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CC bonds and (2) the strenghtening effect on adjacent CC bonds
is little affected by substitution of a second fluorine on the
neighboring carbon atom. A similar pattern of the effect of
fluorine substitution has been found for the CC force constants

for the sequence of cyclopropenes, C;H,;, CF,—CH=CH,

CF,—CF=CH, and CF,—CF=CF.?

West and co-workers assigned five of the six in-plane frequencies
of C,Cl;* as observed in the infrared and Raman spectra of this
ion.!? They also studied the C;Br;* ion but were only able to
obtain an infrared spectrum and to assign only two of this ion’s
fundamentals. A five-parameter Urey—Bradley potential function
was fitted to the frequencies of the in-plane modes of the C;Cl;*
ion. This potential function included a force constant for the
nonbonded gem C--Cl interaction. When a small, but fixed value
for a sixth constant, the nonbonded cis Cl..-Cl interaction, was
added, most of the other five force constants changed appreciably.
Such high sensitivity of the calculation to a small modification
implies a rather unstable numerical system and suggests being
cautious in interpreting the results. Nonetheless, we shall compare
West and co-workers’ Urey-Bradley value of 6.3]1 mdyn/A with
our valence force field values of 7.87 for C;H,* and 7.71 for C,F;*.
To do so we must take account of the contributions of the non-
bonded Fe¢, force constants.?? This raises the Urey-Bradley value
of 6.31 to a valence field value of 7.77, which is close enough to
the values for C;H;* and C;F;* to imply that no appreciable

(22) Overend, J.; Scherer, J. R. J. Chem. Phys. 1960, 32, 1289-95,

change occurs in the CC bond strength when the cyclopropenyl
cation is fully substituted with chlorine or fluorine atoms.

Conclusions

A complete assignment of the eight vibrational fundamentals
of the perfluorocyclopropenyl cation has been proposed. Nor-
mal-coordinate calculations with a selective overlay procedure for
the three ions, C;FH,*, C;F,H™, and C;F,", gives a set of CC
stretching force constants that conforms to the pattern found for
fluorine substitution in cyclopropane and cyclopropene ring sys-
tems. Substitution of fluorine on a contiguous carbon atom in-
creases the CC force constant, whereas substitution of a fluorine
atom on a cross-ring carbon atom decreases the CC force constant.
These effects are substantial and are presumed to correlate with
bond-strength changes. In C;F;* the effect of fluorine substitution
cancels out; the CC force constant is essentially the same as that
in C3H3+.

Confirmation and interpretation of these effects of fluorine
substitution must await ab initio electronic calculations. Geometric
parameters and force constants would be of interest as well as
changes in electron densities as a function of fluorine substitution.
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Abstract: A method has been developed for the measurement of the dissociation energies of gas-phase neutral dimers using
photoionization spectra of mass selected ions from molecular beams generated by jet expansion. This measurement involves
the determination of the appearance potential for dissociative photoionization of the dimer using a difference technique. The
0 K dissociation energies obtained are 3.85 £ 0.23, 2.9 + 1.1, and 4.40 £ 0.28 kcal/mol for trans-C,HgSO,, (trans-C,Hy),,
and C4H¢SO,, respectively. The method is applicable for dimers in which the photoionization efficiency function of the partner
of lower ionization potential begins with a distinct step at threshold, a condition that is satisfied for many molecules. The
technique is best for heterodimers and less good for homodimers. At its best the experimental work can be accomplished within
a day for a given dimer, and the data can be analyzed unambiguously in a model-independent fashion.

The universal long-range attraction of molecules for each other
plays such a pivotal role in chemistry that chemists have made
extraordinary efforts to understand the forces involved. Examples
of such work are studies of virial coefficients,! infrared spectroscopy
at elevated gas pressures,? and scattering in crossed molecular
beams.> Of special importance are the properties of weak com-
plexes in the gas phase. With the advent of nozzle expansion
techniques for their synthesis in molecular beams,* and the in-
troduction of laser fluorescence® and dissociation,®’ and microwave
resonance methods? for their investigation, the spectroscopic ex-
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amination of weak complexes has achieved impressive elegance
and power, and is now being enthusiastically pursued in several
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Figure 1. Energy diagram showing the relationship between the ioniza-
tion potential /,, the appearance potential Py 5p, and the dissociation
energy D(A-B).

laboratories. It is most exciting that structural details are now
being obtained on complex polyatomic systems of chemical sig-
nificance. However, one crucial area has remained weak, mea-
surement of the energies of dissociation of the complexed mole-
cules.

Such measurements have been made by equilibrium® and
spectroscopic®!® techniques, but are nearly always laborious, and
rely on special properties of the reagents or require case-by-case
spectral analyses giving results that are not always unambiguous.
In many instances estimates of unmeasured quantities are needed,
or models must be invoked, to interpret the data. In consequence,
only a few accurate energies of dissociation have been measured.
We report here a photoionization technique for measuring with
useful accuracy the energy of dissociation of neutral weak com-
plexes in the gas phase that should be commonly applicable, and
that is proving to be fast and unambiguous.

In this technique, photoionization data are used to obtain the
dissociation energy D(A:B) of a target complex A-B, where A is
the moiety of lower ionization potential, via subtraction of the
ionization potential I, of A from the appearance potential P, op
of A* from A-B, as given in eq 1 and illustrated in Figure 1.

D(A-B) = Paap — I n

Photoionization methods for measuring 7, are, of course, well
known (a review is presented in ref 11, pp I-5 to I-34). The key
is to find a good way to measure Py 4p, because in the molecular
beams formed by jet expansion A-B is only found in the presence
of much larger amounts of uncombined A and B. In particular,
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the photoionization efficiency as a function of photon energy for
the production of A™ from such a mixture is dominated by the
production of A* from A, with only a small contribution of A*
from A-B. Our strategy is to make an ancillary measurement of
the photoionization efficiency for the production of A*™ from a
beam of A containing no A-B but otherwise as nearly as possible
under the same experimental conditions. The latter spectrum is
then carefully normalized to that portion of the first spectrum
that represents only the production of A* from A. Subtraction
of the two spectra gives a difference spectrum that is the pho-
toionization efficiency curve for the production of A* from A-B
alone. The threshold of this difference spectrum represents the
necessary value of Py 5p. Of course, this simple strategy is com-
plicated by the unavoidable presence of A-A, trimers, etc., the
minimization of or correction for which must be part of a complete
prescription.

Experimental Section

The experiments reported here utilized the tunable photon beams
available at line Ull of the 750-MeV storage ring at the National
Synchrotron Light Source. A molecular beam containing the complex
to be studied intersects the photon beam in the ion-extraction zone of a
quadrupole mass spectrometer equipped with a channeltron detector
operated in the ion counting mode. The intensity of the product ions of
selected mass-to-charge ratio is measured as a function of photon
wavelength. The relative photon intensity is measured simultaneously
with a sodium salicylate screen~photomultiplier tube combination, ena-
bling relative cross sections to be obtained. A more complete description
of this apparatus and examples of its use are presented in ref 12. For
the present work, an osmium-coated laminar grating!* of 1200-lines/mm
groove density and 200-A groove depth was used. The monochromator
so equipped delivers usable light from 450 to 4500 A. As measured using
a calibrated photodiode, intensities are 2 X 1012, 3 X 10'2, and 7 X 10!?
photons/s at 584, 1000, and 1400 A under typical conditions of 3-A
bandwidth and 100 mA of circulating electron current in the ring. The
large bandwidth of 3 A was used to achieve the high total counts nec-
essary in these experiments. For all of the work reported here, except
mass spectral scans at 584 A, a 0.2-cm thick LiF filter was used to
eliminate second and higher order radiation.

Molecular beams containing the complexes were produced by expan-
sion of suitable gas mixtures through a 100-um nozzle. The compositions
and pressures of the mixtures were chosen to maximize signal strength
and minimize contributions from clusters other than the complex of
interest, as described below. Molecular beams containing reagent A only,
without complexes, were easily achieved at lower nozzle pressures, often
using neat gaseous A.

