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The intramolecular vibrational energy distribution of infrared-multiphoton-excited CF»Cl, molecules
is studied with time-resolved spontaneous Raman scattering. The time evolution of the signals from
three vibrational modes is studied up to 600 ns after excitation, and in the presence of N, buffer gas.
Following collisionless infrared multiphoton excitation a nonthermal distribution of vibrational energy is
observed. This nonequilibrium distribution persists up to high levels of vibrational excitation, with at
least 10000 cm ~! in three out of the nine vibrational modes.

PACS numbers: 33.80.—b, 33.20.Fb, 82.50.Jy

In 1973 it was discovered that isolated molecules in
the ground electronic state can be dissociated by a short,
intense pulse from a CO, laser.! Since then, the absorp-
tion of large numbers of monochromatic infrared pho-
tons by single molecules has been studied extensively. ™’
Because of the selectivity of vibrational excitation, in-
frared multiphoton excitation has received much atten-
tion. Initially it was hoped that a “bond-selective” or
“mode-selective” photochemistry based on infrared mul-
tiphoton excitation could be developed.®

Information on the intramolecular vibrational energy
distribution in infrared-multiphoton-excited molecules
has been obtained experimentally in a number of
ways.” !¢ It was shown that the infrared-multiphoton-
dissociation branching ratios and the energy distributions
of the dissociation fragments are consistent>!'® with
Rice-Ramsberger-Kassel-Marcus theory.!” This means
that when molecules are excited above or close to the dis-
sociation threshold, equilibration of the intramolecular
vibrational energy distribution occurs. Whether this
holds true for highly excited molecules below the dissoci-
ation threshold remains an open question. Spontaneous
Raman scattering was used to study various infrared-
multiphoton-excited molecules, and the results provided
information on the vibrational energy distribution after
excitation.!"'2!%18  This paper presents time-resolved
Raman-scattering measurements on infrared-multipho-
ton-excited CF,Cl,, a molecule which allows direct com-
parison of the Raman signal intensities of different
modes after excitation. Since the Raman signal intensity
is directly proportional to the energy in the mode, the re-
sults provide direct information on the intramolecular vi-
brational energy distribution of CF,Cl, at various levels
of excitation. The present experimental data fill the gap
in the transition regime between the well-known low-
excitation (single vibrational mode) and high-excitation
(dissociation) regions.

In simple harmonic approximation, the total, spectral-
ly integrated, intensity of the Raman signal of a particu-
lar vibrational mode is proportional to the average ener-

gy in that mode, (E o). This follows from the fact that
the transition probability is proportional to the vibration-
al quantum number n.'® For an anti-Stokes transition
n— n—1, with transition probability W, .,—,, one
therefore obtains for the total anti-Stokes Raman signal
intensity
I8 =

n=

PanHn—1=aZ P,,n, (l)
0 n=0

where P, is the population of vibrational state #, and a a
mode-dependent quantity related to the Raman-scatter-
ing cross section. To eliminate the proportionality con-
stant a, the anti-Stokes signal is normalized with the cor-
responding Stokes signal at room temperature, /5. The
resulting normalized anti-Stokes signal, /,orm, is there-
fore proportional to the average energy in that mode,

Itétsal -1 - — <Elol‘ l>
1 = =p ! Pon=p 120 b
norm 1(? ,1;0 nh P (2)
with
b= Pln+1), (3)
n=0

where P is the population distribution at room tempera-
ture, & Planck’s constant, and v the frequency of the
mode. If, as is usually the case, the energy of vibrational
quanta is much larger than k7 at room temperature, the
Boltzmann factor e ~"/¥7 is small, and b= 1. Under
these conditions /nom is a direct measure of the average
number, (n)=(E o1)/hv, of vibrational quanta in each
vibrational mode. This allows one to compare the aver-
age energy from mode to mode after excitation of the
molecules and determine the vibrational energy distribu-
tion.

