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Energy relaxation dynamics of photofragments produced from photodissociation of trifluoromethyl iodide
(CF3I) in argon at 266 nm was studied by means of a time-resolved probe beam deflection (PBD) technique.
It was found that the PBD transients observed in Ar environment consist of two heat-releasing (via collisional
relaxation) processes that can be assigned to translational-to-translational (T-T) and vibrational-to-translational
(V-T) energy transfers of photofragments. From the relaxation times and the fractions of the two processes,
15% of the excess energy from photodissociation was found to be partitioned into vibrational modes of CF3

radicals while the remaining 85% goes to translation. In additon, the intermolecular V-T energy-transfer
rate constant between CF3 and Ar was determined to be∼8.0 × 102 s-1 Torr-1. Electronic to translational
(E-T) energy transfer from the spin-orbit excited iodine fragment, I*(2P1/2), to the medium was not observed
in the time domain employed in this study, unless oxygen, a well-known I* quencher, was added to facilitate
the transfer process. An excellent agreement between the obtained results and previously reported photofragment
translational spectroscopy results indicates that the energy relaxation processes of photofragments as well as
energy partitioning of excess energy can be studied by the PBD method presented in this study.

Introduction

The dynamics of energy transfer during and after photodis-
sociation plays important roles in photochemical and photo-
physical processes. Consequently, it has been a subject of many
studies.1-6 When photodissociation is taking place, the excess
energy over the bond dissociation energy is distributed into
translational, rotational, vibrational, and electronic modes of
photofragments. The energy partitioning into those modes
depends on the nature of potential energy surfaces involved.1,2

Following the photodissociation, energies deposited into dif-
ferent modes of photofragments equilibrate with the medium,
i.e., surrounding molecules or atoms, via intermolecular colli-
sions. This results in an increase of the translational energy,
i.e., temperature, of the medium. Depending on the nature of
photofragment energy levels, the energy transfer from photo-
fragments to the medium occurs on different time scales; for
example, rotational-to-translational (R-T) and translational-to-
translational (T-T) energy transfers happen much faster than
vibrational-to-translational (V-T) and electronic-to-translational
(E-T) energy transfers. Therefore, studies of the collisional
relaxation dynamics of photofragments can provide information
on various intermolecular energy-transfer processes of photo-
fragments as well as the energy partitioning during photodis-
sociation.

To study intermolecular energy transfers, various time-
resolved methods have been utilized to monitor the energy-
transfer processes in the time domain. Among the methods,
photothermal techniques such as thermal lensing and probe beam
deflection have been applied for numerous energy-transfer
studies successfully.7-16 In contrast to optical methods such as
transient absorption17 and time-resolved emission18 techniques,
which monitor the fate of relaxing molecules directly, photo-

thermal methods monitor the transient heat deposition to the
medium that gives rise to the time-dependent change in the
refractive index of the medium. Therefore, photothermal
methods can be applied to the systems where the optical transient
monitoring is not feasible because of the inherent nature of the
molecules of interest. Processes with a wide range of relaxation
time, from microseconds to milliseconds, can be studied simply
by adjusting experimental parameters such as excitation beam
parameter and/or concentrations of chemical species involved
in the process. Despite the wide applicability of photothermal
methods, only a few energy relaxation processes of radicals have
been studied by using the methods. The V-T energy-transfer
process of a stable radical NO2 was studied with the thermal
lensing technique.7 Also very recently, we reported the V-T
energy-transfer process of a phenyl radical produced from
photodissociation of iodobenzene by using the same method
with an improved time resolution.19

In the present study, the relaxation dynamics of photofrag-
ments produced from photodissociation of trifluoromethyl iodide
(CF3I) at 266 nm was studied by means of a probe beam
deflection method. CF3I was selected because the UV photo-
dissociation of CF3I has been well characterized by photofrag-
ment translational spectroscopy (PTS) studies.20-22 Upon ex-
citation in its first UV absorption band, CF3I undergoes a prompt
C-I bond dissociation via one of two energetically distinct
reaction channels:

In a recent PTS study of CF3I at 248 nm,22 Felder reported that
the branching ratio of channel 1 to channel 2 is 0.11:0.89,
indicating a preferential production of spin-orbit excited iodine
atoms, I*(2P1/2). In addition to the branching ratio, partitioning
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CF3I + hν f CF3 + I(2P3/2) (1)

CF3I + hν f CF3 + I*( 2P1/2) (2)
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of excess energy into translational and internal energies of the
photofragments was also well characterized. Generally, when
the relaxation dynamics of photofragments are monitored, the
high reactivity of photofragments could complicate the photo-
thermal measurement by releasing thermal energies upon
chemical reactions, such as radical recombinations. However,
the radical recombination reactions of CF3I photofragments are
known23 to be much slower than the collisional energy relaxation
processes we are interested in. Therefore, the energy relaxation
processes observed in CF3I photodissociation can be readily
interpreted in terms of relaxation dynamics of photofragments.