Success with the requisite subtractions of one spectrum from another
demands that the spectra be measured to adequately high precision,
which means that large numbers of total counts per photon energy bin
must be accumulated to overcome scatter due to the statistics of counting.
Thus, long runs are required and this makes the time stability of the
system important if systematic errors are to be avoided. Three important
instabilities were encountered. (1) The electron orbit position in the
storage ring differs from fill to fill. This causes a corresponding shift in
wavelength calibration from fill to fill because in the monochromator
being used here!* there is no separate entrance slit; i.e., the stored electron
beam itself is used as both light source and entrance slit, in order to
achieve the largest possible photon intensities. Normally, each spectrum
requires several fills to build up sufficient total counts, and these data
must be summed in such a way that the wavelength bins are always
accurate, This problem is easily solved if the spectrum of A* from A has
a conspicuous threshold or feature of known wavelength that allows the
wavelength scale to be calibrated before the spectra are summed. In the
work reported here, this is always the case because the threshold of A
(trans-2-butene = t-C,Hg or benzene) has the form of an abrupt step. In
several series, each of several runs (one run per fill), typical maximum
corrections of 0.5 to 2 A were encountered. All corrections were made
to the nearest 0.1 A, and since the data points were taken at 1-A inter-
vals, interpolation is necessary, where the interpolated points retain the
same statistical significance as the raw data. Each interpolated point was
therefore calculated from a simple cubit fit to four adjacent data points,
usually two above and two below. (2) The sodium salicylate fluorescent
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screen plus photomultiplier combination used for the light monitor un-
dergoes wavelength-dependent changes in efficiency rapidly enough that
the difference spectra are sometimes significantly affected. (Recall that
the ion intensity is divided by the light intensity at each point to provide
a quantity proportional to cross section. It is the difference in effective
cross sections that is wanted.) To solve this problem, a calibrated dc
voltage proportional to the electron current circulating in the storage ring
was used. The spectra to be subtracted are put in the form (ion intensity
per unit ring current), and the resulting difference is then divided by the
function (photon intensity per unit ring current). The remaining error
due to the above-mentioned change in fluorescence efficiency is negli-
gible. (3) The lithium fluoride filter undergoes wavelength-dependent
changes in transmission near its cutoff wavelength at about 1050 A while
in use. This problem cannot be solved in the same way as the fluorescent
screen problem described above, but can be mitigated by measuring the
spectra of the dimer-containing beam and monomer reference beam
alternately through several cycles. Our attempt to measure the disso-
ciation energy for ethylene dimer was seriously hindered by this effect,
but the measurements on the three title complexes were essentially
unaffected because they were carried out at wavelengths much longer
than 1050 A. A measurement method that obviates the LiF filter has
been devised and successfully tested, and will be described in a future
report.

A small correction to all the spectra is made for scattered light. With
the LiF filter in place the scattered light can be directly measured below
1030 A, and its absorption by the filter can be measured below 450 A,
where no direct radiation remains. The shape of the scattered light
intensity function at 1050 to 1400 A is then estimated by extrapolation
of the known function at 500 to 1030 A. Finally, the scattered light is
accurately proportional to the ring current, which provides an unam-
biguous basis for calculation of the correction at every wavelength.

The gas mixtures supplied to the nozzle must be time-stable in com-
position. On-line mixing in flow systems proved to be unsatisfactory.
Two methods are adequate. When both or all reagents are gaseous and
reasonably unreactive at room temperature ‘and pressures of up to a few
atmospheres, they are premixed in accurately measured proportions and
stored in large stainless steel tanks until used (within a few hours). This
was done, for example, with trans-2-butene and sulfur dioxide. When
one reagent is a liquid of reasonably high vapor pressure at room tem-
perature and the other is a gas that is unreactive with it, a bubbler is used.
In our bubbler, the gas is forced through a glass frit a few centimeters
below the surface of the liquid; the liquid volume and head volume are
comparable, about 100 cm?®. The head pressure, monitored with a ca-
pacitance manometer, is manually maintained at 800 torr with a precision
of £5 torr. For both methods the nozzle pressure is electronically con-
trolled to %1 torr or better at any desired value, usually <700 torr. All
work reported here was done at the room temperature of 23 °C, which
varied less than &1 C. Beam conditions were usually sufficiently stable
to carry out measurements within S min after startup for the premixed
gases, and within 30 min for the bubbler.

Optimum conditions of gas composition and nozzle pressure must be
separately determined for each case studied. In the following section we
describe in detail how this was done for one example, t-C4Hg + SO,. The
object of the optimization is to produce a beam containing as large a
proportion of A-B as possible, while keeping the proportions of A:A, the
trimers A3, A,B, AB,, and analogous larger clusters to sufficiently low
levels, as established for each case. As the nozzle pressure is increased
so that the temperature of the expanded gas decreases, the first clusters
to become dominant are the dimers, followed by the trimers, tetramers,
etc. This phenomenon gives rise to the familiar pattern in which the
intensity of ions derived principally from dimers rises, maximizes, and
falls while the intensity of ions derived from the competing trimers are
rising strongly; the trimer-derived ions are dominated in turn by tetram-
er-derived ions, and so on. Fragmentation during the detector ionization
process complicates this pattern for clusters comprised of polyatomic
molecules, but it remains broadly valid, nevertheless. All of the foregoing
matters have been extensively discussed in the literature.*=5® The most
obvious way to avoid interference from trimers and larger clusters is
therefore to work at sufficiently small nozzle pressures that they are not
formed to a significant extent. On the other hand, for the difference
experiment described here it is important to obtain as large an intensity
of A* from A-B as possible, and this means that the nozzle pressure must
be chosen to be just below the point that A* from trimers becomes
troublesome. The required optimization can be done via measurements
of the photoionization mass spectra of beams produced under system-
atically varied conditions of composition and pressure of the gas supplied
to the nozzle. These measurements were made at a photon energy that
is high enough to ionize all of the components; for convenience we used
584 A (21.2 eV), the energy of the He | line. Our experience to date with
several systems is that even with photon energies as large as 21 eV a weak
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complex A-B produces mostly A* jons (where A is the moiety of lower
ionization potential.) Formation of high-threshold fragment ions of A
from A-B is much less probable than the formation of A*. This phe-
nomenon is useful because it means that the intensity of appropriate
fragment ions of A provides a direct measure of the amount of uncom-
plexed A in the molecular beam. Thus, the ratio of intensities of A* and
a prominent fragment (A - n)*, viz. [A*]/[(A - n)*] depends on the
content of A-B + A-A (+ higher clusters that give A*). This ratio is used
to accomplish the needed optimization, as shown by example in the next
section.

The production of A* from the unavoidable A-A must be expected to
interfere with the experiment. It can be minimized to some extent by
expanding a gas mixture rich in B and poor in A to provide as large a
ratio of A:B to A-A as feasible. Data to make the necessary correction
are obtained by forming a beam containing A-A but no A:B by expansion
of a mixture of A plus a rare gas Ry, preferably helium, to minimize the
formation of mixed clusters with Ry, and carrying out a measurement of
the photoefficiency function for the process A-A + iy — AT + A + e
analogously to the difference measurement already described for A-B.
Additionally, it is necessary to measure the intensity ratios for dimer-
originated A* and some other ion that can come only from A-A, e.g., A,*
itself, for both the A + R; beam and the A + B beam. The fraction of
the A* produced from the A + B beam that stems from A-A is then
simply the ratio

fraction of A™ from A-A = ({A¥])/[A-A*]) asr,/ ([A¥] /[AA*])asn
(2)

provided that the ratios are measured at sufficiently low pressures that
contributions, especially of A-A*, from trimers and heavier clusters are
insignificant. For convenience, the intensities of A* and A:A* can be
measured at different wavelengths as long as normalization to the cir-
culating current of the electron storage ring is done. Mixed complexes
in the A + R, expansions could interfere with the above, but there is no
evidence for such a difficulty in the cases reported here, most likely
because the A-A bond strengths are substantially larger than the AR,
bond strengths. This is consistent with the strikingly low nozzle pressures
(~200 torr when R, = Ar) at which useful intensities of A-A* ions and
fragment A* ions are already observed.

