state was proposed as a possible mechanism
in Lineberger’s earlier study (11), our exper-
iments provide conclusive spectroscopic ev-
idence that this occurs.
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Infrared Spectrum of a Molecular Ice Cube: The
S, and D, , Water Octamers in Benzene-(Water)g

Christopher J. Gruenloh, Joel R. Carney, Caleb A. Arrington,
Timothy S. Zwier,” Sharon Y. Fredericks, Kenneth D. Jordan*

Resonant two-photon ionization, ultraviolet hole-burning, and resonant ion-dip infrared
(RIDIR) spectroscopy were used to assign and characterize the hydrogen-bonding to-
pology of two conformers of the benzene-(water)g cluster. In both clusters, the eight
water molecules form a hydrogen-bonded cube to which benzene is surface-attached.
Comparison of the RIDIR spectra with density functional theory calculations is used to
assign the two (water)g structures in benzene-(water)g as cubic octamers of D,, and S,
symmetry, which differ in the configuration of the hydrogen bonds within the cube. OH
stretch vibrational fundamentals near 3550 wave numbers provide unique spectral sig-

natures for these “molecular ice cubes.”

The gas-phase water octamer (W) holds a
unique position among water clusters. From
a structural viewpoint, both ab initio (I, 2)
and model-potential (1, 3-5) calculations
have predicted that the lowest energy struc-
ture for the octamer is nominally cubic,
with the eight tricoordinated water mole-
cules taking up positions at the corners of
the cube. Such H-bond-deficient water
molecules are known to be present at the
surface of ice (6) and liquid water (7), and
the cubic Wy cluster enables the study of
tricoordinate water molecules free from in-
terference from the tetracoordinated mole-
cules that dominate the bulk condensed
phases. Furthermore, the cubic water clus-
ters are prototypical building blocks for
larger fused-cubic or cuboid structures,
which have been proposed to play an im-
portant role in larger (water), clusters (4,

5).
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The water octamer can form six cubic
structures, which differ in the orientations
of the H bonds in the cube. Of these, the
D,y and S, symmetry structures have been
calculated to be ~2 kcal/mol more strongly
bound than the other four (4). The D,, and
S, structures each contain 12 H bonds: four
in each of two cyclic tetramer subunits, and
four bridging the two tetramers. The two
structures are distinguished in having the H
bonds within the tetramers oriented in the
opposite (D,,) or same (S,) directions.

One of the most powerful spectroscopic
probes of H-bonding networks is the OH
stretch region of the infrared (IR) (8). The
vibrational frequency and IR intensity of
the OH stretch fundamentals are sensitive
functions of the number, type, and strength
of H bonds in which each OH group par-
ticipates. Recent IR spectroscopic studies of
small water (W,) (9) and benzene-(water),,
(BW,,) clusters (10-13) have provided in-
sight into the structural and dynamic con-
sequences of networks of H bonds. Here we
report the corresponding OH-stretch IR
spectral signatures for the D, and S, water
octamers complexed to a single benzene
molecule. The benzene molecule provides a
means for both size and conformational se-
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lection of the clusters and weakly perturbs
the Wy cluster so that intensity is induced
in many of the IR transitions that would
otherwise be symmetry forbidden.

Ultraviolet spectra of the BW, clusters
were recorded with the use of resonant two-
photon ionization (R2PI)-time-of-flight
mass spectroscopy (13~15), monitoring the
BW," and BW," mass channels (Fig. 1,
curves A and B, respectively) in the origin
region of the S, <=8, transition from the
ground to the first excited singlet state of
benzene. This transition from the lowest
vibrational level of the S, state to the low-
est vibrational level of the S, state is elec-
tric-dipole forbidden (16); however, in the
BWg clusters, the presence of the water
molecules lowers the symmetry, thereby in-
ducing some intensity in the transition.

The assignment of a spectral transition
to a given neutral cluster size must take into
account the fragmentation of the cluster
that can follow photo-ionization. Previous
work (13, 14) has shown that in one-color
R2PI experiments, BW, clusters with n = 1
to 6 fragment after photo-ionization by loss
of a single water molecule (BW  + 2hv —
BW, _,* + W), but larger clusters fragment
to give both BW, _,* and BW, ,* (14).
Thus, most of the structure in the BW,*
mass channel (Fig. 1, curve A) is from BW,
and BWg, whereas that in the BW,* chan-
nel (Fig. 1, curve B) arises from BWg and
BW,. The set of four transitions marked in
Fig. 1 appears primarily in the BW,™ mass
channel but also in BW,* and is therefore
assigned to the BWg neutral cluster.

