
state \\,as proposed as a possible mechalllslll 
in Llneberger's earlier study ( I  I ) ,  our esper- 
lmellts proviiie conclusive spectroscoplc ev- 
iiience that this occurs. 
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Infrared Spectrum of a Molecular Ice Cube: The 
23, and D,, Water Octamers in Benzene-(Water), 

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), cluster. In both clusters, the eight 
water molecules form a hydrogen-bonded cube to which benzene is surface-attached. 
Comparison of the RlDlR spectra with density functional theory calculations is used to 
assign the two (water), structures in benzene-(water), 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." 

T h e  gas -~hase  \vater octamer (W,) holds a 
unique position among water clusters. Froru 
a structural viewpoint, both ah initio ( 1 ,  2)  
anil model-Potential (1 ,  3-5) calculations 
have predicted that the  lowest energy struc- 
ture for the  octamer is n o ~ n i ~ ~ a l l v  cubic. 
with the  eight trlcoordillated water mole- 
cules taklng up positions at the  corners of 
the  cube. Such H-bond-deficient \vater 
molecules are kllo~vll to  be present a t  the 
surface of Ice (6)  and 11qu1d n:ater (7 ) ,  anil 
the  cuhlc Ws cluster enables the  study of 
tricoordinate water molecules free from In- 
terference fro111 the  tetracoordinated mole- 
cules that iiominate the  bulk condensed 
pllases. Furthermore, the  cuhlc xvater clus- 
ters are prototypical building blocks for 
larger fused-cubic or cuboid structures. 
which have been proposed to  play a n  im- 
portant role in larger (~vater),, clusters ( 4 ,  
2 \ 
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T h e  water octalner can for111 sls cublc 
structures, which differ in the  orientations 
of the  H bonds in the cube. Of these, the  
D2,j and S4 symmetry structures have been 
calculated to  be -2 kcal/mol more strongly 
bound than the  other four (4) .  T h e  DZLi and 
S4 structures each contaill 12 H bonds: four 
in each of t ~ v o  cyclic tetramer subunits, and 
four bridging the t\vo tetramers. T h e  tm.o 
structures are distlnguished in  ha\-me the  H - - 
ho~lds  with111 the  tetramers oriented in  the  
opposlte (D,,J or same (S.,) directions. 

O n e  of the  most p o ~ v e r f ~ ~ l  spectroscoplc 
probes of H-bonding net\vorks is the  O H  
stretch reglon of the  infrared (IR) (8). T h e  
vibrational freiluency and IR ~ntensi ty  of 
the  OH stretch fundamentals are sensitive 
functions of the  number, type, and strength 
of H bonds in \vhich each OH group par- 
ticipates. Recent IR spectroscopic studies of 
small water (W,,) (9) and benzene-(water),, 
(BW,I) clusters (IC-13) have provided in- 
sight into the  structural and dynamic con- 
sequences of net~vorks of H bonds. Here n.e 
report the  corresponding OH-stretch IR 
spectral signatures for the  D,Li and St water 
octalllers colnplexeci to  a single 'enzene 
molecule. T h e  benzene molecule provides a 
means for both size and conformational se- 
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lection of the  clusters and weakly perturbs 
the W, cluster so that intensitv 1s induced 
in many of the IR transitions that \voulJ 
otherwise be symmetry forbidden. 

Ultraviolet spectra of the BWII clusters 
\vere recorded with the  use of resonant t\vo- 
photon ionization (R2PI)-time-of-flight 
mass spectroscopy (13-15), monitoring the  
BW6+ and BW;+ mass channels (Fig. 1,  
curves A and B, respectively) in  the origin 
region of the  S,  +- S, tra~lsit ion f r o ~ n  the  
ground to the  first excited singlet state of 
benzene. This transition from the  lo\vest 
vibrational level of the  S, state to the  lom- 
est vibrational level of the  S ,  state is elec- 
tric-dipole forbiclden (16) ;  ho~vever,  in  the  
BW, clusters, the  presence of the water 
molecules lowers the  symmetry, thereby in- 
ducing sollle intensity 111 the  transition. 

T h e  assignment of a spectral transition 
to  a given neutral cluster size must take into 
account the  f r a~menta t ion  of the  cluster 
that can follow photo-ionization. Previous 
work (1 3 ,  14) has sho\vn that in  one-color 
R2PI experiments, BW,, clusters with n = 1 
to  6 fragment after photo-ionization by loss 
of a single \vater molecule (BW,, + 2hv + 
BW,,-,' + W ) ,  but larger clusters fragment 
to give both BW,,-,+ and BW ,,-, + (14).  
Thus, nlost of the  structure in the  BW6+ 
mass channel (Fig. 1, curve A) is from BW7 
and BW,, whereas that in the  BWiT chan- 
nel (Flg. 1, curve B) arises from BW,, and 
BW,. T h e  set of four transitions marked in  
Fig. 1 appears primarily in the  BW7+ mass 
channel but also in BW6+ and 1s therefore 
assigned to the  BW, neutral cluster. 

