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The optimal structures and harmonic vibrational frequencies of water complexes with NHg,
PH;, AsH3; have been determined by the Restricted Hartree—Fock (RHF) and second order Moller—
Plesset perturbation theory (MP2) with augmented correlation consistent double zeta basis set for
NH;—H,0O, PH;—H,O complexes and 6-31++G(d, p) basis set for AsH;—H,O. At the MP2 level, this
basis set yields very accurate results for the structure, dipole moment, and harmonic vibrational
frequencies of water monomer. Analysis of the structural trends revealed that the separation between
the neighboring oxygen atom and the X (N, P, As) atom increases in the row from N to As. The
harmonic vibrational frequencies corresponding to OH, (“bridge” hydrogen) stretches show large red
shift by 224 cm™ for the NHs;—H,O complex, but for PH;—H,O and AsH;—H,O these shifts are
about 20 cm™. The intensities corresponding to the OH, stretches increase several orders of
magnitude as a result of H-bonding. The intensity patterns are analyzed by means of electronic
density redistribution, which reveals that intensification of the proton donor stretch is chiefly due to
the increasing charge flux associated with H-bond formation.
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Introduction

Ammonia is of greatest interest for ordinary
atmospheric chemistry. Such hydrides as PH; and
AsH; may present in trace amounts in the
atmosphere. The structure of the T,T...NH; was
studied for the first time by the method of rotational
spectroscopy in Refs. 1 and 2. The spectra in the
microwave and far infrared regions (36—86 and 520—
800 GHz, respectively) of the water—ammonia
complex were studied in Ref. 3. Almost free rotation
of the NH; molecule in the complex with the barrier
of (10.5 + 5.0) cm~ were observed experimentally, as
well as the T, T tunneling effect leading to exchange
of two protons in the water molecule with the barrier
of 700 cm™. Fine spectral effects in the region of
NH; umbrella mode at 1021 cm™ were studied with
a specialized IR spectrometer in Ref. 4. The observed
set of vibrationally averaged rotational constants of the
complex is better described by the presence of the
“bent” intermolecular hydrogen bond in the complex
(deviation of 10° from the linear configuration).

The T,T...NH; complex in low-temperature
matrices was studied by the IR spectroscopic method
in the region of 4000—300 (Ref. 5) and 4000—10 cm™—*
(Ref. 6). The longwave shift Avyy of the v; and v,
water bands in the T,T — NH; complex as compared
to the corresponding values of the free water molecule
almost twice exceeds that for the water dimer.” Based
on the almost linear dependence between enthalpy of
complex formation AT and the value of Avyy for the

series of proton acceptors at the same donor, we can
assume that AT; for this complex will be roughly
twice as large as that for the water dimer, that is,
(—5.2 +1.5) kcalfhol™ (Ref. 8). In Ref. 6 the principal
attention was paid to analysis of low-frequency bands
of intermolecular vibrations in the complex, and the
bands nearby 19.5 cm™ was assigned to the torsion
vibration of the linearly (N...T—T) H-bonded water
molecule around the symmetry axis of the complex,
while the ammonia molecule remains fixed relative to
the matrix. Stockman et al.® have assigned this
band, taking into account the results of microwave
and IR spectroscopic studies of this complex in the
gas phase, to the rotation-torsion transitions of the
water molecule lying between 20 and 22 cm™. In
Refs. 9, 10, and 12—16 the potential surface of the
I,T1...NH; complex and its vibrational spectrum
were studied by quantum-chemistry methods.

The complexes of hydrides of elements belonging
to the VA group of the low-lying periods (PHs,
AsH3) with water in the gas phase are still almost
unstudied. In Ref. 11 the comparative calculation of
the structure and energy of the T,I...NH; and
I,1...PH; complexes was performed (Table 1, where
R =00..N, r =00—H;, 6 = OH—0...X; AE is the bond
energy with allowance for the electronic correlation
calculated by the MP2 method; AHC is the enthalpy of
the formation process). The strength of the complex
with participation of phosphine is several times lower
than that of the complex with participation of
ammonia.

Table 1. Geometry and energy parameters of complexes

¢] DA, MP2, AHC,

Complex Basis set R,A|l r A deg keal/mol kcal/Zmol Ref.

