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Vibrational energy transfer from the 61 level of S1 (1B2u) benzene has been studied at low collision energies
in supersonic free jet expansions with 11 polyatomic collision partners. Each of the collision partners has
available low lying vibrational levels so that relaxation can proceed via transfer of vibration in benzene to
vibration in the collision partner (Vf V transfer). Transfer to the 00 level of benzene is significant with each
of these partners. From (a) comparisons with the behavior of the monatomic, diatomic, and small polyatomic
partners studied previously and (b) previous results at room temperature [C. S. Parmenter, C. S.; Tang, K. Y.
Chem. Phys.1978, 27, 127], it is deduced that Vf V transfer is responsible for the dominance of the 61 f
00 pathway. It is observed that the branching ratios for transfer to 00 are consistently largest for straight chain
partners. The rotational contours of collisionally populated levels are fairly broad, revealing that significant
rotational excitation accompanies vibrational relaxation. Boltzmann distribution fits to the rotational contours
for 00 give temperatures that are on average slightly lower than those found for small polyatomics. The
observation that a reasonable amount of energy is transferred into benzene rotation suggests that it is the
low-frequency modes of the collision partner that are excited. Resonant or near resonant transfer appears to
be inefficient. Vf V and V f R transfer both appear to be operating in relaxation of 61 benzene yet are
absent in relaxation from the related case of 61 p-difluorobenzene [Mudjijono; Lawrance, W. D.J. Chem.
Phys.1996, 105, 9874]. It is suggested that this difference arises because of a reduced efficiency for Vf T
transfer in the benzene case due to the 112 cm-1 higher frequency ofν6 in this molecule.

1. Introduction

The relaxation of nonequilibrium gas-phase systems occurs
via collisions that can alter the vibrational energy of the
constituent molecules. State-to-state studies of vibrational energy
transfer (VET) in sparse regions of the vibrational manifold in
large polyatomics provide insight into the vibrational changes
favored in collisions.1-4 Investigations at low temperatures, such
as occur in a supersonic free jet expansion, are potentially more
sensitive to the details of how vibrational motion is altered in
collisions than are room temperature experiments. Room tem-
perature experiments tend to reveal the modes most easily
excited in a collision because excitation of the lowest frequency
mode is the usual relaxation pathway at room temperature.1-6

In contrast, this relaxation pathway is removed at low temper-
atures, and experiments probe how easily one type of motion
is either reduced in amplitude (∆υ ) υfinal - υinitial ) -1, -2,
etc.) or converted into a different type of motion (e.g.,∆υinitial

mode ) -1; ∆υfinal mode ) +1). Such changes are fundamental
to equilibration of nonequilibrium systems because, although
the first step in relaxing a system with excess energy typically
involves the addition of a low-frequency mode,1-6 this is
intermediate to steps involving loss of energy, which in general
requires conversion to another, lower frequency motion.

How the relaxation pathways alter with the collision partner
has been the subject of comparatively few studies (a table
summarizing previous studies up to 1995 is given in ref 7). In

two previous papers we have investigated the effect of the
collision partner’s translational7 and rotational8 degrees of
freedom on the state-to-state preferences (branching ratios) for
transfer from the 61 level of benzene at low temperatures in a
supersonic free jet expansion. When the transfer of vibrational
energy in the target molecule is accompanied by a simultaneous
change of vibrational energy within the collision partner, the
process is called Vf V transfer. The experiments described in
this paper probe Vf V transfer from 61 benzene in low energy
collisions in a supersonic free jet expansion, utilizing the founda-
tion provided by our earlier Vf T and Vf R,T partner studies.
(V f R,T indicates transfer from vibration in benzene to rotation
and translation in the collision partner, and analogously for V
f T transfer.) VET branching ratios are measured with collision
partners that possess low-frequency vibrational modes and can
therefore accept energy from 61 benzene as vibrational motion.

