmetric free-OH (5)
3636.3 30.6 3635.1 34.1 symmetric free-OH (3)
3708.1 112.9 3725.3 231.1 two-coordinated free-OH (1)
3711.9 194.2 3729.0 69.5 two-coordinated free-OH (2)
3713.6 127.4 3729.1 227.5 asymmetric free-OH (5)
3718.3 94.3 3741.0 158.1 two-coordinated free-OH (4)
3739.4 128.6 3756.5 147.2 asymmetric free-OH (3)

a2The numbering of the b-NH groups on NHfollows that of HO attached to then®. This H,O molecule acts as a double proton donor and a
double acceptor.

for hydrogen-bonded-OH stretches. Table 7 lists the calculated5VIl, 5VIII and5IX, respectively. Since isomé&WIll contains
frequencies of the NH and OH stretches of the JN{H,0)s an AA—1°H,O while the other two have AA2°H,0, the
isomers. Identification of these isomers is possible based uponminute differences between these three frequencies indicates
their characteristic stretching frequencies of -NH, b-NH, f-OH, that the free NH stretching is quite insensitive to how water

and b-OH. molecules are arranged in the first and the second solvation
B.2.1. Free-NH Stretching. Among all the NHH,0)s shells.
isomers illustrated in Figure 5, onlgVIl, 5VIII , and 51X B.2.2. Bonded-NH Stretching. Figure 6e displays the spectrum

possess a f-NH bond. The vibrational frequency of this NH of isomer 41 containing a complete hydration shell. The
stretch is 3442 (3477), 3440 and 3439 (3489) tfor isomers spectrum shows a single asymmetric b-NH stretching absorption,
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which is triply degenerate, at 3201 (3296) tmAdding the higher in frequency because of larger hydrogen bond distortion
fifth H»O to this isomer lifts up the degeneracy, giving rise to involved in these clusters. AlthoudVIl is one of the lowest
four distinct absorptions in the spectra. For isom@rs5IX, in energy, the three-coordinated f-OH stretching of this isomer
the frequencies of these symmetry-broken b-NH stretches canhas not yet been previously identified in experiméptdotably,
be either shifted to the blue or to the red of 3201 (3296)km  the three-coordinated f-OH stretching absorption, typically
depending on how hydrogen-bonding nonadditivity operates. situated at~3685 cnt', is well separated from that of the two-
Both B3LYP/6-31-G* and MP2/6-3%G* predict a similar coordinated f-OH. Both of them, furthermore, differ in frequency
propensity of frequency shifts for the b-NH stretches, although than the symmetric and asymmetric free-OH stretches of
their absolute frequencies differ. A—H,0 and AA—H,0. The distinct vibrational pattern suggests
The N—H---O; hydrogen bond in isoméil is cooperatively that infrared spectroscopy of f-OH stretches can be used as a
coupled with @—H-+-Os. This cooperative coupling causes the sensitive probe for the location of the water molecule, either
b-NH stretching of N-H---O; to resonate at a frequency about on 1°, 2°, or 3, as well as the number of coordination of each
150 cn1? lower than others. For the symmetric, ring-shaped water molecule in the clustefa3!

isomer5ll, the perturbations from°2i;0 result in a cooperative B.2.4. Bonded-OH Stretching. Vibrational predissociation
motion of b-NH with the b-OH of 1H,O. This degree of  gpectroscopic measureméngstablish that isomesl and5l|
coopergtivity, however,' is less than that Bf because the  re the two most abundant forms of MHH,0)s synthesized
perturbing AA-2°H,0 is equally shared by two °H.O in a free-jet expansion. The ring-open isordrcontains one
molecules. It gives rise to an additional 50 Thred shift in single bonded-OH whereas the ring-clogid has two; hence,
these two b-NH stretches, as compared to the other two b-NH gne and two absorptions are expected to be observed in the
bonds without ring formation. Islll, the perturbation from 1, o stretching region, respectively. Of these two isomers, the
2°H;0 s slightly more complicated. In addition to the coopera-  fequencies of the latter are higher owing to the anticooperative
tive motion between AtH---O; and Q—H---Os, the G—H--- nature of the interactions between the twe @ +-O hydrogen

