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ABSTRACT

Chapter 2 is a summary of vibrational predissociation spectra of weakly bound
clusters containing either CF3I or CF3Br. Spectra indicative of ArCF3I, KrCFal,
(CF3l)2, ArCF3Br and (CF3Br), clusters are presented with comparison to the

matrix-isolation spectra of CF3I and CF3Br.

The infrared photodissociation technique can be applied to the study of
weakly bonded clusters which do not absorb in the infrared by attaching an IR
chromophore; this work is presented in Chapter 3. Vibrational predissociation
spectra of large clusters of Ar, Kr, N, and CH4 containing a single CH3F or
CoH4 chromophore are obtained as a function of cluster size. The IR spectra
distinguish three regimes of cluster size in the CH3F case. The dissociation profiles
yield information on the chromophore environment and the lifetime of the excited
vibration. The clusters are gas-phase anologies to the matrix-isolation technique,
although differences between the two are consistent with the presumed icosahedral

cluster geometry, and “matrix” and “surface” sites are distinguishable.

Chapter 4 presents the application of a simple two-level-with-decay model to
the photodesorption of weakly bound adsorbates on crystal surfaces. Feasibility
estimates are reported and establish that vibrational predissociation of the excited
adsorbes can be induced in the infrared, where energy quenching mechanisms on
surfaces can be quite fast. The effect of these quenching mechanisms on the
lineshapes present the opportunity to probe the processes with the use of the
photodesorption technique. Extraction of the phenomenological rate constants is

described. Also reported are attempts to observe photodesorption induced by low-
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power lasers.

The photodecomposition of Fe(CO)s on three single crystal surfaces, sapphire
(Al;03), Si(100) and Ag(110), using UV irradiation is described in Chapter 5. The
quenching of excited electronic states of adsorbates is expected to be quite different
on the surfaces, yet dissociation of the Fe(CO)s is observed in all cases. The results
allow determination of the dissociation mechanism and also imply that the Fe(CO)s
dissociation rate is ultra-fast (< 10‘13). Extensions of this initial investigation are

discussed.
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INTRODUCTION
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The advent of the supersonic expansion technique! revolutionized many
chemical flelds of study. The spectroscopy of gas-phase species experienced a
renaissance, moving from room-temperature gas bulbs to the beam environment in
which the internal degrees of freedom of a molecule can often be cooled to within a
few degrees of absolute zero.? The simplification of spectral interpretation resulting
from this cooling effect is widely documented in small molecules (e.g., NO33) as well
as large (e.g., pentacene? - Cy3Hy4). The study of chemical reaction dynamics has
progressed from determination of thermally and spatially averaged rate constants
to differential scattering cross sections, which can yield direct information on
intermolecular potentials,® and state-to-state reaction cross sections at specific
translational and internal energy.® The supersonic beam technique has affected
in a most dramatic way the study of “esoteric” species, those V\;hich are normally
stable only at low temperature. It is the potential of the beam environment as
a synthetic tool, the ability to stabilize species bound only by the van der Waals
interaction, that is exploited in the experiments reported in the first part of this

thesis.

Dispersion forces between atoms and molecules are the basis of van der Waals
bonding, and the characterization of these forces is nearly a century-old topic,
beginning with consideration of transport phenomena in bulk liquids and gases.®
Before the wide usage of supersonic expansions, a small number of van der Waals
complexes were spectroscopically identified in high pressure gas mixtures.” With
the use of expansion techniques in conjunction with electric resonance, microwave

and laser-based (IR and visible/UV) detection techniques, rapid progress has been
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made in the characterization of a wide variety of van der Waals molecules,® such as

hydrogen bonded complexes.?

An intriguing use of the van der Waals bond has been in the formation of weakly
bound molecules that are used as model compounds for the study of intramolecular
energy transfer in isolated molecules. A wide range of “energy randomization rates”
(determined mainly from linewidth studies) have been reported, even within series
of complexes containing the same initially excited moiety.!%!! It appears that
the specifics of the van der Waals potential surface between a probed molecule
and its inert partner may dominate the dynamics of the relaxation, as opposed
to characteristics of the isolated probe molecule;!! even so, the description of the
dynamics of van der Waals molecules has become a challenging topic in its own
right. We have employed the infrared photodissociation technique in the study of
these weakly bound complexes. Chapter 2 is a report of the infrared spectra of
van der Waals clusters containing CF3l and CF3Br. A brief report of the infrared

photodissociation spectrum of the CH3zF dimer is included as appendix 1.

The study summarized in chapter 3 is a novel application of the IR
photodissociation technique: the use of an IR chromophore to probe large clusters,
or microcrystallites, of rare gases or inert molecules. Condensation of these
agglomerates is made feasible by the high collision rate and low local temperature
in the expansion region. There is currently a great deal of effort to generate and
characterize these gas-phase versions of condensed matter, ranging from rare gases
crystals!? to “catalystic” metal!® clusters. Interest in the energetics and structure of

rare gas clusters grew out of consideration of homogeneous nucleation phenomena. !4
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Simple theories show the observed nucleation rate can be calculated using the
cluster distribution which, in turn, is reflective of the free energy of the individual
clusters. Hence, determination of the stability of various cluster geometries became
an active theoretical field. Questions of this nature can now be addressed in the
experimental arena: it is possible to observe in the cluster distribution relatively
stable, or “magic number,”cluster sizes. Surprisingly, even small clusters show
crystallographic structure similar to the bulk solid. Presented in Chapter 3 is
a study of large rare gas clusters by the vibrational predissociation technique,
employing two infrared chromophores (CHsF and C2Hy) to couple laser excitation
into the clusters. An extensive review is presented of cluster properties and the

extent to which they can be expected to influence the dissociation lineshapes.

The second part of this thesis (Chapters 4 and 5) deals with experiments
from a vastly different realm: laser-surface interactions. The conceptual relation
between our efforts in the two diverse areas, molecular beam spectroscopy and
laser-surface chemistry, is divulged in Chapter 4. A simple model used to describe
predissociation spectra of van der Waals molecules can be applied to IR-induced
desorption of weakly bound adsorbates. Phenomenological rate constants for
desorption, surface quenching and dephasing mechanisms can be extracted from the
desorption lineshapes. Very little experimental work demonstrating single-photon
desorption presently exists,'® and our own attempts to observe this effect were not
successful. Feasibility estimates for the process are generated and example cases

are evaluated in light of the sensitivity demonstrated in our experiments.

The gas-solid interface is an area of long-standing practical interest. The
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understanding of empirically optimized catalysts for industrial chemical processes
has been the stimulus of metal-gas surface chemistry. In an analogous manner,
the rapidly expanding electronics industry is mandating semiconductor interfaces
as the area of highest priority and is consequently redirecting efforts in the field
of surface science efforts toward an understanding of these non-metallic systems.!®
The drive in this direction has had an obvious impact on the young field of laser
interactions with surfaces. The resolution capabilities of lasers (especially in the
UV) for producing circuit patterns of sub-micron size provides an obvious choice
for device fabrication by “direct writing” — without the use of masks.!” There is
clearly an intense effort to explore practical aspects of laser-induced processes in
the areas of etching, deposition and annealing of materials related to semiconductor
processing.!® The need for basic experiments under more controlled conditions is
an obvious and necessary extension. The ultra-high vacuum (UHV) environment is
ideal for the study of reaction mechanisms that occur on clean substrate surfaces
without competing gas phase chemistry. While this analysis can not be utilitzed
under processing conditions, the growing use of high pressure reactors interfaced

to UHV analysis stations!® will assuredly be important tools for the study of

semiconductor processing chemistry.

Chapter 5 describes basic experiments that we have performed which are
directed toward exploring surface photochemical reactions under UHV conditions.
Dissociation mechanisms are restricted to those that occur at the gas-solid interface.
Energy transfer from the excited surface species to the bulk solid, an area of basic

research interest,?0 is in this case an important consideration for practical reasons:
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if the rate of energy transfer to the solid is fast, the reaction will be quenched.
Specifically, we have examined the ultra-fast UV-induced dissociation of Fe(CO)s
on three surfaces: single-crystal Al;O3, Si(100) and Ag(110). The progression
from insulator through semiconductor to metal was examined in anticipation of
progressively faster rates of energy transfer from an excited adsorbate to the solid
bulk; in fact, the reaction occurs so rapidly that there is no discernable difference
in the dissociation yield between the different surfaces. Future work to complement

these preliminary findings is also discussed.
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CHAPTER 2

IR PHOTODISSOCIATION SPECTROSCOPY OF

VAN DER WAALS CLUSTERS CONTAINING CFzI OR CF3Br
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1. Introduction

The growing list of infrared photodissociation spectra of polyatomic van der
Waals complexes is responsible for the significant growth and progress exhibited
by the field.! Of special interest have been a variety of complexes containing the
C2H4 molecule which exhibit a wide range of homogeneous linewidths suggesting
that the dissociation rate is sensitive to both the molecular structure of the complex
and angular momentum constraints in the decomposition.!»? It is desirable to
extend these efforts to other molecular systems which could probe the variation
of other parameters that may affect the dissociation rate, such as the presence of
lower-lying vibrational states, or the excitation of levels nearly degenerate in energy
but of different class or symmetry.3* The recent use of rotational state-selection
techniques in conjunction with infrared excitation® allows unequivocal identification
of the species excited, but the experiment requires molecules which have permanent
dipoles. In this chapter I report the extension of infrared dissociation techniques

employed in the initial CoH4-complex study to clusters containing CF3I and CF3Br.

The large excitation cross sections exhibited by vibrations in fluorinated species
combined with the availability of high-power IR sources (i.e., CO; lasers) that
overlap the transitions have made these compounds natural choices for studies of IR
multiphoton excitation and dissociation. Of the small molecules whose spectroscopy
is relatively uncongested, the CF3X series (X = Cl, Br, I) is noteworthy, possessing
a weak C-X bond which can be ruptured after sequential absorption of IR
photons.®~13 The dissociation was shown to be rapid in a collisionless environment
1)

(r < 1 nsec!!), and the IR-induced decomposition of these species has been studied
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for potential application in jostope separation schemes.?'1 Dissociation spectra of
the ionic species CF3I* have also been reported.!>!3 The large transition moment

dipole also makes this an attractive system for a vibrational predissociation study

of the van der Waals complexes.

A preliminary survey of the IR predissociation spectra of van der Waals clusters
containing CF3l and CF3Br is presented here. Specifically, the dissociation profiles
as a function of wavelength are obtained for the complexes Ar.CF3I, Kr-CF3l,
(CF3l)z, Ar-CF3Br and (CF3Br), throughout the frequency range of a line-tunable
CO; laser, although contributions from higher clusters interfere. The intense v,
vibration can be excited in both molecules, while the v5+v3 combination band as
well as the first overtone of the vs mode (which is in Fermi resonance with the v,
mode) can also be excited in CF3I. Broad bands are observed in the dissociation
spectra, which are compared to known gas-phase and matrix-isolation spectra. The
rich spectral features evident at the present level of study suggest that further

refinement of the spectra may be warranted.

A report of the (CF3Br); spectrum has been published by Geraedts et al.l®
The spectra of (CF3Br),, presented here are in agreement with the profile observed
in that study but the interpretation of the spectral features is slightly different.
Our interpretation, based upon the CF3l cluster results and comparison to CF3Br
and CF3l matrix studies, as well as previously reported spectra of large clusters
containing CH3F!* is that the profiles contain significant contributions from
clusters larger than the dimer. Also, a feature assigned as due to 2vs is most

likely a higher cluster feature. We feel additional studies must be conducted in
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order to isolate the spectra of these van der Waals molecules.

2. Experimental

The apparatus used in this study will be described in detail in the next
chapter (see Chapter 3, or Ref. [2b]). A continuous supersonic expansion of gas
into a high-pressure (10~3-10~2 Torr) source region and is skimmed to produce a
molecular beam of gas mixtures containing CF3Br (Matheson, >99.0%) or CF3l
(PCR Reseach Chemicals, Inc. 99.4%) in Ar/He or Kr/He mixtures. The mixtures
are pressurized up to 150 psig and expanded through a room temperature, 25 pm
nozzle. These conditions easily produce clusters in the beam, including (CF3X); and
ArCF3X. The molecular beam is irradiated uniformly over a 60 cm flight path by an
unfocused, low power (~10-15 W /cm?) line-tunable cw CO; laser which is directed
anti-parallel to the molecular beam. The long flight path insures dissociation of
a significant fraction of the clusters, even with the low power laser. The clusters
are detected by an off-axis quadrupole mass spectrometer with electron-impact
ionization source. Irradiation of the molecular beam with mechanically chopped
laser light produces a modulated ion signal due to loss of dissociated clusters
from the beam. The amplified and digitized ion signal is computer averaged with
background subtraction and laser power measurement on each datum. Wavelength
spectra are obtained by manually tuning the laser grating, and repeating the
measurement. The power transmitted through the beam apertures to the in vacuo
calorimeter is kept constant during a wavelength scan so that only minimal power

scaling is necessary.

Spectra are obtained by monitoring an appropriate ion mass, and scanning the
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laser wavelength. Many different clusters present in the beam can give ion intensity
at a single ion mass as a result of fragmentation upon electron impact. Thus,
dissociation spectra are convolutions of the individual cluster spectra weighted by
the quantity present in the distribution and the fragmentation efﬁcienéy to the
monitored ion mass. Expansion conditions can be varied to obtain a single dominant
dimeric species, and the resultant IR spectrum is truly that of the van der Waals
complex.?!* It cannot be stated that the spectra recorded were obtained under
these stringent conditions, only that they are at the sensitivity limit for the present
spectrometer and reported gas mixtures, and thus serve only as an initial foray into

the study of CF3I and CF3Br complexes.

3. Results and discussion

The vibrational modes of the CF3I and CF3Br molecules are given in Table 1,
along with the integrated absorption intensities for each mode.!'® The v; and v,
vibrations are the symmetric and anti-symmetric C-F stretch modes, respectively,
and are understandably quite intense. The v3 vibration is the C-X stretch, while
vy, vs and v are bends.!” The primary mode accessible to the CO, laser in both
species is the strongly absorbing vy C-F symmetric stretch. In addition, the vs
overtone lies close in energy to v; (~4 cm™! for CF3l, ~10 cm™! in CF3Br), and
derives its absorption intensity through Fermi resonance. The vy+v3 combination
band can also be excited in the CF3I molecule, but lies outside of the laser tuning
range in CF3Br. Unlike the CoH4? and CH3F !4 cluster systems in which the excited
mode was the lowest energy vibrational mode in the monomer, CF3I and CF3Br

exhibit low energy vibrations which could accept excess energy from a dissociation
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Table 1
CF3I and CF3Br Normal Modes

CF3l CF3Br
Mode v (cm™1) A (km/mol) v (em™!') A (km/mol)
12 1075.2 573.3 1084.6 463.6
12 743.1 43.0 762.1 29.4
V3 286.2 0.15 351.4 <0.2
V4 1187.2 445.2 1208.8 464.8
Us 539.0 2.1 574.8 23.9
Vg 261.0 0.04 302.7 <0.2

1 from Person et al. [16]
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event, thus providing a fast relaxation channel.

The absorption spectra of CF3l and CF3Br isolated in argon matrices are
presented in Figure 1. The spectra, obtained from Dr. M.E. Jacox!® of NBS, are
of samples relatively rich in CF3l or CF3Br (CF3X : Ar of 1 : 400), and allow for
deposition of these molecules in adjacent sites to form dimeric (or higher) species.
The absorption frequencies from these spectra, those of a similar study of CF3Br in
Ne matrices!® and results of the dissociation study presented here are collected in
Tables 2a and 2b. The vy mode in both species (as well as the similarly intense v, -
mode) is shifted to the red of the gas phase value by a large amount (Aw~10 cm™!)
compared to other vibrations in the molecules such as vs and v (Aw=1-2cm™1).
The frequency shift is caused by the dipole-induced dipole coupling of the vibrating
dipole with the matrix environment. The large shift for v; is consistent with its large
transition moment. Also from the matrix spectra, one sees the 2vs absorption is
nearly equal in intensity to the v, absorption in the CF3I case, but down in intensity
by at least a factor of ten for CF3Br. The polymeric species (i.e., (CF3l), and
(CF3Br),) are observed to absorb at higher frequencies than the isolated monomer
in the matrix. The unassigned peak (f) in the CF3Br/Ar spectrum appears shifted

by too great an amount to be considered a dimer absorption.

The wavelength dependences of dissociation for the CF3I and CF3Br van der
Waals clusters are reported below. The observed beam attenuation is presented
with curves that highlight qualitative features of the spectra. The deconvolution
consists of exponentiated Lorentzian lineshapes, from the two-level-plus-decay

model lineshape expression derived elsewhere (see Ref. [20] or the summary given
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Figure 1. Absorption spectra of (a) CF3l and (b) CF3Br isolated in Ar matrices,
from Jacox.!® The gas conditions are rich in CF3I and CF3Br (CF3X:Ar :: 1:400),
which allows production of large (CF3l), or (CF3Br), clusters. The absorption
peaks are collected in Table 1 and assigned as follows:

Ar/CF3l: (a) vi; (b) 2us; (c),(d) (CF3l)2; () vatwsa.

Ar/CF3Br: (a) vy; (b),(c) (CF3Br)2; (d) 2vs; (€) vo+vs; (f) unassigned.
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Table 2a
CF3I Absorption FrequenciesT

Mode Dissoc.® gas-phase? CF3l/Arc
Us —_ 543.1 542.
V2 — 743.1 742.5
Vo+vs 1027.3 1028.0 1027.5
121 1074.6 1075.0 1065.0
2vs 1080.5 1080.8 1069.2
dimer (1) 1076, 1081¢ — 1074.

1069, ¢

trimer (v;) — — 1083.5
Vs — 1187.2 1077.

t All values in cm™1.

¢ Vibrational predissociation spectrum (this work).
b from Fuss [20].

¢ M.E. Jacox, unpublished results [18].

d “Free” CF3l moeity.

¢ “Bound” CF3I moeity; second feature undetermined due to lack of CO,
laser lines in this region.
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Table 2b

CF3Br Absorption FrequenciesT

Mode Dissoc.® Gas-phase® CF3Br/Ar¢ CF3Br/Neb
Us —_ 547.8 545.8 546.4
| 2 — 761.9 761.8 759.9
121 1085.2 1084.6 1076. 1081.4
2vs >1092.5¢ 1095.6 1092.5 1094.1
n-mer (v;) 1078.6 — 1095. —
n-mer (1) 1086.2 — 1099. —
vy + v3 1112. 1116.8 1119.1
V4 —_ 1208.8 1200. 1203.5

T All values in cm™!.

® Vibrational predissociation spectrum (this work).
b from Biirger et al. [19].

¢ M.E. Jacox, unpublished results [18].

4 from J. Geraedts et al. [15].



- 20 —

in Chapter 5). Results of the derivation yield the expression:

T
4(w - wo)? + ’7,2) ’

(1)

I -
Fp(w,t) = T, = P —wy ot

where F), is the fraction of van der Waals species remaining after irradiation of
duration ¢, w, is the Rabi frequency of the transition and wq is the frequency of
maximum dissociation intensity. The first-order (dissociation) rate constant, v,,

derived from the linewidth is
Vp =771 =2mc- FWHM, (2)

where FWHM is the full width at half maximum of the Lorentzian factor in (1),
or the width of the logarithm of the profile. In the case of a homogeneous spectrum
of a specific cluster, v, represents the rate of decay out of the initially prepared
state. This is often thought to be the rate of dissociation of the complex, but
other mechanisms could be responsible for the observed linewidth. All clusters
which contain the same single chromophore (e.g., CF3l or CF3Br) should exhibit
the same integrated intensity: <u>2, which is proportional to the Rabi frequency
(wg) which appears in the Lorentzian prefactor w,2¢~, L.

The simplest of the observed cluster wavelength profiles are those exhibited by
the Ar/CF3Br system, shown in Figure 2. The absolute percentage of the clusters
dissociated by the CO; laser is plotted as a function of laser wavelength. The lower
set of spectra (Figure 2(a)) are obtained by monitoring m/e 69 (CF3%), while the
upper set (Figure 2(b)) is accumulated by detection at m/e 119 (ArBr*). Note

the different intensity scales which are indicative, not of the cluster dissociation
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Figure 2. Dissociation spectra of Ar,CF3Br clusters. The data points are
fractional attenuation in the intensity of the monitored mass due to irradiation
with a CO; laser. (a) Detection of dissociation at CF3* (m/e 69), which shows
two absorption features due to Ar,CF3Br clusters with different values of n,
under various expansion conditions. (b) Detection at the cluster mass ArBr+
(m/e 119), which exhibits only a single resolvable feature. The solid and dashed
curves are generated using Eq. 1. The mixtures were expanded through a 25 um
room temperature pinhole at the backing pressure conditions indicated. The high
frequency component of the CF3* profile is the best approximation to the spectrum

of the Ar-CF3Br van der Waals molecule.
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efficiency, but of the fact that both dissociating (CF3Br-containing clusters) and
non-dissociating (CF3Br) parent molecules fragment to give mass intensity at CF3 7,
while only van der Waals clusters (Arn(CF3Br);,) contribute to the m/e 119 ion
intensity. This type of behavior is also seen in the CH3F cluster system, in which
the profiles obtained at monomer fragment masses (e.g., CH3F*) displayed spectra
which were indicative of smaller clusters than those obtained at nominal cluster ion

masses under similar expansion conditions.

Spectra taken at the CF3* mass are composed of (at least) 2 components, one
nearly coincident with the gas-phase absorption frequency (1085.2, A(wo —wgas) =
+0.2cm™1!), and a red-shifted absorbtion (~1082.5 cm™?!, A(wo — wgas) = -2.5
cm™1), at approximately the same frequency as the profiles determined using the
ArBr* mass (1082.5-1083.5 cm ™!, A(wo—wgqs) =-(2.5-1.5) cm™!). Similarly, it was
found in the Ar,C,H4 system that the van der Waals complex Ar; CoHy4 exhibited a
slight blue shift,2? while large Ar, CoH, clusters were red-shifted towards the matrix
value.!* The fact that the CF3% profiles show two distinct features indicates the
frequency shift per additional Ar atom is on the order of 2.5 cm™!. We thus attribute
the high frequency component as due to Ar,CF3Br (z < 2) clusters, containing one
less Ar atom than the clusters represented by the low frequency feature or the
ArBrt profiles. Accurate determination of z, the number of Ar atoms complexed
with the CF3Br chromophore, is not possible without further work using CF3Br/Ar

mixtures of higher dilution.

Figure 3 shows the dissociation spectra of clusters containing (CF3Br)2, along

with an inset of the spectra of Geraedts et al.!> While the overall width of the
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Figure 3. (CF3Br), dissociation profiles. (b), (¢) The spectra obtained at
(CF3)2Brt (m/e 217) and (d) (CF3Br)2* (m/e 256) under the displayed conditions
arise from clusters of the form (CF3Br),. (a) For comparison purposes, the
Ar,CF3Br profile obtained at ArBr* (Figure 3b), and (e) the published (CF3Br)2

spectra of Geraedts et al.!® are included.
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dissociation profile is much broader (> 10 cm™!) than the Ar,CF3Br spectra of
Figure 2, the structure of the profile indicates that inhomogeneous contributions
account for much of the width: three maxima at ~1080, 1083 and 1086 cm™!
are present throughout the various conditions represented in Figure 3(b)-(d). By
comparison with the Ar, CF3Br profile (Figure 3(a)), and the (CF3Br), spectra of
Gereadts et al.15 (obtained with mixtures that do not contain He), we assign the
1083 cm™? feature as due to (CF3Br), species which are additionally perturbed by
an Ar atom, i.e., Ar(CF3Br),. The two remaining features, assumed to arise from
the dimer (n = 2), appear due to v; vibrations from inequivalent CF3Br molecules,
a “free” and “bound” type, analogous to the distinct hydrogen stretches observed in
(HF)2.22 This interpretation is more consistent with the observed CF3l-containing
cluster dissociation spectra and matrix-isolation absorption spectra (see below),
rather than the dipole-induced splitting of equivalent v; vibrations.!®2% Also in
the lower spectrum of the Figure 3 inset, the intensity of the blue peak is nearly
twice that of the peak to the red, while the two features are of comparable intensity
in Figures 3(b)-(d) indicating saturation effects may be present at these fluence
levels (~10 mJ-cm~2). The intense peaks evident to the blue of the inset spectrum
have been assigned as the 2v5 mode, but may be due to larger (CF3Br), clusters by
comparison to the matrix-isolation spectrum which exhibits a number of features

in this region.

Dissociation profiles of CF3l clusters contain more structure than those of
CF3Br-containing clusters due to the presence of the strong 2v5 absorption in close

proximity to the v, feature. Dissociation spectra of Ar,CF3I and Kr, CF3I clusters
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are presented in Figure 4. Two resolved features in Ar;CF3I cluster spectra are
apparent and assigned to the v, (1074.6 cm™!) and 2v5 (1080.5 cm™!) vibrations.
An additional feature is observed to the red of the v, absorption, at ~1070.5
cm™!, which is attributed to larger Ar,CF3I clusters, since it increases in percent
dissociation intensity with a higher order pressure dependence than the v; and 2vs
peaks. Also, dissociation intensity to the red of the 2vs peak (i.e., in the valley
between the vy and 2vs features) likewise increases under conditions of higher
clustering, consistent with assignment as a companion peak to the 2vs feature.
It seems incongruous with both the strong static and dynamic dipoles of CF3I that
small frequency shifts (Aw< 1 cm™!) from the gas-phase value should be observed.
An explanation is that, analogous to spectra of CF3Br-containing clusters, the
spectrum of Ar,CF3l is blue-shifted with respect to the gas-phase absorption while
larger Ar,CF3I clusters exhibit a spectral red-shift, toward the value observed in
matrices.!® Some of the Ar,, CF3Br spectra were in fact obtained at higher dilution
than the CF3I mixtures, and are thus more indicative of the Ar-CF3X van der
Waals complex. This explains why the blue shift was observed in the CF3Br cluster

spectra and not in the CF3l system.

The dissociation spectra of (CF3l), clusters are collected in Figure 5. In
addition to features in the 1070-1080 cm™! region similar to those observed for
Ar,CF3l clusters (Figure 4 and Figure 5a), an intense dissociation feature is
observed, to the red of the v; and 2vs peaks which extends through the missing
Q-branch region of the CO; laser emission spectrum. In the dimer, it appears that

the C-F stretches can be distinguished, one being very similar to that in small
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(Ar/Kr),CFsI clusters
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Figure 4. The dissociation spectra of Ar,CF3I and Kr,CF3l clusters. (b)-(d)
Two features in the Ar,CF3I cluster spectra, assigned to the v, (1074.6 cm™!) and
2vs (1080.5 cm™!) vibrations of the CF3I monomer, are resolved. The additional
feature to the red of the vy band ({) is attributed to larger Ar,CF3I clusters. (a)
The profile of Kr,CF3lI clusters is red-shifted 0.5-1.0 cm™~1! from the Ar,CF3l cluster
profile.
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Figure 5.  Dissociation profiles for clusters containing (CF3l);. (b),(c) Spectral
features of the (CF3l), cluster spectra in the 1070-1080 cm™! region are similar to
those obtained for (a) Ar,CF3l clusters (see also Figure 4), but an additional intense
dissociation feature (]) is observed to the red (~1065 cm~1). Assignment based
on 2 dimer containing inequivalent units (“free” and “bonded” CF5I molecules) is
proposed. The inset shows the v;+v;3 region (~1030 cm™!) for both (d) Ar,CFsl
and (e) Ar,(CF3l)m, m > 2 clusters.
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Ar,CF3l clusters (from a “free” CF3 group), and the second (due to the
“bonded” CF3 group) significantly perturbed, at least 6 cm™! to the red of the
vy absorption. Unfortunately, the lack of laser lines in the 1065 cm™! region
prevents determination of whether two peaks (v; and 2vs) exist in the dissociation
spectrum which could tie down the assignment to the “bonded” dimer. The matrix-
isolation spectrum (Figure la) shows 3 features to the red of the v; absorption,
but assignment of these peaks requires additional spectra at various CF3L:Ar
concentration ratios to determine monomer and dimer features from those of larger
polymers. The inset of Figure 5 displays the vo+v3 region for CF3l complexes, with
dissociation arising from (d) Ar,CF3I and (e) Ar,(CF3I)m clusters. Finally, note
that the relative intensities of the vy and 2v5 peaks is similar to that observed in the
gas and matrix spectra. No change of the peak intensities caused by perturbation
of the Fermi resonance is observed, while a perturbation effect has been proposed
by Geraedts et al.15 to explain the apparently intense 2v5 feature in the (CF3Br),

spectrum.

Both static and dynamical information can theoretically be derived from the
observed wavelength and laser power dependences of the dissociation intensity. As
discussed previously,?!4 the dissociation lineshapes are sensitive to the bonding
environment (as measured by the frequency shift of the profile), the lifetime of the
excited chromophore (linewidth), as well as the absorption intensity and dissociation
efficiency (integrated intensity). The dissociation profiles observed under conditions
employed in this study are probably convolutions of individual cluster spectra, but

the trends exhibited by the profiles can be deduced. The information extracted
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from each lineshape parameter is discussed in turn.

The frequency shifts exhibited by the complexes are particularly informative,
especially when viewed in conjunction with the observed matrix-isolation spectra
and gas-phase values. Spectra of C;H4-containing van der Waals dimers excited
in the v7 (out-of-plane bend) region are blue-shifted, consistent with repulsive
interaction between the CoH4 partner and the vibrating H atoms,? while the red-
shifted v3 (C-F stretch) absorptions of CH3F complexes are consistent with a
structure which locates the rare gas partner above the molecular figure axis.!4 The
present work indicates the Ar,CF3X absorptions are first blue-shifted and then
shift to lower frequency toward the matrix absorption value as z increases. The
blue-shift indicates the rare gas atom interacts repulsively with the stretching C-F
motion, suggesting the structure of the van der Waals complex may have the rare
gas atom located close to a fluorine atom, perhaps along the figure axis. Additional
complexation with rare gas atoms introduces a red-shift as the atoms condense
around the CF3I or CF3Br molecule and stabilize the excited vibrational level by

dipole-induced dipole interactions.

