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ABSTRACT

Infrared photodissociation of van der Waals molecules
is investigated using low power cw infrared lasers. Infor-
mation gained <concerns the dynamics of vibrational
predissociation and the van der Waals interactions. Clusters
formed in supersonic molecular beams are irradiated for
approximately 0.5 msec and the fraction of «clusters
remaining intact is measured as a function of laser
wavelength and power. Detailed homogeneous and
inhomogeneous line shape models are presented and used to
analyze the results. Effects such as fluence broadening and
orientational inhomogeneity are described.

Van der Waals molecules studied include dimeric
clusters of ethylene with rare gases, hydrogen halides and
non-hydrogen bonding polyatomic molecules. Homogeneous

widths of clusters excited near the v frequency of free

7

ethylene correspond to lifetimes ranging from 0.44 psec for

(C2H4)2 to greater than 10 psec for Ne-CZH These are

4
attributed to vibrational predissociation constrained by
conservation of angular momentum. Other <conceivable

broadening mechanisms are discussed.

Spectra obtained by exciting the v, mode in different

7

types of ethylene clusters are quite dissimilar. Lineshape

7 transition 1in (C2H4)2 occurs

as a hybrid band. The same transition in C2H4-HF occurs as

a perpendicular band. The rare gas-ethylene clusters are

analysis indicates that the v



less rigid than the others and excitation of hindered
internal rotation of C2H4 accompanies the Vo absorption.

All of the ethylene clusters exhibit blue shifts and
intensity enhancement, as compared to V7 absorption by free
ethylene, which are attributed largely to electrostatic

interactions.
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Chapter 1

Introduction



The quintessential van der Waals molecule infrared
photodissociation experiment was originally described by
Klemperer in 1974.l He proposed that infrared active
constituents of weakly bound clusters formed in molecular
beams could be vibrationally excited using narrow band
lasers. The quantum of vibration would, in general, be
larger than the van der Waals bond energy. Subsequent
intramolecular vibrational energy redistribution would lead
to fragmentation of the complex which could be detected as
beam loss by using a mass spectrometer.

The information gained from such experiments is impor-
tant in two major areas of chemical physics. First, since
the dynamics of the initially excited state are reflected in
spectral 1linewidths, factors which control the rate and
direction of vibrational energy flow in molecules can be
discerned. Fast randomization of this energy is a postulate
of statistical unimolecular reaction theories. On the other
hand, the success of laser selective chemistry depends on
the existence of metastable vibrational energy distri-
butions. The second area 1is understanding the nature of
weak interactions between molecules. In addition to dynam-
ical information, photodissociation spectra contain, 1in
principle, all of the types of information found in tradi-
tional spectroscopies. Structure, frequencies and intens-
ities observed are all a consequence of the intramolecular

potential.



Based on an empirical half-collision model, Klemperer
estimated that HF-:-:HF(V =1) should dissociate within 50
psec.l At the same time, vibrational predissociation
theories2 were unable to account for the widths of diffuse
bands in hydrogen-bon&ed liquids. Soon afterward, Child3
and Ewing4 calculated lifetimes on the order of seconds for
some clusters. Theoretical work of Beswick and Jortner5 was
successful in accounting for the widths of 1levels of

vibronically excited HeI, observed by Levy and coworkers,

2
but (at the same time) their theory also predicted very long
lifetimes for other clusters. Before 1979, two direct
observations of infrared photodissociation of van der Waals

molecules had been reported. The first was a study of N,O

2
clusters by Gough et al.6 These spectra were evidently
inhomogeneous, and uncertainty in the cluster size
precluded analysis. The second experiment was performed by
Gentry and coworkers7 on ethylene dimer. They observed
intense photodissociation over a range of nearly 200 cm-l,
suggesting an incredibly fast decay rate.

The incongruity of the results listed above were the
motivation for the work presented in this thesis. The
chapters, which are arranged roughly in chronological order,
reflect an effort to vary the intramolecular potential to
see how it influences the photodissociation spectrum. They

are interspersed with sections on the 1lineshape analysis

which became increasingly detailed as measurements became



more precise. Using very detailed lineshape analysis, we
have discovered that it is possible to learn a great deal,
even from spectra which appear as broad featureless blobs.
Chapter 2 contains our original ethylene <cluster
results, including ethylene dimer. Chapter 3 is a demon-
stration of the facility and isotopic selectivity of
infrared photodissociation of weakly bound complexes.
Chapter 4 déscribes the homogeneous lineshape analysis which
reconciles the dimer width originally observed by Hoffbauer

7

et al. and the 12 cm-l width observed in our laboratory.

Chapter 4 also includes an application of a similar line-
shape model to test the feasibility of a 1laser induced
desorption experiment analogous to van der Waals molecule
photodissociation. Chapter 5 contains our measurements on

C2H4'HF and C2H4

widths than (C2H4)2. The observed blue shifts and intensity

enhancement of the cluster-bound C2H4 vibration, as compared

are interpreted using an electrostatic inter-

*HC1l which exhibit significantly narrower

to free C2H4,

action model. Since the hydrogen-bound clusters' spectra
are narrow, it 1is possible that inhomogeneous broadening
affects the band profile. This possibility is addressed in
Chapter 6 where an inhomogeneous lineshape model is
presented. With this model, seemingly disparate measure-

ments of the (C2H4)2 width over a wide range of laser powers

have been quantitatively reconciled. Spectra of Ne°C and

2fyq
Ar 'C2H4 are reported in Chapter 7. These are rich 1in

structure and Ne *C.H

2H, has the narrowest lines yet observed



in ethylene cluster spectra. The structure is due to
hindered internal rotation by the ethylene. Evidently the
other clusters mentioned above are rigid when compared to
Ne‘C2H4 and Ar‘C2H4. Comparison of results obtained for all
of the ethylene clusters indicates that widths are due to
vibrational predissociation constrained by angular momentum
conservation. Chapter 8 discusses line broadening mechan-
isms and their importance in van der Waals molecule photo-
dissociation spectra. These considerations are crucial to
interpretation of our experiments since linewidths only give

a decay rate, while the decay mechanism must be inferred.