In this paper, a probe beam deflection (PBD) method with a
modified crossed-laser-beam geometry was utilized in order to
investigate the relaxation process of photofragments produced
from photodissociation of CF3I at 266 nm. By analyzing the
time-resolved PBD signals, we determined the excess energy
partitioning between various modes of photofragments as well
as their relaxation rates. The results were compared with the
energy partitioning of CF3I photofragments measured by the
PTS method22 and V-T and E-T transfer rates of chemical
species reported previously.7,24,25Apart from its simplicity, the
PBD method provided results similar to the ones measured by
highly sophisticated methods such as PTS, inferring its ap-
plicability to the study of the dynamics of energy transfer during
and after the photodissociation.

Experiments

Trifluoromethyl iodide, 99% purity, was purchased from
Aldrich Chemical Co., Inc. (Milwaukee, WI) and used without
further purification. High-purity oxygen (99.99%) and argon
(99.9999%) were purchased from Dongjin Jonghab Gas Co.
(Seoul, Korea). Argon was used after passing through an oxygen
scrubber from J&W Scientific, Inc. (Folsom, CA) in order to
remove trace oxygen.

The whole gas-sampling apparatus, including the sample cell,
gas inlet lines, connectors, and valves, was made of stainless
steel to avoid possible corrosion by photofragment radicals. The
sample cell equipped with quartz windows was a 304 stainless
steel block (58 mm× 58 mm× 140 mm) that had two through-
holes perpendicular to each other for irradiation of pump and
probe laser beams (a 30 mm i.d.× 140 mm hole for the pump
beam and a 18 mm i.d.× 58 mm hole for the probe beam).
The sample cell and the gas lines were flushed with Ar gas at
least three times before introducing new sample gases. Absolute
pressures of the sample gases were measured by a capacitance
manometer (MKS model 122AA-01000AD). All experiments
were performed at ambient temperature (22°C).

The optical setup for monitoring probe beam deflection
signals is schematically depicted in Figure 1. The pump beam
was a 266 nm pulsed laser that was the fourth harmonic of a
Q-switched Nd:YAG laser (Spectra Physics, GCR-150) with
∼5 ns pulse width and∼9 mm beam diameter. The pulse energy
of the pump laser beam was kept low enough (300µJ/pulse) to
avoid complications due to multiphoton absorption processes.
The probe beam was a 632.8 nm CW He-Ne laser (Uniphase
model 1125P) with∼1 mm beam diameter and 5 mW output
power. As shown in Figure 1, the excitation pump beam and
the probe beam were aligned to be crossed at the center of the
sample cell (not shown) with a perpendicular geometry. A
spherical converging lens (f ) 100 mm) was used to focus the
probe beam to the center of the sample cell. To enhance the
interaction length of the two beams, the pump beam was line-
focused into the sample cell so that its long axis was aligned

along the probe beam propagating direction. Combination of a
spherical converging lens (f ) 250 mm) and a cylindrical
diverging lens (f ) -75 mm) was used to shape the pump beam
into a line of∼140µm × 30 mm at the region where the probe
beam crossed the pump beam. In this optical arrangement, the
intensity distribution of the pump laser along thex- and
y-directions can be assumed to be nearly uniform compared to
that along thez-direction. The vertical intensity distribution of
the pump beam along thez-axis is described byI ) I0

exp(-2z2/w0
2) wherew0 is 1/e2 Gaussian beam radius. The value

of w0 was 70( 5 µm under typical experimental conditions.
For the probe beam deflection measurements, the probe beam
was positioned atz ) 40 ( 5 µm with respect to the center of
the line-focused pump beam. The probe beam deflection signal,
caused by the time-dependent change of the refractive index in
the pump-probe interaction region, was monitored by a bicell
photodiode detector (UDT model SPOT-9DMI) equipped with
a z-discrimination slit with an 800µm opening. The bicell
detector was located at a distance of 140 cm from the pump-
probe interaction region, and the probe beam was refocused to
∼4 mm diameter at the detector by using a 250 mm focal length
spherical lens. By use of thez-discrimination slit, the effective
beam radius of the probe beam can be reduced, and therefore,
a slight enhancement of sensitivity and time resolution can be
achieved. The PBD signal was amplified with a home-built
differential amplifier (×100 gain, 20 MHz bandwidth) and
recorded by a digital oscilloscope (LeCroy model 9460). The
overall detector response time measured with a∼5 ns laser pulse
was∼40 ns. The digitized signals were transferred to a personal
computer for further analysis.