Since the dimers are formed in an isentropic jet expansion, they are
cooled below the temperature of the source gas. In this report the ef-
fective temperature of the beam Ty, including both monomers and di-
mers, is estimated using the following expression:

Tp = To[l + 4.8 X 10%(y = 1)5(PyD)D/1]- @)

where T and P, are the temperature (K) and pressure (atm) of the
source gas, D is the nozzle diameter (cm), and y = C,/C, is the ratio
of heat capacities of the source gas at constant pressure and at constant
volume. This equation results from the adjustment of theoretical ex-
pressions'**® with an empirical calibration function designed to reproduce
the known behavior of a similar nozzle beam system.!*®< In the range
1.25 S v < 1.67 it is expected to be accurate to £33%. For gas mixtures
the practical value of v is calculated from the rule

vy=1+[ZF/(y,~ D] 4

where F; is the mole fraction of constituent / having value y;. Values of
7 used here (or values of C,, from which vy = C,/[C, - R]) are taken
from ref 16a~c.

In the threshold technique described above for the measurement of
D(A-B), excitation energy in the weak bond of the complex, together with
the rotational energy, must be expected to be readily available for dis-
sociation.!” The former could be a significant correction if the effective
beam temperature is comparable to the bond strength. In this work the
measured D7 (A-B) or P, 4p(Tg) at beam temperature 7T is corrected
to Dy(AB) or P, 4p(0) at 0 K, by addition of the vibrational excitation
energy ¥, available for dissociation, plus the rotational energy.

Dy(AB) = D7y(AB) + Fry + %RTy

(%)
Paap(0) = Paap(Tp) + Fry + %RTy

(15) (a) J. B. Anderson and J. B. Fenn, Phys. Fluids, 8, 780 (1965); (b)
R. E. Smalley, L. Wharton, and D. H. Levy, J. Chem. Phys., 63, 4977-4989
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All of the complexes studied in this work are nonlinear with large mo-
ments of inertia, for which 3/2RTy is an adequate approximation to the
energy in rotation. To evaluate F, it is assumed, for simplicity, that all
of the vibrational energy available for dissociation is contained in the new
normal modes that are created upon complexation, and that the popu-
lation probabilities of these modes simulate the equilibrium distribution
at the beam temperature. Thus, assuming that the normal modes pertain
to harmonic oscillators only,!®

€
P = L s/ kD 1

where ¢, are the fundamental energies of the new normal modes and &
is the Boltzmann constant. The summation includes at most six terms
(for two nonlinear polyatomic moieties). Unfortunately, there is almost
no information available on ¢ at present. Recently a set of all six ¢, was
measured in Levy’s laboratory for the T-shaped dimer of s-tetrazine.!®
Because of the paucity of other reliable information, we have arbitrarily
chosen to use these data for all complexes studied in this work, only
adjusting for reduced mass and energy scale; i.e., we use

& = g1/ 6] Dy(A-B) / Dy) @)

(6)

where u is the reduced mass, and the diacritic indicates the data for
s-tetrazine T dimers., We used 4.14 kcal/mol for Dy, midway between
Levy’s reported upper and lower limits of 4.38 and 3.90 kcal/mol (a
reasonable estimate is used for Do(A<B) at first, and refined by iteration).

Results

Dissociation Energy for ¢-C,H;-SO, — ¢-C,H; + SO,. We wish
to find a nozzle pressure and gas composition such that C,Hg™
ions from trans-2-butene-SO, can be observed with insignificant
interference from trimers and larger clusters, and for which the
correction for contributions from (¢-C,Hjy), is as small as prac-
ticable. Photoionization of a cluster-free nozzle beam of neat
1-C,H; at 584 A shows that there is extensive fragmentation; about
two-thirds of the ions produced are distributed among more than
10 different hydrocarbon ions containing two or three carbon
atoms, and about one-third of the ions contain four carbon atoms.
When mixtures of t-C,Hg and SO, are supplied to the nozzle and
the resulting beams are examined at pressures up to 1000 torr,
the relative intensities among the two- and three-carbon ions are
unaffected, but the four-carbon ions show significant changes. In
particular, the intensity of the hydrocarbon parent ion C,Hg* grows
very markedly with respect to the other ions as the pressure is
raised. On the other hand, the relative amounts of the ions SO,*
and SO show no effects that can be ascribed to the presence of
t-C4H; in the mixtures. These facts are consistent with the ex-
pected picture in which very little or no two-carbon and three-
carbon ions are produced from clusters, and we therefore assume
that they can be used to monitor the relative intensity of neutral
monomer ¢-C,Hjg in the molecular beam. Normalization to the
intensities of the two- and three-carbon ions then allows the mass
spectrum of the clusterless reference beam to be subtracted from
the mass spectrum of a cluster-containing beam, to give the mass
spectrum resulting from the photoionization of the clusters alone.
For example, for the clusters present in the expansion at 800 torr
of t-C,Hg + SO, in the ratio of 1:19, the relative intensities (%)
of hydrocarbon-containing ions (ignoring tetramers and larger
clusters) whose production probabilities exceed 1% are: C,H;*,
1.0; C,H¢*, 1.4; C,H,*, 5.6; C,H,*, 60; ’C,H* + C,H,o*, 3.0
(C,Hy),*, 4.4; C,HgSO,™, 5.4, (C,H,),S0,%, 6.3% and C,Hi-
(S0O,),*, 11.5, after correction for the efficiency of the mass
spectrometer. The ancillary experiments gave <2% for the relative
intensity of SO,™ produced from hydrocarbon-containing clusters.
It is to be expected” that the clusters produced in the jet expansion
and found in the molecular beam as the nozzle pressure is in-
creased from very low values will be dominated at first by the
dimers, but with the trimers steadily increasing their share at the
expense of the dimers as the pressure continues to rise. This
pattern is verified by the data shown in Figure 2, which displays

(18) See, e.g., G. S. Rushbrooke, “Introduction to Statistical Mechanics”,
Oxford, London, 1949,

(19) L. Young, C. A. Haynam, and D. H. Levy, J. Chem. Phys., 79,
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Figure 2. Points and solid lines: dependence of the intensities of various
ions on nozzle pressure at 584 A for the gas mixture trans-2-butene/SO,
= 1:19. “Z trimer ions” means the sum of the intensities of (C,Hy),",
(C4Hy),S0,*, and C,Hg(SO,),*. “dimer ions” means the sum of the
intensities of (C4Hg),* and C4Hg-SO,*. The intensity of the ion C,Hg*
is that from the dissociative ionization of clusters only; the intensity of
C,H;* from monomers 7-C4H; has been subtracted. The intensities of
the ions with respect to each other have been corrected for quadrupole
efficiency. Dashed lines: the dependence on nozzle pressure of the
relative beam densities of neuiral dimers t-C4H3-SO, + (+-C4Hy), and
neutral trimers (1-C4Hg); + (1-C4Hy),:SO, + -C,Hg(SO,),, calculated
from the ion intensities as described in ref 20.

the dependence on nozzle pressure of the observed intensities,
corrected for mass spectrometer efficiency, of trimer, dimer, and
fragment monomer ions. The trimer ion intensity is the sum of
the intensities of (C,Hy),*, (C,H;),SO,*, and C,Hy(SO,),*, the
dimer ion intensity is the sum of the intensities of (C,Hs),* and
C,H;-SO,*, and the plotted fragment monomer ion intensity is
the intensity of C;Hg* from the photoionization of clusters alone.
As detailed in ref 20, the relative beam densities of the neutral
dimers and trimers can be calculated from the observed ion in-
tensity data, and are shown in Figure 2 as dashed lines (here, the
analysis is in terms of the summed dimers and trimers, but that
is a good approximation in this case). The beam density of neutral
dimers maximizes at about 600 torr, at which pressure the density
of neutral trimers is comparable. Note that this maximum occurs
at a pressure substantially below that at the maximum of the dimer
ion signal. Although the optimum nozzle pressure for dimers is
600 torr, it may be necessary to operate at a lower pressure to
minimize possible interference from C,Hg* ions produced from
the trimers. To establish the extent of such interference at the
neutral dimer maximum, preliminary threshold functions were
measured at 500 and 800 torr, for which pressures the neutral
trimer beam density rises by a factor 3.7, while the dimer density
shows a slight net decrease. Unexpectedly, no evidence for the
contribution of C,Hg* intensity from trimers could be seen; the
two threshold functions are identical in shape and onset within
experimental error, and the intensity of the 800-torr function is
slightly smaller than the intensity of the 500-torr function, in line
with the slight net drop in neutral dimer beam density. An
operating nozzle pressure of 600 torr was therefore selected for
this case.

