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Photodissociation of CF3 1 at 304 nm: Effects of Photon Energy

and Curve Crossing on the Internal Excitation of CF 3

Hyun Jin Hwangt and Mostafa A. EI-Sayed*

Department of Chemistry and Biochemistry, University of California,

Los Angeles, California 90024

Abstract

We present correlated measurements of the CF3 internal energy, the initial electronic

excitation, and the final iodine state in the photodissociation of CF3I at 304 nm by using

state-selective photofragment translational spectroscopy. The simultaneous determination

of the three properties is achieved by measuring the translational energy distribution of the

state-selected iodine fragment as a function of its recoil angle with respect to the electric

vector of the photolysis laser. We found that the excited state ]*(2P 1/2) atoms are formed

predominantly from the parallel 3Qo<--N transition while the 1(2P 3/2) atoms are formed

from both the perpendicular 3Q,4-N transition (70%) and the parallel 3Qo0 -N transition

(30%) followed by curve crossing to the IQ, state. By comparing the average internal

energies of CF3 produced in the two dissociation channels of the 3Qo0 -N excitation at 304

nm with the recent results of Felder at 248 nm, we examine the effect of the photon energy

and that of the curve crossing in the dynamics of the vibrational excitation. For the 1*

channel, we observe a strcng photon energy dependence of the CF3 internal excitation,

suggesting a strong final state interaction in the dyna,.ics of the 3Q0 potential as suggeste!d

by a number of model calculations. The best agreement obtained with the model

calculation of van Veen et al. supports the assumption of the dominant involvement of the

t Present address: Department of Chemistry, University of California, Berkeley, CA

94720.
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v2 umbrella vibration. For the 3Q0 component of the I channel, we observe a similar

strong photun energy deperndence in terms of its slope, but witit an enhanced CF3 internal

excitation. This suggests the importance of the curve crossing dynamics as well as the

dynamics of the IQ, potential. The gross disagreement obtained with the one-dimensional

model calculation of van Veen et at. is attributed to the multidimensional nature of the curve

crossing process.

I. Introduction

Methyl iodide CH3I and its substituted analogues CD3I and CF3I have received a

substantial attention as excellent model systems for investigating the photodissociation

dynamics of polyatomic r'-'lecules.1- 6 The photodissociation of these molecules (CX3D)

in their first absorption band (the so-called A band) is particularly interesting since the

dynamics of the vibrational excitation during the simple C-I bond rupture is relatively well

confined in only one vibrational mode (the v2 umbrella bending vibration of CX3)1,4 '7 due

to very fast dissciation8 ,9 and the C3 v geometry. This has offered a unique opportunity
I

to theoreti,;,ans to model detailed photodissociation dynamics under the simplified

assumption 10 of "collinear psetdotriatomic dissociation". It is thus not surprising that the

vibratior ail d -iibution of the CX3 fragment has been one of the most important subjects in

both experiment 3 ,4 , 11-15 and theory. 1, 3 , 5 ,6 , 10  Another importuf-t factor in the

photodissociation dynamics of CX 3I is a nonadiabatic curve crossing oetween two (out of

three) radiatively accessible electronic states which correlate to different electi nic states of

the iWine fragmenrt. 2 Due to the presence of this process and the possibility or exciting

multiple electronic states, detailed investigation ^)r the dynamics of the vibrational

excitation requires measurem-ents of the vibrational distribution of the CX3 fragment in

correlation with me initial excitation and the final state of the *--int fragmer.:.

2
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In this work, we investigate the photodssociatio.. of CF31 at -304 nm with a

particular emphasis on the simultaneous determination of the CF 3 internal !xcitation, the

initial electronic excitation, and the final state of the iodine fragment. The experimental

basis of this work has been provided by our recent work1 6 on the photodissociation of a

larger analogous molecule C2F51 at -304 nm. We use a technique of state-selective

photofragment translational spectroscopy in combination with a polarized-last.

photolysis. - 6-18 The simultaneous determination of the three pro,-,-des is achieved by

measuring the translational energy distribution of the state-selected iodine fragment as a

function of its recoil angle with respect to the electric vectc of the photolysis laser.