Theory

A brief description of the theory and the resulting equations
describing time-dependent PBD signals will be given here. We
followed the treatment given by Tam,12,13 and its detailed
discussions can be found in references therein. Suppose an
excitation beam and a probe beam are propagating along they-
andx-directions, respectively (see Figure 1). The excitation beam
that is focused by a spherical focusing lens with a focal length
f to have a Gaussian beam waistw0 is expanded to a lengthl in
thex-direction by a cylindrical diverging lens. Sincel andf are
much greater thanw0, we can assume that the intensity
distribution of the excitation light in thez-direction is Gaussian
with a beam parameterw0, while those in thex- andy-directions
are uniform. Therefore, heat flows tox- and y-directions can
be neglected compared to that along thez-direction.

Figure 1. Experimental setup for photothermal beam deflection studies.
The probe beam crosses the excitation beam inside the stainless steel
sample cell equipped with quartz windows, which is omitted for clarity.
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When a weakly absorbing sample is exposed to a short
excitation pulse, the temperature rise due to a pulsed heat source
Q is described by

where Green’s functionG(z′,z,t-t′) is

and heat source termQ(z′,t′) is

Here,N(z′,t′) is the concentration of the excited molecules.D
is the thermal diffusivity of the medium,Dm is the molecular
diffusivity, E0 is the pump beam energy, andR is the optical
absorption coefficient.hν is the excitation photon energy,F is
the density,Cp is the specific heat at constant pressure, andτ is
the thermal relaxation time. In eq 5, it is assumed that the heat-
releasing process can be described by a single relaxation time
τ. Integrating eq 3 yields

where

In a crossed-beam setup, the time-dependent probe beam
deflection in thez-directionφ is described by

where n is the refractive index. When the relaxation of the
excited molecule is faster than the thermal and mass diffusion,
or elseDm ≈ D, which is the case for most gas-phase systems,
the time-dependent probe beam deflection can be solved by
substituting eq 6 into eq 7:

wherez is the probe beam position with respect to the center of
the excitation beam.

It should be noted that the eq 8 is valid only if the probe
beam is much narrower than the pump beam, since the probe
beam is approximated to a single ray. When the probe beam
has a beam waist,wp, that is comparable to that of the excitation
beam,w0, the observed probe beam deflection becomes the
average deflection of each ray consisting of the probe beam.
Spatial integration of the probe beam intensity profile over the

expression given as eq 8 results in the average deflection as
shown by Bialkowski and He:26

wherez0 is the separation between the centers of the pump and
probe lasers andwapp is the combined beam waist, which is
equal to (w0

2 + wp
2)1/2 for Gaussian shaped pump and probe

beams. Note that the maximum deflection occurs atz0 ) ((1/
2)wapp. The time dependence of the PBD signal described in eq
9 is quite different from eq 8 as shown in Figure 2. The dotted
curve in Figure 2 is simulated on the basis of eq 9, and the
solid curve is based on eq 8 whenw0 ) wp ) 60 µm andτ )
10 µs. When two curves are compared, the PBD decay of a
finite volume probe beam is more diffused than the PBD decay
based on ray approximation. This suggests that the combined
beam waistwapp must be measured in situ as done in this work
by directly measuring thez dependence of the PBD signal (see
Figure 3).