H,O...NH, | 6-31G++(2d, 2p) 3.039 0.955 2.3 —6.6 —4.7 17

6-31G**+VP5(2d) 3.096 0.930 4.6 —6.48 —4.16 18

H,O...PH; | 6-31G++(2d, 2p) 3.918 0.949 3.0 —2.2 —0.8 19
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In this paper we theoretically investigate the
complexes of NH; and PH; in the augmented
correlation consistent double zeta basis set aug-cc-
pvDZ, calculate the structure and energy
characteristics of the AsH; complex in the 6-31G(d, p)
and 6-31++G(d, p) basis sets, determine the
vibrational frequencies of the complexes considered,
and analyze the main spectroscopic manifestations at
H-bonding.  Calculations are performed using
Gaussiana-98, Restricted Hartree—Fock (RHF) and
second order Moller—Plesset perturbation theory
(MP2) (Ref. 24).

Theory

Vibrational analysis in ab initio
calculations

Mass-weighted Hessian and diagonalization

Let us begin our study from the determination
of the Hessian matrix fcart, Which includes second
partial derivatives of the potential VV with respect to
displacement of atoms in the Cartesian coordinates
(CART):

Y
fear; = (m}o : @

It is the 3N x 3N matrix (N is the number of atoms),
where &;, &, &3, ..., {3 are used for displacements in
the Cartesian coordinates, Ax,y, Ay, Azy, ..., Azy. The
designation ()q refers to the fact that the derivatives
are taken at the equilibrium positions of the atoms,
and that the first derivatives are zero. Then these
force constants are converted to the mass-weighted
Cartesian coordinates:

fearT, 02v
f = U = s 2
MWE,; Jmim; [GQiGQj ]0 @

where ¢, = \/ﬁ&l :\/EAXLQZ :\/ml 2 :\/HAYM and
so on are the mass-weighted Cartesian coordinates.
The matrix fywc is diagonalized, yielding a set of 3N
eigenvectors and 3N eigenvalues. The eigenvectors,
which are the normal modes, are discarded; they will
be calculated again after the rotation and translation
modes are separated. The roots of the eigenvalues are
the fundamental frequencies of the molecule. They
are converted to cm~. In general, the frequencies for
rotation and translation modes should be close to
zero. If there is a transition state or a higher order
saddle point, then there will appear some negative
frequencies.

Determination of the principal axes of inertia

The center of mass (Rcowm) is found in the usual
way:
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|:\>COM = Zmuru/zmm (3)

where the sums are over the atoms a. The origin is
then shifted to the center of mass rcom, = r« — Rcowm-
Next we have to calculate the moments of inertia
(diagonal elements) and the products of inertia (off-
diagonal elements) of the moment of inertia tensor (1):

I,y IZy 1,
YoMV +25) XM gYe) ) Ma(XeZy)
= Q-Zma(yaxa) Z(:na(xc’i +22) —imu(xazu) (4
—%ma(zaxa) iZma(zayu) z:na(xé +Y2)

This symmetric matrix is diagonalized, yielding

the principal moments (the eigenvalues ') and a
3 x 3 matrix (O) which is made up of the normalized
eigenvectors of 1. The eigenvectors of the moment of
inertia tensor are used to generate the vectors
corresponding to translation and infinitesimal
rotation of the molecule.

Separation of rotation and translation motion

Consider generation of the transformation of D
from the mass-weighted Cartesian coordinates to a set
of 3N coordinates, where rotation and translation of
the molecule are separated, leaving 3N — 6 or
3N — 5 modes for vibrational analysis.

The three vectors (D;, D,, D3) of length 3N
corresponding to translation are trivial to generate in
the Cartesian coordinates (Sayvetz relationship).
They are just Jm_, times the corresponding coordinate

axis. For example, for my =1 and mg = 16 the
translational vectors are

D, = (1,0,0,4,0,0,1,0,0)",
D, = (0,1,0,0,4,0,0,1,0)",
D; = (0,0,1,0,0,4,0,0,1)".