Combining this type of m-asurements with the known i..ture of t. e eectronic transitions in

the A band, we identify both the initial excitation and the final state of the iodine fragment

while determining the internal energy distributior of the CF3 fragment from the

translational energy distribution of the iodine fragment. We will compare the results of

this work at -304 nm with the recent results of Felder4 (b) at 248 nm to examine the effect

of photon energy and that of the curve crossing in the dynamics of the vibrational

exc:tation. Some details of these effects will be deduced by comparing with theoretical

predictions from model calculations. 3 ,5,6

II. Previous Results

Photoexcitation of CX 3I in the A band (350 nm - 200 nm) results in prompt

!issociation8 ,9 along the C-I bond due to the repulsive naire of the excited rtates,

producing a ground state CX 3 radical and ei,"er a spin-orbit excited state I* (2P1,/2) or a

"rund state I (2P 3/) atorm 19,20 As first discussed by Mulliken, 2 1 uh A b., c 3f CX3I

iaes from tne o*(-n transition localized in the C-I bond and consists of three overlapping

tran-4'ions from the Frcund N stv" :- the 3Q, 3Qo, Rr-d IQ, 3tates in order of increasing

energy. The transition to the 3Q0 state, which is ofA1 symmetry in the C3 geomietry, ir
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polarized parallel to the C-I bond and correlates to formation of the 1* atom. The

transitions to the 3Q, and IQ1 states (of E symmetry) are polarized perpendicular to the C-I

bond and correlate to formation of the I atom. The three components of the A band of

CH 31 (Ref. 22) and CF3I (Ref. 23) have been resolved by Gedanken and Rowe using

magnetic circular dichroism (MCD). The MCD results revealed that the 3Qo state carries

most of the oscillator strength (78% and 84% for CH3I and CF3I, respectively) and has its

absorption maximum near 260 nm. Absorption maxima of the IQ, and 3Q1 states were

found to be located around 240 and 300 nm, respectively. From time-of-flight (TOF)

photofragment translational spectroscopy studies 11- 13,20 on CH3I at 266 and 248 nm, it

.vas ' c ud that the I atom is produced mainly by a nonadiabatic curve crossing from the

3Q, to the 1QI st-t and absorption is almost exclusively to the 3Q0 state in gross

disagreement with me MCD results. In the case of CF3I at 248 nm, both the3Qo and 1Q1

states were found to contribute to absorption and also formation of both I and I* atoms due

to the curve crossing. 3 ,4 ,2 4

So far, the internal energy distribution of the CF3 fragment from the

photodissociation of CF3I has been measured at only one wavelength 248 nm by two

groups.3 ,4 van V.-n et al.,3 using the TOF photofragment translational spectroscopy,

first deten.,irie " the CF vibrational distribution at 248 nm from the measured translational

energy distributicn Ader the assumption that the v2 umb lla vibration is the only mode

excited as observed' 'the CH31 photodissociation. Their results indicated that the

vibrational excitatic is much stronger and broader in the photodissociation of CF3I

compared to CH3I. The vibrational distribution of CF3 in the I* channel, which was

observed to be very similar to that in the I channel, was found to peak at a rather high

quantum number n = 6 with an average internal energy of 0.68 eV and a fwhm of -0.87

eV. Recently, Felder4 (A "e.'x,. " 1ited the experiments of van Veen et al. at 248 nm by

using a same tvpe of method t t with a higher resolution. The CF3 vibrational

4



distributions of Felder in both the 1* and I channels were found to be much narrower with

lower average internal energies than those of van Veen et al. This suggested that the

results of van Veen et al. involved a substantial instrumental broadening. Moreover, the

vibrational structure corresponding to the progression of the v2 mode of CF3 (with a

maximum at n = 4) was resolved in the I* channel, giving the first evidence for the

dominant excitation of the v2 vibrational mode in the CF 3I photodissociation. In the

subsequent study4 (b) at the same wavelength, Felder was able to determine the internal

energy distributions of the CF3 fragment for the I* and I channels in correlation with the

initial excitation (to either 3Qo or 1Q1) by examining the translational energy dependence of

the spatial anisotropy.

