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A theoretical study of charge transfer (CT) characteristics in nitrate;jN@hion—water complexes is
presented, together with those for the halides, €, and Br, for comparison. The relation between the
vibrational frequency red shifts of the hydrogen (H)-bonded OH stretches and CT from the anion to the water
molecule, established in previous work for the one-water complexes of the halides, is studied for both the
one- and six-water nitrate complexes and is extended to the six-water case for the halides:Ha®Ghe

water molecule receives about as much charge as that #HBD. In a result consistent with aqueous phase
infrared experiments [Bergstm P. A.; Lindgren, J.; Kristiansson, Q. Phys. Cheml991, 95, 8575-8580],

the CT and OH red shift in ND6H,O are found to be smaller than those for all of the six-water halide
complexes, despite the presence of three H-bonding sites. The inability of the nitrate anion to effect substantial
CT lies in the preservation of thesystem being energetically favored over charge localization and enhancement
of the strengths of the multiple H-bonds.

1. Introduction feature of special interest in these studies, and revived in recent
) _ ) ) ) _ ) yearst®1! has been the issue of “symmetry breaking” in the
The nitrate ion, NQ, is of interest in a wide variety of  znion in solution. This is experimentally visible as the solvent-

contexts. In the area of atmospheric chemistryNfontaining  induced spectroscopic splitting of the antisymmetric NO stretch-
nitrate aerosols represent one type of heterogeneous reactiofhg vibrations of the isolate®a anion®9.10.12

site in connection with ozone depletion in the stratosphere] The advent of ultrafast infrared spectroscopic techniques has
NO; is a reaction product of some of the key heterogeneous gpened a new window on the dynamics of water molecules
reactions in this regioh? Largely in connection with its role  yqrogen (H)-bonded to anions in solution via OH stretch
as a potential product of nitric acid HN@issociation in aerosol probing3-15 For molecular anions, the vibrational dynamics
surface regions, NDis also important in other atmospheric  of the anions themselves in such H-bonded situations may also
regions, such as the upper tropospheemd the marine o i estigated. Given its widespread importance g N€pre-
tropospheré_,wh_ere it plays a role in the removal or regeneratl_o_n sents an important future target for such experiments.
of NOy species in the atmosphere. Accordingly, surface-sensitive In view of the oreceding. attention is merited to the
vibrational spectroscopicand othet experiments have been fund tal | P ¢ ?h h ; f the -NG,O
concerned with NQ detection, and theoretical investigations Iflj-ré)oirge?b? itIsS?rllJf(Ielfer?ce(i)n th?e frei[iacni;/ gf th:SOH ;tretch
have been carried out both of NQroduction via nitric acid 45 oo of the (c) electronic and (d)
dissociation at aqueous surfatasd of the spatial distribution Lo ) L )
of NO; at such surfacesThe comprehension of OH stretch vibrational characters of the NOanion in an aqueous envi-

3 ) ronment. In this contribution, we present an electronic structure

frequency'shlft.s for yvater moleculg s solva’qng the mtrgte anion study of the first three of these issues, with the fourth (including
in such situations is clearly of interest in connection with vibrational symmetry breaking) to be addressed in a separate
spectroscopic experiments probing these issues, study. Of particular concern are the degree and extent of the

B e oL U5t % chrge vansfer (CT) mied i he NOMO bond-—ar
q ' 9 P ! aspect previously pursued for monatomic halide-iorater

infrared (IR) and Raman investigations have been carried OUt yimers, both experimentall§ 28 and theoretically®1%in con-

to st_udyg contact an(_j solvent-separ_ated lon-pair formation in nection with the OH stretch vibrational frequency red shift (from
solution? These studies revealed a sizable influence of both the . : -
i dth trati th tral band NO its value for isolated KD)— and the influence of further
cation and the concentration on the spectral bands of. hydration on both the CT and the OH red shift. A qualitative
. valence bond perspective, focused on the charge-localizing
*To whom correspondence should be addressed. E-mail: hynes@ jpflyence of the aniorwater H-bonding (which would assist
spot.colorado.edu or hynes@chimic.ens.fr. - . . " . L o
tE-mail: ramesh@chimie.ens.fr. inincreasing CT) in competition with the-delocalization within
* E-mail: suyongre@gmail.com. the anion (which would tend to resist CT), will be presented to