T o  determine lvhether Inore than one 
species contributes to the  set of ultraviolet 
( U V )  transitions assigned to BW,, UV-UV 
hole-burn~ng spectroscopy n.au perforlned 
(17) .  In  these spectra, a high-po~ver U V  
laser pulse n.as used to  remove a significant 
fraction of the  ground-state population of a 
given species. A second U V  laser was then 
tuneci through the  spectrum while the  ciif- 
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-bum in^ sten 

c ,  L 

appeared as a positlve slgnal in  the  hole- 
burnlng spectrum. T h e  R2PI spectrum in  
the  region of the  more intense 6,' transi- u 

tion of benzene ( that  is, from vihratlonal 
manturn number L) = C in S, t o  L) = 1 in vi 
in S1) divides into tn.o parts under hole- 
burning (Fig. ?, curves A and B), indicating 
that tlvo structural iso~ners of BWs are re- 
sponslhle for the  RZPI spectrum (Fig. ?, 
curve C). T h e  deeeneracv of the  6' level of 
benzene is spllt 17 the  inieraction wlth Ws 
to for111 a doublet. 

T h e  UV spectra of the tvvo structural 
isomers of BW, hold several clues to the 
nature of the BW, species. On the one hand, 
the spectra of BWS(I) and BW,(II) are near- 
ly identical, suggesting that the tlvo structur- 
al isomers are close analogs of one another. 
Flrst, the UV transitiolls of the isomers are 
sevarated hv o n 1 ~  4.2 cmP1. Second, the 
siectra of I and 11'have similar 6,' sp1i;tings 
(2.C and 2.3 cm-', respectively), indicating 
that the W,, specles induce slnlilar asymme- 
try in  the benzene molecule. Third, the spec- 
tra of both snecies exhihit a second, xeak 
transition 7 cm-' above the lllaln band (Fig. 
?), which is vrobablv due to combinatlon 
hands involving a lolv-frequency intermolec- 
ular 1-ibrarion in the cluster. 

I 

I - .- 
s I 

(B) BWlf 
P 
C I I 

h 'w.JkwML 

* - .- 
:I 
2 .- A 

BW8 : 1 = 
(A) BW6- 1~ 

1 1  I 
~ j h . , r h . ~ ~ I n j r . w ~ ~  1 1 J + ~ ~ ~ ~ ~ ~ ~ 9 ~ u N r . ' i . r i l  

+-it I 
I 

80 120 
Relative frequency (cm-') 

Fig. 1. One-color resonant two-photon Ionization 
spectra of BW, clusters near the orlgln of the 
S: + S o  transition of benzene, monitoring the 
BW,- ions with (cutve A) n = 6 and (cutve B) n = 

7. The zero of the frequency scale is taken ro be 
the forbdden origln of the S ,  6 S, transiton for 
the benzene monomer (38,086 cm-I), The as- 
s~gnment of transt~ons to BW, and BW, are given 
in the spectrum. Fragmentation of the BW, clus- 
ters after photo-~on~zation causes effic~ent loss of 
one or two water lnolecues. The BW, cluster then 
appears In the BW,- and BW,- mass channels. 
and BW, appears In the BW,- and BW,- mass 
channels, The unlabeled transitions are assigned 
to larger B,,W, clusters. 

O n  the  other hand, the  R?PI spectra of 
the  ta.o BW, structural isomers show signif- 
icant differences from the  spectra of BW, 
and BW;, suggesting that the  structure of 
BW, differs significantly from those tv-o 
structures. Flrst, the  transltions due to  BW, 
are shifted at least 4C cm-' from those due 
to BW, ( + I 1 0  cm-')  and BW; ( + I 3 9  
cm-I) .  T h e  frequency shlft from BW; to  
BW, is larger than any other one-water 
shift observed in  the  s~naller BW,, clusters 
( I C ) .  Second, the  extent of fragmentation 
after the  photo-ion~zation of BW, 1s signif- 
icantly less than that In BW,. Such a re- 
duction in fragmentation lndlcates that the  
BW,, structural isomers are significantly 
lnore stahle than BW,. 