Theoretical works on the photodissociation of CF31 have mostly focused on the

dynamics on the 3Qo potential energy surface (PES). Different types of model 3Qo

potentials were constructed with a major effort to reproduce the vibrational distribution of

CF3 in the I* channel determined from the early experiments of van Veen et al.3 van Veen

et al.,3 in their theoretical part of the work, performed a coupled-channel calculation

assuming a collinear pseudotriatomic dissociation involving one CF3 vibrational mode (the

v2 umbrella vibration) and two excited states (the 3Q0 and IQ, states). The model PESs

were constructed to reproduce the resolved spectra of Gedanken 2 3 as well as correct

vibrational frequencies and dissociation limit. The calculated vibrational distribution for

the 1* channel was substantially colder and much narrower than their experimental

distribution, but recently found to be in fair agreement with the high resolution results of

Felder.4 For the I channel, the calculation predicted a bimodal vibrational distribution (a

lower energy one from excitation to the IQ, state and a higher energy one from the curve

crossing from the 3Q0 to 1Q, state), which is inconsistent with the experimentally

observed 3 ,4 broad structureless distributions. Further theoretical works have been

performed by two groups considering only the 3Q0 excited state. Clary5 used a
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multidimensional 3Q0 PES involving two CF3 vibrational modes (v1 and v2 ), and predicted

preferential excitation of the combination levels of the v1 and v2 modes. This is

inconsistent with the v2 vibrational progression observed in the recent experiments of

Felder.4 The calculated vibrational distribution at 248 nm was found to be much narrower

with a slightly lower average internal energy than the early experimental results of van Veen

et al. Schinke and coworkers6 (a) modified the model 3Qo potential of van Veen et al. by

employing a distance dependent local vibration frequency and were able to obtain good

agreement with the experimental results of van Veen et al. The calculated vibrational

distribution of Schinke and coworkers, consequently, does not agree with the recent

experimental results of Felder.

III. Experimental

Details of the experimental method and apparatus have been reported previously 1 6 , 18

and only a brief description will be given here. A single-stage pulsed acceleration TOF

mass spectrometer fitted with an effusive sample source was used in combination with a

linearly-polarized pulsed laser with a fwhm of ca. 20 ns. The TOF apparatus was

equipped with a 6.0 mm diameter discrimination pinhole placed in front of the detector to

reduce the detection solid angle. The laser propagation axis, the effusive sample beam,

and the detection axis of the TOF apparatus (i.e., the line containing the center of the

discrimination pinhole with its direction parallel to the acceleration electric field) were

aligned to intersect in the center of the ionization-acceleration region of the TOF apparatus

at mutually orthogonal angles. The experimental procedure used is as follows.

At time zero, a focused laser pulse photodissociates the sample molecules at one-

photon level and sta.. -selectively ionize (within the same laser pulse) the resulting iodine

atom fragment via resonance-enhanced multiphoton ionization (REMPI). After a delay

time rd (1.50 gs), the iodine ions produced are a-celerated toward the detector by applying
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an acceleration electric-field pulse of ca. 1010 V/cm with a fwhm of ca. I gs to the

ionization-acceleration region of the TOF apparatus. After passing through a ca. 78 cm

field-free drift region and the discrimination pinhole, the accelerated photoions are detected

using a microchannel plate detector as a function of their TOF with respect to the timing of

the acceleration electric-field pulse.

Experiments were performed at two wavelengths, 304.02 nm (17 PJ/pulse) and

304.67 nm (30 .iJ/pulse), to photodissociate the sample molecules and also to state-

selectively ionize the resulting I* and I fragments, respectively, within the same laser pulse.

TOF distributions we:e measured at two laser polarization angles, a = 00 and 90*, with

respect to the detection axis. CF31 was purchased from Aldrich and used without further

purification. Neat vapor of CF31 at room temperature and at a stagnation pressure of -0.2

Torr was introduced through I mm diameter Teflon tubing and the pressure in the TOF

apparatus was kept at -1.5 x 10-6 Torr. The instrumental parameters, that are necessary to

obtain the photofragment recoil velocity distribution from the measured TOF distributions,

were determined by studying the photodissociation of 12 as described previously. 16 ,1 8

IV. Results and Analysis

A. Methods of Data Analysis

Details of the experimental principles and the data analysis methods have been

described elsewhere. 16 ,17 (b), 1 8 In our method, the TOF of the photoion is related to the

component of the photofragment recoil velocity along the detection axis due to the use of

the time-delayed pulsed-acceleration. Moreover, due to the dramatic reduction of the

detection solid angle by the use of the discrimination pinhole, the component of the

photofragment recoil velocity observed in our method becomes very close to the

photofragment recoil speed itself. This greatly enhances the velocity resolution of the
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method and also facilitates the deconvolution procedure to separately obtain the angular and

the recoil speed distribution from the measured TOF distributions.