Chapter 9 summarizes highlights of the previous chapters.
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Abstract

Vibrational predissociation lineshapes in the Vo4
region of the ethylene spectrum are measured for van der
Waals molecules of ethylene bound to Ne, Ar, Kr, C2H4 and

C,F The predissociative rate is very fast for this group

2°4°
of molecules. The range of vibrationally excited state

12
seconds for (C2H4)2 and

That the observed lineshapes are homogeneous is

lifetimes is 0.44 to 0.89x10°
C2H4'C2F4.
demonstrated by the fact that a low-power, narrow frequency
bandwidth 1laser can dissociate a large fraction of the
initial ensemble of ethylene clusters. The observed
transition probability is proportional to the number of
ethylene subunits for clusters containing three or fewer
ethylene subunits. These observations are interpreted in

terms of intramolecular energy flow directly from ethylene

U7to the weak van der Waals modes of motion.
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I. INTRODUCTION

Van der Waals molecules present relatively simple
systems for studying intramolecular vibrational energy
flow. Klempererl originaily speculated that vibrationally
excited (HF)2 should dissociate within 5x10-ll sec based on
an empirical half-collision V-T transfer model. Shortly
thereafter, using Fermi's Golden Rule, Child2 calculated
lifetimes many orders of magnitude longer for Ar- HCl.
Meanwhile, theoretical models3 were unable to account for
diffuse bands in infrared absorption spectra of gas phase
hydrogen-bonded complexes.4 These disparate themes have
been reechoed for the most part in considerable subsequent

5-18 19-30

experimental and theoretical work to understand

energy transfer rates in weakly bound molecules.

In one such study Gentry et al.17 found efficient
dissociation of ethylene clusters with a pulsed CO2 laser
operating anywhere between 900 and 1100 cm-l. This
suggested the possibility of an exceedingly fast disso-
ciation process. Subsequent experiments3l with a low-

power , cw CO, laser showed that the vibrational process is

2
indeed fast, but at least an order of magnitude slower than
suggested by the pulsed laser experiments.

In this paper we present a complete description of
the cw CO2 laser dissociation of ethylene dimer at
950 cm L. To provide additional insight we have also

studied lineshapes for 950 cm_l vibrational predissociation
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of ethylene bound to Ne, Ar, Kr, C2F4 and larger ethylene

clusters. Rates .for this set of molecules are all in the
range of 3x1012 sec-1 to 1012 sec-l indicating that energy
transfer out of the initially excited vy mode of ethylene
controls the order of magnitude of the rate. The quéli-
tative wvariation of rate versus bonding partner is

19-23

reasonable with regard to the theories of Beswick and

Ewing.24—26

Unfortunately, this class of molecule is much
too complicated to yield to a detailed application of

theory.
II. EXPERIMENTAL

Van der Waals molecules were synthesized in super-
sonic expansions which were skimmed to form molecular
beams. Molecular beam composition was determined by mass
spectroscopy and controlled by varying the composition and
pressure of the expanding gas mixture. Nearly complete
cooling of internal degrees of freedom was ensured, and
massive condensation was avoided by expanding mixtures
containing a few percent of the van der Waals molecule
constituents in a helium carrier gas. Infrared laser
irradiation of the molecular beam using a low-power cw CO2
laser resulted in photodissociation of a large fraction of
the van der Waals complexes. In these experiments the

laser-induced change in molecular beam composition was

monitored as a function of laser wavelength and power.
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A. Apparatus

A schematic of the molecular beam instrument is
shown in Figure 1. Four levels of pumping are used so that
low background pressures required for van der Waals mole-
cule spectroscopy and mass spectrometry are maintained,
despite the high throughput of the supersonic nozzle.
Quartz nozzle sources were constructed by sealing one end
of a quartz tube (0.8 cm OD, 0.2 cm ID) and then gently
grinding until a pinhole of the desired size was formed.
Flat nickel utility pinholes mounted on the end of a stain-
less stgel pipe were also used as nozzle sources. The
metal nozzles generally provided more van der Waals mole-
cule intensity but were less durable and dependable than
the quartz nozzles.

The source chamber (at the far left in Figure 1) is
pumped by an unbaffled 4-inch Pennwalt Stokes booster pump
backed by a Leybold-Heraeous E150 mechanical pump.

Throughput of this configuration is 2800 torr cm3 sec-l at

10—2 Torr. The first aperture downstream of the nozzle is
a skimmer (Beam Dynamics Model 2) with a 0.l-cm entrance
diameter. Optimum nozzle-skimmer distance is ~1.0 cm.
Nozzle position is completely adjustable while all down-
stream apertures are fixed in optical alignment.

Typically, gases at 5 to 10 atm and 300°K are expanded

through a 35-um pinhole while maintaining a background
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MOLECULAR BEAM SPECTROMETER
(TOP VIEW)

ZnSe window
o

- -
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ionizer

nozzle
I ZnSe window

L 1

FIGURE 1. Schematic diagram of the molecular beam spectro—
meter. See Experimental Section for details.
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pressure of the order of 10-3 Torr in the source chamber.

The molecular beam emerging from the skimmer (moving left
to right in Figure 1) traverses a 4.8-cm region of differ-
ential pumping before encountering a cone-shaped collimator
with an entrance diameter of 0.2 cm. Differential pumping
is supplied by an unbaffled 6-inch Varian VHS-6 diffusion
pump which maintains a pressure in this region of '\110_5
Torr during operation. Passing through the first colli-
mator, the molecular beam enters the largest vacuum chamber
and travels 40.5 cm further to a second collimator.