The frequency shift of the CF3X dimer spectra, particularly that of (CF3l)s,
are consistent with a tandem chain geometry, rather than an anti-parallel staggered
geometry. A dimer with the former structure would possess both a CF3 group which
is only slightly perturbed by the bonding interaction and absorbs near the gas-phase
absorption frequency of free CF3I, and another CF3 moeity which interacts strongly
(but not repulsively) with the F atom of the first CF3I monomer. A structure

with the molecules aligned head-to-tail and with the two figure axes parallel is
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conjectured. The (CF3Br); case would conceivably be similar, but is not well-
resolved due to the broader bands observed in the CF3Br clusters. An interesting
feature of both systems is that the gas-phase (CF3l), and (CF3Br), cluster spectra
are red-shifted while the matrix polymeric peaks are blue-shifted. This indicates
significant repulsive interaction between the excited vibration and the matrix cage

is present.

Dynamical information about the timescale for decay out of the prepared
vibrationally excited van der Waals complex can be extracted from the homogeneous
width of the dissociation profiles.? Inhomogeneous contributions to the width
under beam conditions are mainly due to rotational congestion, spectral congestion
(overlapping lines from individual cluster types, or different modes within a
specific cluster), or dephasing of the vibration. CF3I and CF3Br cluster spectra,
certainly exhibit both types of spectral congestion. However, rotational congestion
(simulated using various reasonable dimer structures?* and known constants of the
monomers?5:2%) is expected to account for < 1 cm™! of the profile widths for the
dimers, with slightly higher widths for the Ar-CF3X complexes with high (10 K)
rotational temperatures. The similarity between the widths of the various complexes
suggests a substantial degree of homogeneous broadening is likely present in the
profiles, in which case the vibrational lifetime approaches the limit determined by
the width of the profile. Without less congested spectra or a continuous profile (the

1. so very narrow linewidths

discrete CO, laser transitions are spaced every 1 cm™
due to longer-lived vibrational states are not resolvable) we can at present only

place bounds on the excited state vibrational lifetime. As an upper bound to the
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dissociation lifetime, the complexes must decompose in less than ~0.5 msec, the
irradiation flight time of clusters from nozzle to detector. Assuming the entire
width is homogeneously broadened yields a lower bound for the lifetime of the
excited vibration: for the CF3l and CF3Br clusters, the observed widths on the
order of 2-5 cm™! which indicates that the vibrational lifetime, 7, must be longer

that 1-3 psec.

The dissociation intensity of a specific van der Waals cluster should correlate, at
low laser fluence, to the integrated absorption coefficient for the excited vibration
of the monomer (neglecting contribution from polarization of the partner of the
chromophore). While this was borne out in other studies, !4 it is not the case with
the clusters studied here: the dissociation intensity is a factor of 2-4 times smaller
than expected from consideration of the integrated absorption intensity of the v;
vibration of the CF3I and CF3Br monomers. Causes that may be responsible for
this are: (1) a substantial fraction of the absorption intensity is not accounted for
due to narrow absorption features which are not detected with the present grid of
laser lines; (2) saturation effects or sample inhomogeneity reduce the fraction of
molecules which may be dissociated at a given laser frequency,?? resulting in a

lower apparent dissociation intensity.

4. Conclusions

The dissociation spectra of van der Waals clusters containing CF3I and CF3Br
are complex in nature due to inhomogeneous contributions to the lineshapes.
CF3l-containing clusters exhibit a strong Fermi resonance between v; and 2vs,

as observed in both the gas phase and matrix isolation absorption spectra of
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the monomer. (CF3l), clusters exhibit a struciured spectrum which has been
interpreted in terms of distinct (“free” and “bound”) v, vibrational modes in
the dimer. The observed frequency shifts of the cluster vibrations indicate strong
repulsive interaction between a rare gas atom and the the v; (CFsI and CF3Br)
and 2vs (CF3lI) vibrations, and a stabilizing effect in the case of dimers of CF3I or
CF3Br.

Acknowledgements

This work was supported by the Division of Chemical Sciences, Office of Basic
Energy Science, U.S. Department of Energy. We thank Prof. J.L. Beauchamp for

the loan of the CO4 laser.



References

1. K.C.Janda, Adv. Chem. Phys. 66 (1985) 201.

2. (a) M.P. Casassa, D.S. Bomse and K.C. Janda, J. Chem. Phys. T4 (1981) 5044;
(b) M.P. Casassa, C.M. Western, F.G. Celii, D.E. Brinza and K.C. Janda, J.
Chem. Phys. T9 (1983) 3227;

(c) C.M. Western, M.P. Casassa and K.C. Janda, J. Chem. Phys. 80 (1984)
4781;
(d) M.P. Casassa, C.M. Western and K.C. Janda, J. Chem. Phys. 81 (1984)
4950.

3.  G. Fischer, R.E. Miller, and R.O. Watts, Chem. Phys. 80 (1983) 147.

4. W.-L. Liu, K. Kolenbrander and J.M. Lisy, Chem. Phys. Lett. 112 (1984) 585.

5. G.T. Fraser, D.D. Nelson, Jr., A. Charo and W. Klemperer, J. Chem. Phys.
82 (1985) 2535.

6. M. Quack and G. Seyfang, J. Chem. Phys. 76 (1982) 955.

7. M.J. Rossi, J.R. Barker and D.M. Golden, Chem. Phys. Lett. 65 (1979) 523.
M.J. Rossi, J.R. Barker and D.M. Golden, J. Chem. Phys. 76 (1982) 406.

8. D. Borsella, R. Fantoni, A. Ferretti, A. Giardini-Guidoni, M. Dilonardo and J.
Reuss, Chem. Phys. 94 (1985) 309.

E. Borsella, R. Fantoni, A. Giardini-Guidoni, D. Masci, A. Palucci and J.
Reuss, Chem. Phys. Lett. 93 (1982) 523.

9. M. Drouin, M. Gauthier, R. Pilon, P.A. Hackett and C. Willis, Chem. Phys.

Lett. 60 (1978) 16.
M. Gauthier, P.A. Hackett and C. Willis, Chem. Phys. 45 (1980) 39.
10. M. Neve de Mévergnies and P. del Marmol, J. Chem. Phys. 73 (1980) 3011.

— 35 —



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

— 36 —

Aa.S. Sudbg, P.A. Schulz, E.R. Grant, Y.R. Shen and Y.T. Lee, J. Chem. Phys.
70 (1979) 912.

(a) L.R. Thorne and J.L. Beauchamp, J. Chem. Phys. T4 (1981) 5100.
(b) M.F. Jarrold, A.J. Illies, N.J. Kirchner, W. Wagner-Redeker, M.J. Bowers,
M.L. Mandich, and J.L. Beauchamp, J. Phys. Chem. 87 (1983) 2213.

M.J. Coggiola, P.C. Cosby and J.R. Peterson, J. Chem. Phys. 72 (1980) 6507.
F.G. Celii and K.C. Janda, to be published.

J. Geraedts, M.N.N. Snels, S. Stolte and J. Reuss, Chem. Phys. Lett. 106
(1984) 377.

W.B. Person, S.K. Rudys and J.H. Newton, J. Phys. Chem. 79 (1975) 2525.
W.B. Person and S.R. Polo, Spectrochim. Acta 17 (1961) 101.

G. Herzberg, in Molecular Spectra and Molecular Structure, vol. 2, (van Nos-

trand Reinhold, New York, 1945), pp. 312-314 (for CH3Cl).
M.E. Jacox, private communication.

H. Biirger, K. Burczyk, D. Bielefeldt, H. Willner, A. Ruoff and K. Molt, Spec-
trochim. Acta 35A (1979) 875.

W. Fuss, Spectrochim. Acta 38A (1982) 829.
M.P. Casassa, F.G. Celii and K.C. Janda, J. Chem. Phys. 76 (1982) 5295.
A.S. Pine and W.J. Lafferty, J. Chem. Phys. 78 (1983) 2154.

J. Geraedts, S. Stolte and J. Reuss, Z. Phys. A 304 (1982) 167;
J. Geraedts, M. Waayer, S. Stolte and J. Reuss, Faraday Disc. Chem. Soc. 73
(1982) 375;



24,

25.

26.

— 37 —

J. Geraedts, S. Setiadi, S. Stolte and J. Reuss, Chem. Phys. Lett. 78 (1981)
2717.

R.L. DeLeon and J.S. Muenter, J. Chem. Phys. 75 (1981) 1113.
J. Sheridan and W. Gordy, J. Chem. Phys. 20 (1952) 591.

K. Burczyk, H. Biirger, A. Ruoff and P. Pinson, J. Mol. Spectrosc. 17 (1979)
109.



38



— 30 —

CHAPTER 3

INFRARED PHOTODISSOCIATION SPECTRA

OF

LARGE VAN DER WAALS CLUSTERS
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INFRARED PHOTODISSOCIATION SPECTRA OF LARGE VAN DER WAALS
CLUSTERS: THE MATRIX ISOLATION SPECTROSCOPY OF GAS-PHASE

MOLECULES*

Francis G. Celii,t and Kenneth C. Janda}
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California Institute of Technology, Pasadena, California 91125, USA

ABSTRACT

We report the infrared photodissociation spectra of clusters of Ar, Kr, N; and
CHj4 containing a single CH3F or C;H4 chromophore. The clusters are vibrationally
excited by a line-tunable CO; laser in the vz (CH3F) or vy (C2H,) region and
dissociate as the energy delocalizes within the cluster. The dissc;cia.tion is detected
as intensity loss of mass peaks monitored by an off-axis electron-impact ionization
quadrupole mass spectrometer. From the infrared dissociation spectra, there are
three regimes of cluster size distinguished for CH3F-containing clusters. The center
absorption frequencies of small A,CH3F clusters (A = Ar, Kr, Ny, n < 12) shift
to lower frequency and toward the matrix value with increasing cluster size and
the widths are fairly constant. The dissociation profiles exhibit a high degree of
inhomogeneity in the moderate cluster regime corresponding to clusters with a
partially filled second solvation shell. The linewidths of the transitions narrow
in this cluster regime, quite dramatically for the Ar/CH3F system. Dissociation is

attenuated in all large clusters A,, CH3zF and A,,C2H4, n > 50. The A,,C2H, clusters

* Contribution No. 7235
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1 Camille and Henry Dreyfus Foundation Fellow
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(A = Ar, Na, CHy) shift only a slight degree and show no signs of inhomogeneity
in these profiles.

Two chromophore sites, the “matrix” and “surface” sites, are observed in
the cluster dissociation spectra. The shift of the center absorption frequency for
A, CH3F clusters is further red-shifted from the gas phase CH3F value than that
of matrix-isolated CH3F, consistent with a reduced lattice spacing of the presumed
icosahedral geometry. No spectral inhomogeneity indicative of a matrix cluster
absorption site is observed for various CaHy-containing clusters despite the reduced
spacing between laser lines in this wavelength region as compared to the CH3F
v3-absorption region. We interpret these results in terms of a strong dipole-induced
dipole force in the case of CH3F-containing clusters which favors formation of
solvated (“matrix”) absorption sites. Finally, the dissociation spectra of ion clusters
of similar mass can be radically different: e.g., the profile obtained by monitoring
ArgCH3F ™ exhibits ~50% dissociation on the P(30) laser line, while this feature is
totally absent in the Ar;3CH3F* spectrum under identical conditions. The large
variation in spectral profiles may indicate selective ionization fragmentation even
in cluster beams with a broad neutral cluster distribution. Additional experiments

which would complement the present data are discussed.
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1. Introduction

Intramolecular vibrational energy transfer and randomization in isolated
molecules is the focus of much chemical physics research today. Two techniques that
have been employed in the study of this area are the photodissociation of van der
Waals molecules! ~1® and matrix isolation spectroscopy.!1=17 In the first technique,
a supersonic expansion both internally cools the molecule of interest, X (e.g.,
X = CgHy,b203845 C0O,,% SF6,% Ip,7 or Cly®), and provides the environment
necessary for formation of a weak bond to an inert partner A (e.g., A = Ar? Ne,
N or X). Vibrational energy in either the ground or excited electronic manifold,
may cause dissociation of the A-X complex by coupling to the low energy van
der Waals bond. To the degree that A is a minor perturbation on the electronic
properties of X, one can consider the X-subunit isolated; in this case, the rate of
the dissociation indicates the time scale of energy delocalization into the van der
Waals modes. When inhomogeneity, pure dephasing and instrumental broadening
are not significant!® or can be taken into account,!d the dissociation rate can be

extracted from the width of the profile.

In the second technique, matrix isolation spectroscopy, a ccld structure of rare
gas atoms is used to trap, isolate and internally cool the species X. The interaction
between the molecule of interest and the surrounding cage atoms determines the
degree to which the energy transfer properties observed for X are unperturbed.
While vibrational lifetimes of matrix isolated molecules have been observed to be
in the range of microseconds or longer,!!~!2 lifetimes of vibrationally excited van

der Waals molecules inferred from linewidths have in general been much shorter,
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ranging from sub-picosecond!—* to tens of psecs!® in dissociation studies to <10

nsec from absorption spectra.2?

In this paper, we report attempts to bridge the gap between these two
techniques and their distinct range of lifetimes by obtaining the infrared dissociation
profiles of CH3F and C,H,4 molecules imbedded in in large van der Waals clusters,
or gas-phase “matrices”. The specific information we obtain is derived from
the dissociation lineshapes: the fractional attenuation, vibrational linewidth and
frequency shift as a function of expansion backing pressure are obtained for the
excited v3 vibration in CH3F and the v7 vibration of C2Hy in various inert clusters.
The appearance of narrow spectral features in some clustering regimes serves to
indicate that the lifetime of the excited vibration has increased, but the quantitative
lifetime information is limited due to the discrete natrue of the probing CO; laser.
The dissociation intensity gives a measure of the homogeneity of the profiles. the
frequency shift of the cluster absorption is a sensitive measure of the environment
around the chromophore and is compared to the extensive matrix data which is
available. We correlate these results with the cluster size and properties that we
expect at the given expansion pressure. By correlating mass-specific spectra with
estimates of cluster distributions, we observe that fairly small clusters (<1 complete
shell) shift the CH3F v3 absorption to near the values observed in matrices. A
structural ordering of rare gas atoms around a central CH3F molecule is indicated

from comparison with spectra of CoHy-containing clusters.

2. Background

Of the many studies of relaxation processes in matrix isolated species,!! a small
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number involve polyatomic molecules vibrationally excited in their ground electronic
state, most of which have involved an isotopic form of methyl fluoride.12~17 Only
recently, however, has even this system approached being well understood. The
decay of IR fluorescence from 2vs3 was observed by Apkarian and Weitz'? and
attributed to the ladder-climbing relaxation 2-CH3F(v3) — CH3F(2v3) + CH3F(0),
but this relaxation pathway will not occur in the gas-phase clusters which contain a
single CH3F molecule. An IR pump-probe technique was used by Abouaf-Marguin
et al.13 to monitor the population loss induced by by rare gas and N, matrices from
the v3 = 1 level of 12CH3F and the vg = 1 level of 12CD3F and 3CH3F. The vs-
excited CD3F is observed to relax (1 < 1 psec) much faster than vs-excited CH3F
(7 ~ 10 psec) presumably because the vg level lies below v3 in the deuterated species
and provides a fast intramolecular V—V energy transfer pathway, independent
of the matrix. Young and Moore!4 obtained IR emission lifetimes for both v3
and 23 levels of CH3F which were populated by fast intramolecular relaxation of
levels excited at 3.0 um. The non-radiative rates determined by the two lifetime
measurement techniques are in good agreement: k(v3) = 3.2 x 10° and 8.8 x 104
s~1in Ar and Kr matrices, respectively.!* The matrix environment induces non-
radiative relaxtion at rates over 500 times faster than the isolated molecule radiative

rate of 15 s~1.

A physical picture for the CH3F isolated in matrices which provides insight

into the relaxation mechanism can be obtained from IR absorption studies,4~*7

but there has been some disagreement in interpretation. Weak blue-shifted satellite

5

peaks of vz observed in concentrated CH3F/Kr matrices!® were interpreted to
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be indicative of CH3F librations which would substantiate a V—R relaxation
mechanism for CHzF(v3) in matrices with CH3F rotation as the energy accepting

13 It is now believed!® that these peaks are due to CH3F aggregates in

mode.
the concentrated matrices, although the failure to see phonon wings or a librational
satellite in the studies using more dilute matrices'® may be consistent with estimates
of their low intensity due to a broadened profile.!” Apkarian and Weitz!7 have
modelled CH3F in Kr as a free spinner about the figure axis while the tumbling
motion perpendicular to the figure axis is hindered. The end-over-end motion
would produce rotational lines spaced ~ 1.7 cm™! from the main v3 (Q-branch)
absorption, but these are not observed.!4 If relaxation occured through the free
spinner rotation with phonons as the acceptor of the energy mismatch, the rate
would exhibit a strong termperature dependence which is not observed. Collisional
relaxation between CH3F and the matrix cage has be;.n sﬁggested as the dominant
mechanism of de-excitation. Lastly, vibrational dephasing of the vibration may
contribute inhomogeneous width to the linewidths,!¢ since the CH3F v3 absorption
line is narrower in Ar than in Kr, which is the reverse of the behavior expected from
the direct lifetime measurements.!%:13

At present, there is a great deal of effort to characterize the solvation of gas-
phase molecules by sequentially adding weak binding partners (A) to a prototypical
molecule (X), usually one that can be probed by fluorescence?! =24 or MPI1.25 The
electronic origins of individual X, —A species are often well separated, for n < 6, so

structural information about individual neutral clusters can be obtained from the

incremental shift of the 0-0 transition with additional solvent species. In addition,
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the fluorescence lifetimes of the transitions yield the rate of non-radiative decay,
and this can be obtained as a function of cluster size for small clusters. Saturation
of the frequency shift, however, eliminates the possibility of studying specific large
clusters. Studies of complexes between large aromatics (e.g., X = anthracene)
and rare gases (e.g, A = Ar), which include time and energy resolved fluorescence
excitation and emission spectra, have been reported. In the large cluster regime
(i.e., for pressures at which individual A,X features cannot be distinguished) the
fluorescence excitation spectra exhibit additional red-shifting as the pressure, and
thus complexation, is increased. The fluorescence lifetime, however, saturates with
respect to change in pressure. The lifetime of large A, X clusters is only 2-3 times
smaller than the bare X molecule (7-9 vs. 24 nsec for uncomplexed anthracene).
The lifetime of gas-phase anthracene isolated in large Ar clusters is the same as its
lifetime in a methylmethacrylate glass,2® but is much longer than its lifetime in an

Ar matrix (10 psec?®).

Vibrational spectroscopy of molecules embedded in clusters?’—29 is hampered
by the reduced frequency shift per atom compared to that observed in electronic
excitation spectra, which makes even the assignment of infrared spectra of small
clusters difficult. Gough et al.2° have obtained the 10 um dissociation spectrum
of Ar,CH3F and Ar,SF¢ clusters using a bolometer for detection of dissociation,
finding correspondence between the reported matrix absorption peaks and limiting
frequency shifts in the cluster dissociation profiles. The saturation of the frequency
shift at that of the matrix value was found to occur after the filling of the “first

shell” of Ar atoms around SFg. Also by comparison to the matrix absorption
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spectra in which spectral features arising from normal and dislocation/surface sites
are observed, the Ar, CH3F spectra were interpreted as consisting of contributions
from clusters in either “matrix” or “surface” sites. The surface peak dominates
in the cluster spectra, whereas one would expect the polar CH3F to be located
at the center of an Ar cluster (the “matrix” site) with greater probability than
in the case of the SF¢ clusters. A recently reported technique?9® has provided
identification of an absorption feature attributed to SFg on an Ar cluster surface
site in the dissociation spectra of Ar,SF¢ clusters. Application of this technique
to CH3F clusters may similarly provide positive identification of surface site and

matrix absorption features.

While the bolometer has proven to be a rather sensitive tool for monitoring
dissociation of van der Waals molecules, it is not mass selective. The detected signal
(heat loss at the bolometer) results from all species which are dissociated by the
laser and scattered out of the molecular beam. One advantage of this technique
for a study of highly clustered beams is that contributions from the entire cluster
distribution can be detected at once. The spectra reported in this work are likewise
sums of spectra of various cluster sizes, due to electron-impact fragmentation, but
the summation includes only clusters whose mass is greater than or equal to the
mass being monitored. This mass filtering, not available in the bolometer study,2?
enables us to uncover interesting features in the cluster dissociation spectra. For
instance, under some conditions in the Ar/CH3F cluster system, very dissimilar
dissociation spectra can be obtained by monitoring ions of similar mass. We can also

probe the entire cluster distribution in a way analogous to the bolometer detection
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technique?® by monitoring the attenuation of the CHzF* or CoH4™ parent ion
peaks which convolute contributions from all clusters (although still depending on
fragmentation efficiencies). In addition, our apparatus allows determination of the
fractional dissociation at a given cluster mass so the absolute dissociation intensity

of the clusters is obtained.

3. Experimental

The apparatus used in this study has been described previously,! and is shown
schematically in Figure 1. Van der Waals clusters containing CH3F are formed by
supersonic expansion of pre-mixed gases through Ni pinholes (12-25um) and into a
high-pressure (10~3-10~2 Torr) source region. Experiments with CoH4-containing
clusters were performed using a modified source chamber pumped by a 10" diffusion
pump. The jet is skimmed well after condensation to form clusters is complete and
travels 60 cm through two regions of differential pumping, then through the electron-
impact ionization region of an off-axis quadrupole mass spectrometer. Irradiation
occurs over the entire flight path and thus allows significant fractions of clusters
to be dissociated with an unfocused, low power (~10-15 W/cm?) line-tunable cw
CO, laser. After being modulated with a mechanical chopper, the laser light is
directed colinearly along the molecular beam — through a ZnSe entrance window,
the ionization region of the mass spectrometer and the collimators that define the
position of the molecular beam. Uniform irradiance is ensured as all apertures are
smaller than the laser beam waist (~6 mm). Alignment is facilitated by replacing
the nozzle assembly with a BaF, window so that the laser power can be transmitted

and maximized over the path length through the entire apparatus (>1 m).
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Figure 1. Schematic diagram of the molecular beam apparatus including
the electron-impact ionization quadrupole mass spectrometér, data collection

electronics with computer and CO; laser used in these experiments.
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The data collection system consists of single-ion counting of current pulses
from an amplifier/discriminator following a channeltron electron multiplier. The
count total is relayed to a minicomputer (ISC 8001) via a homebuilt interface. The
computer starts the photon counter on both on and off phases of the chopped laser
light, takes the difference of the two count totals and repeats the cycle to generate
a datum. Background subtraction is performed automatically on each point. Data
averaging times of a few minutes (1000-3000 cycles) usually provide adequate S/N
in the dissociation intensity.

An important component of the spectrometer is a calibrated Scientech
calorimeter located inside the vacuum chamber. By translating a small mirror, the
laser power propagating down the molecular beam axis is directly measured before
and after each datum. This allows accurate determination of power irradiating
the clusters, independent of la:ser mode quality outside the chamber. In addition,
dissociation spectra at constant power can be obtained directly, with a minimum
of power scaling for fluctuations between data points.

Gas mixtures consisted of CH3F (Matheson, >99.0%) and C2H4 (Scientific Gas
Products, >99.95%), used without further purification, seeded either in pure Ar or
N3, or ternary mixtures with the Ar, Kr, Ne, N; or CH4 diluted in He. CH3F and
CoH4 were typically < 0.1% of the mixture, while the rare gas concentration in He
was varied from 10-100%. Each prepared mixture was equilibrated for at least 6

hours prior to experiments.
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4. Results

4.1 Mass spectrometry

A portion of the mass spectrum typical of those obtained in this study is
reproduced in Figure 2(a). The molecular beam characterized by this mass spectrum
was produced by expansion of a 0.5:1010 mixture of CH3F : Ar at 400 psig backing
pressure through a room temperature 25 um pinhole. The series of Ar,* ions is
dominant with less intense series of Ar,CH3F*, Ar,CHyF+, Ar,,CH3" and Ar,Ft
cluster ions also observed. The assignment of the Ar,F* cluster series is based upon
the fact that the IR dissociation spectra obtained at m/e 59 (ArF¥) are identical
to Ar,CH3F spectra which are obtained from other masses (e.g., Ar,CH3F* or
CH3F ™). Using mixtures of CH3F seeded in pure Ar and stagnation pressures up
to 700 psig, CH3F-containing Ar clusters as large as Ar;gCH3F* (m/e 794) could
be detected although larger Ar clusters can be safely assumed to be present (vide
infra). Dilute mixtures (<.05% CHsF, <20% Ar in He) and low backing pressures
were used to obtain spectra of small clusters, such as CH3F solvated with 1 or 2 Ar

atoms, designated as Ar,CH3F.

Formation of (CH3F), or rare gas clusters containing (CH3F),, n > 2, while
certainly facile, was not of direct interest in this work, and thus was inhibited by
maintaining the CHaF concentration below 0.1%. This concentration seems high
compared to those usually necessary for well-isolated matrix spectra (< 0.01%),
but is suitable here because of the mass selection capability. Clusters of the form
(CH3F),* and (CH3F),H*, n > 2, are both observed. (CH3F), is expected to

undergo an internal ion-molecule reaction after ionization to give predominantly
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Figure 2a. Mass spectrum of a richly-clustered molecular beam. A mixture
consisting of 0.5:1014 CH3F:Ar was expanded at 400 psig through a 25 um
room temperature pinhole. Ar} and Ar,CH3F* cluster series are indicated. The
observed mass spectral intensities decrease rapidly with increasing cluster size
under these conditions, although a neutral cluster distribution peaked at Arjqo

is calculated (see the discussion of Figure 11). The ionization electron energy was
65 eV.
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Figure 2b. Schematic drawing depicting fragmentation of clusters upon electron-
impact ionization, and the partial mass filtering that results. Clusters of size larger
than and equal to a specific mass contribute ion intensity to the detected mass peak.
Noutral cluster dissociation upon absorption of infrared radiation is monitored by
decrease in the intensity of an ion mass, so contribution from higher mass fragments

must be taken into account.
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(CH3F)H*.3° The IR dissociaion spectrum attributed to (CHsF); was obtained at
this mass (see Appendix 1). The observation of (CH3F),H* clusters suggests the
(CH3F)H™ traps the positive charge on the cluster,3! leaving a cluster which can

be described as (CH3F)n—3-(CH3F)H*. A full characterization of this behavior was

not pursued.

The fragmentation of the Ar,, CH3F* cluster series deserves special note. The
Ar,CH3F* and Ar,CH,F* ions are of comparable intensity, while the Ar,CHst
clusters are ~ 7 times less intense than either of these two. The 70 eV electron-
impact mass spectrum®? shows nearly identical intensities for CHzF*, CH,F+ and
CH3™, and similar intensities are likewise observed in our apparatus for these masses
(m/e 15, 33 and 34). Production of CHz* results from ionization into the first
excited (/1) state of CH3F* and is accompanied by significant release of kinetic
energy in the fragments (up to 2 eV in CH3+).32:33 Recent fragmentation studies
of Ar clusters containing an organic molecule are interpreted in terms of initial
ionization of the Ar followed by charge transfer to the lower IP guest species.34
In the case of CH3F, the appearance potential of the A electronic state (15.8-16.0
eV32) is at or just above the IP of Ar (15.76 eV) and well above the IP of Ar,
(14.25 eV35). Charge transfer from Art to Arpt would compete with transfer to
CH;F+ (A), and initial formation of Ary* from Ar+ would preclude this possibility
entirely. We do not expect a high probability for charge transfer excitation to the
(A) CHzF* state. Furthermore, population of the A state would result in the
immeadiate release of 2 eV of kinetic energy into the cluster, which would result in

significant evaporation of the cluster (see Section 5.1.1). This may produce different
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fragmentation compared to the case where the energy is retained initially in the
CH3F* ion.24® Finally, we also observe the unexpected series Ar,FT in the mass
spectrum. As noted previously, the IR dissociation of m/e 59 (ArF*) indicates these
ions are fragments of Ar clusters containing CH3F. Formation of an Ar-F+ dimer
species (isoelectronic with C1-F) may be responsible for these clusters. Prior to this

observation, ion fragments which are not formed in ionization of a molecule (e.g.,

F* from CH3F) had not been observed in clusters (e.g., Ar,F* from Ar,CH3F).

The effect of electron-impact ionization and fragmentation of the clusters on
the infrared dissociation spectra must be considered.3® Fragmentation patterns of
a few specific clusters have only recently been determined,3” and expansions can
contain a complex variety of clusters. As illustrated schematically in Figure 2(b),
the mass spectral intensity at a given mass and pressure contains contributions
from larger clusters. For example, the infrared dissociation spectrum obtained by
monitoring m/e 154 (nominally Ar3CH3F*, or (3,1)*), would contain the spectra of
all species that contribute intensity at that mass, weighted by their abundance and
their efficiency to fragment to m/e 154. For neutral species of the type Arz(CH3F),,
n > 2, fragmentation to m/e 154 can be distinguished in the IR spectrum due to the
larger frequency shift associated with clusters containing more than a single CH3F
molecule, so these absorptions can be subtracted out of a spectrum. The shifts due
to the clustering rare gas atoms (as well as complexes containing (C2Hy)n, n > 2,
in the CoH4-containing cluster system) are generally small compared to the width
of the profiles, so fragmentation contributions from Ar,CH3F, n > 3, to m/e 154

are not easily separable by cluster size.
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There is growing evidence that ions produced from electron-impact ionization

of weakly bound clusters are much smaller than the neutrals from which they
derive.3” While fragmentation makes the identification of corresponding neutral
clusters quite difficult, it has proven useful for providing a probe of the entire cluster
distribution: such a large percentage of the seed molecule becomes complexed in
the high-pressure expansions that virtually all mass intensity detected at the CH5F
or C2H4 parent ion peak results from fragmentation of clusters containing the seed
molecule. Thus monitoring the dissociation profile of CH3F+ or C;H4t samples the
individual spectra of the many cluster sizes present in the beam, in a way similar
to optothermal detection (also see the discussion of Figure 4). This is in contrast
to the small cluster limit!:®*® in which infrared spectra obtained at the parent ion
or fragment mass of the van der Waals molecule correspond directly to the spectra

of single neutral clusters.