The TOF distributions ha(TOF) of the iodine ion measured at two laser polarization

angles, a = 0' and 900, with respect to the detection axis were used to determine the lab.

recoil velocity distribution f(v,q) of the iodine fragment (in the selected electronic state

depending on the laser wavelength), where v is the photofragment recoil speed in the lab.

frame and 6 is the lab. recoil angle with respect to the electric vector of the photolysis light.

In this transformation method, we used an explicit form of the instrumental detection

function with well-characterized instrumental parameters (see Refs. 16, 17(b), and 18 for

details). The lab. recoil velocity distributionftv,0) was assumedl 7 (b), 1 8 to have the

same form as that of the c.m. distribution2 5 "2 8 resulting from a one-photon electric dipole

transition: 1
f(v,O) = - [1 + Av) P 2(cos0)] g(v) (1)

4nt

where P 2(cos8) = (3cos 2G - 1)/2 is the second order Legendre polynomial. As given by

Eq. (1), the photofragment recoil velocity distribution can be characterized by the recoil

speed distribution g(v) and the anisotropy parameter (v). Note that we express the

anisotropy parameter as a function of v. This form is more general (compared to writing it

as a constant parameter that is valid only for an instantaneous photodissociation process) in

representing various types of photodissociation processes such as the case involving a wide

range of dissociation times 17 ur more than one transitions with different poiarization 16 as

in the present case. The value of P must lie in the range -1 < 135 2. The two limiting

•.es I : nd 2 correspond to the case of prom.. dissociation w'- " the direction of the

parent molecule transition dipole moment lying perpendicular and parallel to the

dissociation bond axis, respectively.

For more detailed analysis, the photofragrnent recoil speed distributions at two recoil

angles, f(t', e .1O) and flv, 0 = 90'), were reconstructed from g(v) and P(v) according to
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Eq. (1). This is useful (1) to take into account the angular dependence of the instrumental

broadening due to the thermal velocity of the parent molecule, and (2) to examine the

angular dependence of the c.m. recoil velocity distribution and thus that of the c.m.

translational energy release distribution. From the integrated intensities offtv,6), 1, and

IL at e = 00 and 900, respectively, one can determine the average anisotropy parameter

according to the following equation:

Ill - I.1 (2)
0.5 111+ I.(

The translational energy release distribution GO(E,) at each recoil angle 9 was

obtained fromflv,G) by applying the momentum conservation rule:

E = ,ml(2+ mR) 2  (3)

mR  f(1v,6)(4
and thus GO(E,) = mI( + mR) ) (4)

where E, is the sum of the translational energies of the iodine atom and the CF3 radical, and

mI and mR are the mass of the iodine atom and that of the CF3 radical, respectively.

B. TOF and Recoil Velocity Distributions

Fig. I shows the TOF distributions of the iodine ion p:oduced at 304.02 nm with the

laser polarization angle a = 00 and 90' with respect to the detection axis. At this

wavelength, only the excited state iodine atom 1* can be ioi.,zed via REMPI. 16 The peaks

at the longer and shorter TOF correspond to the iodine ions recoiling toward (getting less

acceleration) and away from (getting more acceleration) the detector, respectively. Note

the strong bias in the observed ion signal at the t.,c -cer polarization angle. The ion

signal is -15 times stronger at a = 00 than a = 90'. This suggests that the I* atoms recoil

predominar. ly along the direction of the electric vector of the laser light.

9



Fig. 2 gives the TOF distributions of the iodine ion measured at 304.67 nm, where

the gTound state iodine atom can only be ionized by REMPI. 16 Contrasting to the I*

channel, the ion signal in this channel is observed to be similar at the two laser polarization

angles, indicating that the angulkr distribution of the I atom is nearly isotropic.

From the measured TOF distributions shown in Figs. 1 and 2, recoil velocity

distributions of the I* and I atoms in the lab. frame are determined (see Refs. 16-18 for

details of the transformation method) and presented in Figs. 3 and 4, respectively. In

order to show the accuracy of the transformation method used, TOF distributions are

simulated using the recoil velocity distributions shown in Figs. 3 and 4, and compared with

the experimental distributions in Figs. 1 and 2. As shown, the experimental TOF

distributions agree well with the simulations.

