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The OH stretching bands associated with the ionic H-bond in theHgD complex are found to dramatically

shift toward higher energy upon complexation with carbon tetrachloride molecules in a size selected
photofragmentation study of the CH,O-(CCly),, 1 < n < 5, clusters. The large sequential shifts {8®0

cm Y/CCl,) associated with addition of the first few molecules effectively “tune” the OH stretehl level
through a Fermi resonance with the= 2 level of the intramolecular bending vibration. By the addition of

the fifth molecule, the large red-shift displayed by the bare complex (577 wetative to isolated water) is
reduced by a factor of 2. We discuss the origin of these effects in the context of charge redistrubition from
chloride to the surrounding solvent molecules.

I. Introduction II. Experimental Section

Many recent developments in mass-selected spectrodcépy
have lead to a new understanding of the structures and
intramolecular distortions in ionmolecule complexes. When

Spectra are obtained using the Yale tandem time-of-flight
photofragmentation spectrometer described previciiskhe
. S CIl~-H,0-(CCly), cluster ions are prepared using our two-valve
a water molecule binds to a halide ion to form the-K,0 ion sourcé! in which trace CGJ and Ar are expanded through

ion—molecule complex, the re_sulting asymmetric, or s_ingle lonic the primary supersonic nozzle, whereas water vapor is entrained
H-bondgd (IHB.) structure d[;Tplgys a characterllstlc spectral into the expansion using a second valve whose low-pressure
pattern in the mid infrared region. The OH stretching modes, flow is directed just outside the nozzle. The expanding mixture

which are strongly coupled in the isolated water molecule, adopt .

local character in the XH,O complexes. Although the weaker Is ionized ly a 1 keV electron beam counterpropagating with
free OH band (Oked is insensitive to- the anion, the band the axis of the supersonic flow. Infrared photons in the 2500

1 : ° X
arising from the OH bound the ion (Qiis) dominates the 3800 cnt!range are generated with a KTP/KTA-based optical

spectrum and is generally shifted hundreds of wavenumbersparametric oscillator/amplifier (LaserVision), which delivers

below the OHectransition in a manner strongly correlated with alzout 5 mJ/pulse in a banqlwidth of about 2énBecause the
the binding energies of the complexeBhe CI-H,0 case has X, 'H20 complexes are typically bound by more than the energy

captured particular theoretical attention, where many groups of th? OH stretching fundamentals_, the spectrum O_f the bare
have reported both the ab initio structure as well as the Chloride hydrate was estimated using an argon variant of the
vibrational spectrum arising from motion on this potential MeSsenger’ technique pioneered by Okumura andd.ee
surface’~18

In considering the qualitative origin of the strong red-shifts Cl -H,0-Ar,+ hy — CI"-H,O-Ar,_,+ mAr (1)
in the OHyp stretching modes, Martinez and Li8have pointed
out that much (80%) of the shift in CICH;OH can be  The weakly bound argon atoms have the advantages that they
recovered by replacing the Clon with a (unit) point charge,  quench the complex near its equilibrium geometry as well as
highlighting the role of electrostatics. More recently, Thompson gnaple detection of its mid infrared spectrum in a linear regime.

and Hyne¥’ have explored the XH,O series (X=F, Cl, Br, The larger argon clusters display an asymptotic loss of 5 argon
1), and concluded that, in addition to the electrostatic effect, 51oms upon excitation in the 3200 cinregion. In the

about 40% of the shift in CI-HZO arises from charge-transfer Cl--H,0-(CCly), clusters studied here, excitation in the mid-
to the water mol_ecule. In thgl_r approach_, t_h_e extent of charge- | is sufficient to induce predissociation

transfer was estimated by fitting the ab initio generated shape

of the OH stretching potential surface to a model involving _ _

mixing between two diabatic states (i.e.; &,0 and HCIOH"). Cl -H,0+(CCl),, + hv — CI -H,0:(CCl,),,_, + CCl, (2)

In this paper, we follow how the energy of the QH

fundamental is affected when GH,O is sequentially solvated ~ where loss of one C¢monomer is the dominant decay channel
by CCLl, molecules, which are nonpolar but very polarizable in each case. Hiraok&has recently measured the binding energy
species. This is accomplished by acquiring mid infrared pre- of the C-CCl, complex to be about 14 kcal/mot4600 cnt?),
dissociation spectra of the mass-selected —-I@JO- indicating that we are likely measuring the spectra of species
(CCly)n cluster ions in the OH stretching region (3668800 containing internal excitation on the order of 1500 ém
cm1). We discuss the observed shifts in the context of Unfortunately, we have not been able to prepare sufficiently
intracluster charge redistribution involving both water and large quantities of the argon solvated €4,0-(CCly), clusters
carbon tetrachloride. to acquire their spectra for comparison.
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Figure 1. Vibrational predissociation spectra of @H,O-Ars and 3200 3300 3400
Cl~+H,0+(CCly)n, n= 1-5. The band assignments are ionic hydrogen- Photon Energy (cm-)
bonded OH stretch (IHB), intramolecular water bending overtone (B), Fi o ically labeled vibrational di . f
ion-water stretch soft mode (IW), and free OH stretch (F). igure 2. Isotopically labeled vibrational predissociation spectra o