A number of reasons can be offered to account for the lack of
intensity of C,Hg* ions produced from trimers. (1) The reaction

(20) J. R. Grover and E. A. Walters, manuscript in preparation.
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Table I. lon Intensities? for Photoionization at 584 A of Molecular
Beams Formed by Expansion of Various Mixtures of trans-2-Butene
and SO, at a Nozzle Pressure of 600 torr at 23 °C

C,H¢SO,  C,Hs*® excess C,Hg*¢  (C,Hyp),"  (C{HgSOyp*
14 2.23 1.00 0.034 0.023
1:9 1.43 0.75 0.039 0.043
1:19 0.90 1.05 0.047 0.064

4Corrected for quadrupole efficiency. All intensities are normalized
to the intensity of excess C,Hg* for the 1:4 mixture. ®Fragment ion
produced only from uncomplexed t-C4Hg (with 37% probability). ¢Ion
intensity only from dimers and larger clusters. The contribution of
C,H;* from uncomplexed 1-C,H; has been subtracted.

(+-C,Hg)s + v — C3gH, + C,Hg* + e would have a threshold
of only about 8.8 eV (~1410 A) if the CgH,, is the same as the
product of the Woodward—Hoffman forbidden 2 + 2 concerted
cycloaddition reaction. No trace could be found of an onset
corresponding to this product (see Figures 3 and 4). If only van
der Waals type bonds between pairs of molecules are involved,
then it is reasonably estimated that the threshold for the reaction
(¢-C,Hg); + hv — (+-C,Hg), + C,Hg* + e could be several keal
mol™ higher than that for the dissociative ionization of the dimer.
(2) Similarly, the reactions (¢-C,Hg),SO, + Av — C,H;SO, +
C,H;* + ¢ and ¢-C,H(SO,), + hv — S,0, + C,Hgt + € would
both be expected to have thresholds several kcal mol™ higher than
that for the dimer because there are no strongly bound species
corresponding to C,HSO, or S,0, that can reasonably be pro-
duced. (3) In general, it is not to be unexpected that the threshold
for the production of monomer ions from van der Waals trimers
will be higher than the corresponding threshold for dimers
whenever two bonds must be broken in the trimer. The lack of
monomer ions when an exothermic addition reaction could occur
in the residual neutral dimer that would lower the trimer’s
threshold means that that reaction is too improbable to be detected.
(4) The lifetime of a trimer ion at energies near its dissociation
threshold will be very long compared with the corresponding dimer
ion, because it has a much larger density of states due to the larger
number of low-frequency normal modes associated with the van
der Waals bonds. A long lifetime will give rise to a “kinetic
effect”?' 22 in which the apparent threshold occurs at a higher
energy than the true threshold. Approximate calculations?' show
that threshold increases in the range of 0.3 to 3 kcal mol™ are
to be expected, the present case giving only ~0.2 kcal mol,
however. (5) A possibly useful rule of thumb is to expect that
often in the dissociative ionization of a trimer the charge will reside
predominantly on the specie of lower ionization potential. Note,
however, that this rule might not apply in this case, because the
ionization potentials of both (S0O,), (11.72 ¢V*) and ¢-C,H;-SO,
(9.19 eV) are larger than that of 1-C,H; (9.13 eV) (see Figure
6).

There are three dimers in the -C,Hg + SO, system, two of
which, C,Hg-SO, and (C,Hg),, give rise to C,Hg* ions, and it is
therefore desirable to minimize the contribution from (¢-C4Hg),.
Table I gives the dependence on composition of the intensities of
the ions (C4HgSO,)* and (C4Hg),*, and of the ion C,H;* from
C4H;4-SO,, (C4Hg), and larger clusters. The proportion of mo-
nomeric -C4H; in the beam decreases with increasing dilution
of +-C,Hg by SO,, as indicated by the decreasing intensity of the
fragment ion C3Hs*, which is a product only of the dissociative
photoionization of monomeric t-C,Hg. Surprisingly, the intensity
of C,Hg* from dimers and clusters changes only modestly and
the intensity of dimer ions increases. The ratio [C,Hg-SO,)*]/
[(C4Hg),*] increases much less than expected and desired. This
emphasizes the well-known fact that the nozzle expansion of gas
mixtures is a highly complex dynamic system that is as yet poorly
understood. However, further work to optimize the intensity of
excess C,Hg" and the ratio [(C,HgSO,)*]1/[(C4Hs),™] was not
required for this study, and the 1:19 gas mixture was therefore

(21) L. Friedman, F. A. Long, and M. Wolfsberg, J. Chem. Phys., 26, 714
(1957).
(22) W. A. Chupka, J. Chem. Phys., 30, 191-211 (1959).
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Figure 3. Photoionization efficiency for the production of C,Hg* from
molecular beams. (a) Dashed line: beam from the nozzle expansion of
neat 1-C4Hg at 100 torr. (b) Solid line: beam from the nozzle expansion
of a t-C4,Hg + SO, mixture in the proportions 1:19 at 600 torr. The two
curvesAare normalized to one another in the wavelength range 1343 to
1356 A.

chosen for the measurement of D(¢-C,H3-SO,). As described
further on, the contribution of C4Hg* from (¢-C,Hy), in the
threshold region was evaluated explicitly using eq 2 and found
to be small. The relative insignificance of this correction may
be rather general, a reason for which is given in the Discussion
and evidence for which is accumulating as more cases are studied.

The photoionization efficiency function for the production of
C,H;* was measured at 1-A intervals from 1200 to 1400 A for
the chosen conditions, viz. 600 torr nozzle pressure of premixed
source gas in the proportions of 1.000 part of trans-2-butene
(Matheson, CP) to 19.00 parts of sulfur dioxide (Linde, anhyd-
rous), and measured again in the same spectral region at the same
intervals for 100 torr nozzle pressure of neat trans-2-butene. The
former measurement required 281 s per point, for a total of 16
h of beam time, distributed over nine fills of the storage ring, to
achieve ion counts of 40 000 at 1250 A&, 32000 at 1300 A, and
8300 just above the threshold at 1350 A. The 100-torr function
was measured to a total ion count about twice as large in 185 s
per point, 10 h of beam time, distributed over seven fills. The
threshold step of both curves, taken for calibration to be 9.130
eV (at the midpoint of the step rise!’) is seen to be as sharp as
the resolution of 3-A fwhm permits. The latter data were nor-
malized to the former in the range 1343 to 1356 A, and both are
plotted in Figure 3. The additional C,H;* contributed from the
complexes (and larger clusters) is clearly apparent and, below 1300
A, substantial. The difference between the two data sets, cal-
culated as described above, is shown in Figure 4, plotted as a
function of photon energy. The error bars reflect the counting
statistics. The approach to threshold is conspicuously linear, as
also shown in the inset, which expands the threshold region. The
long-dashed line shows the very small contribution of the hom-
odimers (t-C4Hjg),. The sharpness of the threshold shows that
the beam temperature is well below 23 °C, as can be seen by
comparison with a calculated curve that depicts an assumed linear
threshold function modified by thermal energy'” at 296 K, plotted
as the short-dashed line. The low frequencies of the van der Waals
modes render the threshold region especially susceptible to thermal
blurring.