As shown in Figs. 3 and 4, the recoil speed distribution , g(v) of the I* and I atoms

have similar shape with no significant structures. The fact that both recoil speed

distributions are very sharp and have their maxima at high recoil speeds indicates that both

iodine atoms are produced from repulsive potential energy surfaces which result in highly

nonstatistical energy partitioning toward the translational mode. This is the typical

characteristic of the electronic states of the alkyl iodide in the A band. The anisotropy

parameters 1(v) of the 1* and I atoms are strongly contrasting in two aspects. While the

value of (3 of the 1* atom is very close to the limiting value 2 of the parallel transition

(except for the low recoil speed region where P is lower due to the instrumental broadening

effect as will be discussed later), that of the I atom is close to zero. Moreover, the rec-il

speed dependence of P3 is observed to be different. The P3 value of the I* atom is nearly

constant except for the low recoil speed side where ,P dec -ases with V. In contra3t, the I

atom shows that its value of P is decreasing as v increases over the whole range of v.

The different values of the anisotropy parameter observed in the two dissociation

channels can be interpreted in accord with the known nature2 1 of the three possible
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electronic transitions in the A band of the alkyl iodide, i.e., the transitions to the 3Q1, 3Q0,

and 1Q1 states. Due to the symmetry of CF3I, each transition must be polarized either

parallel (3Q0) or perpendicular (3Q1 and IQ1) to the C-I bond axis. Moreover, the time

scale of the dissociation is expected to be much shorter than the rotation time of the parent

molecule as observed in the photodissociation 8 ,9 of CH31 (cf., this is implied by the

observed sharp recoil speed distributions with high recoil speeds). Thus, each type of

transition must lead to a value of the anisotropy parameter that is close to its limiting value

(i.e., 2 and -1 for parallel and perpendicular transitions, respectively). Based on the

observed high parallel type anisotropy and above consideration, we assign the I* channel to

the parallel 3Qo0 -N transition which correlates to 1*. The near zero value of 3 observed

in the I channel can then be attributed to a mixed transition of the parallel 3Qo.-N and the

perpendicular 3Q,4-N transition. The formation of the I atom from the 3Qo.-N transition

is thus attributed to the curve crossing to the IQ1 state which dissociates into I, as

suggested 1 1- 1 3,20 for CH3J. Above assignments are made in accord with the MCD

results2 3 on CF31. According to the MCD results, the highest lying IQ1 state, which

crosses with the 3Q0 state, is expected to carry no absorption strength in the 304 nm

region, and the lowest lying 3Q, state, which does not cross with the 3Q0 state, has its

absorption maximum around the 304 nm region. Therefore, in the 304 nm region, the 1*

atom can be produced only from the 3Q0 *-N transition while the I atom can be produced

from both the 3Q1 4-N and 3Q0 4-N transitions. This is different from the case at 248 nm

where the perpendicular transition to the IQ1 state can contribute to the formation of 1* via

curve crossing from the 1Q1 to the 3Q0 state as observed by Felder.4 (b )

The recoil speed dependence of the anisotropy parameters in the 1* and I channels is

related to the instrumental broadening due to the thermal velocity of the parent molecule as

well as the angular dependence of the c.m. recoil velocity distributions. The dependence

observed in the 1* channel is consistent with th- instrumental broadening effect. As

11



discussed previously,I 6 ,17(b) ,18 the broadening due to the parent molecule velocity is in

general asymmetric ard it c.epends on the recoil angle when the angular distribution is

anisotropic. In the lab. frame, photofragments with! .: c.m. recoil angle deviating from

the direction of the detection can be detected upon adc'tion of the pareit molecule velocity.

Since the thermal velocity distribution of the parent molecule is isotropic, this gives more

broadening toward the slower recoil speed. Therefore, it is expected that the more

photofragments recoil away from the detection axis, the more serious is this asymmetric

broadening. For anisotropic angular distributions, this must lead to more reduction of the

spatial anisotropy (i.e., a decrease in the absolute value of ) in the lower recoil speed side.