10.1021/jp0761012 CCC: $40.75 © 2008 American Chemical Society
Published on Web 03/20/2008




3392 J. Phys. Chem. A, Vol. 112, No. 15, 2008

help frame the analysis of whether the polyatomic nature of N

O, could lead to qualitative differences between it and the

halide anions in an aqueous solution environment. The outline
of the remainder of this paper is as follows. Section 2 is devoted
to the methodology employed. The 1:1 nitrateater complex

is studied in section 3, while section 4 is concerned with further
solvation of the anion by up to six waters. In both of these

sections, the corresponding situations for the halide anions
(except for I) are included for perspective. Concluding remarks

are offered in section 5.

2. Methodology

All ab initio calculations reported in this paper have been
carried out using the Gaussian 03 program pacKagkhe
structures for the NOQnH,O (n =1, 2, 4, 6) complexes were
obtained at the second-order Mghdrlesset (MP2) level of
theory using the augmented correlation-consistent polarized
valence doublé-(aug-cc-pVDZ) basis sét.This level of theory
has been shown to provide reliable results for the structures
and frequencies of H-bonded clusters including anfén&.For

comparison, the structures for the corresponding complexes with

halide ions, X+H,O and X -6H,0, X = F, Cl, and Br, were
also obtained at the same level of theory. Since relativistic
effects are not negligible for| iodide-water complexes have
been omitted from this work® Most of the structures were
optimized with certain constraints (detailed within), and are thus
not necessarily stationary points.

Energetics reported within have been corrected for the basis

set superposition error (BSSE) by using the counterpoise
method?® The CT nature of the H-bonds in the nitrateater

and halide-water complexes was analyzed using the natural
population analysis (NPA) and natural bond orbital (NBO)
schemes of Weinhold and co-worké&fg8 The red shift of the

v = 0 — 1 vibrational transition frequency of the H-bonded
OH of the HO has been calculated by using a one-dimensional
sinc-function discrete variable representation (DVR), in which
the anharmonicity is fully taken into accolfit°

3. One-Water Complexes

3.1. Background.Experimental and theoretical investigations
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Figure 1. Valence bond structures for NOThe isolated anion is, of
course, a hybrid of the forms (ajc), shown as (d). Structure (e) is a
limiting situation of charge localization on a single O due to H-bonding
with waters on that O. Structure (f) is a limiting situation where charge
is localized on all three oxygens due to H-bonding with waters on each
of them.

versus proton affinity trend shown by the other 1:1 complexes.
More recently, it was found that other parts of the vibrational
spectrum of these complexes also show strong CT-induced
effects!®

The nitrate-water heterodimers provide an interesting con-
trast to the above complexes by virtue of the anion’s polyatomic
nature. One immediate difference is the fact that there are several
possible relative orientations of the monomers. The aspect of
special import, though, is the effect of H-bonding with water
on the resonance hybrid Figure 1d of NCarising from the
three classic charge-localized valence bond (VB) structures in
Figure la-c. In a heterodimer, these VB structures will not
have an equal weight; from the point of view of the solvating
water, a localized charge on the anion’s H-bonded O would be
favored. To take an extreme view, if the water H-bonding on a
particular O were sufficient to localize the charge on that O, a
structure like Figure 1e would result, that is, a resonance hybrid
of VB structures in Figure la and b. This O would then act
analogously to a monatomic fully negatively charged halide ion
vis-avis CT. However, this charge localization would have to
occur at the expense of the stabilizimglelocalization in Figure
1d compared to Figure 1e. If, on the other hand, Figure 1d
remains the essentially correct structure of Neéven in the
presence of a solvating water, then the charge on the H-bonded
O of the nitrate will be noticeably less than unity. The CT to

