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where &/dQ is the transition dipole, 6 is the permittivity of free 
space, m is the reduced mass of the harmonic oscillator, uo is the 
vibrational frequency of the free molecule, and u is the hard-sphere 
diameter. The liquid structure parameter i(p,T) approaches zero 
for random molecular orientations and increases as the liquid 
structure becomes more orientationally ordered. Vibrational 
frequencies are predominantly determined by static molecular 
structure rather than by the dynamical processes occurring through 
intermolecular and intramolecular interactions. Since the liquid 
molecules confined to spaces as small as several molecular diam- 
eters are less freely randomized compared to molecules in a bulk 
liquid, the local orientational order of the restricted molecules 
should be enhanced which, in turn, will result in a larger AuRIVC 
according to eq 3. 

Obviously, Logan's model does not consider any surface in- 
teractions, and hence it is not too surprising to find that b R w C ( R )  
of the nonmodified glasses does not follow the theoretically pre- 
dicted trend. However, for modified glasses, where the surface 
interactions have been reduced significantly, AYRIVC(R) does in- 
crease as pore size decreases (Figure 3). The possible confined 
geometry-induced changes in AuRIVc for the nonmodified glasses, 
although not observable within the experimental error, are by no 
means as large as the effects for the modified glasses as shown 
in Figure 3. This is indicative of the local molecular structure 
for confined liquids in nonmodified glasses being significantly 
affected by the surface interactions and, therefore, may counteract 
the confined geometry-induced changes, with the net result of a 
smaller change in A Y R ~ V C ( R )  compared to that observed in the 
modified glasses. 

The theoretical work of Klafter et a1.16 concerning energy 
relaxation under the effect of geometrical confinement was a strong 
motivating force in initiating this investigation. One of their major 
conclusions in studying the direct resonant energy transfer of 
restricted molecules is that the geometry (such as the cylindrical 
pores) slows down the relaxation rate of the direct energy transfer. 
A slower relaxation rate implies a narrower line width for a 
particular relaxation mechanism, and so in our experimental work 
it is expected that ArRnc will also decrease as the pore size is 
decreased. These theoretical predictions were qualitatively con- 
fmed by our experimental results (Figures 4 and 5). While peak 
shifts are determined by the static molecular structure, the line 
widths are much more dependent on the dynamic processes in- 
volving intermolecular and intramolecular interactions. Resonant 
intermolecular vibrational coupling occurs through energy transfer 
between molecules of the same species. Therefore, any surface 
perturbation, regardless of magnitude, will change the energy of 
the vibration for molecules associated with the surface resulting 
in nonresonance with the original energy levels. The degree to 
which the surface perturbation affects the energy level is unim- 

portant as any difference will result in a reduced ability to relax 
through interaction with surface associated molecules. One would 
expect that any surface perturbation will affect the RIVC re- 
laxation rate in a similar manner. In agreement with our ex- 
pectations, it appears that the surface interactions of the non- 
modified glasses do not affect significantly the RIVC relaxation 
rate as shown in Figure 5. 

Conclusion 
The influence of geometric confinement on the molecular dy- 

namia of liquid methyl iodide was studied by Raman scattering. 
The RIVC of the u2 vibrational mode in methyl iodide turns out 
to be an excellent probe to explore the effects of geometric con- 
finement as the results for the resonant intermolecular vibrational 
coupling mechanism of this mode provide qualitative experimental 
evidence of changes due to geometric confinement. The exper- 
imental results, which show that the smaller the pore size the 
smaller the line widths and the larger the line shifts induced by 
RIVC, are qualitatively explained by using the theoretical models 
of and Klafter et d.I6 This finding suggests that the liquid 
methyl iodide confined to very small ports has a higher reorien- 
tational order and slower resonant energy transfer relaxation rates. 
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We report an investigation of the low-pressure gas-phase reactions involving hot I*O('P) atoms with translational energies 
in excess of 1 eV and formaldehyde. Using mass spectrometry, I8O incorporation in C'60180 and HC'Q products was obscr~ed. 
These results strongly suggested that carbonyl bond addition was an important reaction at these energies. 



Letters 

m / r  44 in their flow-tube experiments involving O('P) + H$O. 
They presumed that this mass signal was due to C 0 2  formed 
somehow as a result of such an addition reaction. While this may 
be true, their study did not provide any direct evidence for hy- 
drogen atom migration in the methylenebis(oxy)H2C02 adduct. 
It was later suggested by Dupuis and Lester," in an ab initio study 
of the same system, that the isomerization of this adduct to triplet 
formic acid would require at least 30 kcal/mol. It is therefore 
highly unlikely that such migrations are possible for the triplet 
adduct in a room-temperature experiment. 

Chang and Barker's results were best explained either by 
collision-induced intersystan crossing to singlet mcthylenebis(oxy), 
whae hydrogen atom migration here would require a substantially 
lower activation energy, or by stepwipe hydrogen atom elimination 
from the triplet adduct. The former explanation should at least 
play a significant role in view of the fact that their studies were 
carried out at the rather high pressure of 1.6 Torr. 

spectrometric detection of certain products which support the 
hypothesis that the O('P) + H,CO addition reaction is an im- 
portant process. These studies were made poacible using ion beam 
sputtering from an isotopkally enriched atomic oxygen-18 source 
for generating these hot atoms.l2-I4 

Exptrimatd Section 
A detailed description of the source ~haracteristics'~ and the 

low-pressure reaction cell have been published elsewhere.15 The 
system utilized a 15O-cm Isotope Separator (High Voltage Corp.) 
for generating and mass resolving a 40-keV argon ion beam. This 
beam was focused with an electrostatic lens through a 4%" 
entrance aperture onto a Ta205 target. Generally, about 15 mA 
of beam was used to bombard the target. This target was mounted 
at an angle of 30°, measured between the surface n o d  and the 
beam axis, in order to optimize the oxygen atom flux. It was also 
rotated on axis for better uniformity in that flux, when the oxide 
became depleted. 