Infrared spectra of the two BW, structural 
isomers were recorded by resonant ion-dip 
IR (RIDIR) spectroscopy (1 1 ,  13). W e  se- 
lected a single size and conforlnation of clus- 
ter for study in the IR by lnonitorlllg its ion 
slgl~al with the UV-laser ~vavelength set o n  
the  cluster's transition 111 the R2PI spectrum. 
T h e  IR spectrum was then recorded as a 
depletion of the BW,' Ion slgnal induced hy 
an  IR laser pulse whenel-er an  IR transition 

Relat~ve frequency (cm-I) 

Fig. 2. (Curves A and B) Ultraviolet hole-burnng 
spectra of the transtons assgned to BW, In the 
6,' reglon, which e s  521 cm-: above the 
S i  + S, orgln. The hole-burning laser is tuned 
to the transitions (A) 67 6 cm-' and (B) 70.3 cm-: 
above the 6,' trans~tion of free benzene, lnarked by 
astersks In curve C. (Cutve C) The one-color R2P1 
spectrum for comparison, The BW,- mass chan- 
nel IS mon~tored because the BW, transltions are 
most cleanly obsenled in ths  mass channel. The 
R2P1 spectrum In the 6,' region dffers from that 
at the orign (Fig. 1 )  in that (I) each transition at 
the orign IS a doublet at 6,' because of the near 
degeneracy of the 6' level, [i~) the relative inten- 
sites of transt~ons are affected by the different 
effic~encies of fragmentaton wth changing clus- 
ter slze, and ( I I ~ )  the relative n tens~ t~es  of the 
origln transitions relat~ve to those at 6,' vary 
depending on the symmetry-break~ng effect of 
the water cluster on benzene. 

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

T h e  RIDIR spectra of BW,(I) and 
BW,(II) in the  OH stretch region (Fig. 3, A 
and B, respectively) are s t r ~ k ~ n g l y  similar to 
one another and comparatl\.ely simple, be- 
lying similar, high-symmetry W, structures. 
T h e  OH stretch absorptlo~ls (Table 1 )  can 
be assiened to  one of four hvdroeen-bond- 
Ing tyGs. ( I )  T h e  transitions hue ;o the  free 
OH gro~lps (F) appear as a single, unre- 
sol\-ed ahsorntion a t  3713.5 cm-'. ili) T , , 

H-bonded OH absorptions (T) occur near 
3650 cm-', associated lvith the  lveak bond 
formed by the  lnteractlon of one of the  
danglmg OH groups o n  the  water octalner 
with the  aromatlc rr clo~ld of benzene. (iii) 
T h e  absorptions near 3550 cm-I are as- 
signed to  ilouble-donor i D )  lvater mole- , , 

cules. It is here that the    no st significant 
differences between the  spectra of the  two 
BWs isomers appear: BW,(I) has tlvo re- 

IR frequency (cm") 

" I s 4  h S D-a I 

I 
-800 -600 -400 -200 0 

Frequency shift (cm.') 

Fig. 3. (A and B) Resonant  on-d~p 1R spectra of 
the transtons (A) 67.6 cm-' and (B) 70.3 cm-: 
above the 6,' transition of free benzene, corre- 
spondng to BW8(l) and BW,(Il) froln Fig. 2 ,  cunles 
A and B, respectvey. The OH stretch fundamen- 
tals ass~gned to free OH (F), .ir H-bonded OH (T),  

sylnlnetr~c stretch (D-s) and antisymmetrc stretch 
(D-a) double-donor OH, and s~ngle-donor OH 
groups (S) are indicated. The sharp transitions at 
3048 cm-' and 31 01 cm-: are C-H stretch fun- 
damentals of the benzene molecule n the cluster 
[C and D) OH stretch v~bratona frequency sh~fts 
and 1R ntens~tes calculated for the OH stretch 
normal [nodes of BW8(S,) and BW8[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 symmetr~c and anti- 
symmetrc stretch modes of the water monomer. 
The calculated trans~t~ons are given Gaussian 
widths corresponding to the experitnental w~dths 
froln (A) and (B). 
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solved double-donor bands that dominate 
the double-donor transitions, whereas 
BW,(II) has a single band dominating this 
region. (iv) The single-donor OH absorp- 
tions (S) appear below 3300 cm-'. 

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 (1 8) with 
6-31+G[d,p] (1 9) 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 usine the 
Gaussian 94 program (23). 