in the past decade on the charge transfer in one-water complexeshe H-bonded water would be expected to be relatively impeded,

of monatomic and diatomic anions, particularly the halides, have

perhaps attaining a value smaller than those for the heavy halide

demonstrated its intimate connection to the magnitudes of theions. These limiting perspectives will prove useful in the

vibrational red shifts of the H-bonded OH stretch&s® CT
from the filled lone pair orbitals of ions to the;,, orbital of a

interpretation of the electronic structure calculations on N
O;-H>0 complexes now presented. The obtained data pertain-

partner OH stretch leads to the lengthening of the OH bond asing to CT will also be used as reference for the larger nitrate

well as the red shift in its transition frequency, the latter being
the experimental measure for the overall proéé$3Ayotte et
al. have reported the OH red shifts for the hatideater

water clusters in section 4.
3.2. Structural Details. As noted in the previous subsection,
the water molecule in NQDH,O can be placed around the

heterodimers, and hence the extent of CT in them, to be in the anion in multiple relative orientations. We have used three singly

order I- < Br~ < CI~ < F~.28|n terms of the Mulliken picture

H-bonded structures in this work, labeled N1, N2, and N3, as

of proton transfer, the 1:1 complexes can be considered as arshown in Figure 2* The water molecule is out-of-plane with

intermediate between the limiting A+ H,O (reactant) and AH
+ OH~ (proton-transfer product) structures, where denotes
the anion®® The product state is produced from the reactant
state by CT from the nonbonding orbital on the anion to the
o%y orbital 1233 Using this pair of states as the basis, Thomp-

respect to the anion in N1, lying on a vertical bisector plane of
NO;, while it is in-plane in the other two structures. The
specific spatial placement of the waters in these structures was
achieved with constraints that restricted theO$ to the
aforementioned plan€8 N3 is the most stable structure of the

son and Hynes have shown that the sizes of the red shifts aretrio, followed by N2, which is about 3 kcal/mol less stable,

much reduced when CT is disallow&dThe experimental-cum-

results consistent with the findings of Ebner et al. based on an

theoretical study by Robertson et al. has corroborated this view extensive searci.N1 has a binding energy smaller by about 4

with an ingenious example of tH&O-H,O complex in which
the CT is spin-suppressédThis leads to a strong OH red-

kcal/mol than that of N3. It is a first-order saddle p&irand
has, perhaps for this reason, not been previously reported. We

shift diminution compared to that expected based on a red shiftuse N1 in this work withal for it acts as a reference structure in
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N1
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Figure 2. Structures of three NQHO clusters.

our analyses. In particular, its water molecule and those of the

larger NG, -nH»0, n > 1, clusters of section 4 are oriented in
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Figure 3. Plot of computed OH stretch red shift versus experimental
proton affinity for anion-water 1:1 complexes. The data for were
taken from ref 17. All proton affinities were taken from the NIST
databasé®53The open circles represent the halides, placed in the order
1=, Br, CI7, and F with increasingx-coordinate. The filled circles
indicate the three nitrate complexes of Figure 2, while théocates

the water dimer. Note the break in the abscissa.