The experimental setup consists of a low-pressure
gas cell, an infrared pump laser, and an ultraviolet probe
laser. To isolate intramolecular from (collisional) inter-
molecular effects, the signals are measured at pressures
low enough to ensure that no significant collisional relax-
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FIG. 1. Raman spectrum of CF,Cl,, with (filled circles) and
without (open circles) infrared multiphoton excitation.

ation of vibrational energy occurs on the time scale of
the excitation. The infrared radiation is generated by a
high-power, short-pulse, tunable CO; laser. 2021 The in-
frared pulses of 15 ns duration have a maximum energy
of 200 mJ at the P(32) line of the 10.6-um branch. A
30-ns frequency-doubled ruby laser pulse of 3 mJ serves
as Raman probe. The Raman signals are detected with
a low-resolution (1.5 nm) double monochromator and a
high-gain fast photomultiplier tube. A complete descrip-
tion of the experimental setup can be found in previous
papers. '%1°

The experimental results on CF,Cl, presented here
were obtained at a pressure of 400 Pa (3 Torr). The re-
ported purity of the commercially obtained gas is bet-
ter than 99.995%. Of the nine vibrational modes of
CF,Cl,, **% three, at 667, 923, and 1098 cm ', are ac-
cessible to our apparatus. The CCl, asymmetric stretch
mode at 923 cm ~! is resonant with the 10.6-um P(32)
line of the CO; laser. Since this mode is both Raman
and infrared active, one can directly monitor the excita-
tion in the pumped mode.

The Raman spectrum of CF,Cl,, obtained with and
without infrared multiphoton excitation, is shown in Fig.
1. The large central peak in the spectrum corresponds to
Rayleigh scattering. Because of the low population of
excited levels at room temperature, only Stokes signals
can be detected in the absence of infrared pumping.
These room-temperature data are shown in the right-
hand side of the graph; the corresponding anti-Stokes
side of the spectrum has been omitted. After the excita-
tion, large anti-Stokes signals appear. The Stokes and
anti-Stokes peaks at 356.5 and 336 nm (see arrows) cor-
respond to the 923-cm ~' pump mode. One can obtain
an indication of the average excitation in each mode by
comparing the intensities of the anti-Stokes peaks with
the intensities of the corresponding Stokes peaks in this
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FIG. 2. Normalized anti-Stokes signals as functions of the
time delay between pump and probe pulse.

graph, as in Eq. (2). From such a simple comparison, it
becomes immediately clear that the pump mode is much
more highly excited than the other modes.

Figure 2 shows the normalized anti-Stokes signal from
Eq. (2), Inorm, versus the time delay between pump and
probe pulses at an average fluence of 1.8 x10* J/m?. For
t <0, the molecules are probed before the excitation, i.e.,
at room temperature. The rise time of all three vibra-
tional modes is limited by the 30-ns instrumental time
resolution, which in turn is determined by the temporal
width of the laser pulses. The decay of the signals is
most likely due to the collisional transfer of energy to
other initially “cold” vibrational modes. Such a col-
lisional relaxation should result in a growth of energy
content of the initially unexcited modes. Because it is
not possible to observe all nine vibrational modes, howev-
er, this could not be verified.

For an equilibrium distribution of energy among the
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FIG. 3. Infrared fluence dependence of the normalized
anti-Stokes signals for CF,Cl; at 400 Pa.
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vibrational modes, the intensities of the normalized sig-
nals are given by

Loorm = (e™/*T—1) ~ 1, 4)

Figure 2, however, shows that after excitation the signal
intensities cannot be described by Eq. (4) for any tem-
perature 7. The normalized intensity of the pumped vi-
brational mode at 923 cm ~ ! is considerably higher than
the corresponding intensities of the other two modes.
Figure 3 shows the normalized anti-Stokes signals as
functions of infrared fluence. The normalized intensity
ratios as well as values of {(E 4.’ for each mode obtained
from Eq. (2) are displayed in Table I. The normalized
anti-Stokes intensities of all three modes increase ex-
ponentially with increasing fluence, with the pumped
mode at 923 cm ~! containing the largest amount of en-
ergy for all infrared fluences. The ratios of normalized
anti-Stokes signals clearly indicate a nonequilibrium in-
tramolecular vibrational energy distribution among the
three observed vibrational modes. As the fluence is in-
creased from (1.8 to 2.4)x10* J/m?, the energy in the
pumped mode triples and the total vibrational energy in
the three probed modes is at least 10000 cm ~!, yet the
nonequilibrium ratio of intensities remains unchanged.
This implies that the observed nonequilibrium distribu-
tion cannot be the result of averaging a “hot” equilibri-
um ensemble and a “cold” bottlenecked !> ensemble. If
that were the case, the intensity ratios in Table I would
change as the fraction of molecules in the hot ensemble
increases with increasing fluence. Since more than one
mode is highly excited, the behavior is distinctly different
from the low-excitation behavior. On the other hand,
the nonthermal distribution at this relatively high excita-
tion contrasts with the well established equilibrium dis-
tribution of vibrational energy in the infrared multipho-
ton dissociation of CF,Cl, molecules.*!'® Tt is therefore
interesting to compare the 10000 cm ~ ! of internal ener-
gy in the three probed modes with the 24000-cm ~' (74

