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Infrared Signatures of a Water Molecule Attached to Triatomic Domains of Molecular
Anions: Evolution of the H-bonding Configuration with Domain Length
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We present mid-IR argon predissociation spectra for a series of complexes,® (M = CS,~, OCS,,

SO, CH3NO; -, CH;CO,~, and NQ™), chosen to explore how changes in the triatomic binding site affect

the H-bonding configuration of the attached water molecule. With the exception ef,Niie calculated

global minima on the potential surfaces of all of the complexes occur in a configuration where both OH
groups are attached to the anion. The observed spectra, on the other hand, fall into three distinct categories.
Simple spectra characteristic of the double ionic H-bonding arrangement are observed for the monohydrates
of SG,7, OCS, and C%, whereas the CHNO, -H,O and CHCO, -H,0 spectra are complicated, displaying

a progression of closely spaced bands with a broad, bell-shaped envelope beginning several hundred
wavenumbers below the calculated fundamentals. Although the spectrum of theHNO complex is the

most red-shifted, it is again simple, reflecting the expected asymmetric (single ionic H-bonded) motif. These
data indicate that the transition from single to double ionic H-bonding occurs at a critical domain length of
about 2.2 A. We explore the potential surfaces governing the interconversion between the two forms with
density functional calculations and construct vibrationally adiabatic potential surfaces to assess the cause of
the spectral complexity displayed by the methylated anion hydrates.

I. Introduction monohydrates, and the critical factor governing the observed
geometry is the magnitude of the barrier in the (double
minimum) water-rocking potential which characterizes the SIHB
configuration. The large difference in OH stretching frequencies
between the strongly red-shifted SIHB and weakly red-
shifted DIHB® forms further introduces the possibility of an

When a water molecule binds to small anions such as the
monatomic halides, X the isolated X-H,O complexes gener-
ally adopt the asymmetric, single ionic H-bonded (SIHB)
motifl~=3 found in the first hydration shell surrounding these ions

in aqueous solutiohThe SIHB structure is immediately evident ; X X .
in the mid-IR spectrum, where the OH bound to the ion unusually strong interaction between the OH stretching motions

oscillates hundreds of wavenumbers below the free OH group, and the soft modes which mediate interconversion between these

which appears very close to the centroid of the bands in isolated'SOMeric configurations. We explore the magnitude of this
H,0 (3707 cnl). For larger systems, such as the Caniorf coupling using a vibrationally adiabatic approach and point out

and molecular anions with especially extended charge distribu- that effective potential curves governing the rocking motion of
tionsé7 however, the symmetrical form is calculated to be the water molecule (i.e., those which preserve the excitation in
favored, where the water molecule binds along the symmetry the OH stretching degree of freedom) are likely to have very

axis in a double ionic H-bonding (DIHB) configuration. This different shapes depending on the extent of OH excitation. An

symmetrical structure has recently been observed experimen-analogouls1 scenario has been observed previously in she C
moleculei! where the ground state is linear, but the vibrational

tally® in the SQ~+H,O complex through its vibrational spectrum X . It . . o
in the OH stretching region, which is dominated by a single states involving excitation of the asymmetric stretching vibration
' ~are bent.

sharp band assigned to the symmetric stretching vibration. In
this report, we follow the evolution of the OH stretching spectra
displayed by a water molecule bound to a variety of triatomic
anions as well as to more complex organic anions which feature  Vibrational spectra in the OH stretching region were obtained
a triatomic binding site. Specifically, we contrast the behavior by argon predissociation spectroscdfy:
of the CS~, OCS, SO, CH3NO,~, CH:CO,, and NQ™ ions,
a series which explores how properties of the ions, such as the - oM
physical separation of the H-bonding centers and their proton M HOAr, + = M HOA - + mAT @)
affinities, affect the morphologies of the monohydrates. With
the exception of the N©-H,O complex, all of these species
are calculated to adopt the DIHB motif in their minimum energy
structures.