We now address the issue of possible charge localization in

the same manner relative to the anion. Per water CT propertiesNo; broached in section 3.1. The computed charge changes
of these complexes can thus be directly compared as a functionfor all of the atoms with respect to the isolated anion are small

of n. Various properties computed for N1, N2, and N3 are given
in Table 1, along with those for optimized halideater
heterodimers and the water dimer included for comparison.
3.3. Hydrogen-Bonding Characteristics and Relative Place-

ment of NO3z™. In Figure 3, we plot the OH stretch red shift
(Avow) for the three NQ-H2O’s and the X-H»O's, X = F,

Cl, Br, and I, as a function of the experimental proton affinities
(PAs)1738This provides a means of placing the nitrateater
against halidewater heterodimers in terms of the relative
H-bond interaction strengths: has been included for complete-

for all three NG -H,O’s. For example, thep for the donor
oxygen of N1 changes from-0.557& to —0.588&, or by
—0.03%, while those on the other two O’s become less negative
by about the same amount. Clearly, the full resonance hybrid
of NO; Figure 1d is not broken to produce charge-localized
Figure 1e on account of a single H-bond. Supporting this result
is the fact that the donor NO bond extends by only 0.012A
compared to its gas-phase length of about 1.269A. Thus, the
H-bond merely acts as a perturbation to the charge distribution
of the anion; retention of the-delocalization is much more

ness in just this one comparison, taking both the experimentaljmportant than the gain in H-bonding resulting from the charge

Avoy and PA data from Robertson et '&INO; does not

appear as an exception in the plot; rather, it falls in the trend of

the halides, and is positioned around Br

The effects of CT can be analyzed using the natural charge

on the water moleculegg) (complementary, that on the anion,
ga), the population of the antibondingf,, natural orbital of
the H-bonded OH(L,,,), and its bond length extensioAr(op).

The values of these variables, listed in Table 1, once again show

localization on the H-bonded NQoxygen.

It is interesting that the even with only a partial negative
charge, the N@ oxygen is able to effect sufficient CT to be
ranked with the halides, albeit at the weak; Bnd of the series.
Despite a ful—1 charge, the heavy halides are perhaps restricted
in their ability to transfer charge owing to a poor overlap of
their diffuse charge cloud (4p for By with the water'sogy,
orbital. The tighter (2p) donor orbitals of NOwould be

that NG, is not a strong charge donor. Further insight is gyhected to overlap more strongly, though short of overall

gained through the correlation plots displayed in Figure 4, where
the above variables are plotted against the OH red shift and
also against each other. Straight line fits shown in the plots were

obtained through the data for only CH,O, Br—-H,0, and N1.
The linearity of theAron—Avon plot clearly extends up to
F~-H,0 in Figure 4a, showing that OH bond length extension
is a faithful indicator of the red shift magnitudeFigure 4b
and c utilizesqy andpg,;, which are more direct indicators of
CT in a H-bonding system. (Recall that the CT is from the
nonbonding orbital of the anion to the antibonding orbital of
the OH.) Indeed, the correlation plot of these two variables in
Figure 4c shows that- at least for complexes of low or
moderate H-bond strength, including §i®1,0 — the trans-
ferred charge density mainly appears in tijg, orbital of the
H-bonded OH. While the relation of botl, andpgy, to Avon

is evidently nonlinear, the plots between them echo the
conclusions of ref 19 on the importance of the CT in the red
shift magnitude. In all three plots of Figure 4, the N@nion

is in line with the halides, with no palpable special CT behavior.

charge®® Some amelioration of the charge shortage is probably
provided through ther -delocalization; we find thatqe| for

the non-H-bonded ND oxygens decrease in the main by a
sizable 5-7%.

4. n-Water Complexes

4.1. Objectives and Choice of Structural Motif. Having
found that the resonance hybrid of N@Figure 1d) is only
weakly perturbed by a single H-bond, we pose the question of
whether multiple H-bonding significantly lessens thaeso-
nance in favor of charge localization on the NOxygens,
thus enhancing H-bonding with the water molecules. Consider-
ing limiting situations, as was done in section 3.1 for the
heterodimer, if one or more waters were H-bonded to each of
two of the NG oxygens, a doubly charged-localized VB
structure like one of Figure *& could be produced. If one or
more waters were H-bonded to each of the three; NQy-
gens, the limiting structure Figure 1f could be produced. In both
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TABLE 1: Several Properties Computed for One- and Six-Water Clusters of the Anions, as Well as Those for a Reference
Water Dimer, A and A4 Denoting an Anion and the Donor Site of an Anion, Respectively