To evaluate the threshold energy and estimate its uncertainty,
linear threshold functions were used. Calculations of chi-square
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Figure 4. Production of C4Hg* by dissociative photoionization of -
C4HSO,, obtained as the difference of the normalized data shown in
Figure 3. The inset shows the threshold region expanded. The straight
lines are a least-squares fit to the data. The arrow in the inset marks the
ionization potential of -C,H;. The long-dashed line shows the contri-
bution of C,Hg* from (z-C,Hg), calculated according to eq 2 (see also
Figure 7). The short-dashed line shows the deviation from linearity to
be expected for a beam temperature of 296 K.

per degree of freedom, x2/9,%* show that a straight line is the
simplest mathematical function needed to fit the data, and that
more complicated functions only result in unacceptably low re-
jection levels and are therefore neither necessary nor supportable.
A physical argument for approximately straight-line threshold
functions can be made (see Discussion). This simple function
provides an objective method of analysis consistent with the data
that results in a threshold that should be close to the true one.
Systematic variation of the slopes and thresholds of the assumed
lines yielded a corresponding table of x%/n. The slope and
threshold for which x?/ has its minimum value give the best fit.
The maximum possible number of experimental points above the
threshold was used in the analysis, with the constraint that the
minimum x2/n < 1.05. To estimate the experimental uncertainty,
the calculated table was used to find the highest and lowest
threshold values consistent with the published values?* of x2/1
corresponding to the 95% confidence level. From these values
highest and lowest thresholds encompassing a 68% confidence level
were calculated in order to quote an uncertainty comparable to
one standard deviation. This uncertainty must then be convoluted
with that arising from the uncertainty in the position of the zero
line (see Figure 4). The resulting threshold value is 9.280 % 0.008
eV. Correction for the very small contribution from (¢-C,Hjg),
increases this value slightly, to P, ap = 9.284 £ 0.008 ¢V, which
corresponds to a dissociation energy of D(¢-C4H-SO,) = 3.54 =
0.18 kcal/mol at the temperature of the molecular beam. The
latter may be estimated from eq 3 to be 40 £ 13 K, where v =
1.265 for SO,'®* and 1.104 for ¢-C,H,.'%* Equation 5 then gives,
for this beam temperature, an additive energy correction of Fr,
+ 3/,RTg = 031 £ 0.15 kcal/mol, yielding, finally, Do(t-
C,H3SO,) = 3.85 + 0.23 kecal/mol, and a similarly corrected
threshold at 0 K of P, op(0) = 9.297 = 0.010 eV.

The reference molecular beam resulting from a nozzle pressure
of 100 torr of neat trans-2-butene has a higher calculated tem-
perature than above, Ty = 250 K. However, the monomer parent
ion in each spectrum displays clear step-like behavior at the
ionization threshold (Figure 3) limited only by the optical reso-
lution, so that domination by the adiabatic transition is reasonably
certain.!! Hot band effects cannot be excluded (see Figure 4)
but are very small and cannot at present be proven because of
comparable small effects due to instability in the size and position

(23) See, e.g., W. C. Hamilton, “Statistics in Physical Science”, Ronald
Press: New York, 1964,

(24) A Hald in “Handbook of Tables for Probability and Statistics”, W.
H. Beyer, Ed., Chemical Rubber Co., Cleveland, 1966, pp 235-238.
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Figure 5. Threshold region of photoionization of 1-C4Hg-SO, to produce
(C4HgSO,)*. The solid line is the least-squares straight line fit to the
first 54 points above the threshold.
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Figure 6. Summary of energy relationships of trans-2-butene/sulfur
dioxide neutral and ionic complexes (not drawn to scale). All energies
are in electron volts.

of the electron beam photon source, which instability causes
systematic deviations from the zero line just below 7, (arrow).
As the storage ring operations improve, the electron beam will
be stabilized and this type of effect will diminish. We therefore
believe there is negligible error resulting from the wavelength
normalization of the two spectra to each other (£0.001 eV).

Dissociation Energy for (C,Hy-SO,)* — C,Hg* + SO,. The
threshold region for photoionization of ¢-C,Hg-SO, to produce
(C,Hg:SO,)* was measured. At the precision of this experiment
(Figure 5) the resulting ionization potential is [yp = 9.193 = 0.049
eV. This value is quite interesting because it can be used to
calculate the dissociation energy of the parent ion of the complex,
viz. (C4HgSO,)* — C,Hg* + SO,, via the relation D,[(C4Hs:
S0,)*] = P4 4p(0) — I4p, giving the result 2.4 = 1.2 kcal/mol.
This energy is significantly smaller than the values of 2 10
kcal/mol nearly always observed and expected® for the ion-neutral
binding of polyatomic molecules. Surprisingly, it is even smaller
than the neutral-neutral binding of ¢-C,Hjg to SO,.

The results of this work for the trans-2-butene/sulfur dioxide
complex are summarized in Figure 6.

(25) C. Y. Ng, Adv. Chem. Phys., 52, 263~362 (1983).



Dissociation Energies of Gas-Phase Neutral Dimers

T

ION/LIGHT RATIO (arb. units}

\
8.95 2.i3 9,31 249 2.67 2.85
ENERGY (eV)
Figure 7. Threshold region of dissociative photoionization of (+-C4Hs),
to produce C4Hg*. The solid line is the least-squares straight line fit to
the first 74 points above the threshold. The arrow marks the ionization
energy of 1-C,Hs.

Dissociation Energy for (¢-C,Hy), — C,Hg + C,H;. Using the
beam formed from the mixture t-C,Hg and Ar in the proportions
1:4, an efficiency spectrum was measured for the production of
C,H;* at wavelengths from 1200 to 1400 A at 1-A intervals. Total
ion counts accumulated were very substantial, comparable to the
100-torr spectrum of neat ¢-C,Hj already described. The same
type of analysis was carried out and the resulting difference
spectrum is shown in Figure 7. The results are of markedly lower
quality than those for ¢-C,Hg-SO, despite the significantly larger
amount of jon counts accumulated; contrast Figure 7 with Figure
4. Application of the x2/n minimization procedure to these data,
assuming a straight-line threshold function, yields a threshold value
of 9.250 = 0.049 eV at a calculated beam temperature of 18 =
6 K, which, corrected to 0 K, gives Pa sa(0) = 9.254 £ 0.049 €V,
This corresponds to a dissociation energy D [(t-C4Hg),] = 2.9 £
1.1 kcal/mol. The weakness of the signal plus the similarity of
this threshold to that of C,Hg* from t-C Hg-SO,, i.e., Paap =~
P aa, are the reasons that the contribution of C,H;* from the
homodimer (¢-C,Hg), is not a serious problem in the measurement
of D ,(+-C,H,+SO,), as shown by the long-dashed line in Figure
4.

Dissociation Energy for C;H-SO, — C;Hy + SO,. The two
gas mixtures for jet expansion were sulfur dioxide and argon
saturated with benzene vapor at 23 °C at a total bubbler head
pressure of 800 torr, The ion C¢H¢-SO,* is produced only very
weakly so the complex C4HgSO, must fragment essentially
completely upon photoionization. Spectra for the production of
C4H¢* were measured in the wavelength range 1180 to 1380 A
at 1-A intervals, both for C;Hg + SO,, at 600-torr nozzle pressure,
and for C4H¢ + Ar at 100 torr where the beam'’s content of the
homodimers (CqHg), is very small.?® The difference spectrum,
shown in Figure 8, displays a remarkably clean straight-line ap-
proach to the threshold at 9.422 & 0.009 eV, where for calibration
the benzene photoionization threshold was taken to be I, = 9.248
eV.!! The dissociation energy is then D(CsHg-SO,) = 4.00 £ 0.20
kcal/mol at a calculated beam temperature of 48 £ 16 K (y =
1.113' for benzene). Correction for the beam temperature
according to eq 5 gives D,(C¢H¢SO,) = 4.40 = 0.28 kcal/mol
and P, ap(0) = 9.439 £ 0.012 eV. No correction for the con-
tribution of (C¢Hg), is necessary, as shown in the next section.

Dissociation Energy for (C¢Hg), — 2C¢H,. Using argon sat-
urated with benzene?® at a total pressure in the bubbler of 800
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Figure 9. Dependence of the ratio [C4Hg*]/{CsHs*] on nozzle pressure
for argon saturated with benzene at 800 torr and 23 °C. Photoionization
carried out at 584 A,

torr, the production of C¢H,™ from the dissociative photoionization
of (C¢Hg), at 584 A is clearly seen. Figure 9 shows that the ratio
[CsHg™1/[CsH;s*] maximizes near a nozzle pressure of 320 torr.
The falloff to higher pressures suggests that the production of
C¢H¢™ from trimers and larger clusters is inefficient. Careful
measurements were made of the production of C;Hg* in molecular
beams rich in (C4Hy),, at a nozzle pressure of 266 torr,? in the
wavelength range 1180 to 1380 A at 1-A intervals. Subtraction
of the normalized dimer-poor beam formed at 100-torr nozzle
pressure gave the result in Figure 10. There is no evidence for
any production of C4Hg* from benzene dimer at photon energies
below 10 eV, although Figure 9 shows that it is produced in

(26) K. C. Janda, J. C. Hemminger, J. S. Winn, S. E. Novick, S. J. Harris,
and W. Klemperer, J. Chem. Phys., 63, 1419-142] (1975).
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Table II. Collected Results of This Work?

