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show “turnover”, though showing a tendency of saturation in the
region of our experiments. It is difficult to find stronger quenchers
that form a stable monolayer without a large change in LB mo-
lecular assembly.

In conclusion, the emission of the excited carbazole chromo-
phore in DDA /Cz polymer monolayers was quenched effectively
by a small amount of the pyridinium quenchers placed in a directly
contacting monolayer with the involvement of energy migration
between the Cz chromophores. The quenching efficiency was
varied by the mole fraction of carbazole contents, which is related
to the density of excimer sites in the monolayer and to the redox
potentials of the pyridiniums. It can be said that the efficiency
of quenching in the copolymer monolayer is determined by the
result of the competition of energy migration between the ener-
gy-trapping site (excimer formation site) and the carbazole
chromophore just facing to the pyridinium quencher.
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Multiphoton Excitation, Dissoclation, and Ionization of Cg,

Peter Wurz and Keith R. Lykke*

Materials Science/Chemistry Divisions, Argonne National Laboratory, 9700 S. Cass Avenue,

Argonne, Illinois 60439 (Received: July 30, 1992)

We show that the interaction of intense laser light in the visible and UV wavelength range with gas-phase Cgg leads to high
internal excitation of the parent molecule, rather than direct multiphoton ionization. High internal energies (=50 eV) are
achieved by absorption of 10~20 photons and rapid conversion from electronic to vibrational excitation. Thus, direct ionization
of Cg by multiphoton absorption is in strong competition with other processes, mainly delayed ionization and fragmentation.
A wide fluence and wavelength range is investigated to map out the different parameters that characterize these processes.
Both delayed ionization and fragmentation have these high internal excitations as common precursors. These processes are
successfully modeled by quasi-equilibrium theory. The results of this study indicate for the first time that the majority of
ionization for fullerenes results from thermionic electron emission, a process that takes place on the time scale of microseconds.

Introduction

The first observation of high-mass carbon molecules! and the
following discovery of the special stability of one of them, namely,
Cso:? started a new and exciting field of research. In particular,
the disclosure of a simple and straightforward method to synthesize
and isolate macroscopic quantities of these molecules® stimulated
many laboratories to establish research programs on Cy, and other
fullerenes. Many experiments have already been performed, and
some practical uses for Cq have also been postulated.** Addi-
tionally, it is supposed that Cq, exists in the interstellar medium ¢

Our concern in this paper is to make use of the unique stability
of Cg for photophysical investigations of large molecules.

The explanation of the photophysical processes that occur in
Ceo and other fullerenes promises to strengthen our general un-
derstanding of the interaction of photons with large molecules.
Because Cg has a very rigid and highly symmetric molecular
structure,? photophysical processes can be observed experimentally
that have not been seen before. Even theoretical modeling of these
processes with quasi-equilibrium theory is feasible since many
parameters of this molecule, such as vibrational frequencies, bond
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Figure 1. Schematic diagram of the laser desorption time-of-flight instrument. The sample is introduced into the system via a rapid sample transfer
facility. The sample is typically at 8 keV. The first grid is at 7.6 keV, and the second grid is at ground potential. The molecular beam is directed
between the sample surface and the first grid and is perpendicular to the laser beams for fragmentation and ionization. For the detection of neutral
fragments from photodissociation, laser desorption of Cg from a solid sample was utilized. The desorption laser impinges the sample at ~77° with
respect to the surface normal. The 308-nm fragmentation laser and the 118-nm ionization laser beam counterpropagate parallel to and 2 mm above
the Cgo sample. Relative delays between the three lasers are independently adjusted for maximum signal.

distances, and ionization potentials, are known. This would be
too complicated for a regular (that is, much less symmetric)
molecule of comparable or larger size. Nevertheless, this will
enable us to apply these findings to understand the ionization of
very large molecular systems, such as biological species and na-
nomaterials, which is still a problem up to now.

This paper is an extension and completion of preliminary work
previously published as letters.”® In those letters, we reported
on two of the most important channels accessible to Cg; after
multiphoton absorption: delayed ionization and neutral frag-
mentation. Both processes are basically methods of “cooling™ a
superheated molecule. In the first process, delayed ionization,
Ceo ejects an electron long after the multiphoton absorption by
the molecule. This “thermionic emission” is a major ionization
channel for C¢g and Cyq, and also for the larger fullerenes.” The
second channel, neutral fragmentation, has not been studied in
detail for these large molecules. In the past, most researchers have
assumed that multiphoton ionization occurs in a stepwise
“ladder-switching” process;'®!! that is, the molecule becomes
ionized with the first few photons and, if the molecular ion absorbs
additional photons, fragmentation will follow. We have evidence
that, at least for Cg, the neutral molecule absorbs 10~20 photons
to form a superexcited (that is, internally hot) molecule, although
2-3 photons are sufficient to achieve multiphoton ionization.
Furthermore, this superexcited molecule still fragments into neutral
species. In this paper, we discuss the experimental observations
of each of the decay channels of the superexcited molecule. In
addition, theoretical models are invoked to describe the results.
In particular, quasi-equilibrium theory is employed to model the
two major decay channels of the superexcited molecule, frag-
mentation and delayed ionization, in terms of unimolecular decay
and thermionic electron emission. Whereas the unimolecular
decay is a standard application of the quasi-equilibrium theory
(also known as RRKM theory),'? the thermionic electron emission
is the first application of a recently published theory.!?

Experimental Section

The instrument used for these experiments is a laser desorp-
tion/laser ionization mass spectrometer that has been discussed

in detail before.!* Figure 1 shows the schematic diagram of this
instrument. The mass spectrometer is a linear time-of-flight
(TOF) instrument of 120-cm length. Particles are removed from
the sample by a pulsed desorption laser and postionized with a
second laser. An additional laser will precede the postionization
laser to study the laser-induced dissociation of the desorbed
molecules. An effusive source generates molecular beams of Cq,
for improved signal stabilities, necessary in selected experiments.
The effusive source is a Ta cup (6.3-mm diameter, 8-mm length)
with an aperture of 0.5 mm on one end. It is resistively heated
and the temperature is monitored with a Chromel/Alumel
thermocouple. The Ta cup is filled with approximately 200 mg
of pure Cgy (>99%). Cg is synthesized and purified in our lab-
oratory according to published procedures.>!'>'¢ The effusive
source is operated at a temperature of ~800 K, which corresponds
to a vapor pressure of =5 X 107 Torr!” in front of the aperture
and 3 X 107 Torr in the interaction volume.