r(Ad—Ow) Aron 0a O Pon Avon Avg
complex (A) A) (e) (e) (e) (em™) (em™)
(H20). 2.9166 0.0069 0.0186 —0.0186 0.0119 =175
NO; -H,0 (N1) 2.7980 0.0196 —0.9616 —0.0384 0.0253 —472
NO; -H,0 (N2) 2.7785 0.0234 —0.9540 —0.0460 0.0263 —534
NO;*H,0 (N3) 2.8131 0.0185 —0.9521 —0.0479 0.0235 —427
Br—-HO 3.3324 0.0209 —0.9502 —0.0498 0.0303 —474 —437P
Cl—-H,0 3.1365 0.0263 —0.9397 —0.0603 0.0382 —611 —577P
F-H,O 2.4696 0.0903 —0.8781 —0.1219 0.0880 —2134
NO;-6H,0 2.9232 0.0091 —0.9040 —0.0160 0.0117 —214 —181°
Br=-6H,0O 3.4540 0.0106 —0.8608 —0.0232 0.0147 —237 —235
Cl—-6H,0 3.3005 0.0114 —0.8554 —0.0241 0.0157 —256 =271
F-6H,0 2.7975 0.0162 —0.8260 —0.0290 0.0190 —-381 —35C¢

aThe reference OH bond length for gas-phas®tt the same level of theory is 0.9659A. The one-dimensional OH stretch frequencies are
reported as red shifts relative to the value of 3712 twbtained for a gas-phase OH stretch. Further details are given in sectid®ef16a,
reference gas-phasé€)] = 3707 cnt, which is the average of the water symmetric and asymmetric stretch frequer@ieshe basis of the
solution-phase OD frequencies in ref 40. OD red shifts were computed ¢f§fhg 2727 cn? (gas phase, ref 38) and then scaled by the H/D mass

factor (uopltion)-

of these limiting cases, there would be more charge available by Soper and Wecksino based on neutron scattering experi-

from the nitrate O’s (two or three oxygen donor sites,
respectively) to be transferred to the waters than is available in
a singly-charged halide ion. Clearly, this last possibility has an
important bearing on the behavior of this polyatomic anion in
the aqueous phase. Since each;N&xygen atom in solution
interacts with about a third of the anion’s hydration shell, it
would result in a larger CT for the nitrate anion than that for
the halides.

ments* While molecular simulations of aqueous halides using
different models have yielded a small spread of coordination
numbers’? the values are roughly in agreement with experi-
ment*3 Less is known about the first shell of waters around N
O;, with X-ray diffraction** and neutron scatterifgstudies
suggesting 36 and 5 HO's, respectively. However, one would
intuitively place two waters at each oxygen site of this anion.
Recent mixed quantunclassical simulations by Lebrero et al.

The spectroscopic manifestation of the above changes wouldlend support to this view, indicating an average efdlwaters

be in the aqueous OH red shifte/on, which would be larger

per NG; oxygen!! With the view of maximum comparability

for NO; than those for the halides in the limiting cases between properties computed for all four anions, we have chosen
discussed. The red shifts are available for all four anions under the spatial arrangement of waters of Figure 5 as the common
study from the solution phase double difference IR experiments structural motif.