O hydrogen bond is also coupled in. The stretching frequency ,,n4s in|1 . The predicted b-OH stretching frequenciestf

of _the b-NH linked to the IH,0 _(Wl) is, therefore, furth(_ar red .. 3508 (3531) and 3529 (3546) chcompared to the single
shifted to 2950 (3100) cnt, which can be compared with the frequency of 3412 (3465) cm for isomers5l. Interestingly, the
corresponding frequency of 3065 (3159) ctnfor 5. In the presence of the high-frequency doublet has indeed been

same isomer, the NH:--O, and Q—H---O, hydrogen bonds  ,nfiimed by the vibrational predissociation spectroscopy of
are anticooperative, thus yielding a stretching frequency of 3288 isomer5lI, which displays the symmetric and asymmetric b-OH

1 i _
e e ey SUelches e o coupled ALH,0 moectes 13551 an
to accoEnt for t);we frequenc pshifts gf NH stretchin yofpc?ther 3562 ont, respectivelyf* It should be noted that the similar
q y 9 b-OH absorptions also exist for isoméll , which contains an

ISOMers. identical four-membered ring. The calculated stretching frequen-

_ B.21.3. Free-OH Stretching. Our p_revic_)us ab ini_tio calcula- Gjes of them are 3496 (3521) and 3519 (3537) &malso lower
tions®® demonstrated that the f-OH vibrations o5®in water than 3553 cmt observed experimentalf.It is likely that the

clusters and on ice surfaces depend sensitively on the numbey, e restimation of these frequencies in the calculations, par-
of coordination. The f-OH stretching frequencies of 2- and ticularly in B3LYP/6-31-G*, is a result of improper choice of

3-coordinated KO can differ up to 30 cmt. In Table 7, one the scalin : . :
i . ] g factors which, determined by referring to f-OH
finds the f-OH stretching frequencies 6V, 5V1, 5V, and stretches, are too small for b-OH stretches. Nevertheless, both

i\élﬂl,_'w(;ncr: E)V(Jssessrgi]rr]e(ta gzgs ofr\]/(\;a;ianlc:_I'eguler%i[;?O, the observations and the calculations correspondingly suggest
20 (or two-coordinated p0), a 20 (orthree- o he absorption bands centering~a8550 cnt! are the

coordinated HO). Their vibrations can be described in terms .. } - T .

of symmetric and asymmetric f-OH stretching of—A;0, grEE;ELng i?]f arsgggggg';;ﬁﬁg&igbj[g?eg‘cg involving an
2-coordinated f-OH stretching of ABH,0, and 3-coordinated 2 P ) o
f-OH stretching of AAD-H,0. More importantly, they are In addition to5Il, isomer5lll also contains two cqupled
distinct in frequencies. The present calculations predict that the P-OH stretches. Compared to thatsdf the b-OH stretching of
asymmetric f-OH stretching ofH,0 (W3) in 5VII resonates ~ O1~H:**Os (Os—H:+-Oz) is lower (higher) in frequency owing

at 3739 (3740) cml, which is significantly lower than 3747 O hydrogen bond|_ng nonadditivity. The absorptions of these
(3749) cnr! of 3°H,O (W5). The similar difference can be WO stretches are situated at 3371 (3453) and 3556 (35743, cm
found for the symmetric stretches. Note that, aside from respectively. Notably, this isomer is one of the two possible
A—H,0, the AA—H,0 in isomerssIl and5lll can also display ~ candidates responsible for the experimentally observed absorp-
both symmetric and asymmetric stretches. These two vibrationaltion at 3376 cm™.%* The other candidate is isom&¥Il which
modes, however, have frequencies about 20%rad shifted has a 3-coordinated f-OH and three b-OH stretches. Due to the

from those of A-H,O because of double hydrogen-bond @additional hydrogen bond formation between AZ°H,O and

formation. A—3°H,0, the frequencies of both;©H---O4 and Q—H---
The f-OH stretching frequency of 2-coordinategHs lower Oz areé~100 cn1* red shifted from those dll . This bonding
than that of the asymmetric stretch of-&,0 by ~15 cntL. also gives rise to the third bonded-OH absorption at 3339 (3396)