It seems reasonable to imagine that there is a continuous
evolution between the SIHB and DIHB forms of the anion

Il. Experimental Section

The argon predissociation method has two distinct advantages
over experiments on the bare complexes. First, the argon
“tagged” clusters allow mass spectrometric isolation of the
coldest clustersHj, ~ Do(M~+Ar)) 12 formed in the ion source,
and second, the argon atoms provide weakly bound “mes-
sengers™1Swhich enable mid-IR absorption spectra of strongly
*To whom correspondence should be addressed. bound cluster ions to be recorded by vibrational predissociation.

10.1021/jp030474v CCC: $25.00 © 2003 American Chemical Society
Published on Web 08/06/2003



6528 J. Phys. Chem. A, Vol. 107, No. 34, 2003

cs,

a)
% TR -

0oCS }
b) ﬁ *

SO,
c) B

FeHT CHNO, <{ *

2600 3000 3200 3400 3600 3800
-1
Photon Energy (cm )

Figure 1. Mid-IR argon predissociation spectra of the anion mono-
hydrates: (a) CS-H,0O-Ar4, (b) OCS-HO-Ar, (c) SOQ-H,0-Ars
(taken from ref 8), (d) CENO,~-HO-Ar, (e) CHCO,-H,0O-Ar, and

(f) NO2-H20-Ars. B = water intramolecular bending overtone, (CH)
= anion CH stretch fundamentals, (SIHB)single ionic H-bond OH
stretch fundamental, and (Free)free OH stretch fundamental. The
inset structures of GS-H,0 (upper), CHNO, -H,O (middle), and two
forms of the NQ-H,O complex (lower) were optimized at the B3LYP/
aug-cc-pVDZ level. The vertical bars denote calculated frequencies,
scaled by 0.9627 to approximately correct for anharmonicity at this

Robertson et al.

TABLE 1: Geometrical Parameters Calculated at the
B3LYP/aug-cc-pVDZ Level

distance  X--*H—O angle H—-O—H angle
complex A (deg) (deg)
CS-H0 S-S 313 148 100.5
OCS-H,0? O0-S 272 150, 140 99.6
SO, -HOP O0-0 262 147 97.8
CH:NO, *H,O O-O0 2.30 145 95.5
CHCO,*H, 0O O-0 2.27 144 95.9
NO, -H0° O0-0 215 165, 119 97.6

aReference 7 reports 2.707 A, 148.@ind 99.2 at the CCSD/6-
311++G(d,p) level.> Reference 8 reports 2.633 A, 148.and 96.7at
the MP2/aug-cc-pVDZ levef. Front side isomer (upper structure in
Figure 1f).

TABLE 2: Experimental Vibrational Bands (cm 1) of
Triatomic Anion Monohydrates (+5 cm™1)

symmetric OH stretch bending overtone

CS *H0 3488 3275

OCS-H,0 3486 3388, 3322, 3248
SQ, -H,OP 3475 3376

NO, -H,O 2995

2 See text for discussion of these assignméehtaken from ref 8.
¢ Single ionic H-bonded OH stretch fundamental in this asymmetric
complex.

involving molecular anions with triatomic binding sites. The
spectra are arranged from top to bottom in order of decreasing
binding site length (i.e., the distance between the terminal atoms,
recorded in Table 1) with GS the longest and N® the
shortest. The OH stretching spectra of the monohydrates with
the sulfur-containing anions (having the longest binding sites)
are simplest and are similar to each other, with the observed
band positions collected in Table 2. Each spectrum displays a
sharp dominant band near 3500 dmwith a conspicuous
absence of absorption in the vicinity of the free OH stretch near
3700 cntl. This is the spectroscopic signature of DIHB binding
recently discussédn detail in the S@-H,O case, which was
analyzed with the aid of an isotopic substitution study and ab

level of theory. The gray bars denote calculated anharmonic frequenciesinitio calculz_ati_ons_. We therefore assign the dominant ba_nd in
for front-side geometries, whereas black bars indicate the frequenciessulfur-containing ions (Figure &) to the symmetric stretching

associated with the backside geometry found to occur in N@QO.