If two heat-releasing processes are involved and furthermore
if they are well separated in time, i.e., one process relaxes much
faster than the other, the time-dependent PBD signal can be

T(z,t) ) ∫0

t
dt′ ∫-∞

∞
dz′ G(z′,z,t-t′) Q(z′,t′) (3)

G(z′,z,t-t′) )
exp[-(z - z′)2/(4D(t - t′))]

2xπD(t - t′)
(4)

Q(z′,t′) ) N(z′,t′) hν
exp(-t′/τ)

τ

)
x2RE0 exp[-2z′2/(w0

2 + 8Dmt′)]

FCpxπτxw0
2 + 8Dmt′

exp(- t′
τ) (5)

T(z,t) )
x2RE0

xπFCpτ
∫0

texp(- t′/τ)

xA(t,t′)
exp(- 2z2

A(t,t′)) dt′ (6)

A(t,t′) ) w0
2 + 8Dmt′ + 8D(t - t′)

φ(t,z) ) 1
n

∂n
∂T∫-∞

∞ ∂T
∂z

dx (7)

φ(t,z) )

1
n

∂n
∂T

(-8RE0zl)

x2πFCp

[1 - exp(-t/τ)]

(w0
2 + 8Dt)1.5

exp(- 2z2

w0
2 + 8Dt) (8)

Figure 2. Theoretical PBD curves calculated by approximating the
probe beam as a single ray (solid line) and as a beam with a finite
volume (dotted line).w0, wp, andτ are set to 60µm, 60µm, and 10µs,
respectively.

Figure 3. Typical plot of peak intensities of the PBD signals at various
pump and probe beam separations. Open circles represent experimental
data, and the solid line is the nonlinear least-squares fitting result using
eq 10 at a constant time. From this curvewapp is estimated to be 84(1
µm.

〈φ(t,z0)〉 )
x2

wpxπ
∫-∞

∞
φ(t,z) exp[-2(z - z0)

2/wp
2] dz

) 1
n

∂n
∂T

(-8RE0z0l)

πFCp

[1 - exp(-t/τ)]

(wapp
2 + 8Dt)1.5

×

exp(-
2z0

2

wapp
2 + 8Dt) (9)
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described with two relaxation times:

τ1 and r1 are the relaxation time and the fraction of the fast
process, respectively, whileτ2 andr2 are the ones for the slow
process.

To determine the relaxation times and the fractions of the
two relaxation processes by fitting the experimental PBD
transient with the derived equation, it is important to measure
the wapp andz0 values accurately. In the present study,z0 was
determined by reading a micrometer attached to a vertical
translational stage on which the excitation beam assembly is
mounted. Determination ofz0 was guided by the fact that the
PBD signal vanishes atz0 ) 0 according to eqs 9 and 10.
Uncertainties inz0 was estimated to be a few micrometers in
the present setup. The apparent beam parameter alongz-axis,
wapp, was determined by monitoring the PBD signal intensity
as a function ofz0. Figure 3 shows how the intensity of the
probe beam deflection signal changes with respect to the relative
position of the probe beam,z0. Thewapp value was determined
by a nonlinear fitting of the peak intensities of PBD signals
with eq 10. From the fitting,wappwas determined to be 84( 1
µm. Since the pump beam parameters are critical for obtaining
reliable kinetic information, they were monitored constantly
throughout the experiments.

Results

The PBD signals at various total pressures are depicted in
Figure 4. After the photodissociation of CF3I, the resulting
thermal energy released to the medium by intermolecular energy
transfer decays mainly by thermal diffusion. As the argon
pressure increases, the signal decay slows, since the thermal
diffusivity is inversely proportional to the pressure. As the
pressure reaches∼500 Torr, a slower heat release process
becomes distinct, as shown by the small plateau at early times
(see Figure 4 inset). The observed signals were fitted with eqs

9 and 10 described in the previous section. When the argon
pressure was relatively low,e400 Torr, the transient PBD
signals were fitted very well with a single rise time 0.2µs asτ.
However, when the argon pressure was∼500 Torr, the fitting
attempt with a single rise time failed. Instead, the given
experimental PBD transient was fitted successfully with two
heat release components: 0.20 and 2.5µs for τ1 and τ2,
respectively. As shown in Figure 4, there is excellent agreement
between the PBD signal and the derived equations. The thermal
diffusivity, D, as well asτ andr were obtained from the fitting.

It should be noted that theτ1 value, 0.20µs, was chosen on
the basis of the time resolution of our experimental setup. In
general, the time resolution of the PBD experiment is governed
by the acoustic transit time,τa, of the initial photothermal
acoustic wave across the pump beam.τa is described asτa )
w0/s, wherew0 is the beam parameter of the pump laser ands
is the speed of sound in the medium. With our typical optical
arrangement, theτa value was∼0.20µs. Since the acoustic rise
time was∼0.1µs and the detector response time measured with
a short laser pulse was 40 ns, the time resolution of our
experimental system was limited by the acoustic transit time.
Variousτ1 values from 10 ns to 0.30µs were tried for the fitting
and showed no appreciable difference in the fitting results. We,
therefore, chose 0.20µs as theτ1 value for our convenience.