Very few state-to-state studies of vibrational relaxation within
large polyatomic molecules have investigated collisions with
polyatomic partners in which it is possible to excite vibrations
within the collision partner. In one of the most explicit studies,
Parmenter’s group probed near resonant transfer fromν6′ in S1

benzene to the bending mode of OCS at room temperature,
finding that the 61 f 00 transfer is substantially enhanced for
this partner relative to comparable partners such as CO2.9

Subsequently, Tang and Parmenter studied VET from 11 initial
levels of S1 benzene with isopentane and CO as collision
partners and concluded that most of the transfer from low S1

energies involves excitation of vibrational energy within iso-
pentane.10 There are only two studies that have probed for V
f V transfer with a wide range of collision partners, and these
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are the pioneering room temperature study of benzene by
Parmenter and Tang11 and a low temperature, supersonic free
jet expansion study ofp-difluorobenzene (p-DFB) by our
group.12 Parmenter and Tang found Vf V transfer to be
efficient and to contribute to relaxation from the 61 level in
benzene which, as we have noted, is the conclusion also reached
in Parmenter’s later studies of VET in benzene.9,10 Interestingly,
our study found no evidence for Vf V transfer inp-DFB.
Clear differences between the studies are the temperature at
which they have been undertaken and the frequency ofν6 in
these molecules (410 cm-1 in p-DFB vs 522 cm-1 in benzene).
Will V f V transfer continue to be sufficiently efficient that it
competes with Vf T and Vf R transfer in benzene at ultralow
temperatures and, if it does, why is Vf V transfer efficient in
benzene but not inp-DFB. This study explores these issues?

The polyatomic collision partners used in this study are shown
in Table 1. They all possess at least one vibrational level lower
in energy than 522 cm-1, the 61 benzene vibrational energy.
Importantly, they include both long chain partners of the type
used in Parmenter and Tang’s study and the smaller polyatomics
used by Mudjijono and Lawrance. The long chain polyatomic
colliders have a number of fundamental, combination, and
overtone vibrations that could be excited in collisions with 61

benzene. The presence of a number of low-frequency vibrational
modes and conformations means that the long chain partners
will have a greater number of possible channels by which Vf
V exchange can be accomplished during a collision with benzene
than shorter chain length partners. Ethane, cyclopentane, and
dichloromethane are a particularly interesting trio for compari-
son. Each possesses a single vibrational mode with frequency
less than the benzene 61 frequency, and the frequency of this
mode is similar in these three molecules (275,13 283,16 and 283
cm-1,13 respectively). Thus the energetics relevant to Vf V
transfer are virtually identical in these three collision partners.

It is important to note that the experiments probe nonresonant
V-V transfer. The transfer is of vibrational energy in one
molecule to vibrational energy in another where there is, in
general, a significant energy separation between the participating
states.

2. Experimental Details

The apparatus and techniques used to measure vibrational
energy transfer have been presented in the first paper in this
series.7 The technique involves time-resolved dispersed fluo-

rescence (TRDF) detection following laser excitation of an initial
vibrational level in an excited electronic state. Vibrational levels
populated via collisions appear in the spectrum as extra bands
whose intensities grow with time following the laser pulse. VET
is monitored in the collision region of a supersonic free jet
expansion. The experiments described here were carried out at
X/D ) 5. Because the experiment is time resolved, multiple
collisions can be observed through changes in the state-to-state
branching ratios with time. We find no evidence for multiple
collisions affecting our results.

By undertaking the experiments in the collision region of a
supersonic free jet expansion, there is substantial cooling of the
polyatomic collision partner, provided their concentration in the
supersonic free jet expansion is maintained at a low level.19

We find that the polyatomic colliders are far more efficient at
inducing vibrational relaxation in a collision than diatomic or
triatomic collision partners. Therefore, only a small partial
pressure of the polyatomic gas of interest needs to be incorpo-
rated in a gas mixture with helium to produce measurable VET
induced by the polyatomic. Because helium is a particularly
inefficient relaxer of 61 benzene,7,11,20the state-to-state branching
ratios are not influenced by collisions with the helium carrier
gas at the low backing pressures used. This is different from
the situation inp-DFB,12 and so one cannot take it for granted
that this situation applies in all cases.

The experiments are performed at very low backing pressures
(<60 kPa). At these pressures vibrational transfer by He is not
detectable in our experiment. The low backing pressure also
minimizes van der Waals molecule and cluster formation. van
der Waals molecules absorb at a wavelength different from that
of the monomer, with the magnitude of the red or blue shift
indicating the amount of stabilization or destabilization, respec-
tively, of the S1 complex compared to S0.21 By way of
illustration for benzene-polyatomic complexes, benzene-water
and benzene-acetylene transitions are shifted 5022 and 136
cm-1 23,24to the blue, respectively, whereas benzene dimer and
benzene-p-difluorobenzene transitions are shifted 4025,26 and
62 cm-1 27 to the red, respectively. For this reason, any van der
Waals molecules/clusters present are not excited at the benzene
monomer wavelength and hence do not influence the measure-
ments through van der Waals dissociation. (Dissociation of van
der Waals complexes could lead to emission from benzene
monomer.) However, should a large fraction of the collider be
incorporated in clusters, the relaxation observed might be
contaminated by relaxation due to collisions with clusters. Mass
selected REMPI experiments examining the S0-S1 spectroscopy
of benzene-p-difluorobenzene clusters undertaken in our group
reveal negligible van der Waals molecules at these low backing
pressures at partial pressures comparable to those used here for
the collision partners.27