The generated ions are brought to drift potential (8 keV) by
a two-stage acceleration field. Ion detection is accomplished with
a dual channel—-plate assembly at moderate postacceleration po-
tential (-2 kV). Data are recorded in a transient recorder with
a maximum time resolution of 5 ns. Further processing of the
data is accomplished in a PC-based software system. The typical
operating vacuum is 2 X 10 Torr. The maximum mass resolution
(m/Am) of the instrument is approximately 1500 (fwhm at 720
amu), using a 5-ns laser pulse.

The 532-nm focused output of a Q-switched, mode-locked
Nd**:YAG laser (the macropulse of 532-nm picosecond pulses
of ~100-ps pulse duration each) is used for desorption of Cg, from
a solid sample deposited onto a stainless steel substrate. Pos-
tionization is performed with either a XeCl excimer laser (308
nm, 4.03 eV) or a harmonic frequency from a second Q-switched
Nd**:YAG laser (the second to ninth harmonic, 532-118-nm
wavelength, 5-ns pulse duration). The 118-nm light (vacuum-UV
radiation) is produced by frequency tripling the third harmonic
of a Nd:YAG laser in a gas cell filled with a Xe/Ar mixture.'®
The 118-nm beam is spatially separated from the 355-nm laser
beam using the dispersion of a MgF; lens, and the 355-nm laser
beam is deflected out of the apparatus with a translatable mirror
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TABLE I: List of the Most Important Processes Occurring after
Multiphoton Excitation of Cg’

Cg + n(hv) = Co* + €

direct ionization

= (Ce)* —Cot+h/ photon emission
=+ Cyut+Cy+ e fragmentation (jons)
—Cug+C,; fragmentation (neutrals)
—Cet + ¢ delayed ionization
- Cy*+C,; delayed fragmentation
Css* + C, sequential fragmentation
|
Ct +C, sequential fragmentation

— Ceo2.7 + Cy, + ¢ fragmentation via C, loss

“Direct ionization is probably limited to single-photon ionization and occurs
only to a minor extent after multiphoton absorption. Multiphoton absorption
results in the formation of the superexcited molecule Cq* that is the precursor for
the observed processes.

(high reflector at 355 nm) in vacuum. The lasers are triggered
independently, allowing their relative timing to be adjusted. An
iris is used to pick out the central portion of the desorption laser
beam. A series of neutral density filters, or a A/2-plate/polarizer
combination, is used to keep the beam intensity below the de-
sorption threshold for positive-ion production.'® The desorption
laser is obliquely incident on the sample (=~70° with respect to
the surface normal). The desorption energy is typically less than
0.01 mJ /pulse with an irradiated area of <107 cm?. The position
of the desorption laser spot is monitored in real time with a video
camera. The ionization laser intensity can be continuously varied
using a set of mirror-image beam splitters (one high reflector at
a specified wavelength, one uncoated) rotated in opposite senses
to keep the beam from deviating in position and direction. The
ionization laser exits the apparatus through a fused silica window,
and the pulse energy is continuously monitored for fluence de-
pendence studies. The size of the ionization volume was measured
by splitting off a few percent of the ionizing light before entering
the vacuum chamber and imaging the ionization spot on burn
paper at the proper distance. The ionization laser is collimated
in the ionization region.

Results

When laser light interacts with neutral Cg molecules in the
gas phase, a variety of processes will occur, In Table I, we
summarize most of the processes that are of importance in this
kind of experiment. Experimental data will be presented for the
channels accessible by our instrument.

The three major processes occurring after absorption of several
photons by gas-phase Cg, molecules are direct ionization, disso-
ciation into ionic and neutral fragments, and delayed ionization.?
We have recently attributed delayed ionization to thermionic
emission of electrons from hot Cg molecules.” In the case of
fragmentation, only even-numbered ion fragments are observed
in the range between C¢o and C3,.2%2' The neutral low-mass
fragments are assumed to be C, and C,, molecules,?!?2 although
this conjecture still awaits experimental confirmation. In addition
to ionic fragments observable in the range between C¢, and C;,
are neutral fragments resulting from the dissociation process, as
we showed in our recent work.! Further important processes to
consider are delayed fragmentation (similar to delayed ionization)
and sequential fragmentation, that is, the ejection of C, units until
the remaining molecular fragment has cooled down sufficiently
to be stable on the time scale of our instrument. Of course, a
neutral or ionic fragment can absorb an additional photon and
also undergo one of the above-mentioned processes. Thus, it is
very difficult to isolate these processes for the smaller fragments
and we shall focus on Cg, alone.

A. Multiphoton Ionization of Cs. We use a molecular beam
of Cg from the effusive source to study multiphoton ionization.
The molecular beam issuing from this source provides much better
signal stability compared to laser desorption from a solid Cq,
sample, a technique we® and others?® have used before. The laser
beams intersect the molecular beam in the ionization region of
the mass spectrometer. Since the ionization potential of Cq is
7.61 eV, multiphoton absorption for ionization is necessary for
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Figure 2. Time-of-flight spectra of photoionization of Cg provided from
an effusive source. The mass peaks are the parent molecule Cq, (on the
right) and the even-numbered fragment clusters Csg, Csg, ..., down to Ci,.
Spectra have been selected for laser fluences that give approximately the
same signal for the parent molecule at the detector.

photons of 212.8-, 266-, 355-, or 532-nm wavelength, requiring
two, two, three, and four photons, respectively. Using these
wavelengths, we always observe severe fragmentation of Cqq ac-
companying the ionization. A distribution of fragment cluster
ions down to Cy," is obtained. However, only even-numbered
clusters are detected for fragment clusters consisting of 32 atoms
or more.’®2? Since the majority of smaller fragments (less than
32 atoms) is neutral and their ionization potentials are very high,2
detection of these fragments has not been accomplished experi-
mentally. It has been inferred from previous fragmentation studies
that the major low-mass fragment is neutral C,.2'?2 Intense
fragmentation conditions also produce low-mass fragments, C,*
to C;* of odd and even size, observable in comparable abundance
to the larger fragments (>C3,*). C* and C,* are observed at much
lower abundance.

Figure 2 displays photoionization spectra comparing the
above-mentioned wavelengths with laser fluences selected to give
approximately the same signal at the detector for the parent ion
mass peak. Although different laser wavelengths (different
number of photons required for ionization) and different laser
fluences are employed, the measured spectra look very similar.
Some propensity is found for fragments with “magic” numbers,
presumably due to the more stable structures of these clusters,
and fragmentation of Cg, gives prominent yields of Csy* and C,,*.
Furthermore, the Cy; ion peak shows a broadening toward longer
flight times that is caused by delayed ionization.?> This delayed
ionization was first reported for metal clusters??’ and is attributed
to thermionic emission of the highly excited molecule.” This will
be discussed in detail later in the following section.