complex Dy Ty D, Dyllit.]
t-C,H;S0O, 3.54 £0.18 40 + 13 3.85£0.23 3.79 £ 0.17
(C4Hg:SO* 2.1+ 1.1 40 £ 13 2412
(+-C4Hy), 28 £ 1.1 18%6 29 1.1
Cg¢H¢-SO, 4.00 + 0.20 48 £ 16 4.40 £ 0.28
(C¢Hg), present technique appears unsuccessful

9Dy gives the measured dissociation energy of A:B at the beam temperature Ty, and Dy is the dissociation energy at 0 K, calculated from Dy using
eq 5. The beam temperature is calculated using eq 3. Dy and Dq are in kcal/mol, and Ty is in kelvins. ?Calculated from AF;p = 2.52 + 0.07
reported in ref 27, using the relation Dy ~ AE; ~ 3RT + ¥, where T = 298 K. The indicated uncertainty reflects an assumed large uncertainty in
the fundamental frequencies of the van der Waals normal modes (see text).
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Figure 10. Difference plot attempt to observe dissociative photoionization
of (CgHyg); to produce CgHg*. The arrow marks the jonization potential
of benzene.

abundance at 21 eV (584 A). Consequently the dissociation energy
for (C¢Hg), apparently cannot be measured by the subtractive
technique described in this paper. On the other hand, there is
no correction necessary for the contribution of C¢Hg* from (CsHg),
in the measurement of D,(C¢H¢SO,) described in the preceding
subsection.

The results of this work are collected in Table II.

Discussion

t-C,H;S0O,. Hanazaki?” measured the thermodynamic energy
of dissociation (constant volume) of the trans-2-butene/sulfur
dioxide complex in the gas phase using spectrophotometric analysis
of equilibrium mixtures of the two components. He obtained
AE15(t-C,HgSO,) = 2.52 £ 0.07 kcal/mol. If it is assumed that
the vibrational frequencies of the two components are essentially
unchanged in the complexation, then the dissociation energy at
0 K can be estimated from Hanazaki’s value by addition of ¥,
and subtraction of 3/,RT for translational and 3/,RT for rotational
motion. For the calculation of ¥,4¢ the fundamental frequency
values of the normal modes reported for the s-tetrazine dimer!?
scaled according to eq 7 were used. To provide an idea of the
uncertainty associated with their use, they were arbitrarily scaled
up and down by a factor of v/2, and corresponding values of &4
were calculated. The result is Dy(#-Cye-SO,) = 3.79 £ 0.17
kcal/mol, in good agreement with the value 3.85 £ 0.23 kcal/mol
obtained in the work reported here. Alternatively, using the
expression

Fr = D,(A-B) - AEr(A-B) + 3RT ®8)

Hanazaki’s value of AE,g; combined with ours of D, yields F,gq
= 3.11 £ 0.24 kcal/mol, from which an effective fundamental
mode frequency of € = 54 = 30 cm™! can be calculated from eq
6, assuming that all six frequencies are the same. This value is
quite reasonable for van der Waals modes. The wide limits of
error show that even only rough approximations to the ¢; suffice
to calculate reasonably accurate values of & in this case. The
comparison of Hanazaki’s measurement with ours is important
because it confirms a result of the gas-phase spectrophotometric
equilibrium technique by a completely independent method.

(27) 1. Hanazaki, J. phys. Chem., 76, 1982-1989 (1972).

The good agreement with the equilibrium work also suggests
that our data pertain to the most strongly bound conformer, if
more than one structure for 1-C,Hg-SO, is possible. Two different
structures have been observed, for example, for the s-tetrazine
homodimers formed in jet expansions.?® More weakly bound
configurations of t-C4,H¢-SO, either are not present, or if they are
present, do not undergo dissociative photoionization to form C,Hg*
to a sufficient extent to be detected. In general, the effective
presence of structural isomers will cause the apparent value of
D,(A-B) measured by the threshold technique described here to
be smaller than the value measured by an equilibrium method,
because the observed threshold will always be that of the most
weakly bound conformer. The good agreement also eliminates
the possibility that only excited A* or B is produced, because this
would result in a threshold that is too high.

Away from threshold one expects the shape of the photoeffi-
ciency spectrum for the production of A* from A-B to reflect
several circumstances, each of which has its own onset or distinctive
signature: (1) product excited states of either A* or B; (2) isomers
of A-Bin the target beam; (3) contamination of the target beam
with A-A; (4) contamination of the target beam with trimers or
larger clusters; (5) fragmentation of A*; (6) residual autoionizing
discrete states. In Figure 4 one sees an obvious onset at about
9.50 eV or somewhat below (depending on the shape of the
threshold line). As already discussed, this structure is unlikely
to be due to circumstances 2, 3, or 4, and it does not have the
expected signature for 5 or 6. It is most likely, therefore, to be
due to (1). However, our data provide no way to tell whether the
excited state involved is in rrans-2-butene ion or sulfur dioxide.
The difference between threshold and onset is ~0.2 eV or ~1600
cm™, The nearest fundamental ground-state vibrational frequency
of neutral sulfur dioxide is the asymmetric stretch?® at 1362 cm™.
The two combination lines nearest this energy are at 3v, = 1553
cm™!and »; + v, = 1669 cm™. In C,Hg" ion, the first band in
the photoelectron spectrum of trans-2-butene, taken with He I
radiation (21.22 eV),% can be resolved into a progression showing
four detectable maxima with a mean spacing of ~0.17 eV (~1400
cm™), the second member of which is the most intense. This same
splitting gives rise to the pronounced stepwise structure of the
curves in Figure 3. Now the first photoelectron band arises from
the ejection of a bonding m-electron, so the observed progression
is expected to be due mainly to the C=C stretch. We are not
aware of any fundamental vibrational frequency assignments for
C,H,*, but in neutral ¢-C,Hjg this mode occurs at®' 32 y, = 1682
cm™! in the gas phase, reasonably near the observed line spacing.
Our best judgment is that the onset near 9.5 eV is due to the
production of C,Hg* and SO, in vibrationally excited states, most
likely with predominance of the first (v = 1) excited state of the

(28) C. A. Haynam, D. V. Brumbaugh, and D. H. Levy, J. Chem. Phys.,
79, 1581-1591 (1983).

(29) G. Herzberg, “Molecular Spectra and Molecular Structure 111”7, Van
Nostrand, New York, 1966.

(30) R. M. White, T. A. Carlson, and D. P. Spears, J. Electron Spectrosc.
Relat. Phenom., 3, 59-70 (1974); K. Kimura, S. Katsumata, Y. Achiba, T.
Yamazaki, and S. Iwata, “Handbook of Hel Photoelectron Spectra of Fun-
damental Organic Molecules”, Halsted Press, New York, 1981.

(31) J. E. Kilpatrick and K. S Pitzer, J. Res. Natl. Bur. Stand., 38,
191-209 (1947).

(32) 1. W. Levin, R. A. R. Pearce, and W. C. Harris, J. Chem. Phys., 59,
3048-3061 (1973).
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C==C stretch and the v = | state of the asymmetric stretch of
SOZ.

This experiment by itself provides no information about the
structure of the ¢-C,HgSO, complex. It is interesting in this
connection that the heat of formation of the hypothetical valence
compound trans-2,3-dimethylthiirane 1,1-dioxide at 300 K (as
calculated using Benson’s tables'®) gives an energy for dissociation
back into ¢-2-butene and SO, of about 4 kcal mol™, close to our
observed dissociation energy. In addition to thermochemical
information, structural information would be useful in under-
standing the well-known copolymerization of olefins with sulfur
dioxide to form polysulfones,** for which reaction there is much
evidence of the participation of 1:]1 molecular complexes.*3% For
trans-2-butene the heat of the copolymerization reaction (per unit)
in the liquid phase of mixed reactants at 20 °C is AH = -20.1
kcal/mol,* so the complex 1-C,Hg-SO, is not the lowest state of
the system. There is considerable practical interest in polysulfone
resins, ¢ recent concerns being their application as electron beam
resists,’” and as a means to substitute pollutant sulfur dioxide for
expensive olefin in useful synthetic materials.>*®

C¢H¢'SO,. There is apparently no other measurement of the
dissociation energy of the gas-phase benzene/sulfur dioxide
complex to which comparison can be made with our result.
Equilibrium constants have been measured for 1:1 complexes of
benzene and sulfur dioxide in carbon tetrachloride®® and #-hexane®
solvents, the latter measurement giving AH = 1.03 £ 0.15
kcal/mol for the enthalpy of dissociation at 298 K. However, it
is well known that dissociation energies of weak complexes are
nearly always substantially different in the liquid than in the gas
phase owing to dominating solvation effects.** There is also
convincing qualitative evidence that the binding energy between
benzene and sulfur dioxide is appreciable. Sulfur dioxide displays
an order of magnitude higher room-temperature solubility in liquid
benzene and other aromatic hydrocarbons than in saturated hy-
drocarbons.#'  Also, solid 1:1, 1:2, and 1:3 complexes between
alkylbenzenes and sulfur dioxide, stable at reduced temperatures,
have been isolated.*?

