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Vibrational Spectroscopy of Small Br+(H20), and |~+(H20), Clusters: Infrared
Characterization of the lonic Hydrogen Bond
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We report the mid-infrared (3200-3800 chy vibrational predissociation spectra of the BN, and =W,

(W = H;0; 1 < n < 6) clusters, as well as several mixed solvent casegydM [M = Ar, CHsl, (CHal)],
involving the iodide monohydrate. While the spectra of the pure monomers and dimers are quite dependent
on the halogen, the envelopes become similar by the trimers, with the larger clusters displaying a very wide,
unresolved band reminiscent of the bulk water spectrum. There is a general blue shift of the band maxima
with increasing solvation in both systems, an effect consistent with the strengthening of the inter-water
hydrogen-bonding network at the expense of the ionic hydrogen bonds.

I. Introduction ing to the weak free OH stretch), and another, much more
intense “single-donor” OH stretch, red shifted down to the
300-3400 cntlrange. Water molecules with both hydrogens
articipating in H-bonding (so-called “double-donors”) tend to

The molecular nature of halide ion hydration has recently
enjoyed a resurgence of interest as theoretical and experiment
technigues become available for application to moderately Sizeddisplay vibrations in the intermediate (3568650 cnt?) region
(n ds 6) gﬁs pgase (;:us.teh. Af rerﬁ:urr:ent theme in th'ls In this paper, we survey the low-resolution (3 ¢hbandwidth)
endeavor has been the issue of whether anions are solvated;y jntrared vibrational predissociation spectra of the small

within a S?erl: Ol:]: Islzolventh mr(])|eCE|eS, Ias e>]fpected from tEe |~-W,, clusters and compare their behavior to that displayed by
structure of the bulK,or whether the solvent forms a networ Br—-W, and the previously reported GW, systemta

which then binds to the anion, creating a “surface-solvated”
ion.1224.8 Recent calculation®, for example, indicate that the

coarse morphology (i.e., surface or internal solvation) adopted ] ] ) ] )
by the clusters is actually a sensitive test of the interaction ~ Cluster anions are synthesized in a pulsed free jet expansion
potentials. We have previously approached the small cluster@nd mass selected in a tandem time-of-flight spectrometer

Il. Experimental Section

regime in the iodide-water system (1-W,, 0 < n < 4)¢ using described previousl: The vapor over a (room temperature)
UV spectroscopy to follow the evolution of the charge-transfer- Mixture of CHl or CHzBr; and HO is pressurized with 5 atm -
to-solvent (CTTS) electronic barfds the vicinities of the T-W, of argon and expanded through a pulsed nozzle (0.030 in.

electron detachment threshoRisThat work revealed the diameter, General Valve) to generate theW, and Br-W,
emergence of a bound electronically excited state already at complexes,_respectlvely. Infrared photoexcitation is car_rled out
= 3, at odds with a prediction from ab initio calculatictihis at the transient focus of our tandem mass spectroatsing
apparent inconsistency is resolved, however, when one consider@ KTP-based optical parametric oscillator (Laser Vision). This
the spectroscopic consequences of the calculated ground-statéSer first generates tunable near-IR radiation {23 um),
structures. For example, the trimer is thougR¢-8to occur ~ Which is then converted to the-3 um range by parametric
with a cyclic water network where all three hydrogens are bound a@mplification with the Nd:YAG fundamental, yielding about 5
to the iodide. Such a configuration possesses a very largeMJd/pulse in the mid-IR with a bandwidth of about 3 ¢m
vertical (electric) dipole moment (i.e., of the neutral at the SPectra are normalized to variations in the laser fluence.
equilibrium geometry of the anion) and therefore supports a Action spectra are collected by monitoring the production of
diffuse, dipole-bound excited state, which would not have been fast “photoneutrals™
recovered at the level of theory [MP2/6-84G*]? used to B o
deduce the ground-state structure. X W= X W, ; +W 1)
Water networks (such as the putative cyclic trimer irrW/s) . . . .
should display characteristic vibrational patterns in the oH Which are isolated by repelling the parent and fragment anions
stretching region, as there is an empirical correldfibvetween Just k_)efore _they hit the detector (Galileo microchannel plate).
the red shifting of bands and the local hydrogen-bonding To dlstlngms_h the 'ZD phot_oproducts_ (eq .1) from the neutrals
environment. The locations of OH stretching quanta have created by glthelr collision-induced d_lssomatlon or spontaneous
historically been classified into three distinct binding motifs. 9€cay, we irradiate the clusters while they are inside a small