Pressure in the main chamber is maintained at 10-6 Torr By
an Edwards 160/700 diffusion pump having an internal water-
cooled baffle. After the second collimator, the molecular
beam enters a fourth vacuum chamber (far right in Figure 1)
which houses an Extranuclear quadrupole mass spectrometer
equipped with a crossed-beam electron impact ionizer and
channeltron particle multipler. The mass spectrometer
chamber is pumped by an Edwards CR-760 diffusion pump
equipped with internal water and nitrogen-cooled baffles
which provide ambient pressures of '\110—8 Torr during exper-
iments. The second collimator, with a 0.24 cm aperture,
defines the diameter of the molecular beam detected by the
mass spectrometer. Total distance from the nozzle source
to the ionizer of the mass spectrometer is 60 cm corre-
sponding to a molecular flight time of the order of 0.5

msec.
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An Apollo Laser Model 550A grating-tuned cw CO, laser

2
was used in these experiments. The laser 1linewidth is
estimated by the manufacturer to be "~ 50 MHz. For most
infrared photodissociation studies, the unfocused 1laser
beam was directed into the apparatus through a ZnSe window
(supplied by II-VI Incorporated) indicated at the far right
in Figure 1. The laser beam and molecular beam were
colinear in this configuration and irradiation time of
species in the molecular beam was maximized. 1In one exper-
iment the unfocused 1laser beam was directed into the
apparatus through the auxiliary window (Figure 1, top) and
crossed the molecular beam at right angles before being
absorbed by a graphite beam stop.

Laser beam gquality was monitored with an Optical
Engineering Model 22A thermal imaging plate. When opti-
mized (by visual inspection on the imaging plate), the beam
profile was nearly Gaussian (FWHM = 6 mm) as determined by
measuring the power transmitted through a l-mm diameter
pinhole translated across the beam. However, reproducible
variations in mode structure were observed as the laser
wavelength was changed. As decribed above, the detected
molecular beamis 0.24 cm in diameter and thus only inter-
acts with the central portion of the laser beam.

Measurements of the infrared beam intensity within
the largest chamber of the apparatus indicated that 4 to 7%
of the total incident laser power was transmitted through

the mass spectrometer chamber apertures. This attenuation
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was only partly due to losses at optical surfaces. The
transmitted power loss was mainly due to the small
apertures in the molecular beam apparatus and was thus
extremely sensitive to the transverse mode structure of the
laser beam. Irradiances were calculated using éalibration
constants obtained for each set of photodissociation exper-
iments. Power measurements were made with a Laser
Precision Corporation Model RkP-345 pyroelectric radio-
meter. Temporal fluctuations in laser power were less than
+5% during an experiment. Infrared laser wavelengths were
measured with an Optical Engineering Model 16A spectrum
analyzer.

For infrared photodissociation experiments performed
with colinear laser and molecular beams, the laser beam was
mechanically chopped (usually 100-150 Hz). The intensity
of a given peak in the molecular beam mass spectrum was
measured both in the presence and absence of infrared
radiation using a two-channel boxcar. Direct electronic
division of the two values gave the fractional change in
mass spectrometer signal intensity due to laser irra-
diation. Fine adjustments in laser beam position were made
to maximize extent of photodissociation. For the experi-
ment performed with the crossed-beam arrangement, the
infrared beam was chopped at 1000 Hz, and resulting changes
in mass spectrometer signal were measured using a lock-in

amplifier.
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Infrared photodissociation spectra were obtained by
measuring attenuation of mass spectrometer signals while
tuning the CO2 laser from 1line to 1line and maintaining
constant laser power. Beam quality and power were optimized
with each change of wavelengths by adjusting laser optics.
Laser power was then brought to some standard value by
adjusting the discharge current in the laser. Most spectra
were recorded using 5.0 W total laser power corresponding to
irradiances of 4.0 to 6.7 W cm_2 (depending on transverse
mode structure) transmitted to the molecular beam. The
dependence of infrared photodissociation intensity on laser
power at fixed 1laser frequency was also measured.
Irradiance was varied in the range of 0 to 11 W cm-'2 in the

power dependence experiments.

B. Characterization of Detected Clusters

As indicated above and in Figure 1, molecular
beams were characterized using a quadrupole mass
spectrometer equipped with an electron impact ionizer. A
typical molecular beam mass spectrum is shown in Figure 2.
The crossed-beam ionizer was set to deliver 2.5 mA electron
current at 50 eV electron kinetic energy. Considerable
fragmentation of van der Waals molecules resulted upon
electron impact ionization under these conditions. Careful
analysis of mass spectra was needed 1in order to make

unambiguous identification of neutral cluster molecules
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FIGURE 2. Molecular beam mass spectrum indicating formation

of ethylene clusters. Note changes in detector
sensitivity. Molecular beam formed by expanding
7.7 atm of a mixture of C,H4, Ar, and He
(0.8:10:90). Nozzle diameter is 50 um.
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present in the molecular beam. Figure 3 shows a plot of
mass spectrum ion intensities as a function of source
pressure for a C2H4—Ar—He (ratio 0.75:20:80) mixture. 1In
Figure 3 both scales are logarithmic. Only those ions not

produced by ionization of C2H4 or Ar monomers are

considered. At low pressures the most abundant species is

the parent ion of argon dimer, Ar2+ at m/e 80. As the

backing pressure 1is increased, Ar+C2H4 is observed. The

next group of ions detected as the pressure is increased
+ +

3Hg)  and m/e-SS (C,H, ).

Data points for these two species lie on nearly parallel

lines (Figure 3) with slopes 2.6 and 2.3 for C3H5+ and

further are the two at m/e 41 (C

C4H7+, respectively. The ion notionally identified as
ethylene dimer parent ion (m/e 56) shows a higher order
pressure dependence than the C3H5+/C4H7+ pair. (C2H4)2+ is
not formed from ethylene dimer. This result is consistent
with reported ion-molecule reactions of ethylene,32 where
it is observed that C3H5+ and C4H7+ are the principal

products of the reaction of C2H4+ with C2H4.