To determine whether more than one
species contributes to the set of ultraviolet
(UV) transitions assigned to BWq, UV-UV
hole-burning spectroscopy was performed
(17). In these spectra, a high-power UV
laser pulse was used to remove a significant
fraction of the ground-state population of a
given species. A second UV laser was then
tuned through the spectrum while the dif-
ference in ion signal with and without the
hole-burning laser present was recorded.
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Any transition that shares its initial level
with that used in the hole-burning step
appeared as a positive signal in the hole-
burning spectrum. The R2PI spectrum in
the region of the more intense 6, transi-
tion of benzene (that is, from vibrational
quantum number v = 0 in Sy to v = 1 in vy
in §;) divides into two parts under hole-
burning (Fig. 2, curves A and B), indicating
that two structural isomers of BWg are re-
sponsible for the R2PI spectrum (Fig. 2,
curve C). The degeneracy of the 6! level of
benzene is split by the interaction with W
to form a doublet.

The UV spectra of the two structural
isomers of BWg hold several clues to the
nature of the BWg species. On the one hand,
the spectra of BW (1) and BW(II) are near-
ly identical, suggesting that the two structur-
al isomers are close analogs of one another.
First, the UV transitions of the isomers are
separated by only 4.2 cm™!. Second, the
spectra of I and II have similar 6,' splittings
(2.0 and 2.3 cm ™!, respectively), indicating
that the W, species induce similar asymme-
try in the benzene molecule. Third, the spec-
tra of both species exhibit a second, weak
transition 7 cm ™! above the main band (Fig.
2), which is probably due to combination
bands involving a low-frequency intermolec-
ular vibration in the cluster.

lon intensity (arbitrary units)

‘BWg
BW,
ne M
L L L | L 1 1
0 40 80 120

Relative frequency (cm™)

Fig. 1. One-color resonant two-photon ionization
spectra of BW,, clusters near the origin of the
S, « S, transition of benzene, monitoring the
BW,* ions with (curve A)n = 6 and (curve B)n =
7. The zero of the frequency scale is taken to be
the forbidden origin of the S, < S, transition for
the benzene monomer (38,086 cm~"). The as-
signment of transitions to BW., and BWj, are given
in the spectrum. Fragmentation of the BW,, clus-
ters after photo-ionization causes efficient loss of
one or two water molecules. The BW, cluster then
appears in the BW;* and BWg™ mass channels,
and BW, appears in the BW,* and BW," mass
channels. The unlabeled transitions are assigned
to larger B,,W,, clusters.
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On the other hand, the R2PI spectra of
the two BWg structural isomers show signif-
icant differences from the spectra of BW,
and BW., suggesting that the structure of
BW, differs significantly from those two
structures. First, the transitions due to BWg
are shifted at least 40 cm™! from those due
to BW, (+110 cm™*) and BW, (+139
cm™1). The frequency shift from BW, to
BW, is larger than any other one-water
shift observed in the smaller BW, clusters
(10). Second, the extent of fragmentation
after the photo-ionization of BWj is signif-
icantly less than that in BW,. Such a re-
duction in fragmentation indicates that the
BW, structural isomers are significantly
more stable than BW.

Infrared spectra of the two BWj structural
isomers were recorded by resonant ion-dip
IR (RIDIR) spectroscopy (11, 13). We se-
lected a single size and conformation of clus-
ter for study in the IR by monitoring its ion
signal with the UV-laser wavelength set on
the cluster’s transition in the R2PI spectrum.
The IR spectrum was then recorded as a
depletion of the BW ™ ion signal induced by
an IR laser pulse whenever an IR transition

(©) .
0
5
>
g
£ ®BW,()
©
2 M WW“WWWW
E, f
E

(A) BW4()

40760 80 100 120 140
Relative frequency (cm-?)