The vectors corresponding to rotational motion of
atoms in the Cartesian coordinates can be written as

Daji = [(Py)i X3 — (P)i X;217(m)*?,
Dsj.i = [(P2)i Xj1 — (P Xja1/(m)%,  (5)
Dgj,i = [(Px)i Xj2 — (Py)i Xj,l]/(mi)llz,

where j =X, vy, z; i is over all atoms, and P is the
dot product of R (the coordinates of the atoms with
respect to the center of mass) and the corresponding
row of X. The next step is to normalize these vectors
using the reciprocal square root of the scalar product.
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A Schmidt orthogonalization is used to generate
Nyi, = 3N — 6 (or 3N — 5) remaining vectors, which
are orthogonal to the five or six rotational and
translational vectors. The result is the transformation
matrix D, which transforms from the mass-weighted
Cartesian coordinates g to the internal coordinates
S = D q, where rotation and translation have been
separated.

Hessian transformation to internal coordinates
and diagonalization

When transforming the Hessian fywce to the new
internal coordinates (INT), only the N,;, coordinates
corresponding to internal coordinates will be
diagonalized, although the full 3N coordinates are
used to transform the Hessian. The transformation is
straightforward:

fint = Df fuwe D. (6)

The Nyip X Nyip submatrix of fyr, which represents
the force constants in internal coordinates, is
diagonalized yielding Ny, eigenvalues A = 4®v and
N.i, eigenvectors. If we call the transformation
matrix composed of the eigenvectors L, then we have

LT fint L = A, )

where A is the diagonal matrix with eigenvalues A;.
Then the eigenvalues need to be converted into

frequencies in units of wavenumbers. First we change

from frequencies v; to wavenumbers v; via the

relationship v; = v; i, where i is the speed of light.

Solving A = 41°v2 {i* for v2, we obtain

;= A Z (418 . )

The rest is simply applying the appropriate
conversion factors: from a single molecule to a mole,
from hartrees to joules, and from atomic mass units
to kilograms.

Combining Egs. (6) and (7), we arrive at

Lt DT fnr DL=A= IMWCT fuwe Imwe, ®

where | = DL; Iywc is determined from calculation
of lcart. The elements of the matrix T are
determined as

Mi,i = 1/\/m_, (10)

i runs over the x, y, and z coordinates for every
atom. The individual elements are given by

3N D L.
lcagt,, = Z[ ;’mf‘] (11)
il

J

The column vectors of these elements, which are
normal modes in the Cartesian coordinates, are used
for calculating a number of spectroscopic properties,
including IR intensities. First of all, once normalized
by the procedure described below, they are
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displacements in the Cartesian coordinates. Each of
the 3N elements of lcagr, is scaled by normalization

factor N; for that particular vibrational mode. The
normalization is defined by

(12)

The reduced mass W; for the vibrational mode is
calculated in a similar way:

-1

3N 1 3N Iwe. - 2
i = 12 » = kG =
I [Zk: CART.] Zk:[ \/mT ]
[ (Rwe || _ (13)
DY e 3

k i}

Note that since D is orthonormal, and we can
choose L to be orthonormal, then | is orthonormal as
well (Since DD =1, LTL =1 then It 1= (DL)?
DL=LTDDL=LT1L =1).

There is a difference between the reduced mass
calculated in the ab initio program and the one
calculated wusing the formula usually used for
diatomic molecules:

1/p=1/m; + 1/mj,. (14)

Ab initio programs (like GAUSSIAN) use Ii,.wcki
rather than 1. Using the elements of lywc gives
consistent results for polyatomic cases, and
automatically takes symmetry into consideration.

Simple extending the formula (14) to 1/u = 21/m;
would incorrectly yield the same reduced mass for
every mode of a polyatomic molecule.

The coordinates used to calculate the force
constants, the reduced mass and the Cartesian
displacements all are self-consistent. The force

constants k; are written as k; = 4n?v2y;, since

o1 [
2nVp;

The force constants are converted from atomic
units to millidyne/Zangstrém.

Discussion

Energy stability of XH;—H,O
(X =N, P, As) complexes

The geometry structure of the complexes XHsz;—
H,O (X = N, P, As) (symmetry C,) with the energy of
interaction between monomer molecules (MP2/aug-cc-
pvDZ): AA =-6.96 kcal/mol (X =N); AA=
=—2.83 kcal/mol (X=P), and (TP2/6-31++G(d,p):
AA = —7.84 kcal/mol (X = N); AA = — 3.35 kcal/mol
(X=P); AA=-371kcal/mol (X =As), the
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corresponding absolute minimum configuration on the
potential energy surface (PES) has a bent
intermolecular H-bond (for X = N, P the deviation
from linearity is 010°, which agrees with the data of
Ref. 4). In the case of the AsH;—H,O complex, it is
possible to speak about almost quasilinear H-bond
(0 2°). The complexes of elements of the VA-group of
low-lying periods (PHs;, AsH3) are less stable as
compared to the complex with participation of
ammonia.

