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ABSTRACT

This thesis is divided into two general topics; vibrational
excitation of gas phase molecules using cw CO, laser radiation
(Chapters II and III) and stabilization of chemically activated species
by infrared radiative emission (Chapters IV-VI). Chapter Iis a
brief introduction to the topics discussed in Chapters II- V1.

Multiphoton dissociation of molecules is observed using low
intensity (1-100 W cm™2) ew CO, laser radiation. Ion cyclotron
resonance techniques allow gas phase ions to be stored and irradiated
for times approaching several seconds prior to mass analysis.
Chapter II describes multiphoton dissociation of ions derived from
diethy! ether [(C,H,),O] while Chapter III describes multiphoton dis-
sociation of C3F6+ from perfluoropropylene (C,F;). Energy fluence
thresholds and cross-sections for multiphoton dissociation measured
using low intensity radiation qualitatively agree with similar measure-
ments using megawatt pulsed infrared lasers. For all ions which
photodissociate only the lowest activation energy process is observed.
Effects of bimolecular interactions, varying laser intensity, and laser
wavelength on photodissociation probabilities are explored. At high
pressures collisions are observed to deactivate vibrationally excited
ions. At low pressures, however, C3F6+ photodissociation is
enhanced by collisions. The consequences of collisional enhancement
of multiphoton absorption are discussed.

ICR techniques are uniquely suited for studying ion-molecule

reactions under nearly collisionless conditions. Chapters IV and V
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discuss direct association reactions of Li" with (C,H,),CO,
CH,COC,H,, (CH,),CO, (CD,),CO, CH,CHO, and H,CO at pressures
low enough (< 1078 Torr) to preclude collisional stabilization of the
chemically activated adduct. The stabilization mechanism is
assumed to be via infrared emission, and calculated attachment
rates are in good agreement with experiment.

In experiments similar to those described above, rates of
direct electron attachment to C,F, (perfluorobenzene), C,F, (per-
fluorotoluene), c-C,F (perfluorocyclobutane), and C,F,, (perfluoro-
methylcyclohexane) are measured at low pressure by ICR techniques.
Rate constants measured by ICR are found to be one to two orders of
magnitudes smaller than high pressure swarm measurements. The
results are discussed in terms of radiative stabilization at low pres-
sure versus collisional stabilization at high pressure., Combination
of data from time-of-flight, electron beam-swarm, and ICR experi-
ments allows estimates of infrared radiative lifetimes to be made.
These fall in the range 0. 4-3. 0 msec, which are typical of infrared
radiative processes. Data are also presented for dissociative

electron attachment of CCl,.
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CHAPTER I
INTRODUCTION

The variety of chemical and physical phenomena amenable to
study is largely dictated by available techniques for detecting con-
centrations of atoms and molecules, or detecting changes in some
physical property associated with atomic and molecular processes.
Thus, historically, chemical insight first dealt with easily obtainable
bulk material properties, for example, color, vapor pressure,
melting point and boiling point. As experimental technology has
evolved, increasingly discerning measurement capability has become
available such that current techniques now allow observation of
physical and chemical phenomena associated with isolated molecules. 1
Examples of particularly elegant studies involve infrared multiphoton
dissociation of isolated molecules in molecular beams using infrared
lasers. 2 A disadvantage of beam techniques for isolating molecules
is the inherently short interaction time involved. Storage of particles
in a spatially well defined volume for long periods of time (several
seconds) under collisionless conditions should allow a host of
hitherto unexplored processes to be observed. No such storage is
available as yet for neutral species. However, the electric charge
associated with ions provides a means of spatially confining particles.

The ability to manipulate charged particles via electric and

3

magnetic fields has been known for many years, © and gave rise to

the field of mass spectrometry. A particularly versatile mass



spectrometric technique is ion cyclotron resonance spectroscopy
(ICR). 4 ICR utilizes crossed electric and magnetic fields to spatially
trap ions for up to several seconds, during which time stored ions
may react with neutral molecules. Mass detection depends upon the
relation between cyclotron frequency and charge to mass ratio. 4 In
the past ICR has been used primarily to study the reactions of ions
with neutral molecules. Such studies include determining acid-base
thermochemical properties, o reaction mechanisms, 4 and metal-
ligand binding energies. 6 At sufficiently low pressures (< 10" Torr)
ions may be trapped for times approaching several seconds under
essentially collisionless conditions. By avoiding collisional effects,
processes with lifetimes approaching 1 sec can be observed. This
thesis deals primarily with the interactions of gas phase ions with
infrared radiation. By using the ion trapping capability of ICR
spectroscopy, the absorption of many quanta of cw infrared laser
radiations by ions has been studied (Chapters II and III), as well as
the complementary process of stabilization of chemically activated
species by infrared emission (Chapters IV-VI). The time scale of
these processes (1-1000 msec) is such that under more usual con-
ditions encountered in the laboratory they are not observable. ICR
thus provides a unique method for observing these phenomena. Table
I lists previous publications by the author which are relevant to this
thesis.

While molecular beam experiments have clearly demonstrated

that pulsed megawatt infrared lasers can energize isolated molecules



Table I. Published Work Related to This Thesis

1.

Sequential Deuterium Exchange Reactions of Protonated Benzenes
with D,0O in the Gas Phase by Ion Cyclotron Resonance Spectroscopy

B. S. Freiser, R. L. Woodin, and J. L. Beauchamp
J. Am. Chem. Soc., 97, 6893 (1975)

The Nature of the Bonding of Li* to H,0 and NH,; Ab Initio Studies

R. L. Woodin, F. A. Houle, and W. A, Goddard III
Chem. Phys., 14, 461 (1976)

Binding of Li" to Lewis Bases in the Gas Phase. Reversals in
Methyl Substituent Effects for Different Reference Acids

R. L. Woodin and J. L. Beauchamp
J. Am. Chem. Soc., 100, 501 (1978)

Multiphoton Dissociation of Molecules with Low Power Continuous
Wave Infrared Laser Radiation

R. L. Woodin, D. S. Bomse, and J. L. Beauchamp
J. Am. Chem. Soc., 100, 3248 (1978)

Multiphoton Dissociation of Molecules with Low Power CW
Infrared Lasers

D. S. Bomse, R. L. Woodin, and J. L. Beauchamp

In "'Advances in Laser Chemistry,' A. H. Zewail, ed.,
Springer Series in Chemical Physics, Springer, Berlin,
Heidelberg, New York, 1978

Multiphoton Dissociation of Gas Phase Ions Using Low Intensity
CW Laser Radiation

R. L. Woodin, D. S. Bomse, and J. L. Beauchamp

In ""Chemical and Biochemical Applications of Lasers, "'
C. Bradley Moore, ed., Vol. IV, Academic Press, New
York, 1978



to above the dissociation threshold, 2 the experiments are difficult
and in many respects not quantitative due to spatial and temporal
inhomogeneities inherent in focused pulsed laser radiation. Chapters
II and III detail studies of low intensity infrared multiphoton dis-
sociation of ions using spatially and temporally uniform cw laser
radiation. Chapter II deals with multiphoton dissociation of ions
derived from diethyl ether, while Chapter III discusses multiphoton
dissociation of C, F,". A number of comparisons and contrasts are
drawn between the present work using a cw laser, and experiments
using megawatt pulsed lasers.

A complementary process to the infrared excitation described
above is stabilization of molecules by infrared emission. This is
particularly applicable to chemical reactions in the collisionless
realm of interstellar space. 7 A number of interstellar molecules
(ions) are thought to be formed by bimolecular association, process

8,9,10

1 In the absence of collisions the chemically activated adduct

A*+B — [aB*]¥  AH=-D/(B-A") (1)

[AB+]# retains the reaction exothermicity, D,(B- Li+), as internal
excitation. The adduct may subsequently decompose or be stabilized
by another mechanism, usually postulated as infrared emission.
While radiative association reactions have been proposed to explain

11 no direct experimental

certain interstellar molecular abundances,
evidence has previously been obtained to verify radiative association.

Using trapped ion techniques association reactions of Lit to a number



of aliphatic carbonyl compounds have been observed, and are dis-
cussed in Chapters IV and V. Pressures are low enough (10"7-10'6
Torr) to render collisional stabilization unlikely, and the experi-
mental results are interpreted in terms of an infrared radiative
mechanism.

Chapter VI deals with a similar chemical activation process,
direct electron attachment at low pressure. It has been known for
some time that molecules such as SF; or C F, attach low energy
electrons in both high pressure (1-10 Torr) and low pressure

12-14 piserepancies in both attachment

(< 107° Torr) experiments.
rates and negative ion lifetimes between high and low pressure data
has led to confusion as to the nature of the process. Utilizing data
from time-of-flight measurements, high pressure swarm experi-
ments and low pressure ICR results, electron attachment is discussed
in Chapter VI in terms of infrared emission stabilizing initially excited

molecular negative ions. Comparison of data from these various

experiments allows estimates of radiative rates to be made.
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ABSTRACT

Low intensity cw CO, laser radiation (10. 6 ;m) induced multi-
photon dissociation of gas phase ions derived from diethyl ether is
reported. Techniques of ion cyclotron resonance spectroscopy are
used to store ions, allowing irradiation for up to 2 seconds with
intensities of 1-100 W cm™% Measured energy fluence thresholds
and dissociation rates are comparable to data derived from pulsed
laser experiments. For all ions which photodissociate only the
decomposition process of lowest activation energy is observed. Effects
of bimolecular interactions, varying laser intensity, and laser wave-
length on photodissociation probabilities are explored. The present
work is compared and contrasted with pulsed infrared laser experi-

ments, and mechanistic implications are discussed.
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Introduction

A reasonable description of infrared multiphoton excitation
using megawatt pulsed lasers is now beginning to emerge. It is gen-
erally agreed that initial excitation is by coherent absorption of 3-5
infrared photons in one vibrational mode. 3 Typically, at this level of
excitation the rates of intramolecular V-V transfer are sufficient to
allow rapid energy transfer to other vibrational modes. 4 Subsequent
excitation then proceeds through a sequential incoherent absorption
process. 3,5 Standard statistical theories6 accurately model the uni-
molecular reactions which occur when the internal excitation of a
molecule exceeds threshold. 5,1 Key results from megawatt pulsed
laser experiments are: (1) Multiphoton dissociation is observed under
collisionless conditions. 8 (2) Decomposition via the lowest energy
pathway is always observed, but is not necessarily the exclusive
reaction channel. 0 (3) The spectrum obtained by monitoring the
probability of dissociation as a function of laser wavelength is shifted
to lower energies and broadened relative to the corresponding infrared
3,10,11

absorption spectrum. Where isotopic substitution introduces

shifts in the absorption spectrum, multiphoton dissociation is iso-

topically selective. > 11:12 (4) Collisionless dissociation probabilities

are uniquely determined by the total laser pulse energy, independent

13 (5) There appears to be an energy fluence (energy

8, 14

of peak power.
cm™?) threshold below which dissociation does not occur.
(6) Collisions during the laser pulse decrease the fraction of mole-

cules dissociated yet increase the total number of photons av.bsorbed.3’15’16
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(7) Multiphoton excitation rates are sufficiently rapid that molecules

may absorb as many as 10 photons in excess of the thermodynamic

threshold prior to reaction. 8,17
Typical energy fluence thresholds for multiphoton dissociation

-2 8,14

processes are measured to be 1-2 J cm Since the level of

multiphoton excitation depends on energy fluence rather than intensity
one infers multiphoton dissociation can be effected using ~1 W cm”?
provided the target molecules are irradiated under collisionless con-
ditions for at least 1 second. This rather stringent criterion can be
satisfied by molecules in an interstellar medium or, more conveniently,
in the laboratory using the techniques of ion cyclotron resonance
spectroscopy. An obvious requirement for the success of such an
experiment is that net absorption rates must exceed spontaneous
emission rates. Our recent observation of multiphoton dissociation

of gas phase ions using cw laser intensities of less than 100 W cm”’
adds an exciting new dimension to the field of multiphoton a.ctiva.tion.18
Thus photodissociation experiments need not be limited to excitation
by megawatt pulsed lasers. In the present study we detail our
investigations of low intensity multiphoton dissociation of ions
derived from diethyl ether. Effects of bimolecular interactions,
varying laser intensity, and laser wavelength on photodissociation
probabilities are explored. Infrared photodissociation spectra of gas

phase ions promises to be a source of previously unobtainable ion

structural conformation.
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Exgerimental
The theory, techniques and instrumentation of trapped ion ICR

19 The

spectroscopy have been previously described in detail.
spectrometer used in this study was built at Caltech and incorporates

a 15 inch electromagnet capable of 23. 4 kG. A flat ICR cell is

utilized, illustrated in Figure 1, in which the upper source plate is
replaced with a 92% transmittance mesh to allow irradiation of trapped
ions,

All ICR experiments were carried out in the range 1077-10"°
Torr, corresponding to neutral particle densities of 3 x 10° - 3 x 10"
molecules cm™’. Pressure is measured with a Schulz- Phelps type
ionization gauge calibrated against an MKS Instruments Baratron
Model 90H1-E capacitance manometer. It is expected that absolute
pressure determinations are within + 20% using this method, with
pressure ratios being somewhat more accurate. Sample mixtures
are prepared directly in the instrument using three sample inlets and
the Schulz-Phelps gauge.

Diethyl ether, sulphur hexafluoride, isobutane, and cyclohexane
were obtained from commercial sources. Perdeuterated diethyl ether
was provided by Professor J. D. Roberts and (C,H,)(C,D,)O was
prepared by D. Holtz. All reagents were used without further puri-
fication except for the removal of noncondensible gases by several
freeze-pump-thaw cycles. Mass spectrometry revealed no detectable
impurities. Diethyl ether -d,, and (C,H,)(C,D,),O were measured to

be > 99 and 98. 6 atom percent pure, respectively.
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FIGURE 1

Cutaway view of cyclotron resonance cell. The electron beam is
collinear with the magnetic field. Laser beam positioning is

indicated for low intensity laser photodissociation studies.
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Gas phase infrared spectra were obtained using a Perkin-
Elmer 257 grating spectrometer. Samples were contained in a 10 cm
path length cell equipped with NaCl windows. Wavelength calibration
was with polystyrene film.