The enriched oxide target was prepared by anodizing a 0.05- 
nun-thick tantalum foil (Atomergic Chemetals Corp.) with a 0.01 
N KI solution with "Qmriched HzO (Monsanto Research Corp., 
Mound Laboratory: isotopic distribution 97.1% l80; 2.0% 1 7 0  
0.W laO),16 Although oxide thicknesses were not measured, the 
process yielded what appeared to be a uniform gray coating that 
surpascd thiclmarsar that could be matched to specific interference 
colors. 

Oxygen atoms sputtered from TazOS with 40-keV argon ions 
were found to be dominantly neutral and resided exclusively in 
their 'PJ ground electronic statal4 Energy distributions for these 
atoms were previously measured and reported by us1' for selected 
scatter angles. These measurements were found to coincide with 
the distributions expected from a modified collision cascade 
sputtering model reportal by Garrison.17 The distribution extends 
well over the 1-20-eV range but peaks at about 6 eV. 

Formaldehyde was prepared on-line by decomposing para- 
formaldehyde (Aldrich Chem.) at 440 K. The paraformaldehyde 
was dried under vacuum at 370 K for several days before use. The 
formaldehyde was introduced into the sputtering chamber through 
a heated 0.25-in. stainless steel tube. The absolute substrate 
pressure was measured with a Barocel gauge (MKS) and con- 
trolled to 1 X lO-5 Torr using a sapphire seated variable leak value 
(Varian) maintained at 370 K. 

The primary chamber was differentially pumped by a turbo- 
molecular pump (Balzer Inc.) and a 4-in. oil diffusion pump, 
isolated by a liquid nitrogen cooled baffle, to achieve a base 
pressure of 8 X Torr. The forechamber was pumped by a 
6-in. oil diffusion pump and also isolated by a liquid nitrogen 
cooled baffle to achieve a base pressure of 2 X 

Primary products were analyzed with an on-line quadrupole 
mass filter that had a resolution of about 50 in the low mass range 
(Dycor 200 mass range head). Electron impact was used for 
ionization along with a Channeltron type electron multiplier 
detector. The detector assembly was mounted perpendicular to 
the axis of the primary argon ion beam (60° from the target 
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Figure 2. Collected spectrum of ion signals measured at  m / e  3 1 and 46 
over two modulation cycles of the I80-atom source. 

direct hydrogen atom elimination yielding C160180, reaction 2 
depicts two additional isomerization pathways of the methy- 
lenebis(oxy)H2C160180 adduct formed in these hot atom studies 
that would yield triplet formic acid. Decomposition is expected 
of this acid through either reaction 3 or 4. Studies on the de- 

HC160180H HCI60 + 180H 
2 H2I80 + Cl60 
2 C160180 + H2 (or 2H) 

91, C180160 + H2 (or 2H) 

(3) 
v 

HC180160H - HCI80 + I60H 
-% H2I60 + CI80 

(4) 

composition of triplet formic acid have shown that only pathways 
c and d occur,19*20 largely due to the endothermicity of pathway 
b (8.6 kcal/mol). As seen from the correlation diagram, the 
sequence for hydrogen atom elimination from the triplet acid can 
have very different energetics depending on whether it follows a 
stepwise or concerted process. 

It should be noted that COz may also arise from the direct 
stepwise elimination of hydrogen atoms in the triplet methy- 
lenebis(0xy) adduct. In fact, such a reaction would be isoelectronic 
with the displacement reaction observed for O(3P) + CzH4.21 

From the chemical pathways listed above one might expect to 
see reactive contributions to the ion signals measured at m/e  17, 
18, 19, 20, 28, 29, 30, 31,46, and 47. Unfortunately, the mass 
spectrum of H2C0 created too high a background at m / e  28,29 
and 30, which prevented us from detecting the reactive contri- 
butions to these masses. Likewise, the high HzO background in 

our system which we attributed to the state of hydration of our 
paraformaldehyde, caused high reactive signals at m / e  17, 18, 
19 and 20 from hot I80-atom reaction with HzO. 

A sampling of the kind of spectra one obtains from two mod- 
ulation cycles is shown in Figure 2. Each point is plotted on a 
per seamd time basis and is repmentative of only one of the many 
4-ms periodic samplings. Reactive signals could be seen for m/e  
3 1 and 46 and were attributed to HC1*O and C160180 products, 
respectively, although,the C ' W O  signal-@noise was sisnifrcantly 
lower than that of the HC180 product. In addition, no reactive 
contributions to m / e  47 were observed above the background 
signal, indicating a lack of HC160180 product. 

Certain features of reaction were evident from even the few 
observations that we were able to make in this study. On the one 
hand, our observation of products such as HC1*O and C160180 
leads us to conclude that hydrogen atom abstraction is not the 
only reaction mechanism operative in this system. In light of the 
energy considerations, it seems likely that carbonyl bond addition 
is an important reaction. Unfortunately, the qualitative nature 
of this study and the inherent detection limitations prevented us 
from drawing any conclusions regarding what the branching ratio 
was for the two pathways. Even so, carbonyl bond addition may 
not be unique to the hot atom reaction. This reaction may be just 
as important at thermal energy as suggested by Chang and 
Barker.Io Interestingly, what appears unique to our studies is the 
observation of an addition-fragmentation channel yielding HC%, 
which occurs at high collision energies. However, given the paucity 
of the data at hand, the full mechanistic implications of this 
channel are not known at this time. 
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