In formation of complexes, we can notice the
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parameters of NH; remain unchanged, while the
water molecule is characterized by elongation of the
T0H, bond (taking part in the formation of H-
bonding) by 0.01 A and increase of the valence angle
by 1.5°; for the PH;—H,O complex one can see
(Tables 2—4) insignificant elongation (0.003 A) of
the BT bond and increase of the HPH angle by 1°, for
the water molecule in the complex no significant
changes occur in the bond lengths and valence angles;
for AsH;—H,O (Tables 2, 5, and 6) we can see
increase in the valence angle HAsH by 1°, the AsH

following structure changes in the monomers bond length remains almost unchanged, and for water
(Tables 2—4): for NHz;—H,O the intramolecular molecule only T I, changes by 0.01 A.
Table 2. Geometry and energy parameters of H,O
Method RHF/ RHF/ MP2/ MP2/

Parameter 6-31++G(d, p) | aug-cc-pVDZ | 6-31++G(d, p) | aug-cc-pvVDZ

—E, a.u. 76.031309 76.041843 76.233376 76.260910

u, D 2.2259 1.9636 2.2774 2.0162

R(OH), A 0.943 0.944 0.963 0.966

OHOH, deg 107.2 106.0 105.3 103.9

Note. R(OH) = 0.957 A; OHOH = 104.5°; u = 1.854 (Ref. 23).
Table 3. Geometry and energy parameters of PH; and NH;
Method RHF/ MP2/ Method RHF/ MP2/
Parameter aug-cc-pVDZ| aug-cc-pVDZ | Parameter aug-cc-pVDZfaug-cc-pvVDZ
PH3 (Nav) NH; (Nsv)

—E, a.u. 342.472369 342.614054 |—E, a.u. 56.205590 56.404890
y, D 0.7676 0.7125 u, D 1.5822 1.6413
R(PH), A 1.418 1.427 R(NH), A 1.004 1.020
OHPH, deg 95.5 93.7 OHNH, deg 107.5 106.3
OH1HsP,H,, deg 96.17 94.0 OH1H3N,H,, deg 115.6 113.0
R(PH)®™ = 1.412, A R(NH)®™ = 1.02, A
OHPH® = 93.6° OHNH®P = 107.3°

Table 4. Geometry and energy parameters of the complexes NH;— ;T and PH;—T,T

Method RHF/ MP2/ Method RHF /7 MP2/
Parameter aug-cc-pvVDZ | aug-cc-pVDZ |Parameter aug-cc-pvDZ | aug-cc-pvVDZ
NH—T,T (Ny) PHs—T,T (N,)
—E, a.u. 132.255238 132.676888 | —E, a.u. 418.516763  418.879471
u, D 3.4456 3.8783 u, D 2.7326 2.6862
R(NH), A 1.004 1.02 R(PH), A 1.417 1.424
OHNH, deg 107.4 106.4 OHPH, deg 96.2 94.8
105.4 106.3 96.0 94.7
105.4 106.3 96.0 94.7
OHOH, deg 106.1 104.5 OHOH, deg 105.8 104.0
R(THy), A 0.943 0.965 R(THy), A 0.943 0.966
R(OHy), A 0.951 0.979 R(OHy), A 0.946 0.970
R(N..O), A 3.087 2.939 R(P..O), A 3.919 3.599
OHNHy, deg 120.8 120.5 OHPH,, deg 127.0 129.3
106.6 108.2 117.3 116.1
106.6 108.2 117.3 116.1
ONH,O, deg 172.7 170.7 OPH,O, deg 177.5 168.0
OH;NOH;s, deg | —123.3 123.4 OH;POHy, deg | 123.1 125.0

Note. R(N..H)exp = 2.983 A (Ref. 21).
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Table 5. Geometry and energy parameters of AsH;