Spectra were obtained with different numbers of argon atoms
attached in order to establish the dependence of the observe
band patterns on the extent of argon solvatfoni®

The argon-solvated anion clusters were formed in a pulsed
supersonic entrainment reacttwhere the neutral precursor of

fundamental %1). Definitive assignments of the weaker asym-

metric stretchingis) fundamentals, expected to occur just above
he v, origin in the sulfur species, are complicated by the
resence of combination bands involving the-ianolecule soft

modes in this region. The weaker bands below the dominant

symmetric stretch fundamental in Figure-daare likely due

to the overtone of the HOH intramolecular bending vibration

the desired anion and water vapor are independently introduced(B) which usually appears via a Fermi-type mixing with the

on the low pressure side of an electron beam-ionized expansion

stretching modé:22 The fact that several such bands occur in

containing only argon. Mass selection was achieved using the, OCS-H,0 spectrum (Figure 1b) probably reflects a strong

Yale tandem time-of-flight photofragmentation spectrometer
described previousl which utilizes an ion bunching strategy
to match the ion source duty cycle with that of broadly tunable

pulsed lasers. Tunable mid-IR radiation was generated in a KTP/

KTA optical parametric oscillator/amplifier (Laser Vision). The

spectra are normalized for laser energy fluctuations over the

scan and result from the summation of typically —12D
individual scans.

Geometry optimizations and harmonic frequency calculations
were performed at the B3LYP/aug-cc-pVDZ level as imple-
mented in the Gaussian 98 package.

Ill. Results and Discussion
Illa. Appearance of the Spectra.Figure 1 presents mid-IR

mixing of the water intramolecular bend and energetically
nearby CO stretch fundamentals, such that overtones of these
mixed levels interact with the symmetric OH stretch. Note that
alternative, covalently bound forms of these ions (for example,
the anion of the KSO; acid) are calculated to display much
more red-shifted OH stretching fundamentals and, consequently,
are not likely to be the carriers of the observed bands.

The complexes with methylated anions, £, -H,0 and
CH3CO,+H,0, are also calculated to adopt symmetrical DIHB
structures and therefore would be expected to display spectra
similar to the hydrates of the sulfur-containing anions (calculated
frequencies indicated by gray bars in Figure 1, parts d and e).
Surprisingly, the observed spectra consist of extended OH band
progressions beginning several hundred wavenumbers below the

argon predissociation spectra of a series of monohydratescalculated stretching energies, ruling out an assignment scheme
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TABLE 3: Experimental CH Stretching Frequencies of
Parent Neutral, Bare, and Monohydrated Organic Anions

A’ CHs A’ CHs A" CH3
symmetric asymmetric asymmetric
stretch stretch stretch OH stretch
CHsNO2 2974 3045 3080
CH3NO, ™ 2777 2924 2967
CHsNO; -H,0 2823 2947 2986 3170, 3255,
3337, 3412,
3483, 3550
CH;COOH 2961 2997 3048
CH3CO,~ 2902 2941,2958 2967
CHs;CO,*H0 2912 2953 2980 3188, 3258,
3321, 3381,
3506

aTaken from ref 34° Taken from ref 23¢ Taken from ref 359 The
doubling of this band is likely due to interaction with a gtteformation
mode, as is known to complicate the methyl vibrations of other small
molecules’®

based on OH stretch fundamentals. We will discuss likely causes
for this behavior at length in section llle. The sharp bands in
the 2806-3000 cnt? region (shaded gray in Figure 1, parts d
and e) are due to excitations of the methyl group CH stretching
modes. The CH stretching bands are compared with those of
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the bare anions and corresponding neutral species in Table 3.

Note the large (108200 cnt?) red-shifts of the CH stretches

in the CHNO, ™ ion?3 relative to those in the bare neutral. This
ariseg? from the bent—NO; group, which accommodates the
excess electron in the HOMO largely localized on the nitrogen
atom. Interestingly, the red-shifts are significantly reduced
(recovering about one-fourth of the displacement observed upon
formation of the bare anion) when a water molecule is attached
to CHsNO,~. Apparently, the charge redistribution upon hydra-
tion causes a shift in electron density toward the water molecule,
with a concomitant relaxation of the anion structure closer to
the neutral geometry.