Data such as those shown in Figure 3 were obtained
for all gas mixtures used. Analysis similar to that
described above determined identity of molecular beam
constituents and optimum source conditions for production
of a desired van der Waals cluster. Except as noted, in
studies of selected van der Waals molecules the gas

mixtures and pressure were adjusted so that large clusters

were not present and interfering cluster concentrations
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C3Hg*, C4Hy* and CyHg* are included. Gas

mixture is 0.75% C2H4, 20% Ar and 80% He.
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were minimized. Complications occur if different van der
Waals. clusters present in the molecular beam contribute to

the same mass signal. For example, ArC2H4+ and fragments

of pure ethylene clusters (C5H8+) contributed to the mass

spectrum signal intensity at m/e 68 observed in molecular

beams formed from He-Ar-C2H4 mixtures. The intensity of

the m/e 68 signals observed in molecular beams formed by

expansion of pure ethylene and He-C2H4 mixtures was

generally about 10% of the intensity of m/e 69 (C5H9+)

fragments. Accordingly, conditions employed in the study

of Ar-C2H4 were such that the m/e 69 intensity was less

than 2% of the m/e 68 signal. A similar situation arose in

the study of Kr-C2H In this case, the expansion condi-

4"
tions were adjusted so that ratios of KrC2H4+ signals
corresponding to isotopic Kr-C2H4 van der Waals molecules

were identical to the relative abundance of naturally
occurring Kr isotopes. These considerations ensure that
the KrC2H4+, ArC2H4+ and NeC2H4+ signals measured reflect
behavior of species containing only one ethylene molecule.
Such a determination with respect to the number of rare-gas
atoms present is more difficult. Recent work, presented in
Chapter 7, indicates that the data reported here for
2Hy 2H4+, are due to photo-

dissociation of clusters which contain at least two noble

ArC_. H +, and presumably for KrC

gas atoms.
The problem of maximizing production of mixed

bimolecular clusters and cooling their internal degrees of
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freedom while minimizing other cluster concentrations is

33

somewhat of an art form. It has proved useful to think

in terms of a kinetic scheme such as:

Ar+Ar+He—-—-Ar2+He
e . H, + Ar
Ar2 + C2H4 Ar C2 4

Ar-C2H4 + C2H4 "(C2H4)2 + Ar

Insofar as this picture is correct, the He carrier gas is
important because it can provide cooling collisions that
only rarely produce clusters containing He. In a fluor-
escence excitation study of van der Waals complexes of
tetrazine and noble gases, addition of a few percent argon
to helium carrier gas containing a trace of tetrazine
inhibited formation of helium complexes and only Ar
complexes were observed.34

The role of Ar in the expansion is to provide the
seed reaction for cluster formation, in effect catalyzing
the condensation process. Ethylene-containing clusters are

formed by exchange reactions with Ar It is empirically

2
observed that when Ar is not in the mixture, the formation
of ethylene dimer is inhibited. If this is overcome by
raising the source pressure or the concentration of
ethylene in the expansion mixture, large ethylene clusters

are produced before the dimer experiences enough collisions

to be rotationally cooled. It is especially important to
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optimize source parameters in van der Waals dissociation
experiments because individual states are not resolved in

the spectroscopy.

=" Molecular Beam Velocities

A knowledge of molecular beam velocity and
hence the period of time molecules are irradiated is neces-
sary for interpretation of photodissociation intensities.
Velocities were calculated using ‘a supersonic expansion
model, since our apparatus is not equipped to measure
directly molecular beam velocity distributions. We assume
that the molecules in the beam achieve the terminal velo-

city of the expansion35 given by

1
= 2 1
Vo (chTs/M) ’ (1)
where Cp is the heat capacity of the expanding gas, TS is
the source temperature, and M is the molecular weight.

Since expansions of gas mixtures were used in these experi-
ments, the molecular weight is replaced by an effective

mass:

M =ZImF, . (2)
i



24

F. is the mole fraction and m. is the mass of a component
of the expansion mixture. Similarly, the heat capacity in

eq. (1) is replaced by an effective heat capacity:

N.
_ i
Bp =k E W+ B, . . (3)

Pe

In egq. (3), k is Boltzmann's constant and Ni is the number
of relevant degrees of freedom in an expansion component.
N, includes only translational and rotational degrees of
freedom since vibrational degrees of freedom are not
expected to participate strongly in the cooling process.

The heat of formation of van der Waals molecules is
neglected in this analysis, since only a small fraction of
molecules are allowed to condense. Also, the high pressure
expansion conditions will minimize the slip between rare
gas atoms and van der Waals molecules. This velocity
analysis is borne out in velocity measurements of Janda et

36

al. Irradiation times were determined from the 60-cm

flight distance and calculated velocities.
III. RESULTS

Infrared photodissociation was observed for all
ethylene-containing van der Waals molecules studied.
Identities of the clusters along with ion fragments moni-
tored and calculated irradiation times are listed in Table

I. Also tabulated are gas mixtures and source conditions



TABLE I. Experimental Conditions for Production of Ethylene-Containing Clusters
in Molecular Beams.

Ngzzle Irradiation

Diam. Pressure Time Ion
Cluster Gas Mixture ( m) (psi) (ms) Detected
(CH,), 0.7% CH, + 20% Ar + 80% He 35 51.5 0.57 G
(C,H,) 5 0.7% C,H, + 20% Ar + 80% He 35 51.5 0.57 C,Hg'
(CH,) 11% CH, + 39% Ar + 50% He 25 290.0 0.75 c10320+
(CH,) 5 11% C,H, + 39% Ar + 50% He 25 290.0 0.75 Crufog
CH,"C,F,  0.7% CH, + 0.5% C,F, + 20% Ar + 80% He 35 111.0 0.58 cFt )
NeC_H, 0.5% C,H, + 89.5% Ne + 10% He 35 215.0 0.76 *Oec,p,*
AT-CH, 0.3% C,H, + 20% Ar + 80% He 35 215.0 0.57 arc,p,*
Ke-CH, 0.5% C,H, + 22% Kr + 78% He 50 65.0 0.79 kec, i, P
a)

24

b)

37

Sum of all Kr isotopes.