the CI-CCl, and Br monohydrates indicating the collapse of the
. . doublet upon isotopic substitution: (a) @H,0-CCl,, (b) CI-HDO-CCl,,
Ill. Results and Discussion (c) Br+H,0-Ar,8 and (d) Br-HDO-Ar.®

IIA. Appearance of the Spectra. The mid'-IR spectra of  the X~H,O (X = ClI, Br, ) series. The ORg fundamental
the CI+H,O-(CCla)n clusters are presented in Figure 1. We j,crementally shifts to lower energies with smaller halides, and
remark that the Ci-H,0-CCl, system has been studied previ- a4 this occurs, the Qfgs (v = 1) level was suggested to “cross”
ously by Okumura and co-worketéwho reported the relatively  the , = 2 level of the intramolecular bend (denoted B in Figure
strong feature corresponding to the free OH at about 3708 cm 1) Thjs relative insensitivity of the bending level to the ion is

in their first report of the asymmetric nature of the"®,0  gypected since the bending displacement can be carried by free
complex. The complete spectrum in Figure 1 (i.e., including oy motion even as the other hydrogen becomes increasingly
the OHug region) illustrates that the C£molecule causes @ gnchored to the ion. In the XH,O series, Br-H,O also

very significant perturbation of the GiH,O spectrum as gjsplays an almost equal intensity doublet in the,@Hange
evidenced by the differences in the top two traces in Figure 1. 5¢ indicated in Figure 2c, which is suprisingly similar to the

Note that the Cl-H.0-CCl, complexis unique in that it displays o, . band in the Ct-H,0-CCl, spectrum reproduced in Figure
a much more pronounced free OH feature than the othei CCl 25 "Note first that the spliting between the doublets is very
complexes, or indeed any of the other halide-water clusters We gjmilar in each case (66 crhin Cl~+H,0-CCly vs 60 cnlin

have studied. Br—-H,0-Ars), indicating that a similar mechanism is at play
Several effects are immediately apparant from the qualitative in both systems. This doubling is characteristic of an accidental
appearance of the spectra. First, the,@tband is dramatically  degeneracy between two unperturbed (zero order) states when
shifted to higher energy with each additional ¢@lolecule. only one such state carries oscillator strength from the common
This is an interesting result, since the much more weakly bound ground state. The splitting between these equal intensity peaks
argon solvated CkHO clusters display a red-shift at the early  therefore provides a direct determination of the matrix element
stages of solvation before evolving into a weak blue-shifinfor (HFermo for this Fermi resonance interaction, yie|ding a value
> 3. Second, the bands remain relatively sharp despite the largegn the order of 30 crt.
incremental shift (and residual internal energy), with widths  To challenge the Fermi resonant (diad) model for the doublet
typically smaller than those found in the argon complexes. Third, in the CI-H,0-CCl; and Br+H,O-Ar systems, we have also
as the Okl blue-shifts, it evolves first into a strong doublet recorded spectra of the GHDO-CCl, and Br-HDO-Ar8
before emerging on the high energy side of a weaker feature,isotopic variations with the results displayed in Figure 2b and
which is much less shifted by increasing numbers of LCI 2d, respectively. The collapse of the doublets upon isotopic
molecules. The band in combination with the finvolving substitution is readily explained by the two-state coupling model.
the ion—-water stretching soft mode (IW) is found to follow the  |n the asymmetric structure, the GHDO moiety occurs in two
shift in the OHyg but fall off in intensity as the band evolves  jsomeric forms according to whether the H or D atom is bound
toward higher energy. The energy of the tomater stretch (in  to the ion. Because the motion of the two hydrogen atoms is
the OHyg vibrationally excited state) is reduced from 210 to |argely decoupled, the HDO form with the H attached to the
188 cnt? upon addition of the first CGlsolvent molecule. ion displays its Oz band very close to the position in the
11IB. Spectra of the CI~-HDO-CCl, Isotopmer and Com- X~-H,O complex, whereas the frequency of the bending mode
parison with Br —-H,0. The strongly size-dependent doubling in HDO (1402 cn?) is significantly lower than that in O
of the OHpg band is reminiscent of an earlier study from our (1595 cntl) and is not strongly shifted upon complex formation.
groug® in which we followed the vibrational spectra through This has the effect of lowering the<2 bending overtone
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Figure 3. Relative intensities of the nominally IHB and bend overtone Figure 4. Observed band position®) and deperturbed band origins
bands as a function of the observed splittingE} between them. 0) for the coupled IHB and bend overtone/gptransitions usingc.,
Symbols denote the bands in"@H,0-Arj (circles), Ct-H,0+(CCly)n, = 3_3 cnrl, Th_e solvent effectively tunes the two levels through an
n= 1-5 (triangles), and CtH,O-CCls (squares). Solid symbols refer ~ avoided crossing at = 1.
to the band appearing at lower energy for a given species, while the