It is noteworthy that the difference spectrum of the C¢Hg* ion
(Figure 8) betrays the presence of the complex C¢H4SO; in a
conspicuous and convincing manner, while the parent ion
(C4Hg¢SO,)* can hardly be seen. As already discussed above,
there is effectively no contribution by (C¢Hjg), or larger clusters
(C¢Hyg), below 10 eV, Therefore, the data in Figure 8 constitute
the indirect but unambiguous observation of the species C{H¢-SO,
in the gas phase. It may be anticipated that such difference spectra
will sometimes be a useful way to detect the presence of neutral
dimers in a molecular beam when the parent complex ion cannot
be seen at all.

Perhaps the most unexpected result of this work is the tendency
for the fragmentation appearance potential threshold processes

(33) (a) D. S. Frederick, H. D. Cogan, and C. S. Marvel, J. Am. Chem.
Soc., 56, 1815-1819 (1934); (b) R. D. Snow and F. E. Frey, Ind. Eng. Chem.,
30, 176~182 (1938); (c) For a review, see N. Tokura in “Encyclopedia of
Polymer Science and Technology”, Vol. 9, Wiley, New York, 1968, pp
460-485.

(34) G. M. Bristow and F. S. Dainton, Proc. R. Soc. London, Ser. A, 229,
509-524 (1955).

(35) W. G. Barb, Proc. R. Soc. London, Ser. 4, 212, 66-80 (1952).

(36) (a) P. Colombo, J. Fontana, and M. Steinberg, J. Polym. Sci., Polym.
Chem. Ed., 6, 32013215 (1968); (b) M. Steinberg, Polym. Eng. Sci., 17,
335-339 (1977).

(37) E. Gipstein, W. Moreau, G. Chiu, and O. U. Need, III, J. Appl.
Polym. Sci., 21, 677-688 (1977).

(38) L. J. Andrews and R. M. Keefer, J. Am. Chem. Soc., 73, 4169-4172
(1951); P. A. D. de Maine, J. Chem. Phys., 26, 1036~104] (1957).

(39) D. Booth, F. S. Dainton, and K. J. lvin, Trans. Faraday Soc., 55,
1293-1309 (1959).

(40) (a) R. S. Mulliken and W. B. Person, “Molecular Complexes”, Wi-
ley-Interscience, New York, 1969; (b) M. Kroll, J. A4m. Chem. Soc., 90,
10971105 (1968).

(41) S. J. Lloyd, J. Phys. Chem., 22, 300~-303 (1918); J. Horiuchi, Bull.
Inst. Phys. Chem. Res., Tokyo, 9, 697-703 (1930); H. Sano, Nippon Kagaku
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623-650 (1972); D. L. Costa and D. Underhill, J. Am. Ind. Hyg. Assoc., 37,
46~51 (1976).
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Figure 11. (a) Diagram illustrating relationship of energy symbols used
ineq 9. (b) Schematic photoelectron spectrum of A-B as a function of
excitation energy E in the product ion (A-B)*. (c¢) Threshold photoion-
ization efficiency function for the production of A* from A-B.

of the type A:B + hv — A* + B + ¢ to display such remarkable
straight-line behavior. In addition to the examples already given
in Figures 4 and 8, work in progress shows such behavior for
several other cases as well. It is evidently a rather general phe-
nomenon.

A straight-line threshold function can easily be rationalized in
the following simplified picture. It is assumed that the molecule
representing the moiety of lower ionization potential displays, as
monomer, a photoionization efficiency function that begins with
an abrupt step at threshold and is flat at cross section ¢ for some
energy region above threshold. The corresponding photoelectron
spectrum that gives rise to such a step consists of a single line.
It is further assumed that when the photon interacts with the
complex it excites mainly either one or the other moiety, and that
Rydberg excitation leads to dissociation rather than autoionization,
so that the observed ions arise from the direct ionization process.*}
The vibrationless level of the neat ion becomes, in the field of a
weakly bound partner molecule, a band comprised of the new
vibrational manifold of closely spaced levels created when the
complex is formed. The photoelectron single line of the monomer
then becomes split into a broad region of closely spaced lines. It
is assumed that the Franck-Condon population envelope f(E) of
this band is flat, i.e., f(E) ~~ constant, in the neighborhood of the
threshold. If the ionic complex is also weakly bound, then above
its dissociation energy, energy quickly transfers from the populated
band levels into the dissociative mode. The cross section o, for
this process, A-B + Av — A* + B + ¢, is then

(43) J. Berkowitz, “Photoabsorption, Photoionization and Photoelectron
Spectroscopy”, Academic Press, New York, 1979, p 129.
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op =0 fD o RE)dE/ J; o (B dE
ap = ce/(D + €)

that is, op = € as long as ¢ << D + . Here, D = D,([A-B]F)
is the dissociation energy of the ion, i.e., of the process (A-B)*
— A* + B, and the ionic excitation energy in excess of the ion’s
dissociation threshold is e. The relationship of the various energies
is illustrated in Figure 11a. An idealized photoelectron spectrum
of A-B, expressed as a function of excitation energy E of the ion
(A-B)*, is sketched in Figure 11b, where the hatched zone indicates
the states that dissociate to form A* + B, and the corresponding
threshold cross section is shown schematically in Figure 11c. The
small steps are not resolved in practical experiments so the
threshold cross section function appears smooth and nearly
straight. Thus, in this simple picture the complexation causes a
single, step-shaped photoionization efficiency function for the
production of A* from A to become, at threshold, a straight line
of slope o/D that intercepts the abscissa just at the threshold Py 5p.
When ¢ >> D, g approaches ¢ asymptotically. However, the
latter behavior is usually hidden because a vibrationally excited
state of the ion A* or its neutral partner B causes an overiding
contribution of a new approximately linearly rising cross section
(e.g., see Figure 3) similar to that already described for the ground
state of A*. Note that if ¢ is not a step function, but rises more
gradually from the ionization potential, then such straight-line
threshold behavior for ¢}, is not to be expected. We have observed
that such is the case for the (allyl bromide), and (allyl brom-
ide-hydrogen chloride) complexes. Also, note that the slope of
the threshold line is inversely proportional to D. This means that
if the dissociation energy of the ionic complex is large, then the
threshold line will be suppressed, most of the direct photoionization
cross section going to form the dimer ion. This is entirely con-
sistent with our observations; for (C4;Hg:SO,)*, for which D is only
2.4 kcal/mol, the threshold line is strong, but for (C4Hg),", for
which D is much larger, ~17.0 kcal/mol,** no threshold signal
at all could be detected, although C¢H¢* ion from (C¢Hy), is seen
in abundance at 584 A (see Figure 9).

As the excitation energy in a polyatomic ion decreases toward
the minimum necessary for dissociation, the ion’s lifetime becomes
comparable to its dwell time in the ion extraction region of the
instrument, and thereby causes the observed threshold to be larger
than the true threshold? % (the “kinetic effect”). This effect should
not be important for the work reported here because the ionic
heterodimers are only weakly bound (vide infra). Near threshold
the excitation energy of such a weakly bound ion is comparable
to the fundamental frequency of only one or two normal modes
of the isolated partners, and must therefore reside essentially
entirely in the six (or fewer) soft modes of the weak bond to be
broken. The level density of the complex system cannot then be
large enough to delay the dissociation by the required amount of
time (>1075 s): reasonable calculations?! show that a downward
correction to the observed threshold in the neighborhood of only
about —0.01D,([A-B]™*) is to be expected.