of Bergstian et al*° These indicate that th&voy for the nitrate An important aspect of this arrangement is that all of the
anion issmallerthan those for all of the halides. (OD frequencies H,Q’s areequivalent and the structure hdss, symmetry. We
were actually measured, which we have mass-scaled to generataeote the omission of watewater H-bonds; these would
OH red shifts; see Table 1.) Assuming that the measured severely complicate the analysis, and appear not to be critical
frequency shifts are indeed attributable to the OHs of the anion- for the present purposé$.Although the chosen motif is
H-bonded waters, this result immediately indicates that in obviously very specific and symmetric, some appreciation of
solution, just as for the NDH,O heterodimer cases-delo- its utility comes from the facts that the resulting ordering of
calizion in the anion is much more important than the H-bonding the OH red shifts for the anions agrees with the aqueous solution
interaction with the water molecules. Focused on characterizing experiments, as (roughly) do the magnitudes (see Tabté 1).
and understanding this observed behavior of ;N@e set Furthermore, mixed quantuntlassical simulations of Tongraar
ourselves two tasks. First, we compare the CT properties againset al. indicate that NQ favors such an arrangement of waters
those of the halides using a model hydration shell in section because the distribution of NO-+-H angles, though broad, is
4.2. Following this is an examination of the intramolecular peaked at an out-of-plane position (around ) Xmilar to our
effects that accompany H-bonding in section 4.3. choice?’

As for the heterodimers, we employ electronic structure  4.2. Reduction of the OH Red Shift for the Anions.We
calculations for the multi-water structures in this section. For first present an overall comparison of the properties of six-water
the construction of a model hydration shell, several structural and one-water complexes of all of the anions. The computed
choices exist for each anion,”A= F~, CI~, Br~, and NG, CT-related properties of the former set are listed in the lower
However, it is desirable to use a common motif that is not only half of Table 1. We shall henceforth use N1 as the reference
a reasonable, first-order representation of the first aqueousone-water structure for NO All six-coordinated anions lose
solvation shell of all four anions but also permits, by construc- more charge to the waters than in the respective 1:1 complexes.
tion, a direct comparison of the H-bonding characteristics However, this increased extent of total charge transfer is
between them. We shall thus not be concerned with obtaining insufficient to overcome its six-part fractionation to the water
the most stable cluster structure with a given number &3'sl molecules. Consequently, the charge received per wam(
surrounding the anion; this has already been extensively a given A"-6H,O complex is less than half of its value in the
explored for the halides in several studié3* We follow a corresponding 1:1 complex, the result applying to the;NO
different route, now described. anion as well. The reduced Cij,, is reflected in the smaller

Six water molecules will be used to make up the model OH red shifts for the A-6H,O’s compared to that for the one-
hydration shell of all anions. For the halides; Xhis shell size water complexes, and is consistent with its experimental
is motivated by recent findings of XH coordination numbers  heterodimer-to-aqueous phase reductiei?:*®Reporting com-
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Figure 4. Plots for 1:1 complexes correlating the computed H-bond
descriptors, namely, the OH stretch elongatidsrd), the charge
transferred to the water moleculey), the population in thesg,
orbital (pgy), and the vibrational red shift of this OH stretcior).
The three NQ-H,O complexes are shown with filled circles. The
unfilled circles represent the halides, occurring in the order, Bi~,

and F with increasingx-coordinate. The water dimer is shown with
the x. The lines represent least-squares linear fits.

putations on halidewater clusters with up to six waters, Kim
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Figure 5. Optimized structure of the NO6H,O complex havindan
symmetry. The same motif is used for the halide six-water complexes
(see section 4.1).

and halide-water complexes, respectively. It is apparent that
all of the plotted points fall into the same linear relation; the
slopes of the fit lines for this figure and Figure 4 are essentially
the same (57% difference).

The final comparison we make with the halides is through
fractional changes, defined §9] = (p1. — ps)/p1, pn being the
value of a property in an-water complex. Thép]'s for select
properties are shown in Table 2. We find an interesting similarity
here between these numbers for the halides ang.M® of
the data in this subsection suggest that, at least for the six-
water complex, the NDanion behaves, loosely speaking, as a
large halide.