hollow symbols refer to the companion band at higher energy. The IHB 2 Aiz
branching ratio, calculated using egs 4 and 5 Wtami = 33 cm?, is ey I°= N (4)
displayed by the solid line. A7+ Heemi

transition and revealing the unperturbed location of the@H  where A; denotes the shift displayed by a zero-order state in

v=1 level in the HDO complexes. response to the interaction matrix elemeéierm, and is related
Note that the HDO Ol band does not appear exactly in  to the observed separation between the st#es= E; — E,

the center of the kO IHB/B doublet since there is a small  as follows

residual coupling between the OH/OD oscillators in both HDO

and HO complexes. In HDO, this coupling would act to raise AE — /AEZ Ry

the level of the strongly red-shifted Qid as its companion A = Fermi (5)

ODrkreclevel lies lower in energy, whereas the @Hlies above 2

the OHug in the KO isotopomer, and would act to lower the ] ) N

energy of the Olfg v=1 level. In this “bright state” model, the transition moment to the
IIC. Analysis of the Fermi Resonance Interaction with a mixed state is partitioned according|ti™°|2. The solid line in

Two-State Model. In Figure 3, we explore how the relative Figure 3 displays the calculated relative intensities with a
intensities of the two coupled bands depend on their separationconstant matrix element of 33 cth clearly capturing the
in the CF-H,0-(CCly), series as well as the GH,O-CCls- essential physics of the situation. This is important because it
ion—radical complex, which will be discussed in detail else- Provides a general propensity rule for evaluating the behavior
where. The data clearly fall on a universal curve, where the Of the bend/stretch mixing in the CH,O subcluster when
two bands occur with equal intensity as the splitting approaches exposed to very dlffgrent local environments. . .
66 cntl. To understand the relative intensities of the diad  'he success of this S|mple model in recovering the intensity
displayed in Figure 3, we have constructed a simple model of Pranching between the mixed states enables us to usethe 2
the interaction using a fixed matrix element in a2 2 2 deperturbation scheme to extract the unperturbed locations
deperturbation scheme. In the case where the transition momen®f the B and IHB levels with increasing C{3olvation. These

to the bend overtone is much smaller than that to the IHB, the &re displayed in Figure 4, where the squares connected by the
intensity branching can be traced to the coefficients describing dashed lines indicate the deperturbed level positions for the two
the expansion of the observed states in an unperturbed pasidnodes. Interestingly, the IHB level is shifting smoothly toward

consisting of the stretcHIHBL) and the overtone of the bend ~ higher energy upon solvation, whereas the bend overtang (2
(IBD) zero-order states shows a smaller sequential shift in tppositedirection. This

parallels the trend observed in the ¥,0 (X = Cl, Br, 1) study
where the bending overtone also shifts to lower energy as the
ion—water bond weakens (and the @kl blue-shifts) in the
HB B series CHBr—1.
|20=c; ™ [IHBLH c; [BO (3b) This effect, where the Cgmolecules “tune” the IHB and B
levels through a Fermi resonance interaction, is a more dramatic
The expansion coefficients are given by example of the solvent-induced intramolecular coupling we

|10= c*® IHBH ¢ |BO (3a)
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reported earlieéf in the F*HCOOHAr, (n = 1—4) series. In
that case, argon solvation selectively red-shifts the@ldnd

its combination bands with respect to a nearbyHCmode,
again causing a solvent-dependent doubling of the dominant
band.

I1ID. Remarks on the Origin of the Shifts and Widths of
the IHB Band Envelopes.The relative sharpness of the @kl
bands in the Cl-H,0-(CCly), clusters with increasing solvation
is qualitatively different than the behavior recently repdtted
for the argon complexes of CH,O as well as the related
I7-ROH (ROH= MeOH, EtOH,I|-PrOH) system3® Some of
this breadth is apparent in the spectrum of the-BbO-Ars
cluster shown in the top trace of Figure 1. The alcohols displayed
a particularly clear pattern where the Qklbands develop many
distinct peaks, with the number of peaks initially growing in
direct proportion to the number of attached argon atoms. For a

Robertson et al.
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Figure 5. Geometry of the CI-H,O-CCl, cluster calculated at the

given number of argon atoms, peaks associated with smallermpz/Lani2dz level together with the extracted Mulliken charges on
argon clusters remain in the spectrum, whereas a new peakthe atoms.