A schematic view of the experimental apparatus is shown in
Figure 2. The laser is an Apollo Model 550A grating tuned cw CO,
laser. The laser beam profile is nearly Gaussian (FWHM = 6 mm)
as determined by measuring the power transmitted through a 1 mm
diameter pinhole translated across the beam. Infrared beam inten~
sities quoted in this paper are calculated by dividing the total power
in the beam by the area of the 6 mm diameter beam. Beam shape is
monitored with an Optical Engineering Model 22A thermal imaging
plate. Infrared laser wavelengths are measured with an Optical
Engineering Model 16A spectrum analyzer. Bandwidths are estimated
to be 50 MHz. A fraction (25%) of the beam is reflected by a cali-
brated ZnSe beam splitter (supplied by II- VI Inc. ) to a Laser
Precision Corp. Model RkP-345 pyroelectric radiometer allowing
continuous power'measurement. Power fluctuations are typically less
than + 5% during an experiment. Maximum stability is achieved by
running the laser continuously and controlling irradiation of ions with
a Uniblitz Model 225L.0OA14x5 mechanical shutter. The shutter
opening time is measured to be 5 msec.

A turning mirror (Figure 2) directs the beam transverse to the
magnetic field into the source region of the ICR cell. The infrared
beam enters the vacuum system through an antireflection coated ZnSe

window (25. 4 mm dia. X 3.5 mm thick) supplied by II-VI, Inc. A
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FIGURE 2

Schematic view of the experimental apparatus.
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mirror finish on the lower source plate (Figure 1) reflects the beam
through the source region and out of the apparatus to a graphite beam
stop. Laser intensity in the cell can be varied from 1-100 W cm™ >
Irradiation of stored ions is uniform as indicated by the fact that
small translations of the laser beam do not alter photodissociation
rates.

Observed ion decompositions obey first order kinetics and it
is possible to dissociate 100% of the ions. The timing sequence for
a typical experiment is illustrated in Figure 3. A 10 msec electron
beam pulse generates ions (typically 10° ions cm™>) which can
be stored for several seconds during which time reactions
may occur. The ions are then mass analyzed to determine concen-
trations of the various species present. 20 Ions of a particular charge
to mass ratio can be selectively ejected by ICR double reson.emce19
allowing positive identification of reaction pathways. Electronic control
of the optical shutter allows the infrared beam to irradiate ions
during any portion of the trapping sequence. Ions can be irradiated
on alternate trapping cycles and corresponding ion intensities (laser
on and laser off) are monitored by a two channel boxcar integrator.
These signals are then processed in a straightforward fashion to
yield photodissociation rate constants, even in the presence of ion

loss due to diffusion and reaction. 21

Results and Discussion

A. Ion-Molecule Chemistry of Diethyl Ether. Electron impact

ionization of diethyl ether at electron energies greater than 15 eV
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FIGURE 3

Timing sequence for trapped ion ICR photodissociation experiments.

Ions may be irradiated during any portion of the trapping period.
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results in a large variety of fragmentation products. The breakdown
diagram shown in Figure 4 illustrates the variation with electron
energy of the major ion abundances. Data in Figure 4 are obtained
at low pressure and short trapping times to avoid bimolecular
reactions. Relative contributions of CHO' and C,H," to the m/e 29
signal are ascertained by comparison with the (C,D,),O breakdown
diagram. Similar comparisons indicate that ions observed at

m/e 43 and m/e 45 are due exclusivsly to C,H,0" and C,H,O",
respectively.

Ion-molecule reactions which occur in diethyl ether involve
proton transfer, hydride abstraction and bimolecular clustering. 22
Proton transfer from fragment ions and parent cation to diethyl ether

results in formation of (C,H,),OH", process 1, where RH" includes
RH + (C,H),0 — (C,H),OH + R (1)

c,u,t, c,u*, cHo', cy,08", C,H,0%, C,HO", C,H,0", and C,H,,0".
In some cases proton transfer is sufficiently exothermic to induce
fragmentation of protonated ether yielding protonated ethanol,

process 2, where RH" includes C2H3+, C2H5+, and CHO'. These
RH* + (C,H,),0 — [(CHy),OH'T + R (2a)
+ 1% +
[(C,H),OH"]" — C,H/OH, + C,H, (2b)

reactions are confirmed by ICR double resonance.
At pressures greater than 5 X 10”7 Torr and for trapping times

greater than 0. 5 sec (C2H5)20H+ is observed to react with diethyl ether
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FIGURE 4

Variation of ion abundance with ionization energy for diethyl ether.

Diethyl ether pressure is 6 X 10" Torr.
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to produce the proton bound dimer of diethyl ether, process 3.
(C,H),OH' + (C,H),0 — [(C,H,),0LH" (3)

The rate of proton bound dimer formation measured at these pres-
sures indicated process 3 is bimolecular with a rate constant of

1. 7% 10" em®molecule™ sec™'. The rate constant for formation of
[(C,H,),0],H" is obtained from data such as shown in Figure 5. This
figure displays the temporal variation of major ion abundances at a
diethyl ether pressure of 4. 9 X 107" Torr and ionizing energy of 14
eV. Also shown are the data for the hydride abstraction reaction,

process 4. The measured rate for this reaction is 3. 3 X 107 em®

CH,0C,H." + (C,H,),0 — CH,CHOC,H," + CH,0C,H, (4)

1

molecule™ ' sec™’. Not shown in Figure 5 is another hydride abstrac-

tion, process 5, which gives rise to only a minor fraction K 10%)
C,H," + (C,H),0 — CH,CHOGC,H," + C,H, (5)

of the CH,CHOC,H," abundance.

18 0th (C,H,),0H" and [(C,H,),0],H"

As reported previously,
undergo multiphoton dissociation on a time scale such that collisions
may deactivate vibrationally excited species. For (CzHS) 2OH+ the
most obvious deactivation process is symmetric proton transfer. 23
The use of isotopically labeled ether allows detection of symmetric

proton transfer, reaction 6.

(C,H),0H' + (C,D),0 —» (C.Hy), + (C,Dy),0H" (6)
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FIGURE 5

Variation of ion abundance with trapping time for the major ions
derived from diethyl ether. Ions are produced by a 10 msec

14 eV electron beam pulse.
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Double resonance ejection of (C,D,),OH" prevents the reverse
of reaction 6 and leads to exponential decay of (C2H5)20H+ with decay
rate equal to the proton transfer rate. This is determined to be
3. 9% 107*° ¢m® molecule™ ' sec™ . Similarly, symmetric ether
exchange is a possible route for deactivation of laser excited
[(C2H5)20]2H+. Again, the rate can be measured using a mixture of

diethyl ether and diethyl ether-d,,. For reaction 7, the rate constant
[(C,H)LO].H" + (C,DL0 — (C,H,),0HO(C,D,), + (C,HLO (1)

is 5,3 x 107*% em®molecule”'sec™" which corresponds to approximately 1
exchange for every 200 ion-molecule collisions. 24

B. Infrared Laser Photochemistry of [(C,H,),0],H". Although
infrared absorption bands for ions derived from diethyl ether are
unknown, multiphoton dissociation of species such as [(C,H,),0],H"
was anticipated based on strong absorption bands of (C,H,),O in the
900-1100 cm™" region. 23 Under infrared laser irradiation the proton
bound dimer of diethyl ether is observed to decompose according to

eq 8. 18 This dissociation reaction is estimated to be 31 + 2 keal/mol
[(C,Hy,0],H" — (C,H)LOH' + (C,H,),0 (8)

endothermic, corresponding to absorption of at least 12 photons at

the laser wavelengths used. 26 Rupture of the hydrogen bond is not
expected to have an activation energy in excess of the reaction endo-
thermicity. At laser intensities sufficient to decompose [(C,H,L0],H",
no dissociation of (C2H5)20H+ is observed and the increase in

abundance of (C?_HS)ZOH"' exactly matches the decrease in abundance
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of [(C2H5)20]2H+, verifying eq 8 as the only decomposition pathway.

A typical experiment monitoring [(Csz)zO]zH+ is shown in
Figure 6. Ions are produced by a 10 msec electron beam pulse and
stored for up to 2 sec. At 1 sec of trapping time the remaining
(C2H5)20H+ is ejected by ICR double resonance in a time short com-
pared with the time between collisions, thus preventing further
formation of the dimer, process 3. This is evidenced (Figure 6,
upper trace) by the constant abundance of [(C,H,),0],H" after 1 sec.
The laser, tuned to 944 cm'l, is gated on at 1 sec of trapping time
coincident with ejection of (C,H,),OH" and effects an exponential decay
of the dimer (Figure 6, lower trace).

For data such as presented in Figure 6, the dissociation
kinetics are characterized by an induction period followed by an
exponential (first order) decay of the irradiated species. These two
features are evident in Figure 7 which shows the logarithm of
fractional ion abundance as a function of trapping time with laser
irradiation commencing at 1.0, 1.3, 1.6, and 1. 9 seconds, respec-
tively. In all cases double resonance ejection of (C,H,),OH" com-
mences at 1, 0 sec.

The induction period is defined as the time between the shutter
opening (vertical arrows in Figure 7) and first observable dissociation.
The variation of induction period with laser irradiance is illustrated
in Figure 8 for [(C,H,),0],H" at constant ether pressure. When
corrected for a shutter opening time of 5 msec, the data in Figure 8

fit eq 9 closely (solid line in Figure 8), where I, is the laser
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FIGURE 6

Ion abundance versus trapping time for a typical multiphoton dis-
sociation experiment. Ions are found by a 10 msec 70 eV electron
beam pulse. The upper trace is the proton bound dimer signal with
the laser off. Ejection of (C2H5}20H+ beginning at 1 sec trapping
time halts further dimer formation. CW irradiation by the infrared
laser at 14 W cm™° coincident with ejection of (C,H,),OH" (lower

trace) results in photodissociation of the dimer.
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FIGURE 7

Semilog plot of fractional ion abundance versus trapping time for
multiphoton dissociation of [(C,H,),0],H". Data labeled A, B, C,
and D are for increasing delays of 0, 300, 600, and 900 msec
prior to irradiation. Double resonance ejection of (C2H5)20H+

begins at 1 sec of trapping time. Ions are formed by a 10 msec

14 eV electron beam pulse.
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FIGURE 8

Induction period (defined in text) for multiphoton dissociation of
[(C,H,),0],H as a function of laser intensity. Ions are formed
by a 10 msec 14 eV electron beam pulse. The timing sequence
is the same as for Figure 6. The solid line is a plot of eq 9,

corrected for the 5 msec shutter opening time.
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(Induction period) x Las = 0.3J cm’ (9)

irradiance in W cm™ >, Eq 9 indicates an energy fluence threshold of
0.3 J em™ 2 for the observed multiphoton dissociation,

Collisional effects both prior to and during irradiation have
been studied in the decomposition of [(C2H5)2O]2H+. Data in Figure 9
show photodissociation rate constants decrease with increasing pres-
sure at constant laser intensity, which is the expected effect of col-
lisional deactivation processes. In addition to diethyl ether, results
obtained by adding the buffer gases SF, and i-C,H,, to a small amount
(3.7x 107" Torr) of (C,H,),0 are included in Figure 9. To allow
direct comparison of deactivation efficiencies of the three gases,
dissociation rates are plotted as a function of ion-molecule collision
frequency. 21 In diethyl ether alone collision rates 10 times the
dissociation rate reduce the latter by roughly a factor of two. For
a comparable reduction in dissociation rate,collisions with isobutane
and SF, are, respectively, 13 and 2; times as effective as diethyl
ether. Thus vibrationally excited ions are quenched by encounters
with buffer gas molecules, probably through intermolecular V-V
transfer. In the special case where diethyl ether is used as the
collision partner, symmetric ether exchange with the proton bound
dimer (eq 7) is too slow to account for the observed deactivation
efficiency. As mentioned previously, only one collision out of 200
results in ether exchange. It is possible to obtain information
regarding the collision free photodissociation of [(C?_,HS)Z,O]ZHJr by
extrapolating the data to a low pressure limit. Here the low pres-

sure limit is defined by requiring the time between collisions to be
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FIGURE 9

[(C,H,),0],H" multiphoton dissociation rate as a function of added
buffer gases (C,H,),0, SF,, and i-C,H,,. Dissociation rate is

plotted as a function of total collision rate?’ [(C,H,),0 plus buffer
gas] to allow direct comparison of collision efficiencies. SF, and

i-C,H,, are added to 3.7 X 107" Torr of diethyl ether. Ionization

energy is 14 eV.
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long compared with the time for excitation and dissociation of an
irradiated ion. The latter is the induction period at the particular
laser intensity used. Data, such as shown in Figure 9, were obtained
at four different laser powers (1 to4 W cm™2). A low pressure
dissociation rate was obtained for each laser power. Figure 10
shows the logarithm of the low pressure rates as a function of the
logarithm of irradiance. Within experimental error the points lie on
a straight line of unit slope, implying [(C,H,),0],H" photodissociation

rate is first order in photon flux. At the low pressure limit, eq 10

[ (10)

k:oD

relates the dissociation rate k to a phenomenologically defined cross
section, Iy and photon flux . The measured cross section is
0p=2.0x0.5x 107% em?

Since formation of [(C,H,),0],H" is bimolecular (eq 3) and
exothermic the proton bound dimer may contain up to 31 kcal/mol
of internal energy prior to laser photolysis. To probe the effects of
vibrational excitation preceding photolyses, an experiment similar
to the one depicted in Figure 6 was carried out, modified such that
the irradiation was delayed following onset of (CZH_,,)onJr ejection
for up to 900 msec. Some of the results from this experiment are
presented in Figure 7. Within experimental error, the four multi-
photon dissociation rates are identical as are the observed induction
periods. For all buffer gas [(C,H,),0, SF,, and_i-C,H,,] pressures
up to 4x 10™° Torr no change in [(C,H,),0],H" induction period or

photodissociation rate is observed with increasing laser delay. The
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FIGURE 10

Log-log plot indicating the dependence of [(C,H,),0],H" low pres-

sure photodissociation rate on the first power of laser intensity.
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anticipated effect of vibrational excitation in ions prior to irradiation is
an enhanced dissociation rate once irradiation commences. Collisions
prior to excitation have no effect on [(C,H.),0],H" dissociation rates,
(Figure 7), in contrast to the effect of collisions during irradiation
(Figure 9) which inhibit excitation. The invariance of dissociation
rate with delay of excitation indicates that [(C,H,),0],H" ions are
vibrationally relaxed after only several collisions.