The thermal diffusivity values estimated from the fitting were
compared with the theoretical values calculated by usingD )
λ/(FCp), whereλ is the heat conductivity,F is the density, and
Cp is the specific heat at constant pressure. In Figure 5, the
thermal diffusivity values from the measured experimental PBD
signals (open circles) are plotted with the calculated ones (solid
line) at various total pressures. An excellent agreement between
the experimental results and the theoretical values strongly
indicates that the derived equations describe the observed time-
resolved PBD signals correctly.

The PBD transient signals obtained for photodissociation of
CF3I in 500 Torr of Ar at various excitation laser powers are
shown in Figure 6. Normalized signals are completely indis-
tinguishable at the excitation power range we tested. As
mentioned in Figure 4, the PBD signals at 500 Torr of Ar fit
well with two heat-release processes with the relaxation times
0.20µs and 2.5( 0.8µs. We also changed the partial pressure
of CF3I up to 1 Torr and found the same results. The fractional

Figure 4. PBD transients for CF3I and Ar mixtures at various total
pressures. The solid and dotted lines represent the fitting results and
experimental data, respectively. The partial pressure of CF3I was 0.40
Torr, and the total pressures (in Torr) are indicated with curves. The
inset displays early time behavior where a slow heat-releasing process
is clearly observed as a plateau when total pressure reaches 500 Torr.

〈φ(t,z0)〉 ) 1
n

∂n
∂T

×
(-8RE0z0l)

πFCp

[1 - r1 exp(-t/τ1) - (1 - r1) exp(-t/τ2)]

(wapp
2 + 8Dt)1.5

×

exp(-
2z0

2

wapp
2 + 8Dt) (10)

Figure 5. Thermal diffusivity values for various total pressures. Open
circles are determined by fitting experimental data. Solid line represents
the calculated values. The error bars represent 1σ values obtained from
multiple measurements. For calculations, only the contribution from
argon gas was considered.
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contribution of the slow component was determined to be 0.15
( 0.02 (see Table 1 for the fitting summary). Possible thermal-
energy-releasing processes after the photodissociation of CF3I
are T-T, V-T, R-T, and E-T energy transfers and recom-
bination reactions of photofragments. In the present study,
concentrations of photofragment radicals, CF3 and I, were kept
low (e4 × 10-3 Torr) in order to suppress the radical
combination reactions. With the given radical concentrations,
it is estimated that the recombination reactions among them take
place on the millisecond time scale,23,27 which is too slow to
be detected in the present experimental setup. For gas-phase
species (at atmospheric pressure and at room temperature), T-T
and R-T energy transfers as well as V-V and R-R energy
transfers are known to occur on a time scale of molecular
collisions,28,29ca. 10-8-10-10 s, which is much faster than the
acoustic transit time of 0.20µs. On the other hand, V-T transfer
falls into the microsecond time scale for most polyatomic
molecules in the gas phase under similar experimental condi-
tions.28,30 Therefore, it is reasonable to attribute the observed
fast energy-releasing process to T-T and R-T energy transfers
and the slow one with a 2.5µs relaxation time to V-T energy
transfer of CF3. Note that E-T transfer of the spin-orbit excited
I*( 2P1/2) atoms is known to occur on a much longer time scale
under the given experimental conditions.31 The r2 value was
determined to be 0.15( 0.02, indicating that about 15% of the
available energy of photofragments is distributed to the vibra-
tional energy of CF3. Since the V-T transfer rate will depend
on the vibrational energy, the observed relaxation time must
be considered as an average relaxation time from different
vibrational states.