Six of the eleven partners are gases at room temperature (we
include isopentane with a boiling point of 300 K in this
category). For these partners andn-pentane, a gas mixture of
the polyatomic in helium was prepared and flowed over a
reservoir containing benzene at 0°C prior to pulsed supersonic
expansion. The collision partner was typically 10% in helium.
These low seed ratios ensure minimal variation in temperature
between the various collision partner experiments. The tem-
perature is calculated to be∼14-15 K.19 For the remaining
four (liquid) partners the pure liquid was contained in a cooled
cell of the same design as the benzene sample holder and
connected to the free jet gas line in parallel with the cooled
benzene cell. Helium carrier gas was then flowed over the two
cells to create the backing gas for the free jet expansion. Check

TABLE 1: Polyatomic Collision Partners Employed in This
Study, with the Number of Vibrational Modes Lower in
Energy than the Benzene 61 Frequency of 522 cm-1

collision partner formula mol wt (amu)
no. of fundamental

modes below 522 cm-1 a

dichloromethane CH2Cl2 50.5 1
ethane C2H6 30 1
propane C3H8 44 3
n-butane n-C4H10 58 5
isobutane i-C4H10 58 <5b

cyclopentane c-C5H10 70 1
diethyl ether (C2H5)2O 74 7
n-pentane n-C5H12 72 7
isopentane i-C5H12 72 <7b

neopentane C(CH3)4 72 <7b

n-hexane n-C6H14 86 9

a The references to the vibrational frequencies are as follows:
dichloromethane,13 ethane,13 propane,14 n-butane,14 isobutane,15 cyclo-
pentane,16 diethyl ether,17 n-pentane,18 isopentane,15 neopentane,15

n-hexane.18 b The uncertainty arises because of the differences in
frequencies for different conformers.
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valves inserted between the different gas lines prevented the
benzene and collision partner contaminating each other during
a run. Both the collision partner and benzene cells were freeze-
pump-thawed three times before a time-resolved dispersed
fluorescence (TRDF) spectrum was collected. Sample cell bath
temperatures were maintained at constant settings to provide a
constant seed ratio. Although this method of sample preparation
provides less precise control of the partial pressure of the
collider, the spectra indicate a similar amount of VET is
occurring for the liquid and gaseous samples, suggesting that
the seed ratios are similar.

The state-to-state rate constants are second-order and to
determine them the absolute concentration of the partner at the
X/D value of the experiment must be known. This is very
difficult to measure and, though it can be readily calculated,19

there is evidence that pulsed supersonic expansions do not
necessarily conform to these expectations.28 To eliminate this
uncertainty, we report the state-to-state branching ratios,
consistent with our previous work.7,8,12,29,30

3. Results

The low lying S1 vibrations that are potential VET destination
states from 61 are shown as an energy level diagram in Figure
1.11,31Up-pumping (endoergic transfer of energy to vibrational
levels higher than 61) was not observed in our experiments. This
confirms that the translational temperature is low in all cases,
because endoergic transfer occurs only at higher temperature
in the free jet.32 The five destination levels that are lower in
energy than 61 are 111, 162, 41, 161, and 00. The 111 and 161

levels give rise to bands that overlap in the dispersed fluores-
cence spectrum and they are treated as a combined relaxation
channel in presenting the state-to-state branching ratios. Transfer
of population to the other low lying vibrations can be distin-
guished unambiguously at the resolution used.

3.1. VET Spectra. Representative examples of time inte-
grated dispersed fluorescence spectra are shown in Figure 2.
From the spectra shown it can be seen that broad rotational

contours are a feature of the VET growth bands, particularly
00, with these polyatomic collision partners. This was seen
consistently with the polyatomic partners studied here. Broad
contours were also observed in our previous study of polyatomic
collision partners that could not participate in Vf V transfer.8

A prominent 61
0 band is present in the VET spectra with all

of the polyatomics studied here, indicating that transfer to 00 is
an important relaxation pathway for these partners. In fact, it is
the dominant relaxation pathway for the majority. Transfer to
the unresolved 111/161 channel is sometimes comparable to
transfer to 00. The 162 channel plays a minor role.