The NG~-H,O complex, with the shortest distance between
terminal atoms, is calculated to occur in two low-lying isomeric
forms, with the structures indicated beside the spectrum (Figure
1f). Both isomers correspond to asymmetric SIHB motifs. The
front-side isomer, with a hydrogen oriented toward the oxygen
atom of NQ7, is calculated to display a somewhat red-shifted
“free OH" feature (3652 cml), whereas the backside isomer
is calculated to lie about 300 crhlower in energy and should
be evidenced by a more typical free OH band (3713 Ym
The observed, strongly red-shifted OH stretch and, more
importantly, the weak free OH feature at 3696 ¢nindeed
confirm the formation of an asymmetric (SIHB) complex;10
with the strongest features most consistent with the backside
hydration motif. The weaker bands near 3250 ¢ould signal

Proton Affinity (kJ/mol)

Figure 2. Red-shift of single ionic H-bonded (SIHB) OH stretching
fundamentals observed in anion monohydret4°16.37.3gs a function

of anion proton affinity (PA) (square8).The red-shift vs estimated

PA value$?5-%2 of anions that form double H-bonded (DIHB) mono-
hydrates are shown by gray circles and bars, where the length of the
bar indicates the energy range of the observed bands. Note that the
open squares) denote PA values corrected for the energy of the
spin-conserving (in this case triplet) proton-transfer prodifcts.

lently, charge-transfet) interactions in determining the shape
of the potential governing the motion of the shared proton. Itis
noteworthy that the band positions in the DIHB complexes do
not follow this trend; for example, the observed transitions for
OCS -H,0 and SQ -H0 (filled gray circles in Figure 2) fall
about 200 cm! above the locations of SIHB complexes with
similar PA valueg:25-32

lllc. Barrier Heights and the Evolution from the Double
to Single H-Bonding Motif. To explore the mechanics behind
the propensity of the larger, sulfur-containing ions to bind a
water molecule in the DIHB motif, we first focus on the
intramolecular distortion of the water molecule along the
H—O—H bending coordinate. Values of the bending angle were
extracted from the calculated minimum energy geometries of
the complexes and are collected in Table 1. As the distance
between terminal atoms in the binding site is reduced, the

the presence of a second, front-side isomer, but could also arisehending angle of the water molecule reaches a minimum value

from ion—molecule stretching bands mixed with the intra-
molecular water bending overtone in this region.

lllb. Systematics of the OHug Shift for the NO, -H,0
Complex. The observation of a triatomic hydrate with an SIHB
motif affords the opportunity to compare its spectral behavior
with the trends established for SIHB complexes involving
monatomié? and diatomi&© anions. Specifically, we have
reported a strong correlation between theHed-shift and
the proton affinity (PA) of the aniotf and in Figure 2, we
compare the red-shift in the Qg fundamental observed in
the NG -H,O complex with those found in several other
systems. The fact that the shift displayed by N®1,0 falls
guantitatively in line with this trend emphasizes the importance
of the chemical (i.e., intramolecular proton-transfer or, equiva-

of about 95.8in the CHNO,~-H,O complex. Further reduction
of the distance by 0.15 A in the NOion results in an opening
of the monohydrate into a (front-side) SIHB motif, where the
release of one of the hydrogen atoms from the ion is ac-
companied by an increase in the bending angle to°97Tr6
effect, the energetic advantage of forming two H bonds is offset
by the distortion imposed on the intramolecular bending
coordinate as the binding sites become closer together. It appears
that the 2.15 A separation between oxygen atoms in thg"NO
anion falls just below the critical length necessary to sustain
the DIHB motif.

The key issue concerning the evolution of the binding motif
is the height of the barrier separating the two minima in the
SIHB geometry. To elucidate the topology of the potential
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Angle 6 (deg) Figure 4. Mid-IR predissociation spectra in the OD region for
isotopicall bstituted C; ~-H,O I : C ~-H,O-Ar,
Figure 3. Potential surfaces (calculated at the B3LYP/aug-cc-pVDZ I(Sb(; OCF:)II—Z?\I)(I)ZSPI—?EI)g?\r g:l]gz ©) zcé&fg[;e-)éi%.gar)- B@I?\?P/aig-crc-
level) as a function of water rocking angl@,(defined in the upper  ,yp7 calculated frequencies (scaled by 0.9627) are included as gray
inset), for the complexes GSHO (solid), CHCO;-Hz0O (dotted), vertical bars. The arrow indicates the location of the free OD stretching
and NQ™-HO (dashed). band in isolated HDO.