0 20

Fig. 2. (Curves A and B) Ultraviolet hole-burning
spectra of the transitions assigned to BWy in the
6,' region, which lies 521 cm~' above the
S, < §, origin. The hole-burning laser is tuned
to the transitions (A) 67.6 cm~" and (B) 70.3 cm ™"
above the 6, transition of free benzene, marked by
asterisks in curve C. (Curve C) The one-color R2PI
spectrum for comparison. The BW* mass chan-
nel is monitored because the BWj, transitions are
most cleanly observed in this mass channel. The
R2PI spectrum in the 6, region differs from that
at the origin (Fig. 1) in that (i) each transition at
the origin is a doublet at 6, because of the near
degeneracy of the 6" level, (i) the relative inten-
sities of transitions are affected by the different
efficiencies of fragmentation with changing clus-
ter size, and (i) the relative intensities of the
origin transitions relative to those at 6, vary
depending on the symmetry-breaking effect of
the water cluster on benzene.

| REPORTS |

occurred out of the same ground-state level
as that monitored in R2PI.

The RIDIR spectra of BWg(I) and
BWg(1I) in the OH stretch region (Fig. 3, A
and B, respectively) are strikingly similar to
one another and comparatively simple, be-
lying similar, high-symmetry Wy structures.
The OH stretch absorptions (Table 1) can
be assigned to one of four hydrogen-bond-
ing types. (i) The transitions due to the free
OH groups (F) appear as a single, unre-
solved absorption at 3713.5 cm ™! (ii) =
H-bonded OH absorptions () occur near
3650 cm !, associated with the weak bond
formed by the interaction of one of the
dangling OH groups on the water octamer
with the aromatic 7 cloud of benzene. (iii)
The absorptions near 3550 cm™! are as-
signed to double-donor (D) water mole-
cules. It is here that the most significant
differences between the spectra of the two
BWg isomers appear: BW(I) has two re-

3400 3600
IR frequency (cm™')

3000 3200 3800

S D-a

-600 -400 -200 0
Frequency shift (cm™1)

-800

Fig. 3. (A and B) Resonant ion-dip IR spectra of
the transitions (A) 67.6 cm~" and (B) 70.3 cm™'
above the 6, transition of free benzene, corre-
sponding to BWg(l) and BW(ll) from Fig. 2, curves
A and B, respectively. The OH stretch fundamen-
tals assigned to free OH (F), = H-bonded OH (),
symmetric stretch (D-s) and antisymmetric stretch
(D-a) double-donor OH, and single-donor OH
groups (S) are indicated. The sharp transitions at
3048 cm~" and 3101 cm~" are C-H stretch fun-
damentals of the benzene molecule in the cluster.
(C and D) OH stretch vibrational frequency shifts
and IR intensities calculated for the OH stretch
normal modes of BWg(S,) and BWg(D,,) using
density functional theory. The zero of the frequen-
cy-shift scale is taken to be the average of the
calculated frequencies of the symmetric and anti-
symmetric stretch modes of the water monomer.
The calculated transitions are given Gaussian
widths corresponding to the experimental widths
from (A) and (B).
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solved double-donor bands that dominate

the double-donor transitions, whereas
BW(Il) has a single band dominating this
region. (iv) The single-donor OH absorp-
tions (S) appear below 3300 cm™L.

As an aid in assigning and analyzing
the RIDIR spectra, density functional the-
ory (DFT) calculations of the structures,
binding energies, harmonic vibrational
frequencies, and IR intensities have been
carried out on the S, and D,; W isomers
both in the presence and absence of ben-
zene. The DFT calculations use the
Becke3LYP  functional (I8)  with
6-31+Gld,p] (19) and 6-31G(d) (20) ba-
sis sets on the water and benzene mole-
cules, respectively (21, 22). The geome-
tries were optimized using analytical gra-
dients, and the frequencies were obtained
using analytical second derivatives. The
calculations were carried out using the
Gaussian 94 program (23).

The binding energies calculated for the
optimized Wg(D,,) and Wy(S,) clusters (Fig.
4, A and B) are nearly identical. In the ab-
sence of vibrational zero-point energy (ZPE)
corrections, the D, structure is predicted to
be 0.06 kcal/mol more strongly bound than
S4 but this energy ordering is reversed
(with S, lower by 0.11 kcal/mol) when ZPE
is included. In these free D,; and S, water
octamers, the oxygen atoms do not form a

A W,(8) B

. O, Hn
: 0 H > |4
TR e 4
$ OET 2
' O . aH,
LA
\, £ fo
0,7 - omly
0O

B F ol

perfect cube, but distort to accommodate
four shorter AAD—ADD hydrogen bonds
(2.64 A) and eight longer ADD—>AAD
(2.83 A) hydrogen bonds (AAD and ADD
refer to double-acceptor-single-donor and
single-acceptor—double-donor water mole-
cules, respectively).