The ability to photodissociate the entire [(C,H,),0],H"
population (Figure 6) at even the lowest pressures (corresponding
to ~ 10 collisions sec"l) implies that all ions absorb energy over the
entire band. 28 This homogeneous behavior may be the result of
multiple overlapping vibrational transitions (section 4) or broadening
due to rapid intramolecular V-V transfer. 4

C. Infrared Laser Photochemistry of (C,H,),0H', (C,D,),0OD"
and (CZHS)(CZDS)OH“L. At low pressures where proton bound dimer
formation is not significant multiphoton dissociation of the protonated

ether can be studied. The laser induced process and postulated four

center intermediate29 are shown in eq 11. 30 Both direct observation
H *
(C,H),OH" + nhy — | C,H,-O"- - CH, —
C,H.OH," + CH, AH = 27 kcal/mol  (11)

of C2H50H2+ formation and ICR double resonance confirm (11) as the
reaction pathway. By analogy with similar g-hydrogen transfer

processes the activation energy for reaction 11 is expected to be
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no more than ~2 kcal/mol in excess of the reaction endothermicity. 31

32

While a less endothermic decomposition route exists, “~ process 12,

(C,H),0H" + nhy — CH,CHOH' + C,H, AH-=15kcal/mol (12)

infrared laser photolyses of (C,H,),OH" yields exclusively C,H,OH, .
This is consistent with decomposition of vibrationally excited
(C,H,),OH" formed via exothermic proton transfer (reaction 2) which

produces only C2H50H2+. 22

Thus the activation energy for a-hydrogen
transfer to carbon (process 12) must be larger than for g-hydrogen
transfer to oxygen (process 11).

Consistent with the results of infrared laser photolyses of
[(C,H)O],H", photodissociation of (C,H,),OH" exhibits an induction
period between the start of laser irradiation and the onset of decom-
position. Analysis similar to that for [(C,H,),],H' (eq 9) indicates
that the energy fluence threshold for decomposition of (C2H5)20H+ is
approximately 2 J cm™2 The cross section for photodissociation is
estimated to be o= 1X 10"% em®

Ions derived from electron impact ionization of ( C,H,),0
undergo the identical reactions as do the corresponding unlabeled
species. However, with the partially deuterated ether, C,H,OC,D,,
an interesting isotope effect is observed in the decomposition of the
protonated molecular ion. Chemical ionization of C,D,OC,H; at low
(12 eV) electron energies using cyclohexane as protonating agent

allows for selective formation of (C,H)(C,D,)JOH" with only trace

amounts of (C,H,)(C,DJOD". By analogy with eq 11 there are two
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possible product ions from the decomposition of (C,H)(C,D)OH",

eq 13. Yet during laser irradiation, C2D50H2+ is the only product

—>C,D.OH," + C,H, (13a)
(C,H)(C,D)OH" + nhy —

. C,H,OHD™ + C,D, (13b)

detected, process 13a. Thus B~hydrogen transfer in the four center
intermediate is more facile than g-deuterium fransfer. Consideration
of ion detection limits in this experiment provides a lower limit for
the combined primary and secondary isotope effects (defined as the
ratio of rates of product ion formation) as = 6. In comparison, when
(C,H)(C,D,)OH" is formed by highly exothermic proton transfer such
that the protonated ether internal energy greatly exceeds the decom-
position threshold, the observed isotope effect is ~ 2. 33 These
results suggest that multiphoton dissociation occurs at an energy only
slightly in excess of thermodynamic threshold. Large primary
isotope effects have also been reported for metastable ion decompo-
sitions at threshold energies. 34 Thus the excitation rate must be
slow compared to the unimolecular decomposition rate.

The relatively slow time scale for low intensity infrared laser
excitation implies that standard statistical treatments of unimolecular
reatctions6 can be utilized to describe the decomposition of multi-
photon excited ions. RRKM calculations on (C,H)(C,D,)JOH"
decomposition indicate dissociation rates become extremely large
(> 10® sec™) within several kcal/mol above decomposition threshold,

in agreement with the conclusions drawn from experimental results.



44

Figure 11 shows the calculated isotope effect in decomposition of
(C,H.)(C,D)OH" as a function of internal energy in excess of threshold.
The experimentally measured value of = 6 from infrared photodis-
sociation is consistent with decomposition close to threshold. At
higher energies, the isotope effect is ~ 2, in agreement with the
chemical activation experiments. For these calculations, vibrational
frequencies are assumed similar to the neutral molecule with
appropriate frequencies added involving proton vibration. A tight
transition state is assumed, in accordance with standard treatments
for four-centered transition statesG’ 34,35 (eq 11).

As each of the proton transfer reactions which produce
(C,H,),OH" (eq 1) is exothermic, the protonated ether may be vibra-
tionally excited in the absence of deactivating collisions. The dis-
tribution of internal energies is quite complex because each of the
eight proton transfer reactions imparts a different amount of energy
to (C2H5)20H+. Changing the ionization energy alters the relative
abundances of fragment ions (Figure 4) which lead to formation of
(C,H,),OH" and so varies the internal energy content of the protonated
ether. The results of using ionization energies of 14 and 70 eV are
shown in Figure 12. Laser irradiation is continuous in this experi-
ment, The increase in photodissociation rate with 70 eV electrons
compared to 14 eV electrons, readily apparent in Figure 12, is most
likely due to proton transfer reactions of greater exothermicity at
70 eV. Although symmetric proton transfer, reaction 6, represents

an efficient deexcitation process, the low pressures used to study
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FIGURE 11

Calculated isotope effect in decomposition of (C,H,)(C,D,)OH" as a

function of internal energy in excess of decomposition threshold.
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FIGURE 12

Fractional ion abundance versus trapping time for multiphoton dis-
sociation of (C2H5)20H+. Data are shown for laser off conditions, and
laser on conditions where the ionization energy is 14 eV and 70 eV.
The laser off curve is the same for both 14 and 70 eV ionization

energies. Laser irradiation is continuous beginning at t = 0 sec.
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(C2H5)20H+ limit the total ion-molecule collision rate to less than

15 sec™ . 21 Low diethyl ether pressure is necessary to minimize

proton bound dimer formation. Thus vibrationally excited ions
are sufficiently long-lived to be observed in the multiphoton dis-
sociation process, Figure 12. Quantitative determination of the effects
of prior vibrational excitation on (C2H5)2OH+ decomposition were not
pursued due to complications caused by the presence of a multitude of
proton transfer reactions forming (C2H5)20H+, and the necessity of
accounting for (C2H5)20H+ formation during irradiation (Figure 12).

D. Infrared Laser Photochemistry of CH3CHOC2H5+, CZHjQ,I\{,%:
and CH,CHOH'. Photodissociation of CH,CHOC,H," is observed at laser

intensities similar to those required for dissociation of (C2H5)20H+. 18

ICR double resonance confirms process 14 as the only decomposition

pathway, 30 which is also the decomposition of lowest endothermicity.
CH,CHOC,H." + nhy — CH,CHOH' + C,H, AH= 34kcal/mol (14)

°p estimated for this process is ~4 X 10™% em® Since reaction 14
involves B~hydrogen transfer in a four-center intermediate similar
to process 11, the activation energy is again assumed to be less than
~ 2 kcal/mol in excess of the reaction endothermicity.

Higher laser intensities than those required for photodis-
sociation of (C,H,),OH" or CH,CHOC,H, result in decomposition of
C2H50H2+. Of the low enthalpy dissociation pathways available, 30

reaction 15, the observed process with laser irradiation and confirmed
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— H,0" + C,H, AH = 27 kcal/mol (15a)
C,H.OH," + nhy —

> CH,CHOH" + H, AH = 21 kcal/mol (15b)

by double resonance, is reaction 15a. This result is consistent with
results from decomposition of chemically activated C,H,OH,". 36 While
reaction 15b has a lower AH, chemical ionization studies of protonated
methanol decomposition indicate a barrier of approximately 1 eV in
excess of the reaction endothermicity for hydrogen elimination, and

no activation energy above the endothermicity for loss of H3O+. 36 The
observed laser induced photodissociation process is thus the decom-

position of lowest activation energy. 37 op for infrared multiphoton

dissociation of C,H,OH," is ~ 1x 107% cm?

No dissociation of
CH3CHOH+ is observed with infrared laser radiation in the 900-1100
cm” ! region.

E. Photodissociation Spectra. For all systems studied the
photodissociation products are invariant to change in laser wavelength.
The wavelength dependences for multiphoton dissociation of (C2H5)20H+
and [(C,H,),0],H" are shown in Figure 13a and data for (C,D,),0D"
are shown in Figure 13b. Also shown are the gas phase absorption
spectra of the corresponding neutrals over the range of CO, laser
wavelengths (note the change of scale in the axes for percent trans-
mission). PD is defined as the fractional dissociation yield for a
particular irradiation time and laser intensity. For both (CZHS)ZOH+
and (C,D,),OD" experimental conditions are nearly identical; there-
fore, differences in PD values for the monomer species are a direct

measure of differences in cross sections for multiphoton dissociation
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FIGURE 13

(a) Photodissociation spectra of (C,H,),OH" and [(C,H,),0],H" over
the CO, laser spectral range. For (C2H5)20H+, Py is the fraction
of ions dissociated after 1. 9 seconds of irradiation at 48 W cm'z;
(C,H,),O pressure is 8. 8 x 10™° Torr. P, for [(C,H,),0],H is
defined as the fraction of ions dissociated after 2. 0 seconds of
irradiation at 10 W em™?; (C,H,),O pressure is 4.7 X 10”" Torr.
Ionization energy for both experiments is 14 eV, Dotted line is the
infrared absorption spectrum of diethyl ether at 20 Torr.

(b) Photodissociation spectrum of (C2D5)20D+ over the CO, laser
spectral range. Experimental conditions are the same as for

photodissociation of (C,H,),OH" in (a). Dotted line is the infrared

absorption spectrum of (C,D,),O at 16 Torr.
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at each wavelength. No such direct comparison regarding dissociation
cross sections can be made between the protonated ether and the
proton bound dimer owing to differences in laser intensity and ether
pressure for the two experiments.

Analysis of the infrared photodissociation spectra (Figures
13 a, b) rests on the assumption that multiphoton dissociation spectra
somewhat mimic small signal absorption spectra, as is observed
in infrared laser photolyses of neutrals. 3,10, 11 Observed bands in
the infrared spectrum of diethyl ether from 900-1100 cm™' are
assigned to combinations of C—C stretches, C-O stretches, and
methylene wags. 25 Protonation of the ether should not significantly
affect the C—C stretch and methylene wag frequencies. It is seen
in Figure 13a that the (C,H,),OH" photodissociation spectrum exhibits
local maxima at roughly the same wavelengths as the diethyl ether
absorption spectrum. Vibrational frequencies of protonated ether
and the proton bound dimer are expected to be similar with the
exception of low frequency skeletal torsions, and vibrations associated
with proton motion. Neither of these special cases is expected to
involve vibration in the 900-1100 cm™ region excited in photo-

dissociation experiments. Thus the photodissociation spectra of

(C,H,),0H" and [(C,H,),0],H" show nearly identical maxima.

Theoretical ImEIications

While it is tempting to apply current theories for

megawatt pulsed laser multiphoton dissociation3’ 5,7,38a-1 to

low intensity infrared photolyses of gas phase ions, there are
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inherent differences between the two types of experiments which
necessitate modification of the existing developed theories. In
particular, the time scale of the ICR experiments requires considera-
tion of spontaneous emission (typically 1-100 sec'139) as a viable
deactivation mechanism. Equally important, the low laser intensities
obviate power broadening40 as a mechanism for overcoming anhar-
monicities in hot band absorptions.

Several authors point out that at high levels of internal excita-
tion vibrational state densities become large, guaranteeing the
availability of at least one vibrational state within the laser bandwidth.3
This defines the quasi-continuum of vibrational states. Theories of
excitation through the quasi-continuum treat the process as a sequence

5,7,8,14,38c Model cal-

of incoherent single photon absorptions.
culations5 of sequential absorption through the quasi-continuum using
cross sections obtained from photoacoustic spectra’7 agree well with
pulsed laser multiphoton dissociation yields.

If absorption through the quasi-continuum is facile due to the
availability of resonant transitions, then the ability to photo-
dissociate a molecule with low intensity radiation depends on the
ease of populating the quasi-continuum. Molecules in which the
quasi-continuum is attained by absorption of a single photon are
expected to photodissociate most readily, while molecules requiring
absorption of two or more photons should, in the absence of power
broadening, be much more difficult to photodissociate. Molecules

possessing many degrees of freedom will have a significant amount

of internal energy at ambient temperature. 28 The combination of
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many vibrational modes and appreciable thermal energy content serves
to locate such molecules very nearly in the quasi-continuum prior

to laser excitation. Although not all vibrational frequencies of
[(C,H,),0],H" and (C,H,),0OH" are known, approximating the frequencies

25

with those reported for diethyl ether®* permits an estimate of the

density of vibrational states in the ions. Using the well-known

6 the densities of states in

Whitten-Rabinovitch approximation,
[(C,H),0],H" at energies corresponding to absorption of one and two
infrared photons (1000 cm™) are 120 states/cm™ and 9 x 10*

states/ cm'l, respectively. The cw CO, laser bandwidth of ~ 0. 001
em™ implies that for the proton bound dimer, the quasi-continuum is
accessible following resonant absorption of a single infrared photon.
In comparison, the estimated densities of states in (C,H,),OH" cor-
responding to absorption of one and two infrared photons are

2 states/em” " and 94 states/cm'l. For the protonated ether, the
quasi-continuum is not reached until the absorption of four infrared
photons (density of states = 2.32x 10* states/cm_l) occurs. These
arguments concerning the densities of states in the ions explain why
multiphoton dissociation of [(C,H,),0],H" is facile while decomposition
of the (C2H5)20H+ requires considerably higher laser powers. In

fact, at room temperature, the proton bound dimer contains 3-4
kcal/mol in excess of the zero point energy due to thermal population
of vibrational states. This energy is comparable to excitation by a
single infrared photon. The availability of many overlapping vibra-

tional transitions allows all ions to absorb over a wide range of
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frequencies. Dissociation of the entire population is thus possible
even under collisionless conditions.

If in fact the proton bound dimer is very nearly in the quasi-
continuum prior to excitation then the same analysis used for pulsed

laser model calculations5

should apply to low intensity photolyses

with allowances made for deactivation due to spontaneous emission.
Applying eq 9 to megawatt powers and short pulse duration predicts
induction periods commensurate with the pulsed laser model cal-
culations mentioned above. In a complementary fashion, scaling the
model calculations5 to low laser intensities yields results very similar
to experimentally observed multiphoton dissociation reactions with

cw radiation. Scheme I illustrates the sequential mechanism assumed

for low intensity infrared multiphoton dissociation, where both

Scheme I
Apeil—e A p, e g lep, ... A, == p, -dissociation_proqycts

NN SR

Collisiona! and Rodiative Deoctivation

collisions and spontaneous emission are deactivation processes.
Assuming absorption cross sections are similar to those derived
for SF,, preliminary model calculations following Scheme I and
including only excitation processes are shown in Figure 14, The

form for the absorption cross section used is given in eq 16, 7 where
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FIGURE 14

Model calculations of slow multiphoton dissociation. The calculation
follows Scheme I, assuming n = 12 and only excitation processes are
involved. The form of the absorption cross section at each level of

excitation is given by eq 16.