4.3. Preservation of 7-Resonance in N@ . The above
results echo the inference drawn in section 4.1 that experimental
findings of Bergstim et al. indicate that ND is a weak
charge donor toward H-bonding watéfsThis should be
reflected in the absence of charge localization on the anion
oxygens. Table 3 lists thAg's in the NO;+nH,O structures
forn=1, 2, 4, and 6, where an asterisk next to a charge marks
a donor oxygen. The two- and four-water structures were derived
from Figure 5 with both water molecules next to two and one
oxygens removed, respectivéRThe small changes for thpy's
clearly indicate that the resonance hybrid remains unbroken in
all of these nitrate water complexes. Clearly;-system pres-
ervation is energetically favored over multiple H-bonds in these
complexes. The latter continue to act only as a perturbation on
the r orbitals, albeit somewhat more strongly than that in the
1:1 complexes. Théryo values are in consonance with this
statement, the maximum extension being only about 0.025 A
(in the two-water structure). Curiously, for the six-water
complex, the NO bonds shorten slightly, and the charges on

and co-workers have proffered an argument to the same effectthe O’s become less negative by about 0024

for the red shift trends based on the proton affinity reduction

Although the charge changes in Table 3 are too small for

from the bare anion case to when it is H-bonded to several any important charge localization in all of the N@H,O

waters?349
We plot the values ofj, p5y, Aron, andAvon against each

complexes examined, they do depict a sizable overall charge
redistribution effect within the anion, aided by thesystem.

other in Figure 6, using the data for both one- and six-water Indeed, the Iargest&qo/qigﬂ values (iso= isolated anion) for

complexes (with the exception of FH,O; see section 3.3 and

each case ranges between about 5 and 20%. In addition, the

Figure 4). The former set of points is presented with circles (as H-bonded oxygens in the 1:1 (N1), 1:2, and 1:4 cases do acquire
in Figure 4), and the latter is indicated as squares. For both a larger negative charge relative to the isolated aniop (<

sets of points, the filled and unfilled shapes are for the nitrate

0), while the opposite is true for the non-H-bonded O’s. The
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Figure 6. Plots for anior-water A"-nH,O complexesn = 1 and 6,

correlating the computed H-bond descriptors, namely, the OH stretch

elongation QAron), the charge transferred to the water molecalg,(
the population in thep,, orbital (o5,,), and the vibrational red shift of

Ramesh et al.

TABLE 2: Fractional Changes in Select Properties, Namely,
the Total Charge on Each Water @) and on the Anion (ga),
and the Population of the 6%, Orbital ( p5,) of the H-Bonded
OH Stretch, When the Number of H-Bonded Waters Is
Increased from One to Si®

fractional changes

anion in complex flow] f[gal i
NO; 58% 6% 54%
Br- 54% 9% 51%
Cl- 60% 9% 59%
F 76% 6% 78%

a2The columns for a property are defined a$[p] = (p1 — pe)/p1-

TABLE 3: Changes in Natural Charges for the Nitrate
Atoms, Relative to the Isolated Anion, for the 1:1 (N1), 1:2,

1:4, and 1:6 NG;-H,O Complexes$

complex  Ag Ado, Ado, Ado, G Por

1:1 (N1) 0.0014 —0.0308* 0.0339 0.0339 —0.0384 0.0253
1:2 0.0088 —0.0780* 0.0660 0.0660 —0.0314 0.0222
1:4 0.0179 —0.0220* —0.0220* 0.1132 —0.0218 0.0156
1:6 0.0237 0.0240* 0.0240* 0.0240*-0.0160 0.0117

2 The asterisks indicate the H-bonded oxygens. The natural atomic
charges for isolated NDaregy = 0.6732 andgo = —0.557&. The
charge on each water molecule,) and the population of the
antibonding o, orbital (pg,,) of the H-bonded OH stretch are also
given for each complex.

themselves as a possible handle on the symmetry breaking
problem in aqueous nitrate solutions referred to in the Introduc-
tion.