We postpone for the moment a full discussion of the cluster size distributions of
the molecular beams. As a guide, we note here that the pressure dependence of the
infrared spectra suggest demarcation of three cluster regimes which we designate as
“small, “moderate” and “large.” From evidence to be presented later, we associate
the “small” cluster regime with cluster sizes with less than one rare gas or molecular
shell; e.g., Ar,CH3F, with n < 12. The “moderate” cluster regime denotes clusters
with a partially filled second solvation shell, 12 < n < 54, while “large” clusters are
indicative of microcrystallites (n > 50). The three cluster regimes are delineated
to various degrees in each of the CH3F systems we have studied. The cluster range

serve only to correlate regimes of IR spectral behavior with a physical model, and
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there is no means at present with which to determine the exact ranges of n within
this model. Given our limited mass range (< 1000 amu), we have adopted the results
of other studies to gauge clustering conditions. The results of these estimates (see
Section 5.1.3 for details) are included along with the dissociation spectra in the
figures below, to be used as rough guides of the maximum of the neutral cluster

distribution.
4.2 Lineshape Analysis

Both simple!® and more extensive!¥ models have been presented to extract
information from the dissociation profiles of van der Waals molecules. Because of
electron-impact fragmentation, the profiles observed in the experiments reported
here are convolutions of individual cluster spectra. The use of the simple two-
level-with-decay model lineshape!® to fit the observed dissociation profiles can still,
however, provide insight into the trends of cluster properties with increasing size,
such as solvation shifts and vibrational lifetimes. In effect, we are considering how
well a range of cluster sizes or types can be represented by a single dissociation
profile.

The observed dissociation wavelength dependences are presented with fits to

the pure case two-level-with-decay model lineshape formula:!8

I 2,—1 o
= —_= — t. y 1
Fp(w,t) To exp W™y 4(w — wO)Z T ,712) ( )

where F, is the fraction of van der Waals species remaining after irradiation of

duration t, w, is the Rabi frequency of the transition and wg is the frequency
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of maximum dissociation intensity. The lineshape is the exponential of a scaled
Lorentzian. The first-order dissociation rate constant, 7,, is derived from the

linewidth:

Yp =771 =2mc. FWHM, (2)

where FWHM is the full width at half maximum of the Lorentzian factor in (1), or
the width of the logarithm of the profile. In the case of a homogeneous spectrum of
a specific cluster, v, represents the rate of dissociation of the complex.

The intensity of the dissociation profile is determined by the Lorentzian

prefactor, w,?vy-1t. The Rabi frequency, w,,, is defined as:
we, = (i -E)/h, (3)

where 7 is the dipole moment of the absorption (proportional to the integrated
absorption intensity) and E is the electric field vector (proportional to the laser
power). All clusters containing one particular chromophore (e.g., CH3F) have the

same absorption strength. Integrating Eq. 1, we have:

+o0
/ Fyt,w)dw = (n/4) -w,2t, (4)

— o0

or, in the absence of additional quenching factors (treated in eq. 5), the integrated
dissociation intensity is independent of the dissociation rate and thus the same
for any cluster containing only a single CH3F molecule (neglecting contributions
from polarizable partners”’). The summation of the spectra of various clusters

by electron-impact fragmentation yields a dissociation profile at a given cluster
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ion mass whose integrated profile should reproduce the transition dipole moment
for absorption by the free chromophore. This is a valuable constraint on the
intensity of the profiles. Additional consideration must be given to profiles obtained
at the parent ion mass of CHaF* (m/e 34) or CoH4t (m/e 28): with mild
expansion conditions (producing small clusters), the ion signal is due primarily
to the uncomplexed seed molecule, so the total fraction dissociated will be quite
small. Under conditions where practically the entire quantity of seed molecule is
clustered, the integrated dissociation intensity at CHaF+ or CoHyt will approach

that of the absorption strength of the free molecule.
4.8 Small cluster limit spectra

The simplest point from which to embark on a study o.f the dissociation
spectra of A,CH3F clusters is the small-cluster (z = 1) limit: the van der Waals
complexes between single rare gas atoms or Ny molecule and CH3F. Unfortunately,
the isolation of these complexes without the presence of larger clusters is a nontrivial
task — the strong dipole moment of CH3F (1.86 D3%) makes it an efficient clusterer
— and was not the focus of the present study. The spectra we report, collected
in Figure 3 and summarized in Table 1, are the low-clustering limit of CH3F-
containing clusters and are best described as A;CH3F, with < 2 (see below). The
dissociation spectra which exhibit the smallest frequency shifts away from the gas-
phase value are considered the low-clustering limit listed in Table 1. All of the main
absorptions are red-shifted, indicating that long-range attractive (dispersion) forces
dominate over short-range repulsive interactions.!® The magnitude of the shift of

the CH3F v3 vibration correlates with the polarizability of the partner, except for
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Figure 3. Small-cluster limit dissociation spectrum in the CH3F v3 region. The
spectra represent the absorption spectra of A;CH3F neutral clusters, where A =
(a) Ne; (b) Ar; (c) Kr; (d) N , and z < 2. The gas-phase v absorption of free
CH3F occurs at 1048.6 cm~! while the absorption of CH3F in these clusters is
red-shifted. Note the scale changes between spectra which are indicative of the
percentage of cluster fragmentation to the monitored ion mass. The solid line is a
least-squares best fit to at most 2 exponentiated Lorentzians. Fit parameters are
included in Table I. The indicated gas mixtures were expanded through a 25 um

room temperature nozzle.
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Table 1
CH3F Small-cluster (A;CH3F) Spectral Parameters®

A= Ne Ar Kr N,
wo (v3) 1047.6 1044.7 1044.1 10443
w] — wo 1.0 2.9 3.5 3.3
~ (FWHM!) 2.0 5.7 5.7 5.5
wi (vatvs) 1054.6 1056.3
wo — Wy 7.0 11.6
~ (FWHM') 4.7 2.3
of 0.395 1.64 2.48 1.76%

¢ All numbers (except ) in cm™

1

* Gas-phase value, wy = 1048.6 cm™?, from Refs. [40,41]
t Polarizability e in ¢cm3, from Refs. [42,43].

¥ Qperp = 1.45 cm3; Oparl = 2.38 cm?



that of Kr,CH3F (in which clusters larger than Kr,CH;3F likely contribute to the
observed spectrum at the expansion conditions given, and thus distort the simple
shift/polarizability comparison). Parameters used to generate the fitted curves in
Figure 3 are also collected in Table 1. Spectra of van der Waals molecules containing
C2Hy is the subject of other work!~6:44 5o we report only spectra of large clusters

containing CoHy.

The less intense features evident to the blue of the main dissociation peaks
(as well as to the blue of the gas-phase absorption) in Figures 3(a) and (b) are
reminiscent of early spectral® of rare gas:CoHy complexes (see also Figure 8)
which were later refined to yield structure indicative of a hindered internal rotor.¢
This is the reason we do not specify our observed small-cluster limiting spectra
as corresponding to those of the van der Waals dimers. We believe the refined
spectra of van der Waals complexes between CHsF and rare gas atoms and
N2 will likely contain additional structure which would permit the assignment
of 2 combination band or hindered rotor transitions. At the present level, we
observe features shifted 7.0 and 11.6 cm—! from the major Ne;CH3F and Ar,CH3F
absorptions, respectively. Further refinement of these spectra will be fruitful once
continuously tunable sources are developed in this spectral region. In spite of the
dilute mixtures used here, the difficulty involved in establishing conditions which
isolate the spectrum of these van der Waals dimers indicates that other IR studies,

especially those involving a polar constituent, should be treated with caution.
4.4 Large clusters containing CHsF

There are three regimes of clustering that we can distinguish in the infrared
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dissociation spectra of the CH3F-containing clusters studied which are best
illustrated in the Ar/CH3F cluster system. The salient features associated with
the cluster spectra as the transition is made from small through moderate to large
cluster sizes are reflected in the dissociation profiles shown in Figure 4, obtained
by monitoring the CHzF*+ mass (m/e 34). In the “small” cluster regime, the
spectra are seen to shift further to the red of the low-cluster Ar,CH3F absorption
as the average cluster size increases (Figure 4, P=40 and 80 psig). The width
of the profile remains essentially constant (4-6 cm™!) until the appearance of an
extremely narrow component of the spectra occurring at the P(30) emission line
(1037.43 cm™!) in the (00°1)—(02°1) CO laser band. This feature dominates the
dissociation profile in the “moderate” cluster size regime, becoming more intense
at higher backing pressures (P=100, 200 psig). Note the low fractional dissociation
on the low frequency side of the enhanced P(30) feature, when compared to the
Lorentzian fit. This indicates very narrow dissociation profiles (FWHM < 0.5 cm™t)
are dominant in the 1037-1038 cm™! region. At still higher pressures (P=300 to 500
psig), when “large” clusters begin to dominate the neutral cluster distribution, the
fractional attenuation at P(30) decreases dramatically, leaving the broad (3.7 cm™1!)
absorption centered at ~1040 cm™!. The curves drawn with the data, qualitative
fits to Eq. (1), serve both to: (a) highlight the dramatic increase, then decrease, in
dissociation intensity at P(30), and; (b) emphasize the dissociation intensity needed

in the 1032-1037 cm™! region to fit the data points with a single Lorentzian.

The profile obtained at P=200 psig (Figure 4) is similar to that reported by

Gough et al. (Figure 3 of Ref. [29]), but here with negligible contribution from
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Figure 4. Pressure dependence of the dissociation profile of Ar,CH3F clusters
detected at m/e 34 (CHaF*). The curves are offset arbitrarily in the vertical
coordinate for clarity, and 1o error in the dissociation is indicated when larger than
the heighth of the circles. At low backing pressures the profiles are broad and fairly
symmetric. Between 100 and 300 psig, the fraction dissociated with the P(30)
laser line (1037.4 cm™!) increases dramatically. At higher pressures this feature
disappears, leaving a broad feature with low fractional dissociation intensity. Matrix
isolation absorption peaks are indicated (1) along the abscissa. The “characteristic
cluster size,”6 (N/Z)*, is the mean of the neutral Ar cluster distribution calculated

from Figure 11 under the given conditions.
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Ar,,(CH3F); clusters. The pressure dependence we obtain highlights the dramatic
rise and fall of the dissociation feature near the P(30) laser line. The vz absorption
spectrum for CH3F in an Ar matrix exhibits two discernible features (indicated
along the abscissa of Figure 4):14~16 3 strong, narrow (< 0.2 cm~1) absorption at
1040 cm™~? attributed to the normal matrix site and a less intense, broad (~1 cm™1!)
feature centered at ~1039 cm™! associated with surface of dislocation sites in the
matrix. Note the intense P(30) feature is shifted ~2.5 cm~! beyond where one
would expect CH3F in a matrix site to absorb. As indicated by the (N/Z)* values
listed in Figure 4 (vide infra), the narrow P(30) feature appears to correspond to

the cluster range in which a second solvation shell of Ar atoms is being filled.

Dissociation spectra obtained at various cluster ion masses for the Ar/CHsF
system are gathered in Figure 5. In general, the spectra show features similar to
the CH3F*+ dissociation profiles: a frequency shift to the red with increasing cluster
size, the narrow dissociation feature at P(30), and a broad component that persists
in the highest cluster range. Note, however, that while the beam attenuation at
P(30) is the dominant feature in the ArgCH3F*, or (9,1)*, spectrum (Figure 5(b),
P=200), it is absent in the (13,1)* profile (Figure 5(c)) at the same expansion
conditions. Also, the spectrum of the neutral clusters which at relatively low
backing pressure contribute to the mass (5,1)* (Figure 5(a), 160 psig) shows no
indication of enhanced absorption on the P(30) line. With these spectra we can
set specific bounds on the range of cluster size whose spectrum is best represented

by the narrow component at 1037.4 cm~!. The (5,1)% profile sets a strict lower
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Figure 5. Infrared dissociation detected at specific cluster ion masses. (a)
The dissociation spectrum of the ArsCH3F* cluster ion (m/e 234) detected with
160 psig backing pressure appears with a symmetric profile, whereas at higher
pressures enhanced dissociation on the P(30) line is observed. (b) At 200 psig
in an Ar expansion, 50% of all neutral clusters contributing to ArgCH3F* cluster
ion (m/e 394) dissociate at P(30), while with identical ezpansio-n conditions there is
no evidence for this feature in (c), the Ar;3CH3F* (m/e 554) profile. It is possible
to place limits on the cluster sizes responsible for this enhanced absorption feature.
Also in (b), the P(30) feature disappears at higher backing pressures while the broad

profile to the blue likewise decreases in percent dissociated.
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bound as the ArsCH;3F cluster. For the upper bound (and a better lower bound),
we must estimate the neutral clusters the contribute to the observed spectra due
to fragmentation. For example, if we assume the ion masses correspond directly to
neutrals for backing pressure at the sensitivity limit of detection for the particular
ion, then clusters of the form Ar,CH3F, 5 < n < 13, produce the observed narrow

1

component in the infrared dissociation profile at 1037.4 cm™". However, this is

probably not a realistic estimate because fragmentation of the large weakly bound

37¢

clusters is extensive. Recent determination of Ar, fragmentation ratios*’¢ would

suggest both upper and lower limits are likely significantly higher, while the presence

of a dipole such as CH3F would tend to reduce fragmentation.4®

Whatever the range of neutral clusters that contribute to the observed ion
masses, we believe it is important to take note of the great difference in spectra
of two ion masses, those of (9,1)* and (13,1)*, separated by only 4 Ar atoms.
This indicates either that the dissociation spectra recorded at individual cluster
ion masses are sensitive to only a small range of cluster sizes, or (more likely)
that specific ion clusters are formed preferentially from a range of ionized neutral

clusters. These points are discussed further in section 5.2.

Figure 6 is a presentation of spectra obtained for Kr, clusters containing CH3F.
The red shift progression with increasing backing pressure of the CHzF* profile
(Figure 6(a)) is observed but is seen to develop more slowly than in the Ar cluster
case (Figure 4), as the Kr mixture is more dilute (10% Kr in He compared with 100%
Ar). The profile likewise converges on the P(30) line as a limit for the frequency

shift, at which point attenuation of the dissociation intensity commences. The
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Figure 6. (a) Dissociation spectra of CHzF-containing Kr clusters, detected at
CH3F*. Although inhomogeneity is present, the profiles do not show the dramatic
dissociation intensity on a single CO, laser line as in the Ar/CH3F system. (b)
Negative dissociation features give evidence for larger Kr clusters absorbing further

to the red, close to the matrix absorption peaks near 1037 cm™?, indicated (1) along

the abscissa.
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presence of narrow components in the lineshape is apparent, both in the profiles
shqwn in Figure 6(a) and in individual mass dissociation spectra of Kr,CH3F*, n <
6, which are not pictured. The maximum in the fraction dissociated profile occurs at
P(30) while there is a sharp dropoff in dissocation intensity on the adjacent P(32)
line. In none of the profiles, over a range of backing pressure, is there observed
the intense single-line dissociation peak seen in the Ar cluster case. With mass
spectral intensity spread over the Kr isotopes, we could obtain dissociation spectra
only up to m/e 621 (Kr7CHF*), using a 20% Kr in He mixture expanded at 400
psig. We judge that the spectra sample the moderate cluster regime, where we
might expect to observe the enhanced absorption feature similar to that seen for
Ar,CH3F, because of the loss of fractional dissociation intensity at the Kr,CH,F+
ion mass compared to that observed for smaller clusters and lower backing pressures.
There is some indication of a narrow absorption present in the Kr, CH3F spectrum

near 1037.4 cm™! which may be shifted into the gap between CO, laser lines.

An interesting feature in the Kr/CH3F system occurs at higher pressure where
a negative fractional dissociation is observed; that is, the mass spectral intensity at
a given mass peak increases in intensity upon laser irradiation. Figure 6(b) shows
individual mass dissociation spectra taken at two different expansion conditions.
Negative dissociation is observed at P(34) (1033.49 cm™1) in both cases, and also
at P(32) (1035.47 cm™!) under conditions favoring slightly smaller clusters. The
main feature of the v3 absorption of CH3F in a Kr matrix,!517 marked with an
arrow along the abscissa of Figure 6, occurs at 1035.8 cm™?, 2 cm~?! to the blue of

the P(34) negative dissociation features and similar to the shift between the matrix
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value and enhanced P(30) feature in the Ar,CH3F cluster spectra. There is thus
evidence for matrix-like Kr, CH3F clusters analogous to the case of CH3F in large
Ar clusters. Negative dissociation features may be present in other cluster spectra
from beams with a similar degree of clustering, and in fact may be the reason for
the sharp drop in dissociation intensity in the 1037-1038 cm ™! region, to the red of
the enhanced P(30) peak in the Ar/CH3F system, (see, for example, Figure 5(a),
P = 160-225).

We discuss two explanations for the negative dissociation feature. First,
the fragmentation of large clusters (Kr,CH3F, n > 7) could increase with the
addition of vibrational energy and result in an increase of mass spectral intensity at
the detected ion mass. Second, clusters may “dissociate,” but without leaving
the molecular beam. For the second case, consider a set of large Kr clusters
(A CH3F) which do not contribute intensity to the detected ion mass A,,CHsF*
(from Ay CH3F neutral clusters), and which can boil off the 1000 cm™? of energy
deposited by the laser with little gain in transverse momentum, thus remaining
in the molecular beam; the resultant cluster of reduced size (A, CH3F) is then
ionized, fragments and yields intensity at the detected ion mass. An increase
would be observed in the situation where there is a greater population of the large
ApCH3F clusters which dissociate to contribute to the detected ion mass than
there are Ay CH3F clusters which contribute before laser irradiation but are lost
upon dissociation. Such an effect is plausible given the fact that in the mass-selected
Ar, CH3F spectra, we observe significantly different dissociation spectra for similar

ion masses. Further discussion of this effect can be found in Section 5.1.1.
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Dissociation spectra of the Ny /CH3F cluster system are shown in Figure 7.
The progressive red shift in the small cluster regime is much larger than with Kr or
Ar. For small (N;),CH3F clusters, the shift of the CH3F* profile per additional N
is on the order of the linewidths and distinct shoulders are apparent. Deconvolution
of these spectra suggest the following shifts from the uncomplexed value for each
additional N, molecule: Aw, = 4.3, 4.3, 2.0, 4.0 and 4.6, starting from the small-
cluster limiting spectrum (z = 1 or 2) which peaks at 1044.3 cm™!. At moderate
clustering conditions (Figure 7(a), P=500, 700 psig), an intense dissociation feature
grows into prominence on lines P(40) and P(42). Although reminiscent of the
profiles obtained for Ar,CH3F, there are now two adjacent laser lines on which
intense dissociation is observed. Furthermore, at the harder expansion conditions
in Figure 7(c), the transition to the large cluster regime can be seen as the absorption
peak continues to broaden and smoothly shift with pressure to lower frequency in
contrast to the simple disappearance of the single-line P(30) feature in the Ar, CH3F
large-cluster case. A slight shift of the narrow peak in the Ar/CH3F case is thus

proposed to account for the loss of dissociation intensity.

The vz absorption of CHsF in a Ny matrix!® at 7 K, indicated in Figure 7,
occurs at 1033.1 cm ™!, whereas CH3F in large N» clusters are shifted past this value,

lin our spectra. The spectrum of

exhibiting a maximum peak shift to 1023.0 cm™
Nj-solvated CH3F dimer, in Figure 7(b), exhibits an additional 4.4 cm™! shift
(wo = 1018.6 cm™1!) from the large cluster (N2),CHaF spectrum. Analogous to

the monomer case, the dimer isolated in the gas-phase cluster absorbs at lower
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Figure 7. (a) N2 molecules shift the CH3F v3 absorption frequency enough
that separate shoulders for different size clusters are gbserved under small cluster
conditions. In the moderate cluster regime, the infrared spectra exhibit two points
having enhanced dissociation. (c) In the large cluster regime, the absorption peak
broadens and shifts to higher frequency, analogous to the temperature-dependent
behavoir of the v3 absorption line of CH3F in a N2 matrix. The profiles are shifted
beyond the matrix absorption (indicated, t). (b) The dissociation spectrum of
(N2)sCH3F* is included to illustrate the additional 4.4 cm™! shift due to the
presence of (CH3F),.
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frequency than (CH3F); in a N2 matrix:!5 wg = 1023.7 cm~! at 7 K, with only a

small red-shift at increasing matrix temperature.

The dissociation intensities of (N2)nCH3F clusters, obtained by fitting a
Lorentzian to the observed dissociation spectrum, appear anomalously high (by
roughly a factor of 2) compared to the absorption intensity of uncomplexed CH3F as
well as the dissociation intensity of the other cluster systems. A simple explanation
is that the clusters contain more than one CH3F molecule in the clusters, but we
do not believe this to be the case at these dilutions. The intense features could be
indicative of very narrow absorption features, as invoked in explanation of features
in the Ar/CH3F and Kr/CH;F cluster systems, but the peak is observed to smoothly
shift to the red as the backing pressure is increased indicating the lines have width
on the order of the line spacing. Also, the large fraction of clusters dissociated with
the low laser fluence indicates a substantial degree of homogeneity is present in the
profiles. Another possibility for the enhanced absorption strength in the N /CH3F
cluster spectra is enhancement of the CH3F dipole moment by the polarization
of the Ny environment.!® Such a large effect may be consistent given the large
frequency shift that is observed for the (N;),CH3F clusters. As a final note, the
spectra of cluster ions up to (N2)sCH3F* (obtained at P=600 psig) exhibit similar

profiles to the displayed (N2)sCH3F* spectra.

We attempted to observe the spectra of large Ne,CH3F clusters but did
not observe parent ions above Ne;CH3F* using a room temperature nozzle.
Dissociation profiles detected at m/e 34 (CH3F*) were similar to that reported

in Figure 3, with the peak of the (asymmetrical) dissociation feature shifting to the



P(20) CO; laser line (1047.46 cm™1!) at the highest clustering conditions. The peak
of the cluster absorption is only 1.8 cm™! red-shifted from the gas phase absorption
and 0.8 cm™~! shifted from the low-cluster limit spectrum. The v3 absorption of
CH3F in a Ne matrix is observed 5-7 cm™! to the red of the gas-phase value,
observed at 1041.5 and 1043.5 cm™! depending on the crystal structure of the Ne

matrix (fcc and hep, respectively).®

4.5 Clusters containing C Hy

The 2 cm™! gap between CO; laser lines in the CH3F v3 absorption region
prevents resolution of the narrow absorption features observed in the moderate
cluster regime of CHzF-containing clusters. The availability of additional N2O
laser lines (spacing ~0.8 cm™?) in the spectral region of the CoHy v7 vibration
(~950 cm™!) makes it attractive to attempt an analogous study of large clusters
containing CoHy4. In this section we present dissociation spectra of CoHy isolated
in clusters of Ar, CHs and N;. Even with the higher laser resolution, no evidence
for narrow dissociation profiles on the order of the laser spacing is observed in these

systems.

Dissociation profiles for CoH4-containing Ar clusters are shown in Figure 8.
The small-cluster spectra (Figure 8(a), ArC,Hs™) exhibit the rotationally-
structured profile attributed to hindered internal rotation of the Ar-C;H4 van der
Waals complex!® (see also Section 3.3). With increasing pressure, the spectra

-1 as the

become dominated by a broad absorption centered at 949.5-951.5 c¢m
Ar,CoHy4 clusters grow in size (Figure 8(a)). Initially the maxima are blue-

shifted with respect to the gas phase value (949 cm™1),'® but are red-shifted at
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Figure 8. Dissociation profiles for large Ar clusters containing C,Hy. The
samme Ar clustering regime characterized by the profiles in Figures 4 and 5 were
explored with C;Hy as the chromophore. Smaller frequency shifts and no evidence
for cluster-dependant inhomogeneity in the profiles are observed in (a) small and
(b) large cluster ions. (c) Even though additional NoO laser lines in this spectral
region give increased resolution near the absorption peak, no enhanced dissociation

features are observed.
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the larger cluster conditions. The spectrum obtained at the ion mass corresponding
to AroCoHyt is shifted 0.8 cm~! to the red of the gas-phase value, and 3.2 cm~1to
the red of the small cluster spectra. The profile is also considerably narrower
compared to the small clusters, 3.1 vs. 9.5 cm™! for the (small cluster) Ar,C,Hy4
cluster absorption. At higher backing pressures, in the regime where the dissociation
profiles are attenuated from their maximum values, the spectrum taken at ion mass
Ar7CoHs* (Figure 8(b)) is slightly broader (~4 ecm™!), but shows no enhanced
dissociation feature akin to that scen in the spectra of Ar, CH3F complexes. A closer
look at the peak region using N, O laser lines (Figure 8(c)) shows only a smoothly
varying lineshape in beams of both low and moderate cluster sizes. Dissociation
profiles of larger cluster ions at high pressure, for example, (10,1)* and (14,1)*

(not shown), likewise exhibit smooth profiles fit well by a single Lorentzian.

Spectra of (CH4), C2Hy clusters (Figure 9) show only slight shifts in frequency:
the maximum separation between spectra of clusters prepared over a wide range of
clustering conditions is 0.8 cm™!, from 950.3 to 951.1 cm™! in going from small to
large cluster conditions. Both the presence of large cluster ions in the mass spectrum
and the depletion in the intensity of the IR dissociation spectra (Figure 9(a)
and 9(b)) indicate expansion conditions are indeed accessing the moderate and
large cluster regimes similar to those explored in the Ar,CH;F system. There is,
however, no profile narrowing or indication of sub-structure, even with the increased
resolution provided by the additional N, O laser lines (Figure 9(c)). All dissociation

profiles exhibit widths (FWHM') of 8-9 cm~!.

Photodissociation profiles of N; clusters containing CoH4 are compiled
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Figure 9. IR photodissociation spectra of (a) small and (b) large CH4 clusters
containing C,Hy. (c) At higher wavelength resolution (i.e., with additional laser

lines) in the peak region, no inhomogeneity is detected.
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in Figure 10. Because of the mass degeneracy between N; and C;Hj4, care
was taken to insure that the spectra are representative of clusters containing a
single C;Hygroup. The concentrations of CoH,4 used were lower than in mixtures
containing CH3F. The infrared dissociation spectra are themselves distinct enough
to provide differentiation, by both frequency shift and linewidth. Clusters with
more than one CoH4 unit would also be expected to show enhanced dissociation
intensity; however, (N2)n+C2Hy clusters are mass-degenerate with (N3)n clusters
as well, so there are non-dissociating fractions which reduce the apparent intensity
of the cluster ion dissociation profiles. To avoid this problem, some spectra were
obtained at the C;H4 fragment ion mass CoHszt (m/e 27) where Ny does not

contribute mass intensity.

The N3 molecule blue-shifts the CoHy4 v7 absorption further than either Ar
or CH4 (consistent with the CH3F results), and also further than additional CoHy
units. The dashed line in Figure 10 at 952.4 cm™! references the center of the
observed (C2H4)10™ profile, which is practically the same for the van der Waals
dimer,!® (C2Hy)2, as for (C2Hy)p, with n very large (Figure 10(c)). The center
frequency of the small-cluster NoCoH4t absorption (Figure 10(a)) is similar to
that of (C2H4)n but at moderate cluster size ((N3)7-CoH4™, Figure 10(b)), the
profile is blue-shifted at least 5.5 cm™! from the (C;Hy4), and ~8 cm™! from the
gas-phase value. Further tracking of the shift is not possible due to the lack of
transitions in the missing Q-branch region of the CO; laser spectrum. The widths
of the dissociation profiles in the small cluster regime (Figure 10(a), monitored on

the C;H3 ™t ion) are also distinctively narrower than the (C;Hy), spectra,



— 85 —

oo —

O'etc) :
CoHy: Ny :He :Ne
0.6+ '
ﬁ‘\-\ CHalo 100 : O :50: 465
o4r / | P = 250 psqg
/ 5 \ F=3.7md-an?
02 3 E '\.
/ : \\
|
00 :
(b) J'\
1.0} ",
[ /!\\ Ny GHe i : 515:50:465
< £ \ P = 260
@ T — N F=8.2
< if - ' "
§ /f (N Cobg 0.25: 500:50:465
; ¢ ]
g M\ b+ a0
2z
o
-
Q
=4
o
[T

\
DS YR 0.25 : 500:50: 465

r /'/E \ P = 400
A

o6l et % e F=82
g P: 400
in \ &5 '
04k ___/l:t
,.’;\ P =320
i
0.2f 7 | '
A P: 260

¢
00—

920 940 960 980 1000

Figure 10. N clusters containing C;Hj, analogous to the (N2)nCH3F clusters
exhibit large frequency shifts, seen in both (a) small and (b) large cluster ions. No
evident structure was observed in any case. (c) The IR dissociation spectrum of
large (C2H4)n clusters distinguishes these type of clusters from the mass-degenerate
N.-containing clusters by both linewidth and absorption frequency. For reference,

the peak of the large CoHy cluster profile is drawn through the panels.
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6-8 cm™! vs. 17.6 cm™!, respectively, aiding in the assignment of these spectra as

representative of (N3),C2Hy clusters. In no case, including spectra obtained at

higher pressures than those shown, is a narrowed or enhanced absorption feature

detected.

5. Discussion

The vibrational predissociation profiles of neutral rare gas and Ny clusters
containing CH3F or C2H4 have been obtained as a function of backing pressure
of the supersonic expansion. The lineshapes of the transition will be sensitive to
changes in the solvation environment (frequency shift of the profile) and lifetime
of the excited chromophore (linewidth), as well as the dissociation efficiency
(intensity). The cluster distribution changes drastically over the range of expansion
conditions employed in this study, containing monomers and dimers at the lower
pressures, with clusters of over 200 atoms at the higher pressure conditions. Other
characteristics of the clusters are expected to change as well and may be reflected
in the dissociation spectra. For instance, temperature effects may be observed
since small clusters are efficiently cooled, while large clusters are expected to be
very near their boiling points. The structure of the cluster will be dependent
on the temperature and may affect the lifetime or frequency shift of the excited

chromophore.