A summary of the dependence of the ionization of C4; on the
fluence is presented in Figure 3. Ionization yields are compared
for the whole wavelength range, including 118-nm light (single-
photon ionization). The data are normalized for ionization
volumes. For all wavelengths requiring multiphoton ionization,
we observe a maximum in the fluence dependence, followed by
a decrease in signal for higher fluences. This results from the
competition of processes with different laser fluence dependence.
At high laser fluences, fragmentation reduces the number of parent
molecules available for ionization. Further increase of the laser
fluence will lead to even more fragmentation, possibly until no
parent ion is detected.

The dependence of the ion yield on the laser fluence should
reveal the order of the multiphoton process. However, the slope
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Figure 3. Comparison of the Cg prompt photoion yield dependence on
the laser fluence for different ionization wavelengths. Actual ionization
volume has been taken into account, which explains the different yields
compared to Figure 2. The laser fluence for 118-nm light is measured
indirectly by photoionization of acetone and calibrated with the cross
section, thus introducing a considerable uncertainty by a factor of 5.

relates directly to the number of photons only for a true nonre-
sonant process and will be lower for resonant and near-resonant
transitions. Additionally, saturation effects will decrease the slope;
thus it has to be extracted on the low fluence side. The initial
slope for 266-nm light is approximately 4. For the longer
wavelengths (355 and 532 nm) a slope of 5 is obtained, although
three or four photons would be sufficient for direct ionization. This
indicates that there are processes competing with multiphoton
ionization. Basically, the electronic excitation is rapidly converted
to internal excitation. As we show later, the actual number of
photons that is absorbed is even larger.

For 212.8-nm light, a second-order process for ionization is also
expected. However, ionization appears to be first order with the
laser fluence, even at low fluences sufficiently far away from
saturation. In addition, no fragmentation is observed in this
fluence range. This indicates a one-photon process (Figure 3).
This is possible, since the 800 K molecules from the effusive source
already have 4.2-eV internal energy (see Theoretical Modeling)
that may be available for ionization. A similar observation was
made for ionization with 193 nm (6.42 eV), where a linear de-
pendence of the ionization yield on the laser fluence was also found
for hot C, clusters.?® This dependence changed to quadratic when
cooler clusters were used. In our earlier publication on the
fragmentation of neutral Cq, molecules, we also found a first-order
process.”® Likewise, this resulted from initially hot neutral
molecules brought into the gas phase by laser desorption at a
temperature of 22000 K. Thus, ionization with 212.8-nm light
is much more efficient than with the longer wavelengths (Figure
3). Also the absorption spectra of Cy, in solutions show higher
absorption at 212.8 nm, which is at the shoulder of the absorption
peak at 211 nm, compared to the longer wavelengths.® Of course,
the relationship of these absorption spectra in solution to gas-phase
absorption spectra is so far unknown.

Figure 4 shows mass spectra for 212.8-nm ionization using
different laser fluences for ionization. Negligible fragmentation
and delayed ionization are observed for very low laser fluences.
This behavior is never observed for longer wavelengths (A = 266
nm). Considerable fragmentation and delayed ionization for all
laser fluences is obtained for these wavelengths. Fragmenta-
tion-free excitation/ionization (no delays) is observed at all ac-
cessible laser fluences only for vacuum-UYV light, either with 118
or 127 nm (Figure 5).%°

The signal dependence on the laser fluence for the Cq, ion and
selected fragment ions, Cs*, Cso*, Cy4*, and Cs,*, is shown for
ionization with 212.8- and 266-nm light in parts a and b, re-
spectively, of Figure 6. The displayed signal intensities are
integrated over the peak areas in the mass spectra. For Cg, this
integral is split into two components, a prompt (At < 100 ns) and
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Figure 4. Laser ionization of Cg molecules provided from an effusive
source by 212.8-nm light at various laser fluences. The Cg, parent ion
and the even-numbered fragment ions, Css, Csg, ..., down to Cs, are
identified.
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Figure 8. Postionization of laser-desorbed Cg with 127.53 nm (9.723 eV)
from a tunable vacuum-UV laser. The absence of delayed ionization
allows for high mass resolution (m/Am = 1500). Additionally, this
vacuum-UV wavelength yields fragmentation-free ionization, as can be
seen on the expanded scale.
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a delayed contribution. Strong fluence dependences are observed
for prompt ionization, delayed ionization, and fragmentation. All
channels show very similar behaviors, implying a common pre-
cursor for these processes. The dependence on the laser fluence
of these processes gives a slope =4, which is also only a lower limit
for the number of photons required for these processes. The
notable exception is prompt ionization of Cgy with 212.8-nm light
that appears to have a linear fluence dependence as explained
above.

The fluence dependence for 355- and 532-nm ionization is very
similar to that for 266 nm, although shifted to higher laser fluences.
Fragmentation becomes the dominant channel at higher fluence.
Even the yield of larger fragment ions decreases, whereas the
smaller fragments still rise considerably. At very high laser
fluences, fragmentation is by far the dominant process, which can
easily be verified by adding up all fragment ion signals.

B. Delayed Ionization. As already mentioned above for
multiphoton ionization of Cg,, we distinguish between prompt and
delayed ionization. Prompt ionization (or direct ionization) means
that optical excitation directly excites a single electron above the
ionization potential so that electron detachment occurs without
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TABLE II: List of Identified Rates for Delayed Electron Emission from Cg°

internal integral of delayed
k (s7Y) A, (AU) energy (eV) signal (AU)
wavelength, 212.8 nm; 1.8 (4) 1.18 34.2 65.4
photon energy, 5.826 ¢V 7.5 (5) 1.29 41.0 1.33
2.8 (6) 4,23 439 1.51
8.5 (6) 7.69 46.6 0.905
wavelength, 266.0 nm; 1.3 (5) 1.21 37.5 9.28
photon energy, 4.661 eV 1.0 (6) 1.90 41.4 1.9
3.6 (6) 6.99 44.4 1.9
wavelength, 354.7 nm; 9.0 (4) 2.08 36.8 23.1
photon energy, 3.493 eV 6.8 (5) 4,59 40.6 6.75
2.5 (6) 7.67 43.6 3.07
8.6 (6) 15.0 46.6 1.75
wavelength, 532.0 nm; 1.0 (5) 0.433 37.0 4.33
photon energy, 2.331 eV 1.0 (6) 1.15 414 1.15
4.5 (6) 2.10 449 0.467