TABLE I. Average vibrational energy and relative intensity
ratio for three Raman-active modes of CF,Cly, at 667, 923,
and 1098 cm ~!, after infrared multiphoton excitation. The top
row gives the (calculated) room-temperature equilibrium
values.

kcal/mol) thermal dissociation energy of CF,Cl,. At the
highest fluence used, two of the probed modes contain
about twice the energy that would result from a statisti-
cal distribution of the 24000-cm ~' dissociation energy
over all the modes. One must therefore conclude that re-
ported equilibration of vibrational energy occurs only at
still higher fluences, when the energy in the pumped
mode is well above its thermal-dissociation value. It is
not possible, however, to probe the molecules at higher
excitation because of laser-induced fluorescence from
dissociation fragments.

Collisions relax the nonequilibrium intramolecular vi-
brational energy distribution of the excited molecules,
and the normalized anti-Stokes signals should therefore
approach their thermal equilibrium values as collisions
occur. Unfortunately it is not possible to draw any quan-
titative conclusions from the decay of the anti-Stokes
signals in Fig. 2, because the signals drop below the noise
level before equilibrium is reached. The relaxation rate
was therefore increased by addition of N, buffer gas.
Figure 4 shows the normalized anti-Stokes signals at
various buffer-gas pressures. The same graph also shows
the equilibrium values of the Raman signals, calculated
under the assumption of the same amount of total inter-
nal energy in the three modes as in the left graph. The
observed signals decrease quickly with increasing buffer-
gas pressure, but at the same time the differences be-
tween them become smaller. Within the experimental
accuracy, equilibrium is reached between the 923- and
1098-cm ~! modes at 13 kPa buffer-gas pressure. At 26
kPa, equilibrium between the 667- and 1098-cm —1
modes is also established. Because of the small Raman

F PN, E¢67 Eo2; E 1098
(10* J/m?) (kPa) I el ratio (em™) (m™") (ecm™")
0 3.4:1:0.45 28 11 6
1.2 0.21:1:0.23 70 480 130
1.5 0.15:1:0.41 120 1140 560
1.8 0.12:1:0.48 180 2160 1240
2.1 0.10:1:0.48 280 3800 2190
2.4 0.10:1:0.48 440 6300 3620
2.1 13 0.20:1:1 130 920 1100
2.1 26 0.17:---:0.15 110 <450 160
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FIG. 4. Comparison of the observed normalized anti-Stokes
signals with calculated equilibrium values. On the left, signals
after infrared multiphoton excitation for three different N,
buffer-gas pressures: 0 Pa (squares), 13 kPa (circles), and 26
kPa (triangles). On the right, calculated equilibrium values at
three different temperatures: 3900 K (squares), 1500 K (cir-
cles), and 600 K (triangles).
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cross section of the 923-cm ~! mode, data are not avail-
able for this mode at 26 kPa buffer-gas pressure. At this
pressure the vibrational energy of the highly excited
CF,Cl, is rapidly transferred to the buffer gas, and the
anti-Stokes signal of the 923-cm ~! pump mode drops
below the noise level. A comparison with the calculated
equilibrium values on the other side of the graph shows
that as the buffer-gas pressure is increased, the in-
tramolecular vibrational energy distribution tends to
equilibrate.

In conclusion, we have employed time-resolved spon-
taneous Raman scattering to study the infrared multi-
photon excitation of CF,Cl,. The observed anti-Stokes
signals show a nonthermal energy distribution among the
observed Raman-active modes of infrared-multiphoton-
excited CF,Cl; which tends toward equilibrium as an in-
creasing amount of buffer gas is added. Even though at
high excitation two of the observed modes already con-
tain about twice their *‘statistical share” of the dissocia-
tion energy, the distribution of energy is still far from the
well established equilibrium at dissociation.
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