In order to consider these points, the discussion section is somewhat lengthy.
In the first two sub-sections, 5.1 & 5.2, we summarize relevant literature regarding
cluster distributions in supersonic expansions, then the structure and properties of

these clusters, respectively. Models are formulated which are consistent with both
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the prior work and the IR dissociation spectra reported here. We then explore the
variation of each lineshape parameter (5.3 to 5.5) and the information each yields

about the cluster systems studied.
5.1 Cluster size and distribution

A central issue in the analysis of the reported results is the nature of the neutral
cluster distribution probed by the observed dissociation profiles: in particular, what
are the neutral species that contribute to the dissociation at a given ion mass? While
significant advances are presently being made in this field of research, the current
level of understanding of cluster beams and electron-impact induced fragmentation
does not allow unequivocal assignment of the major neutral species that correspond
to a specific mass peak. There is a sufficient body of literature, though, from which
one can make reasonable estimates of the range of cluster sizes that are important

in these experiments.
5.1.1 Cluster characterization

The extensive study*6~50 of rare gas dimers and kinetics of their formation has
provided characterization of the initial stages of cluster formation. Preparation of a
useful concentration of dimers, such as Ar,,%650 Ar.C,H,4 !4 or (CH3F),,%8 is both
feasible and practical; larger clusters of specific size are another matter. Although
it is not known whether the mechanism for initial formation of dimers is a one-step
termolecular or two-step process involving stabilization of a bimolecular collision
complex, it is generally agreed that larger cluster formation is a two-body process
(see, however, ref. 22). Once the simple world of dimer kinetics is left behind, the

evolution of specific cluster sizes is not easily followed. Only those detection schemes
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capable of resolving differences between successive neutral clusters can be used to
follow their growth, and most properties, such as ionization potential,® change
very little. Laser-induced fluorescence is capable of resolving spectral features of
chromophores in specific size clusters, but even then only for clusters of less than
about 6-10 rare gas atoms.2!=?° Due to the generally broad linewidths observed,
the infrared photodissociation spectroscopy employed here is hindered in resolving
spectral features of individual clusters, except in the case of clusters containing
molecules with large static dipoles!®3® (and hence large frequency shifts). IR
photodissociation spectral® as well as other techniques35:44 give evidence that the
onset for formation of larger clusters occurs within a narrow range of backing
pressure (for a given nozzle diameter and temperature), and usually at lower
pressures than cluster ion mass peak pressure dependences would indicate. With
a population of dimers established,’! bimolecular substitution reactions facilitate
rapid higher cluster formation. It is thus not feasible to obtain a single predominant
cluster size in this manner. A beam containing ArsCH3F, for example, must also
contain similar quantities of Ar¢CH3F and larger clusters, unless a particularly
stable molecular cluster is formed. New techniques for producing ion clusters®?

may soon be adapted to allow study of neutral clusters of a specific size.

Mass spectrometry is a natural choice for cluster beam analysis but
the problems associated with analyzing the composition of a molecular beam
containing van der Waals clusters using electron-impact ionization are well-known.36

Fragmentation of larger clusters contributes to the intensity of lower mass peaks, as

well as decreasing the apparent intensity of larger clusters. A graphic illustration
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of problems associated with analyzing a neutral cluster beam with electron-impact
ionization is given by the observation that the peak in the apparent distribution
of (N20), clusters decreases from n = 1000 to 400 when the electron ionization

energy is increased from 35 to 300 eV, respectively.53

The problem of cluster fragmentation is receiving theoretical attention as a
result of controversy over the observation of “magic numbers” in rare gas cluster
distributions (see Section 5.2). Ionization of homogeneous neutral clusters (e.g.,
Ary) is proposed to proceed by formation of a vibrationally-excited dimer ion
(Arp_z-Ary**) which relaxes by evaporation.®* Photodestruction of CO,* can be
understood in terms of absorption by a dimer ion withing the cluster; i.e., the
cluster can be described as (CO2),-2-(CO2)2t. Also, as discussed in Section 3.1,
(CH3F), clusters which form (CH3F),_2-(CH3F)H" upon ionization are consistent
with this model. Molecular dynamics simulations find that within 200 psec of
ionization, an Ar;3 cluster will evaporate to form Ars™, and an Ar7 cluster reduces
to Arp*.37¢ It thus seems surprising that we have observed a significant differnce
between the dissociation spectra from nearly equal cluster ion masses (Figure 5).
The explanation for this effect may have to do with the stabilization of the cluster

by the CH3F dipole (vide infra).

Consideration of cluster evaporation and the dimer ion formation model may
account for the observation of “negative” dissociation peaks only in the Kr/CH3F
system (fig 6). The Ary™ ion is 1.5 eV more stable than a single ionized Ar™* ion,
so formation of the dimer within the cluster after initial Ar atom ionization can

release enough energy to boil off ~22 atoms. The heat of vaporization (AH,) for
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Kr is higher (AH, = 2.16 (Kr) vs. 1.55 kcal/mole (Ar)%®) and the difference in
IP between Kr and Kr; is smaller (1.13 eV®) so only half as many atoms (~11)
need to be lost from the cluster upon ionization, so ionization is “gentler” in the
case of the Kr clusters. More importantly, AH, is just less than the photon energy,
meaning that at most two Kr atoms must be lost from the large Kr,,CH3F clusters
so the Kr clusters will have a higher probability to remain in the molecular beam

following vibrational excitation.

There has only recently been work to quantify the branching ratios of cluster
ions produced from electron bombardment of large neutral clusters.37:4% Using a
crossed molecular beam scattering apparatus and 100 eV ionization electron energy,
Buck and Meyer®? found that 70% of Ar, fragmented to Ar*, while Arz fragmented
38% to Ary* and 62% to Art. No Ara* was produced directly from ionization of
Arg. Contributions to the observed Ars* signal are from clusters Ars and higher,
with the maximum near Ar;0.37¢ These results are at least qualitatively modelled
by the ionization dynamics model discussed above.?” In addition, there was little
change in fragmentation branching over the 30 - 100 eV electron energy range.
Using the same beam scattering techniques, Worsnop et al.4 likewise explored the
fragmentation properties of large rare gas clusters, finding that fragmentation of
heterogeneous species was less severe than for the homogeneous Ar,, cluster. For
example, the intensity of Ar,_HI* or Ar,_;Xe%t clusters is 102 times smaller
than that of ArXet or ArHI*, respectively, while the Ar;* intensity is 10° times
smaller than Ar,*, for the same expansion conditions. The Ar clusters containing

a more polarizable moeity fragment to a lesser extent than pure Ar clusters. In



our cluster beams, we observe intensity ratios between Ar,* and Ar,_;CH3Ft
cluster masses of ~10 : 1, while the Ar : CH3F concentration in the mixture is
1000 : 1. Assuming similar ionization cross sections, this observation is consistent
with Ar clusters containing CH3F undergoing substantially less fragmentation than
Ary, clusters. We presume this effect will similarly be operative in the other cluster

systems studied.
5.1.2 Mean Cluster Size and Distribution

Insight into cluster size distributions present in this study is provided
by the extensive work of Hagena et al,’657 who mapped out equivalent
clustering conditions for various nozzle types and expansion conditions, as well
as demonstrating the principle of corresponding jets for beams of different gases.
Using expansions which generate clusters whose mean size is in the range 10? to 104
atoms, the source pressure and temperature, nozzle shape and diameter, seed gas
and concentration were all systematically varied and a set of scaling laws relating
the parameters was determined. Analysis of the pulsed beams was carried out by
means of electron-impact ionization and a retarding-field analyzer. The relationship
between the beams was gauged by a single parameter, the “characteristic cluster
size,” (N/Z)*, the mean of the ionized cluster beam distribution.56:57 Limited but
useful information regarding the relationship between (N/Z)* and N, the mean of
the neutral cluster distribution was obtained by monitoring the change of (N/Z)*

with ionization electron energy.56

The shape of the distribution for neither the neutral nor the ion cluster beams

was elucidated in the Hagena study;*6:57 however, Soler et al.58 recently obtained
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the distribution of a highly-clustered CO2 expansion at 35 eV ionization energy.
With increasing stagnation pressure, the distribution exhibited the transition
from the low-pressure region of successive monomer addition, which exhibits
an exponentially decreasing cluster distribution, to that of coagulation of large
clusters, which shows a log-normal distribution (i.e., the intensity vs. the logrithm
of the cluster size is Gaussian). The mean of the cluster distribution agrees
qualitatively with the (N/Z)* value measured previously,3” which suggests that
for suitably large values of (N/Z)* ((N/Z)* > 10), the cluster distriubtion is log-
normal peaked roughly at (N/Z)*. The difference between (N/Z)* and N depends
upon fragmentation and ionization efficiency of the cluster sizes. Both works®6:58
observed very little shift of the cluster distribution for electron energies below 40 eV.
Mindful of the distribution results and using Hagena’s parametrization of molecular
beam clustering, we can scale our expansion conditions to obtain a measure of

the neutral clustering present in the beams employed in our IR photodissociation

experiments.
5.1.8 Estrapolation of mean cluster size data, (N/Z)*

In Figure 11, we present the data from Figure 2, Ref. [57a], for room
temperature expansions of pure Ar and pure N3 scaled to the nozzle conditions
used in our experiments and extrapolated to the pressure range in which infrared
spectra were taken. In addition, estimates for clustering of the Ne and Kr mixtures
used in this study are plotted (see the Appendix for details of the scaling and
estimates). The electron ionization energy was 65 eV in our work, compared to

~125 eV for the data from Ref. [57].3% Our expansion conditions result in beams
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Figure 11. Extrapolation of the “characteristic cluster size” data of Hagena®7 to
expansion conditions used in this study (along the abscissa). (N/Z)* is roughly the

mean of the cluster ion distribution found under the expansion conditions given in

pe {Torr

the figure (p%;) and in Ref. [57] for: (a) pure Ar and ; (b) pure N, beams. (N/Z)*

estimates for the (c) Kr and (d) Ne mixtures used in this work are also given. (The

appendix contains details of the scaling.) The electron energy is ~125-150 eV.
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with clusters substantially smaller than in Hagena’s work3” — the expansions that
produce the largest clusters in our work ((N/Z)* ~ 200) overlap the most gentle
conditions in Refs. [56,57]. The extrapolation will become invalid at small values of
(N/Z)*. Due to the dilution in our expansions (Xsolute ~ -005), we have ignored any
perturbation of the CHsF or C2Hy on the clustering, but dimer depletion effects

have been observed for seed gas concentrations on the order of a few percent.?

The cluster distributions we observe appear quite different from those predicted
by the extrapolation in Figure 11. In Figure 3, for example, the intensity of mass
peaks falls sharply with increasing mass whereas a distribution peaked at Arsq™ is
predicted. Figure 12 shows the observed pressure dependence for a pure Ar beam
expanded through a 25 ym room temperature nozzle. The intensity of small cluster
ion masses (Ara™, Ary™ and Arg* in Figure 12) “turns over,” or begins to decrease
with increasing backing pressure, indicating a substantial fraction of the total mass
is being directed into moderate size clusters. This observation is in agreement with
the (N/Z)* extrapolation which predicts mean cluster sizes of 8-15 over the 100-
140 psig pressure range. (Note that this is the same pressure range in which the
enhanced IR dissociation feature observed for Ar clusters containing CH3F is first
observed.) Moderate size cluster ions (e.g., Arja*, Figure 12) are seen to increase
in intensity in this pressure region before they, too, show the intensity turnover
at slightly higher backing pressure. The relative intensities still show, however,
a rapid decrease from dimer to higher clusters - Ar;3t, for instance, is always
an order of magnitude less intense than Ar,* over the observed pressure range.

This discrepancy can be understood partly by simple mass considerations (i.e., 6



— 95 —

10°
8
6 |-
Ar expecnsion
4r 25 pum, 297K
60eV e E
0o ,© 9009050,
%6
Q Oo
0% o _
o
8 o}
6 0
o
o
> “r VvVvy
= + v +
z Ay v @zV“ Art, ( 100)
£ v e v°
= o2 L o v°
g ve,
°
AV v .
10° |- ° g -
8 L v o0 ’D Up O °
6 u)
°
5| g v ©
4 L a
a v
u)
(m] v
2 o
® o
10° Y A 1 1 1 L4
60 100 200 300 400 500 600
P(psig)

Figure 12. Pressure dependence of mass spectral intensities of cluster ions from
a pure Ar expansion. Small cluster ions decrease in intensity as mass is shifted
to larger clusters, such as Arj3+. Mass weighting and discrimination against large
clusters must be invoked to account for the apparently low intensity of these larger
cluster ion peaks when compared with the predicted distributions. See the text for

further discussion.
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Ar; dimers are consumed to make a single Ar;; cluster), and by the fact that the
quadrupole mass filter and the particle detector both discriminate against higher
masses. The result is that for a broad distribution which is basically flat over the
small mass range accessible with the quadrupole filter, the intensity will appear
to exponentially decrease. We conclude that, at least for the Ar case, the (N/Z)*

extrapolation is in qualitative agreement with the cluster ion intensities observed

in this study.
5.1.4 Cluster size estimates and IR dissociation spectra

The (N/Z)* values from the extrapolations in Figure 11 are included in
Figures 4, 6 and 7 to indicate the predicted neutral cluster distributions probed
by the infrared photodissociation spectra of CH3F*. For the Ar cluster spectra,
the enhanced feature at P(30) is present over the pressure range expected to produce
neutral cluster distributions peaked at 7 to 44 atoms (Figure 4, P=100-300 psig),
which roughly corresponds to the addition of a second shell of Ar atoms. While
the same domain of clustering is also accessed by the Kr, Ne and N; expansions
according to the data of Figure 11, only the Kr and N; cluster spectra exhibit
obvious inhomogeneity analogous to that seen in the Ar cluster spectra, and, even
then, over different extrapolated ranges of (N/Z)* than in the Ar case. Narrow
features in Kr cluster spectra (Figure 6) occur for (N/Z)* > 40, but the similarity
of conditions for the v; frequency progression for CH3sF in Ar and Kr clusters
indicates that the (N/Z)* estimates for Kr, clusters are too high. The particularly
narrow CH3F* profiles observed in N; cluster expansions occur at pressures where

(N/Z)* is relatively low ((N/Z)* ~ 5). Again, the extrapolation may be in error in
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this cluster regime due to the severity of the logarithmic (N/Z)* plot: if the two
low-cluster data points®6® are omitted, a line similar to Figure 11(c) can fit the
data and raise the estimate to (N/Z)* ~ 20, more in agreement with the cluster
distribution estimate which corresponds to the narrow spectral feature in the Ar
cluster case. For Ne cluster beams, the transition through the second shell regime
is estimated to occur between 200 and 500 psig, yet the spectra show little change
from the low-cluster spectrum shown in Figure 3(a), and the absorption frequency
is far removed from the matrix limit. For the Ar, Kr and N;/CH3F systems, we
observe correlation between the cluster size regime at which the second solvation

shell is filling and the narrow features observed in the dissociation spectra.

If the dissociation spectra probe mainly details of the rare gas or N3 clusters,
then spectra obtained with C;Hy4 as the infrared-absorbing chromophore should
exhibit features similar to the CHzF-containing cluster spectra. For Ar, CHy
and Ny clusters containing C2Hg4, no enhanced dissociation or narrow features
are observed (Figures 8-10), even though similar (N/Z)* regimes are accessed.
Assuming the solute concentrations used in this study do not drastically alter the
neutral cluster distributions,®? these results suggest that the cluster dissociation
spectra are sensitive to properties or dynamics, other than cluster size, which are

quite different in the CH3F- and CoHy-containing clusters.
5.2 Cluster Properties: Structure and Temperature

At the higher end of the cluster-size spectrum lies the study of homogeneous
nucleation phenomenon®! where coagulation, condensation and evaporation are

more descriptively correct in summarizing growth kinetics. Between this higher
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cluster limit and dimer formation lie interesting questions concerning the structure,
temperature and subsequent growth of these microcrystallites. The stable packing
configuration of small clusters does not transform into the bulk crystal structure,
so the transition between these two regimes may be observed. The temperature
of the clusters -will naturally play a vital role in this transition, and the nature
of the growth will, to a large degree, determine the temperature of the clusters.
The properties of large clusters is certainly a wide-ranging topic with many active

experimental and theoretical areas of study.

Experimentally observed maxima in cluster distributions of rare gases*5:53,62,63
as well as SFg and C2F4Cl; clusters®?® have been interpreted as verification of
“magic numbers” of crystal packing — the closed Mackay icosahedral shells.64 In the
Mackay single-icosahedral packing scheme, the nt" shell contains (10n%+2) spherical
atoms or molecules (e.g., Ar or CHy4). The first three shells contain, respectively, 12,
42 and 92 spheres around a central sphere, totaling 13, 55 and 147 spheres. These
structures are theoretically expected to be the low-energy configurations for the
moderate size clusters,5%:66 but transition to a crystallographic structure must take
place as bulk properties are approached. Recent experimental67-68 and theoretical®4
studies show that the maxima in the observed cluster distributions are indicative
of the stability of particular fon clusters, due to evaporation of the excited ionized
cluster, and not neutral clusters as was originally believed.6263 The secondary
evaporation causes the neutral distribution to evolve into one exhibiting “magic
number” peaks indicative of stable ion clusters, as is demonstrated by a recent study

of (H20),™ cluster distributions.8? There is, however, evidence that structure exists
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even in the small neutral clusters. Electron diffraction studies of neutral Ar cluster

beams89s

show the presence of crystalline structure in large clusters (N > 800), as
would be expected, but also in smaller clusters, diffraction rings are observed which
are consistent with polyicosahedral (N < 20) and multilayer icosahedral (20< N
< 800) models. While the matter of magic numbers in neutral rare gas cluster

distributions is lacking proof, there is good evidence for structural stability induced

by attractive sites (neutral?® or ionic®®) within the cluster.

Evidence for solid structure in large clusters is seen in the (N20),, cluster
dissociation work of Miller et al.7% Using bolometer detection of the molecular beam,
dissociation occurs after absorption of IR light near the (v; + v3) combination band
of N20. The frequency shift of the dissociation spectra for the cluster distribution
approaches that of the solid crystal. Semiclassical calculations reproduce features
of the spectra, including the observation that moderate-size clusters (55 molecules

in the calculation) exhibit solid-like absorptions.

Supersonic expansions provide a unique way to reduce the relative translational
and internal temperatures of molecules to < 10 K as well as to provide an isolated
environment which can support formation of weak van der Waals bonds. Cooling
occurs by relaxation of internal and transverse translational modes by collisions
with the carrier gas. Massive clustering will provide large amounts of energy to the
clusters from the heat of condensation. Collisions occur more frequently between
clusters in this expansion regime, and there are few collisions between clusters and
monomers to carry off excess energy and provide cooling. After passage through

the Mach disk, evaporation of atoms is the only mechanism for clusters to release
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energy and stabilize.”! Thus, while van der Waals molecules and small clusters
are characterized by low internal temperatures, the temperature of larger clusters
should rise to near the sublimation or boiling point of the cluster. Consistent
with these expectations, large Ar clusters are found to have a constant internal
temperature (38 + 4 K)®, virtually identical to calculated melting transition

716,72,73 The translational temperature of small (H20), clusters

temperatures.
increases throughout the range 5 < n < 25, while large clusters (n > 25) are
isothermal.”1%73  Other fragmentation reactions have also been interpreted as

indicative of differences in cluster temperature.342:74

5.8 Cluster model

The presence of inhomogeneity in the dissociation profiles of clusters in the
second-shell regime suggests a model for structure and ionization dynamics. First,
the presence of substantial inhomogeneity in the profiles of CHzF-containing species
is absent in spectra of C;Hy4-containing clusters; second, the profiles of specific ion
mass clusters in the Ar/CH3F system are in some cases substantially different.
From the first point, consider the two cluster structures in Figure 13 which can be
distinguished for A,X (X = CH3F or C,H4) with n > 12. The first structure has
the probe molecule X central in the cluster (Figure 13(a)) while the probe occupies a
surface site in the second (Figure 13(b)). For otherwise indistinguishable atoms, the
surface-site cluster (b) is favored by probability when the cluster is small (less than
~300 atoms). Since CH3F-containing clusters exhibit distinct dissociation features
which seem indicative of clusters specifically in the second-shell regime while clusters

of similar size with CH4 as the probe molecule do not, this suggests that CHzF,
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Figure 13. Schematic drawings of structural isomers of ApX clusters, with n > 12.

These depict: (a) the cluster with solvated probe molecule, X (hatched circle), and

(b) the surface-site probe cluster.
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which has a strong permanent dipole while CoHy does not, tends to form a much
higher percentage of solvated probe clusters. It may be correct to think of CH3F as
a nucleation site since the concentrations employed in this study should not perturb
the clustering.®0 The two cluster isomers should thus be distinguishable in both
the IR frequency shift and dissociation linewidth (see Sections 5.4 and 5.6). The

data are consistent with, although not conclusive of, the proposed model.

While the Ar/CH3F profiles in Figure 4 together with the (N/Z)* extrapolation
from Figure 11 indicate a separate, narrow absorption is associated with the second
shell region of cluster formation, the mass-specific spectra presented in Figure 5
suggest that a much smaller range of cluster size may be responsible for the narrow
feature. There is a substantial difference in the dissociation profiles taken at the
ArgCH3F* and Ar;3CH3F* ion masses: the enhanced P(30) feature is present in
the smaller cluster ion spectrum, but absent in the spectrum for the larger one.
The neutral cluster distribution is expected to be fairly broad in this regime. The
ionization considerations discussed in Section 5.1.1 suggest the neutral clusters that
fragment to these ions may be < 20 atoms larger than the observed ion mass. The
rare gas atom shells close to the solvated dipole would be more strongly bound,
and rare gas clusters containing a polarizable moiety exhibit less of a tendency to
fragment upon ionization.4® Cluster ions smaller than the closed shell Ar;oCH3zF+
cluster may thus be the termination point for the cascade of evaporative relaxation
from a large number of ionized second-shell clusters, and thus exhibit the strong
P(30) absorption feature (e.g., as does ArgCH3F*) while larger clusters (e.g., those

that fragment to yield Ar;3CH3F* — perhaps in the third shell regime) do not. It is
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still quite intriguing that the fragmentation should be so specific that the enhanced

P(30) feature should be totally absent from the Ar;3CH3F* spectrum.

The Ar,CH3F*, n > 12, profiles appear indicative of a class of larger clusters
which only show the broad surface-type IR dissociation profile. The loss of P(30)
intensity could be due to frequency shifts or because of additional narrowing to
where it does not efficiently interact with the laser (see section 5.3 and 5.5 for
further discussion of this point). The specific cluster ion effect suggests another
possibility: the matrix-site cluster fragments to a lesser degree to masses than
can be detected within our range, leaving only contribution from the clusters with
surface-site probe. Since we observe a fractional attenuation, an increase in intensity
of the surface-site should be observed in this scenario unless a “quenching” effect,

such as accommodation of the vibrational energy by a bulk crystal or liquid.
5.4 Frequency shifts

The non-degenerate vz vibration of CH3F, the lowest energy normal mode
of the molecule, is primarily a C-F stretch occuring at 1048.6 cm~! in the gas
phase.1®4% Complexation with rare gas atoms or N, molecules results in a red-shift
of the center absorption frequency, wo. In the small cluster limit, this is consistent
with a structure for the CHzF-containing van der Waals molecules analogous to that
of the determined structure of the Ar-CH3Cl molecule, in which case the Ar atom
is located 3.8 A above the C—Cl bond axis.”® The frequency shift of v3 for A-CH3F
(A = Ne, Ar, Kr, N3) complexes with A located above the C-F axis would be
expected to exhibit a red-shift due to the dispersive interaction between the CH3F

and the polarizable A moeity. This is in contrast to the blue shift of the v7 vibration
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in CyH4-containing complexes which is due to repulsive interaction between the
CoHy4 partner (e.g., A = Ar, HF, HCI), located above the C;H4 plane, and the
out-of-plane v7 motion of the H atoms.!® The magnitude of the CH3F v3 frequency
shift due to nearby N, molecules seems quite large considering the polarizability,

and may be an interesting area for further experimental and theoretical studies.

The absorption maxima of matrix isolated CH3F and large clusters containing
CH3F are presented in Table 2. The vz red-shift for CH3F-containing clusters
(AnCH3F) increases as the number of inert partners increases, reaching the matrix
limit and even ezceeding it in the case of N complexes. The Ar/CH3F system shows
the best correspondence to the matrix isolation spectra. At 9 K, the v3 absorption
spectra of CH3F in an Ar matrix shows two features: the primary absorption is
an intense and narrow (~0.2 cm™!) peak at 1040.0 cm™?! and a secondary broad
(~1.0 cm™1!) feature at ~1038.5 is assigned to CH3F trapped at a surface or defect
site.}4~16 In the gas phase, the dissociative vs-absorption of Ar,CH3F clusters

! as a limit, even after presumably only a single shell of Ar

approaches 1039.9 cm™
atoms surrounds the CH3F molecule. With larger clusters (second shell regime) the
intense absorption at 1037.4 cm™! best represents CH3F totally encapsulated by
Ar atoms while the broader absorption to the blue must be indicative of clusters
containing CH3F at a surface site. The solvated cluster absorption frequency, being
further red-shifted than in the matrix, indicates the Ar atoms have not assumed a
solid lattice structure (see below). In larger clusters, the intense dissociation peak

disappears, which we believe is due to either further frequency shifting or formation

of large clusters that are stable to IR dissociation.
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Table 2

(a) CH3F v;3 Absorption Frequency in Matrices ®b¢

Ne Ar Kr N,
matrix abs. 1041.51 1040.1 1035.8 1033.2
1043.5F 1039.9* 1035.6°
surface abs. 1035-1039 1033-1036

(b) CH3F v3 Dissociation Frequency in Large Clusters?

solvated CH3F (1047) 1037.4 1033.5-1035.5 1025-1027

surface CH3F — 1039.5-1040.3 1037-1041  1023-1025

@ All frequencies in cm™!.

b Gas-phase value wy, = 1048.6 cm™?, from Refs. [40,41].
¢ Data from Refs. [14-17].

4 This work.

T fee lattice.

¥ hep lattice.

unstable monomer site.
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For the Kr/CH;3F system, the cluster dissociation profiles observed at the CH3F*
ion mass shift only to approximately the same limit as in the Ar/CH3F system (1040
cm™!). The “negative” dissociation features, however, are additionally shifted and
close to the Kr matrix-isolated v3 absorption. (N2),CH3F clusters, similar to the
Ar cluster case, exhibit intense and narrow dissociation features but the frequency of
the Na-solvated CH3F absorption is shifted well beyond the matrix value, 10 cm™1,
at the largest cluster size. This behavior parallels the trend of the matrix-isolated
absorption peak with increasing temperature — the peak reversibly decreases in
intensity and shifts to lower frequency — but the magnitude of the gas phase shift
is much larger, 10 cm~! as compared to 1.5 cm™! in the matrix.!®

Absorption maxima for matrix isolated C;H4 and large C;Hy4-containing
clusters is presented in Table 2. The CyH4-containing clusters studied are
interesting in that the v7 vibration in the van der Waals complexes is blue-shifted
from the gas phase absorption, while C,H4 isolated in a matrix is red-shifted.
Although an extensive high-resolution study akin to those performed on CH3F2-17
has not been done with C3Hy, the data available show a red shift of 1.6 cm™! in Ar
and 2.2 cm™! in N5.7¢ The Ar,,C,H, clusters are blue-shifted ~1.5 cm~! at low n,
then red-shift toward the matrix value as the cluster size increases, achieving only
half of the full matrix red-shift (-1.6 cm™!) in the spectra of the largest clusters.
On the other hand, (N2)nC2H4 clusters exhibit a blue-shift which increases as
the cluster size is increased. The largest N2 clusters have shifted the CoHy4 v7
vibration at least +8 cm™? for the gas-phase and +10 cm™! from the matrix value.

CHj, clusters similarly induce an increasing blue-shift over the observed range of
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Table 3

CaHy vr Absorption Frequency in Matrices and Large Clusters ®%c

Ar N» CH4
matrix abs. 947.4 946.8 —
cluster abs. 948.2 ~957 951.1

@ All frequencies in em™!.
b Matrix data from Ref. [76]; cluster data from this work.

¢ Gas-phase value wy, = 949 cm™1, from Ref. [1].
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cluster size (from 1.3 cm™!, for small n, to 2.1 cm™! for large n).

The frequency shift observed for the CH3F and C;H4 chromophores between
the van der Waals cluster and the gas phase values increases as the cluster size
increases, for all cases studied except Ar/CyH4. This indicates the interaction
between the excited vibration and the inert partner (rare gas, N; or CH,) which
dominates at the small cluster limit continues to dominate through the large cluster
regime. This point is obviated by the absorption maximum shift in the (N2)nCoH,4
case, in which the direction of the shift (blue) is contrary to that in the matrix
(red); by comparison, the shift of the (N3),, CHsF clusters past the matrix limit can
be understood to be a consequence of the matrix and van der Waals shift being in
the same direction. Reversal of the frequency shift with large c.lusters is required
for both C2H4 and CH3F in larger N, clusters, and suggests that a plausible theory
for the disappearance of the narrow P(30) absorption in the Ar/CH3F system is
a frequency shift back toward the matrix value, and between adjacent laser lines.
Also, the frequency shifts for the CH3F systems show a much closer correspondance
to the matrix values, corroborating our view of CH3F as a nucleation site in these
clusters. The large magnitude of the frequency shifts in the case of N is paralleled

in the matrix,’677

and is thought to be due to interactions of higher order than
dipole-induced dipole which are active in a distorted matrix. The large shifts in the
N cluster cases may then be an indication that a solid lattice has not been achieved
in these clusters, while the similarity in shifts between the matrix values and C,H,-

and CHzF-containing Ar clusters suggests an ordered solid may be formed in these

cases.
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5.5 Dissoctation Intensities
As seen from the two-level-with-decay lineshape equation, Eq. (1), the
integrated dissociation intensity is determined by the prefactor w, 2tr. The
absorption strength of the complex, <u>2, due basically to the CH3zF or C;Hy

moiety, is proportional to the Rabi frequency, w,. From Eq. (3),

Y 2 (Z-E)2t  8r<u>2(S-t)
R 7T 2 - 2
h 3hcc

; (8)

where (S -t) is the laser fluence. As was shown in Eq. (4), the dissociation intensity
for all complexes of the form A, CH3F, at constant irradiation time, will be the same
(or, likewise, all A,,C2Hy clusters), since they contain only a single chromophore.
This will be true for dissociation profiles taken at Ar,CH3F* parent peaks (at all
pressures) as well as for CH3F* profiles at high pressure conditions under which
all observed ion signal results from cluster fragmentation. When large fractions of
the observed CH3F+ or CoHy™ intensity are attenuated by the CO; laser at high
backing pressure, virtually all the mass spectral intensity at that mass must be a
result of fragmented clusters. At mild expansion conditions, the absorption intensity
information from the CH3F+ or C;H4t peaks is lost, as the dissociation intensity
is also a function of the clustering and fragmentation percentages. The presence of
unresolved inhomogeneity at higher backing pressures prevents quantitative analysis
of the lineshape progression using the dissociation intensity.