Identical results obtained when monitoring C3H3F2+. These ions are major products of the reaction of
" with CF, .
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used to produce the complexes. Figure 4 shows infrared
photodissociation spectra of ethylene dimer and ethylene
trimer. Data for this figure as well as for all spectra
shown below were obtained using coéxial laser and molecular
beams. Note that the spectra are plotted with logarithmic
ordinates. The reason for this choice is presented in the
discussion section. The solid lines shown in the spectra
are nonlinear least-squares fits of a lineshape function
described in the discussion section. Both spectra shown in
Figure 4 consist of a single symmetric band, centered at
v 952 cm_l, and both exhibit the same width. The
photodissociation cross section of ethylene trimer is larger
than that for (C2H4)2 at all laser wavelengths shown. Only
6.7 W cm—z was used to obtain data shown in Figure 4, yet it
was possible to dissociate 25% of the dimer and 50% of the
trimer.

Figure 5 shows photodisséciation spectra of large
ethylene cluster, notionally (C2H4)5 and (C2H4)7 which have

nearly identical photodissociation bandshapes and

photodissociation cross sections. Spectra obtained
monitoring (C2H4)5 and (C2H4)7+ are thought to be typical of
large clusters and not due solely to (C2H4)5 and (C2H4)7.

These spectra exhibit essentially the same width as ethylene
dimer and trimer spectra.

Irradiation of ethylene clusters in the crossed laser
beam-molecular beam configuration yielded the same wave-

length dependence observed in the colinear-geometry experi-
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CoHg4: Ar:He =7.5:200:800

o 35 um nozzle
50 psi .

Infrared photodissociation spectra of (CpHy)2 and
(CoH4) 3. The solid lines are least-squares best
fits o% Egq. (6). The dimer is detected as C3H5+
and the trimer is detected as C H8+. No photo-
dissociation of either species 1s observed at CO
laser wavelengths > 1000 cm~l. Laser intensity
is 6.7 W cm~2. Molecular beam conditions are
listed in Table I. |C,|2 is the fraction of
undissociated van der Waals molecules.
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Infrared photodissociation sgectra of large
clusters detected as (CyHy) 5™ and (CpHg) 9%,

The solid lines are least-squares best fits of
Eg. (6). No photodissociation of either species
is observed at CO; laser wavelengths >1000 cm—1,
Laser intensity is 6.7 W cm~2. Molecular beam
conditions are listed in Table I.
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ments. In the crossed-beam experiment photodissociation
yield of ethylene trimer was only “0.005 at 953 cm_l due to
the short irradiation time. Relative cross sections for
dissociation of (C2H4)3 and (C2H4)2 are identical for both
types of experiments. This indicates inhibition of cluster
formation caused by heating of the expansion by the laser
beam does not occur. Consideration of the relative proba-
bilities for photon absorption and quenching collisions in
the expansion also vitiates expansion heating as a cause of
cluster loss. Observed infrared photochemistry is the
result of excitation and decomposition of isolated van der
Waals molecules.

Changes in laser intensity in the range of 1 to 10 W
cm “ do not alter photodissociation bandwidths. Further-
more, the width and position of photodissociation profiles
are independent of expansion conditions as ethylene concen-
tration is varied from 0.5% to 5% and stagnation pressure
is varied from 65 to 115 psi.

Figure 6 shows the 1laser power dependence of the
logarithm of the fraction of undissociated van der Waals
molecules. Data are shown for (C2H4)2 and (C2H4)3. The
laser wavelength is fixed at a frequency close to the peaks
of the photodissociation spectra. Similar data\ were
obtained for all of the van der Waals clusters 1listed in
Table I. In each case, semilog plots of power dependence
data points 1lie on straight 1lines suggesting a Beer's

Law-type relationship.3l
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FIGURE 6. Measured power dependence of infrared photo-

dissociation of (CpHy4), and (C2H4)3. Ordinate
is logarithmic. Laser wavelength 1s nearly
identical to A for infrared photodissociation
spectra of theseé van der Waals molecules.
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The wavelength dependence for C2F4' C2H4 photo-
dissociation is shown in Figure 7. Data for ethylene dimer
are also shown for comparison. The spectra exhibit
characteristic width, position, and photodissociation effi-
ciency. The C2F4'C2H4 spectrum is narrower and shifted to
the blue compared to pure ethylene clusters.

Qualitative differences appear in the spectra of
complexes of ethylene and noble gas atoms shown in Figure
8. As in the pure ethylene cluster spectra, a broad

symmetric peak is observed near 950 cm-l in the spectra

observed for KrC,.H i and ArC,H +. However, in the spectra

274 274
shown in Figure 8 a second broad feature of lower intensity
is discernible near 970 cm—l. For KrC2H4+ this appears as

a broad shoulder of the main peak, while it is clearly

resolved in the ArC2H4+ data. The NeC2H4+ data are still

more enticing. Unfortunately, the signal-to-noise ratio in

the NeC2H4 experiments is quite low since it is difficult,

even in strong expansion to synthesize Ne-C2H4 clusters in

detectable concentrations. Results presented in Chapter 7

+ P
2H4Ar data is due

to Arn°C2H4, with n 2 2, while the underlying structure is

indicate that the broad envelope in the C

H Kr+ as

due to Ar* C,H,. Presumably this occurs for C2 4

274
well.

No dissociation was detected at energies higher than
1000 cm_1 for any of the van der Waals molecules listed in

Table 1I. Therefore, data for only half of the CO, laser

2

wavelength range are presented. Resolution of the spectra
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FIGURE 7. Infrared photodissociation spectra of (CaHy) 2

and CpH4°C2F4. (CpHy4)p data as in Figure 1.
The solid curves are least-squares best fits
of Eq. (6). CoHy+CoF4 is monitored using
C3H4F*. No photodissociation at CO, laser
wavelengths > 1000 cm~1 is observed. Laser
intensity is 6.7 W cm~2. Molecular beam
conditions are listed in Table I.
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laser wavelengths > 10Q0 cm™ - is observed. Laser
intensity is 4.0 W cm™“. Molecular beam
conditions are listed in Table I.
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is limited by the discrete tunability of the CO2 laser.