207

Method RHF /7 RHF 7 MP2/ MP2/
Parameter 6-31G(d, p) 6-31++G(d, p) | 6-31G(d, p) | 6-31++G(d, p)
—E, a.u. 2233.718274 2233.734738 2233.718107 2233.854811
u, D 0.5571 0.5943 0.5035 0.5462
R(AsH), A 1.501 1.491 1.505 1.494
OHAsH, deg 93.7 93.7 92.2 92.455
OH:1HsAs;H,, deg 93.9 94.0 92.3 92.565

Note. R(AsH) = 1.511 A, OHAsH = 92.1° (Ref. 20).
Table 6. Geometry and energy parameters of AsH;—H,O
Method RHF /7 RHF /7 MP2/ MP2/
Parameter 6-31G(d, p) 6-31++G(d, p) | 6-31G(d, p) | 6-31++G(d, p)
—E, a.u. 2309.745989 2309.770621 2310.062612  2310.094099
u, D 2.6204 2.8194 2.3297 2.902
R(AsH), A 1.499 1.489 1.501 1.492
OHAsH, deg 94.6 94.3 92.1 93.1
94.9 94.7 93.2 93.5
94.9 94.7 93.2 93.5
OHOH, deg 105.7 106.9 103.5 105.1
R(THy), A 0.943 0.943 0.962 0.963
R(OHy), A 0.944 0.945 0.962 0.966
R(As..0), A 4.037 3.960 3.902 3.781
OHAsH,, deg 141.9 129.8016 175.0 130.8
110.4 117.8 89.7 118.6
110.4 117.8 89.7 118.6
OAsH,O, deg 177.3 178.0 176.7 178.1
OH;AsOH;s, deg 128.6 124.2 133.9 124.5

Intermolecular vibrations of O T,— 1,1
complexes

Analysis of normal modes of the NH3;—H,O
complex shows that the smallest vibrational
frequency of 41 cm™ (A") can be assigned to the
torsion vibration of the NH; group, while the
frequency of 187 cm™ (A") can be assigned to the
torsion vibration of the H,O molecule. The frequency
of 176 cm™ (A") corresponds to stretching of the H-
bond (N..O). The vibrational frequency of 201 cm™
(A is determined by bending mode of the NHj
proton acceptor. The frequencies of 447 (A") and
727 cm™! (A") can be assigned to bending vibrations
of the H,O proton donor.

Analysis of normal mode frequencies of the
PH;—H,O complex shows that the frequency of
23 cm™ (A") can be assigned to the torsion vibration
of the H,O molecule, while the frequency of 78 cm™
(A") can be assigned to the torsion mode of the PH4
group. The frequency of 93 cm™ (A") is connected
with the bending mode of the PH; proton acceptor.
Stretching of the H-bond (P..O) corresponds to the
frequency of 106 cm™ (A'). The frequencies of 245
(A) and 397 cm™ (A") can be assigned to the
bending modes of the H,O proton donor.

For the AsH;—H,O complex, the frequency of
20 cm™ (A") can be assigned to the torsion vibration

of the AsH; group, and the frequency of 122 cm™

(A") — to the torsion vibration of the water molecule.
Stretching of the H-bond (As..O) corresponds to the
frequency of 74 cm™t (A'). The frequencies of 237
(A) and 419 cm™ (A") can be assigned to bending
vibrations of the H,O proton donor.

Intramolecular vibrations of OT;—1,
complexes

Intramolecular bending vibrations of the NH;
group in the NH;—H,O complex occur at the
frequencies of 1110 (A'), 1645 (A') and 1647 cm™
(A"), and the stretching vibrations at 3476 (A"), 3627
(A", and 3629 cm™ (A). The frequencies of 1662
(A", bending vibration) and 3579 cm™ (A’) can be
assigned to intramolecular vibrations of the water
molecule; 3895 cm™ (A") corresponds to the bending
vibrations of TT.

The frequencies of 1007 (A"), 1152 (A"), and
1153 cm™ (A") are assigned to intramolecular
bending vibrations of the PH; group of the PH;—
H,O complex, while the frequencies of 2465 (A'),
2483 (A"), and 2486 cm™' (A") are assigned to
stretches. The intramolecular vibrations of the water
molecule are characterized by the frequencies of
1629 cm™ (A', bending vibration) and 3751 cm™*
(A); 3908 cm™ (A") corresponds to T T stretches.