5. Concluding Remarks

This electronic structure study has focused on the anion
water charge transfer (CT), via the hydrogen (H)-bonds formed
between them, for the polyatomic NCanion and its differ-
ences with the monatomic halides; XX = F, Cl, Br). To this
end, we have examined one-water and six-water complexes of
these anions, the latter being a simple, comparable model of
their first aqueous hydration shell in the solution phase. Among
the properties calculated for these structures, the red shifts of
the frequencies of OH stretches H-bonded to the anions play a
significant indicator role. Prior investigations of the hatide
water heterodimers have shown that the magnitude of these red
shifts are a signature of the efficacy of the &T1° and the red
shifts for all four anions in their aqueous solutions are available
for comparisort?

The analysis of the one-water structures reveals thag SO
able to carry out about as much charge transfer as Bhe
data for six-water complexes show that the nitrate anion falls

this OH stretch Avon). The one-water halide and nitrate complexes below all of the halides in this respect, a result consistent with
are represented as circles, as in Figure 4, while the six-water complexesthe experimental aqueous solution red shift restisnalysis
are shown with squares. In both cases, the filled shapes representeyeals the dominant importance of the delocalizirgonjuga-

nitrate—water complexes. The& indicates (HO)..

observed net redistribution is a result of both the Coulombic

polarization of the anion by the approaching@*s and the
ensuing CT0

The above observations emphasize the importance of the

delocalized valence-electrons of the planar NQOanion. Such

tion in NO; compared to the charge localization on the
oxygens (which would be preferable for the H-bonded waters),
which prevents those O’s from acting as three independent
H-bonding sites, each with significant negative charge available
for CT. In the latter, nonrealized case, CT and OH red shifts
would be more important for NDthan for the halides.

In this connection, it would also be of interest to see whether
the lack of a loosely bound set of-electrons, as that for

intramolecular effects are expected of other planar ions too, suchtetrahedral polyatomic anions, leads to notable differences.

as CC@’. Their magnitudes notwithstanding, theq values

Preliminary work suggests that this is indeed the case, with

appear as a sensitive measure of the local environment of NCIO, and scj‘ exhibiting less intramolecular charge redistri-
O;, as seen for the two- and four-water cases. They suggestbution compared to NQor CO§7.51
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As noted in the Introduction, the nitrate ion is important in
various contexts, including atmospheric chemistfyand in
solution?~1! and vibrational spectroscopic studies of both the
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(12) In principle, the degeneracy of the asymmetric bemdsx( 700
cm™Y) is also lifted in the aqueous phase. However, the experiments indicate

ion and its aqueous environment are important probes of these that this splitting becomes noticeable only when the anion concentration is

That the anior-water CT in aqueous nitrate solution, and hence

the measured OH red shift, is low compared to all of the heavy

halides corroborates the categorization of N@s a water
“structure breaker”. For NOs vibrations themselves, the
present results should prove relevant for “symmetry breaking”,
that is, the solvent-induced lowering of symmetry fr@, for

the isolated anion, manifested by two distinct bands for the

asymmetric NO stretches in aqueous solution, as opposed to &

single gas-phase bafdt! The splitting occurs even in solutions
of low NO; concentration, suggesting that it arises due to an
asymmetric aqueous hydration sHelf. Although the overall
amount of CT out of N@ is small, the intramolecular charge

very high, and is considered as a contact ion-pair formation indicator; see,
for example, ref 9. Another signature is the appearance of the symmetric
NO stretching mode in the IR spectrum, which is only Raman active in the
gas phase.
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breaking vibrational signatures, though, clearly, the solvent 6278-6286.

waters’ dynamics must also be taken into account. Reciprocally,
this system can be used to enhance the current understandin%I

of water dynamics itself. Owing to the low red shift for the OH
stretches H-bonded to it compared to that of evel it allows

for an investigation of the OH spectral diffusion at frequencies
sufficiently removed from the center of the pure water OH range.
Both of these topics are under investigation, in solution as well
as at aqueous interfaces, for N@nd for other atmospheri-
cally relevant ions such as GOand SG .
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