Water molecules with only one hydrogen engaged in H-bonding region held at high potentiat{(15 kV). The resulting “photo-

display widely spaced bands, one near 3700 cfoorrespond- neutrals” are therefore labeled with a unique velocity, making
Pay ysp G P them readily distinguishable from non-laser-induced neutrals

T Department of Chemistry, Fairfield University, Fairfield, CT 06430. since the latter are largely generated outside the short high-
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Figure 1. Vibrational predissociation spectra for (a)-W,:13 (b)
[7-W, (C) I7*Wj3, (d) I7-W4, (e) I"-Ws, and (f) F-Ws. Labels indicate
tentative assignment to bending overtones (B), ionic H-bonded OH
stretches (S), inter-water H-bonded OH stretches (D), and free OH
stretches (F).
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Figure 2. Vibrational predissociation spectra for (a) BW, (b)
Br=-W, (c) Br-Ws, (d) Br-W,, (e) Br-Ws. (f) is the absorption
spectrum of liquid water at 30C .12 Labels indicate tentative assignment
to bending overtones (B), ionic H-bonded OH stretches (S), and inter-
water H-bonded OH stretches (D).

3800

so that the photoproducts hit the detector in a quiet region of
the arrival time distribution (i.e., well before the parent ions).
The time window for decomposition could be varied between
5 and 1Qus (the drift time between excitation and detection) to

ensure that the fragmentation spectra were not strongly affected,

by kinetic shifts.

I1l. Results and Discussion

IIlLA. Survey Spectra of the Br—-W, and I"*W,, 1 < n
< 6, Cluster Anions. The vibrational predissociation spectra
of the I"*W, and Br-W, clusters are presented in Figures 1
and 2, respectively. In each case, the smmadt (1L, 2, 3) clusters
display relatively sharp features that give way to a very broad,
unresolved band by = 5. This broad structure is reminiscent
of the bulk water spectrum in this region, which is included in
the top trace (f) in Figure 2 The spectral density generally
blue shifts with increasing hydration in both systems. The
similarity of the X™-Wj3 profiles is striking in light of the distinct
halide dependence of time= 1 and 2 spectra (a and b in Figures
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TABLE 1: Frequencies (3 cm™1) of the Vibrational
Features Labeled in Figures 1 and 2

frequency
n band label Br-w, =W
1 B 3241 3295
S 3368 3420
F 3710
2 B 3250 3232
S 3373 3440
S 3347
S 3502
D 3615
F 3680
3 B 3244 3231
S 3422 3459
S 3380
4 B 3245
S 3466 3501
D 3567
5,6 F 3690

that appear to be empirically related to one another and collected
them in Table 1. The labels correspond to assignments of the
bands to bend overtones (B), ionic H-bonded OH stretches (S),
inter-water H-bonded OH stretches (D), and free OH stretches
).

l1I.B. Comparison of the Monohydrates X~-W, for X =
Cl, Br, and I. Both I=-W23and Br-W spectra (Figures la
and 2a, respectively) display strong bands in the single-donor
region, with the iodine showing much sharper features and richer
fine structure. Some of this difference in profile surely results
from the higher Br-W bond dissociation energy relative to
[~-W (41004 150 cnt!vs 36004 110 cnrl)14-16 5o that the
one-photon Br-W action spectrum results from excitation of
warmer clusters than that for-W. The free OH stretch is
clear in the T+-W spectrum, but is obscured, if present, in the
Br—-W spectrum, possibly due to the lower signal-to-noise ratio
in the latter case.