“Signal tails of the Cs peak are fitted with a sum of exponentials of the form (least-squares fit) delayed signal = 3",4,™*. Internal energies are
obtained from Figure 16. The numbers in parentheses are powers of 10 throughout the table. Also, the integral of the delayed signal for a particular

rate, k;, is given.
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Figure 6. Signal dependence on laser fluence for the Cq ion and some
representative fragment ions (Csg, Cso, and Cs,) for ionization by (a)
212.8- and (b) 266-nm light. The displayed signal intensities are inte-
grated over the peak areas in the mass spectra. For Cg, this integral is
split into two components, a prompt and a delayed contribution, labeled
“Ceo” and “Cgq delayed ionization”, respectively.

observable delay on the time scale of these experiments (>100
ns). At higher laser fluences, delayed ionization is even more
abundant than prompt ionization (Figure 6), especially for longer
wavelengths (2266 nm). Additional evidence for the observation
of delayed ionization is the detection of the arrival time of the
photoelectrons. In our apparatus, all photoelectrons produced are
detected in the same way as photoions by switching the polarity
of the acceleration voltages. The photoelectrons resulting from
laser jonization are accelerated with 4 kV into the field-free drift
tube, which is lined with u-metal inside the vacuum chamber (no
electron energy dispersion). A comparison of photoions and

arrival time of electrons (usec)
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Figure 7. Time-of-arrival of photoelectrons and photoions for ionization
of Cg with 266-nm laser light. The signal tails are identical for photo-
electrons and photoions.

photoelectrons is depicted in Figure 7, showing identical tails for
photoions and photoelectrons. Delayed ionization can be fitted
by a sum of three to four exponentials for all wavelengths. A
sequence of these fits is displayed in Figure 8. The rates for
delayed emission range from 10* to 107 57, limited by the ob-
servation time and time resolution of our instrument. A list of
these rates for C, is given in Table II. We find that the rates
for delayed electron emission from C; are in the same range as
for Cgg (3.5 X 10° and 4.0 X 105 s! at 270-nm wavelength). The
rates remain unchanged over the whole fluence range for a par-
ticular wavelength but vary for different wavelengths. Further-
more, no dependence on the acceleration potential is found, thus
precluding an instrumental artifact.

C. Neutral Fragments, So far, we have only described ion
fragments after multiphoton absorption, implying that ionization
precedes fragmentation and, hence, all fragments are ionized.
However, we showed recently that this is not the only pathway
for decomposition of Cg,. There are also large neutral fragments
with a similar distribution to the ion fragments.! The detection
of neutral fragments after photoionization requires an additional
laser that succeeds the fragmentation laser and ionizes the re-
maining neutral fragments. This laser may not cause additional
fragmentation, which would make interpretation of the mass peaks
in the spectrum impossible. Single-photon ionization attained with
118-nm light seems suitable for this task. In fact, single-photon
ionization of laser-desorbed Cq, (internal temperature >2000 K)
yields no fragmentation.
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Figure 8. Sequence of determination of rate constants for delayed elec-
tron emission, (a) Time-of-flight spectrum of Cq; and the fragment ions
Csg, ..., Cqg With 266-nm ionization as in Figure 6. (b) After subtraction
of one exponential from spectrum a, offset by a factor of !/;. (c) After
subtraction of two exponentials from spectrum a, offset by a factor of
!/10. The straight lines are the exponentials that are subtracted.
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Figure 9. Time-of-flight spectrum of the three-laser experiment. Neutral
Ce molecules are desorbed from the solid sample by a 532-nm laser
pulse. In the gas phase, the molecules are subjected to an intense dis-
sociation laser puise (308 nm) and subsequently to an ionization laser
pulse (118 nm). The time delay between the 308-nm laser and the
118-nm laser is approximately 1.8 us. The ionic fragments and the
neutral fragments from the 308-nm dissociation laser can be easily
identified due to the delay of the 118-nm ionization.

Figure 9 shows the observed time-of-flight spectrum for this
experiment. Neutral Cqy molecules are desorbed from the sub-
strate and are subjected first to a dissociating laser beam (308
nm), and after an appropriate delay of several microseconds, the
remaining neutral molecules are ionized by the vacuum-UV laser.
Since the vacuum-UYV laser intensity is not sufficient to saturate
the ionization of these molecules (Figure 3), only a fraction of
the neutral molecules is ionized. The peaks originating from either
photodissociation/photoionization with 308 nm or photoionization
with 118 nm are labeled for clarity. The parent vacuum-UV
ionization peak decreases by an order of magnitude when the
dissociation laser is present, showing good spatial overlap of the
two laser beams.

To alleviate the interference of the ion fragments from the
dissociation laser, we pulsed these ions out electrically; that is,
the extraction voltage is pulsed on following the 308-nm disso-
ciation laser and immediately preceding the 118-nm ionization
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Figure 10. Spectra from neutral C¢, molecules desorbed from the solid
sample by a 532-nm laser pulse. (a) Time-of-flight spectrum using only
118-nm ionization of the desorbed molecules, showing that no fragmen-
tation of Cg, is caused by the vacuum-UYV ionization. (b and c) Pulsing
out the jons caused by the 308-nm dissociation laser and ionizing the
remaining neutral molecules after a given delay time: (b) at 1 us and
(c) at 2 us. Spectra band c are at a larger vertical scale than spectrum
a.

laser. The resulting spectra are depicted in Figure 10. The top
trace shows postionization by the vacuum-UV laser (118 nm)
without the dissociation laser to prove that this wavelength does
not cause any fragmentation of Cg. In the lower panels, the
dissociation laser precedes the vacuum-UYV ionization by 1 and
2 ps, respectively. The parent molecular ion, C¢,™, is the most
intense peak in the spectra since the 308-nm radiation does not
ionize/dissociate all of the Cqy molecules. With longer delay times,
we observe a weakening in signal due to the two-dimensional
expansion of the interaction volume with respect to the ionization
laser. The distribution of neutral fragments looks very similar
to the distribution of ion fragments (compare with Figure 2). Not
much qualitative change in the distribution of fragments for
increasing delay time can be observed, although the smaller
fragments seem to decrease in signal faster than the larger ones.
This indicates that fragmentation is much faster than the mi-
crosecond time scale we are probing here.