In the Ar/CH3F system, dissociation intensity of van der Waals molecules in

the small cluster regime is consistent with the absorption strength of free CH3F.41
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The appearance of the strong P(30) absorption at higher pressures, when clusters
filling the second solvation shell are produced, does not initially appear to carry
significant absorption intensity: due to the increased percentage of clustered m/e
34, both the P(30) feature and the broad surface-cluster absorption increase in
intensity (Figure 4, P=100 psig). At still higher pressure (P=200 psig), the P(30)
feature appears to grow at the expense of the broad feature, before both eventually
diminish in intensity (P=300 psig). That both the CH3F™ profile and those of
specific ion cluster masses decrease in apparent integrated intensity indicates a
change in fragmentation efficiency is not responsible for the observed loss in the
m/e 34 dissociation profile. Mechanisms that would result in such an intensity loss
are now examined, but because it is possible to “hide” all the dis§ociation intensity
in a narrow absorption between laser lines, it is not possible to unequivocably

distinguish between these possibilities from the intensity information alone.

At very large cluster size, the v3 vibrational excitation might remain localized
in the CH3F moiety, being decoupled from the matrix environment; this lifetime
lengthening is manifested as a narrower absorption line which might then fall
between the CO; laser line grid, resulting in an apparent loss of dissociation
intensity. A significant fraction or all of the absorption intensity may be shifted
into the inaccessible frequency gap between CO3 laser lines, becoming “lost” as far
as the observed profile is concerned. This possibility is consistent with the frequency
shift behavior discussed in section 5.4. A narrow absorption line could account for
all integrated absorption intensity without being fluence broadened!® to where the

profile would be wider than adjacent CO; laser lines.
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An alternate and intuitive situation is the onset of a quenching mechanism,
such as loss of vibrational energy to create vibrations (phonons) in the cluster
(solid) which would decrease the dissociation probability. This can be seen from

the mixed case two-level-plus-decay lineshape formula,!8

2
— 9 >
Fp(w,t) =ezp| —w, 2471t T . D 6
m.( ’ ) p ’YT 4(0)—(4)0)2'*"73‘ ’YQ +’7D 9 ( )

which is derived from a two-level-with-decay model that also includes
phenomenological quenching and dephasing mechanisms which have rates Yo and
Vo> .respectively. The intensity of the dissociation is attenuated by the factor
Yp/(Vg + b ), and the sum of all rate constants, v, =y, -+ Yo + 27pp, determines
the width. An intensity decrease in the Ar/CH3F cluster system profiles following
the appearance of the second-shell peak may indicate that two complete shells of Ar
atoms approximates a matrix in so far as inhibiting dissociation of the large clusters
by providing a bath for the vibrational energy of the excited CH3F. Note, however,
that Eq. 6 also dictates additional line broadening would result from a quenching
mechanism which becomes competitive with a fixed dissociation rate. Since the
lines in general are observed to narrow, and from the frequency shift information
already discussed, we believe the P(30) absorption feature lies between the available
laser lines. Certainly as the cluster becomes large enough to accommodate 1000
cm™! of energy by increasing its internal temperature without boiling off atoms,
the dissociation would be quenched. The fluorescence lifetime of anthracene in Ar

clusters decreases as the cluster size increases, indicative of a non-radiative pathway
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(kar ~ 10® s~!) which quenches the fluorescence.?%:23 A scenario which provides an
increase in the quenching rate requires a concomitant decrease in the predissociative
rate to account for the lineshape narrowing observed in the CH3F and CoHy cluster
spectra. A study using a continuously tunable source in this spectral region would

verify this hypothesis.

In the Kr/CH3F system, loss of intensity in the main absorption band is
accompanied by appearance of the “negative” dissociation features further to the
red. This is an instrumental loss of dissociation intensity, as the spectrometer can
not detect dissociation from fragments which scatter with small kinetic energy .such
that they remain within the solid angle of the molecular beam. This highlights the
fact that the experiments reported here are dissociation spectra, and that other
absorptions may be present that do not lead to observable dissociation. That
attenuation of dissociation intensity is common to all cluster systems studied, but
no additional broadening indicative of a quenching mechanism is observed, may

indicate this instrumental effect may be responsible.
5.6 Linewidths and vibrational lifetimes

Dynamical information on the decay process out of the vibrationally excited
van der Waals molecules can be extracted from the homogeneous width of the
dissociation profiles.!'18 For instance, the lineshape of ethylene dimer is virtually
homogeneous with a width that corresponds to a vibrational predissociation lifetime
of 0.33 psec.!® In the case of C;H4-complexes with HF and HCI, the linewidth

contained significant inhomogeneous broadening due to rotational structure.!¢

In the ethylene experiments, as well as the small cluster limit spectra reported
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here, the large fraction of clusters dissociated and the correlation of dissociation
intensity with integrated absorption coefficients for the vibration is consistent with
the lineshapes being predominantly homogeneously broadened. Inhomogeneous
contributions to the width under these conditions are mainly due to rotational
congestion, spectral congestion (different lineshapes for individual cluster sizes or
isomers), and dephasing of the vibration. When inhomogeneously broadened, the
linewidth yields a lower bound for the lifetime of the excited vibration. Given the
discrete nature of the CO; laser transitions, very narrow linewidths will not be
resolvable. A strict upper bound of 0.5 msec is set by the cluster flight time from

nozzle to detector.

The initial purpose of this set of experiments was to observe the transition from
generally short vibrational lifetimes, psec to nsec, for small van der Waals dimers, to
longer-lived excitations, usec to msec, for matrix-isolated species. One then expects
a trend of decreasing homogeneous linewidth as a function of cluster size, and to

the degree the CO3 laser line spacing allows, this trend is indeed observed.

For small Ar,,CH3F clusters, the linewidths are fairly constant with increasing
cluster size, 4-6 cm™!, which nominally correspond to vibrational lifetimes, 7, of
0.7-1.0 psec. Although strictly only a lower limit, the rotational contribution for
small Ar,CH3F (n < 8-10) clusters will be quite small since the moments of inertia
rapidly increase as the cluster size increases. While the profile for the van der Waals
dimer is likely to be rotationally structured (see the discussion of Figure 3), the fact
that the spectra of the small clusters all exhibit a similar width also suggests that

lifetime broadening is a major contributor to the linewidth. Large clusters, on
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the other hand, may attain internal temperatures near their boiling points, so even
though the rotational spacing is small, the rotational profiles can still be appreciable

(~1 cm™?) due to the population of many initial states.

For the Ar,CH3F solvated-probe feature, the enhanced absorption at laser line
P(30), the lower limit on the lifetime of the excited v3 vibration is 7 jower = 3 psec
(from the spacing between the two adjacent laser lines, 3.9 cm™!), a factor of three
longer than in the smaller clusters or for CH3F in a surface-site. For the largest
Ar,CH3F clusters in which the narrow absorption is thought to be between laser
lines, the limit increases to 7 joyer > 6 psec. A reasonable upper limit is derived
from the assumption that because of the large fraction of clusters dissociated, the
absorption linewidth must be at least on the order of the laser bandwidth, 150
MHz, which determines 7 ypper is ~1 nsec. The calculated rovibrational spectrum
of hindered CH3F in an octahedral environment exhibits a relatively broad linewidth
(£0.25 cm™1).17 Arguments similar to those made for the Ar case can be applied to
the Kr and N2 /CH3F systems, where small A,CH3F clusters show widths similar
to the Ar/CH3F analog. Vibrational lifetimes increase in the moderate cluster
regime since both systems exhibit inhomogeneous structure made up of narrower
spectra components. Dephasing might be expected to become impgftant as the
temperature of the cluster increases, but only in one case (the N3 /CH;3F system) is

a slight broadening with increasing cluster size observed.

The spectra of CoHy-containing clusters exhibit profile narrowing only in the
Ar case. As noted previously, CoH4 may not function as a nucleation center so,

at the cluster size distributions studied, C2H4 occupies shorter-lived surface or
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partially-solvated sites by probability. CgH4-containing clusters with > 300 atoms
would be expected to exhibit narrowing and inhomogenity similar to that observed

in the CH3F-probed systems as internal sites become more favored.

6. Conclusions

The dissociation spectra of large clusters of rare gas, N3 and CH, clusters
containing either CH3F or C;H4 have been reported. The spectra are sensitive to
cluster size and the environment of the chromophore. Some aspects of the rare
gas clusters (i.e., the frequency shift of the CH3F vibration) appear matrix-like
after only a single shell of atoms surrounds the CH3F but further shifting of the
profile as the clusters grow in size suggest a liquid-like environment may be more
appropriate to describe the state of the clusters. The relaxation rate of v3 CH3Fis
within a factor of two of the valuein a matrix.”® The intense, narrow absorption
feature is identified as due to CH3F solvated in an Ar cluster with size in the
second-shell regime, 12 < n < 50 and evidence for similar features in the Kr and
N3 /CHg3F systems are observed. Vibrational excitation of the CH3F upon ionization
may result in the observed qualitative difference between spectra taken at slightly
different cluster ion masses. The C,H4 moiety does not exhibit the same propensity
for attaining the solvated configuration, as judged by the lack of inhomogeneous
structure in the dissociation profiles. The cluster-induced shifts of the CoHy vy
vibration indicate small cluster-type interactions continue to be of importance in

the clusters of moderate size (1-2 solvation shells).

Extension of these experiments to other spectral regions where continuously-

tunable laser sources are available (e.g., 3.0-4.5 pm) would verify the models
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proposed in this paper and enable direct measurement of a wider range of vibrational
lifetimes. The use of optothermal detection (i.e., bolometers?2%7%) would allow
the identification of absorption features which do not lead to dissociation and
which may account for the decrease in spectral intensities observed in our studies.
Also, the recent technique of Gough et al.2% for preparing clusters with surface-
site chromophores may further clarify the matter of surface vs. matrix sites, if
indeed polar molecules such as CH3F will not cause substantial rearrangement of
the cluster. Information regarding specific cluster sizes may be possible with the
development of neutralization of selected ion clusters.’? The infrared technique
applied here shows promise as a useful probe to characterize these clusters.
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Appendix

The details of the scaling used to generate the plots of Figure 11 are the
following:

(a) Pure vapor

(i) Ar: Considering our nozzle to be of the sonic type, the 490 um nozzle used to
obtain the data in Figure 2d [46a] was scaled to 25 um using pd 7 = constant,
g = 0.8 for Ar [46a,b], resulting in p, = 10.8 - pAr .

(ii) Na:  The 140 pm conical nozzle used in obtaining the data in Figure 2b [46a]
was calculated to be equivalent to a 1.39 mm sonic nozzle with the use of eq.
(15) [46¢] with o = 5° and K5 = 0.866. Scaling to the 25 pum nozzle used
in our experiments was accomplished using pd9 = constant, ¢ = 0.68; q is
determined using eq. (8) [46b] and r = 2.99 determined from p, x T," and the
data of Figure 3 [46a]. The resultant expression is p, = 15.4 - pl3.

(b) Miztures
Both Ne and Kr mixtures were scaled using the law of corresponding jets [46a],

taking the isentrope, eq. (5) [46a], with reduced variables, eq. (15) [46a] to give:

P, (e/0%); (Ta 2.5 . 2.5
(%) [l - (%) (2) -

For all expansions at room temperature, T4, = T; and € and o are taken from [72].

Finally, scaling by p; = Pi(0:/04r)°® gives p,, =851 p, andp,, =0.54: p, .
Further scaling of the mixtures involves considering the reduced mole fraction (0.9

for Ne/He and 0.2 for Kr/He) and the effective diameter, d* = d/ocsy, of the
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mixture:

(iii)

(iv)

90/10 Ne/He: The estimation of the 90/10 Ne/He curve took into account
only the mole fraction of Ne in the mixture, resulting in p,, = 9.5 p JU

20/80 Kr/He: Note from Figure 5 [46¢| that seeding a vapor in a gas reduces
the mole fraction necessary to achieve the same degree of clustering as in the
pure vapor. We thus (arbitrarily) choose a factor of 2 in the Kr case so that our
estimate for a 10/90 Kr/He mixture is simply that calculated by assuming the

mole fraction of a 20/80 Kr/He mixture. The final expression is: p,., = 2.7- p,
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ABSTRACT

A recently reported lineshape function which specifically applies to the problem
of one-photon photodesorption is used to perform model calculations. The expected
efficiency and timescale for such a process is obtained. Molecules physisorbed on
solid surfaces may desorb when vibrational energy from laser excitation leaks into
the surface-adsorbate bond. Using phenomenological rate constants for desorption,
quenching and dephasing mechanisms, a simple expression for surface coverage as
a function of laser and molecular parameters is obtained. Analogy is drawn to
the vibrational predissociation of van der Waals molecules, to which this model
has been previously applied. Sample experimental systems are examined and
calculations are made to explore the feasibility and range of the photodesorption
technique. Observable effects are calculated, even for low-power laser parameters
and fast quenching rates. Conversely, the lineshape formula provides a method for
extracting desorption and quenching rates from experimental data. Calculations

are also presented for mass spectrometric desorbate detection. The dynamic range
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of the mass spectrometer allows for a larger variation in molecular parameters which
generate observable signal. The results of experimental attempts to observe one-
photon photodesorption are summarized. Extension of the model to other systems

is discussed.
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1. Introduction

The investigation of photon-induced processes at solid surfaces has been
conducted for many years. The development of laser technology has sparked
new interest in utilizing this type of interaction in practical schemes such as
chemical etching,!'? deposition of conducting films,34 and stimulation of catalytic
reactions.’>® Indeed, there are many demonstrations of reaction processes that
have been initiated57—1469 or altered®1516 using laser irradiation upon or near

solid surfaces.

Another light-stimulated surface process which is the specific topic of this paper
is photodesorption. We present a phenomenological model to describe the process
of desorption induced by laser irradiation of adsorbate vibrations. The lineshape
formula which solves the model problem that is presented contains parameters
which are systematically varied to investigate the feasibility of photodesorption.
Our conclusion is that photodesorption should be observable under fairly mild
conditions (i.e., with low-power cw lasers), when the adsorbate bondstrength is less
than the energy of the absorbed photon. Although little detail about the specific
mechanisms are directly obtained, the wavelength dependence of the desorption
carries information about the rate of dynamic processes occurring at the surface.

The rates can be extracted by applying the phenomenological model.
2. Overview
The term photodesorption has appeared in the literature for over 20 years

but it has been used to describe a variety of phenomena. We are interested in

the specific case of a weakly bound (physisorbed) adsorbate which is vibrationally
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excited by a photon source, and which then desorbs as a result of the excitation
energy coupling to break the bond to the surface. (To eliminate confusion, this
will be our definition of photodesorption throughout the paper.) Other processes,
which have also been termed photodesorption but occur by mechanisms of a different
nature are: laser desorption by thermal heating of the substrate!”~22; desorption
stimulated by electron-hole pairs produced as a result of bandgap irradiation of
semiconductor surfaces or metal oxide layers?3—26; or photon-stimulated desorption
(PSD)27=29 of jons from metal surfaces caused by an Auger process initiated by

incident high energy irradiation. An extensive survey of laser-surface interactions

has recently been published by Chuang.3?

Since the direct photodesorption process involves adsorbate vibrations, isotope
effects may be observed and this technique has thus been discussed in terms of
isotope separation schemes.31:32 Karlov et al.33 observed selective evaporation of
11BCI; from a solid isotope mixture using a single CO; laser wavelength operated
at low power (1 W/cm?). Suslick3* has reported isotopic enrichment of deuterium
by irradiation of the Hy vibration in condensed Hy/HD/D, mixtures, but an
attempt to reproduce the results was unsuccessful — McConnell®® indeed observed
desorption of Hy and HD upon infrared irradiation, but found no evidence for
isotopic selectivity. That desorption was also observed off resonance with the HD

vibration indicates a heating effect may be responsible for some of the results.

Recently, Heidberg et al.>¢ demonstrated resonant laser-induced desorption
from surfaces for the first time. Using a high-power CO; laser (< 1 MW/cm? peak

power), the desorption flux of CH3F from NaCl surfaces was measured as a function
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of laser frequency and intensity. The wavelength dependence indicates a desorption
process which is resonant with the CH3F adsorbate vibration at low laser fluence
(~0.02 J/cm?). The desorption yield increases non-linearly with laser intensity
above an onset value, indicating a multiphoton process (n > 2). The wavelength
dependence is a function of coverage and temperature, probably indicating the
presence of different adsorbed phases, while the desorption yield also decreases
at lower coverage. Similar observations were made by Chuang?® for CsHsN on
various (KC],37%be Nj37 Ag37¢) substrates. A single broad (5-8 cm™!) feature
resonant with the vg vibration of CsHsN was observed at low laser fluence, while
non-resonant laser heating was demonstrated at higher fluence (> 0.1 J/cm?). In
addition, no desorption could be detected from surfaces with pyridine coverage of
less than 2 layers. Coadsorption experiments were then performed in which a non-
absorbing molecule was deposited along with the laser absorbing species (C,Hs
with CH3F?® and CsDsN with CsHsN39). No desorption of CoHg was observed
concurrently with desorbed CH3F, which was interpreted as indicating highly
localized desorption dynamics; however, both isotopic pyridine species desorbed
when either species was initially irradiated.?® Thermal desorption studies would

help to resolve the apparent discrepancy between the two systems.

While the Heidberg3®:38 and Chuang®”:®9 experiments deal with systems which
require multiphoton vibrational excitation, Chuang and Hussla’® recently reported
both single and multiple photon desorption of NHz over Cu(100). At low coverages,
the non-linear laser intensity dependance signals a multiphoton process which is

consistent with the bond strength estimates of NH3 adsorbed on the Cu(100)
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surface. At higher coverages, multilayer NH3 can be desorbed with the energy
from one photon, as both the intensity dependance and enhanced yield indicate.
Thermal effects appear negligible as no desorption is observed with the laser off

resonance. This case is the first well-characterized demonstration of single-photon

photodesorption.

In other experiments, resonant photodesorption was observed for 3 pm
excitation of cyclopropane (CsHe) on Ag,%0 but a low power cw CO laser (5 um
excitation) could effect only thermal desorption of CO on Pd,*! presumably because
the adsorbate-substrate bond strength is greater than the photon energy. Our

experimental efforts in this area are described in Section 6.

Theoretical treatments have examined the range of mechanisms available for
coupling light to the adsorbate-substrate systems. Wautelet*? suggested that
electronic excitations in the solid due to irradiation would enhance the desorption
process. Modelling of desorption driven by multiphoton excitation of the adsorbate-
surface vibration has yielded very high (~107 W/cm?) estimates for necessary laser
intensity, 44 while much lower laser power (50 mW /cm?) is necessary for calculated

direct bound-continuum transitions in the adsorbate-surface well.”!

A number of groups have modelled the photodesorption process we consider
here.  George et al*® used a quantum-stochastic method to determine the
vibrational population distributions of excited adsorbates. Multiphoton absorption,
and hence stimulated desorption, was calculated for light with an average laser
intensity of 10 W/em? (more aptly described as 100 nsec pulses of 100 MW /cm?

intensity). Kruezer and Lowy*® calculated the rate of desorption for vibrationally
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excited CO molecules adsorbed on Cu and W with phonon-mediated coupling to
desorbed states. They found the laser-induced rate could be faster than the thermal
rate of desorption, assuming the laser has populated the vibrational level (n > 2)
of the adsorbate isoenergetic with continuum states above the surface-adsorbate
potential well. Gortel et al.*” have recently developed methods to calculate all
transition rates (laser-induced vibrational, and phonon-mediated bound-bound and
bound-continuum) quantum statistically, and have applied this treatment to the
reported CH3F/NaCl experiments. While qualitative aspects were reproduced
by the treatment, more experimental input is needed to bring the theory and
experiment into quantitative agreement. A similar approach by Fain and Lin?
has reproduced the desorption coverage dependence observed by Chuang.3” The
specific case of one-photon photodesorption has also been addressed by Lucas and
Ewing,*® who calculated the tunneling rate for transferring population from the
vibrationally-excited bound adsorbate potential energy surface to the vibrationally
relaxed desorbate surface. The overlap of the wavefunctions on the two potential
surfaces governs the rate, and the momentum gap, which parametrizes the overlap,
depends on the final state of the desorbed species: the desorption rate incieases as
the molecule retains more internal energy. The wide range of resultant desorption

rates highlighted the qualitative impact of parameter variation.

The phenomenological model presented here takes the same philosophical
approach as Lucas and Ewing — we apply to this problem a treatment which
has been successfully employed to extract dynamics from gas-phase vibrational

predissociation of van der Waals molecules.*® Moreover, energy transfer dynamics
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between the adsorbate and substrate will be probed by photodesorption studies, in
a manner analogous to the gas phase experiments. We digress here and describe
the gas-phase van der Waals molecule photodissociation experiments, as they will

be used to illustrate application of the lineshape formula.

A weakly-bound complex which contains at least one species that absorbs
infrared radiation is synthesized, cooled and isolated in a molecular beam.59:5!
The complex is irradiated by a suitable laser and dissociates after absorption of
a single photon. The van der Waals complex is weakly bound - generally
0.5 to 10 kcal/mole (200-2000 em~!) - and it has proven feasible to view
the excitation as being localized in the absorbing substituent alone. Within
this description, decomposition occurs when energy from the vibrationally excited
component “leaks” into the van der Waals bond. If homogeneous, the dissociation
spectrum of the complex (i.e., the loss of mass spectral intensity of the van der
Waals molecule as a function of wavelength) and, in particular, the width of the
profile indicate the timescale of the process which relaxes the vibrationally excited

state. The rates have been extracted using a two-level-with-decay model.52

By analogy to the gas-phase experiments, a solid surface plays the role of
non-absorbing and weakly-binding partner in the photodesorption process. The
vibrationally excited adsorbate may break the weak bond to the surface and desorb,
being detected directly (e.g., by a mass spectrometer) or as loss of surface coverage.
Being somewhat more complex in nature than a rare gas atom, the solid surface
has additional mechanisms which may quench the excited vibration. These “dark”

energy transfer channels would compete with the desorption channel, and hence be
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indirectly probed by the photodesorption.

In the following section we present the photodissociation/photo- desorption
model and outline the derivation of lineshape formulae for both pure and mixed
cases. The qualitative features of the results are discussed. In section 4 we discuss
the range of parameter values used in the photodesorption calculations of section
5. After discussion of these results, we present our experimental observations in an

effort to detect photodesorption (section 6), then summarize in section 7.

3. Model and Formulation

The model is based on an ensemble of two-level systems shown schematically
in Figure 1. We use a perturbation Hamiltonian approach in which the two levels,
representing the ground (v = 0) and first (v =1) vibrational levels <;f the laser-excited
species (either the infrared-absorbing partner in a van der Waals complex, or the
adspecie of a surface-adsorbate system), are solutions of the unperturbed molecular
Hamiltonian. The dissociation or desorption channel is modelled by an exponential
depletion of upper state population with rate constant v,. We differentiate between
the pure case, in which the two levels are coupled solely by the laser radiation field,
and the mixed case, in which an additional decay channel is considered which is
non-dissociative and serves only to relax excited state population to the ground
state.’2 The pure case is appropriate for the photodissociation of simple van der
Waals clusters, while the mixed case will be used to treat the photodesorption
process. Note that the characteristic rate of the exponential quenching decay, v,,
represents the total contribution of all relaxation mechanisms, such as phonon and

electron-hole pair excitation in solids.
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Figure 1.  Schematic of two-level-plus-decay model: (a) pure case - the

ground and first vibrational level are coupled by the radiation field of the laser
while species in the excited state dissociate to products with an exponential rate;
(b) mixed case - an incoherent quenching mechanism, which relaxes excited state
species back to the ground state, plus a dephasing mechanism are added to the pure
case model. The pure case is appropriate for the analysis of van der Waals molecule

photodissociation spectra, while the mixed case is used to model photodesorption

dynamics.
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The model in its present form treats the two vibrational states in resonance with the
laser as the only explicit population reservoirs. Transitions to and from other excited
(vibrational or vibronic) states would involve additional feeding and depletion
mechanisms.>® Rotational levels are not treated directly. The energy of the first
vibrational level is assumed to be greater than the energy needed to break the
weak bond to either the van der Waals partner (pure case) or the surface (mixed
case). Dependence of the photodesorption probability on the excess energy, AE
(where AE = Ey,, — Epong) is hidden in the desorption rate, -, , which is treated
phenomenologically. The only quenching mechanisms considered here ultimately
repopulate the ground state with relaxed upper state population. In addition, the
local heating effect resulting from quenching by the phonon bath is treated only
insofar as the desorption rate (which is not directly calculated) would change. The
qualitative ideas that result from such a simple model, however, are valuable and
help to indicate which approximations might be important in other systems.

Derivation of the lineshape expression for both cases was the subject of a
previous paper,®? and for completeness we outline the procedure and summarize the
resultant expressions here. For both the pure and mixed case, the wavefunction for
the ensemble is written as the linear combination of stationary-state wavefunctions

with time-dependent coefficients:
| @(r,t)) = cot)]0) + ea(t)|1), (1)

where |0) = |¢o(r)) and |1) = |§1(r)) are the lower and upper state wavefunctions,
respectively, for the unperturbed molecular Hamiltonian. The experimentally

observed lineshape is the change in total (upper plus lower state) population after
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a fixed irradiation time. The approach toward deriving a suitable expression of the
lineshape is then to solve the differential equations of motion for ¢g and ¢; which

are coupled by the laser-molecule interaction:
V=-cu E‘oe—iwt, (2)

where w is the angular frequency and Eq the magnitude of the electric field of the
incident radiation, and f is the transition dipole moment of the absorption. In
the mixed case, there is additional incoherent population exchange that suggests
use of the density matrix formalism, which deals directly with population instead
of wavefunction coefficients. The use of interaction picture probability amplitudes,

Ci, is suitable for the pure case, where
ci(t) = Ci(t)e™ "™, (3)

and w; = E;/h. The initial condition for species in a supersonic expansion or on a
cold surface is that the entire population is in the ground vibrational level. Given
this starting point, exact (and intractable) lineshape formulae can be derived.®?
Simplification results from considering the situation w, < 7, (pure case) or w, <,
(mixed case); that is to say, the decay rates are faster than the laser-induced cycling
rate (w,). The resultant expressions for I/ I, or the fraction of molecules remaining

undissociated (Fp(w,t)), are then:

2
Fp(w,t) = ezp [ - wﬁ'yglt X P J , (4a)

2

- v 7
t) = — w7l x b x T 4b
Fm(w’ ) CIP{ wR’YT 70 +’YD 4(w—'w0)2+'72}, ( )
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The Rabi frequency, w,, is defined as w, = (x-E)/h and the rates of decay
processes are: -y, for desorption (mixed case) or dissociation (pure case), v, for
quenching and v,,, for pure dephasing, with v, defined as v, + 7, + 27,,. Since
Fp or Fy is the fraction of species remaining after the irradiation time, F varies
from 1 (no desorption) to O (entire population desorbed).

For both the pure and mixed cases, the lineshape is the exponential of a
Lorentzian scaled by a prefactor. The prefactor determines the intensity of the
spectrum (i.e., the extent or completeness of the dissociation). In the pure case,

the prefactor w:'yp 1 is composed of excitation parameters (the laser power and
the molecular transition dipole moment are contained within w,, as well as the
irradiation time, t) and the rate of dissociation. For the mixed case, the sum of
rate processes defined by «, appears in the prefactor in place of v,. In addition,
the Lorentzian is attenuated by a second factor ¢, where € = v, /(7, +7,)- The
factor e makes the extent of dissociation sensitive to the relative sizes of v, and v,;
increasing v, for a fixed «,, forces the exponential term to zero, Fy, — 1, and the
desorption is quenched.

The width of the Lorentzian in the lineshape expression contains the rate

information. For the pure case, the full width at half maximum (FWHM) of the

Lorentzian term yields directly the dissociation rate:
v =2mc- FWHM. (5)

For the mixed case lineshape (eq.(4b)), eq. (5) provides <., the sum of all rate
processes. Thus, in situations where the mixed case expression is appropriate, it

becomes important to obtain (for example) the fractional desorption so that one
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can unravel the contributions of the decay rates to the total width, as well as to
obtain the true total rate, .. The desorption profile in arbitrary units yields only
the (exponentiated) Lorentzian term without the prefactor. The width of the profile

is the full width at half minimum (FWHM') of eq. (4b), which is:

1
2.0-1p, 3
WYy L€

In2 —Infl + ezp(~wiy 1t €] | ’

FWHM' =, x (6)

In the event that the prefactor, wzfy; 1t . ¢, is small (i.e., the desorption is not near
saturation, or fluence broadened5?), the bracketed term of eq. (6) goes to 1, and v,
can be recovered in the same manner as from eq. (5). The expression for FWHM'
in the pure case can be obtained from eq. (6) by letting Yr — Vp and € — 1 (since
Tp >> Yq)s a8 expected.

Before calculating specific examples of the photodesorption lineshape, we
assert the validity of the model by examining results of van der Waals molecule
photodissociation experiments to which the two level model has been applied.52
Figure 2 displays the infrared photodissociation spectrum of the van der Waals
complex ethylene trimer, (CoHyg)s. The decay rate, v, , could be determined using
the pure-case version of eq. (6) but, since the absolute fraction of complexes
dissociated is measured, a simpler way is to obtain the width of a Lorentzian fit to
the logarithm of the fraction dissociated (In F). The rate calculated in this manner
(7 = 2.0 x 1012 5~1) is smaller than that obtined by a direct Lorentzian fit to the
spectrum (1-F), v, = 2.5 x 1012571, Consider, however, a case where saturation is
attainable; that is, when close to 100% of the molecules of interest can be dissociated

over some range of frequency. This could be accomplished by using higher laser
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Tiguie 2, Application of the model lineshape expression to the IR

photodissociation spectrum of the van der Waals molecule (CyH4)z.  The
experimental profile (circles) is fit by a Lorentzian (solid line) and eq. (4a) (broken
line). The full widths at half maximum for each on their respective scales are

indicated.