This stretch has been previously found in a variety of neutral cm-* for the 2H,O molecule, which now plays a role as an
and protonated water-containing clust®&.Depending on how ~ AAD.

hydrogen bonding is accomplished in \tH,O)s, the frequen- Finally, three bonded-OH stretching absorptions can be found
cies can spread over the range of 3712 (373728 (3725) in 51X. The isomer has a water dimer and a monomer linked
cmL. As for the f-OH stretching of three-coordinateg®] the by an AA—2°H,0. As expected, the b-OH stretching frequency
frequencies obVII and5VIII are predicted to be located at of the I’H,O (W1) involving the water dimer is lower than
3685 (3679) and 3686 cm, respectively. They can be compared that involving the monomeri¢H,O (W2). The b-OH stretching
with the similar stretches diIV and5VI that are~20 cnt? of the 2H,0O (W4) molecule has the highest frequency, 3534
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TABLE 8: Hydration Energies, AH, and AG, (kcal/mol), of diminishes as increases. The estimatexE,—; , agrees with
NH4*" + nH0 — NH4"(H;0), at 298.15 K each other within 0.5 kcal/mol at = 5, indicating that the
B3LYP/6-3H-G* MP2/6-31HG* exptl B3LYP/6-31+G* approach is appropriate for predicting the
species —AH» —AG, —AHn —AGy —AH°, —AGE, stepwise hydratipn energies of clus_ters at a larger _
T 1077 1270 1850 14.68 1739.9 1142130 A '(Ij’ab!e 8 also pllsplays the dramatlc dependence of the Gibbs
ol 35.67 2107 33.85 21.04 32@2.9 10.6720.9 ydration energies on the isomeric forms of each cluster at room
2l 3296 17.60 30.36 16.55 temperature. For the model system NEH,O)s, the calculated
K] 48,72 27.06 46.81 26.20 45344.3 25.5226.4 energy is scattered over a wide range fra@, = —24.76
3l 48.09 2132 4570 20.83 (—25.14) to—32.07 -31.34) kcal/mol. The degree of scattering
3l 47.14 2463 4442 23.36 is substantially larger in- AG, than in—AH, for all the clusters
g{y 22'?3 i?'gi 4373 17.99 considered in Table 8. This finding is not unexpected since the
3V 4297 1960 39.32 17.96 entropy term involved ir-AG; is sensitive to the temperatures
41 59.44 31.44 57.68 30.44 57653 29.6230.3 as well as to the structures of the isomers. At room temperature,
411 60.05 27.23 57.68 26.31 both the B3LYP/6-3+G* and MP2/6-3%G* calculations
4l 58.78  29.12 5591 28.23 predict that isomebl, with a ring-opened form, is lowest in
i{y gg'gg ggg% 5636 24.25 Gibbs free energy. The ring-closed form is energetically favored
avi 5756 2063 5594 2060 only when the cluster is gogled off to a temperature belqw 160
aVII 5918 2564 55.77 19.33 K. Remarkably, this prediction agrees excellently well with the
4vill 56.29  21.80 recent report of Wang et #2,¢who observed a distinct isomeric
41X 57.87  27.70 54.40 25.88 transition of 51 — 5II for NH;7(H,O)s with an internal
4x 56.33 2612 5275 24.14 temperature of~150 K. Since the structures of the clusters
5l 68.62 32.07 66.24 31.34 67°%5.9 32.6232.9 . . . .
=1 7006 3043 67.82 30.05 shown in Table 8 remain unknown in tht_a hydration energy
511 67.52 27.38 6511 27.27 measurements? the experimentally determinetiH, andAG,
51V 67.20 2476 65.67 25.14 should be considered as isomerically averaged values.
5V 65.43 25.42
5VI 69.21 2510 67.42 2551 ;
5VIl 7055 30.75 67.23 28.48 Conclusions
sviib 68.12 26.21 Both the B3LYP/6-3%+G* and MP2/6-3%-G* methods have
SIX 68.97 2752 6582 26.53 been applied to investigate the geometries, energies and vibra-
aReference 2a Reference 3. tions of NH;t(H20), and its structural isomers at= 1-5.
20 Results indicate that chargéipole interactions dominate the
6 ' ’ hydration of NH* in the first solvation shell whereas the
° arrangement of water molecules in the second hydration shell
= 15¢ 8 . is predominantly determined by the interactions betweehQ
£ ] dipoles and the O electron lone pairs 6H2O. There is no
§ 1ok g E | abrupt change iM\H,-1, at n = 4 and 5 as the stepwise
< hydration energiesAH,-1,,) decrease monotonically with The
%f prediction is in line with previous thermochemical measure-
vo5r . ment$-3and the recent spectroscopic identification of structural
isomers an > 4 by Wang et af. The emergence of structural
0 | ‘ : . s isomers ah = 4 can be attributed to the fact that the strength
ot 2 3 4 5 6 of the interaction between the ion core and the solvent molecules
Scivation number, n is comparable to that between solvent molecules as the second
Figure 7. Calculated stepwise hydration energiesEf-1,) of the hydration shell starts to form.
lowest energy isomers of Nf(H;0).-s using B3LYP/6-3%+G* (O) Dependence of the OH stretching frequency shifts on the