Iodine atoms at a spin-orbit excited I*(2P1/2) state was
reported to undergo radiationless electronic transition on a
microsecond time scale in the presence of a small amount of
effective I* quenchers (say, for example, less than 1 Torr of
O2).31 To investigate the contribution from the electronic energy
of I*, a well-known I* quencher O2 (0.5 Torr) was added to
the CF3I systems and their PBD signals were monitored (see
Figure 7). Again, the normalized curves are identical to each
other regardless of the laser power, indicating lack of depen-
dence on the excitation laser power. The PBD transient curves
fit well with two relaxation times, and the fitting results are
summarized in Table 1. By addition of O2 to a CF3I and Ar
mixture, the contribution of the slow heat-releasing process
increased from 15% to 56%, and its relaxation time slowed to
10.6( 1.7 µs. An interesting fitting parameter is theA0 value,

which is proportional to the total heat released. In addition, the
A0r1 value is proportional to the amount of heat released from
the fast relaxation process whileA0r2 is proportional to that from
the slow relaxation process. WhenA0 values are compared in
the presence and in the absence of O2, theA0r1 value remains
constant whileA0r2 increases 7.4 times upon the addition of
O2. The additional relaxation process that contributes to the
increase inA0r2 can be attributed mostly to I* quenching by
oxygen molecules. The PBD signals depending on the excitation
laser power are plotted in Figure 8. For both cases, the slope of
the log-log plot is 1.1( 0.1, indicating that the heat relaxation
processes result from one-photon absorption of CF3I, which
leads to a prompt breakage of the C-I bond.

Discussion

In the present study, we found that 15% of the available
energy is partitioned into vibrational energy during photodis-
sociation of CF3I at 266 nm while the remaining 85% is
partitioned into translation. This vibrational energy can be
compared with the average internal energy of photofragments
determined by photofragment translational spectroscopy (PTS).
Although no PTS study of CF3I photodissociated at 266 nm
has been carried out, we can estimate the energy partitioning at
266 nm by using the PTS results at 24822 and 275 nm.32 It was
suggested by both theory20,33 and experiments32,34 that the
internal energy of CF3 decreases almost linearly as excitation
photon energy decreases for both I and I* channels. We,
therefore, estimated energy partitioning at 266 nm by assuming
a linear dependence of the CF3 internal excitation on the photon
energy between 248 and 275 nm and assuming that the I*
quantum yield at 266 nm is the same as that measured at 248
nm (φ* ) 0.89). As summarized in Table 2, the average
translational, internal, and electronic energies of CF3I photof-
ragments at 266 nm are estimated to be 26.2, 6.7, and 19.3 kcal/
mol, respectively. From this estimation,〈Et〉:〈Er,v〉 is calculated
to be 0.80:0.20, which indicates that 20% of available energy
is distributed as internal energy during photodissociation at 266
nm. This estimated internal energy fraction agrees well with
the vibrational energy of photofragments obtained by the present
PBD method (15% of the available energy). The small difference
is likely due to the fact that the value of〈Er,v〉 estimated from
the PTS results contains a small contribution from the rotational
energy of CF3. It is also possible that a part of the V-T energy
transfer from high vibrational states, whose relaxation time is
shorter than the acoustic transit time, is excluded from the
average vibrational energy obtained by the present PBD method.
However, the small difference as estimated above suggests that
most of the V-T energy transfer of CF3 radicals takes place
on a time scale that is longer than the acoustic transit time.

The observed V-T energy-transfer process seems to occur
between CF3 radicals and argon atoms, since we observed that
τ2 depended on argon pressures but not on either CF3I pressure
or photodissociation laser powers. Unfortunately, the reliable
argon pressure dependence ofτ2 could not be measured in this
study, since at higher argon pressures the relaxation times fall
too close to the acoustic transit time. Nevertheless, from the
observed relaxation time, 2.5µs measured at 500 Torr of argon,
the average V-T energy-transfer rate constant from CF3 radicals
to Ar atoms was approximated to be 8.0× 102 s-1 Torr-1. It is
worthwhile to note that the observed V-T energy transfer is
from well-defined vibrational states of CF3. The vibrational
excitation of CF3 during the photodissociation of CF3I in the A
band is known to be confined almost exclusively in theν2(a2′)
umbrella bending mode (703 cm-1).22 The average vibrational

Figure 6. PBD transients for CF3I and Ar mixture at various excitation
laser powers. The solid lines correspond to the best fits (see Table 1
for fitting parameters). All curves were normalized, and their baselines
were displaced for clarity. The excitation powers (inµJ/pulse) are
indicated with the curves. CF3I pressure was 0.40 Torr, and the total
pressure was adjusted to 500 Torr with Ar.
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energy of CF3 radicals at 266 nm, which is estimated from 15%
of the available energy, is 4.9 kcal/mol (∼1700 cm-1). This
average vibrational energy corresponds to∼2.5 quanta of the
umbrella bending vibration on average.