- 143 -
fluence (in a pulsed system, for example), a longer irradiation time, or a molecular
system with stronger absorption such that the pure case prefactor, w;‘; 'y;lt, becomes
large, comparable to 1 (see the discussion of eq. (6)). A Lorentzian could not be
fit to the plateau in the spectrum, whereas the model lineshape expression, Fp,
could be employed to fit the spectrum and extract a meaningful dissociation rate
from the fluence-broadened profile (early dissociation spectra of (C2Hy)2 exhibited
this behavior®2). We note that this is an appropriate and valuable limit of the
lineshape expressions, as the usual perturbation approximation, that the initial

state population (|cq(t)|?) remains unchanged, was not imposed.

In gas phase van der Waals molecule photodissociation experiments, the total
numb.er of complexes is monitored as a funcion of irradiation time, laser frequency
and power. In a photodesorption experiment, utilization of a surface-sensitive
technique (e.g., UPS or XPS) to monitor the adsorbate coverage as a function
of irradiation time would yield information exactly equivalent to the gas-phase
example; in particular, the fractional desorption. Eq. (4b) would gives the fraction
of initial coverage remaining after desorption: F, =1 —6*/6,, where 8* and 6 are
the desorbed and initial coverages, respectively. By measuring §* and 6g, or Fi,
directly, as a function of laser frequency (w), power density (S) and irradiation time
(t), one can determine the total decay rate, 7z, and the absorption cross section.
Additional information can be obtained due to the orientational nature or w;‘;.
Determination of the photodesorption intensity as a function of the angle between

the light field polarization and the surface normal might allow determination of

adsorbate orientation, as well as the adsorbate vibrational absorption intensity.
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36-39,70 (see also Section 6) mass spectrometry

In experiments performed to date
was used to detect the flux of desorbed species. This detection method provides
greater sensitivity than UPS when the fractional loss of coverage (6*/6o) is small.
Although the prefactor was not directly determined, the width of a Lorentzian fit
to the observed NH3 photodesorption profile’? allows an upper limit on the total

decay rate, v,, to be set at 1-2 x10!3 s~1,

4. Details of Calculations

Since there are few cases of desorption induced by resonant absorption, and
with only one documented case involving a single photon process, a valuable
application of the mixed case model lineshape equation is to determine the range
of feasibility of vibrational desorption processes on surfaces. Within estimates of
molecular rate parameters (7,, 7, and 7,,), experimental conditions necessary
for the observation of photodesorption of an adsorbed species can be calculated.
In general, we expect estimates for desorption probability to be most realistic for
molecules physisorbed on cold (< 100 K) surfaces. The surface-adsorbate bond
energy for weak-binding surfaces may then be less than the photon energy (3-
12 kcal/mole), and the population of molecular vibrations will be concentrated
in the ground state. Thermal desorption will also be attenuated at lower
temperatures making it easier to distinguish the laser-assisted desorption. For
the photodesorption technique to specifically probe surface dynamics, adsorbate-
adsorbate interactions should be negligible (low-coverage regime). With these

stipulations, the analogy to the gas-phase experiments is also valid.

To study the effect of various parameters in the lineshape expression on the
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probability for desorption, it is simplest to examine the intensity of the spectrum
at the wavelength of maximum desorption. Information regarding the width of the
profile can be set aside temporarily, as this is an important feature in terms of
photodesorption feasibility only when the rate of desorption is very fast (see the
discussion following Figure 5). The width is, however, crucial to the determination
of rate constants, and is included with Figures 7-10.

Eq. (4b) with w = wp reduces to
Fm(wo,t) = ezp(—w2yt). (7)

The peak intensity of the photodesorption spectrum is a function of w,, ¢t and ~,..
The irradiation time, ¢, and the Rabi frequency, w, (which depends on the laser
power and polarization), can be controlled and measured experimentally. The decay
rates, v,, 7, and v,,, are properties of each surface-adsorbate system, and may
take on a wide range of values. We perform two types of calculations. First, the
quenching rate constant «y, is fixed to a rather high value and w, is varied to see
how the peak desorption intensity depends on accessible experimental variables.
Then, with a conservative value or w, and t, the decay rates are varied. These
calculations illustrate the range of system variables which yield feasible estimates
of photodesorption, and thus the magnitude of rates which can be probed by this
technique. The calculations are performed with both surface-sensitive (Figures 3-6)
and desorbate-sensitive (Figures 7-10) detection techniques in mind. Before the

calculations are presented, we discuss the possible variance of each parameter.
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4.1 Ezcitation parameters
4.1.1 Laser power density

The first experimental system we consider uses a cw CO; laser (for discussion
of pulsed systems, see section 4.1.3) which is discretely tunable over the region 900-
1100 cm™* and outputs typically 1-20 W over a 6 mm beam waist. The high power
is advantageous for maximizing w, (hence, making desorption more facile), but may
be problematic due to background desorption caused by heating of the substrate.
Molecular absorption strengths of vibrations in the 10 um spectral region tend to
be high (another advantage), but the energy of the photon is low (1000 cm~! = 2.9
kcal/mol), restricting the choice of adsorbate-substrate system to cases where the
physisorbtion bond energy is less than 3 kcal/mole. Direct surface photodesorption
in the 10 zm region should be possible with non-polar molecules condensed on inert

semiconductor and insulator surfaces.

The second experimental case examined would be one in which photons of
higher energy are used. Specifically, we consider a cw F-center laser which is
continuously tunable between 3050 and 4500 cm~! with lower output powers
compared to the COg laser (1-30 mW range, 2 mm beam diameter). The photon
energy is 3-4 times that of the CO; laser which would allow the study of, e.g.,
weakly bound adsorbates on noble metals, but the power density can be 1-3 orders
of magnitude lower. Also, absorption intensities of the fundamental vibrations
in this region (mostly hydrogen stretches) can be quite low, while overtones and

combination bands are even weaker absorbers.

A factor which affects the power density at the surface is the angle of incidence



~ 147 -

of the radiation. To optimally interact with a dipole oriented perpendicular to a
metal surface, infrared radiation must strike the surface at a glancing incidence%4:55
(6 = 88°, measured from the surface normal); for a semiconductor surface such as
GaAs, 6 ~ 75°. Choosing the more severe geometrical configuration (§ = 88°) and
typical laser powers we find that the 10 W CO; laser beam would produce a power
density, S, of 2.4 W/cm? at the surface, while the 10 mW F-center beam generates
§=22x10"% W/cm?.
4.1.2 Absorption strength

Integrated absorption intensities, A, , can be used to approximate the transition

dipole moment, u:

K= (Eﬁh) 1/2, ' (8)

where A, is expressed in km mol™!, the absorption center, w, is in cm~! and g; is
the degeneracy of the initial state. The values of A, vary between 10~2 and 102
km mol~! for vibrational transitions in the gas phase which translate to transition
dipole moments on the order of 1073 to 10! D. We adopt the gas-phase values as
rough extimates of adsorbate transition moments, given that the values for CO on
Pt%7 and Cu®® (4 = 0.1 D) are close to the gas-phase value, and that calculations®
suggest an enhancement of intensity may occur when the overall transition moment
is parallel to the surface normal.54—5%6

With values for the laser power density and adsorbate absorption strength, w,
can be determined. The Rabi frequency is written as:

o =2 (25)* 100), (9)

c
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which reduces to:

w, = 8.659 x 107 u S5 f(6), (9b)

and gives w, in 8~! with the transition moment, u, in Debye (D) and the laser
intensity, S, in W/cm?. The orientational parameter f(6) = (cosf), is 1 for
molecules aligned with the laser polarization and 1/4/3 for molecules with random
orientation.’%® For the above estimates of S and g, w, will vary between 10 and
10% s~! for a typical F-center laser experiment, and would be an order of magnitude
higher in an experiment using a cw CO; laser. For the calculations with constant
w, we fix w, = 1.5 x 10% s~! which corresponds to a 10 mW beam at glancing
incidence interacting with an adsorbate whose transition dipole moment is 0.01 D.
(Note that for decay rates Vg1 Vp andvp, > 107 s~1, the simplifying approximation
we < 7p, used to arrive at eq. (4), is valid over the estimated range of w,, from
104 to 107 5~1))
4.1.8 Irradiation time, t

A distinct advantage in cw-laser photodesorption experiments over the
analogous gas-phase photodissociation experiments is that irradiation can occur
for much longer periods of time - minutes rather than milliseconds - so that
desorption probability can be high even with low irradiation powers. For pulsed
laser experiments, ¢ is only the pulse length, but continual irradiation of a fixed
coverage may result in an appreciable overlayer depletion. The upper limit of ¢
(tmaz) is determined by the vacuum conditions as well as effects of laser heating
of the substrate. For UHV systems, t;,. greater than 103 s (20 min) but less

than 10* s (2-3/4 h) is a reasonable estimate. For experiments utilizing desorbate
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detection, ¢maz is just the sampling time of the detector. With mass spectrometry,
tmaz i8 the inverse of the pumping time constant, ~1 msec. This can be increased
using integrating techniques (see Chapter 5) to ~10 msec. The high sensitivity
of the mass spectrometer is compromised in photodesorption experiments by the
shorter irradiaiton times possible. There is, however, the added advantage of signal-

averaging capabilities not often possible with surface-sensitive techniques.

A prominent problem in photodesorption experiments is the thermal heating
effects due to the incident radiation. This effect will be magnified with physisorbed
systems. What temperature rise is expected for the irradiance used in the w,
estimates? The solution for the temperature rise induced by irradiation of an infinite
solid has been presented.®® For the case of a 10 W CO; laser at-glancing incidence
on a 77 K Cu substrate, the temperature rise calculated is 0.014 K after 1 s, with
a t1/2 dependence. For the same laser power density but at normal incidence, AT
is 0.2 K after 1 s. Thus the temperature rise for the glancing incidence case is
negligible, while heating would become significant for a normal incidence laser with
t greater than 100 s. The irradiance in the second (F-center laser) example case
is decreased by a factor of 100, so no significant thermal heating is expected. For
transparent substrates, the temperature rise with the example irradiances will be

negligible.

It is appropriate here to discuss pulsed systems. From egs. (4) and (9), it
can be seen that the Lorentzian prefactor w2~ !t scales with S - ¢, or the total
energy delivered over the irradiation time. In the experiments of Heidberg and

co-workers®6—=38 and Chuang and co-workers,37~3% the average power density, S,
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was 10 mW/cm? to 1W /cm? (the same range considered in these calculations) but
the high peak power, 10 mJ/cm? to 1.0 J/em? in ~100 ns pulses, was necessary to
stimulate the multiphoton desorption process. Only ~1 mJ /em? is necessary for
the onset of single-photon multilayer NHs desorption.”® A transient thermal pulse
can also be induced at the surface with high power laser pulses before equilibrium
with the substrate is achieved. For single photon photodesorption, the same average
power, and thus desorption probability, can be delivered by cw lasers without the

complication of non-resonant thermal desorption.

4.2 Decay (,, ¥, and 7,,) and thermal desorption rates
4.2.1 7,

The main source of experimental data on the quenching rate of adsorbate
vibrations is infrared reflection-absorption spectra (see table 1). Spectral linewidths
cannot be accounted for, in many cases, by the instrumental resolution or
inhomogeneous broadening. Vibrational lifetimes to be inferred from these widths
are lower limits and are in the 0.1 to 1.0 psec range. The mechanism for the
quenching is thought to be charge oscillations®8:61:62 in the metal-adsorbate system
(electron-hole pair excitation), as opposed to energy loss to the phonon bath.83 An
excellent summary of considerations for vibrational lineshapes of adsorbates has
recently appeared.”® For calculations with Yo held constant, we use 10!2 s~! to
represent fast quenching by a metal substrate. This choice most likely overestimates
the rate for semiconductors and insulators, unless an energy match exists between

the adsorbate vibration and a specific surface mode.54
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Table 1
IR Reflection—Absorption Spectra on Single Crystal Surfaces

Adsorbate Substrate Resolution FWHM ) Ref.
(em™?) (ecm™?) (ps)
co Cu(100) 4 10 0.53 [60a]
Cu(100) 2 4-6%) 1.3-0.88 [60b)
Cu(110) 2 8 0.66 [60c]
Cu(111) 4 12 0.44 [60d,e]
Cu(211) 4 0.66 [60e]
Cu(311) 4 0.66
Cu(755) 4 11 0.48
Pt(100) 5 12 0.44 [60f]
Pt(111)° 5 7-10 0.76-0.53  [601,g]
Pt(111) 5 13 0.41 [60h]
Pt(111) 5 509 0.11
Pd(100) 2 >10 <0.53 [60i]
Pd(111) 5 27 0.20 [60j]
Pd(210) 5 17 0.31
Ru(001) 3.5 8-15% 0.66-0.35  [60Kk]
N, Pt(111)9 7-10% 0.76-0.59  [60]]
H;0 Ru(001) 10 250¢) - (60m]
CH;0 Cy(100) 4 149) 0.38 [60n]
189) 0.29
CD;0 Cu(100) 4 g/) 0.66 [600]
109 0.53

®) From eq. (5).
Y Coverage dependent.
¢} Recrystallized ribbon.

4) Low-frequency (~1870 cm™!) mode; all other spectra refer to the CO band in the
2100 cm™! region.

¢) Broad due to hydrogen bonding.
/) CH/CD symmetric stretch.
) CH/CD asymmetric stretch.
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4.2.2 ~, and thermal desorption

The calculaiton of a realistic estimate of v,, the rate of desorption of the
vibrationally excited adsorbate, was the subject of the work of Lucas and Ewing*8
and Kreuzer et al.“5%7 TUsing sample cases, Lucas and Ewing exemplified the
wide range v, could achieve (10! to 107° s~!) as a result of the variety of
pathways for the excess vibrational energy to be partitioned. The dissociation
rate for vibrationally excited van der Waals molecules, as inferred from linewidth
measurements, also span a wide range: sub-psec? to nsec’? to <100 psec®. In
fact, NeCly with Cl; in the 1°t excited vibrational state is detected®® 107> s after
formation. We use 1012 s~! for calculations with fixed v, , on the faster side of the
observed photodissociation rates.

For weakly bound systems, thermal desorption will be competitive with laser
desorption unless the surface temperature is low. Frenkel’s estimate for the thermal

desorption rate,

vp = ve Er/¥T (10)

using a pre-exponential factor, v,, of 10!4 s~1 (102 s~1) yields a desorption rate
of 2.4 x 1019 s~! (2.4 x 108 s71) for a 1 kcal/mol bond to the surface at 60 K,
but only 5.8 x 10% s=! (5.8 x 10* s~!) at 30 K. For twice this bond strength (still
below the energy of a CO; laser photon) the same rate will be observed at double
the temperature. Thus, with a 60 K surface, the photodesorption of weakly bound
(< 2 kcal/mol) adsorbates will dominate thermal desorption if the laser-assisted
rate is 7, > 10 s~!; the restriction on v, is further lowered for a colder surface

or a stronger bond energy. Our empirical estimate of the photodesorption rate
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(1019-10'25~1) meets this criterion.

For the purposes of this paper we consider ~,, small compared to v, and
Y¢- Dephasing caused by interaction with the lattice should be small since the
substrate is assumed to be at low temperature, and fluctuations are damped.”
For photodesorption to probe dynamics of energy transfer between an excited
adsorbate and the surface, one desires experimental conditions (i.e., low coverage)
such that interadsorbate interactions, which would provide a dephasing channel, are
negligible. Furthermore, inclusion of appreciable v, rates leads to results similar
to situations with fast 4, rates: the lineshape is broadened with concommitant
loss of peak desorption intensity. Comments below about broadening due to large
values of v, apply equally well to the dephasing rate 7,,. This fact implies
that determination of v,, from experiments of this nature alone may be quite
difficult. Further lineshape considerations’® (shape, temperature dependance) may

be necessary to sort out the values as well as the microscopic source of the rates.

5. Results and Discussion

The effect of the experimental variables w,, the Rabi frequency, and ¢, the
irradiation time, can be seen in Figures 3 and 4, respectively. Increasing either the
irradiation time or w, (e.g., by raising the laser power density or rotating the light
polarization toward p) increases the limiting value of the quenching rate, Vg, at
which observable attunuation of the overlayer can occur. In Figure 3, w,, is varied,
the desorption rate is set at 10!2 s~! and the irradiation time is 1000 s. The two
values of w, calculated in section 4.1.1 are indicated. Assuming a conservative

estimate of 10% desorbed as a detection limit (F < 0.9}, photodesorption is seen to
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be feasible for quenching rates less than 103 s=? (w_ = 1.5x 105 s~!). For higher
laser powers and/or molecular absorption strengths (w, = 10® s~1) the upper limit
on 7, for observable photodesorption is in the 10'* s~! range. This limit is, of
course, different for other values of v, .

Figure 4 illustrates the effect of irradiation time on the desorption probability,
as a function of the quenching rate. As qualitatively expected, longer
irradiation times yield a higher desorption probability for a given quenching rate.
Quantitatively, the combination of long irradiation times (¢ on the order of seconds)
and a single photon process (w, o S) results in the feasibility of a low-power laser
successfully competing with moderately fast (10'2 s~1) quenching rates to induce
resonant desorption. The rate of photodesorption is again chosen as 1012 s~! while
wy calculated for the second experimental case (FCL) is used.

In Figure 5 we examine the interplay between the relative size of the system
rates, 7, and v,, and the excitation term w:t (which also has the unit of a rate,
s71). A given quenching rate specifies a range of v, for which photodesorption
is observable. For example, curve (a) is calculated using a quenching rate of
10'% s~! and shows complete desorption of an irradiated coverage if the rate
of photodesorption is anywhere between 107 s—! and 1013 s—!. As the rate of
quenching increases (curves (b) to (d)), the range of feasible photodesorption rates
becomes more restricted. The shapes of the curves are a result of two effects. The

minima occur at 7, = 7, and fall along the line defined by:
FI™ (wo,t) = ezp(—wlt/47,). (11)

To the left of the dotted line the solid curves show increased desorption probability
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(smaller Fr,) for increasing v, as the photodesorption rate becomes commensurate
with the quenching rate in the attenuation factor, € = v, /(v, + Yq)- The overall
rate, v,, also increases in the w:'y; !t Lorentzian prefactor, acting to increase the
percent desorbed. To the right of the dotted line, desorption probability decreases
with increasing photodesorption rate due to a lifetime broadening effect: the peak
intensity decreases as the profile broadens with larger values of 7p- The same effect
would occur if the dephasing rate were appreciable. Since vYpp &ppears only in the
width term, v,, and not in ¢, a dephasing mechanism would serve to distribute the

total intensity in the photodesorption spectrum over a broader profile.

It is apparent that increasing either of the experimental variables w, or t
increases the fraction of adsorbates desorbed for given values of Yp and 7,. In
terms of the variables in Figure 5, the curves (c) and (d) would deepen, while curves
(a) and (b) would broaden further; this behavoir is shown in Figure 6. Using the
conservative estimate for w,, and a fast quenching rate, the desorption percentage is
plotted versus the photodesorption rate for different irradiation times. For ¢ = 1000
s (curve (b)), the photodesorption rate must fall within the range 1012 s~1 to 1014
s~} for a 10% desorption to occur at a wavelength of maximum absorption. Longer

irradiation time (or, similarly, a larger value of w,) increases this range (curve(c)).

In figures 7-10 we present calculations of photodesorption probability with
parameters appropriate to mass spectrometric detection. The logarithm of the
photodesorption probability is plotted because of the greater dynamic range of
detection of desorbed molecules compared to the determination of fractional surface

coverage. The sensitivity in our system is ~10~7 monolayer (see Section 6). The
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parameters used to generate Figures 7-10 match those of Figures 3-6, respectively,
except for the irradiation time: t,,4, can be no greater than the pumping time
constant in the region of the mass spectrometer (~1-10 msec). With such short
irradiation times compared to those used in the previous calculations, the percentage
of molecules that are desorbed is much lower (i.e., the curves are shifted up, to lower
photodesorption yield), but the particle detection limit with the mass spectrometer
is much lower than the assumed detection limit (10% of a monolayer) in the plots
of Figures 3-6. Also shown are the linewidths (FWHM’) of the profiles. The widths
are complex functions of the various rate parameters, and the plots in Figures 7-10
highlight the fact that a variety of rates and experimental conditions give rise to
the same FWHM. As should be expected, to characterize both the laser-induced
desorption rate and the quenching rate, both the linewidth and fractional desorption

must be determined.

In terms of feasibility, the desorption probability plots as shown in Figures 7-
10 exhibit a wider range of parameters for which photodesorption can be observed
than in the case of long irradiations and coverage-sensitive detection. Perhaps a
more interesting feature that is indicated is the possibility of deconvoluting the
width and desorption intensity information to extract the rate constants. Regions
of the curves in Figures 3-6 that are flat (i.e., various parameter values give rise to
the same percentage of molecules remaining on the surface) can now be resolved
into different fractional desorption signal intensities. The width plots graphically
point out the variety of rate conditions which result in similar profile widths. It is

important to obtain the absolute desorption percentage to extract the contribution
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of quenching and desorption rates.

Shown in Figure 7 is the photodesorption probability calculated as a function of
the Rabi frequency (w,), analogous to Figure 3. With shorter irradiation time, the
detected fractional desorption is smaller than in Figure 3, but the lower detection
limit of the mass spectrometer enables photodesorption to be detected over a
comparable range of the rate constants. For w, > 10%, the widths attain the

limiting value of v, = 74 + ;-

Figure 8 is a plot of percent desorbed for different irradiation times vs. vérsus
the surface quenching rate, 7, , as in Figure 4. With the sensitivity of the mass
spectrometer detector, photodesorption will be observable with the short irradiation
time. The predissociative rate (y,) dominates the width at small values of 7,. The
quenching rate dominates the width at higher ., until the desorption is completely

quenched.

Figure 9 is a plot analogous to Figure 5 wih irradiation times representative of
a mass spectrometer with an integrating cone which is sampling desorption induced
in a laser-molecule system characterized by w,= 1.5x 10% s~1. If the sampling
time could be further increased to ¢ ~ 0.1 s, the curves would shift down to regions

of higher percent desorbed (curve (e)), indicative of higher sensitivity.

In Figure 10, as in Figure 7, the quenching rate constant (v,) is fixed to a
high value, 1013 s—!, characteristic of an energy transfer rate to a metal surface.
The percent desorbed is calculated as a function of the desorption rate (y,). Curve

(¢) contrasts the enhanced range of desorption rates for which photodesorption
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Figure 7. The calculated percent desorbed is plotted on a logarithmic scale wvs.
the Rabi frequency (wg), similar to Figure 3. The irradiation time is 10~2 s with
a laser-induced desorption rate (yp) of 10'2 s=! and a quenching rate (vg) of:
(a) 1019, (b) 10'2 and (c) 10'® 5~1. Curve (d) is for vq of 10'3 s~ and 10-! s
irradiation time. The widths of the wavelength profiles (FWHM') approach limiting

values determined by 7.
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Figure 8. Variation of photodesorption feasibility and width with the irradiation
time (¢) and quenching rate (7Q), as in Figure 4. The range of irradiation time is
much shorter than in Figure 4: (a) 1, (b) 10, (c) 10~2 and (d) 10~3 s, for yp set
at 10'2 s~1, and (e) ¢t = 10~2 5 for yp = 1010 g1,
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Figure 9. Range of detectable photodesorption rates (yp) with irradiation time
of 10~2 s for a given quenching rate (yg): (a) 10'°, (b) 10'2 and (c) 10'3. Curve
(d) is calculated for t = 10~! s and 7g = 1013 s~1.
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Figure 10. The percent desorption and linewidth calculated vs. the desorption
rate (yp) for a fast quenching rate (yg = 10'® s=1). The irradiation times are: (a)

1, (b) 1071, (c) 1072 and (d) 10~3 5. Also shown is the curve (e) for a much slower
quenching rate, v = 10!, with ¢t = 102 s.
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is feasible for a slower rate of quenching characteristic of a typical semiconductor.
The plot of the linewidths shows that with «,, small compared to 7, the quenching
process limits the lifetime of the excited vibrational state and determines the width.
The onset behavior at lower values of «,, is due to small photodesorption probability

in that region.

We summarize our findings in a more qualitative fashion by outlining what
experimental parameters would be necessary to stimulate photodesorption when
one confronts an adsorbate-substrate system which has fixed values of the rate

parameters v, and v,.

(a) v, < Yo: Photodesorption is unlikely because the fast quenching
mechanism relaxes vibrationally excited species before desorption can occur.
Desorption may be induced by using very high laser power densities, very long
irradiation times, or both, but there are practical limits due to desorption induced
by laser heating and the finite time constant for adsorption of background gases. At
this point, choosing (carefully) a different adsorbate may be an attractive option for
two reasons: (1) a molecule with higher oscillator strength, or absorption intensity,
would increase the photodesorption probability in the same manner as increased
laser power density or irradiation time, and (2) if the quenching mechanism is fast
due to a close resonance with the molecular vibration, an adsorbate with different
vibrational frequency would create a mismatch, slow the quenching rate and possibly

open the desorption channel.

(b) 7, > 7,: Photodesorption dominates the quenching rate, but

consideration must be given to the size of 7, as compared to the adsorbate
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absorption strength and the laser tuning range and linewidth, since the width of the
desorption profile is directly proportional to v,. For the cw CO; laser which has
lines spaced every 1 cm~1, the photodesorption rate must be greater than 101! s—1
for the lineshape to be resolved. The F-center laser is continuously tunable with a
1-10 MHz linewidth, so photodesorption rates as slow as 107 s~1could be observed if
the themal desorption rate is not competitive. The width of the desorption spectrum

gives the sum of photodesorption and dephasing rates.

(c) 7 ~ 7q: Photodesorption is probable, assuming the value of v, results
in a profile which overlaps the range of the excitation laser (see above), but the
linewidth contains contributions from all rates. The ratio between v, and v, in
the attenuation factor can be obtained from the absolute photgdesorbed fraction
if the adsorbate absorption strength can be independently determined, from a
similar photodesorption spectrum in which the quenching rate is negligible or from

reflection-absorption data.

6. Photodesorption Experiments

We have attempted to observe the single-photon photodesorption which we
have shown to be theoretically feasible and undertook experiments to measure
the rate of molecular desorption induced by infrared radiation. The apparatus
constructed for this purpose is described in Chapter 5, and consists of a UHV
chamber for the attainment of clean surfaces, sample cooling to condense weakly
bound adsorbates on the surfaces, and a mass spectrometer for detection of the
desorbed molecules. The experiments which were performed were the IR irradiation

of various small molecules which have absorptions in the range of the CO2 (CH3F,
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C3Hy4, C3He) and F—center (C;H,, CO,, CH30H) lasers which were employed,
condensed on GaAs(110). In no case was resonant single-photon photodesorption
observed. Desorption signals were observed upon irradiation but these did not
exhibit reproducible wavelength dependence and are thought to be due to heating
of the substrate, which also exhibited weak absorption in this wavelength region.
The failure to observe photodesorption is thought to be due to either the surface-
adsorbate bonds being stronger than the photon energy, in the case of the CO,
laser experiments, or low laser intensity coupled with ill-determined absorption
frequencies and possibly broad lineshapes of adsorbates in the F-center laser case.
The sensitivity of the detection is ~1 x 10~7 monolayers desorbed in a 15 msec
chopping cycle; this estimate derives from a signal-to-noise ratio of unity for a
steady state flux of 7 x 107 molecules/sec and an experimental geometry with

20% collection efficiency of 1014 molecules/cm? which are desorbed in a cosine

distribution.

7. Conclusions

We have presented a simple model which has been successfully employed to
treat the vibrational predissociation of van der Waals molecules and applied it
to the analogous case of vibrational photodesorption of weakly bound adsorbates.
Numerical calculations using estimates of relevant parameters show that single-
photon experiments of his nature are quite feasible over a wide range or rate
conditions, including fast (> 10'3 s~!quenching rates). In fact, due to the
potentially long irradiation times, fluence broadening of lineshapes could very

possibly obscure rate information. The photodesorption technique should be a
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valuable method to probe quenching and dephasing mechanisms, as well as the
photodesorption rate itself, at the solid surface.

While explicitly dealing with desorption as the dissociative decay channel, other
processes may be observable and competitve. Stimulation of chemisorptive bonding
from a physisorbed precursor or initiation of dissociative reactions are possibilities
which may also be treated within the model presented here. Pumping of high
overtone states to desorb adsorbates using larger amounts of vibrational energy
should also be possible if the small absorption cross-sections can be surmounted.
The qualitative trends outlined in this paper will be valid in these cases.

Experiments performed in our lab were not successful in demonstrating
resonant single-photon photodesorption. We believe this to be due either to the
surface-adsorbate bonds being stronger than the photon energy in the case of CO2
laser experiments or to broad multilayer absorption linewidths in the case of F-
center laser experiments. The use of substrates with lower binding energy (e.g.,
rare gas crystals) at lower temperatures would alleviate the former problem. Using
high-intensity pulsed sources (e.g., as in the experiments of Chuang and Hussla”)
to roughly determine the absorption region would enable the use of low-intensity
high-resolution sources such as an F-center laser over a narrow search range.
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CHAPTER 5

UV LASER-INDUCED PHOTOCHEMISTRY OF

Fe(CO)s ON SINGLE CRYSTAL SURFACES
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1. Introduction

The photochemical modification of solid surfaces is a topic of much current and
practical interest.!=® The use of lasers in this application brings the inherent sub-
micron resolution to bear on the challenge of producing even smaller semiconducting
devices. One particular area which has met with much success is the light-
induced deposition of conducting metallic structures using volatile organometallic
precursors.3~% There is a growing need, however, to examine these reactions under
conditions that allow one to sort out contributions from various mechansims such

as photolysis, pyrolysis, electron-induced processes and ablation.