3.2. State-to-State Branching Ratios.The relative rate
coefficients for state-to-state transfer were obtained using the
kinetic analysis described in ref 7. The relative rate coefficients
for each channel, when normalized to their sum, give the relative
efficiency of transfer to each of the different destination states,
i.e., the state-to-state branching ratios. The state-to-state branch-
ing ratios for the different collision partners are presented in
Table 2.

A key feature of the state-to-state branching ratios is the large
fraction of transfer to 00 that occurs for all partners. For the

Figure 1. Schematic diagram of the vibrational levels in benzene that
can participate in VET from the 61 level under supersonic free jet
expansion conditions. The energy gap,∆E, and the vibrational quanta
change,∆υ, involved in transfer to each level is indicated on the
diagram.

Figure 2. Time integrated dispersed fluorescence spectra of S1 benzene
(integrated between 0 and 400 ns after laser excitation of the 61 level)
with the Vf V collision partners propane (upper spectrum), neopentane
(middle spectrum), and butane (lower spectrum). VET growth bands
are identified by the emitting level in the upper spectrum.

TABLE 2: State-to-State Branching Ratios (%) for Transfer
from 61 with Large Polyatomic Collision Partnersa

destination channel

collision partner 41 162 111/161 00

CH2Cl2 11 40 49
C2H6 4 26 70
C3H8 12 25 63
n-C4H10 5 20 75
i-C4H10 4 36 60
c-C5H10 17 38 45
(C2H5)2O 3 17 80
n-C5H12 4 17 79
i-C5H12 13 31 56
C(CH3)4 13 36 51
n-C6H14 12 13 75

a Branching ratio uncertainties are typically(10%, measured as 2
standard deviations from the analysis of a minimum of three TRDF
spectra.
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majority of partners transfer to 00 is the dominant mechanism.
This is unusual. For monatomic partners transfer to 00 is not
observed whereas for diatomics and small polyatomics transfer
to 00 is observed but, with the exception of H2, is not the
dominant channel.7,8

4. Discussion

4.1. Transfer to 00: Evidence for V f V Transfer. The
first issue to be addressed is the mechanisms for vibrational
relaxation that are operating. In particular, does the availability
of vibrational levels below 522 cm-1 (the 61 vibrational energy)
in the collision partner lead to Vf V transfer occurring? The
signature of Vf V transfer in the data is an enhancement in
the branching ratios for transfer to levels where Vf V transfer
is possible. There are a number of arguments that we believe
point to V f V transfer being operative for the majority of the
polyatomic partners studied here. We focus on transfer via the
channel 61 f 00 because this is the dominant channel for most
of these polyatomic partners (see Table 2).

First, we review what is known of vibrational relaxation for
61 benzene from previous work and use that to deduce the V
f R,T transfer behavior expected for the present partners. The
argument is that a significant shift from these predictions
provides evidence for the need to invoke another transfer
mechanism.

Experiments with the rare gas collision partners He, Ne, Ar,
and Kr established that 61 f 00 transfer does not occur when
V f T transfer is the only mechanism operating.7 This appears
to arise from angular momentum constraints.8,33 The issue is
that the probability of transferring 522 cm-1 of energy (the 61-
00 energy gap) to translation is very low. This can be overcome
by transferring energy to rotation, but for monatomic partners
only benzene has internal rotation available. Conservation of
angular momentum requires the benzene rotation to be balanced
by orbital angular momentum and this constrains the extent of
rotational excitation that can occur. The permitted rotational
excitation is too low to significantly reduce the translational
energy change and transfer to 00 is not competitive.

With diatomics and small polyatomics, transfer to 00 is
observed because energy can be accommodated within rotations
of both benzene and the collision partner (Vf R transfer).8

Generally it was found that the smaller the rotational constant
of the collision partner, the smaller was the transfer to 00.8

Transfer to 00 was largest for hydrogen because, having a
rotational constant∼61 cm-1, it can have large changes in
rotational energy with minimal changes in angular momentum.
Hydrogen is the only Vf R partner studied for which the
branching ratio for transfer to 00 is >45%. Indeed, if one ignores
H2 and D2, which have particularly large rotational constants,
the next largest branching ratio for transfer to 00 seen previously
was 36% for methane, which for a polyatomic has a compara-
tively large rotational constant of∼5 cm-1. Cyclopropane has
a branching ratio to 00 of 25% whereas for acetylene the value
is 12%.