59

(99s) Qwi] UuOI}DIPDIIT
4 Ol 80 90

$35D3.40U)
UO1§D}IIXI SD SISDVINAP O (§)
fvo Buidwnd-dn (2)
$$2204d days 2| (1)

wsiubydap uoijdiosqy [pHuanbag

S0

ol

jouo149D44

eoubpunqy



60
o(n) = exp(-42.9 - 0.029n) (16)

it is the number of photons absorbed. The calculation in Figure 14
assumes twelve excitation steps corresponding to the excitation
required for [(C,H.),0],H" and that dissociation is rapid compared to
excitation above threshold. Calculation of decomposition rates near
threshold indicates rates which are rapid compared to the excitation
rates (< 50 s-l) used in the model. It is apparent from Figure 14
that even though the calculation uses data for SF, and includes only
excitation, both the induction period and decomposition rates agree
qualitatively with experimental data, Figure 7. However, the cal-
culated induction periods are considerably longer than those
experimentally observed and the calculated lines show more curvature
‘than the experimental graphs. The preliminary calculation serves
to illustrate the utility of the model and inclusion of more realistic
cross sections in addition to deactivation processes should allow

reasonable modeling of the low intensity photolyses.

Conclusions

The large temporal and spatial inhomogeneities of the laser
field inherent in pulsed laser studies of multiphoton dissociation are
avoided by the use of low intensity unfocused cw radiation. In many
respects the present results are similar to pulsed laser experiments.
In all cases studied, low intensity multiphoton dissociation proceeds
via the lowest energy pathway, as seen in pulsed laser experiments.

However, in low intensity photolyses dissociation appears to be very
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nearly at threshold, unlike multiphoton dissociation using pulsed
lasers in which excitation may be substantially above threshold
because of the much faster excitation rates. Unlike high power
pulsed laser photodissociation, no appreciable shift to lower energies
in the photodissociation spectrum is found with low intensity excita-
tion. This is likely due to the inherently different nature of initial
excitation in the two processes. Whereas pulsed laser experiments
rely on power broadening to coherently absorb 3-5 photons in a single
mode (and hence exhibit a spectral shift to lower energy because of
anharmonicity effects) the low intensity excitation precludes power
broadening and the photodissociation spectrum is expected to be
similar to the ground state spectrum. Isotopic substitution resulting
in shifts of bands in absorption spectra is expected to allow isotopic
selectivity in slow multiphoton dissociation. In the case of
[(C,H,),0],H" a single resonant absorption may populate the vibra-
tional quasi-continuum. However, the mechanism for excitation to
the quasi-continuum in (C,H,),0H', CH,CHOC,H,’, and C,H,OH,"

is not obvious. In agreement with pulsed laser experiments, low
intensity multiphoton dissociation yields are proportional to energy
fluence and an energy fluence threshold is observed. The magnitudes
of the energy fluence threshold and photodissociation cross section
for [(C,H,),0,H" measured in the low intensity experiment (0.3 J cm™
and 2x 107%° cmz, respectively) are similar in magnitude to those

,14

measured for SF, in pulsed laser experiments (1.4 Jcm” and

1.5x 107*° cmz, 8 respectively). For ions derived from diethyl ether
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the effect of collisions during low intensity irradiation is only to
deactivate excited species, as observed in high intensity pulsed
experiments.

There are many possible extensions and applications of the
present work., Collisional and radiative relaxation mechanisms can
be probed in great detail by observing their effect on multiphoton
dissociation. Low intensity multiphoton dissociation provides a
convenient method for obtaining hitherto unknown vibrational spectra
of gas phase ions. The availability of CO, hydrogen halide, optically
pumped far infrared lasers, F-center lasers and optically pumped
parametric oscillators will extend the spectral range beyond the
9-11 um region. Photodissociation spectra should allow differentiation

among structural isomers of ions.
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ABSTRACT

Low intensity multiphoton dissociation of C, F,' is observed
using cw CO, laser radiation. Ion cyclotron resonance techniques are
used to store ions for irradiation. Multiphoton dissociation is observed
at laser intensities below 100 W cm™” and at pressures below 1077
Torr. Only the lowest energy decomposition of C3F6+, to give CaF4+
and CF,, is observed. Multiphoton dissociation probabilities show a
sharp wavelength dependence in contrast to typical pulsed laser
multiphoton dissociation experiments. Photodissociation probabilities
for 03F6+ are compared with the infrared absorption spectrum of
C,F, at both low and high resolution. Collisions between C,F," and
unreactive buffer gases (Ar, N,, SF,) are seen to enhance multiphoton
dissociation, while collisions with C,F, deactivate the laser excited
species. The results are discussed in terms of mechanisms for slow

multiphoton dissociation.
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1. Introduction

The detailed study of multiphoton dissociation (1,2) using
high power pulsed infrared lasers is rendered difficult by the short
time interval during which excitation and dissociation occurs.
Further difficulties in interpretation result from the spatial and
temporal inhomogeneities in photon flux associated with focused
laser pulses. As a logical extension of the experiments by
Yablonovitch and co-workers which demonstrate that dissociation
yields are dependent only on laser energy fluence and not peak
power (3), we recently observed and reported dissociation of
isolated molecules with unfocused radiation from a cw infrared
laser using powers of only a few watts (4). Our approach is
unique in that it provides for direct monitoring of reactant and
product concentrations during laser photolysis. This is made
possible by ion cyclotron resonance techniques which allow for
electromagnetic confinement of infrared active species. Irradiation
times can approach several seconds and pressures can be varied
to allow for up to several thousand collisions. In the present study
we report investigations of the dissociation of the molecular ion
of perfluoropropylene, CgF6+. Details are provided relating to
dependence of the photodissociation rate on laser frequency, netural

gas pressure, and internal energy content of C3F6+.
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2. Exgerimental

Ion cyclotron resonance (ICR) techniques (5, 6) and their
application to ion photochemistry (7-13) have been described in
detail in the literature. Approximately 10° ions formed by electron
impact ionization are stored in crossed electric and magnetic fields
for times up to 5 seconds and then mass analyzed. Neutral pressures
are varied from 107 to 10™° Torr. The instrument used in this
study was built in the Caltech shops and is of standard design,
utilizing a 23. 4 KG electromagnet and marginal oscillator detector.
Pressures are measured using a Schulz-Phelps type ionization guage
calibrated against a MKS Baratron Model 90H1-E capacitance
manometer. It is estimated than absolute pressure determinations
are within + 20%, with pressure ratios being somewhat more accurate.

Figure 1 illustrates the experimental configuration for
laser excitation of ions. The 6 mm diameter unfocused beam
from a grating tuned Apollo 550A cw CO, laser is directed through
a 92% transmittance mesh into the ICR cell where it is reflected.
back to a beamstop by the mirror finish on the back source plate.

A calibrated beam splitter diverts a fraction of the beam for
continuous power measurement. Laser wavelength is measured
with an Optical Engineering Model 16A spectrum analyzer. The
estimated laser bandwidth is 50 MHz (~1.6 x 10" ¢m™"). Ions
are irradiated with intensities up to 100 W cm'z. The laser beam

profile is nearly Gaussian (FWHM = 6 mm) as determined by
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Figure 1

Schematic view of the experimental apparatus.



N
-

19507 %00 MO

9iNSO|2U] WNNIDA

SLYPIIT

13}4nyg

mopuim
J34)1ds woag

v doys woag
A

Ysaw
139y 4amod

N

m?

g

1130 ¥3I

S
dwng

-
§3JuT 9jdwpg



75

measuring the power transmitted through a 1 mm diameter pin hole
translated across the beam. Infrared beam intensities quoted in
this paper are calculated by dividing the total power in the beam

by the area of a 6 mm diameter beam. Irradiation of stored ions

is uniform as indicated by the fact that small translations of the
laser beam do not alter dissociation rates. Additional experimental
details are provided in ref. 14.

Low resolution infrared spectra were recorded with a
Beckman IR-12 spectrometer. Moderate resolution absorption
spectra were obtained with the cw CO, laser described above. High
resolution absorption measurements utilized a grating tuned cw CO,
waveguide laser. The waveguide laser is similar to one described
in the literature (15) and was built by the Hughes Research Laboratories.
For a given transition the laser was tuned over ~ 300 Mhz with
1 Mhz resolution. All absorption experiments were carried out

with a 10 cm path length cell equipped with NaCl windows.

3. Results

The ion-molecule chemistry of perfluoropropylene is reported
elsewhere (7). Briefly, the major ions formed by electron impact
ionization (20-70 eV) of C,F, are C,F,', C,F.", C,F," and CF.

The only observed reaction which involves these species is the

fluoride transfer, reaction (1).
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CF,” + C,F, = C.,F.'+CF, (1)

C3F6+, C3F5+ and C2F4+ do not react with perfluoropropylene and
are suitable candidates for studies of multiphoton dissociation
processes. Reactions 2-4 are the plausible ion decomposition

pathways based on available thermochemistry (7).

AH (kcal/mole)

C,F," + CF, 56 (2)

CoFy"
> C,F. + F 85 (3)
C,F,* —— CF," + C,F, <52 (4)

Enthalpy changes for C 317‘;r fragmentation reactions are obtained
from a recent photoionization study (16). The uncertainty in the
thermochemistry of reaction 4 is due to discrepancies in the reported
C,F, heat of formation (7). Laser irradiation of ions derived from
C.F, effects a decrease in C 3Fﬁ+ abundance with a concomitant
increase in C2F4+ abundance. The intensities of CF,:r and C3F5+

are unaffected by laser irradiation. Double resonance experiments
confirm process 2, which is the lowest energy C3F6+ decomposition
channel. At 14 eV electron energy only the molecular ion is formed.
Figure 2 shows the temporal variations of C3F6Jr and C, F4+ with

and without continuous laser irradiation. The decrease in C3F6+
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Figure 2

Ion intensity versus trapping time for photodissociated
ion, C3F6+, and product ion, C2F4+. The intensities
of the two ions are not directly comparable (note
change of scale of ordinates). Ions formed by a

40 msec electron beam pulse at 14 eV. Other
conditions include laser frequency 1047 cm™*;
intensity 48 W cm-2; C.F, pressure 7.5 x 10™" Torr;

Ar added to make total pressure 1.6 x 10”° Torr.
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intensity equals the increase in C2F4Jr intensity. Semilog plots of
C 3FG+ fractional abundance as a function of irradiation time are
linear for all pressures used and laser intensities up to 70 W em™°.
Photodissociation rates are obtained from the slopes of such plots.
The C3F5+ dissociation yield (PD) as a function of laser
frequency is shown in fig. 3. Data are included in fig. 3 for the
dissociation of ions formed by both 70 eV and 20 eV electron impact.
PD is defined as fraction of CgFG+ decomposed during two seconds

of irradiation at a laser intensity of 34 W cm ™2,

Also presented
in fig. 3 is the gas phase infrared spectrum of neutral perfluoro-
propylene in the same spectral region. The dotted line is data
taken at ~ 1 cm™ ' resolution, while the solid data points are
absorption measurements using the cw CO, laser. Measurements
using monochromatic radiation are superimposable on the low
resolution data indicating that no rotational fine structure is
observable at ~ 50 Mhz resolution. Further investigation of the
spectral region near 1037 crn'1 using a CO, waveguide laser
revealed no discernable fine structure at 1 Mhz resolution for a
room temperature sample at pressures down to ~ 0.01 Torr.

The effect of collisions on the C3F6+ photodissociation rate
is shown in figs. 4 and 5, When hexafluoropropylene is used as
the buffer gas (fig. 4) the C 3FG+ photodissociation rate is enhanced
as the pressure is increased up to 1.4 x 10”° Torr. Further

addition of C,F, inhibits the decomposition process. Figure 5
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Figure 3

Photodissociation spectrum of CSFSJr over the CO, laser
spectral range. Left ordinate is fraction of C,F,
dissociated after two seconds of irradiation at 34 W
ecm™°. The two solid curves are for ionization energies
of 70 eV (O) and 20 eV (O). Perfluoropropylene
pressure is 4.8 x 10”7 Torr. Dotted line is infrared
absorption spectrum of perfluoropropylene at 0.8 Torr
in a 10 cm path length cell. Solid data points are
absorption spectrum taken using cw CO, laser radiation
(0.5W cm'z). Sample pressure was ~ 1 Torr ina

10 cm path length cell. The solid data points are scaled

to match low resolution spectrum.
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Figure 4

C _.,FSJr multiphoton dissociation rate as a function of
perfluoropropylene pressure. Laser frequency is
1047 cm™" and laser intensity is 48 W cm™ .
Ionization energy is 14 eV. Trapping time is

0.5 sec.
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Figure 5

C 3FS+ multiphoton dissociation rate as a function of
added buffer gases: Ar (4), N, (V) and SF, (O).
The dashed line indicates Cst+ inultiphoton
dissociation rate with C,F; as the added buffer gas.
Ar, N, or SF; are added to 1.2 x 10™" Torr C,F,.

The abscissa indicates total pressure.
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shows the effect on the C3F6+ dissociation rate when unreactive
buffer gases, N,, Ar, or SF, are added to 1.2 x 10”7 Torr of
perfluoropropylene. In these experiments the ionization energy was
maintained at 14 eV to prevent ionization of the buffer gas. The
rate of dissociation increases substantially with increasing buffer
gas pressure for all three diluents. From fig. 5 there is little
evidence for significant deactivation by Ar, N,, or SF, within the
accessible range of higher pressures, even though ions undergo up
to ~ 10° collisions during irradiation.

The role of collisions prior to laser excitation was examined
by allowing for a delay period between C 3F6+ formation (14 eV
ionization energy) and irradiation. At a pressure of 2 x 10”7 Torr
delay times up to 0.5 sec allow up to 10 collisions prior to irradiation.
For all delay times used the observed photodissociation rates were
identical within experimental error.

The effect of laser excitation of neutrals was explored in
the mixture of C,F; with SF,. Irradiating a 2:1 mixture of SF, and
C.F, at 1047 em”™" with 48 W cm™? produces dissociation of C,F,*
at a rate of ~ 2 sec”!. No dissociation is effected by irradiating
the same mixture at an SF, absorption maxima (947 cm'l) (1).