The large gap from 955 em ! to 965 cm t in all of the
spectra presented corresponds to weakly populated or
forbidden transitions of the 0001—1000 band of COZ' Scat-
ter in the data is mainly due to changes in laser mode
structure and hence changes in irradiance along the mole-

cular beam with tuning.
Iv. DISCUSSION

The broad, symmetric bandshapes observed in spectra
obtained in this study are characteristic of 1lifetime-
broadened transitions. Linewidths are determined by rates
of predissociation of the vibrationally excited states of
the van der Waals molecules. This interpretation requires.
that the nature of the initially prepared state and broad-
ening mechanisms be understood. Furthermore, homogeneity
of the observed spectra must be well established. These
points are taken up individually in the discussion below.
Together, these considerations lead to a simple model and
lineshape formula for the photodissociation process which
are in excellent agreement with our observations. By
comparing vibrational predissociation lifetimes of similar
molecules some of the criteria that govern intramolecular
vibrational energy transfer can be determined. 1In addition

to vibrational predissociation rates, transition moments
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for 1infrared absorption <can be extracted from data

presented.

A. Vibrational Transitions in Ethylene Clusters

The ethylene molecule has four modes of vibra-

tion (v, v7, Vg and v,,.) which are within or near the

4
frequency range of the CO

10

2 laser. The vibrational modes and

frequencies of ethylene and perfluoroethylene are listed in
Table II for convenience. All other modes are not relevant
to this experiment since they are higher in energy and far

removed from the observed absorption frequencies. The Vg

mode is neither infrared nor Raman active. Consistent
with this we see no dissociation of ethylene clusters for

laser frequencies near1027cm-l. For all molecules studied

there was efficient dissociation near 950 cm_l. This

corresponds to strongly allowed excitation of the v ., mode

7

in ethylene. In this mode the hydrogen atoms are moving
together above and below the equilibrium plane. Motion of

the nearly degenerate infrared inactive \b mode is similar

except that opposite ends of the molecule are out of phase.
This mode becomes weakly infrared active as the ethylene
molecule 1is perturbed by van der Waals bonding. In

general, this perturbation is weak and v8 absorption is

expected to be insignificant compared to V., absorption.

7
C2F4 has no modes (Table II) which absorb in the range of

the CO2 laser. We thus conclude that for Ar, Kr, Ne, and
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TABLE II. Fundamental Frequencies of CzHu and CZFQ.
a) b)
C2Hu C2F4
Mode Symmetry Frequency (cnrl) Description Frequency (cm-l)
v Alg 3019.3 R 1872
1623.3 778
V.
2
vy 1342.4 394
vy AL 1027.0 Inactive 190
Vg Blg 3272.3 R 1340
Ve 1236.0 551
Vo Bly 949.2 IR,s 406
B 940.0° R,wW 508
V8 2g . d
Vg Bou 3105.5 IR 1337
c)
V1o 825.9 w 218
Vi1 B3u 2989.5 IR 1186
V1o 1443.5 558
a)

b)

c)

Ref. 38, except as noted.

Ref. 39.

Ref. 40.
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C bound to ethylene the laser photon is absorbed by a

2% 4
mode similar to V7 in free ethylene. Due to symmetry
requirements, the absorbing mode in ethylene dimer must be
an infrared active combination of the \)7 motion of each
partner. The nature of this combination is discussed more
fully below.

Except for C2€4‘C H the observed absorption band

274’

center is shifted only slightly from the V., fundamental of

2
free ethylene. It thus seems justified that the vibra-
tional mode excited in cluster-bound ethylene be considered
as only slight perturbed. The excited state of the complex
can then be considered to be a discrete state imbedded in a

dissociative continuum. See Chapter 5 for a discussion of

an electrostatic mechanism for the frequency shifts.

B. Nature of the Lineshape for Cluster Excitation

It is crucial to the argﬁments of this study
and of other similar studies that the nature of observed
spectral broadening be unambiguously determined. The
reported experiments have the advantage that changes in
initial population are observed directly. When the

e of laser flux,

ethylene dimer is irradiated with 11 W/cm
50% of the initial population is lost from the molecular
beam even though the laser linewidth is v50 MHz. In a plot

of fraction dissociated versus laser irradiance, as shown

in Figure 6, a Beer's Law relationship is seen with no
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leveling off of the fraction dissociated at the highest
laser irradiance available to us. It is clear that the
narrow laser bandwidth 1is interacting with the whole
ensemble of molecules. The transition must be dominated by
homogeneous broadening.

Unfortunately, our experiment gives no direct
measurement of rotatidnal or translational temperature,
although similar experimental conditions are known to

34

produce rotational temperatures of less than 1 K . Such

a measurement would be useful in light of the fact that

vibrational ©predissociation spectra of (N20)216 and
(C02)x41 are plainly inhomogeneous. In comparing our
experimental conditions to those of Gough et al.l6’41 we

note that since a large fraction of ethylene dimer 1is
dissociated, it is possible to use very dilute (down to
0.5%) mixtures of ethylene behind thé nozzle. This allows
for very efficient rotational cooling. Using 10% ethylene

16

mixtures comparable to those used by Gough et al in

their NZO study leads to formation of large fractions of
higher polymer. Under these conditions, it would be likely
that ethylene dimer is not effectively cooled.

In molecular beam electric resonance experiments of
large van der Waals molecules similar in complexity to
ethylene dimer, e.g. BF3~CO,42 no van der Waals hot bands
could be observed even though relatively mild expansion
conditions, Po = 800 Torr, were used. Finally, when

ethylene concentration was varied from 0.5% to 5% and PO
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was varied from 4.3 atm to 7.7 atm, no change in the dimer
lineshape was observed. All of the above observations sup-
port the claim that the observed lineshapes for (C2H4)2 and

C2H4°C2F4 aredominated by homogeneous broadening.