Because the rotational constants of the polyatomic partners
studied here are generally small, the transfer of large amounts
of energy to rotation would require large changes in angular
momentum. The evidence, both experimental and theoretical,
is that this is unfavorable.8,33 Consequently, it is expected that
a V f R,T transfer mechanism will lead to 00 branching ratios
less than those seen in our earlier study. A conservative estimate
would be a value of 25% or less on the basis of the behavior of
cyclopropane. Transfer to 00 in excess of this value would
suggest that the additional mechanism of Vf V transfer is

operating. By allowing some of the energy to go into vibrational
modes of the partner, Vf V transfer provides another
mechanism to reduce the translational energy gap.

Second, we consider the trends seen in the room temperature
experiments on 61 benzene by Parmenter and Tang.11 These
experiments showed an enhancement in transfer to 00 by large
polyatomic partners. This was interpreted as an indication of
the involvement of Vf V transfer for these partners. It follows
that an enhancement in the 61 f 00 branching ratio in our
experiments is consistent with the observations by Parmenter
and Tang and, consequently, demonstrates that Vf V transfer
is operating at low temperature, as it was at room temperature.

These arguments lead to the conclusion that an enhancement
in the 61 f 00 branching ratios for the present set of polyatomic
partners would point to the involvement of a Vf V mechanism.
The state-to-state branching ratios for transfer to 00 seen here
are significantly larger than those observed for the Vf R,T
polyatomics. The polyatomic Vf R,T partners had 00 branching
ratios less than 40% (methane 36%; cyclopropane 25%,
acetylene 12%).8 In contrast,all of the polyatomics studied here
have branching ratios for transfer to 00 larger than this. Almost
half (five of the 11 partners) have transfer to 00 >70%.
Cyclopentane has the lowest transfer to 00, with a branching
ratio of 45%. This behavior is in stark contrast to the case of
p-DFB, where Vf V,R,T polyatomics showed branching ratios
similar to those for V f R,T polyatomics.12 The most
straightforward explanation for the large transfer to 00 is to
ascribe it to Vf V transfer. For those few partners where
transfer to 00 is below 50%, it might be argued that a Vf V
mechanism need not be invoked; however, such an argument
would need to account for why these partners do not fit the
trends with the rotational constant seen previously. We propose
that the significantly increased importance of 00 as a destination
channel provides compelling evidence that Vf V transfer is
occurring for most, if not all, of the partners studied in this
work.

It is particularly enlightening in this context to compare
selected partner pairs for which large differences are not
expected should Vf V transfer be inoperative. Compare, for
example, the partners propane (M ) 44 amu) and ethane (M )
30 amu) with cyclopropane (M ) 42 amu) and acetylene (M )
26 amu), respectively. All have quite small rotational constants
compared with hydrogen, deuterium, and methane for which V
f R transfer leads to significant population of 00 (in excess of
30%). For propane 65% of transfer occurs to 00 whereas for
cyclopropane only 25% is via this channel. For the pair ethane/
acetylene the difference is even more striking, with 70% transfer
to 00 for ethane and only 12% for acetylene. These comparisons
illustrate the significant increase in transfer to 00 that occur when
V f V transfer is possible.

With such large differences between partners with similar
mass it is interesting to note the collision partner dependence
for energy transfer in glyoxal.34 Here the vibrational and
rotational transfer is sensitive primarily to the reduced mass of
the collision and is the same for the collision pairs cyclohexane/
krypton (M ) 84 amu) and deuterium/helium (M ) 4 amu).
For the channels observed (loss and gain ofν7), V f V transfer
is highly unlikely because the lowest vibrational mode in
cyclohexane is higher in energy thanν7. This study was
performed in a crossed molecular beam with collision energies
of 700 and 2900 cm-1 (the former for He/D2; the latter for Kr/
cyclohexane), whereas our study involves collision energies
typically less than 100 cm-1.7 Although it is not clear that the
glyoxal trends extrapolate to our situation, these observations
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provide further evidence that the behavior of benzene with the
polyatomic partners studied here is unusual in the context of V
f R,T transfer.