208 Atmos. Oceanic Opt. /March 2003/ Vol. 16, No. 3

The intramolecular bending vibrations of the
AsH; group in the AsH;—H,O complex have the
frequencies of 1029 (A'), 1242 (A'), and 1243 cm™
(A"), while the stretches have the frequencies of 2454
(A), 2477 (A'), and 2459 cm™* (A"). The frequencies of
1747 cm™ (A", bending) and 4130 cm™ (A’) can be
assigned to intramolecular modes of the water molecule;
4253 cm™* (A') corresponds to T T stretches.

Significant changes in the frequencies of
intramolecular vibrations at H-bonding were observed
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in proton donor, namely, the TTI, bond (OH, —
X .. O—Hy, O—H; — free valence bond) of the water
molecule: for the NH;—H,O complex the
displacement Aw = 224 cm™' with a considerable
intensity increase (see Tables 7—9). With a decrease
of the interaction energy in the PH;—H,O and
AsH;—H,O complexes, these displacements are not so
large (020 cm™), but the increase in the band
intensity is observed, though not so large as in the
NH;—H,O complex.

Table 7. Vibrational frequencies of NH;, PH; AsHj;

w, cm™ (A, km/mol)
Molecule
NH; PH; AsH;
Experiment® RHF |  MP2 RHF | MP2 RHF
NH; | PH; | AsH3 aug-cc-pvDZz aug-cc-pvDZ 6-31G(d,p) |6-31++G(d,p)
950 |992 |906 |1104 (172) 1046 (131) 1091 (25) 1008 (18) 1022 (46) 1103 (47)
1628 | 1122 | 999 |[1766 (18) 1649 (13) 1224 (17) 1152 (18) 1155 (21) 1241 (22)
1628 | 1122 | 999 |[1767 (18) 1650 (13) 1224 (17) 1152 (13) 1155 (21) 1241 (22)
3337 | 2323 | 2115 | 3686 (1) 3480 (5) 2525 (40) 2452 (34) 2428 (67) 2443 (156)
3444 | 2328 | 2126 | 3816 (5) 3634 (5) 2528 (87) 2469 (59) 2431 (141) 2444 (156)
3444 | 2328 | 2126 | 3820 (5) 3636 (5) 2528 (87) 2469 (59) 2431 (141) 2461 (85)
Table 8. Harmonic vibrational frequencies of the water molecule , in cm™
Method RHF 7/ RHF /7 MP2/ MP2/ . 20
Experiment
Symmetry /6-31++G(d, p)|/aug-cc-pVDZ|/6-31++G(d, p)| Zaug-cc-pvVDZ
A; 1728 (114) 1744 (93) 1679 (78) 1622 (67) 1648
A; 4145 (20) 4130 (14) 3912 (4) 3803 (4) 3832
B, 4268 (90) 4237 (88) 4050 (34) 3938 (67) 3943

Table 9. Vibrational frequencies of NHz—T,T, PH;—T,T, AsH;—H,O complexes

®, cm™ (A, km/mol)

NH:—T,1 PHs—T,T AsHz—H,0O
RHF | MP2 RHF | MP2 RHF
aug-cc-pvDZ aug-cc-pvDZ 6-31G(d,p) |6-31++G(d,p)
Frequencies of intermolecular vibrations
50 (82) 41 (71) 20 (98) 23 (86) 15 (88) 20 (125)
150 (6) 176 (19) 67 (1) 78 (14) 47 (9) 74 (0)
172 (39) 187 (40) 88 (21) 93 (16) 61 (8) 103 (10)
176 (50) 202 (35) 93 (5) 106 (7) 72 (0) 122 (9)
404 (94) 447 (83) 209 (75) 245 (79) 176 (103) 237 (109)
642 (141) 727 (90) 332 (106) 397 (52) 294 (169) 419 (142)
Frequencies of intramolecular vibrations

1167 (183) 1110 (138) 1090 (35) 1007 (30) 1014 (58) 1029 (61)
1766 (20) 1645 (42) 1223 (15) 1152 (10) 1148 (19) 1243 (19)
1766 (50) 1647 (16) 1224 (17) 1153 (12) 1148 (23) 1243 (25)
1776 (38) 1662 (11) 1752 (67) 1629 (31) 1781 (85) 1747 (84)
3683 (0) 3476 (0) 2534 (41) 2465 (33) 2437 (76) 2454 (130)
3811 (10) 3579 (547) 2538 (69) 2483 (44) 2443 (107) 2459 (128)
3813 (9) 3627 (12) 2540 (70) 2486 (41) 2444 (119) 2477 (78)
4017 (332) 3629 (11) 4110 (87) 3751 (154) | 4142 (51) 4130 (90)
4208 (111) 3895 (85) 4223 (154) 3908 (154) 4256 (112) 4253 (159)
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Redistribution of electron density
at H-bonding