For (Ar)nC2H4 and (Kr)nC2H4 there are clear features
to the high energy side of the main peak. These features
cannot be ascribed to rotational structure due to a thermal
distribution of initial state rotational levels. The width
of such an inhomogeneous rotationally broadened transition
measured between maxima of the P and R branches is given by
(8kTB) % . Assuming a structure analogous to that of
Ar°C2H2,43 Ar°C2H4 at 1 K would have an absorption bandwidth

of approximately 1.7 cm-l. Larger (Ar)nCZH4 clusters would

be still narrower. Conversely, the Ar-C2H4 rotational
temperature calculated from the observed spectrum, assuming
rotational inhomogeneity, is greater than 100 K, which is
unreasonable. Together with the efficient dissociation

observed, these considerations indicate that the main parts

of these spectra are essentially homogeneous.

C. Broadening Mechanism

The most satisfying explanation of the observed
linewidth is that the lifetime of the initially excited
state 1is 1limited by the rate of vibrationai predisso-
ciation. For each of the molecules in this study this

would imply a vibrational predissociation rate of greater
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than 1012 sec_l. These rates are one to two orders of

5=15

magnitude faster than any observed by Levy et al in

their study of van der Waals molecules containing Iz. Even
for H,*I,, where the I, and van der Waals bond-stretching

motions are of similar frequency, the predissociation rate

is only 5 x 1010 sec™!.1>  The observed widths of the

ethylene spectra are also an order of magnitude greater

than those of Gough et al. for (N20)216 and (C02)2.41 Are

such fast predissociation rates reasonable?

First, it is useful to consider the molecule Ar-C2H4

as a prototypical ethylene cluster. In this case it is

possible to make a reasonable estimate of the molecular
43 . .

2° Ar C2H2 1s a

"T-shaped" molecule with Ar located 3.2 A from the

structure by comparison with Ar-C2H

acetylene molecular axis. The dipole moment of Ar-C2H2 is
0.02 Debye, indicating that acetylene bond angles are
unaffected by Ar. This supports the above supposition that
monomer vibrational modes are only weakly affected by
formation of a weak bond. Another interesting aspect of
AroC2H2 is that the vibrational potential for bending of
the "T" is very flat. This may indicate that even in the
ground vibrational state of the molecule the bending
amplitude is such that there is direct interaction between
the hydrogen atoms and the Ar atom.

The Ar-ethylene interaction should be much the same

as Ar-acetylene, resulting in a "T-shaped" configuration

with Ar above the plane defined by the hydrogen atoms.
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There are three normal modes of motion associated with the
weak’bond: a stretch, and bends parallel and perpendicular
to the carbon axis. It is of interest to speculate how
these weak modes interact with the vibrationally excited Vg
mode of ethylene.

The change of vibrational amplitude upon excitation
of vV, can be determined by comparing root mean square
bending angles, B, given by:

@%% = (n/2mum )7 (v + 1/2)% (4)

in the ground and excited states. \)b is the \)7 bending
frequency, Yy is the vibrational quantum number, and m is
an effective bending reduced mass (units of gm cm2).

Herzberg44 gives the equation for the frequency of the v,

mode which defines mb:

3 2 m. + My Ay
4T v, o= 5 5 ky = o (5)
2mCmHSL2 cos“ (a/2) b
The bending force constant is kb’ my and m. are hydrogen
and carbon masses, 22 is the C-H bond length and o is the

H-C-H angle. Putting in numbers leads to the result that
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the rms amplitude due to zero point motion of v7 is 7°,
while the rms amplitude of the first excited level is 13°.
corresponding displacements of the hydrogen atoms from the
molecular plane are 0.14 A and 0.24 R, respectively.

The substantial out-of-plane bending amplitude for V7
excitation may provide anharmonic terms necessary to effi-
ciently couple vibrational energy out of V7 into the
dissociative pathway. Comparing the symmetry of Vv, with
that of the weak bond vibrational modes, it would appear
that only the stretch is a likely mode for the excitation
enegy. This would certainly be true if the molecule was
rigid. However, the average position of Ar is expected to
be well off to one side of the equilibrium position above
the center of the C-C bond because of large amplitude zero
point motion. Data presented in Chapter 7 show that ArC2H4
is indeed a hindered internal rotor. This opens the addi-
tional possibility of direct coupling of Vo with weak
bending modes. The end result in either case 1is rapid
dissociation leaving the ethylene fragment in a high rota-

tional state.

The arguments applied to Ar -C,H, would apply in an

274
analogous fashion to (C2H4)2. Unfortunately, the structue
of (C2H4)2 is not known. Possibilities are a "T-shaped"

structure or a parallel structure, and there ae theoretical
calculations in the 1literature supporting both geo-
metries45’46. It is unlikely that any but the very best

calculation would give a reliable structure or bond energy
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for this molecule. Recent molecular beam electric
deflection experiments47 using ions of m/e 41 to detect
(C2H4)2 beams indicate that the. dipole moment of the complex
is less than 0.1 D. This supports a centrosymmetric
parallel configuration. However, similar experiments were

also unable to detect a dipole moment for Ar-C This

2H4.
indicates that the quadrupole moment of C2H4 may be too weak
to induce an observable dipole moment in (C2H4)2 no matﬁer
what structure is favored. 1In either case, an argument for
the nature of coupling Vo to the weak modes of (C2H4)2 and
other van der Waals molecule studies would be analogous to
those presented for Ar-C2H4.
Up to this point it has been argued that spectral
broadening 1in these complexes is due to predissociation
rather than other types of intramolecular energy
redistribution. There are two nondissociative broadening
mechanisms conceivable: 1) Energy transfer to the weak
modes, but creation of a long-lived orbiting complex; and
2) vibrational dephasing within covalently bound modes.
With regard to the possibility of high enegy internal
rotation, note that the radial van der Waals potential is
highly anisotropic with respect to internal rotation. The
2H4)2 with respect to ethylene
centers of mass changes by more than half an Angstrom as
45

equilibrium bond length of (C
the ethylene rotates. This type of anisotropy would
certainly couple bending and stretching degrees of freedom.