Though the case for Vf V transfer is circumstantial, there
is sufficient evidence to make it compelling. Establishing Vf
V transfer directly requires experiments that monitor the growth
in population of vibrational modes in the collision partner. Such
experiments, which have been reported for small collision
partners such as CO2 in relaxation of highly excited polyatomics
(see, for example, refs 35 and 36), provide the opportunity to
gain insight into the transfer process through identifying the
partner modes involved and are a potential future direction for
this work.

4.2. Transfer to 162 and 111/161. Besides 00, two other
destination channels are observed, 162 and 111/161. 162 is the
least efficient of the observed vibrational relaxation channels,
consistent with the required high vibrational quantum change,
|∆υ|, of 3. (The only other accessible level, 41, is not observed,
as discussed in the following section.) The 111/161 channel
varies in its relative efficiency with the polyatomic colliders,
largely according to the magnitude of transfer to 00: as the
branching ratio for transfer to 00 decreases, the branching ratio
for transfer to 111/161 increases, and vice versa. The evidence
from the rotational contours is that transfer to 161 dominates
transfer to 111 (see section 4.5).

Our observation that 111/161 remains much smaller than 00

is interesting in view of the possibility for near-resonant Vf
V transfer to 161 offered by some partners. Dichloromethane
and cyclopentane each have a mode with frequency 283 cm-1,
very nearly resonant with the 61-161 energy gap of 285 cm-1.
The state-to-state branching ratios for 111/161 are marginally
the largest for these two partners, which have correspondingly
lower 00 branching ratios. However, within experimental
uncertainty neopentane and isobutane have the same branching
ratio for transfer to 111/161 as does cyclopentane, yet they do
not have a vibrational mode isoenergetic with the 61-161 energy
gap. This suggests that resonance is not a major factor. A similar
conclusion was reached by Parmenter’s group for resonant
transfer involving 61 f 00.11

4.3. Absence of Transfer to 41. A feature common to the
collision partner systems studied here and in our previous work
is the absence of transfer to 41. We have now studied a range
of collision partners, including monatomics,7 diatomics and
small polyatomics,8 and now larger polyatomics. The only
collision partner for which transfer to 41 was observed was H2,
and in that case the branching ratio was only 2%. Parmenter
and Tang also noted an absence of transfer to 41 in their room
temperature measurements.11 They suggested that the apparent
inefficiency of transfer to 41 may be due to a reduced
fluorescence quantum yield from this state compared with the
other destination levels. Later measurements of benzene fluo-
rescence quantum yields by Stephenson and Rice37 suggest that
the fluorescence quantum yield for 41 is reduced compared to
its neighbors but that the magnitude of the reduction is
insufficient to explain the absence of observed transfer to 41.
(The fluorescence quantum yield for 41 has not been measured,
but the drop in quantum yield from 61 to 6141 is ca. 30%.37)
The prohibition on transfer to 41 cannot be energetic, because
levels above and below 41 are populated. Similarly, the reason
cannot be that the transfer involves|∆υ| ) 2, because other
|∆υ| ) 2 transfer is observed (the 111/161 channel).

There are no theoretical calculations for the particular case
of VET in benzene to illuminate why 41 is not accessed.
However, we note the close-coupled quantum-mechanical

scattering calculations performed by Clary for the scattering of
helium atoms from the 00 level of p-difluorobenzene.38 These
calculations examined geometrical characteristics of the transfer
to the various accessible vibrational modes. When the vibrations
were set to the same frequencies in the calculation, modes with
atomic displacements out of the plane had larger vibrational
excitation cross sections. In addition, the calculations found that
the symmetry of each mode dictated the angle of approach for
the most efficient vibrational excitation. These conclusions
illustrate that geometric effects can be significant in collisions
involving aromatic species.

The experimental evidence is that the atomic displacements
involved in ν4 are not easily excited in collisions that simulta-
neously de-exciteν6. The vibrational motions of all the modes
in benzene that are relevant to these studies are shown
schematically in Figure 3.39 The vibrational modes that may be
excited during VET,ν4, ν11, and ν16, are all out-of-plane
vibrations whereasν6, the mode that must be de-excited, is in-
plane.ν4 is the only destination mode in which the carbon atoms
situated on opposite sides of the benzene ring move in opposite
directions. This differentiating feature ofν4 is presumably what
prevents its excitation. The changes in atomic motion that
benzene molecules excited toν6 must undergo to de-excite and
simultaneously initiate vibration inν4 must be prohibited for
the majority of collision geometries.