Consideration of the electron density distribution
at formation of complexes (Fig. 1) shows that for the
NH;—H,O complex not only the intramolecular
charge redistribution (charge flux of — 0.045e from
the T atoms to the N atom of the NH; group, for the
water molecule) from the T, atom to the T and T
atoms + 0.11le is observed, but also the
intermolecular charge flux from NH; to H,O AQ =0.07e.

C

Fig. 1. Geometry structure and changes of the total charge
Q at formation of NH;—H,O (a), PH;—H,O (b), and
AsH;—H,0O (c) complexes.

For the PH;—H,O complex the intermolecular charge
flux is insignificant AQ =0.001e, and inside the PH;
group the following charge redistribution occurs:
charge flux of + 0.035e from the T atoms to the
P atom, and for the water molecule — charge flux of
+ 0.044e from the T, atom to the T and T; atoms.
The AsH;—H,O complex is also characterized by
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lower intermolecular charge flux as compared with
the NH;—H,O complex — AQ = 0.025e, the charge is
transferred from the AsH; group to H,O, and
intramolecular charge redistribution is the following:
the electron density of + 0.008e is transferred from
the T atoms of the AsH; group to the As atom and
—0.002¢ is transferred from the oxygen atom of the
water molecule to the T, atom. The high charge flux
in the NH;—H,O complex determines the largest
increase in the intensity of T T, vibration.

Conclusion

Harmonic vibrational frequencies corresponding
to the OH, (the T atom of the hydrogen bridge)
stretch are characterized by the largest red shift —
224 cm™ for the NH;—H,O complex, while for PH;—
H,O and AsH;—H,O these shifts are about 20 cm™.
The intensities corresponding to the T, stretch
increase by several orders of magnitude at H-bond
formation. Analysis of intensity variations through
consideration of electron density redistribution reveals
that the increase in the intensity of the stretching
vibration of the proton donor is primarily determined
by the increase in the charge flux at T-bond
formation.

References

1. AJ. Fillery-Travis, A.C. Legon, and L.C. Willoughby,
The structure of NH;—H;O, Proc. Roy. Soc. London.
A 396, 405—411 (1984).

2. P. Herbine, T.A. Hu, G. Johnson, and T.R. Dyke, The
structure of NHs;—H.S and free internal rotational effects,
J. Chem. Phys. 93, No. 8, 5485—5495 (1990).

3. P.A. Stockman, R.E. Bumgarner, S. Suzuki, and
G.A. Blake, Microwave and tunable far-infrared laser
spectroscopy of the ammonia—water dimer, J. Chem. Phys.
96, No. 4, 2496—2510 (1992).

4. G.T. Fraser and R.D. Suenram, Perturbations in the
infrared spectrum of the NH; umbrella mode of
HOH—NH3;, J. Chem. Phys. 96, No. 10, 7287—7297 (1992).
5. Engdahl and B. Nelander, The intermolecular vibrations
of the ammonia water complex. A matrix isolation study,
J. Chem. Phys. 91, No. 11, 6604—6612 (1989).

6. Nelander and L. Nord, Complex between water and
ammonia, J. Phys. Chem. 86, No. 22, 4375—4379 (1982).
7. G.A. Yeo and T. Ford, Struct. Chem. 3, 75—82 (1992).
8. G.C. Pimentel and A.L. McClellan, Study of ammonia
complex, Ann. Rev. Phys. Chem. 22, 349—353 (1971).

9. H.A. Gebbie, W.J. Burroughs, J. Chamberlain,
J.E. Harries, and R.G. Jones, Dimers of the water
molecule in the earth’s atmosphere, Nature (Gr. Brit.) 221,
143—145 (1969).

10.Z. Latajka and S. Scheiner, Energetics, and vibrational
spectrum of NH;..HOH, J. Phys. Chem. 94, No. 1, 217—
227 (1990).