The localization of the X-W (X = Br, I) spectral density in
the 3300-3400 cnt?! range is consistent with the calculated
minimum energy structures for these complexes, where the water
molecule adopts & geometry (i.e., cocked with one H pointing
toward the halide}2* Consequently, the vibrational spectrum
displays a strong ionic H-bonded OH stretch at low energy
(3300-3400 cn1l) and a much weaker free OH streteh3700
cm~1) near the average of the free water bands (3652 and 3756
cm? for v; and v, respectively). It is well-known that the
ionic H-bonded OH stretch has a large dipole derivative and,
therefore, usually dominates the IR spectiirh. (For com-
parison, aC,, isomer would display two bands of comparable
intensity in the middle of the OH stretch region [3508650
m-1.)
The most obvious qualitative difference between the-Bf
and W spectra is that the single-donor OH stretch in the
former is red shifted by about 50 crhrelative to the iodide.
We have previously establish€dhat the band location irmtwW
is not an artifact of the (undefined) cluster temperature by
observing the band via predissociation of a very weakly bound
“spy” such as Ar (Figure 4b). While one might suspect that
the band shift in Br-W results from a temperature effect, we
note that this red shifting trend continues im &V, whose one-
photon spectrum has recently been acquired by Okumura's
group, using CGlas a spy molecul¥. In fact, the Br-W data
now enable us to establish an empirical trend in the single donor
frequency relative to the strength of the ionic H-bond down
the halogen series. This is displayed in Figure 3, where we

1 and 2, respectively). We have labeled bands (or local maxima) plot the experimentally determined OH stretching frequencies
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Figure 3. Comparison of the ionic H-bonded OH stretch frequencies
as a function of the experimental enthalpy of solvatiolf for the
chloride (CF+W),'217promide (Br-W), and iodide (r-W)®13mono-
hydrates.
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Figure 4. Vibrational predissociation spectra for (a)-W,13 (b)
I7*W-Ar,23 (c) I7*W-CHzl, and (d) -W,. Labels indicate tentative
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unperturbed valu& Xantheas has also found another empirical
relationship between the shift in the OH stretch and the
elongation of the intramolecular bond in a manner anticipated
by Badger’s rule’!

IIl.C. Effect of a Second Solvent Molecule: Predissocia-
tion of | =*W+:M; M = Ar, CH sl, (CH3l)2. As we mentioned
above, complexation of PW with Ar has very little effect on
the vibrational pattern, as expected, since the argon matrix shifts
for ions tend to be rather small (3@0 cnt1).22 The primary
changes occur in the partially resolved fine structure of the
vibrational bands and a small red shiftg cm )13 of the band
center (i.e., median at half-maximum). The spectra are repro-
duced in Figure 4a,b for direct comparison. Shortly we will
be discussing the spectra of water dimers on &rnd I, where
the solvent molecules have the opportunity to H-bond to each
other as well as to the ion. We first consider the related case
where we have a second solvent molecule strongly bound to
the ion, but which will not participate in H-bonding to the water.

Methyl iodide (CHi) is a good candidate to explore the strong
binding regime since its dipole moment (1.62 D) is comparable
to that of water (1.8 D) and they have similar binding energies
to iodide [10.34 0.31416ys 9.0+ 0.223 kcal/mol for HO and
CHGal, respectively]. The action spectrum for predissociation
of the I"*-W-CHjsl complex is shown in Figure 4c. Since the
CHsl fundamentals lie outside of this spectral range, we
conclude that the transitions arise from excitation of water.
Again, the spectrum is dominated by an intense single-donor
band, somewhat broader than that obtained for the Ar complex
(fwhm’s ~120 vs~60 cnTl). The band center is red shifted
by only ~15 cnt! compared to the "W complex, indicating
that the local H-bond between water and the ion is not strongly
perturbed by the almost equally strong bond toslCHnterest-
ingly, the quartet in the W spectrum is quenched to a doublet
with the addition of an argon atom, while GHurther splits
this doublet. Unfortunately, despite the fact that we have

assignment to bending overtones (B), ionic H-bonded OH stretches obtained the spectrum of the-HDO specied? the assignment
(S), inter-water H-bonded OH stretches (D), and free OH stretches (F). of this doublet remains unclear.

against the X enthalpies of hydrationAHo 1) determined from
high-pressure mass spectrométry’é The fact that Br-W falls