Unfortunately, the energy of 10.5 eV provided by the vacu-
um-UYV photon (118 nm) is not sufficient for the ionization of
carbon atoms and C,, C;, C,, and C; clusters, since the respective
ionization potentials are 11.0, 12.1, 11.4, 10.5, and 10.7 eV.%
Therefore, for the detection of the low-mass neutral fragments,
one has to resort to resonant photoionization techniques that are
currently under development in our laboratory. Our preliminary
results show that carbon atoms are detected as fragmentation
products of Cg. Since we use a 2+1 resonance ionization scheme
to detect carbon atoms,’! it is not clear if we do not dissociate
the C, and C, fragments to carbon atoms in the course of resonant
ionization. Further work on this topic will be presented in a
forthcoming publication.*

Theoretical Modeling

We strongly believe that the observed processes, delayed ion-
ization and fragmentation, are thermally induced. The reasons
are that there is minimal wavelength dependence for delayed
ionization and fragmentation, there is very similar fluence de-
pendence in all the channels, and the siopes indicate higher order
processes than would be expected for simple muitiphoton ioni-
zation. The energy provided by the absorbed photons is converted
to internal excitation at a rapid rate, heating the molecule to
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significant temperatures. The obvious choice to model a ther-
mally-activated process is to use quasi-equilibrium theory to
calculate the rates for these processes.!?

For the calculation of the density of states, we modified the
calculated vibrational frequencies from Stanton and Newton for
neutra] Ce *2 so that they reproduced the reported experimental
values.* The density of vibrational energy levels and the integrated
densities of states are calculated by using the Haarhoff approx-
imation.** For icosahedral point group, I;, the symmetry factor,
o;, that goes into the rotational partition function is 60. Figure
11 displays the vibrational energy distribution (N(E)e £/*7) for
various temperatures. At 300 K, the average internal energy is
already =~0.5 eV. At the temperature of the effusive source, 800
K, the average internal energy is 4.2 eV. For laser desorption
of neutral Cg from the solid sample, the molecules have a
whopping 20 eV of average internal energy. The relationship
between the average vibrational energy and the temperature is
given in Figure 12,

A. Thermionic Emission Model. We follow the adaptation of
quasi-equilibrium theory as outlined by Klots for the delayed
ionization'? to derive the rate constant, k(E), of electron emission
from a molecule with internal energy, E.

W(E.Dy)
ho(E)

h is Planck’s constant, p(E) is the density of states of Cgp, and
W(E,Dy) =
E-Dy

Jo P00 dx (1 + @x/B[2BHE - Do - 01V ()

where u is the reduced mass (=~electron mass), b is the classical
hard-sphere collision radius (5.0 A), Dy is the activation energy
(energy threshold for electron ejection), and p*(E) is the density
of states for the activated complex. For large species, this becomes
the Richardson—Dushman equation for thermionic emission.3* In
the calculation, we assume that the vibrational frequencies of Cy
remain the same after electron emission. Furthermore, we take

k(E) = (1)
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Figure 13. Calculated rates for delayed jonization of Cg and delayed
electron detachment of Cg;™ (as labeled in figure) using quasi-equilibrium
theory (full lines) and the Richardson-Dushman equation (dashed lines).
The relationship between temperature and internal energy is derived from
Figure 12,

102 p-

gt ety

v, 107

o) ] i

1} E / -

@2 r s

o 10° i

© £ // -
C e

S 1t | /

8

3] ; i
. . .

§ 10 %

2 / ,

o .

8, .2 /

O 10 e

/ '

1‘f’l\|!
10 20 30 40 50 60 70 80

internal energy (eV)

Figure 14. Rates of unimolecular decay of Cg (solid line) using an
activation energy of 4.6 eV and a reaction coordinate of 1050 cm™. The
dashed line is a simple RRK calculation for the same process using » =
1000 cm™.

7.61 eV, the known ionization energy of Cq,,* as the activation
energy D, for this process. The same formalism can be applied
for delayed electron detachment from Cg,", using the electron
affinity of Cqg, 2.65 eV, as the activation energy. Figure 13 shows
the calculated rate constants for these processes. In addition, a
calculation of the thermionic emission rate, using the Richard-
son-Dushman equation,’ is provided.

krp(T) = ACT?e¢/keT 3)

krp is the rate constant of electron emission (actually, this is the
current), A is the surface area of the electron emitter, C = 120.4
C 57! em™ K2 is the “universal constant”, ¢ is the work function,
kg is the Boltzmann constant, and T is the absolute temperature.
The agreement with quasi-equilibrium theory is reasonable,
considering that the Richardson~Dushman equation is derived
for macroscopic samples. Since the surface plays a more important
role for a finite size electron emitter,!* the rate constant for electron
emission rises for smaller entities, consistent with our results
displayed in Figure 14. Electron detachment of Cg,” is a very
fast process compared to thermionic emission from Cg,. For our
experimental conditions, we get k ~ 107 s! at 2000 K, which is
the approximate temperature of Cq, after laser desorption.?’ In
our instrument, we observe that most of the C,™ ions are neu-
tralized after the acceleration stage on the way to the detector.
This is measured by deflecting the ions out of the field-free drift
region at half of the distance to the detector (after ~20 us); thus
the observed signal represents neutral molecules. Applying the
Richardson~-Dushman equation, Wang et al.>” concluded that it
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TABLE III: Quantities Listed as a Function of Energy, E; Density of
States, N(E); Number of States for the Activated Complexes for Delayed
Electron Emission, G,*(E—-D,), and Unimolecular Decay, G*(E-D,),
with the Activation Energies 7.61 and 5.6 eV, Respectively; Rates for
Delayed Electron Emission, & (E), and Unimolecular Decay, k(E)*

internal
energy  N(E) k(E) k(E)
(eV) (" G*E-Dy) GH*E-Dy) (s ™

10 265 (114) 671 (45) 432 (62) 142 (-11) 4.27 (-17)
20 1.52(149) 5.63(104) 7.5(111) 280 (-2) 5.19 (-3)
30 3.95(172) 1.04 (136) 3.5(140) 8.67(2) 6.51(2)
40  1.60 (190) 7.87 (157) 8.58 (160) 4.48 (5)  3.75 (5)
50 3.83(204) 4.42(174) 120(177) 278(7) 201 (D)
60  4.44 (216) 2.96 (188) 2.26 (190) 4.88 (8)  3.09 (8)
70 8.76 (226) 1.43 (200) 4.33 (201) 3.88(9)  2.24 (9)
80  1.23(236) 1.89 (210) 2.79 (211) 1.63 (10) 1.03 (10)
90 177 (244) 1.31(219) 1.10 (220) 3.39 (10) 3.44 (10)

“The transition state for the unimolecular decay is taken as 1050 cm™’,
and the reaction path degeneracy a = 30. The numbers in parentheses are
powers of 10 throughout the table.

takes about 14 eV (that is, four 353-nm photons) to induce
substantial electron emission from Cg~ on a microsecond time
scale, a result that is in good agreement with our calculation.