The DFT calculations on the analogous
BWj clusters lead to structures in which
benzene is attached to the surface of the Wy
structures by a 7 H bond to one of the free
OH groups on the cluster (Fig. 4, C and D).
The presence of the benzene molecule causes
only small distortions in the S, and D,, Wy
clusters (Table 2). Moreover, the binding
energies of the benzene molecule to the two
W isomers are within 0.02 kcal/mol of one
another.

The agreement of the calculated spectra
(Fig. 3, C and D) with experiment (Fig. 3,

A and B) is sufficiently good to confirm the
proposed assignment of the BW; isomers
responsible for the experimental spectra
(24). In the bare Wy clusters, the strongest
double-donor IR fundamentals are nomi-
nally antisymmetric stretch in character
(D-a), delocalized over the four double-
donor water molecules in the cube. In the
D,, isomer, a single band ascribed to a
degenerate pair of vibrations with frequency
shift of —222 cm™! carries all the antisym-
metric double-donor (D-a) intensity. In
contrast, in the S, isomer there are two
double-donor bands separated by 20 cm™!
that are predicted to carry the D-a intensity -
(one nondegenerate and one doubly degen-
erate). This difference is maintained in the
presence of benzene, which splits the al-
lowed degenerate pair of vibrations in both

the D,, and S, isomers, by 10 to 13 cm™,

Table 1. Experimental vibrational frequencies, widths, and relative integrated intensities for the two
structural isomers of benzene-(water),. The widths are full widths at half-maximum in wave numbers.
The intensities are approximate power-normalized, integrated intensities for each type of OH stretch,
scaled to a value of 3.00 for the free OH, because three free OH groups are present in the BW isomers.
They have not been corrected for the effects of partial saturation of the transitions. The double-donor
and single-donor OH stretch transitions gain intensity through their H bonds with other water molecules.

No. of I [BWg(D,)] | [BW(S,)
Vibrational type OH
groups Freq. Width Int. Freq. Width Int.
Free OH 3 3713.5 7 3 3713.5 7 3
7 H-bonded OH 1 3649 6 4 3650 6 4
3637 8 3642 8
Double-donor OH stretches 8
Antisymmetric 3568 25 20 3563 20 29
3543 20
Symmetric 3523 13 12 3520 9 12
3508 ~8 3506 ~8
3497 9 3496 8
3446 12 3454 10
Single-donor OH stretches 4 3203 19 18 3198 ~20 16
3151 21 3148 20
3097 16 3092 20
CH stretch region of benzene 3046.5 4 ~0.6 3048 4 ~05

C  BW(S) D

R
95 e

b~ d
i §

Fig. 4. Calculated structures for the (A) S, and (B)
D, symmetry cubic water octamers and the cor-
responding structures calculated for (C) BWg(S,)
and (D) BW(D,). The two structures differ in the
orientation of the 12 H bonds in the cube. The top
and bottom faces can be viewed as cyclic tet-
ramer subunits that have their H bonds either in
the same (S,) or opposite (D,,) directions. The
presence of benzene causes a local distortion of
the cubic Wy clusters, with the distortion being
greater near the site of attachment.
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Table 2. Key structural data calculated for the S, and D, isomers of Wy and BW, using density
functional theory. R is the O-O separation, and r is the O-H bond length, in angstroms (for atom
numbering, see Fig. 4). Rotational constants are in gigahertz, and dipole moments are in debye.

Parameter Wg(S,) BW(S,) Wg(D,0) BW,(D,,)

R(O,-0,) 2.641 2.671 2.645 2,674

R(O,-0O 2.833 2.800 2.827 2.791

R(O,-0Oy) 2.828 2.791 2.827 2.791

rO4-H,) 1.008 1.002 1.008 1.002

r(O,-Hy) 0.983 0.986 0.983 0.986

r(Og-H,) 0.983 0.986 0.983 0.986

r(O,-H,) 0.967 0.971 0.967 0.971

(X-H,)* 2.503 2.517

r(X-0,) 3.455 3.453

Dipole 0 1.26 0 1.23
moments

Rotational 0.92437 0.68811 0.92529 0.69246
constants 0.89338 0.21141 0.92529 0.21637

0.89338 0.21501 0.86387 0.21346

*X is the center of mass of benzene.
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an amount insufficient to be resolved in the
experimental spectra given the inherent
width of the transitions (20 cm™!). The
comparison with the experimental spectra
(Fig. 3, A and B) leads to an assignment of
BWg(I) as BWy (cubic S,) and BW(II) as
BW(cubic D,,). Weaker transitions, due to
the symmetric-stretch double-donor transi-
tions, are observed between 3450 and 3520
cm ™!, also consistent with the predictions
of the calculations.