This experiment was repeated at several SF, pressures up to

5 x 10”° Torr (SF,:C,F, = 40:1) with the same result.
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4, Discussion

From the experimental results detailed in Section 3, it is
apparent that low intensity multiphoton dissociation of C3F6+ is
observed. The strong frequency dependence for C 3F6+ photo-
dissociation and the invariance of C3F5+ and CFg+ intensities to
laser irradiation eliminate the possibility that non-specific heating
of the icr cell leads to the observed change in ion intensities. A
mechanism in which laser excitation of neutrals followed by
collisional V-V transfer to stored ions leads to CgFS+ dissociation
is not consistent with the observation that CsFS+ in the presence of
SF, is stable when irradiated at an SF, absorption maxima.

The IR absorption band in neutral C,F, (X . : 1037 cm™)
shown in fig. 3 has been identified as a C-F stretch of A' symmetry (17).
Comparison with other fluorinated species suggests that this
vibrational mode involves only the CF, group. Since the lowest
energy ionization process in C.F, entails removing an electron
from the C-C double bond, this particular vibrational frequency is
unperturbed in going from the neutral to the cation. Therefore,
the photodissociation spectrum and the netural absorption band are
nearly superimposed.

Experiments at high sensitivity show a weak band in the
absorption spectrum of C,Fy at 978 cm™ (not apparent in fig. 3)
which is assigned as a combination band (17). The intensity of the

absorption at 978 cm™" relative to the major peak at 1037 em” is



88

considerably smaller than the magnitude of the 985 cm™" features
relative to the major peak at 1047 cm™ in the C,F," photodissociation
spectrum (fig. 3). The small peak in the photodissociation spectrum
occurs at an energy which is too low to attributetoav=1tov =2
resonance (typical anharmonicities for C-F stretch modes are

18 cm™' (18)) and is tentatively assigned as a combination band.

If this interpretation is correct, then the marked difference in
multiphoton dissociation probabilities for the two infrared bands
implies that resonant absorption is not rate limiting in the photolysis.
For typical infrared transition moments of 0.01-0.10 D and a
laser intensity of 1 W cm'z, the Rabi frequency (19) is ~ 105 sec'l,
far in excess of observed photodissociation rates.

Energy deposition into internal degrees of freedom of ions
formed by electron impact ionization tends to increase with
increasing electron energy. Hence, the population of vibrationally
excited CRF6+ will be greater when formed with 70 eV electrons
than with 20 eV electrons. The increase in photodissociation yield
at 70 eV compared to 20 eV (fig. 3) is attributed to an increased
facility for multiphoton dissociation of vibrationally excited species.

The data in figs. 4 and 5 provide clear evidence that collisions
can enhance multiphoton dissociation. The contrasting behavior
between C,F; and the buffer gases can be attributed to either

symmetric electron transfer (20) or near-resonant V-V transfer

between C3F6+ and C,F, making the parent molecule uniquely



89

efficient in deactivating vibrationally excited C 3F:. This accounts
for the decrease in photodissociation probability at higher pressures
of C,Fs;. Symmetric charge transfer has been shown to be effective
at removing up to several eV of energy from C6H6+ and CSHSCNJr (8,12),
Assuming that collisional processes are rate limiting in
the multiphoton dissociation of C3F6+, then at low pressures the
slopes of the curves in fig. 5 should give rate constants for
collisional enhancement of photodissociation. For the data in
fig. 5 approximately one out of every two collisions serves to
enhance the multiphoton process. In C.F, alone, it is seen in
fig. 5 that collision rates approximately 80 times larger than photo-
dissociation rates are required to reduce the latter by a factor of
two.
The sharp frequency dependence observed in fig. 3 for
C 3FB+ photodissociation is in contrast with reported experiments on
SFg using high power pulsed lasers, in which photodissociation
maxima are shifted to lower wavelengths by ~ 8 em”™ and
broadened by at least a factor of two (1). Whereas in pulsed
laser experiments excitation is thought to be to v = 3-5 in a single
mode (1), it appears that in low intensity multiphoton dissociation
excitation is only to v = 1 of the pumped mode, giving rise to a
sharp photodissociation spectrum. Following intramolecular energy
transfer, the resonant mode is returned to v = 0 and may absorb

another photon. This mechanism is similar to that proposed by
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Tamir and Levine (21). Such resonant transitions followed by
intramolecular V-V transfer are required until the molecule is
energized to a level such that the density of vibrational states is
large compared with the laser bandwidth (~ 0, 001 cm'l), and the
molecule may then absorb in the "quasi-continuum' (1,22),

Density of states calculations (23) using frequencies for C,F;
indicate that a density of states of approximately 2000 states/cm—1
is obtained with four quanta of 1000 cm™' radiation. In the case of
SFg, estimated lifetimes for relaxation from v = 3 of the pumped
mode are from 30 psec to lusec (22,24). At lower levels of
excitation intramolecular energy transfer rates are expected to

be slower. Collisions may then act to enhance intramolecular V-V
transfer, in accordance with fig. 5. Alternatively, the narrow laser
linewidth may excite only a small portion of the C 3FG+ absorption
band, and collisions may serve to redistribute rotational states and
hence increase photodissociation.

The lack of fine structure in the C,F, absorption band
implies that either there exists a dense manifold of initial and
final states associated with the vibrational transition or there is
a large homogeneous linewidth for each rotational component.

The calculated Doppler linewidth is ~ 30 Mhz for C ;Fg at room
temperature. Both inferences agree with the observed ability
of narrow band low intensity radiation to dissociate the entire

population of C3F6+. Even at the lowest pressures saturation
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with respect to laser intensity is not observed. This is consistent
with a homogeneously broadened line where collisions are not

required to tune molecules to the laser.

5. Conclusions
N NS N NS NS NSNS N N NSNS NS NN NSNS

From the present work it is apparent that multiphoton
dissociation of stored ions is possible with low intensity infrared
radiation. Even with the current lack of ion spectral data, suitable
candidates for infrared laser photolysis may be found by paying
careful attention to neutral precursor vibrational frequencies and
the nature of the ionization process. The sharp features in the
photodissociation spectrum suggest that low intensity multiphoton
dissociation is very selective with respect to both isotopic substitution
and molecular structure.

The observed enhancement of photodissociation rates by
both collisions and prior excitation offers intriguing possibilities.

In particular, it should be possible to observe both pulsed and cw low
power multiphoton dissociation of neutral molecules since the

constraint of a collision free environment can be relaxed.
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ABSTRACT

Direct clustering of Li* with (C,H,),CO, CH,COC,H,, (CD,),CO,
(CH,),CO, CH,CHO and H,CO is examined in the gas phase by ion
cyclotron resonance spectroscopy. Initial interaction of Li* with the
carbonyl compound leads to formation of a vibrationally excited adduct
which can be stabilized by energy loss in collisional or infrared
radiative processes. At pressures where the time between collisions
exceeds 100 msec the dominant stabilization mechanism is assumed
to be infrared emission; calculations of radiative rates are presented.
Calculated rates for Li* attachment at low pressures are found to be
in good agreement with experiment. Implications of bimolecular
infrared radiative association reactions for molecular synthesis in

interstellar space are discussed.
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1. Introduction

An excited intermediate can readily be generated by the inter-
action of an ion with a neutral molecule due to the usually small or
negligible activation barrier to association [1] and the appreciable
binding energies which often exist between the collision partners,
The ability to select from a wide range of reactant species facilitates
studies of the stabilization and fragmentation processes of activated
species. Inthe absence of exothermic reaction channels, the fate of
an excited intermediate formed in an ion-molecule collision, process

(1), is generally thought to be governed by collisions stabilization,

K
A* 4 B et [AB*]* )
k, (E)
K
[AB*]F 4 M —55 ABY 4+ M 2)

process (2), (where M may be the molecule B) or unimolecular decom-
position to reactants which is the reverse of process (1). The uni-
molecular decomposition rate ka(E) is a sensitive function of the
internal energy content of [AB+]¢. Recent studies have shown that
association reactions may exhibit bimolecular reaction kinetics even
at very low pressures. These include investigations of electron
attachment to SF, [2], reactions in fluoromethyl silanes [3] and adduct
formation in the interactions of SiH3+ with ethylene and benzene (at

somewhat higher pressures) [4]. Under conditions where collisions
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are infrequent, an alternative mechanism for deactivation of [AB+]¢
may be radiative stabilization, process (3). The radiative rate k.(E)
k. (E)
[ABY)F T ABT 4+ h (3)
is also a function of the internal energy content of [AB+]#. Assuming

steady-state conditions for [AB"“]3t the overall rate constant for dis-

appearance of A* and formation of stabilized AB™ is given by eq. (4),

k E) + k
(B - ¢k, (E) + k [M]) @
kp(E) +k, (E) +k [M]

where E is the internal energy content of [AB+]*. An obvious require-
ment for process (3) to be efficient is that k. > k_[M] which for a
given kr will be satisfied at sufficiently low pressures.

The possible importance of radiative association processes is
especially apparent for molecular synthesis in interstellar space where
particle densities range from 10 to 107 particles cm™ [5]. Assuming

! sec™!, times between ion-molecule collisions

ke = 107 em® molecule”
range from one hour to 100 years [5] and a process such as eq. (3)
can be significant for molecular aggregation and synthesis. Formation
of even one molecule every 100 years leads to significant amounts of
products on the time scale of interstellar processes! For dipole
allowed electronic transitions, radiative lifetimes are on the order of
107® sec [6] giving k, = 107"°- 10™° cm® molecule™ sec™ if k, ranges

from 107" to 107° sec™. Interstellar formation of CH* and CH; has
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been ascribed to such electronic radiative processes [7]. In the

absence of electronic excitations, infrared emission is the radiative
. . . o 2 .

stabilization mechanism. For infrared emission, k = 10" sec™ [8]

-1
for

implying from eq. (4) that k, = 107 -107° cm® molecule™ sec
the range k, = 10'°- 10° sec™. Loss of a single infrared photon

(1-9 kcal/mole) stabilizes the species with respect to dissociation but
leaves it vibrationally excited. Infrared radiative association is
becoming increasingly popular as a possible mechanism for inter-
stellar chemistry. Infrared emission has been postulated in the

formation of H,CO™ in interstellar space, process (5) [9-11].
HCO" +H, — H,CO" +hv (5)

Experimental studies in which collisional stabilization leads to
formation of an adduct of H, and HCO™ are consistent with an adduct
lifetime which suggests that process (5) is entirely reasonable.
However, the structure is most likely a loose association product
HCO™ .. H, rather than protonated formaldehyde or the methoxy cation
[12]. Association reactions of CH;, processes (6) - (8) [13,14],
H,CN*, process (9) [9], and H,CN", process (10) [9], involving

CHf +H, — CH; +hv (6)
CHY + NH, — CH,-NH; + hy (7)
CH, + H,0 — CH,-OHj +hy (8)
H,CN' + H, —» H,CN" + v (9)

H,CN* + H, — H,CN" + v (10)
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infrared emission have been recently proposed. Experimental studies
of reactions (6) - (8) under conditions of collisional stabilization allow
estimates of decomposition lifetimes to be made [13,14]. As in the
case of H,CO" the decomposition lifetimes are compatible with
radiative stabilization at low pressures, and such data have been used
to calculate interstellar molecular abundances [13-15].

In order to experimentally examine processes such as (1) - (3)
under nearly collision-free conditions, an ion-trap method appears to
be uniquely suited. Ion cyclotron resonance spectroscopy (ICR) can be
used to study ion-molecule reactions over the pressure range 1072 -
107° Torr, allowing ion-molecule collision frequencies from 1 sec™
to 10 sec™ [16]. 1In this work the attachment of Li* to a series of
Lewis bases, B, including H,CO, CH,CHO, (CH,),CO, (CD,),CO,
CH,COC,H, and (C,H,)CO is studied by ICR and the results interpreted
in terms of an infrared radiative stabilization mechanism. Association
reactions of Li’ with small molecules are particularly appropriate to
study because the binding energetics for a range of neutral species
have recently been quantified [17], the structures of several Lit
complexes (BLi™) have been elucidated [18,19], and the only fragmen-
tation process which needs to be considered is dissociation to reactants,
process (1). The model used to interpret the data is similar to models
discussed in the literature [9,10]. Section 2 contains experimental
details, section 3 deals with theoretical calculations of kr(E) and k, (E),
and section 4 presents results and their interpetation. Conclusions

which may be drawn from this work are discussed in section 5.
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2. ExRerimental

Techniques of ICR spectroscopy have been described in detail in
the literature [16]. Ions are formed and stored in an electrostatic
trap located in a strong magnetic field. While the ions are stored they
may react with neutral molecules present at pressures from 1072 to
1072 Torr. In trapping or pulsed mode ions are formed in the initial
10 msec of a cycle and stored for up to several seconds. The ions are
then mass analyzed to determine concentrations. In drift mode
operation the ions are continuously formed and mass analyzed several
milliseconds later. The primary advantage of drift mode is the ability
to operate at higher pressures.

The instrument used in this study was built in the Caltech shops
and utilizes a 15-inch electromagnet capable of a 23.4 kG field. The
detection system consists of a marginal oscillator detector accompanied
by a phase sensitive amplifier in drift mode and a boxcar integrator in
trapping mode. Most experiments are carried out in trapping mode
with ion storage times of up to one second.

Vacuum in the instrument is maintained by either a two-inch
diffusion pump or a 20 ¢ sec™" ion pump. Pressure is measured with a
Schulz-Phelps type ionization gauge calibrated against an MKS Instru-
ments Baratron Model 90H1-E capacitance manometer. It is expected
that absolute pressure determinations are within + 20%.

Chemicals used in this study were obtained from commercial
sources with the exception of formaldehyde. Formaldehyde was pre-

pared fresh before each experiment from thermal decomposition of



103

commercially obtained paraformaldehyde. All samples were degassed
by several freeze-pump-thaw cycles prior to use. Mass spectra of
the compounds showed no discernible impurities.

Lithium cations are generated by a glass bead filament made
according to the procedure described by Hodges and Beauchamp {20].
This produces a glass bead of Li,0:ALO,:8i0, =1:1:2 composition
on 7 mil rhenium wire. The filament (approximately 1 mm diameter)
requires 1-2 amps of current to produce adequate Lit emission. The
filament extends into the ion source region and is biased on with an
appropriate voltage during the beginning of a trapping sequence.
Temperature measurements indicate that the temperature rise in the
source region after several hours of operation is less than 5°C. All

experiments are carried out at ambient temperature, 298°K.
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3. Theory

3.1. Calculations of infrared radiative rates

Rates of spontaneous emission are calculated according to the
method described by Dunbar [21]. The total radiative rate k. from all

active modes of a species with internal energy E is given by eq. (11)

> i i
ky (E) =2/ (2 Py (B)A, ) (11)
where Ali~1 n-1 18 the Einstein coefficient for spontaneous emission from
>
the nth level of the it active mode. (Only transitions of An =1 are

considered.) P! is the probability that the n'"* level of the it

mode is
populated. The summations in eq. (11) are over all active modes and

all populated vibrational levels of each mode, respectively. Within the
harmonic oscillator approximation A;, Ne1
and eq. (12) results. As described in reference [21], A:,o is calculated

can be replaced by nA: o

k,.(E) = le (%) nP; (E)A; ) (12)
from the integrated absorption intensity, (Li, by eq. (13) where v, is
A, =81vi (13)

th mode in wavenumbers and CLI is the integrated

th

the frequency of the i
absorption intensity of the i~ mode in IUPAC absolute units [22].