B. Unimolecular Decay Model. To calculate the rate, k(E),
of unimolecular decay of Cq, we used the well-known equation
given in ref 12

aG*(E-Dy)
AN(E)

where «a is the reaction path degeneracy, A is Planck’s constant,
G*(E-D,) is the number of states of the activated complex, and
N(E) is the density of states. There are 60 C—-C bonds that
establish a hexagon—pentagon edge and 30 C-C bonds that es-
tablish a hexagon-hexagon edge on the icosahedral cage. Re-
moving a C, unit from the latter location results in a more sym-
metric fragment molecule, Cs3, and also preserves the double bond.
This process has a reaction path degeneracy @ = 30. As a first
try, we used 4.6 eV for the activation energy in order to check
against published results.’®* In addition, we chose 1050 cm™
as reaction path coordinate, a value between the two extremes
263 and 1722 cm™' employed by Yoo et al.*® Our result falls nicely
between the two extreme cases studied in ref 39, since we used
an intermediate reaction path coordinate. Also, the classical
expression (RRK theory) is evaluated for the same activation
energy and is added to Figure 14.

ky(E) = av(1 = Dy/E)*! )

k{E) = 4)

a is the reaction path degeneracy, v is the frequency factor, D,
is the activation energy, and s is the number of vibrational degrees
of freedom. With » = 1000 cm™! and the other parameters as
given above, we obtained the result depicted in Figure 14.

Using 4.6 eV for the activation energy, as suggested by Radi
et al.,’® gives rates for fragmentation that are much too high to
explain our experiment. Since delayed ionization and fragmen-
tation always occur together, they should have comparable rates.
Yoo et al.*® also suggested higher activation energies for the
unimolecular decay process based on their observations. On the
other hand, at least 7.2 eV are necessary to remove a C, unit from
a pure carbon lattice.® A similar kind of reasoning gives 7.6 eV
for the removal of C, from Cg.3 These values seem somewhat
too high to explain our data.

C. Comparison of Experiment to Theory. The density of states
of C¢ and the integrated density of states for the activated complex
are both very large. Some of the calculated values are reproduced
in Table III. The dependence of the density of states and the
integrated density of states for the activated complex on the
vibrational frequencies is strong. However, it influences the rate
constants only to a minor extent. The crucial parameter is the
activation energy for the process. Each additional electronvolt
for the activation energy decreases the rates by several orders of
magnitude (Figure 15). We choose 5.6 eV for the activation
energy for unimolecular decay based on our experimental ob-
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Figure 16. Rate constants from RRKM theory for thermionic emission
of electrons (dashed line) and fragmentation (full line) of excited Cgo.
The activation energies are 7.61 and 5.6 eV, respectively. The observed
rate constants for delayed electron emission are indicated (open circles).
Furthermore, the internal energy distribution at 4000 K is given (use
right-hand scale).

servations. The final calculations of the rate constants for delayed
electron emission and fragmentation are both depicted in Figure
16. The experimental rate constants for delayed electron emission
are indicated by circles on the corresponding curve so that vi-
brational energies of the excited molecule can be derived. These
energies fall in the range 34—47 ¢V. Since not every Cq molecule
absorbs the same number of laser photons, there will be a dis-
tribution of internal energies. A thermal distribution of the vi-
brational energy is displayed for 4000 K in Figure 16. The actual
energy distribution will differ from the thermal distribution mainly
in a lower density at higher energies, as calculated for CF,1.9
Higher laser fluences, that is, the absorption of more photons by
the molecule, will lead to further heating and consequently shift
the internal energy distribution to higher energies. Thus, frag-
mentation will become more important than delayed ionization.
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This is borne out by observations in the present experiments
(Figures 3, 4, and 6).

The quasi-equilibrium theory calculation, together with our
experimental evidence, implies that the excitation to high internal
energies is the common cause for the observed processes. Let us
review the reports of experimental data and theoretical calculations
from other groups pertaining to our study. In a gas-phase collision
study of C* ions with C¢ vapor, the fragmentation rate of Cgo
is measured in the energy range of 2-78 eV.*! The dependence
of the yield of various ion fragments (Css*, Css*, to C4*) on the
collision energy is another demonstration of the stability of Cg,.
Significant yield of the fragment jon Cs;* is observed in the energy
range of 30-40 eV. The yields of the lower fragments Cs* to
C,* are shifted to higher collision energies by ~6 eV each with
respect to the next larger fragment size. This implies that an
energy of approximately 6 eV is necessary to remove a C, unit
from the cage, which is in good agreement with our choice of
activation energy for fragmentation of 5.6 eV. A vacuum-UV
photoionization study showed that at least 40.8-¢V photon energy
is necessary to observe fragmentation of Cy in their instrument.*
In an ion beam scattering experiment of Cg, on graphite, further
evidence of the resilient structure of Cqq is reported.#? No frag-
mentation was found for impact energies up to 170 ¢V. This was
already realized from a computer simulation,*® predicting that
Cqo should withstand collisions on diamond up to about 200-eV
kinetic energy. In addition, approximately 50 eV of the original
kinetic energy is transferred into internal motions of the re-
bounding molecule. In a recent theoretical paper MNDO cal-
culations of the enthalpy changes for fragmentation of Cg are
reported.* It is found that, for the process Cgp — Css + C;, 11.8
eV are needed, which is higher than everything mentioned above.
However, the author considers the fragmentation process as
proposed by O’Brien et al.,2! where the C, molecule leaves from
a pentagon—pentagon edge. This involves transformation of the
icosahedral Cgy molecule to an isomer as a first step before ejection
of a C, molecule. This requires 1.9 or 3.79 eV, depending on the
isomer, respectively.* Furthermore, for the transformation to
the first isomer an activation barrier in excess of 5 eV has been
calculated.** Thus, we conclude that the ejected C; from Cg, does
not originate from a pentagon—pentagon edge, as put forward by
O’Brien et al.?!