The threshold cross sections for the production of A* by dis-
sociative photoionization of weak complexes are much larger for
heterodimers A-B than for homodimers A-A which circumstance
is reflected in the uncertainty estimates in Table II. This is borne
out for other cases as well. In the light of the foregoing discussion,
it would appear that the dissociation energy generally tends to
be larger for homodimer than for heterodimer ions. In fact this
phenomenon has been studied previously.*##6 Illustrative ex-
amples are D([CS,-OCS],*) = 5.8 kcal/mol,*’* while D([CS,],")

®)
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Figure 12. Comparison of the interactions of the highest occupied mo-
lecular orbitals of the partner molecules in the ions (A:A)* and (A-B)*.

= 17.5 kcal/mol*™® and D([OCS],*) = 17.2 kecal/mol¥’*; AH-
([C¢Hg-CS,]*) = 12.2 keal/mol,**® while AH([C4H],*) = 17.0
kcal/mol;*® and Dy ([C{H-HCI]*) = 7.3 keal/mol,*® while D-
([HC1),*) = 20.1 keal/mol.*® A simple diagrammatic explanation
for this effect, Figure 12, invokes the interactions between the
highest occupied molecular orbitals of the two partners. In
qualitative molecular orbital theory the interaction is greater for
orbitals of equal energy in A-A than it is for orbitals of unequal
energy in A-B. At the threshold for ionization an electron is
removed from the antibonding orbital, leaving the ion with two
bonding and one antibonding electrons, the net result being
bonding. The greater interaction for A-A means that the net
bonding of (A-A)™ is greater that it is for (A-B)*. Also, in view
of this reasoning, the relatively small value we measured for
D([C,HgSO,]%) no longer seems so surprising. In (A-A)* the
odd electron and net positive charge are delocalized equally over
both partners while in (A-B)* they remain localized mainly on
A, so that one anticipates that (C,H-SO,)* has the structure
C,H;*.S0O,. Of course, in some cases chemical reaction between
the two partners, such as occurs?® with (C,H,),*, overides the
above considerations.

The heterodimers studied in this work might be considered to
be electron donor—acceptor complexes,*® since sulfur dioxide has
an appreciable electron affinity, 1.08 + 0.07 eV, while the
ionization potentials of -C,Hg and C¢Hy are a relatively small
9.130 and 9.248 eV, respectively.!' However ab initio calculations
show that charge-transfer forces alone are inadequate to predict
the properties of heterocomplexes.’! Morokuma®' has suggested,
for convenience, a decomposition of energy contributions into five
components: electrostatic interaction, polarization interaction,
exchange repulsion, charge transfer, and a coupling term to take
account of higher order interactions. The polarization interaction
is also likely to be significant for 1-C,Hg-SO, and C;He-SO,,
because sulfur dioxide has a sizable permanent dipole moment
of 1.63 D.32 In contrast, since (C,;Hg-SO,)* can reasonably be
regarded as C,H3*.SO,, both electrostatic and polarization in-
teractions should be expected to be much stronger for this ionic
complex than for neutral ¢-C,H,-SO,, contrary to our result,
D,([C,HgS0,]*) < D,(t-C,Hg-SO,). One possible explanation
involves the structure of the ionic complex. If the neutral complex
t-C,H¢-SO, is such that the relatively positive sulfur atom is closest
to the olefin and the negative oxygen atoms are farthest away,
then when the olefin becomes suddenly ionized the SO, moiety
would not necessarily have its most stable orientation. In that
case complexes in the most stable configuration would not be
formed by direct ionization because the Franck-Condon factors
would be very small, but might still be formed weakly by the
autoionization of discrete states, as evidently happens in the
process*® C,Hg-HCl + Ay — (C(Hg-HCl)* + e. However, there
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Chem., 89, 3814-3818 (1985).

(49) P. W. Tiedemann, S. L. Anderson, S. T. Ceyer, T. Hirooka, C. Y.
Ng, B. H. Mahan, and Y. T. Lee, J. Chem. Phys., 71, 605-609 (1979).

(50) (a) Weighted average of several measurements cited in B. K. Jan-
ousek and J. I. Brauman, “Gas Phase Ion Chemistry”, Vol. 2, M. T. Bowers,
Ed., Academic Press, New York, 1979, Chapter 10, pp 53-86; (b) J. J.
Grabowski, J. M. Van Doren, C. H. DePuy, and V. M. Bierbaum, J. Chem.
Phys., 80, 575577 (1984); (¢) G. Caldwell and P. Kebarle, 1bid., 80, 577579
(1984).
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is no evidence for a region of structures due to autoionization below
the obvious onset in the spectrum for the production of (C,Hge
SO,)* in Figure 5, so we assume that our reported value for
Dy([C,HgSO,]*) corresponds to the ground state of the ionic
complex.

There are a number of limitations to the technique described
herein that must be acknowledged. (1) Normalization of the two
spectra in preparation for subtraction requires that the threshold
for photoionization of A be characterized by a distinctive feature.
(2) The approximately linear threshold for dissociative pho-
toionization of the dimer requires a step-function onset for pho-
toionization of A. When the photoionization of A displays only
a weak and indistinct onset, the present technique is inadequate.
(3) Autoionization features in the threshold function for disso-
ciative photoionization of the dimer could distort its linearity. (4)
If D(A-B) is too small, the interval between the ionization potential
of A and the appearance potential of A* from A-B becomes too
narrow to allow the necessary normalization of the spectra to be
carried out. This establishes a practical lower limit of roughly
1 kcal mol™! (0.04 eV) for dissociation energies that can be
measured with our apparatus. It should be noted that dimers of
this or lower dissociation energies can readily be made in useful
densities by suitable adjustment of nozzle design and expansion
conditions. (5) Optimization of the dimer density and mini-
mization of the interference from trimers determines the beam
temperature, so there is always a correction for the beam tem-
perature in passing from the measured dissociation energy to the
dissociation energy at 0 K, the uncertainty of which correction

increases the uncertainty that must be cited for the measurement.
(6) As already discussed, if the target beam contains more than
one isomer of the dimer in important amounts, the measured
dissociation energy will likely be that of the least bound one. (7)
The process A-B + Av — A* + B + e must proceed with suffi-
ciently large cross sections in the threshold region to allow its
efficiency function to be resolved from the statistical scatter of
measured points after the normalization and subtraction have been
carried out. Our attempt to measure the dissociation energy of
the benzene dimer was not successful because the cross sections
are too small. As already explained above, small cross sections
are to be expected whenever the dissociation energy of the dimer
jon (A-B)* is large, e.g., whenever D([A-B]*) > 15 kcal mol™.
However, small cross sections can also occur for some other
reason(s) that is(are) not yet understood. (8) Other potential
problems that can be foreseen are effects due to ion pair formation,
hot bands, delayed ion dissociation, and nonexistence of a stable
At (e.g. if A = SFy).
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Abstract: The results of a study of the photodissociation of the dimanganese ion (Mn,) in the visible region of the spectrum
(477-590 nm) are reported. Experiments were performed using a crossed high-energy ion beam/laser beam apparatus.
Photofragment relative kinetic energy distributions and angular distributions are reported. The kinetic energy distributions
show two components which were assigned to ground and excited electronic state products. The angular distributions are
characterized by an asymmetry parameter of 8 = 0.4 & 0.1 which indicates photodissociation does not occur via a direct transition
to a repulsive excited state. The interpretation of kinetic energy thresholds in the photofragment distributions leads to a rigorous
lower limit for the metal-metal bond energy of Mn,* of D°y(Mn*-Mn) = 1.39 eV (32 kcal mol™) and an upper limit for
the ionization potential of the neutral dimer of IP(Mn,) < 6.47 eV.

I. Introduction

Metal clusters have been the subject of a rapidly expanding
research effort over the past 2 or 3 years.!”!' Studies of metal
clusters impact on a diverse range of both applied and fundamental
research areas. These include catalysis and its relationship with
studies of well-characterized surfaces as well as microelectronics
and solid-state physics, particularly with regard to understanding
the emergence of bulk properties such as metallic conductivity
and band structure.

Metal clusters have been studied in matrices and in the gas
phase. Recent interest has focused more on gas-phase studies,
in part because of the inherent difficulty of the matrix studies.’
However, studying metal clusters in the gas phase is not easy owing
to the difficulty in generating the clusters. With the exception
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of the alkali metals, most metals are refactory. Hence, high-
temperature ovens’ or pulsed laser evaporation® are required to
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