The change induced by benzene in the
single-donor region is larger than that in
the double-donor transitions. In the ab-
sence of benzene, the single-donor normal
modes are delocalized over all four single-
donor OH groups in the cube. By symmetry,
all of the single-donor IR intensity is con-
centrated in a single transition in Wg(D,,)
and in a doubly degenerate set of transitions
in W(S,). Because the binding of benzene
to the Wy cubes occurs through the free OH
group of one of the single-donor water mol-
ecules, the single-donor normal modes cal-
culated for BWg(cubic D, ;) and BW(cubic
S4) become partially localized, thereby re-
distributing the single-donor OH stretch
intensity amongst the normal modes.

For both BWj isomers, the experimental
spectra. in the single-donor region have
three resolved, approximately equally
spaced transitions. The calculated spectrum
of BW(S,) (Fig. 3C) reproduces both the
spacing and the intensity profile of the ex-
perimental spectrum in this region (Fig.
3A). For BW(D,,), the spacing between
transitions is correct, but the relative inten-
sities of the two highest frequency transi-
tions is reversed (Fig. 3, B and D). This
discrepancy may reflect a deficiency in the
atomic basis sets.

The OH stretch IR spectra, especially in
the double-donor region near 3550 cm™!,
provide unique spectral signatures of these
cubic structures, distinguishing them from
the bicoordinated cyclic structures of the
water trimer to pentamer, and the tetracoor-
dinated water molecules found in liquid wa-
ter and ice.

It is hoped that the present data will
stimulate further structural characterization
of the D,; and S, cubic structures of Wig.
Despite their near identical rotational con-
stants (Table 2), the rotational levels of the
D,; and S, structures will have different
nuclear-spin  statistical weights, which
could be used in rotationally resolved spec-
tra to distinguish the two structures. The
cubic isomers may also differ in their hydro-
gen tunneling behavior.
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Atomic Selectivity in the Chemisorption of ICI
(lodochloride) on Silicon Surfaces

Yong Liu, Denis P. Masson, Andrew C. Kummel*

When ICI adsorbs on a clean silicon (111)-(7X7) surface, the reaction is chemically
selective. This process has been studied with the use of scanning tunneling microscopy
and Auger spectroscopy. The dominant mechanism is the formation of silicon mono-
iodide by abstraction and the ejection of the chlorine atoms back into the gas phase. This
pathway is not only chemically selective but also the least exothermic of all the possible
reaction mechanisms. Although atomic chemical selectivity in gas-phase reactions is
quite common, atomic chemical selectivity is unexpected in gas-surface reactions on
clean surfaces because of the high density of reactive sites.

The gas-phase reaction of ICl molecules
with deuterium is chemically selective; the
yield of DI exceeds DCI by a factor of at
least 3 despite the much lower exothermic-
ity for forming DI (84 k] mol™!) compared
with DCI (218 kJ mol™1!) (I). From a dy-
namical point of view, a fundamentally in-
teresting question is whether such a chem-
ical selectivity observed in gas-phase reac-
tions can exist in molecule-surface interac-
tions. For the chemisorption of ICl onto the
Si(111)-(7X7) surface, there are three pos-
sible competitive reaction channels: disso-
ciative adsorption (Eq. 1), chlorine-selec-
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tive abstraction (Eq. 2), and iodine-selec-
tive abstraction (Eq. 3).

I-Cl(g) + 2Si — Si-I + Si—Cl

AE = —5.59¢V (1)
I-Cl(g) + Si — Si-Cl + I(g)

AE = —2.55eV (2)
[-Cl(g) + Si — Si-I + Cl(g)

AE = —0.86eV (3)

In dissociative adsorption, the chemical
bond of an ICl molecule breaks, so that the
I and Cl atoms separately form chemical
bonds with the surface. In abstractive ad-
sorption, one halogen atom (X) in an ICl
molecule forms a chemical bond with the
surface and the other is ejected into the gas
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