and MP2/6-3%G* (0). solvation number in Nt (H20), has been scrupulously inves-
(3571) cnt?, of the three since it experiences HB anticooper- tigated in this study. The results indicate that the free-OH

ativity and is situated furthest away from the ion core. stretches, in addition to bonded-OH stretches, contain such
C. Thermodynamics.Table 8 compares the experimentally  useful structural information that-AH,0, AD—H,0, AA—H0,
measured and the ab initio calculated\H,, and—AG,, of the and AAD—H,O can be identified on the basis of their

reaction NH* + nH,O — NH,4*(H,0),. Detailed comparison  characteristic free-OH stretching frequencies. While much
between them reveals that B3LYP/6-8G* often yields larger structural information is expected to be extracted from b-NH
values, whereas MP2/6-31G* yields values in better agreement  stretches, unfortunately, the experimentally observed spectra are
with the measurements. At= 1, the variation in experimental ~ congested in this regiof®, disallowing unambiguous spectral
measurements is large, up to 2.6 kcal/mol. The predicted MP2/assignments.

6-31+G* value falls within this uncertainty range, but B3LYP/ The present calculations reveal that the geometries, interaction
6-31+G* significantly overestimates the interaction energy. As energies and vibrational frequencies of the clusters are strongly
for clusters ofn = 2—5, the MP2/6-3%G* calculations for influenced by the hydrogen bond cooperative effect. The
the lowest energy isomers agree well with the measurements,cooperative interactions, with the bridging molecule acting both
which have an experimental uncertainty of less than 1 kcal/ as a proton donor and as an acceptor, can greatly enhance the
mol; however, the B3LYP/6-3tG* values remain slightly strength of the involved hydrogen bonds. This enhancement,
overestimated. Figure 7 illustrates the evolution of the hydration lengthening the b-NH (b-OH) bonds but shortening theHN
energies predicted by B3LYP/6-3G* and MP2/6-3%+G* as O (O—H---0O) distances, results in a larger frequency red shift
a function ofn. Noticeably, the difference in prediction between in the b-NH (b-OH) stretches, as compared to the noncoopera-
these two methods for the lowest energy isomers gradually tive case. On the contrary, in anticooperative systems where
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the bridging molecule acts as a double proton donor or as a
double acceptor, the b-NH (b-OH) bond lengths are substantially

decreased, and the-NH---O (O—H---O) distances are, accord-
ingly, increased.

We conclude from systematic comparisons of the present

calculations that MP2/6-3#G* is a better method than B3LYP/
6-31+G* in predicting the interaction energy of NHand HO.

It yields results in close agreement with the measurements

whereas the B3LYP/6-31G* calculations tend to overestimate

the interaction energies. The MP2 method, however, is disad-
vantageous in that it requires more disk space when calculating

the vibrational frequencies of larger clusters. The B3LYP/6-
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