The binding energies calculated for the 
optimized W8(D,,) and W8(S4) clusters (Fig. 
4, A and B) are nearly identical. In the ab- 
sence of vibrational zero-point energy (ZPE) 
corrections, the D2, structure is predicted to 
be 0.06 kcal/mol more strongly bound than 
S4, but this energy ordering is reversed 
(with S4 lower by 0.11 kcal/mol) when ZPE 
is included. In these free D,, and S4 water 
octamers, the oxygen atoms do not form a 

Fig. 4. Calculated structures for the (A) S4 and (B) 
D,, symmetry cubic water octamers and the cor- 
responding structures calculated for (C) BW,(SJ 
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 (SJ or opposite (D2, directions. The 
presence of benzene causes a local distortion of 
the cubic W, clusters, with the distortion being 
greater near the site of attachment. 

perfect cube, but distort to accommodate 
four sh9rter AAD+ADD hydrogen bonds 
(2.64 6) 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 
BW, clusters lead to structures in which 
benzene is attached to the surface of the W, 
structures by a .rr 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 S4 and D,, W, 
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 W, 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 
DZd 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) intensitv. In . 7 

contrast, in the S4 isomer there are two 
double-donor bands se~arated bv 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 S4 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 I  [BW8(D2d)l I [Bw8(sJl 
Vibrational type OH 

groups Freq. Width Int. Freq. Width Int. 

Free OH 3 3713.5 7 3 3713.5 7 3 
P 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 31 48 20 
3097 16 3092 20 

CH stretch region of benzene 3046.5 4 -0.6 3048 4 -0.5 

Table 2. Key structural data calculated for the S, and D2, isomers of W, and BW, using density 
functional theory. R is the 0-0 separation, and r is the 0 - H  bond length, in angstroms (for atom 
numbering, see Fig. 4). Rotational constants are in gigahertz, and dipole moments are in debye. 

Parameter 'f",(sJ BW,(SS w8(D2d) Bw8(D2d) 

R(O1-02) 2.641 2.671 2.645 2.674 
R(Oi-OJ 2.833 2.800 2.827 2.791 
R(O1-04 2.828 2.791 2.827 2.791 
r(0~-Hz) 1.008 1.002 1.008 1.002 
r(04443) 0.983 0.986 0.983 0.986 
~(OS-H~) 0.983 0.986 0.983 0.986 
~(OT-HI) 0.967 0.971 0.967 0.971 
r(X-H,)* 2.503 2.51 7 
r(X-01)* 3.455 3.453 
Dipole 0 1.26 0 1.23 

moments 
Rotational 0.92437 0.92529 0.69246 0.6881 1 

constants 0.89338 0.21 141 0.92529 0.21637 
0.89338 0.21 501 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-I). The 
comparison with the experitnental spectra 
(Fig. 3, A and B) leads to an assignment of 
BW,(I) as BW8 (cubic S4) and BW,(II) as 
BW,(cubic DZd). Weaker transitions, due to 
the symmetric-stretch double-donor transi- 
tions, are observed between 3450 and 3520 
cin-', 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 nortnal 
modes are delocalized over all four s~nele- 

u 

donor OH groups in the cube. By symmetry, 
all of the single-donor IR intensity is con- 
centrated in a single transition in W8(DZd) 
and in a doubly degenerate set of transitions 
in Ws(S4). Because the binding of benzene 
to the W, cubes occurs through the free OH 
group of one of the single-donor water mol- 
ecules, the single-donor normal tnodes cal- 
culated for BW8(cubic D2J and BW,(cubic 
S4) become partially localized, thereby re- 
distributing the single-donor OH stretch 
intensity amongst the normal modes. 

For both BW, isomers, the experimental 
spectra in the single-donor region have 
three resolved, approxitnately equally 
spaced transitions. The calculated spectrum 
of BW,(S4) (Fig. 3C) reproduces both the 
spacing and the intensity profile of the ex- 
perimental spectrutn in this region (Fig. 
3A). For BW8(DZd), 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 honed that the nresent data will 
stimulate further structural characterization 
of the DZd and S4 cubic structures of W,. 
Despite their near identical rotational con- 
stants (Table 2), the rotational levels of the 
DZd and S4 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. 

T h e  gas-nhase reaction of ICL molecules - A 

with deuterium is chemically selective; the 
yield of DI exceeds DCl by a factor of at 
least 3 despite the much lower exothermic- 
ity for fortning DI (84 kJ mol-') compared 
with DC1 (218 kJ tnol-') ( 1 ) .  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 ( l l1) - (7  X 7 )  surface, there are three pos- 
sible cotnpetitive reaction channels: disso- 
ciative adsorption (Eq. I ) ,  chlorine-selec- 
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tive abstraction (Eq. 2 ) ,  and iodine-selec- 
tive abstraction (Eq. 3). 

I-Cl(g) + 2Si + Si-I + Si-C1 

AE = -5.59eV (1) 

I-Cl(g) + Si --+ Si-Cl + I(g) 

AE = -2.55eV ( 2 )  

I-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 C1 atoms separately fortn chetnical 
bonds with the surface. In abstractive ad- 
sorption, one halogen atom (X) in an ICl 
molecule forms a chetnical bond with the 
surface and the other is ejected into the gas 
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