The free OH stretch (band F in Figure 4c) in\W-CHjl is
red shifted by a similar amount@0 cnT?) as the single donor

exactly as expected from interpolation between the other two relative to F*W. A rather intense new band also appears very
halides strongly suggests that this value is not a consequencdar to the red at 3232 cm. A band in this vicinity (3156 crm)
of temperature, but rather reflects an intrinsic feature of the ionic Was found in the CI-W complex and assigned to the overtone

H-bond. We also note that, like BiW, the free OH stretch
band was also absent in the @l spectrum. The feature was
recovered, however, using CQredissociatior! 18 verifying
that this complex is indeed asymmetrie; Gymmetry with one
hydrogen free). The small intensity of the free OH is in line
with calculations:2417indicating that it is 16-30 times weaker
than the ionic H-bond.

of the water bend®1” In another study, Mikami and co-
workerg* identified a band at 3236 crh in the phenoW,
system and similarly assigned it to the bend overtone. The fact
that the latter gains intensity im4W-CHgsl suggests that the
water is somewhat perturbed by the other solvent molecule. We
have also added a second £LHo form the I-W-(CHjsl);
guaternary complex (not shown). The ionic H-bonded OH

The evolution of the ionic hydrogen bond down the halides stretch and the putative bend are largely unaffected by the

has been explored using ab initio calculations which, in turn,

yield a more detailed view of how this correlation reflects the

character of the bond. Xantheas’s calculations at the MP2/MP4

(aug-cc-pVDZ/aug-cc-pVTZ basis set) leddhr example, show
a pronounced decrease in equilibriunT-XH—O angle down
the halogen series (17,7168, and 165 for X = F, ClI, and Br,
respectively}1® along with a decrease in H-bonded OH bond
length Ron = 1.055, 0.992, and 0.987 A for X F, CI, and

second CHl. The peak locations for the various complexes
are gathered in Table 2.

I1I.D. Decay Dynamics of I=-W-CH3l upon Excitation of
the Water: Statistical Decomposition. The similarity in
binding energy between GHand water also allows us to test
whether energy initially localized in the water molecule is
randomized throughout the complex prior to dissociation by
monitoring the fragment distribution. The photofragments from

Br, respectively, compared to a bond length of 0.966 A for the excitation of the H-bonded OH stretchi(= 3373 cn1?) are
free water molecule calculated at the same level of theory). This shown in Figure 5. The ionic fragments are dominated by loss

loss in directionality with increasing Xradius indicates a

of the CHl molecule (branching ratie~ 0.93) with a small

weakening of the H-bond, and as the water molecule relaxescontribution from loss of water (branching ratie 0.07), as
back toward its unperturbed (i.e., free water) geometry, the ionic expected for thermal dissociation rather than prompt rupture of
H-bonded OH stretching vibration blue shifts back toward the the I"-W bond upon excitation of the ionic H-bond.
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Figure 5. Laser on-laser off photofragmentation spectrum of the
|~-W-CHjl clusters upon excitation of the ionic H-bonded OH stretch
at 3373 cm?. The fragmentation pattern indicates that evaporation of
CHjl is the dominant decay pathway, as would be expected for statistical
decomposition of 1-W-CHjl.

TABLE 2: Frequencies (3 cm™?) of the Vibrational
Features Labeled in Figure 4

band label

frequency

3295
3420
3710

|—.W1b,13

I=-W-Arts

I7*W-CHal

=W,

MTOYYOEMEOETYNET YD

lILE. X ~-W, Clusters; X = Br and I. The critical issue
in the doubly solvated clusters is the relation between the two
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the Introduction, we have already appealed to this asymmetric
structur@ involving two dissimilar water molecules, denoted
SD (single donor) and DD (double donor),

in our earlier work on the emergence of the CTTS band in the
uVv.