11.H.S. Rzepa and Min Yan Yi, Ab initio study of
H,O..NH; and H,0O..PH;, J. Chem. Soc. Perkin Trans. 2,
943—954 (1990).

12.C.S. Dykstra and L. Andrews, Structures, stabilities,
and intermolecular vibration frequencies of small ammonia
complex by molecular mechanics for clusters analysis, J.
Chem. Phys. 92, No. 10, 6043—6048 (1990).



210 Atmos. Oceanic Opt. /March 2003/ Vol. 16, No. 3

13.E.L. Coitino, O.N. Ventura, and R.M. Sosa, J. Mol.
Struct. 254, 315—320 (1992).

14.G.A. Yeo and T.A. Ford, Ab initio molecular orbital
calculations of the infrared spectra of complexes of water,
ammonia and hydroxylamine. Part 10. The intermolecular
modes, J. Mol. Struct. 266, 183—204 (1992).

15.E.C. Vauthier, V. Barone, C. Minichino, and S. Fliszar,
Can. J. Chem. 68, 1233—1239 (1990).

16.J.E. Del Bene, Ab Initio Molecular Orbital Study of
the Structure and Energetics of Neutral and Changed
Biomolecular Hidrides, AH, (A =N, O, F, P, S, and CI),
J. Phys. Chem. 92, No. 10, 2874—2880 (1988).

17.R.C. Cohen and R.J. Saykally, Extending the
Collocation Method to Multidimensional Molecular
Dynamics: Direct Determination of the Intermolecular
Potential of Ar—H,O from Tunable Far-Infrared Laser
Spectrum, J. Phys. Chem. 94, No. 20, 7991—8000 (1990).
18.J.J. Novoa, B. Tarron, and L.M. Myung-Hwan
Whangbo, Interaction energies associated with short
intermolecular contacts of C—H bonds. Ab initio
computational study of the C—H...O contact interaction in
CH,..OH,, J. Phys. Chem. 95, Iss. 7, 5179—5186 (1991).
19.J. Novoa and F. Mota, Substituent effects in
intermolecular C(sp®)—H...O(sp®) contacts: how strong can
a C(sp®)—H...O(sp®) hydrogen bond be? Chem. Phys. Lett.
266, Iss. 1—2, 23—30 (1997).

N.A. Zvereva

20.K.S. Krasnov, ed., Molecular Constants of Inorganic
Compounds (Khimiya, Leningrad, 1979), 446 pp.

21.P. Herbine and T.R. Dyke, Rotational spectra and
structure of the ammonia—water complex, J. Chem. Phys.
83, No. 8, 3768—3774 (1985).

22.W.S. Benedict, N. Gailar, and E.K. Plyler, J. Chem.
Phys. 24, 1139—1143 (1956).

23.S.S. Xantheas and T.H. Dunning, Ab initio studies of
cyclic water clusters (H;O),, n=1-6. I. Optimal
structures and vibrational spectra, J. Chem. Phys. 99,
No. 11, 8774—8792 (1993).

24.M.J. Frisch, G.W. Trucks, H.B. Schlegel, G.E. Scuseria,

M.A. Robb , J.R. Cheeseman, V.G. Zakrzewski,
J.A. Montgomery, Jr., R.E. Stratmann, J.C. Burant,
S. Dapprich, J.M. Millam, A.D. Daniels, K.N. Kudin,

M.C. Strain, O. Farkas, J. Tomasi, V. Barone, M. Cossi,
R. Cammi, B. Mennucci, C. Pomelli, C. Adamo, S. Clifford,
J. Ochterski, G.A. Petersson, P.Y. Ayala, Q. Cui,
K. Morokuma, D.K. Malick, A.D. Rabuck, K. Raghavachari,
J.B. Foresman, J. Cioslowski, J.V. Ortiz, B.B. Stefanov,
G. Liu , A. Liashenko, P. Piskorz , 1. Komaromi, R. Gomperts,
R.L. Martin, D.J. Fox, T. Keith, M.A. Al-Laham, C.Y. Peng,
A. Nanayakkara, C. Gonzalez, M. Challacombe, P.M.W. Gill,
B.G. Johnson, W. Chen, M.W. Wong,  J.L. Andres,
M. Head-Gordon, E.S. Replogle, and J.A. Pople, Gaussian
98, Revision A. 3 (Gaussian, Inc., Pittsburgh PA, 1998).