Discussions

We have shown that Cy, has to be excited to energies on the
order of 50 eV to explain the observed processes. According to
quasi-equilibrium theory of unimolecular decay, to break the
weakest molecular bond, the vibrational energy of the molecule
has to concentrate in this bond by fluctuation. Considering the
many degrees of freedom and the high stability of C, the rate
constants are very small for energies around the dissociation energy
and high internal excitations are possible. Achieving these high
internal excitations that are responsible for fragmentation as well
as delayed ionization needs many more photons than would be
needed for direct multiphoton ionization of Cg. Furthermore,
to absorb approximately 10 photons, conversion from electronic
excitation to internal excitation has to be very fast and fluorescence
should be weak. The singlet-state lifetime is found to be 650 %
100 ps,* reflecting indeed a fast intersystem crossing and weak
fluorescence.

The dependence of the ionization on the laser fluence should
reveal a multiphoton process of that order. Ionization and
fragmentation appear to be of fourth to fifth order (Figures 3 and
6). However, in our case, we have absorption in the vibrational
quasi-continuum of the molecule after the first few photons are
absorbed;*’ thus most of the absorption events should be near-
resonant. This implies that the “bottleneck” for multiphoton
absorption occurs with the first (few) photon(s).

The possibility of highly excited molecules by IR radiation has
been discussed by Letokhov.*” The author gave a crude estimate
for how much overexcitation, that is, excitation energy, E, in excess
of the dissociation limit, Dy, is necessary to obtain unimolecular
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decay observable in experimental situations (constants k = 10™-10°
s):
E + EO = Do(l - (W,ext:/a)l/(kn)-l (6)

E, is the zero-point vibrational energy of the molecule and s is
the number of vibrational degrees of freedom. The frequency
coefficient is

as= (iljllwi)/(iiiw,-*) )

with the vibrational frequencies of the molecule, w;, and of the
activated complex, w,*. At the fluence giving maximum ionization
yield (for 266 nm, 7 = 100 mJ/cm?; see Figure 3), the excitation
rate is W,,. = ¢I/E, = 1.34 X 1057, with ¢ = 2.9 X 107!¢ cm?
(at 257 nm*), @ = 9.45 X 105! (eq 7), and I = 2 X 10’ W/cm?
at the photon energy, E,, = 4.66 eV. In our case, E + E; = 15.3D
corresponds to 71-eV excitation energy. This is an overestimation
compared to our more elaborate calculations, although not sur-
prising, since eq 6 is a modified form of the simple RRK theory
that underestimates the rate constant (see Figure 14).

The calculated rate constants for thermionic electron emission
from Csg are higher than those for Cg, (factor of ~10), even after
taking into account the energy loss by the dissociation. Addi-
tionally, it is expected that the rates are even higher for the smaller
fragments considering the increased importance of the surface.
Thus, it is conceivable that all the ion fragments are formed by
thermionic emission and neutral fragments are formed initially.
This assumes that the fragment molecule does not absorb an
additional photon that ionizes it. On the other hand, these
fragments are already internally hot so the conversion to internal
energy should be very fast compared to ionization, and the ab-
sorbed photon will add to the internal energy. This could also
be true for ionization of the parent molecule. At least for ex-
citation with long wavelengths (266—-532 nm) the distinction
between direct ionization and delayed ionization could be a result
of the resolution of our instrument. For these wavelengths we
always observe delayed ionization even at very low laser fluences,
in contrast to 212.8-nm light where for low laser fluences the
single-photon process dominates and a distinction between direct
and delayed ionization is easily possible.

The measured rates for delayed electron emission seem to
exhibit some grouping around certain energies. This has yet to
be explained. Any memory of the first excitation should be entirely
lost because of the fast intramolecular vibrational energy redis-
tribution, especially for these highly excited molecules.* We
suggest that this may be caused by different isomers of C,* which
might have ionization potentials different from icosahedral Cg,
as a calculation for one isomer showed.*> Another possibility for
this grouping could be that different photon energies access
different autoionization states in the continuum.

As for the whole distribution of fragments, this can be un-
derstood in the form of a stepwise process. The removal of one
C, unit reduces the internal energy of Cy, by at least =6 eV. Csg
has a higher rate for unimolecular decay but also less internal
energy than its parent. This process will continue until the
fragment arrives at an energy where the fragmentation rate at
the remaining energy is small. The initial excitation determines
the number of steps for this process; thus, a distribution of initial
energies will lead to a distribution of fragments. In other words,
the excited molecule boils off C, units until the final product
molecule has cooled sufficiently to be stable enough for detection
on our time scale. Larger units may even be emitted (C,, Cg, or
Cs, ...) as inferred from an ion fragmentation study.? The MNDO
calculations by Stanton* show that the concerted elimination of
a C,4 or C, unit is energetically favored over the sequential loss
of C, units. The whole distribution of fragment ions, therefore,
reflects the original excitation of the molecule, convoluted with
the different stabilities of these fragments. Moreover, thermionic
emission is just another pathway for energy loss, that is, boiling
of an electron from Cg or a fragment molecule. These Cgq ions
could originate from the low-energy tail of the internal energy
distribution with the higher excited molecules fragmenting. This
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agrees well with the interpretation of the rates of delayed electron
emission presented in Table I1, where the Cq, ion signal is more
abundant at lower emission rates, that is, lower internal energy.

Finally, let us consider radiation cooling of the molecule, a
possible process we also listed in Table 1. An entity at a tem-
perature of 4000 K should emit significant blackbody radiation.
However, the spectral emissive power of the blackbody, given by
Planck’s law, has to be reduced to take into account the size of
the emitter with respect to the emitted wavelength.’! The max-
imum of the blackbody emission is at a wavelength of 725 nm
at that temperature. For silver clusters consisting of 1000 atoms,
the blackbody emissive power is reduced by a factor of 2.67 X
105! Thus, the energy emitted from a hot C¢, molecule during
1 us would be much less than 1 eV. However, for longer ob-
servation times on the order of milliseconds, photon radiation has
been considered an effective pathway for cooling.> Presumably,
this occurs by emitting IR photons near the IR-active vibration
modes rather than blackbody emission.

Conclusions

We showed that Cg, absorbs 10-20 laser photons, although only
a few photons of the applied wavelength would be required for
multiphoton ionization. The electronic excitation is converted to
internal excitation of the molecule, facilitated by the high number
of degrees of vibrational freedom and the resulting enormous
density of states. Thus, the parent molecule undergoes severe
fragmentation and delayed ionization, both processes indicative
of high internal excitations. Quasi-equilibrium theory is employed
to model fragmentation and delayed ionization and determines
the energy range where these processes take place. The obtained
results agree with related experiments.