In order to calculate kr(E) the vibrational spectra and integrated
absorption intensities for the adducts BLi' need to be known. While

experimental spectroscopic data are not available, reasonable estimates
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of vibrational frequencies are made based on ab initio calculations
[18,19] which indicate that Li* has little effect on the structure of the
neutral partner. Vibrational frequencies of BLi' are thus taken to be
the same as for isolated molecules B [23,24], with the addition of
three new frequencies associated with the B-Li* bond. Estimates of
the three additional frequencies have been made for H,OLi* (520 cm ™,
450 cm™", and 390 ecm™") [19] and are assumed to be nearly the same
for molecules considered here. These frequencies are not included in
calculating kr because their oscillator strengths are not known. This
approximation should not be serious since low frequency modes tend

to have smaller Einstein coefficients than high frequency modes [eq.
(13)]. Integrated absorption intensities for molecules B are taken from
published work [25,26] or estimated from published spectra [24,27,28].

To calculate PEI a Boltzmann distribution is assumed, eq. (14).

i
e'En/kTint
- (14)
i
) e'En/kTint
n

th

Ei is the energy of the n"" level of the ith

n
vibrational temperature for the species. T

mode and Tint is an effective
int 18 calculated from
tabulated data for the heat content function (H-H,)/T of molecule B
[29-32], the internal energy E of the species and eq. (15) [21]. It is

H-H, = E + 4RT, , (15)

assumed that tabulated heat content functions for isolated molecules B
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apply to corresponding ions since the molecules are perturbed only
slightly by addition of Li*.

Combining eqs. (12)-(15) allows k. (E) to be calculated. Results
of such calculations for the ions considered here are shown in Fig. 1.
Since the species [BLi'F]at formed at room temperature are assumed
to be very near to threshold for decomposition, it is expected that loss
of a single photon stabilizes the species with respect to dissociation
and k., is then the radiative stabilization rate. Radiated photon energies
are from 1-9 kcal/mole with the most probable energy approximately
5 kcal/mole. As can be seen in Fig. 1, a monotonic increase in kr(E)
with internal energy is calculated, which is nearly linear at higher
energies. It is interesting to note from Fig. 1 that differences in
molecular structure have a relatively small effect on radiative rates,
with kr(E) for HZCOLi+ not greatly different from kr(E) for
(C,H,),COLi".

3.2. Calculations of unimolecular dissociation rates

The decomposition of [BLi+]'JF to B and Li" is treated by standard
techniques of RRKM theory [33]. Due to potential inaccuracies in other
sections of this study, e.g., calculations of k.(E), more extensive
phase-space type calculations [34] of the unimolecular decompositions
are not considered here. The RRKM formalism has given reasonable
results for association reactions at higher pressures [4,35].

The microscopic unimolecular rate of dissociation, k, (E), of

[BLi+]¢ is given by eq. (16), where E is the internal energy of the



107

FIGURE 1

Radiative stabilization rates kr(E) as a function of internal energy
of the chemically activated species [BLi" ﬁ Details of calculation

of kr(E) are in section 3. 1.
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4
5 pEh

k_(E) = Ef=0  ° (16)
: hN* (E)

energized molecule, E¢ is the internal energy of the activated complex,
gt

h is Planck's constant, 27 P(E#) is the sum of states of the activated
E*T=0

complex at all energies up to and including E#, and N*(E) is the density
of states of the energized molecule at energy E. The quantity E# is

given by eq. (17), where E, is the activation energy for decomposition
E* =E - E, (17)

of [BLi+]#. The species [BLi+]# is formed by chemical activation and
thus retains the reaction exothermicity, DO(B-Li+), plus the thermal
energy content of the molecule B as internal excitation. In these
calculations for 298 °K, translational energy converted to internal
energy during collision is assumed negligible. Accurate determinations
of DO(B-Li+) have been made for a variety of Lewis bases and estimates
of Lit binding energies for compounds not studied experimentally may
be made by considering trends for similar molecules [17]. Table 1
gives values for Do(B—Li+) used in this study. Since the exact nature

of the long range potential surface and transition state for decomposition
(in particular the extended O-Li" bond lengths) are not known for these
systems, rotational effects are not considered in calculating ka(E).

The calculations were carried out in several ways, assuming various

transition states, with similar results in all cases. Hence for
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Table 1
D, (B-Li") for Li* complexes studied [17]

Complex D, (B-Li") @)
H,COLi* 36.0
CH,CHOLi" 41.7
(CH,),COLi" 44.6
(CD,),COLi" 44.6
(CH,) (C,H,)COLi* 46.0
(C,H,),COLi* 47.0

(a) Units are kcal/mole.
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simplicity calculations ignoring rotational effects are presented.
Activation energies for decomposition of [BLi+]¢ are then taken to be
equal to D, (B-Li") from Table 1. Results of calculations for k, (E),
using eq. (16), are shown in Fig. 2 as a function of internal energy
above decomposition threshold for (C,H,),COLi*, (CH,)(C,H,)COLi",
(CD,),COLi", (CH,),COLi*, CH,CHOLi", and H,COLi*. Sums and
densities of states in eq. (16) are evaluated using the Whitten-

Bt
Rabinovitch approximation [33]. Comparison of EZ;;F 0P(E:t) calculated
this way to a direct count calculation gives agreement to within 10%.
Internal rotations are treated as torsions. Vibrational frequencies for
BLi" are taken to be the same as for molecules B [23,24] with the
addition of three new frequencies associated with the B-Li* bond (see
section 3.1). These three additional frequencies are assumed to be
the same for all BLi" complexes considered here. The 520 cm™
vibration (B-Li% stretch) is chosen as the reaction coordinate. In the
transition state only the two remaining frequencies associated with the
B-Li" bond are expected to change and they are taken to be 100 em™.
Variation of these frequencies from 50 cm™" to 200 cm ™ has no
substantial effect on the results. Of particular interest in Fig. 2 are
the lifetimes of species formed near threshold. Decomposition rates
less than 100 sec™ indicate that radiative processes (Fig. 1) can
compete effectively with dissociation to deactivate the vibrationally

excited adduct.
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FIGURE 2

RRKM unimolecular dissociation rates ka(E) as a function of internal
energy in excess of decomposition threshold. The decomposition

process is [BLi’F]fF — B+ Li'.
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4, Results and Discussion

4.1, Experimental determination of k,

Figure 3 displays a typical trapped-ion spectrum of Lit attach-
ment to (C,H,),CO at a pressure of 3 x 107" Torr. Observed processes

are those given by reactions (18)-(20). BLi* and B,Li" are directly

B+ Li" — BLi' (18)
B + BLi* — B,Li" (19)
B + B,Li* — B,Li" (20)

observed. To measure the Li* signal a delayed ejection double
resonance [16] technique is used. The B,Li" ion is monitored at a
trapping time such that BLi" has reacted away and B,Li* has not
formed to an appreciable extent; typically 900-1000 msec. The con-
centration of B,Li* under these conditions should equal the initial Li*
concentration [Li*],. Ejecting all Li* ions in the trap at a given time
causes the BzLi+ signal to decrease by an amount equal to the concen-
tration of Li" in the trap at that time. A plot of [Li*] versus time is

obtained by scanning the Li% ejection time and utilizing eq. (21).
[Li*] = [Li'], - [B,Li%] o (1)

[B,Li*] o] is the concentration of B,Li* remaining after Li* is ejected.
Since neutral pressures are approximately a factor of 10° larger than
ion concentrations, pseudo-first order kinetics apply. Semi-
logarithmic plots of [Li*] versus time (found to be linear over two

orders of magnitude) yield k, from their slopes. Agreement between
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FIGURE 3

Typical trapped ion data from (C,H,),CO experiment. (C,H,),CO
pressure is 3 X 107" Torr. The plot of [Li+] is obtained by a delayed
ejection experiment as discussed in section 4. 1. Li* ions are formed

in the first 10 msec.
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k, determined from Li* decay and from total product formation (a less
precise method) is within 10%. Rate constants determined for Li™

attachment to (C,H,),CO, (CH,)(C,H,)CO, (CH,),CO and (CD,),CO from
trapped ion experiments are presented in Table 2. The rate constants

in Table 2 are found to be independent of pressure in the range from

107" to 107° Torr (~ 6 collisions sec™ to ~ 60 collisions sec™).
Higher pressures could not be investigated in trapped ion experiments
because of excessive ion loss and competitive formation of B,Li".
Reactions of H,CO and CH,CHO with Li" are too slow to be studied
by trapped ion techniques and are studied in drift mode. Over the
pressure range of 107° to 1073 Torr, Li* attachment rates are observed
to increase with pressure. Because of Li" filament instability at higher
pressures these studies were not extensively pursued. Table 3
presents measured rate constants for formation of H,COLi" and
CH,CHOLI" at pressures of 2 x 10™° Torr and 3 x 107° Torr,

respectively.

4.2. Calculation of k,

In order to utilize the quantities k. (E) and k, (E) calculated in
sections 3.1 and 3.2 to calculate k,(E) [eq. (4)], rate constants for
formation, kf, and collisional stabilization, k, are needed. For ion-
molecule reactions involving polar neutrals, collision rates are
generally calculated according to average-dipole-orientation (ADO)
theory [36]. However, due to the orientation of the carbonyl group

and bulky alkyl groups, it is probable that not every collision results
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Table 3
Calculated and experimental rate constants® for Li* + B — BLit;

H,CO and CH,CHO

B k, (k.= 0) k, (k= 0) k, (Exp.)®
CH,CHO 1.7% 1072 1.7 107 8.1+ 1,0)x10™°
H,CO 1.7x107* 1.7x107* (7.4 +2.0)x 107

@) Units are 10~° cm’ molecule™ sec™

CH,CHO calculations and
experimental data for [CH,CHO] = 3 X 10™° Torr, H,CO calcula-
tions and experimental data for [H,CO] = 2 x 10~ Torr.

(b) Quoted errors are for one standard deviation. These measure-

ments carried out in drift mode.
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in formation of an adduct. From Fig. 2 it is apparent that k, for
[(C2H5)2C‘OLi+]fF is very small at all energies of interest. Hence for
(C,H,),CO k, equals k,. For the rest of the systems studied, ADO
collision rates are scaled by a factor of 0.278 which is equal to
k,/k apo for (C.H;),CO. Since the vibrationally excited adduct is close
to the decomposition threshold, a single collision is assumed adequate
for stabilization with respect to dissociation, hence collision rate
constants calculated from ADO theory are used for k. Table 4
presents the calculated ADO rate constant k (ADO) and scaled values ke
Also included are calculated ADO stabilization rate constants k.
Comparison of calculated k,(E) with measured rate constants
requires averaging k,(E) over the internal energy distribution of [BLi'F]:t
adduct. Assuming the internal energy distribution of [BLi“L]fF is the
same as the neutral species B displaced in energy by the reaction
exothermicity, D, (B-Li*) [37], the averaged k, is calculated from

eq. (22) where K(E) is the Boltzmann factor [33] for molecule B

k, = f°o k,(E)K(E-E,)dE (22)
E

o

calculated from eq. (23). N(E) is the density of vibrational states at

K(E) = N(E)e_E/kT (23)

[ NE®eB/kTgg

0

energy E for the neutral species B. The Whitten-Rabinovitch approxi-
mation is used to calculated N(E) for (C,H,),CO, (CH,)(C,H,)CO,
(CH,),CO and (CD,),CO. A direct count of vibrational states is used
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Table 4

Forward rate constants k £ and collisional stabilization rate

constants ks @)

Molecule k, (AD0)®) Kk, (©) k ®)
(C,H,),CO 4.92 1.37 1.87
CH,COC,H, 4.81 1.35 1.98
(CH,),CO 4,74 1.33 2.18
(CD,),CO 4.7 1,32 2.08
CH,CHO 4.41 1.24 2.23
H,CO 3.57 1,00 2.09

(@) Units are 10™° cm® molecule™ sec™

(b) Calculated according to ADO theory [36]. Dipole moments are
from ref. [39]. Polarizabilities for H,CO, CH,CHO and
(CH,),CO are from ref. [40]. Polarizabilities for CH,COC,H,
and (C,H,),CO are from ref. [41 |]. The dipole moment and
polarizability of (CD,),CO are assumed the same as for

(CH,),CO.
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for H,CO and CH,CHO. Calculated values of k, for the trapped ion
experiments using data from Figs. 1 and 2, Table 4 and averaged
according to eq. (22) are presented in Table 2. Included for com-
parison are values of k, calculated assuming spontaneous emission
does not occur (kr = 0). Comparable results for higher pressure
experiments with H,CO and CH,CHO, calculated at 2x 107" and

3 x 107° Torr, respectively, are shown in Table 3. It is clear from
Table 2 that data calculated excluding radiative stabilization exhibit
termolecular behavior and are too small in magnitude compared to
experiment. Data calculated including radiative stabilization are seen
to exhibit bimolecular behavior, as observed experimentally. The
pressure dependence of k, when kr is included is comparable to the
experimental uncertainty in the measured rate constants, while
excluding kr results in a pressure dependence which is too large when
compared with experiment. It is not possible to totally exclude
collisional stabilization since collisions do occur at a rate of about
5 sec”! at 107" Torr. In either case it is clear that the
lifetimes of intermediates can easily be long enough for infrared
radiative stabilization to be important. The present work does not
prove that infrared emission is responsible for adduct stabilization;
observation of infrared emission would be required. However, the
calculations indicate that radiative stabilization is a reasonable
deactivation mechanism at low pressure, and the observed pressure
dependence supports this conclusion.

The calculations for k, at higher pressure for H,CO and CH,CHO
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(Table 3) are in reasonable agreement with measured rate constants.
Differences are most likely due to errors in pressure determination,
difficulties associated with rate constant measurement in drift mode
experiments [16,39] and errors in estimating k¢, In Table 3 there is
no difference between k, calculated with and without k,.. For H,CO and
CH,CHO the decomposition rates are large enough (section 3.2, Fig. 2)
that radiative processes (section 3.1) cannot compete. Thus under
conditions where H,COLi" and CH,CHOLi" are observed k. « k_ [M]
and k, does not contribute to the stabilization process.