Several hundred wavenumbers of excitation deposited in such
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an orbiting resonance would result in a subpicosecond rota-
tional period and rapid coupling to dissociative modes.
Intramolecular energy transfer within bound ethylene
modes is also unlikely. The v, and Vg modes of ethyleneare
close in energy but are of different symmetry, and remain
so in the reduced symmetry of ethylene clusters. The
coupling might be expected to be 1low on this basis.
Experiment argues against such fast dephasing processes.
The spectrum of ethylene in an Ar matrix at 10°K exhibits
linewidths of 1less than 0.25 cm—l, determined by site
inhomogeneity rather than matrix-induced dephasing.48 The
2H4)2 is considered below.
All of the above evidence gives strong support to the

special case of (C
conclusion that the observed homogeneous linewidths are due
to vibrational predissociation on the subpicosecond time

scale.

D Absorption Profile and Intensities

A model for vibrational excitation followed by
predissociation, which for some circumstances 1leads to
purely lifetime broadened absorption, is a two-level system
in which the upper state undergoes unimolecular decay. In
our experiments the v = 0 and v = 1 states of the ethylene
\5 mode correspond to the states of the th level system.
Derivation of an exact lineshape equation from this model

is described in Chapter 4. In the present study, uni-
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molecular dissociation rates of vibrationally excited van
der Waals molecules are more than 5 orders of magnitude
faster than rates of stimulated absorption and stimulated
emission. Spontaneous emission in the infrared is even
slower. Thus it is possible to make simplifying approxi-
mations to the lineshape function (see Chapter 4) from which

we obtain eg. (6):

ICO(w,t) 2 exp { -w 2Tt

|Co(w,t)]2 is the fraction of undissociated van der Waals
molecules, t 1is the irradiation time, ww 1is the 1laser
frequency, wp is spacially averaged the Rabi frequency (see
Chapter 4), T is the dissociation rate of molecules in the
excited state, and W is the band center. Note that W and
W in eq. (6) are in units of angular frequency. Eqg. (6)
is the exponential of a scaled Lorentzian curve.
Typically, wRZTt < 1 implying that ICo(w,t)|2 is nearly
Lorentzian but 1is slightly narrower than the simple
Lorentzian lineshape reported in our previous communi-
cation.3l
Solid lines drawn in the infrared photodissociation

spectra (Figures 4, 5, 7 and 8) are results of a nonlinear,

least-squares fit of eqg. (6) to the data points.
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Predissociative lifetimes are calculated from the fitted

spectra using eq. (7).

1
2nc [FWHM (cm

T (sec)

(7)
5

Values of w g and T for each ethylene containing van der
Waals molecule studies are listed in Table III.

The spectra of (C2H4)2 and C2H4-C2F4 fit this line-
shape function with remarkable consistency. While agree-
ment with a lineshape is not usually strong enough evidence
to assert homogeneity, the lineshape of these transitions

does serve as additional evidence that inhomogeneous

effects are not observed.

Note that in the case of each noble gas-ethylene
cluster a reasonable fit of eg. (6) to the entire spectrum
is not possible. However, statistically reasonable fits
are obtained for ArC,H, and KrC,H, data if only points

24 24
occurring in the P branch of the CO2 (0001-1000) laser
emission are used. This is consistent with the discussion
in the previous sections and, for the purpose of comparing
spectral linewidths, we ignore the high frequency portions
of the rare gas-ethylene spectra. Values of Wy and 1t for
(Ar)nczﬂ4 and (Kr)nC2H4 listed in Table III were calculated

in this way. Results in Chapter 7 suggest that these are
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TABLE III. Parameters Obtained from Lineshape Fit to
Photodissociation Spectra and Photodissociation
Power Dependence Datad)

w <u> 2

95 L -3 2
Cluster (cm ™) (psec) (10 " D)
CH,), 952.3 + 0.5 0.44  0.05 96.0 * 18.0
(CH,) 5 952.3 + 0.5 0.50 0.07 141.0 * 33.0
(CH,) 5 953.2 * 0.9 0.33  0.05 100.0 * 19.0
(C,H,)- 953.2 + 0.9 0.33  0.05 100.0 * 19.0
(Ar)nCZHub) 950.0 + 0.5 0.59 0.13 43.0 + 16.0
(Kr) C.H, 949.1 + 0.7 0.55 0.14 39.0 + 15.0
CH,"CF, 954.7 + 0.2 0.89 0.10 43.2 + 3.3
a)

The errors tabulated are three standard deviations.

b)T’hese results apply to clusters which contain at least two rare gas atoms.

See Chapter 7 for further investigation of Ar-CzHu and Ne-C,H,.
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representative of clusters with n > 1. Unfortunately, the
signal-to-noise ratio in the Ne-C,H, experiment was very
low. However, intriguing and reproducible features in the
Ne°C2H4 spectrum suggest that the broadening mechanism is
significantly weaker for Ne'C2H4 than for any of the other
molecules which were studied. See Chapter 7 for a closer
look at Ne'C2H4.

Eq. (6) predicts that the logarithm of the undisso-
ciated fraction of <clusters decreases linearly with

increasing laser power since w is proportional to laser

R
intensity. This is in excellent agreement with the observed
power dependence of infrared photodissociation shown in
Figure 5. The Rabi frequency, wp is also a function of the
transition moment <u > for infrared absorption by the
two-level system. Results obtained from photodissociation
wavelength dependence combined with power dependence data
allow determination of <u> for the van der Waals cluster
studied. The square of the transition moment is propor-
tional to absorption probability. Values of <1J>2 are
listed in Table III.

Among clusters with three or fewer ethylenes,
transition probabilities <calculated wusing eqg. (4) are
proportional to the number of ethylene molecules in the
cluster. The average contribution per ethylene is
(4.5%1.2) x 10-2 D2 corresponding to a transition moment of

0.21 D. The transition moment for the v = 0 > v = 1

infrared absorption by the V. mode in ethylene monomer 1is
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0.188 D. The excellent agreement with observed photo-

dissociation bandshapes and power dependences as well as
consistency of the various transition moments leads us to
conclude that eq. (6) and the underlying model adequately

characterize the photodissociative behavior or (Ar)nC2H4,

(C,H

2Hgr (CoHY)

(C,H,), and C,H,.C,F,.

(Kr) ,C 2r (CoHy) 3 2H4°CoFy
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