The metal carbonyls are of tremendous practical importance for deposition,
being volatile sources of metal species which readily undergo photochemistry.
The deposition of metallic films from the corresponding carbonyl has been
reported.®® The photochemistry of metal carbonyls is an extensive topic which
spans both spectroscopic and dynamical characterization of the excited states
and the synthetic generation of novel compounds.”~® Highly-reactive metal
clusters have been generated in the gas phase by irradiation of the corresponding
carbonyl aggregates.!®!!  Photocatalytic activity to isomerization has been
demonstrated using a variety of metal carbonyls,!?!2 including Fe(CO)s.!®> The
high photochemical activity exhibited by these compounds at easily accessible
wavelengths is illustrated by attempts at multi-photon ionization'# which succeed

mostly in generating ionized metal atoms!

A potential problem for the stimulation of photochemical reactions at an

interface is the ability of the solid to quench the photoexcited intermediate.
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bulk solid of semiconductors and metals, in particular, possesses a variety of
modes, active in the IR through the UV, for accommodating excess energy.!®
For instance, the excessively broadened electron-energy loss (EELS) lineshapes
of excited electronic states of chemisorbed species are thought to be indicative
of rapidly quenched excited states whose spectra are lifetime broadened by decay
rates on the order of >10'3 s~1,16 Rates of chemical reactions may be orders of
magnitude too slow to effectively compete with quenching mechanisms near surfaces

which deplete excited state population on this timescale.

We have investigated the extent of the effect of molecule-solid energy transfer
on a fast photochemical reaction, the ultraviolet photodissociation of Fe(CO)s.
Three surfaces, sapphire (Al;O03), silicon, and silver, were chosen for study,
representing a wide range of energy transfer behavior: from very slow (an insulator,
sapphire) to very fast (a nearly free electron metal, silver). There is extensive
literature concerning the photochemistry of Fe(CO)s from which to draw, including
reactions above other surfaces. The results we obtain are discussed in terms of the
photochemistry observed in other systems as well as energy transfer considerations

for the reaction.

2. Spectroscopy and Photochemistry of Fe(CO)s

The gas-phase absorption spectrum of Fe(CO)s and the relevant energetics are
shown in Figure 1. The maximum at 280 nm (€zp, = 3900 M~!em™1) is assigned
to a metal-ligand charge transfer band (MLCT), while the weaker absorption to the
red near 330 nm (eqps ~ 500 M~!cm™?) is thought to be a ligand field transition.!””

The N laser excitation (337 nm) used in the reported experiments is thus expected
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to excite the ligand field transition. These bands are broad and unresolved,
indicating states are likely to be mixed in this region. Electron-impact spectra
give some indication for triplet state character in analogous bands in Cr(CO)s;
preliminary spectra for Fe(CO); were not conclusive about this point.!® Not shown
in Figure 1, an intense charge transfer band (eqps = 15700 M~!em™1!) is observed
further in the UV with a maximum near 200 nm. The region of weak molecular
absorption which is excited in our experiment serves to indicate the experimental

sensitivity that is available.

Estimates for energy levels of the Fe(CO), species are also included in Figure 1.
Note that upon absorption of light at 337 nm, the Fe(CO)s molecule contains
enough energy to lose at least 2 CO molecules.!® Trapping experiments using
PF3 have determined that excitation with light in the 352-192 nm range produces
all possible fragments - Fe(CO),, z = 2,3,4 — with branching ratios that suggest
non-statistical distribution of internal energy in the Fe(CO)4 fragment following
initial prompt loss of CO.22 The extent of decomposition has been verified by
a gas-phase study in which Fe(CO),, z = 2,3,4 species have been identified by
IR absorption.2® However, the presence of PF; in the trapping experiments may
influence the branching ratios since PF3 and CO have similar bond strengths to Fe,

and the hot Fe(CO), species might readily exchange the two ligands.

Of central importance in this study is the timescale of the initial photochemical
decarbonylation step. The rate of energy transfer from an excited adsorbate to a
substrate, especially with metals, is expected to be fast so photodissociation at

the surface must be competitive. This criterion is fulfilled for Fe(CO)s, in which
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the initial decarbonylation step is indeed rapid: from a multi-photon ionization
study of the Fe(CO)s molecule, Whetten et al.?* determined upper limits for the
excited state lifetime and estimated that loss of CO occurs within 2.0 psec following
excitation in the 300-310 nm region, and in less than 0.6 psec after irradiation in
the 275-280 nm region. These values are derived from estimates of the up-pumping
rate for second (ionization) photon absorption using the laser fluence and absorption
intensity, and established the extremely fast (picosecond) nature of the dissociation

timescale.

Extensive study of the UV and IR photochemistry of metal carbonyls in inert
matrices has been conducted.®:9:25:27:31 Unlike the gas phase behavior, Fe(CO);s
irradiated in a matrix loses one CO molecule per UV photén, yielding either
Fe(CO)4 or a stable Fe(CO)4-X coordination complex with a matrix atom or
molecule, X (e.g., X = Ar, N3 or CH4%9250,25) fijling the coordination sphere.
Further irradiation in matrices with high Fe(CO)s concentration (1000:1) yields

25a

the Fey(CO)o and Fe3(CO);2 condensation species, as identified by separate

25¢c,e

IR characterization of the stable dimeric and trimeric species. In separate

experiments, Fe;(CO)g was also observed to photodissociate to yield Fez(C0O)s.25¢
Additional photochemistry on the Fe3(CO);2 species has not been reported, as it
seems the compound is not very photoactive,!? in spite of intense bands which are
present in the visible and UV.26 Similar photochemical behavior has been exhibited
by Cr(CO)¢ in the gas phase;??7 a fast initial decarbonylation step (< 100 nsec) is
followed by production of Cr(CO)4 from hot Cr(CO)s.?® Formation of complexes

of the highly-reactive Cr(CO)s species with inert ligands in the gas,?9 liguid3® and



— 187 —
matrix-isolated phase3! have been identified using detection of transients in the
visible region. Similar characterization of visible and UV absorption of Fe(CO),4

and its adducts has not been reported.

3. Experimental

8.1 UHYV chamber

An ultra-high vacuum (UHV) chamber was constructed for this study and
is depicted in Figure 2. The chamber consists of two sections, a main chamber
mounted on a pumping stack, both constructed by MDC of Mountain View, CA.
The primary system pump was an Edwards E04 4" diffusion pump backed by a
2-stage direct-drive rotary pump (Alcatel Z-2008-A). The diffusion pump system
is extensively interlocked to prevent pump fluids from reaching the main chamber,
especially the rotary pump which can be automatically isolated by a pneumatic valve
with position indicator (MDC AV-103-P). Above the diffusion pump is a right-angle
Vacuum Generators liquid nitrogen cold trap (CCT-100V), which also includes an
integral gate valve to isolate the pump and trap, or throttle the pumping speed
for sputtering or dosing applications. The trap has a 16 hour hold time and, more
importantly, all surfaces exposed to the vacuum chamber remain cold until the trap
becomes completely empty. The pump-trap combination has a quoted pumping
speed of 200 I's~!. Rough pumping is accomplished using a pair of cryosorption
pumps isolated by a bakeable metal seal valve (Granville-Phillips Mdl. 204). The
cryopumps evacuate the chamber to ~10~4 Torr at which point the diffusion pump
can be used to bring the pressure into the 10~7-10~8 Torr range. After bakeout to

200° C the pressure drops into the 10~° Torr range at which point a titanium
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sublimation getter pump works very effectively to achieve the base pressure of 1-2
x 10719 Torr. At this pressure H;0, CO, H; and CO, are the main species present.

In addition, the helium closed-cycle refrigerator (see below) acts as a cryopump for

condensibles during operation.

The main chamber is a variation of the standard Varian-type design (12"
diameter), to which were added optical access ports, plus a second level to
accomodate the helium refrigerator. The analytical tools in the chamber
are: LEED/Auger screens (Varian), residual gas analyzer (VG SX-200 mass
spectrometer), Ar*-ion sputter gun (Perkin Elmer), and nude ionization gauge
(Granville Phillips Mdl. 271). Two gas inlets are available, one for dosing from
background, the other for directed doses through a multichannel array. For laser-
surface interaction, entrance and exit ports at optimal angles for both metal
(6 = 88° in the IR, 65° in the UV) and semiconductor (§ = 75°) surfaces are
provided. Differentially-pumped uncoated BaF; flats (6 mm thickness) mounted on
the 75° ports were used as laser entrance and exit windows throughout the course

of the work reported here.

The low-energy electron diffraction (LEED) screens and electron gun are used
for observation of surface order. The same apparatus is employed for Auger electron
spectroscopy (AES) to monitor surface cleanliness. Home-built electronics for the
electron pass energy ramp, amplifier and screen modulation voltage, plus a high-
voltage supply (Kepco OPS-2000B) augment the Varian LEED screen and electron
gun control modules. The mass spectrometer acts as a residual gas analyzer

(to monitor chamber cleanliness), thermal desorption spectrometer, and product



— 190 —
detector for both the IR photodesorption experiments (see Chapter 4) and the UV
photochemistry experiments summarized here. A channeltron electron multiplier
provides high gain to amplify the ion current generated by an electron-impact
ionization source. A Faraday cup is also available for gain calibration. A glass
integrating nosecone3? was fit around the ionization region to restrict the pumping
speed, increase the dwell time of product molecules, and thus increase the sensitivity
of the mass spectrometer at the expense of time resolution. The mass range of the
quadrupole (0-200 amu) is sufficient to resolve the parent and fragment peaks of
Fe(CO)s (196 amu), but not great enough to observe larger Fe,(CO), (z > 2,y > 4)

cluster products that may be formed.

For cryogenic cooling of the crystal sample, a helium closed-cycle refrigerator
was employed. The refrigerator provides two cold stations of ~15° K (2 W of power
for sample cooling) and ~77° K (25 W for heat shrouds and crystal support pre-
cooling). The refrigerator was retro-fitted onto a Conflat flange by Cryosystems,
Inc., for UHV compatibility. A bakeout control system was constructed to allow
unattended baking of the UHV chamber to 200° C without adverse effects to the

refrigerator cold head. The controller is described in detail in thesis appendix 2.

The manipulator assembly for crystal samples is shown in Figure 3a. The
mount was appended to a standard manipulator (Huntington PM-600-XYZ-RC),
and configured for a 2.5" sample offset from the rotation axis. The coaxial motion
provided by the manufacturer is levered to allow tilt of the sample, in addition to the
z,y, z and rotary motions. The “high temperature” mount depicted in Figure 3(a)

was designed to afford adequate cooling within the demands of heating the sapphire
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and silicon crystals to > 1000° C; since this is above the melting point of copper,
direct thermal contact with the copper braid assembly to the refrigerator (as was
the case with a “low temperature” mount used for IR photodesorption experiments)
was not possible. Sapphire spacers are employed in the cooling path to both
provide electrical isolation and act as a thermal switch- good thermal conductivity
at low temperature for sample cooling, poor thermal conductivity above room
termperature to isolate the copper braid during sample heating. Figure 3(b) shows
the refrigerator connection in detail. All copper is OFHC, except the flexible braids
to the two refrigerator stages which are 99.999% (5N) pure.®3 The tungsten support
rods and large diameter copper electrical leads are pre-cooled to ~ 200 K using the

first stage of the refrigerator.

The crystal is mounted using a sheet of 0.001" Ta foil which provides resistive
heating of the samples for cleaning and thermal desorption measurements. The
foil is sandwiched between the crystal sample and a sapphire flat, and this
assembly is banded together using Ta foil strips spot-welded to the main heater foil.
Thermocouple pairs (Ch-Al) for temperature measurement are spot-welded under
the Ta strips. Temperatures of 120-140 K were obtained with this configuration.
The time for the crystal to cool to this temperature was 1-1/2 hours from the start

of the refrigerator and 10-20 minutes after a flash to high temperature.

Two sample inlets were used throughout the course of this study. During initial
experiments, vapor was dosed from background through a leak valve (VG MD-7R)
and 1/8-inch stainless tube; however, this method admitted a large load of gases

such as Fe(CO)s into the chamber. Later studies utilized a calibrated dosing line
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which was equipped with a multichannel array doser to direct a significant fraction
(0.1 - 0.3) of the gas sample onto the crystal face.3¥ An 80 um diameter capillery
tube limited the flow from a calibrated volume, so the flux of molecules emitting
from the multichannel array could be determined by monitoring the pressure drop
in the volume. With a pressure of 1.0 Torr in the calibrated volume, 1.1 x 1014

molecules/sec are emitted from the doser.
3.2 Sample Preparation

A silver single crystal boule was obtained courtesy of the W.H. Weinberg
group.3% Since enhanced photochemistry can be effected by a roughened metal
surface, effort was expended to polish, clean and characterize the silver crystal
to eliminate the effects of surface roughness. A 2 mm thick disk of 1/2" diameter
was spark cut and mechanically polished down to 0.25 um using a series of abrasive
papers and diamond paste. The orientation was within 1/2° as determined by Laue
X-ray backscattering. The surface that resulted was visibly scratched, presumably
on the 1.0 - 0.25 pm scale. Chemical polishing (100 ml saturated K;Cr;07, 2 ml
saturated NaCl, 10 ml HoSO4 diluted to twice the volume®®) gave a highly reflective
surface and removed some of the mechanical damage, as could be seen by eye and in
the clarity of the Laue spots. Electrochemical polishing as implemented here (12 g
KCN, 12 g Na,COg in 200 ml H2036) tended to gave a matted, milky appearance
to the surface and was not used in the final polish sequence. The crystal was rinsed
with ethanol after mounting and just prior to admission into the chamber. Cleaning
in vacuum was accomplished using standard procedures.37—3% Combinations of mild

heating (220° C) in 10~% Torr O, to remove surface carbon,3® room temperature
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dosing with CO to “clean off” atomic oxygen,3® and cycles of Art-ion sputtering
followed by annealing at 300° C, resulted in a clean silver surface as determined
by Auger spectroscopy (Figure 4). The resolution was high enough to differentiate
between the silver Auger transition at 262 eV and the carbon peak at 272 eV. The
ratio of the three Ag peaks was ~7:2:1. The LEED pattern obtained from the clean
and annealed crystal (Figure 5) indicates the presence of (110) ordering on the 50-
100 A dimension.®? No evidence of facetting was detected.*! However, the HeNe
alignment laser reflected from the surface was not sharp, indicating roughness on

the 0.6 um scale.

The sapphire and silicon crystal samples were obtained as polished wafers
and were not polished further. They were cleaned by heating in vacuum: Al,03
(obtained from Union Carbide cut ~30° to the ¢ axis) to ~1050° C;*2 Si(100) (p-
doped, from California Technical Services) to 900° C.*3 The cleanliness of the Si
surface was verified by AES, but only faint LEED spots were observed. Charging

effects caused difficulties in obtaining LEED and Auger spectra of Al;O3.

Fe(CO)s, obtained from Alfa Chemical (99.5 %), was used without further
purification except for freeze-pump-thaw cycles to remove excess CO before each
filling of the dosing volume. The observed cracking pattern of Fe(CO)s during a
dose is shown in Figure 6, and is in reasonable agreement with published mass
spectra.®® The purity of the Fe(CO)s delivered to the chamber was constantly
monitored by observing the intensity ratio between m/e 28 (CO*) and m/e 56 (Fe*)
peaks and experiments were conducted with doses that exhibited approximately a

5:1 ratio of COT : Fet ratio which was the lowest value observed. Doses were
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Figure 4. Auger electron spectrum of the (a) clean and (b) dirty Ag(110) surface.
The C,O-contaminated surface was observed initially after chamber bakeout, the

clean surface after extensive cleaning (see text). The three Ag features occur at

365, 302 and 263 eV, carbon and oxygen at 273 and 510 eV, respectively.
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Figure 5.  Sketch of LEED pattern obtained with Ag(110). The square array
of spots is indicative of the (110) orientation. The interior (dashed) spots are

extrapolations, being occluded by the crystal holder.
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Figure 6. Mass spectrum of Fe(CO)s during gas dose. 54Fe(CO); features can be

seen to lower mass from the main 56Fe(CO), peaks.
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administered to the crystal face with no line-of-sight between the crystal face and

hot filaments The filaments were switched off during longer (> 1 min) doses.
3.8 Thermal Desorption Ezpersmental

Thermal desorption spectra of Fe(CO);5 were obtained on the Al;O3 and silicon
crystal samples. A particular ion mass signal detected at the mass spectrometer
is monitored as the temperature of the crystal is ramped. Because the entire
crystal mount in the vicinity of the crystal and heater are at the same low
temperature during a dose, adsorption by other surfaces may interfere with the
thermal desorption spectrum. However, desorption from the crystal sample can be
isolated by using a glass integrating nosecone!? to monitor desoprtion. The sample
was moved directly in front of the nosecone aperture, within 1 mm. Because of the
lower local pumping speed due to the nosecone, a slow heating rate (2 K/sec) is
employed, compared to a more common rate of 10 K/sec without nosecone. The

crystal temperature ramp was manually controlled.
3.4 Photochemistry Ezperimental

A schematic of the photochemistry experiment is depicted in Figure 7. A
Molectron UV-400 N, laser outputs 400 kW of 337.1 nm light in a 10 nsec pulse,
but the output spot size is too large for irradiation of the crystal samples. Care
was taken to reduce and shape the spot size with iris diaphragms and apertures so
that only the crystal surface was irradiated. The resultant spot is approximately
1 X 3 mm entering the chamber and spreads to 4 X 3 mm across the crystal face
due to the angle of incidence (75°), and provides 70 uJ-cm~2 of energy density at

the crystal face. The use of a 30 cm f.1. lens (the crystal was not at the focal point)
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was estimated to increase the energy density by a factor between 10 and 100, the
uncertainty arising from inability to accurately measure the spot size. Background
laser-induced signals of m/e 28 (CO*) and m/e 44 (CO2%) were observed upon
laser irradiation, probably from stray UV which induces photodesorption from metal
surfaces in the chamber.4® The background CO™ intensity was never more than
5% of the photolysis signal. A He/Ne laser is used for initial alignment of the
laser, then for reproducible placement of the crystal sample back to the irradiation
position in front of the mass spectrometer. A calibrated pyroelectric joulemeter
(Cooper Lasersonics J3) with quartz condenser lens and in combination with a
boxcar integrator (Stanford Research Systems SR250) monitors the laser pulse
energy. A set of quartz neutral density filters is used to variably attenuate the

laser power.

The pulse of mass intensity generated by the laser was observed as a current
pulse from the channeltron multiplier which was in most cases amplified by a
current—voltage converter (Keithley Mdl. 427, 104-10!° volts/amp, 0.01-300 msec
risetime). The output of the amplifier was fed into a chart recorder for yield
measurements, or a transient digitizer (Biomation Mdl. 805) for waveform recording.
The digitizer was interfaced to an IBM-PC through a TecMar Industries Labmaster
board and a home-built interface. A fast amplifier (100 MHz, LeCroy TTB1000)

was obtained for time-of-flight curve measurements.

4, Results

4.1 Thermal Desorption

An example of thermal desorption traces obtained during this study are shown
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in Figure 8, for the case of Fe(CO);s on sapphire. The m/e 56 signal is displayed
as a function of the crystal temperature which is monitored by an attached Ch-
Al thermocouple. The slow heating rate necessary for use with the glass nosecone
configuration was controlled manually and causes some variation in the peak shapes
and position (e.g., Figure 8, between 1.1 and 2.3 L, and the slightly odd multilayer
peak shape of the 140 L profile). Thermal desorption was thus employed as a
qualitative gauge of dosages and for observing the onset of multilayer adsorption.
Doses are reported in units of Langmuirs (1 L = 10~% Torr-sec), as determined
using the uncorrected ion gauge pressure for background doses and extrapolation
of these values using the area of the thermal desorption curves for coverages from

the multichannel array doser.

The desorption profiles of Figure 8 indicate the presence of two binding states
for Fe(CO)s over sapphire, a low coverage state which is seen to desorb at about
260-280 K, and a second state which exists at higher coverage and desorbs at lower
temperature, ~225 K. From the photochemical behavior (vide infra) we designate
the two states as being due to species bound directly to the surface layer (first
monolayer) and subsequent Fe(CO); layers condensed on top of the initial layer.
The two states yield equal thermal desorption intensity at a dose of 21 L, indicating
10 L is roughly equivalent to a monolayer (which matches estimates of coverage
from the laser experiments). This correlates to dosing the crystal face with ~30%
of the flux from the array doser and assuming unit sticking probability. At crystal
temperatures near 140 K large multilayers were not stable to desorption on the time

scale of the laser experiment causing a varying background in some cases.
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Figure 8. Thermal desorption spectra of Fe(CO)s on Al;03. The different binding
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energies of surface adsorbates and multilayer species can be distinguished from the

shift in the temperature of maximum desorption rate.
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The energy of desorption can be estimated using the first-order Redhead

analysis which yields,46

E/RT, = lnleTp — 3.64, (1)

where E is the energy of desorption, Ty, is the peak of the thermal desorption profile,
B is the heating rate in K/sec, and v, is the frequency factor, usually assumed to
be 1013 s—1, A first-order desorption rate is assumed for the surface and adsorbates
used in these experiments. For a temperature of maximum desorption of 250 K,
heating rate of 2 K/sec and frequency factor of 10!2, the energy of desorption is
16 kcal/mole. This estimate gives a value that appears to be too large, considering
that Al; O3 is expected to exhibit only weak chemisorption to non-ionic species. 478
The ﬁeat of vaporization of Fe(CO)s (8.7 kcal/mole) and CH3OH (8.4 kcal/mole)
are quite similar,4° and multilayers of CH3OH are observed to desorb at ~140 K.
This value is more consistent for the temperature of maximum desorption than
what we observe as the peak value of the thermal desorption profiles given our
observation that the multilayers slowly desorb when the crystal temperature is near
130 K. The temperature of maximum desorption for Fe(CO)s on silicon has been
determined by other workers to be 170 K,%! and multilayers will certainly desorb
at lower temperature. Finally, the other analytical techniques available, LEED and
Auger, did not detect the presence of adsorbed Fe(CO)s. This is consistent with a
previous study5? which found Fe(CO)s to be molecularly desorbed by the flux from
the electron gun.

4.2 UV photochemistry on surfaces

The results of a typical photochemistry experiment, obtained for Fe(CO)s on
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Si(100), are depicted in Figure 9. Figure 9(a) shows an XY-recorder trace of the
m/e 28 pressure as the laser shutter is toggled open and closed. The N; laser pulses
at 10 Hz, and the current pulses are averaged by the 300 msec time constant of the
current-voltage converter (see Figure 3), giving the signal that appears continuousin
time. When focussing lens is not used, the fraction of adsorbates that is photolyzed
per pulse is small and the CO flux into the mass spectrometer remains constant.
With this configuration, fluence dependences (vide infra) could be obtained using

a single dose of Fe(CO)s.

The bottom two traces (Figure 9, (b) and (c)) are typical of the response to
a single laser pulse as observed using the transient recorder. The time constant of
the current-voltage converter is lowered (~ 15usec) and the waveform is averaged
with the computer (1000 shots for those displayed in Figure 9). With the nosecone
in place (Figure 9(b)), the time response of the signal is dominated by the pumping
time constant within the nosecone volume, ~10 msec. In the absence of the
nosecone, the desorption signal becomes a measure of the flight time of product
species between the crystal and mass spectrometer. It was determined, however,
that even under our conditions a significant fraction of the time-of-flight curve was
due to molecules which reach the mass spectrometer indirectly. Thus, translational

energy distributions could not be obtained for the product CO molecules.
4.2.1 Si(100)

Our initial results, summarized in Figure 10, were obtained for Fe(CO)s
dissociation on the Si(100) surface. Experiments were employed with the lens

in place. Under these irradiation conditions, the observed m/e 28 signal
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ANNEALING PHENOMENON: Fe(CO)s/Si(IOO)
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Figure 10. Observation of an annealing phenomenon F e(CO)s on Si(100). At low
coverage (a) a burst of Fe-containing molecules occurs upon the first few laser shots,
while (b) the CO flux is fairly constant in time. With coverage greater than one
monolayer (c) a steady Fe™ signal is observed in addition to the initial pulse while

(d) the CO flux is greater due to the higher coverage.
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(Figure 10(b),(d)) decreases exponentially with time as the surface adlayer is
depleted with the high laser fluence (> 700 pJ-cm~2). The observed signal does
not return to the baseline, however, indicating a secondary process which exhibits
an effective cross-section at least 10 times smaller than the primary dissociation

process. Estimation of the dissociation cross section can be made using:
I/Iy = exp(—Bot) (2a)

where o is the dissociation cross-section (which equals that of the absorber for unity
quantum yield), ¢ is the time and & is the photon flux. A plot of the logarithm of the
observed CO™ yield vs. time should give a stright line with slope —®o for a process
characterized by a single cross section. What is observed for the dissociation yield
of Cd“‘ from Fe(CO)s on Si(100) is a curve whose slope decreases at longer times
(t > 60 sec). Fits to the yield of various experiments at short times yield slopes of
—(0.02 - 0.04). Since the photon flux of the focussed laser is not well determined, we
assume the Fe(CO)s gas phase absorption cross section of (1 -2 x 10~18 cm—221:54)
and from the slope determine a range for the photon flux of ~ 1 - 4x 105 photons

2 sec™!; this is a factor of 10 - 40 greater than the non-focussed laser case, and

cm™
is within our estimate of the photon flux for the focussed beam at the crystal face.
Thus, the gas-phase absorption strength is consistent with the observed CO yield.
Similar curves were also obtained in the case of Fe(CO); dissociation on Al;O3 with
the focussed laser.

Figures 10(a) and 10(c) document the observation of iron-containing species

which are desorbed by UV radiation. At low coverages (less than a monolayer;

Figure 10(a)), an Fe™ signal is only observed during the initial few laser pulses. At
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higher coverages (2 or more monolayers; Figure 10(c))) laser irradiation causes
a constant flux of Fe-containing compounds to be desorbed in addition to the
large initial burst. Attempts to observe condensation photoproducts — that is,
compounds containing Fe;, z = 2,3 - were not successful. The mass coincidence
between Fe (m/e 56) and 2*CO; (m/e 28) precludes detection at the 56Fe;™ ion
mass and we did not observe mass intensity of desorbing products at isotopic Fe;
masses due in part to the low intensity of the secondary isotopes (e.g., I(34Fe’°Fe)
~ 0.06 I(3%Fey)).

4.2.2 ALO;

Results obtained on the Al;03 surface using the unfocussed shaped output
of the Ny laser are shown in Figures 11 and 12. The power dependence of the
CO* yield (Figure 11) obtained by inserting neutral density filters in the laser
beam is normalized to the CO* yield at 70 uJ-cm~2 fluence. A straight line is
obtained at all coverages, some of which are plotted in Figure 11. This indicates
that the dissociation is a one-photon process, and that the Fe(CO)s layer is optically
thin: for negligible fraction dissociated, the observed CO™ signal is the limit of the

exponential of Eq. 3:

The evaluation of Eq. 4 for the unfocussed laser fluence and the molecular absorption
of gas-phase Fe(CO)s gives a value of 2.3 x 10™* as the fraction of the initial
coverage that is dissociated per pulse. This value is consistent with estimates for a
monolayer surface coverage (1.2 X 104 molecules/cm?), the flux of CO molecules

into the nosecone (2 X 10'° molecules/sec) and the efficiency of the collection
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Figure 11. The dependence of the CO* yield on laser fluence. The fluence is

normalized to 70 pJ-cm™2 and the CO* yield is normalized to the signal produced
by 70 pJ-cm~2 at the various coverages. Neutral density filters are used to attenuate
the laser power. The straight line (slope = 1.00) is a fit to data from all coverages
shown in Figure 12, only some of which are indicated in this plot. The linear

dependence indicates the dissociation is a one-photon process and that the Fe(CO)s

layer is optically thin.
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geometry (~15 %), but predicts depletion of the surface overlayer to 1/2 of the
initial coverage in ~200 sec, whereas the yield is constant over this time span.
This estimate is based on the production of 1 CO molecule per Fe(CO)s. After

removal from the vacuum chamber no metallic deposits on the Al,O3 crystal could

be detected by eye.

The dissociation and thermal desorption yields as a function of dosing coverage
are shown in Figure 12. The laser-induced signal shows a saturation effect while
the integral of the thermal desorption peaks continues to increase indicating that
the number of adsorbates is increasing with increasing dosage, albeit at a reduced
uptake rate. Both the dissociation and thermal desorption yield curves exhibit
a knee in the 5 - 10 L dose region. The onset of Fe' laser-induced desorption
is observed in the same region, which we interpret as indicative of second layer
coverage. Saturation of the laser-induced CO™ dissociation yield occurs in the 2 -

3 layer regime.
4.2.8 Ag(110)

Preliminary positive results have been obtined for the UV-induced Fe(CO)s
photoreaction on Ag(110). This is the first observation of a photochemical reaction
occuring above a clean, smooth metal surface in the ultra-high vacuum environment.
The observed CO* signal from Fe(CO)s dissociation on silver surface is similar
(within a factor of 2) to the Fe(CO)s dissociation on Al;O3 at low (3 L) and high
(20 L) coverages. If one can extrapolate these two data points, they indicate a
saturation of the CO™ yield similar to that observed in the Fe(CO)s5/Al;03 system

(Figure 12). Comparison of the yield for the reaction on the Ag(110) and Al;O3
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Figure 12. Comparison of the dosage dependence of the laser-induced CO*
yield and the Fe(CO)s coverage, as determined by the area under the Fet thermal
desorption peaks for the Al; O3 surface. The knee in the thermal desorption coverage
curve plus the onset of laser-induced desorption of Fe-containing species (Ip.+)
suggest population of the second overlayer. The dissociation yield levels off for
coverages of > 2 — 3 monolayers, while the thermal desorption areas indicate that

the coverage continues to increase for longer gas doses.
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surfaces with that of silicon may not be consistent due to the replacement of the

channeltron after the silicon experiments.

4.2.4 Summary

Our observations of the photodissociation of Fe(CO)s on the single crystal

surfaces of Al;Og, Si(100) and Ag(110) are summarized as follows:

(1) UV irradiation of Fe(CO)s on all the studied surfaces yields an increase in the

CO* mass signal which is attributed to the dissociation of Fe(CO)s by the
337 nm radiation. At low Fe(CO)s coverages, no Fe-containing species (e.g.,
Fe(CO)s, Fe3(CO);z) are observed with a sensitivity at least a factor of 10
greater than would yield Fet from cracking of Fe(CO)s. This indicates the
observed CO™ signal is not due to pyrolytic desorption of Fe(CO)s from the
surfaces. Calculations suggest that thermal heating of the substrate is not

important with the unfocussed N; laser (vide infra).