The discrepancy between calculated rate constants for (CH,),CO
and (CD,),CO association with Li% illustrates the sensitivity of the
calculations to the decomposition lifetime when kr competes closely
with k.. (C,H,),COLi" and (CH,)(C,H;)COLi" represent a "large
molecule’ limit for which kr > ka and hence nearly every complex
formed is stabilized. Similarly, CH;CHO and H,CO represent a "'small
molecule' limit in which ka is very large compared to kr and hence few
complexes are stabilized. However, for (CH,),COLi" and (CD,),COLi",
k, and kr compete closely and hence the overall rate constant becomes

very sensitive to the RRKM calculation.
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5. Conclusions

Results of this work support postulated infrared radiative
stabilization mechanisms proposed for molecular synthesis in inter-
stellar space. While observation of infrared emission would be
necessary to prove the infrared emission mechanism, the pressure
dependence of k, at very low pressure (Table 2) indicates that
collisional stabilization is not occuring and radiative stabilization
may be important. It is of interest to note that while kr(E) varies
between 50 and 100 sec™ for all compounds studied (at typical energies),
Fig. 1, ka(E) varies over nine orders of magnitude depending on mole-
cular complexity, Fig. 2. Since kr(E) depends mainly on energy
released into the adduct from reaction exothermicity, energy present
in molecule B prior to adduct formation is relative unimportant and
k. (E) is not strongly temperature dependent. ka(E) depends directly
upon energy in the adduct in excess of the decomposition threshold,
Fig. 2, and hence on the internal energy of the neutral prior to
reaction. The internal energy of species B is determined by its
temperature and hence ka(E) is strongly temperature dependent.

At sufficiently low temperatures the large and small molecule distinc-

tions (section 4) begin to lose meaning as decomposition occurs closer
and closer to threshold and dissociation lifetimes become very large.
Under conditions found in interstellar space where temperatures are
typically less than 100°K radiative stabilization may become effective
enough that k, approaches the gas kinetic limit, even for small

molecules [14].
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ABSTRACT

Ion cyclotron resonance techniques are used to observe direct
clustering of Li* with (C,H,),CO, CH,COC,H,, (CH,),CO, (CD,),CO,
CH,CHO, and H,CO. Initial interaction of Li* with the carbonyl
compound leads to formation of a vibrationally excited adduct. For
several of the molecules, adduct formation is observed to be bi-
molecular at pressures low enough (< 10~° Torr) such that the col-
lisional stabilization of the vibrationally excited species is unlikely.
Experimental results are interpreted in terms of an infrared
radiative stabilization mechanism, and calculated attachment rate
constants are in good agreement with experiment. The present
results are discussed in terms of the significance of infrared
radiative association reactions for molecular synthesis in inter-

stellar space.
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As increasingly complex molecules are discovered in interstellar
space, the question of their origin becomes more and more intriguing.
Molecules containing up to nine carbon atoms have been discovered to
date (Gammon, 1978). A number of mechanisms have been suggested
to explain synthesis of large molecules in interstellar space, including
bimolecular processes (Herbst and Klemperer, 1973) and reactions on
grain surfaces (Dalgarno and Black, 1976). Since high-energy stellar
radiation ionizes an appreciable fraction of the atoms and molecules,
and ion-molecule reactions often do not have appreciable activation
energies (Su and Bowers, 1973), ion-molecule association reactions

may occur as in process (1). The species [AB+]# is usually a
k
At 4B — [AB*]‘t 1)

vibrationally excited adduct (Herbst, 1976); in some cases the excita-
tion is electronic (Black and Dalgarno, 1973). Collisional stabilization
of the energy-rich species [AB+]*, eq. (2), is unlikely because of the
(AB*]F + ML AB* 4 M @)
extremely low pressures (10 to 10 particles cm™) characteristic of
interstellar space (Herbst and Klemperer, 1976). 1In the absence of
collisional stabilization one of three processes may occur: unimolecular
deconposition to reactants, eq. (3), unimolecular decomposition to
products different from reactants, eq. (4), and radiative stabilization,

eq. (5). Process (3) results in no net reaction. Reactions such as (4)
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—> AT + B (3)
[AB“]4E ——— " +D (4)
> ABT +h (5)

have been assumed for a variety of species, for example, eq. (6)
CN + Hf — HCN' + H, (6)

(Herbst and Klemperer, 1973). In cases where the lifetime with
respect to dissociation of [AB+]¢ is relatively long, emission of
radiation [eq. (5)] may be an important stabilization mechanism
(Williams, 1971). Electronic radiative stabilization is proposed for
formation of CH" and CH; in interstellar space (Black and Dalgarno,
1973), while vibrational radiative stabilization is proposed for a
number of reactions, egs. (7)-(11), (Smith and Adams, 1977; Smith
and Adams, 1978; Herbst, 1976). Laboratory investigations of such

CHf +H, ~— CH; + hv (7
CH, + NH, — CH,-NH; + hv (8)
CHY + H,0 — CH,-OHj +hv 9)
H,CN' + H, —» H,CN" + hv (10)
H,CN' + H, - H,CN" + hv (11)

+

reactions are difficult due to the usually short lifetime of [AB*]
intermediates. Most studies of radiative association processes use
high pressure data to calculate dissociation lifetimes which are then
used in conjunction with estimates of radiative rates to calculate

overall bimolecular radative association rate constants (Smith and
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Adams, 1977; Smith and Adams, 1978).

The techniques of ion cyclotron resonance spectroscopy (ICR)
appear to be uniquely suited for studying processes such as (5) under
nearly collision-free conditions (Beauchamp, 1971; Lehman and
Bursey, 1976). We report here observation of association reactions of
Li* to (C,H,),CO, CH,COC,H,, (CH,),CO, (CD,),CO, CH,CHO and H,CO
in ICR experiments. Experimentally determined rate constants are
modeled using an infrared radiative stabilization mechanism. Details
of the calculations will be published elsewhere (Woodin and Beauchamp,
1979).

Reactions of LiT with Lewis bases such as alkyl ketones follow

processes (12)-(14), where B is a Lewis base. No decomposition

Lit+B — BLi* (12)
BLi" + B — B,Li" (13)
B,Li* + B — B,Li" (14)

processes [such as (4)] are observed. Figure 1 shows a trapped ion
plot for Lit with (C,H,),CO. Li* ions are generated by thermionic
emission from a glass bead filament (Hodges and Beauchamp, 1976).
All experiments are carried out at ambient temperature. Decay of the
Lit signal plotted on a semi-logarithmic scale as a function of time is
linear, and the slope in conjunction with the neutral pressure provides
the apparent bimolecular rate constant for reaction (12). Results for
Li* association with (C,H,),CO, CH,COC,H,, (CH,),CO and (CD,),CO

are given in Table I. Of particular importance is that these rate
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FIGURE 1

Typical trapped ion data from (C,H,),CO experiment. Li* ions

generated in the first 10 msec react to form (C2H5)2COLi+, which in

turn reacts to form [(C,H,),CO],Li".
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constants are independent of pressure from 107" to 107° Torr.
Association reactions of Li* with CH,CHO and H,CO increase with
increasing pressure at all pressures such that the adduct is observed.
Data for CH,CHO and H,CO are given in Table II at 3 X 10™° Torr and
2 x 10~° Torr, respectively.

In order to calculate the overall bimolecular reaction rate con-

stant, the mechanism of eq. (15) is used. The radiative rate k. (E)

k k (E)+k_[B]
Lit + B e—i—2 [BLi“‘]jF L S 5 BLi' (15)
E
a

(Dunbar, 1975) and unimolecular dissociation rate k, (E) (Robinson and
Holbrook, 1972) are both functions of the internal energy content, E,
of [BLi+]¢. k, is the rate constant for formation of [BLi'*]:IE and k_
is the collisional stabilization rate constant. Assuming a steady-state
concentration for [BLi"']*, the apparent bimolecular association rate,

k,(E), for formation of BLi' is given by (16). Clearly, for radiative

ke(k,.(E) + k [B])
k (E) + k, (E) + kg [B]

k,(E) = (16)

stabilization to be important, the condition k> k. [B] must hold.
Given the internal energy content of the chemically activated [BLi+]¢
species, k.(E) may be calculated according to the method outlined by
Dunbar (1975) and k, (E) is calculated by standard RRKM theory
(Robinson and Holbrook, 1972). kg and k; are assumed to be the
collisional rate constants calculated by ADO theory (Bass et al., 1975).
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TABLE II

Calculated and experimental association rate constants kz(a) for

Lit + B — BLi*; CH,CHO and H,CO

B

® k20 ke =0@  Kex)®

CH,CHO  4.41 1,7x10" 1.7x107 (8.1+1.0)x 107
H,CO 3.57 1.7x10™* 1.7x10™* (71.4:2.0)x107*

@)

()
(c)
(@)
(e)

. - 3 -] -
Units are 10™° cm® molecule™ sec™

CH, CHO calculations and
experimental data for [CH,CHO] = 3 X 10™° Torr; H,CO calculations
and experimental data for [H,CO] = 2 x 10™° Torr.

Calculated according to ADO theory (Bass et al., 1975).
Calculated including radiative stabilization.

Calculated excluding radiative stabilization.

Quoted errors are for one standard deviation.
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The internal energy content of [BLi‘F]:t is given by the thermal energy
content of B and DO(B-Li+) which have been determined for a variety
of Lewis bases (Staley and Beauchamp, 1975; Woodin and Beauchamp,
1978), and may be estimated for compounds not studied by considering
trends of similar molecules. For the bases studied here, Dy(B-Li")
is given in Table III. For the decomposition of [BLiJ’]lt to reactants
the activation energy is assumed to be D,(B-Li*"), and centrifugal
effects are not considered. A variety of calculations assuming
different transition states give essentially the same results.

Assuming that the presence of Li* does not appreciably perturb
the Lewis base (Woodin et al., 1976; Diercksen et al., 1975), then
integrated absorption intensities and thermodynamic functions of B may
be used to approximate those of BLi’. Calculated values of k (E) vary
almost linearly with energy. Table III shows kr(E) for the ions when
the internal energy equals D,(B-Li*) and assuming that emission of a
single photon stabilizes the adduct with respect to dissociation.

Vibrational frequencies of species such as BLi" are not known.

However, since 1i" is found not to perturb the base (Woodin et al.,
1976, Diercksen et al., 1975), vibrational frequencies of B may be
used with the addition of suitable frequencies associated with the B- Lit
bond. Values of O-Li' frequencies estimated for H20Li+ (Diercksen
et al., 1975) of 520 cm™’, 450 cm™* and 390 cm™’ are used here in all
cases. The 520 cm™' B-Li" stretch is assumed to be the reaction
coordinate. Calculated results for ka(E) are plotted as a function of

excess energy above threshold in Fig. 2 for (CzHS)ZCOLi+,
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TABLE III
D,(B-Li") and k, calculated at D,(B-Li") for the Li" complexes

considered in this work

Complex D,(B- Li") @) k. (b)
H,COLi" 36.0 58
CH,CHOLi" 41.7 57
(CH,),COLi* 44.6 45
(CD,),COLi" 44.6 44
(CH,)(C,H,)COLi* 46,0 40
(C,H,),COLi* 47.0 37

(a) Units are kcal/mole.

(b) Units are sec™. Calculated at an energy equal to Dy(B-Li").
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FIGURE 2

RRKM unimolecular dissociation rates ka(E) as a function of internal
energy in excess of decomposition threshold. The dissociation

process is [BLi+]¢ — B+ Li".
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(cH,)(C,H)COLi*, (CH,),COLi*, (CD,),COLi", CH,CHOLi", and
HZCOLi+. It is apparent from Figure 2 and Table III that radiative
processes compete favorably with dissociation at energies near threshold.

Combining calculated values for k (E), k, (E) and ks[B] and k at
a given pressure allows calculation of k,(E), eq. (16). Tables I and II
include ADO rate constants for kf. That the ADO rate constant for
(C,H,),CO is approximately a factor of three larger than the experi-
mental value of k, indicates that not every collision forms an adduct,
since from Figure 2, k, (E) is small for (C,H,),COLi" and from eq. (16)
k, should equal k.. To take this effect into account values of k; used to
calculate k,(E) are from ADO rate constants scaled appropriately to
give the correct value for (C2H5)2C0Li+. Averaging k,(E) over the
Boltzmann distribution of B prior to reaction (Robinson and Holbrook,
1972) gives a value for k, to compare with experiment. Table I shows
calculated apparent rate constants, k,, for pressures of 1077 and 107°
Torr (~6 collisions sec™* and ~60 collisions sec™") with and without
radiative stabilization. Table II includes results for k, calculated with
and without infrared emission at appropriate pressures.

The calculated rate constants agree well for (C,H,),COLi",
(CH,)(C,H,)COLi*, (CH,),COLi* and (CD,),COLi* when radiative
stabilization is included. The pressure dependence with infrared
emission included also agrees with the experimental observation that
these rate constants are bimolecular from 10™" to 107° Torr.
Excluding radiative processes results in termolecular behavior,

in disagreement with experiment (Table I). These results support
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radiative stabilization as a viable relaxation mechanism. The data in
Table II show no effect of radiative processes upon the association rate
constants for CH,CHO and H,CO. This is because for smaller mole-
cules dissociation is fast compared to infrared emission (Figure 2 and
Table II) and collisional stabilization is necessary to observe the
adduct on the time scale of the experiment.

The present results do not prove the radiative association
mechanism; observation of infrared emission would be required.
However, the observed pressure dependence under nearly collisionless
conditions strongly supports a radiative stabilization mechanism. The
calculations indicate that molecular synthesis via radiative association
may be facile under the low temperature conditions of interstellar
space. While radiative rates depend on the total energy of the activated
molecule, dissociation rates depend strongly on the excess energy
above the decomposition threshold (Figure 2) which is derived mainly
from the thermal energy content of molecule B. At typical interstellar
temperatures of ~50K (Gammon, 1978) association complexes thus
may have very long lifetimes before decomposition, allowing radiative
stabilization to be effective. It is even possible that under suitable
conditions association reactions may occur at the gas-kinetic rate
(Smith and Adams, 1978), making radiative association reactions an
efficient mechanism of molecular synthesis in interstellar space.
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ABSTRACT

Ion cyclotron resonance spectroscopy is used to measure non-
dissociative electron attachment rate constants for C,F, (perfluoro-
benzene), C,F, (perfluorotoluene), c-C,F, (perfluorocyclobutane) and
C,F,, (perfluoromethylcyclohexane) at low pressure (< 10~° Torr).
Infrared emission is assumed to stabilize excited species leading to
long-lived molecular negative ions. Combining the present data with
negative ion lifetimes measured at low pressures by time-of-flight
methods and electron attachment rates measured at high pressures
in swarm experiments allows estimates of radiative lifetimes to be
made. These all fall in the range from 0. 4-3. 0 msec, which are
typical of infrared radiative lifetimes. Data are also presented for
dissociative electron attachment to CCl,. In this case the ion cyclo-
tron resonance results extrapolate smoothly to yield the attachment

rate measured in high pressure swarm experiments.
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I. INTRODUCTION

Studies of electron attachment processes using ion cyclotron
resonance (ICR) techniques at first glance might appear to have
generated more confusion than understanding relating to this impor-
tant phenomenon. 1,2 ICR experiments yield negative ion lifetimes1
which are orders of magnitude longer than those measured using

time-of-flight techniques. 2,3

In addition, rate constants for electron
attachment measured at the low pressures typical of ICR experiments
(1078 -107° Torr) are orders of magnitude less than those measured

23,4

in high pressure (0.1-10 Torr) swarm experiments. It is well

known that lifetimes and attachment rates are sensitive functions of

3,5,6 However, this alone does not

the electron energy distribution.
adequately account for the apparent discrepancies among the reported

studies of negative ion lifetimes and attachment rates.