The effect of excitation of the molecule to high internal energies
by IR lasers has been summarized by Letokhov.*’ Qur findings
extend the applicable range of this theorem to visible and even
UV laser light for sufficiently large molecules. This has serious
consequences for the use of multiphoton postionization techniques
to detect large molecules. If C4, were not so rigid, fragmentation
or even total decomposition would have taken place at these
energies, long before any parent ion or large-ion fragment could
be detected mass spectroscopically. An experiment that supports
this assumption has been presented recently.”* The authors showed
that, for single-photon ionization with a tunable vacuum-UYV laser,
fragmentation of organic compounds already sets in at a few
electronvolts of excess energy provided by the laser photon. The
important role of heating molecules by multiphoton absorption
was discussed for fragmentation of similar organic compounds,
and rates for internal conversion of the order of 10! s™! were
reported.** In conclusion, nonresonant multiphoton ionization is
unfavorable for reasonably large molecules (e.g., biomolecules)
because of the large number of degrees of freedom that make the
above-mentioned processes feasible. On the other hand, if fem-
tosecond laser pulses are applied, the ionization rate may be able
to compete with the conversion to internal energies. Care must
be taken not to heat molecules excessively by providing excess
energy, even with single-photon ionization. Future work will be
dedicated to explore different ionization sources, such as the
tunable vacuum-UV or femtosecond laser systems. Furthermore,
less rigid molecules will be investigated.

In retrospect, thermionic emission and neutral fragmentation
do not appear to be surprising; rather, they are the microscopic
analogue of well-known macroscopic effects. Imagine heating a
small piece of graphite in vacuum, e.g., by laser irradiation. As
the object becomes heated to sufficient temperatures, evaporation
of C, C,, C;, etc. will be observed (that is, neutral fragmentation
in our microscopic terms). The object will also emit electrons like
a filament (thermionic emission), and the small piece of graphite
will glow and emit photons (blackbody emission). Moving toward
finite particles (Cq), evaporative cooling and electron emission
will be of increased and the blackbody emission will be of reduced
importance.
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Vibrational Circular Dichroism Study of (25,35 )-Dideuteriobutyrolactone. Synthesis,
Normal Mode Analysis, and Comparison of Experimental and Calculated Spectra
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The preparation, characterization, infrared absorption, and vibrational circular dichroism (VCD) spectra of the title compound
are presented. From ab initio quantum mechanical energy minimization, geometry optimization calculations, the lowest
energy conformation is a slightly distorted envelope form, so that deuteration give rise to both pseudoaxially and pseudoequatorially
substituted conformers. The vibrational spectra (IR and Raman) have been assigned by comparison of frequencies and overall
intensity patterns to those calculated by using an ab initio force field obtained for both conformers. This force field was
subsequently modified by refining scale factors to improve the fit to frequencies of assigned bands for both the dy and d,
isotopomers. The absorption intensities and VCD signs and magnitudes were calculated by the ab initio magnetic field
perturbation theory of Stephens using the distributed origin gauge with origins at the nuclei. Good qualitative agreement
was found between the experimental and theoretical dipole strengths and rotational strengths when the average of the calculated
values for the two conformers was used. The best calculations used a 6-31G** basis set for for the force field and the intensities,
but the refined force field did not lead to a significant improvement in the intensity or VCD pattern (other than frequency
alignment) as compared to the unscaled ab initio result. For purposes of comparison to previous reports, calculations were
also made for the planar conformation. Test calculations with variants of more approximate methods that do not allow for
charge reorganization associated with nuclear motion gave distinctly unsatisfactory results, particularly in the mid-infrared

portion of the spectrum.

Introduction

Vibrational circular dichroism (VCD), the measurement of the
differential absorption of left and right circularly polarized light
by molecular vibrational transitions, is a technique that has de-
veloped over the last 2 decades and has application for the study
of the conformation of chiral molecules in solution.! It is clear
from empirical studies that VCD has high sensitivity to change
in molecular structure, but full utilization of VCD for stereo-
chemical studies is dependent on development of a reliable rela-
tionship between structure and spectra. Ideally this structure—
spectra relationship would involve calculation of spectra based
on a well-founded theoretical understanding of the phenomenon
being observed.

Existing theoretical models of VCD have met with varying
nonsystematic success as well as failures. However, an apparently
reliable method for calculam; VCD intensities has been developed

by Stephens and co-workers.””'° A similar theoretical formalism

was proposed independently by Galwas, Fowler, and Buckingham!!
and these are sometimes referred to as the magnetic field per-
turbation (MFP) method. While shown to be successful in a
number of cases where experiment and theory can be compared,’®
the ab initio MFP method has also been shown to be limited
because of its apparent restriction to the use of fairly large basis
sets for calculation of ab initio wave functions.® This proves to
be impractical for many molecules of stereochemical interest.

®To whom correspondence should be addressed.
Permanent address: Institute of Organic Chemistry and Biochemistry,
Czechoslovak Academy of Sciences, Flemingovo nam. 2, Prague 6, CSFR.

We have undertaken a series of studies of the VCD spectra for
small chiral molecules with a long-range goal of analyzing the
differences between the predictions of this MFP method and those
of simpler and very much more approximate methods and com-
parison of both types of predictions to real experimental data. If
it should be possible to demonstrate that one of these simpler
models is reliable, even on a qualitative basis for a limited subset
of molecules or limited types of molecular vibrations, the broader
applicability of such calculations to larger molecules of more
general interest would justify the effort. To show such applica-
bility, several analyses need to be done and a variety of molecules
need to be studied. Such a broad theoretical and experimental
study may, after analysis of the results, indicate which are the
essential components needed in a theoretical model for a calcu-
lation of VCD that would be useful for structural interpretation.
It should be clear that “usefulness” and exactness (or even ac-
curacy) are not equivalent. For many molecules, the stereo-
chemical questions of interest are quite restrictive; one often needs
only to discriminate among a few possible conformations. At that
level, VCD sign patterns or approximate intensities for a few key
modes may be entirely sufficient.

With these overall goals in mind we have set out to prepare
and study the IR and VCD spectra of a number of small-ring
compounds made optically active by isotopic substitution. Such
molecules are particularly appropriate for VCD study as they
typically have significant VCD spectra,'*'¢ and VCD can be used
to monitor any structural changes that occur in them via chemical
transformations.!*> On the other hand, these molecules often have
very weak electronic CD spectra (normally measured in the UV)
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