Irradiation of either the Si(100) or Al;O3 surface with mildly focussed 337 nm
light produces an exponentially decreasing CO* flux at short times (~200-500
shots), while a nearly constant flux is observed at long times. This “constant”
dissociation may be due to either diffusion of Fe(CO)s into the irradiated area
or evidence of dissociation products on the surface, either from dissociative
adsorption or the photochemical reaction, which have lower dissociation cross

sections. No other evidence for non-volatile reaction products were observed.

A pulse of Fe-containing molecules is observed upon initial irradiation of a
freshly dosed sample. This effect was observed on both silicon and sapphire

surfaces, with either focussed or unfocussed light, suggesting the energy
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absorption is through the Fe(CO)s molecules. Similar effects were noted in
IR photodesorption experiments of various organics (see Chapter 4). The
initial pulse of Fe(CO)s is believed to be due to either an annealing effect,
in which the annealing energy causes desorption, or the result of molecules
in thermodynamically unstable sites desorbed by energy deposited in the
layer. In addition, at higher (>monolayer) coverages, a constant flux of
Fe-containing species is observed. These are most likely Fe(CO)s molecules
desorbed thermally by dissipation of energy in the Fe(CO)s layer (although
not surface heating). Other possibilities are: (a) the formation of condensation
products (Fez(CO)g or Fe3(CO);2); these should also be observed at lower
coverage but are not; (b) other photofragments (Fe(CO);); the formation of
surface-bonded species which is possible at low coverage may be blocked at
higher coverage, enabling Fe(CO), species to be desorbed.
Observation of Fe(CO)5 dissociation on Ag(110) indicates the energy transfer
rate, which will be faster on silver than silicon or Al;O3, occurs on a timescale
slower than the Fe(CO)5 dissociation. Estimates for the energy transfer rate
are given in section 5.
Surface heating

The temperature rise at a solid surface due to incident pulsed radiation is

considered. We are interested in the predicted heating effect for the laser conditions

we have employed, particularly on the absorbing Si and Ag substrates. The solution

to this problem is given by Bechtel:*3

_ In(1-R)r/?

AT = (7erc)1/2 -O,(ﬂ,u,g,,\):p.ea (3)
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where the temperature rise at the surface, AT, is a function of the laser and bulk
solid parameters (grouped together as F), and a function ®, which gives the time
response of the surface as a function of various reduced parameters. The function
©,, plotted in Ref. {53], has a maximum value of 2 which we use to calculate the
maximum temperature rise. The appropriate constants for the substrates silicon
and silver (R, the reflectivity, K, the thermal conductivity, p, the density and ¢,
the heat capacity) are summarized in Table 1. The laser parameters are the pulse
width, 7 = 10 nsec, and the irradiance, I,,, which is approximated as 50 pJ-cm=2
for the unfocussed laser (temperature rise = AT,) and a factor of 100 higher for the
focussed laser to give an upper bound on the temperature rise (ATy). The values
calculated (Table 1) show that similar temperature rises can be _expected on both
Si and Ag in the region of N3 laser excitation. Surface heating is not important
for the unfocussed laser case, but may cause a significant rise if the irradiance is
increased by a factor of 100. Thermal effects due to surface heating have not been

observed in the reported experiments with either focussed or unfocussed light.

5. Discussion

5.1 Surface Photochemistry

The question of the identity and whereabouts of Fe-containing photoproducts
which are the non-volatile by-products of the UV-initiated reaction needs to be
resolved. As summarized previously, photolysis of Fe(CO);5 under low temperature
conditions results in the generation of Fe(CO)4. Further decarbonylation, which
has been inferred to yield Fe(CO); species in the gas phase, is halted by quenching

of the hot Fe(CO)4 intermediate in the matrix. However, this reactive species can
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Table 1

Parameters! and Results for Surface Heating Calculation

Si Ag

K (W/em-K) 14. 4.8
¢ (cal/mole - K) 2.3 5.1
p (g/em?) 2.40 10.5

R 0.5 0.3
F (K) 0.044 0.063
AT, (K) 0.09 0.13
ATy (K) 8.8 13.

T Optical constants for R from Refs. [54,55]; all others from Ref. [49].
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proceed to form Fe3(CO)g and Fez(CO); 2 even in the low-temperature environment.
Irradiation of silica-adsorbed Fe(CO)s likewise results in formation of Fe3(CO);,
(without Fez(CO)s, due to the instability of this species on the silica). Although
Fe3(CO);13 has a large absorbtion cross-section in the near UV, the compound does
not appear to be photoactive. It is thus plausible that Fe3(CO);; would be the
final product of UV irradiation, and may exhibit a reduced CO yield. The role of
subcarbonyl species (Fe(CO);) bonded to the surface also needs to be addressed.

No evidence for the identity of the photoproduct has been obtained in this study.

Deposition of iron films through the use of UV irradiaion and pyrolytic
decomposition of Fe(CO)s have been previously reported.5:53:56:58 TIron films
on a single crystal Si(100) sample were induced using both UV irradiation of
adsorbed Fe(CO)s and dosing of a heated surface (~300° C).52 Irradiation of
adsorbed .ayers with a high energy electron beam mainly stimulated desorption of
molecular Fe(CO)s, with the deposited film which was produced being more highly
contaminated with carbon and oxygen than from the other two techniques. No
mechanistic information was obtained in this study. Decomposition of Fe(CO)s over
soda-lime glass and silver foil was attributed to initiation by low-energy electrons

which are generated in the near-surface region by the UV light.5:58

The possible reaction mechanims to be considered for the UV photodissociation
of Fe(CO);5 on surfaces are shown schematically in Figure 13. Gas-phase absorption
and decomposition is negligible at these pressures (10~!° Torr total pressure,
with a much lower partial pressure of Fe(CO)5). The photoelectric mechanisms

can be discounted as the primary mechanism for Fe(CO)s decomposition in the
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Fe(CO)s DISSOCIATION ON SURFACES ‘

Mechanisms For CO Production
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Figure 13.  Mechanisms considered in the UV dissociation of Fe(CO)s over solid

surfaces (after George®8). The dominant mechanism in our experiment is the direct

excitation of adsorbed Fe(CO)s.
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reported experiments: the photon energy is below any interband transitions in
sapphire and silver. Irradiation of semiconductors with energy above the bandgap
energy can induce photodesorption and stimulate reactions at surfaces, and might
be expected to be important in the Fe(CO)s reaction on Si(100). However,
the similarity in reaction yield between the Si, Al303 and silver indicates the
electron-induced decomposition mechanism is not of major importance under these
conditions. Heating of the substrate is calculated to be negligible for the unfocussed
laser conditions. Laser-induced thermal desorption is not observed even with the
laser mildly focussed, so thermal decomposition, which would require much higher
temperatures (400 - 600 K%2), is not a plausible mechanism. We conclude that
absorption of the UV light by adsorbed Fe(CO)5 followed by fast dissociation is the

only mechanism consistent with our observations.

The results of a dynamical study of UV photodissociation of an adsorbed
molecule were recently reported by Bourdon et al.6° Submonolyer coverages of
CH3Br on an insulator, LiF (001), were irradiated with 222 and 308 nm light, and
the time-of-flight of the desorbed species was recorded. Two effects are stimulated
by the radiation: a direct photodissociation of the adsorbed CH3Br, analogous to
the dissociation of Fe(CO);s reported here, and photodesorption of molecular CH3Br
due to absorption of radiation by the crystal. The photolysis of the CH3I in the gas
phase occurs through excitation to a repulsive state and is ultra-fast (0.6 x 10713
s), and the same mechanism is postulated for CH3Br dissociated in the gas phase
and on the LiF surface.’? Excitation of adsorbed CH3Br at 222 nm produces CH3

fragments with 2.2 eV of translational energy, out of 2.6 eV available to products
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(from the photon energy minus the energy of the CH3~Br bond) -~ the CH3 group
appears to simply recoil from the surface. The photolytic yield resulting from the
estimated coverage agrees with the gas-phase absorption cross section of CH3Br.
The failure to observe products upon 308 nm radiation is also consistent with the
low gas-phase absorption in this region. The eventual buildup of a carbon film did

not affect the results.
5.2 Energy Transfer Theory

Interest in the phenomenon of energy transfer to surfaces was initially
stimulated by observations that the lifetime of fluorescing molecules was modulated
by a reflecting metal surface.6162 A layer of rhodamine 6G dye molecules was
locatéd at varying distances from a silver metal film, using fatty acid layers, and
excited in the visible region. The fluorescence lifetime oscillates with frequency of
the order of the wavelength of the emitted light. The interference effects due to the
reflection of the field of the oscillating dipole from a mirror accounts well for the data
at long distances (d > 1000 A), but additional and drastic quenching not reproduced
by this treatment occurs if the molecule is located close to the surface. More
recent experiments that preferentially probe the behavoir of the emitter lifetime in
the near-surface region quantify this result.’3-67 An approach that quantitatively
treated the early results and that remains fairly successful even in light of recent
experiments is the classical approach of Chance, Prock and Silbey.5®8 Considering a
point dipole at a given distance above an infinite and smooth surface, the lifetime of
the dipole can be predicted using only the measured dielectric constant of the solid,

€(w). The reflection of the surface modifies the radiative lifetime at long distances
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while non-radiative energy transfer to the solid dominates the short distance regime,
and both can be deduced from this treatment.

Of particular interest here is the nonradiative decay rate and mechanism
at short molecule-surface separation, d. The classical theory®® predicts a short-
distance energy transfer rate that varies as 1/d3, which can be understood on very
physical grounds.®6:67 The well-known Férster dipole-dipole energy transfer rate
between two molecules exhibits an 1/d® dependence, from the same considerations
that derive the van der Waals induced dipole interaction ,._lo' distance dependence.
A point dipole above a surface interacts with a three dimensional array of dipoles;
integration over this volume leads to a 1/d3 dependence of the lifetime. Similarly,
a 1/d* dependence might be expected in the case of quenching of the emitter by a
two-dimensional (surface) dipole phenomenon.®® The results of the Chance, Prock
and Silbey model®® are summarized here. Consider the classical harmonic, damped
oscillator (point dipole) driven by its own electrcmagnetic field reflected from the

surface:

2
€ .
i+ wip = "n;ER — bost, (4)

where w is the free molecule oscillation frequency, Er is the reflected field at the
dipole position and the damping constan®, by, is the inverse lifetime in the absence
of the mirror — just the emission lifetime. The decay rate in the presence of the

mirror, b, normalized to the free molecule rate is (Eq. 2.7 of Ref. [68]):

. 3qn?
= =1+ ———= Im(E)), 5
b b/bo + % o k:i,' m( 0) ( )

where n) and k; are the index of refraction and propagation constant, respectively,
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of the medium containing the dipole, uo is the transition dipole moment of the
transition and Eg is the radiated electric field. Determination of the electric field is
accomplished using Fourier analysis of the dipole field. The result of this treatment

for the normalized decay rate is:67:68

. +o0 N ua
b= 1+A-qxIm/ [B-R*"-f—C-R’]e‘z"d‘l—du, (6)
0 1

where u is the wavevector normalized to the photon wavevector, RP:® are the
complex Fresnel reflection coefficients for incident light p- or s-polarized (parallel or
perpendicular) to the plane of incidence, d is the normalized dipole-surface distance,
I} = —i(1 — u?)'/2, and A, B and C are factors that depend on the orientation
of the dipole (also functions of u). The second term expresses the modification
of the fluorescence yield as an integral over all wavevectors which are the Fourier
components of the dipole field. The important point here is that the integration can
be broken down into regions associated with physical mechanisms: for 0 < u < 1,
or wavelengths longer than the radiating field, the decay process is radiative due to
emission of a photon; for 1 < u < oo, non-radiative processes account for the decay.
Near © = 1 resonant decay pathways exist in which the light wavevector nearly
matches that of the surface mode — e.g., in the visible region, surface plasmons on
silver or polaritons in semiconductors can quench the field of the dipole. The rest of
the high wavevector contributions to the decay rate represent all other possibilities
for energy loss to the solid, which within the classical model are electron scattering
mechanisms. These contributions become more important to the integral at smaller
distances to the surface, where the high wavevector components dominate.

Figure 14 depicts the Fe(CO); dissociation experiment described within the
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Figure 14. Schematic of (2) excited gas-phase Fe(CO)s which relaxes by
fluorescence (with rate kr) and dissociation (kp). For Fe(CO)s, kp > kr - that
is, no fluorescence is observed from any excited state of Fe(CO)s. The fluorescence
rate of Fe(CO)s is an important quantity only for calculation of the quenching rate
constant (see text). (b) The addition of a quenching mechanism (kg ) representative
of energy transfer into the solid. With excitation at 337 nm, we find kp > kg for

Fe(CO)s on the Ag(110), Si(100) and Al;O3 surfaces.
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classical model. The free molecule case is shown in Figure 14(a), with the
dissociation rate dominating the relaxation. In Figure 14(b) the energy transfer rate
from the excited state to the solid competes with the decarbonylation rate. This
modelling also assumes an intermediate state with a finite lifetime, consistent with a
recent theoretical study of the Fe(CO)s decomposition®® which suggests absorption
occurs into the first singlet state and crosses into the triplet manifold. The initial
excitation should be better classified as occurring into a state of mixed singlet-triplet
character (see Section 2), so it appears reasonable to assume an intermediate state.

To calculate the rate of non-radiative energy transfer to the surface we need
the free molecule relaxation rate — that is, the radiative decay rate predicted for
Fe(CO)s in the absence of dissociation ~ which can be derived from the oscillator

strength of the transition and the Einstein relations. The oscillator strength is7°
f=4.32x 10—9/ €abs (w)dw (7)

where the integral over the absorption strength can be approximated by the
maximum €gp, times the halfwidth. For the Fe(CO)s absorption at 337 nm we
estimate €;p,~ 400M~lcm™! and an upper limit for 6wy /2 is 60 nm. This yields an

emission lifetime of 2 usec. The energy transfer rate in the limit of short distance

becomes:58
3(A/27)3n2k, g
bpr = bp —————= = bg—, 8
BT 0@y + &2 B )

where the dielectric constants for silver (337 nm)% and silicon (350 nm)%¢ are
—0.907+0.081 ¢ and 14.7+29.3 7, respectively. The calculated excited state lifetimes

at various distances are collected in Table 2. We have assumed a 337 nm emission
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Table 2

Results of Energy Transfer Calculations

B(cm™3) d(A) B/d? 7(ro = 2usec) 7(ro = 10pusec)
6.16 x 1016 1.0 6.2 x 108 32x10°1%  16x 10~
2.0 7.7 x 107 26x10714 13x10°18
Ag 4.5 6.8 x 108 29x1071%  14x10-12
10. 6.2 x 10° 32x10712  16x10-!!
3.10 x 10~18 1.0 3.1 x 108 6.5x 10713  32x10-12
2.0 3.9 x 105 5.1x10712  26x10~1!
Si 4.5 3.4 x 10¢ 59x 1071 2.9x10-10

10. 3.1x 108 6.5x 10710 32x109
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wavelength, since we have no estimate for the energy of the triplet state. For an
excited Fe(CO)5 molecule described as a dipole with 7o = 2 usec at the van der
Waals radii of Fe(CO)s (~ 4.5A) from the silver surface, the calculated energy
transfer rate is ~ 107 faster than the emission lifetime, and an order of magnitude
faster than the 2 psec dissociation rate estimate. The dissociation and quenching
rates are equal for 79 = 10 psec (from using a smaller estimate of the width of the
absorption feature!”). Because of the d® dependence, the quenching rate drops by
an order of magnitude if the dipole is spaced an additional 5 A from the surface. The
quenching rate on silicon is smaller by a factor of 200. These calculations show the
qualitative behavior one would expect for the quenching rate of the two surfaces as
a function of distance, but quantitatively predict severe attenuation of the Fe(CO)s
dissociation should be observed on the silver surface. Since no significant quenching
of the decarbonylation yield is observed over silver, the quenching rate must in fact
be at least two orders of magnitude slower than the dissociation rate. Refinements
to the simple classical theory (vide tnfra) will tncrease the calculated rate. The
possible enhancement of the photochemical rate by surface roughness is discussed
in Section 5.3, but we note here that roughness is also expected to enhance the
quenching rate®4. Thus, the dissociation rate of Fe(CO)s appears to be an order of
magnitude faster than the present upper limit of 2 psec.?4

The assumptions in the theory of Chance et al. need to be modified as the
dipole-surface distance become small. In the classical model, the decay mechanisms
are only those which are probed by the optically-measured dielectric constant, e(w),

i.e., only local effects that do not depend on electron correlation. Non-local effects
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have been theoretically taken into account?®»72 with the use of a modified form
of the dielectric constant, e(w,k). The result is the inclusion of the electron-hole
generation mechanism which, because of its contribution at high wavevector, will be
an important damping mechanism for dipoles at short distance from the solid. In
addition, due to momentum constraints, the unphysical singularity in the classical
result at high wavevector (i.e., the energy transfer rate goes to infinity at d = 0)
is removed. A d—* distance dependence, important at short distances - d < 30
A in the visible and longer distances, d < 100 A, in the infrared — is predicted in
the Persson theory,’2 and has been observed in the visible region on silver.%® The
use of non-local optical theory has accounted for the ultra-fast (> 104 s~1) decay

rates implied by linewidth measurements on Al'®® and Ag.”®

Another difficulty with the classical model is the sharp boundary at the
interface. Metiu74 first used a jellium model of the surface and obtained a smoothly
varying dielectric function across the solid surface. The results of his calculations
predict that the classical theory will successfully model the energy transfer rate
down to ~6 A! The improved modelling of the surface potential has also been
employed in recent work by Persson.”® Specific cases of the energy transfer rate
in chemisorbed states which involves electron overlap at these short distances have
also been modelled,”® but these are not expected to be of importance in the case

of weakly bound Fe(CO)s.
5.8 Surface-enhanced effects

The observation of the surface-enhanced Raman (SERS) effect generated

considerable excitement.”” It is now known that the primary component of the
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enhancement is due to plasma resonances in surface structures present on a rough
surface.”8~8% Particularly noteworthy are the experiments of Campion, et al.,”
in which no Raman enhancement on smooth single-crystal silver surfaces was
observed, and that of Chen and Osgood,®® which demonstrated the enhanced
flelds surrounding elliptical silver particles irradiated near the plasma resonance.
Theoretical treatments’® have come to similar conclusions about the source of
the Raman enhancement, and predictions of enhanced photochemistry have been
advanced,®! and since then been demonstrated.’%:82:83 The yield of two-photon
generated surface carbon production from irradiation of aromatics over a roughened
silver surface was seen to maximize at ~ 20 A,83 perhaps indicative of a competition
between the enhanced photochemistry effect and the shorter-range energy transfer
process.8! Surface roughness is also theoretically expected to increase the energy

transfer rate beycnd the classical model, even for long distances (d ~ 504).84

Since silver is an excellent substrate on which to obtain enhancement effects,
the characterization of the surface morphology is an important consideration. As
recounted in the experimental section, care was taken to polish and anneal the
crystal, but imperfections and corrugation were still present. Although at the
present time we believe these effects to be minimal, enhancement effects due to
rough surfaces are known to diminish or disappear as the crystal surface smooths
over the period of days to weeks (unfortunately for those trying to generate such
effects!),® so the long-time reproducibility of the photochemical behavior will
indicate the importance of roughness features. Short-term tests which will provide

an assessment of the magnitude of this possible effect given the available equipment
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include: the intentional roughening of the surface; the spacing the reactant Fe(CO)s
molecule off of the surface to search for 2 maxima in the yield a short distance away
from the surface —~ the yield near the smooth surface should maximize at long

distances, if indeed there is some change in the yield of dissociation.

6. Conclusions

We report the observation of laser-induced dissociation of Fe(CO)s on
three surfaces, Al;O3, Si(100) and Ag(110), demonstrating the fast dissociation
successfully competes with mechanisms of energy transfer into the solid. Photolytic
effects are observed without competing processes such as pyrolytic or electron-
induced dissociation. The dissociation yield, as monitored by CO production, is
similar on the three surfaces, suggesting the reaction mechanism does not directly
involve the substrate. Dissociation via direct absorption of 337 nm light by the
metal carbonyl has been postulated. The inferred Fe-containing photoproducts of

the dissociation have not been identified.

7. Future Work

The present report is a preliminary study, and there are many continuations
that would both better characterize the studied system and provide extensions
to other systems. Of primary importance is identification of photoproducts and
characterization of the surface species. The use of tunable UV radiation would
provide clues to the nature of the absorbing species. Other organometallics
with large absorption cross-sections in this wavelength region such as Cr(CO)s or
Mn;(CO)yo have parent ions that are too massive to observe with the present mass

spectrometer, but would also be interesting to study. More importantly, surface
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spectroscopies such as EELS would be quite valuable to identify surface species.

It would be interesting to observe whether the ultra-fast Fe(CO)s reaction
would occur on a free-electron metal, such as Al, where quenching of electronic
energy appears to be extremely efficient.!® The use of other small molecular systems
with slower dissociation rates would be advantageous for many reasons. The smaller
molecule would enable the “classical dipole” to approach closer to the surface and
assuming attenuation of the dissociation rate can be observed, information would
be gained from a distance dependence of the reaction rate. Simplification of the
reaction possibilities and the capability to observed reaction products in the mass
spectrometer would be quite advantageous. A possible systems for study wculd be
H2CO, which exhibits a much slower dissociation rate (~107 s~!) and has been
well-studied on a number of surfaces.

Differential pumping of the mass spectrometer in the present system is needed
to obtain the important TOF measurements to differentiate between surface
mechanisms. The distribution of translational energy would indicate whether
the photolytically generated CO is equilibrated at the surface temperature or a
direct product of the dissociation event. The availability of state-specific detection
techniques will provide further characterization of the photoproducts.
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APPENDIX 1

VIBRATIONAL PREDISSOCIATION SPECTRUM

OF METHYL FLUORIDE DIMER
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In work prior to the study described in Chapter 3, we attempted to obtain
the vibrational predissociation spectrum of isolated van der Waals complexes of
CHg3F. The dimers proved to be quite difficult to isolate, due to the large dipole of
CH;3F. Recently, we managed to obtain the dissociation spectrum of methyl fluoride
dimer, (CH3F),, presented in Figure 1. The lowest profile most clearly presents the
structure that is obvious in the spectra obtained over a variety of conditions. There
is no additional narrowing of the profile down to 660 Torr backing pressure but
a loss of peak intensity which is observed; this could be due to either a higher
rotational temperature at the lower pressure or loss of He-(CH3F)2 complexes, if
they contribute to the observed spectrum. The profile is very broad (~20 cm™!)
and exhibits structure which is partially resolved by the CO; laser. The extreme
broadness suggests a substantially lifetime broadened spectrum, on the order of that
observed for (CaH4)z. The structured contour should make it possible to model the

dimer structure.
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Figure 1. Vibrational predissociation spectrum of (CH3F)s.
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BAKEOUT CONTROLLER FOR THE USE OF HELUIM CLOSED-CYCLE
REFRIGERATORS IN UHV APPLICATIONS*

Francis G. Celii,t Paul M. Whitmore and Kenneth C. Janda}

Arthur Amos Noyes Laboratory of Chemical Physics,
California Institute of Technology, Pasadena, California 91125, USA

ABSTRACT

Simple control electronics are described which provide automated bakeout of
an UHV chamber equipped with a helium closed-cycle refrigerator. By preventing
the refrigerator from reaching elevated temperatures (T <50° C) during bakeout,

these devices can be utilized in the ultra-high vacuum environment.

* Contribution No. 7236
t Atlantic Richfield Foundation Fellow
1 Camille and Henry Dreyfus Foundation Fellow
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1. Introduction

The helium closed-cycle refrigerator provides a convenient way to achieve
ultra-low temperature without the daily consumption of cryogenic liquids. Matrix
isolation spectroscopists today utilize these as cryostats almost exclusively,! and
they are widely used as the heart of cryopumps.?2 There have been a number of
recent crystal manipulator designs based on the use of flowing cryogens.®=7 Devices
such as the CTI Model 350 refrigerator,® would be useful as an alternative to cooling
crystal samples for surface science applications — the 350 provides 2 W of cooling
power at 15 K (second stage) with 20 W of heat load at 77 K (first stage) — but they
are not UHV compatible. Joints that are normally soft-soldered can be replaced
with silver-soldered joints,® but lead shot in the displacer as well as the piston
assembly in the head which is not rated above 150° F preclude the necessary practice
of a 150-200° C bakeout. We have found, however, that with careful control of the
refrigerator temperature during bakeout, these devices can be utilized in the UHV
environment. This note describes the temperature sensing and control electronics
we have employed for this purpose.

2. Bakeout Control System

As implemented in our system, the bakeout control system is configured in 3

sub-units, as illustrated in Figure 1:

a.) The bakeout controller houses the thermocouple amplifier, which senses the
temperature of the refrigerator’s second cold stage. An additional amplifier
stage provides a convenient monitor voltage, and comparators establish under-

and over-temperature set points.
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b.) The refrigerator pulser responds at the first (lower) set point of the bakeout

controller to activate a cooling cycle of the refrigerator.

c.) The oven interlock severs power to the bakeout ovens in the event of an over-

temperature condition (second set point).

The heart of the bakeout controller (Figure 2) is the AD595, a thermocouple
amplifier with internal ice-point reference.!® A particularly convenient feature of
this amplifier is that the sensing thermocouple junction can be grounded — in the
case of a differential amplifier, one would need to electrically isolate the junction
while maintaining good thermal contact. The standard 10 mV/° C output of the
AD595 is additionally amplified by a second stage (X 10), providing a monitor output
as well as input to the comparators. The comparators (LM321) provide the levels
to open or close relays in the refrigerator pulser and oven interlock.

The refrigerator pulser (Figure 3) provides automated control of both the
refrigerator compressor unit and the cold head piston. A pair of 3-conductor
14-gauge cables are interposed behind the two switches on the front panel of the
compressor unit. This is the only modification made to the original compressor
unit and is accomplished so that the cover can still be conveniently removed. The
signal from the bakeout controller, through a low-current relay, initiates a Cycl-
Flex 0—10 minute timer'! which in turn activates the compressor. A time-delay
relay allows the compressor to stabilize (~10 sec) before providing power to the
cold head piston. A manual override provides constant operation for crystal cooling
purposes.

The oven interlock (Figure 4) provides power to the bakeout ovens through a
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latched relay. Should the refrigerator not remain sufficiently cool, the bakeout would
be stopped. Provision could be made here for maintaining the bakeout temperature

below a maximum value, but this is not a problem in our system.

3. Operation

A sample ion-gauge trace during a bakeout using this controller system is
shown in Figure 5. The gradual decrease in chamber pressure is modulated by
the refrigerator cooling cycles. Gases desorb as the refrigerator surface warms to
35 ° G, the first set point. Chamber pressures in the low 10~7 Torr range are
achieved during bakeout, and titanium pumping after cooldown routinely results in
pressures of 1 - 2 X 10~10 Torr. Refrigerator pulses of 5 - 7 minutes are required
every 20 - 30 minutes during the 200° C bakeouts. The piston assembly in the cold

head is located outside the ovens, and remains relatively cool with the use of a fan.

Using the 2-stage cooling provided by the CTI 350, we have achieved crystal
temperatures as low as ~35 K (using a calibrated chromel vs. gold-5% iron
thermocouple pair) with heat conduction through a high-grade (99.999%, or 5N
grade) flexible Cu braid,!? to allow crystal rotation on a manipulator with 2%—
inch offset, and without extensive crystal shielding. Presumably the design of
this low-temperature sample mount could be improved. We have also used a
high-temperature mount, which is equipped to heat samples to 1500 K, and
with this configuration the crystal cools to 120 K. In addition to providing the
two cold stations, the refrigerator acts as in integral cryopump during operation.
A multichannel array gas doser is therefore desirable so that samples may be

preferentially adsorbed on the crystal sample rather than the refrigerator. The
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Figure 5. Ion gauge trace obtained during bakeout of UHV chamber. The

chamber pressure is modulated by on-off cycles of the refrigerator.
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refrigerator being pulsed on-off during bakeout prevents H,O and other condensibles
from freezing onto the cold refrigerator surfaces and remaining in the chamber.

Acknowledgement

We are grateful to Professor Sten Samson for advice on low-temperature
techniques, as well as for the thermocouple wire and the loan of a Si diode system,

for temperature calibration.



— 252 —

References

10.

11.

12.

A.J. Barnes and H.E. Hallam, in Vibrattonal Spectroscopy - Modern Trends,
A.J. Barnes and W.J. Orville-Thomas, eds. (Elsevier, New York, 1977).

M. Michaud and L. Sanche, J. Vac. Sci. Tech. 17 (1980) 274;
R.A.A. Kubiak, W.Y. Leong, R.M. King and E.H.C. Parker, J. Vae. Sci. Tech.
Al (1983) 1872.

J.A. Stroscio and W. Ho, Rev. Sci. Instrum. 55 (1984) 1672.
P.A. Thiel and J.W. Anderegg, Rev. Sci. Instrum. 55 (1984) 1669.

N.J. DiNardo, J.E. Demuth, W.A. Thompson and P.G. Ledermann, Rev. Scs.
Instrum. 55 (1984) 1492.

E.E. Chaban and Y.J. Chabal, Rev. Sci. Instrum. 54 (1983) 1031.
I. Arakawa and Y. Tuzi, Rev. Sci. Instrum. 55 (1984) 617.

CTI Cryogenics, Kelvin Park, Waltham, MA 02154; the same model refriger-
ator can be purchased mounted on a conflat flange from: Cryosystems, Inc.,

190 Heatherdown Dr., Westerville, OH 43081.
G.L. Fowler and J.A. Panitz, Rev. Sci. Instrum. 51 (1980) 1730.

Analog Devices AD595 (pre-trimmed for chromel-alumel) or AD594 (iron-

constatan).
Cycl-Flex HP54, Eagle Signal, 736 Federal St., Davenport, IA 52803.

S. Samson, E. Goldish and C.J. Dick, J. Appl. Cryst. 13 (1980) 425.