The scheme depicted in Eq. (1), can be employed to describe

- kf * kd
A+re (B )e——=2[A"]"—=>3 B +C 1)

Kt/ Ta kS[M]
11/71‘\k

[A™]F+hw [A™)7
electron attachment. 1 Reaction of molecule A with an electron of

kinetic energy E results in formation of the excited negative ion

kin
[A”]* which contains internal excitation at least equal to the electron

affinity of A. The species [A”]* may then autodetach an electron
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(with autodetachment lifetime 7,), decompose k d), radiate (with
radiative lifetime Tr) or be collisionally stabilized (kS[M]). The
species [A']fF may still possess internal excitation, but it is insuffi-
cient for autodetachment to be energetically possible. Further
radiative or collisional events lead to thermal equilibrium.,
Processes involving [A”] * are expected to be sensitive to the internal
energy content of [A”] * and hence to the initial electron energy. In
general, cross sections for electron attachment show sharp maxima

for low energy (~ 0 eV) electrons. 3,4,6,7

Earlier we presented an ICR study of SF, in which the radiative
mechanism for formation of stable SF_ at low pressure was inferred.1
In the present study we present results for non-dissociative electron
attachment to a wide variety of molecules, including C.F, (perfluoro-
benzene), C,F, (perfluorotoluene), c-C,F, (perfluorocyclobutane), and
C,F,, (perfluoromethylcyclohexane). In addition, results for dissoci-
ative attachment to CCl, are presented. Data are now available from
a variety of other experiments such that comparison of high and low
pressure data is possible. The present results are interpreted in

terms of the mechanism of Eq. (1).

II. EXPERIMENTAL

Trapped ion ICR techniques have been described in detail in the
literature. 8 An initial electron beam pulse fills the source region of
the ICR cell with electrons which may react with neutral species to

form negative ions. After a suitable trapping time mass spectrometic
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analysis provides relative ion abundances. The instrument used in
these studies was built in the Caltech shops and utilizes a 23.4 kG
electromagnet, flat ICR cell, and standard marginal oscillator
detector. All experiments are carried out at ambient temperature
(298° K).

Pressure measurement is made with a Schulz-Phelps type
ionization gauge calibrated against a MKS Baratron Model 90H1-E
capacitance manometer. Error in pressure measurement is esti-
mated to be +20%, and is the major source of inaccuracy in rate
constant measurements.

All chemicals used in this study were obtained from commercial
sources and used without further purification. Condensible gases
were removed by several freeze-pump-thaw cycles; impurities were

negligible as determined by mass spectrometry.

III. RESULTS AND DISCUSSION

Electron attachment rate constants are measured in the same
manner as for SF. 1 It has been shown in previous studies that C,F,,
C,F,, c-C,Fy and C,F,, attach low-energy electrons. 6,79 In 1CR
experiments only electrons scattered from the beam and trapped in
the source region of the ICR cell attach to SF,, 10 2nd the same is
assumed for the processes studied here. Consistent with this,
negative ion signal intensity increases with increasing electron energy

as more inelastically scattered electrons are produced. For C.F,

C,F,, c-C,Fy and C,F,,, non-dissociative attachment is observed.
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In addition, a dissociative attachment process, reaction (2), is

observed for C,F,,. The ratio of C,F;, to C;F,; is approximately 25:1,
C,F,+e — CJF, + CF, 2)

Since attachment cross sections peak at very low electron energies
(~ 0 eV), observation of reaction (2) implies that ~ 4% of the C,F,,
molecules possses sufficient internal energy prior to electron attach-
ment such that dissociation of C,F,, is then rapid compared to radia-
tive stabilization.

Figure 1 shows typical trapped-ion data for formation of CGF; .
Similar results obtain for C,F, , c-C,F, and C,F;,. After the initial
10-20 msec, the curve in Fig. 1 is accurately described by a simple

exponential function, Eq. (3), where [M~]  is the anion abundance

- ko oplMIt
M) =M ,@-e PP T (3)
at long time and ka.pp is the apparent bimolecular rate constant.
Figure 2 shows the measured electron attachment rate constant, kapp’

for C;F,, C,F,, c-C,F, and C,F,, plotted as a function of pressure

of the pure gas, Within experimental error the electron attachment
rate constants for these molecules are pressure independent at
pressures less than 3 x 107° Torr. Measurements of the attachment
rate constant for C,F,, was not possible at pressures above 2 x 1077
Torr because the total rate of formation of C,F;, becomes comparable
to the sampling time of the experiment. Average values of the elec-

tron attachment rate constants from Fig. 2 are listed in Table 1 along
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FIGURE 1

Typical trapped ion data for electron attachment to C,F,. The trap
is filled with electrons by a 10 msec electron beam pulse. C/F,

pressure is 2X 10~" Torr.
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FIGURE 2

Electron attachment rate constants as a function of pressure for
C,F, (perfluorobenzene), C,F, (perfluorotoluene), c-C,F, (per-

fluorocyclobutane) and C,F,, (perfluoromethylcyclohexane).
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TABLE 1. Attachment rate constants, autodetachment lifetimes and
radiative lifetimes for electron attachment to SF,, C;F,, C;F,, c-C,F,

and C,F,,. Also included are known electron affinities.

Molecule kappa kf]O Tac Trd EA®
SF, 1.6x0.2! 2,72 25 0.4 >0. 68
C,F, 0.16+ 0. 03" 1.02 12 0.8 >1.88
C,F, 0.66+0.15%  2.44 12.2 0.5 >1.78
c-C,F, 0.04+0.010 0.11 14.8 0.5 0.4
C,F,, 2.7+0.5" 0.99 793 2.9 NA!

. - -1 -
4Units are 1078 ¢cm® molecule™ sec™. Errors quoted are for one

standard deviation.

bHigh pressure thermal attachment rate constants, equated with kf in

-1

accordance with Eq. (1). Units are 107" c¢cm® molecule™ sec Data

from Ref. 2.
CUnits are pusec. Data from Ref.2.

dUnits are msec. Calculated according to Eq. (4).

eUnits are eV.

fRef. 1,
€Ref. 2.
hyreasured in this work.
iRef. 16.

Jpata not available.
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with literature values of thermal attachment rate constants deter-
mined in swarm experiments. Also included are data for SF; at low
pressures. Data from swarm experiments are obtained at high
buffer gas pressures such that every ion formed is collisionally
stabilized. 3 In accord with the scheme shown in Eq. (1), we equate
the high pressure attachment rate constants with k..

As described in our previous ICR study of SF,, 1 scattered
electrons in the source region of an ICR cell can have kinetic energy
from approximately thermal to 0.9 Vs where VT is the trapping
voltage. Values of VT in these experiments range from -1.5to -2.5
volt, and hence an appreciable fraction of the trapped electrons
initially are epithermal. Since kf, Ta and k q are sensitive functions
of the electron kinetic energy, variations of VT may have a large
effect on ky

Measurements of ka as a function of VT are shown

in Fig. 3 forpgng . For trapping VoltI;I;es from 1-5 volts, an initial
period of slower C,F; formation is followed by rapid electron attach-
ment with limiting slope independent of trapping voltage. This is
analogous to results obtained with SF,. Since k, _ is calculated from

pp

the limiting slope, Fig. 3, k is independent of the initial electron

a
distribution. The increased t?rljle required for electron thermalization
with increasing VT is a consequence of the electron energy distribution
peaking at higher energy with higher trapping voltage. It is evident
from Fig. 3 that electron thermalization is rapid compared to attach-
ment and subsequent autoionization is expected to be very efficient at

relaxing the electron energy distribution. Results obtained for C,F,,
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FIGURE 3

Variation of (1-C,F,”(t)/C,F, («)) with time at 5x 107" Torr and at
various trapping voltages VT (in volts). Trapping voltages are
negative for negative ions. C,F, () is the C;F; ion abundance
when all the electrons have been attached, and is equal to the number

of free electrons produced during the electron beam pulse.
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c-C,F, and C,F,, indicate behavior similar to that shown in Fig. 3.

Table 1 includes autodetachment lifetimes, T,, as determined
from time-of-flight experiments. Comparison of autodetachment life-
times in Table 1 (10 psec -1 msec) with the time between collisions
for data shown in Fig. 2 (10-1000 msec) indicates that collisional
stabilization of the excited molecular ions is much slower than auto-
detachment at the pressures used in ICR experiments. As dissociative
processes are minor for ions in Table 1, radiative stabilization is the
most likely mechanism leading to formation of long-lived stable
molecular negative ions at low pressure [Eq. (1)]. This conclusion
is supported by the bimolecular behavior of the rate constants shown
in Fig. 2. Assuming steady-state conditions for [A™]" in Eq. (1),

1

< ys 1 -
Eq. (4) results for k,_ providing 7 >> o > ks[m] .

Pp
keTy

app = 7 (4)

k

r

The data in Table 1 in conjunction with Eq. (4) can be used to
estimate radiative lifetimes. Calculated values of T, are shown in
Table 1. The calculated radiative lifetimes, 0.4 - 3.0 msec, are not
unreasonable for infrared emission, 1 Infrared radiative lifetimes
(calculated from integrated absorption intensities) for C-F modes in
CH,F, CH,F,, CHF, and CF, are 3, 1.1, 0.4 and 0.2 msec,
respectively. 12

It is of interest to examine the data in Table 1 for c-C,F, and

C,Fy,. Even though C,F,, rapidly attaches electrons at low pressures,
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the radiative lifetime is an order of magnitude larger than for other
species. In contrast with C,F,,, c-C,F, is the slowest to attach
electrons yet has an autodetachment lifetime and radiative rate
comparable to the other ions. In the case of C,F,, the long (793 usec)
autodetachment lifetime is responsible for the rapid attachment
process. For a large molecule, internal energy is shared by a large
number of modes resulting in a slow unimolecular decomposition
(autodetachment) rate. For comparable internal energy content, a
larger molecule will also have a lower internal temperature since the
energy is distributed over more internal modes. The lower internal
temperature results in a longer radiative lifetime, and may explain
the long radiative lifetime calculated for C F,,. On the other hand,
c-C,F, has a short radiative lifetime (Table 1). The small attachment
rate constant measured at low pressure thus reflects the smaller
thermal attachment rate (k;) measured at high pressure (Table 1),
While the electron affinity (included in Table 1) of C,F,, is not known,
it is expected to be comparable to or at most slightly higher than the
electron affinity of c-C,F,.

For electron attachment to the molecules in Table 1 the rate lim-
iting step at low pressure appears to be stabilization of the excited mo-
lecular ion. For molecules which undergo dissociative attachment no
stabilization is needed and attachment rates at low pressures should not
differ from high pressure results. Carbon tetrachloride undergoes disso-
ciative electron attachment of low energy electrons to give Cl” and CCl,,

Eq. (5).13 In pure CCl,, relaxation of the electron energy distribution
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CClL, + e (Epyp) — C17 + CCl, (5)

is relatively slow and is the rate limiting step at low pressure.
Addition of a gas efficient at relaxing the electron energy distribution
(such as CQ,) should allow low pressure dissociative attachment rates
in CCl, to approach high pressure attachment rates. Figure 4 shows
CCl, low pressure dissociative attachment rates plotted as a function
of CO, pressure added to 5.7 % 107® Torr of CCl,. The dashed line
indicates the attachment rate as calculated from the high pressure
attachment rate constant of 2.7 x 10”7 cm® molecule™ sec™. 14 At the
CO, pressures used attachment rates are proportional to CO, concen-
tration as expected. Fromthe slope of the linear portion of the curve
in Fig. 4 a rate constant for thermalization of electrons by CO, of

2.2 % 107° em® molecule™ sec™ is calculated. Higher CO, pressures
cannot be used because the total rate of C1~ formation becomes com-
parable to the experimental sampling time. CH, and N, were found to
be inefficient at relaxing the electron energy distribution, while C,D,
was found to relax electrons at a rate slower than CO,. This is
attributed to low-lying temporary electron attachment resonances to
CO, and C,D,, 3> 1% not available to CH, of N,, which permit energetic
electrons to attach and subsequently autodetach with lower energy.

It is apparent from Fig. 4 that the dissociative attachment rates are

approaching the high pressure data, and that the rate limiting step is

relaxation of the electron energy distribution.
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FIGURE 4

Low pressure dissociative attachment rates (open circles) for CCl,
as a function of added CO, pressure. CCl, pressure is 5.7 X 107°

Torr. Dashed line indicates attachment rate at 5. 7 X 10~% Torr

calculated from high pressure rate constant of 2. 7% 10”" cm®

-1 -1
molecule sec .
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IV. CONCLUSIONS

With data on electron attachment now becoming available from
a variety of experiments under various conditions of pressure,
temperature and initial electron energy distribution, the various
processes involved [Eq. (1)] are becoming increasingly well
characterized. Whereas high pressure experiments yield information
on initial attachment rates and autodetachment lifetimes, low pressure
ICR techniques are especially well suited for studying processes such
as radiative and collisional stabilization. It is seen in this work that
formation of stable molecular negative ions at very low pressure is
not unique to SF,, but is observed for a large variety of molecules
where autodetachment and dissociation lifetimes are long enough to
allow radiative stabilization. Combination of ICR data with high
pressure data allows estimates of radiative lifetimes to be made, with
results that are consistent with an infrared emission process.
Dissociative electron attachment, such as observed in CCl,, occurs
at low pressure with nearly the same facility as at high pressure
because no stabilization process is required. In low pressure ICR
experiments, the rate limiting step in dissociative electron attachment

appears to be relaxation of the electron energy distribution.
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