Since the V-T energy transfer rate depends on the vibrational
state of the chemical species, it would be relevant to compare
the V-T rate constant of CF3 to Ar obtained in the present
study with those of the molecules excited to low-lying vibra-
tional levels. We found that the observed V-T transfer rate
constant of CF3 to Ar obtained in the PBD study, 8.0× 102 s-1

Torr-1, is similar to the ones of several molecules excited to
low vibrational levels. For example, the V-T rate constant of
C2H4 to Ar when C2H4 was pumped to theν7 (949.2 cm-1)
vibrational mode was reported as 4.7× 102 s-1 Torr-1,24 and
that of CCl2F2 excited to theν6 (922 cm-1) mode was 8.6×
103 s-1 Torr-1.30 Also, the V-T transfer rate constant of a stable
radical NO2 to argon, in which NO2 is in the (010) state, was
reported as 1.8× 103 s-1 Torr-1.7 This similarity in the V-T
energy-transfer rate constants is consistent with the finding that
the observed slow heat-releasing process in the present PBD
study results from V-T energy transfer.

The average energy transferred per collision,〈∆E〉, for the
observed V-T transfer of CF3 to argon can be estimated by
the following relationship:

whereτ is the observed V-T relaxation time,〈Ev〉 is the total
vibrational energy, and〈Ev〉(1 - e-1) is the vibrational energy
transferred during the time periodτ. ZCF3-Ar is the collision
frequency between CF3 and 500 Torr of Ar.〈Ev〉 is 1700 cm-1,
andτ is 2.5µs. AssumingZCF3-Ar is similar toZCF3I-Ar, 4.9×
109 s-1,36 〈∆E〉 is estimated to be∼0.090 cm-1. This inefficient
energy transfer is typical for V-T transfer processes of small
molecules at low vibrational levels in the gas phase. For
example,〈∆E〉 for the V-T transfer of NO2 (010) to Ar is
estimated to be∼0.077 cm-1 according to eq 11.7 Also, on the
basis of the result reported previously,37 〈∆E〉 for the V-T
transfer of OCS(001) to Ar is estimated as∼0.046 cm-1.

In the presence of oxygen molecules, the slow energy-
releasing process became dominated by I* quenching by oxygen
molecules. Consequently, the total energy released as thermal
energy in the presence of oxygen molecules was twice the one
in the absence of oxygen mainly because of the additional

TABLE 1: Summary of Fitting Resultsa

sample composition (Torr)

CF3Ib O2 Ar r1 r2

τ1

(µs)
τ2

(µs)
A0

(AU)

0.40 0 500 0.85(0.02) 0.15(0.02) 0.20 2.5(0.8) 1.00(0.13)
0.40 0.50 500 0.44(0.04) 0.56(0.04) 0.20 10.6(1.7) 1.99(0.23)

a Equation 10 was used for the fitting to determiner1, r2, τ2, andA0. Note thatA0 is proportional to the total thermal energy released, and it is
equal to (1/n)(∂n/∂T)[-8RE0z0l/(πFCp)] in eq 10. The values ofwappandz0 (84( 5 µm and 40( 5 µm, respectively) were obtained from experimental
measurements, and the value of the thermal diffusivityD (3.2 × 10-5 m2 s-1) was calculated from the equationD ) λ/(FCp). The value ofτ1 was
taken to be the acoustic transit time. Varying theτ1 value from 50 to 300 ns had no significant effect on the fitting results. Numbers in parentheses
are 1σ values of the fitting results obtained from multiple measurements.b We also attained the same fitting results when the partial pressure of
CF3I was 0.70 and 1.0 Torr.

Figure 7. PBD transients for CF3I and Ar mixture in the presence of
oxygen molecules at various excitation laser powers. The solid lines
correspond to the best fits (see Table 1 for fitting parameters). All curves
were normalized, and their baselines were displaced for clarity. The
excitation powers (inµJ/pulse) are indicated with the curves. CF3I and
O2 pressures were 0.70 and 0.50 Torr, respectively. Total pressure was
adjusted to 500 Torr with Ar.

Figure 8. Amount of total released heat observed in PBD transient,
A0, as a function of excitation laser powers. Open squares and circles
representA0 values in the presence and in the absence of O2,
respectively. CF3I and O2 pressures were 0.40 and 0.50 Torr, respec-
tively. Total pressure was adjusted to 500 Torr with Ar.