4.4. Collision Partner Dependence of Vf V Transfer. It
is instructive to compare the extent of transfer to 00 by
cyclopentane, dichloromethane, and ethane. These species have
a single vibrational level capable of being involved in Vf V
transfer and the vibrational frequencies of these are very similar
(283, 283, and 275 cm-1, respectively). The branching ratios
for transfer to 00 are 45%, 49%, and 70% for cyclopentane,
dichloromethane, and ethane, respectively. Thus the partner’s
vibrational energy level structure appears to be irrelevant.
Further evidence for this is that neopentane, with four vibrational
modes below 61, shows a 61 f 00 branching ratio of 51%,
comparable to cyclopentane and dichloromethane.

The experimental evidence shows that it is not essential for
there to be a large number of accepting modes in the polyatomic
collider for V f V transfer to play a role in the relaxation of
61 benzene, as witnessed by the behavior of ethane. Indeed, a
large number of accessible vibrational modes does not guarantee
significant Vf V transfer, as seen by the behavior of branched
and cyclic species in general, and neopentane in particular. The
presence of a close resonance between a vibrational level in
the collision partner and the 522 cm-1 61-00 energy gap is
likewise not essential. In fact, as we discuss in section 4.5, it is

Figure 3. Schematic diagram of the atomic displacements for the
normal mode vibrations of benzene for vibrational levels that may be
involved in VET in the low temperature free jet expansion.ν6 andν16

are doubly degenerate.
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likely that low frequency acceptor modes are primarily involved,
i.e., modes far from resonance.

Given the lack of correlation of Vf V transfer with
vibrational energy level structure, one of the interesting features
of the data is that the straight chain species consistently show
more transfer to 00 than branched species. The average branching
ratio for transfer to 00 by the five straight chain alkanes is 72
( 3% (the uncertainty given is the standard deviation). In
comparison, the average for four branched and cyclic alkanes
is 53 ( 3%. The “straight chain” species diethyl ether shows
behavior analogous to straight chain alkanes: in fact, within
experimental error, it exhibits branching ratios identical to those
for the analogous straight chain alkane,n-pentane. In this context
dichloromethane behaves as a branched alkane: within experi-
mental error, its branching ratios are the same as the somewhat
similarly shaped neopentane [C(CH3)4]. The data raise the
interesting possibility that molecular shape plays a role in
determining the extent of Vf V transfer in this system. We
speculate that it may be that collisions that excite torsional
modes in the “straight chain” species are facile. Calculations
are required to provide insight into the mechanism responsible.

4.5. Rotational Contours of VET Growth Bands.Following
the same procedure adopted in our previous study of rotational
effects in VET,7,8 we have fitted rotational contours for a
representative subset of collision partners by assuming a
Boltzmann distribution of rotational population in the collision-
ally populated levels. The collision partners for which rotational
contours were fitted were neopentane, propane, isobutane, and
n-butane. We found previously when studying the diatomic and
small polyatomic partners that thermal distributions generally
gave an adequate fit of the 5 cm-1 resolution contours. The fits
are indicative of the averageJ,K distribution in the destination
level of benzene, and the use of a thermal fit does not imply
that the distribution is necessarily Boltzmann. Examples of fits
for neopentane are shown in Figure 4. The fits, through the

temperature required to fit the contour, provide a means to
quantify differences between the contours for various partners.

Rotational relaxation occurring within the initial and final
vibrational levels is not likely to be a significant contributor to
the observed contours. This can be discerned from the observa-
tion that the rotational contours of bands originating from the
initially populated 61 level remain narrow. Because rotational
relaxation within the original vibration does not spread the
population to highJ,K states, it is most unlikely to do so within
the destination vibration. Thus rotational relaxation within the
initial or final vibration is not responsible for the distribution
of rotational levels that appear in VET growth bands following
vibrational relaxation. The distributions are the result of the
angular momentum changes that accompany the vibrational
energy transfer.

As illustrated by the fits shown in Figure 4, the growth band
shapes can be reasonably matched to a thermal distribution.
There are some cases where such a distribution does not provide
an adequate description of the population distribution of the
emitting levels; however, the thermal distribution is adequate
for the majority of cases.