emerges with each additional argon atom, displaying a roughly
additive red-shift based on earlier band positions. This behavior
was interpreted in a model where many isomers were inferred
to coexist in the ion ensemble and differ according to the
proximity of the argon atom to the OH group. Some sites
apparently yield a red-shift in the Qg position while other,
presumably more remote sites contribute a much smaller blue-
shift. Thus, a particular peak within the mutliplet directly reflects
the number of argons located in the red-shifting class of binding
sites. With the behavior of the argon clusters in mind, the
evolution of the Okl band shapes in the GH,O-(CCly),

carbon and chlorine. This binding motif is well-known in the
“front side” complexes such as GBrCHs, which are calculated

to exist and involve considerable charge redistribution to the
methyl halide2”28Very recently, Hiraoka and co-workers have
carried out calculatio#don the Ci+(CCly), clusters and found
that the single contact geometry is preferred (as opposed to
binding in the pocket as in the GICH3;Br Sn2 entrance channel
complex). Moreover, these authors conclude that the(CCly),,
complexes are stabilized by considerable charge-transfer from
ClI~ to the surrounding CG@imolecules. This was evidenced by

spectra is remarkable. The band blue-shifts by very large stepselongation of the €Cl bonds as the excess electron penetrates

with each additional CGland yet remains sharp, with no trace

of the features displayed by the smaller clusters at a given size.

To understand the qualitative trends displayed by the
CI~-H,0-(CCly),, clusters, it is useful to recall the recent work
of Thompson and Hynés,in which they concluded that Qkb
shift in CI=-H,O was about equally due to electrostatics and
charge-transfer. The latter was traced to mixing between the
ground state and the HQH™ (diabatic) excited state. It is clear
that both effects would lead to a blue-shift upon complexa-
tion with a highly polarizable solvent molecule. For example,
a nearby CGJ molecule would act to lower the local electric
field in vicinity of the water molecule and relax the Qg
back toward the unperturbed free OH. Similarly, a £CI
molecule attached to Clwould cause strong differential
solvation of the charge-localized CH,O and HCIOH~

into the o*-based LUMO. In light of these findings, it is
reasonable to expect this charge delocalization to affect the
binding of a water molecule to the ion.

To our knowledge, high level calculations have not yet been
reported for the Ci-CCls-H,O complexes, and so we have
carried out preliminary electronic structure calculations at the
modest MP2/Lanl2dz lev& to explore the likely structure of
the cluster and general aspects of intra-cluster charge-transfer.
The resulting minimum energy structure is displayed in Figure
5, where the CGImolecule is found to reside next to the water
molecule, on the same side of the ion. This structure is interest-
ing in light of the unusually strong Ot feature displayed by
this complex in Figure 1n(= 1). We note that the observed
transition energy of this feature (3695 cthis not perturbed
from the usual position of the free OH in the halide hydrates,

diabatic states. The increased separation would then decreaskowever, so the mechanism of the intensity enhancement is not

the extent of charge-transfer at the ground state configuration,
again leading to a blue-shift. What is puzzling about the

immediately obvious.
Also included in the structure shown in Figure 5 are the

observed spectra, however, is that both these effects should beyiylliken charges extracted from the ab initio calculation. The

strongly dependent on the position of the £@blecule relative
to the water, and the CiH,0-CCl, ensemble used in this study

charge on the water molecule is ory.07 compared te-0.14
on the CCJ] framework, indicating that the CT to carbon

was not cooled with argon and therefore possessed modestetrachloride is dominating the CT to water. In this context, we

internal excitation 1500 cnt?). The heterogeneous collection
of instantaneous ¥—CIl~—CCl, angles in our ion ensemble
would, by the above arguements, yield diffuse bands with widths
at least on the order of the sequential solvation shift (as was
observed in Ci-H,O-Ar, and I-ROH-Ar, systems). We
therefore seek an alternative explanation for the shift which
would not necessarily lead to broadening upon modest internal
excitation.

Aside from their relative polarizabilities, a major difference
between Ar and CGlis that the latter can accommodate some

suggest that the Okt is relaxing back toward its position in

the bare water molecule in response to a smaller excess charge
density on the chloride. This amounts to a kind of competitive
charge redistribution mechanism in which water accommodates
some of the excess charge when it is the only solvent present,
but this process is suppressed when the charge redistibution is
more efficient to a third body, in this case GCThis mechanism

of charge delocalization depends primarily on the proximity of
CCl, to the ion, but not as much on the relative separation
between the KD and CClJ, which would explain why the bands

excess electron density via charge-transfer to the LUMO basedremain sharp even when these species are likely to be mobile

on the network of low lyings* orbitals antibonding between

under our experimental conditions.
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