surface along the water rocking motion, which mediates thev; andvs;fundamentals in the C#NO,~-D,0O complex, and
interconversion between SIHB and DIHB forms, calculations instead favors a scheme where the dominant band is attributed
were carried out on several of the MH,0 systems to determine  to the symmetric stretch and the band to higher energy assigned
the rocking angle dependence of the Boefppenheimer as a combination band involving an 87 chsoft mode.
potential,Ugo(6). This was accomplished by rotating the water llle. Remarks on the Origin of the Complexity of the OH
H—O—H angle bisector away from the center atom of the Stretching Region in CH;CO, -H,O and CH3NO, -H,0.
triatomic domain while allowing all other geometrical param- The isotopic substitution study of the GNO,~-H,O complex
eters to relax. Slices of the potential surface along this coordinatedescribed above reveals that, unlike our previous work on the
are displayed in Figure 3 for the @SH,0, CH;CO, -H.0, SO, -H,O complex, the OD and OH regions display very
and NQ~-H,0 (front-side) systems. The @Sand NQ~ anions different spectral patterns. This could conceivably be due to
were chosen because they display simple examples of DIHB mixing with the modes on the anion in the higher energy region,
and SIHB binding for comparison with the more complex possibly involving the CH stretch levels, and this suggestion
situation found in the acetate monohydrate. It is clear that, can be tested by extending the isotopic study to include

although the potential well is very confined in £8H,0, it is CD3NO,~. There are other unique aspects of the methylated
quite flat for acetate complex, and a small barrier emerges in complexes which deserve consideration, however, in light of
the NG ~-H,0 system. the fact that these complexes were calculated to display very

llld. H/D Isotope Study of the CH3NO, -H,O Spectra. flat potential surfaces for the water rocking motion (Figure 3).
The surprisingly complex behavior displayed by the methylated In the OH stretching region, the maxima in the intensity profiles
anions warrants further consideration. To help clarify the occur between the modest OH red-shifts observed for the DIHB
situation, we have acquired the spectra of the; &8, -HDO hydrates and the strong red-shift found in the N®,0
and CHNO, -D,O complexes in the OD stretching region with  complex. This raises the issue of where the;Hransitions
the results displayed in Figure 4, again along with the calculated would occur if the CHCO, -H,O and CHNO, -H,O com-
bands expected for the symmetrical complex. These spectra arglexes explore an asymmetric, SIHB configuration in the zero-
clearly much simpler than those observed in the OH stretching point motion of a flat surface. A convenient way to display the
region, with the dominant bands only about 60¢érhelow the angle-dependence of the OH stretching frequencies is to
calculated positions. Note the absence of absorption in the construct vibrationally adiabatic potential curves. In fact, such
vicinity of the free OD stretch (2727 crd), again ruling out curves have already been invoked to explain the selective
an SIHB form. Interestingly, both the HDO and®complexes excitation of the ior-molecule stretching vibration in combina-
yield remarkably similar patterns consisting of two bands tion with the OH4g fundamental in the SIHB complexé48In
displaced about 87 cm, similar to the band spacing of 86 cin those cases, the surfaces corresponding to thegOwbra-
characterizing the progression in the OH stretching region tionally excited state are more strongly bound to the ion than
(Figure 1d). This eliminates assignment of the two bands to those in the ground statéand this displacement in the potential
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arrangement. The angle-dependence of the two OH stretches is
included in the upper panels of Figure 5, and although the
frequency changes are large in each case, the effect is most
pronounced in the acetate hydrate shown in the center. In fact,
the variation of the Oldg stretch is about 500 cm over the
range from O to 40

The resulting BO and vibrationally adiabatic curves (obtained
using eq 2 together with the calculated OH stretching frequen-
cies) are compared in the lower panels of Figure 5. The left
panel corresponds to the symmetrical,C8,0 case and the
right panel corresponds to the asymmetrical N®I,O com-
plex. In both of these limiting cases, the general topology of
the BO surface survives upon OH vibrational excitation. In fact,
the small barrier (28.5 cml) on the NQ~-H,O BO surface
increases to 52.3 cr with the adiabatic correction, which is
sufficiently large that the zero-point level of the rocking mode
(with a calculated harmonic frequency of 81 ¢hnshould occur
below the barrier, giving rise to an SIHB motif for the front-
side isomer. On the other hand, €30, -H,O (Figure 5, center
panel) presents the intermediate case of a shallow BO curve
which is noticeably flattened, but still displays a single minimum
upon inclusion of the OH stretch zero-point energié@dx.
This situation would give rise to very large amplitude zero-
point motion along the rocking coordinate.