For the diatomics and small polyatomics the temperature of
growth bands arising from transfer to particular destination
vibrations was found to increase with increasing∆E from 61.
For the larger polyatomics we find that the temperatures for
the growth band contours uniformly decrease from 00 to 111/
161 to 162. This suggests that for the 111/161 channel, transfer
to 161 (∆E ) 285 cm-1) dominates transfer to 111 (∆E ) 7
cm-1).8

The 61 f 00 channel is the one most influenced by Vf V
transfer. The 00 rotational contours are fitted by temperatures
in the range 100-200 K. These compare with 00 rotational
temperatures for the non-Vf V polyatomic partners methane,
acetylene, and cyclopropane that were in the range 150-280
K. The V f V polyatomic partners have, on average, slightly
lower 00 temperatures than the non-Vf V polyatomics but
still show significant rotational excitation of benzene. If Vf
V transfer resulted in significant vibrational excitation of the
collision partner there would be little energy left for excitation
of rotation. The observation of excitation in benzene rotation
and, by conservation of angular momentum, also in the collision
partner, suggests that the vibrations excited in the collision
partner must be well below the 61 energy of 522 cm-1.

4.6. Comparison with p-Difluorobenzene (p-DFB). Mud-
jijono and Lawrance have reported that there is no enhancement
of VET in p-DFB by a V f V mechanism.12 The two V f V
polyatomic partners used in that study, ethane, and isobutane,
have both been used here, and both exhibited the enhanced
transfer to 00 characteristic of Vf V transfer in benzene. Thus
Mudjijono and Lawrance find a different situation forp-DFB
to the one that we find for benzene. Our observations for
benzene are consistent with those made at room temperature
by Parmenter and Tang.9-11 Interestingly, Vf R transfer also
appears to be inoperative inp-DFB29 yet operates in relaxation
of 61 benzene.8

Recent experiments on the dissociation of van der Waals
molecules may shed light on this difference betweenp-DFB
and benzene. van der Waals molecule dissociation has relevance
to collision-induced energy transfer through the former being a
“half-collision” process, albeit potentially involving a limited
set of initial geometries. Our group has recently measured the
translational energy release (TER) distributions for dissociation
of p-DFB-Ar and benzene-Ar within their S1 states.40 The
TER distributions are almost identical in the two systems. In

Figure 4. Fits to neopentane growth band rotational contours using
thermal distributions for the rotational distributions in the destination
vibrations: (a) the 61

0 band (b) the 61
0 111

1/61
0 161

1 band and (c) the 61
0

162
2 band. The temperatures of best fit are 105, 95, and 70 K,

respectively. The calculated spectra are dashed.
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the case of VET withinp-DFB, the highest level studied was
61 and the 61-00 energy gap is 410 cm-1. The 61-00 gap in
benzene is 522 cm-1. The TER distributions decrease by a factor
of ∼10 from 410 to 522 cm-1. In the context of VET, if Vf
T transfer is enhanced by a similar factor for 61 p-DFB compared
with 61 benzene, this would explain the differences in behavior
for the two molecules. With the probability for Vf T transfer
reduced for the 61 f 00 channel in benzene because of the large
energy gap, mechanisms such as Vf R and Vf V transfer
that reduce the translational energy changes required come into
play. The observation that for monatomic partners 61 f 00

transfer in benzene is absent7 yet is the dominant channel in
p-DFB30 supports this interpretation.

5. Conclusions

We have measured the state-to-state VET branching ratios
from 61 benzene with 11 complex polyatomic colliders (9
hydrocarbons, diethyl ether, and dichloromethane). The relative
efficiency of transfer to the accessible levels is markedly differ-
ent from the behavior observed earlier with monatomic, di-
atomic, and small polyatomic collision partners. This is most
obviously displayed in significantly increased branching ratios
for transfer to 00. This is taken to indicate that Vf V transfer
enhances the vibrational relaxation cross section for transfer to
00.

The branching ratios for transfer to 00 are found to be larger
for straight chain species than for branched species. The
rotational contours of collisionally populated levels reveal
rotational excitation accompanying vibrational relaxation similar
to, but on average somewhat less than, that observed previously
for smaller, non-Vf V transfer partners. The presence of
significant rotational excitation in the destination level suggests
that it is the low frequency modes of the collision partner that
are being vibrationally excited in the Vf V transfer. We have
noted the presence of Vf R and Vf V transfer for 61 benzene
where they are absent forp-DFB. On the basis of the
translational energy release distributions for van der Waals
molecule dissociation, we suggest that this may be a conse-
quence of the reduced probability of Vf T transfer associated
with the higher 61 energy in benzene. A reduction in the
probability of V f T transfer leads to Vf R and V f V
transfer becoming competitive with Vf T transfer.
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