TABLE 2: Energy Partitioning (in kcal/mol) in the
Photodissociation of CF3I a

wavelength
(nm)

〈Et〉
(kcal/mol)

〈Er,v〉
(kcal/mol)

〈Ee〉
(kcal/mol) φ* note

248 31.0 11.4 19.3 0.89 ref 22
275 26.5 4.3 19.9 0.917 ref 32
266 26.2 6.7 19.3 0.89 estimatedb

266 28.0 4.9 this workc

a The energy partitioning values are weighted-average values of the
I(2P3/2) and I*(2P1/2) channels by using the quantum yield of I* (φ* ).
The bond dissociation energy is taken to be the revised value of Felder
(D0

0 ) 55.2 kcal/mol).35 b Estimated by using the PTS data at 24822

and 275 nm32 assuming that internal excitation of CF3 radicals depends
linearly on the excitation photon energy for each of the I and I*
channels. Theφ* value is assumed to be the same as that at 248 nm.
c Calculated by using ther2 value observed in the absence of O2 and
assumingφ* ) 0.89. In the absence of O2, 〈Er,v〉 corresponds to 15%
of the sum of〈Et〉 and 〈Er,v〉. See text for details.

〈∆E〉 )
〈Ev〉(1 - e-1)

ZCF3-Arτ
(11)
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energy contribution from I* quenching. Our PBD finding
indicates that 56% of the energy transfer in a thermal form
originated from the slow energy-releasing processes. The energy
released from this slow process in the presence of O2 corre-
sponds to the sum of the internal energy of CF3 and the
electronic energy of I*. By use of the estimated PTS results at
266 nm shown in Table 2,〈Et〉:〈Ee〉 + 〈Er,v〉 is calculated to be
0.50:0.50, which indicates that the fraction of the slow energy-
releasing process is 50%. Therefore, there is a discrepancy, 6%
of the available energy corresponding to ca. 3.1 kcal/mol,
between our PBD result and the PTS result. This discrepancy
may suggest the possible existence of other heat-releasing
process(es). The reactions between CF3 radicals and oxygen
molecules seem to be the plausible reactions to account for the
discrepancy. It is known that the CF3 radical reacts with O2 to
form CF3O2 followed by fast multistep reactions to produce
CF2O as a final product.38,39The rate constant for the formation
of CF3O2 is reported as 1.40× 105 s-1 Torr-1.38 Since the
reported rate constant of I* quenching by oxygen molecules25

is 8.8 × 105 s-1 Torr-1, it is likely that a part of the thermal
energy observed in the PBD experiment is due to the reactions
between CF3 radicals and oxygen molecules.

It is interesting to note that the observed rate constant that is
calculated fromτ2 in the presence of oxygen, 1.9× 105 s-1

Torr-1, is smaller than the rate constant of I* quenching by
oxygen molecules reported previously, 8.8× 105 s-1 Torr-1,
which is measured by time-resolved atomic absorption from I*.
Although the observedτ2 value is an apparent relaxation time
comprising of at least three relaxation processes, still the value
reflects mainly I* quenching process by oxygen molecules, since
it is a major process. The difference in rate constants is due to
the difference in the experimental methods employed. In the
PBD method, the time evolution of the thermal energy released
to the medium was measured but not the evolution of I* itself.
I* quenching by oxygen molecules and the subsequent thermal
energy transfer to argon takes place in the following order:

where O2
q denotes vibrationally and rotationally excited O2

molecules and M denotes various surrounding gas molecules
in the medium. The PBD method measures the combined rate
of reactions 13 and 14, while the atomic absorption measurement
follows reaction 13. By comparing the two rate constants, it
can be concluded that reaction 14 is slower than reaction 13
and consequently becomes the rate-determining step. Vibrational
deactivation of O2 by Ar is reported to be 8-9 orders of
magnitude slower40 than the rate constant observed in the present
experiment. This suggests that the deactivation of O2

q most
likely occurs via collisions with other molecular species in the
medium such as O2, CF3I, and CF3.

In summary, we have shown that the PBD method presented
in this study provides a versatile experimental method for
investigating various collisional energy relaxation processes of
photofragments. By studying the time dependence of heat-
releasing processes of photofragments produced from photo-
dissociation, we were able to determine energy partitioning of
excess energies into various energy modes during photodisso-
ciation as well as V-T energy-transfer rates of photofragments.
Simultaneous monitoring of both the energy partitioning and

the energy-transfer rate provides a unique opportunity to study
collisional vibrational relaxation of radical species with well-
defined vibrational energies.
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