Two vibrationally excited adiabatic potential surfaces are
important in the mid-IR, each denot@ifd, and defined byn
= 1 andn; = 0 in eq 2. Note that in the acetate monohydrate,
one of theseLQ"jd) develops a strong double minimum. Thus, in
the case where the DIHB configuration of a monohydrate is
only slightly lower in energy than the asymmetric SIHB form

fundamentals and water rocking potential surfaces as a function of water(i.€., a shallow BO potential), excitation of the symmetric OH

rocking angle,f (defined in the upper inset), for the complexes (a)
CS-H0, (b) CHCO; -H;0, and (c) N@ -H,O. The upper panels

stretching vibration should generically induces&uctural
change which favors the asymmetric form. Furthermore, because

present the frequencies of the two OH stretching modes at each rockingsuch a complex is characterized by very large zero-point motion

displacement, with solid and dashed lines indicating the symmetric and
asymmetric stretches, respectively. Note that the symmetric stretch
strongly red-shifts at large angle as it evolves into the localizeg©H
stretch. In the lower panels, the bottom trace displays the Born
Oppenheimer potential curvélso(0), whereas the other traces are
vibrationally adiabatic curves generated from eq 2 using 0, nj =

0 for the trace labelet)2® andn, = 1, n; = 0 for those labeled)®

The solid and dashed® curves correlate to excitation of the ionic
H-bonded (symmetric) and free (asymmetric) OH stretching motions,
respectively.

curves leads to a FranelCondon-like mechanism for excitation
of this soft modé?

The vibrationally adiabatic curves describing effective po-
tentials for the water rocking motion can be constructed from
the same calculations used to obtain the potential surface
displayed in Figure 3. To accomplish this, in addition to the
Born—Oppenheimer potentialJgo(0), the two harmonic fre-
qguencies of the OH stretching modeg#), were also recorded
at each angle (Figure 5, upper panels). The vibrationally
adiabatic potentialsuf’,‘d(e) were then generated according to

o) =
Ugo(6) + (N, + (L12))wy(0) + (n, + (L2)lw,(6) (2)

S

along the water rock coordinate, we may expect excitation of
the first vibrational state of the OH stretch to be accompanied
by unusually strong activity involving this soft mode. Such an
effect would be more pronounced in the OH region than in the
lower energy OD range, as is observed to be the case. It would
be valuable to undertake a more sophisticated theoretical
treatment of such mode coupling to determine if this indeed
lies at the heart of the observed complexity.

IV. Summary

We present mid-IR predissociation spectra of a series of
molecular anion monohydrates in which the water molecule
attaches to a triatomic binding site. With a third-row atom (S)
in the triatomic motif, the water molecule forms two H bonds
to the ion and displays a very simple OH stretching spec-
trum. Much more complicated spectra are observed in the
CH3NO;~-H,0 and CHCO, -H,0O complexes, however, where
a closer separation exists between the terminal oxygen atoms
in the binding site than that displayed in the sulfur containing
anions. The spectrum of NO-H,0, which involves the shortest
binding domain of the anions in this report, yields the simple
red-shifted spectrum expected for an asymmetric complex.
Calculations indicate that the methylated complexes have very
shallow potentials for the water molecule rocking motion and

and are dependent on the excitation in each OH stretch modethat the OH stretching frequencies are dramatically changing

through the integers; andn,, with n; = n, = 0 establishing

along this coordinate. This vibrationally induced structure

the perturbed shape of the ground-state potential due to the zeroehange provides a possible explanation for the complexity of

point energies of the OH stretches. The two vibrations,
correlate to symmetric and asymmetric stretches at the DIHB
configuration and to Og and free OH stretches in the SIHB

these spectra in the OH stretching region, in contrast to the much
simpler spectra in the OD region for the gMD, -D,O and
CH3NO,-HDO complexes.
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