We find it useful to consider the band assignments of the
I~-W; complex in the context of Figure 4, which displays this
spectrum along with those of the-W-Ar and I"-W-CHjl
complexes. The most obvious difference between these spectra
is that the t-W, complex displays an intense band (D)
completely absent in the other spectra. It occurs in the expected
region for an inter-water H-bond arising from the DD water
and unambiguously indicates that the two water molecules are
linked together. Bands B, S, and &e already present in the
case of the 1-W-CHjl clusters, suggesting their assignment to
the SD water, with bands B and F arising from the bending
overtone and the free OH, respectively. Bandr3~-W, falls
in line with the empirical position of band, $the lower energy
member of the single-donor doublet) in the argon and methyl
iodide complexes, as it red shifts with increasing binding energy
of the second solvent molecule. Band S is basically unperturbed
in all three complexes, so that the doublet pattern opens as bands
S and $ split apart. A new band ¥ appears in this region
for 17-W, and likely results from the ionic H-bonded OH in
the DD water, which rotates away from its monomer H-bond
angle to accommodate the inter-water H-bond. Clearly, both
water molecules might display the doublet signature (i.e., S and
S; in 17-W-CHjsl), and one suspects that the breadth of band S
arises from a blended structure. Thus, with theéW-CHal
complex as a guide, all the observed bands itW, can be
empirically traced to vibrations of one single-donor and one
double-donor water molecule. Clearly, double resonance and
isotopic labeling, coupled with ab initio theory, will likely be

solvent molecules. Their disposition reflects a delicate balance required to pin down these assignments.

between the directional H-bond of each water to the ion,
favoring a symmetrical arrangement, and H-bonding between
the waters, leading to an asymmetrically solvated halide. For
example, the I-X"—H; angle is calculatédto decrease
dramatically down the halides (9667°, and 63, for F~, CI-,

and Br, respectively), making it more likely to observe inter-
solvent H-bonding for the heavier halides. This emergence of
inter-water binding provides a compelling context in which to

lI.LF. X =W, Clusters; n > 2, X =Brand I. In light of
the differences in the dimer spectra, it is curious that the/s
spectra are so similar (Figures 1c and 2c). Both show a
dominant feature with a broad shoulder toward lower energy
and a faster falloff toward higher energy. The relatively strong
free OH band in1-W; is absent in the trimer, suggesting that
all hydrogens are engaged in H-bonding. All calculations
agreé2248that the global maxima of the XW; (X = Cl, Br,

discuss the differences between the experimentally determined) clusters involve a cyclic water trimer with all “free” hydrogens

Br~-W; and I-W; spectra in Figures 1b and 2b, respectively.
The Br-W, spectrum is quite similar to that of the BW

pointed toward the halide. A planar transition state (all oxygen
atoms and the halide anion lying in the same plane) lies higher

monomer (Figure 2a), suggesting that the two water moleculesin energy with increasing halide size (the barrier is calculated
are more or less equivalent, as would be the case for symmetricato be very small for fluorinej. The similarity of the Br-Ws

solvation. The T-W, spectrum, however, is completely dif-
ferent than that of its monomer (Figure 1a) with many bands
spread throughout the region. Further, we know that this
difference cannot be attributed to solvent perturbation alone
(mediated by the polarizability of | for example) since there
are features in this spectrum not present in thév-CHsl mixed
solvent case (Figure 4c). As we expect that the ionic H-bond
to water is weakest in the iodide complex, it is logical to seek
an explanation of the bands unique toW; based on the
emergence of the inter-solvent H-bond. As we mentioned in

and I"-Wj3 spectra indicate that both species possess this motif
which, in turn, indicates that inter-water bonding has overcome
the individual X -W ionic H-bonds.

The profiles become even more similar by the tetramers,
which are degraded to the red with a blue-shifted band maximum
relative to the trimers. Again, calculations agree that the crown
arrangement, where four water molecules form a cyclic network,
“surface-bound” halide isomer, is the global minimé#3:48In
such cases, all solvent molecules act as double donors and the
spectral density of these isomers should appear in the intermedi-
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Figure 6. Comparison of the frequencies of the band maxima (band
S) as a function of the number of water ligandsfor (O) chloride
(ClI=-W,),*217(O) bromide (Br-W,), and €) iodide (I"-W,) clusters.

ate range (35003650 cntl). We caution, however, that the
larger clusters almost certainly contain significant internal

energy, approaching the evaporative cooling limit, and the broad
spectral profile may result from a fluctuating ensemble. Such

effects have been simulated, for example, by Gatfettho
carried out molecular dynamics calculations on the- @, and
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