This is consistent with the recoil speed dependence of P observed in the I* channel (see

Fig. 3). Based on the fact that the observed value of P3 is constant (and very high) on the

high recoil speed side, we conclude that the c.m. recoil velocity distribution of the 1* atom

is independent of the recoil angle (i.e., the c.m value of P is constant). This .erpretation

is consistent wih our assignment of the pure parallel transition for the 1* channel. Since

the 1* atoms are produced from a single transition that must result in a very short

dissociation time due to the repulsive nature of the excited state, the value of the anisotropy

parameter in the c.m. frame would be constant and very close to the limiting value.

Different from the I* channel, the instrumental broadening effect in the I channel is

expected to be nearly independent of the recoil angle because the observed angular

distribution of the I atom is nearly isotropic (P - 0). Therefore, the recoil speed

dependence of P in this channel can be attributed to the angular dependence of the c.m.

recoil velocity distribution due to the different recoil velocity distributions of the parallel

and perpendicular components. Note that the value of P above the peak recoil speed is

negative and that below the peak recoil speed is positive (.e Fig. 4). This suggests that

the I atoms produced from the perpendicular transition have higher recoil speeds than those

from the parallel transition.

12



C. Determination of the Branching Ratio and the c m. Translational Energy Release

As discussed in the previous section, three components contribute to the

photodissociatior of CF3I in the 304 nm region. Below, we estimate the relative

contributions and the c.m. translational energy release of the three components. Similar

methods have been used in our previous study16 on the photodissociation of C2F5 I.

Fit 5 shows recoil velocity distributions of the I* and I atoms at two recoil angles, 0

- 0 and 900, with respect to the electric vector of the photolysis light. These distributions

are reconstructed from the recoil velocity distributions shown in Figs. 3 and 4. From the

integrated intensities at the two recoil angles, we obtain the average anisotropy parameter P
to be 1.66±0.02 for I* and -0.09±0.05 for I according to Eq. (2). As discussed in the

previous section, we attribute the I* channel to the pure parallel transition (3Q0 +-N) in

accord with the MCD results. 2 3 Thus, the reduced value of in this channel (compared

to the limiting value 2) is attributed to the vibrational and rotational motions of the parent

molecule during the dissociation process and the instrumental broadening due to the parent

molecule velocity. Relative contributions of the parallel and the perpendicular transition to

the I channel (XI, and X.L, respectively) can be estimated from the following relation: 16

=xH1 +X1 /31  (5)

where P, and P are the anisotropy parameters for the parallel and perpendicular

transitions, respectively. In order to take into account the reduction of the anisotropy

parameter due to the parent molecule motions and the instrumental broadening, we use the

value of P observed in the I* channel as a reference value. Thus, taking A i = 1.66 and

3, = -0.83, we obtain XI = 0.30 and X.L = 0.70. Therefore, the contribution of the

3Ql1-N transition is found to be dominant over that of the 3Q0 --N transition in the

formation of I.

Fig. 6 gives the translational energy rele, se distributions GO(E,) of the I* and I

channels at two recoil angles. Representative values of these distributions are sunnarized
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in Table 1. In the I* channel, the translational energy release distribution at 6 = 90 has a

smaller value of the average translational energy release <E,>0 with a larger width than that

at 8 = 0. This angular dependence can be attributed to the instrumental broadening effect

due to the parent molecule velocity as discussed in the previous section. For this channel,

we take the value of <E,>9 at 0 = 0* as an average c.m. translational energy release and the

width at the same recoil angle as an upper limit of the c.m. distribution. As indicated by

the observed high parallel type anisotropy, the 1* atoms recoil predominantly along the

detection axis at 0 = 0* and thus the instrumental broadening is expected 29 to be nearly

symmetric at this recoil angle.

The average c.m. translational energy release of the parallel and the perpendicular

components in the I channel (<Et>i, and <Et>.L, respectively) can be estimated 16 as

follows. In this channel, the angular distribution of the photofragment is given by:

l(e) = [I + TeP2 (cos)]
4n~

= X1i 1I + 311P2(cos9)] + X- I + f3 P 2 (cos6)] (6)47t 4n

According to this equation, both the parallel and the perpendicular component contribute to

the observed signal at each recoil angle. Thus, we write the following equations to take

into account the relative contributions of the two components to the observed values of
<Er>o;

<Et>o-o = 35.8 kca!/mol = 0.98 <Et>l I + 0.02 (<Et>. L- d4) (7)

<E,>&=90- = 36.8 kca!/mol = 0.31 (<Et> I - d) + 0.69 <Et>1L (8)

The first and second terms on the right sides of these two equations correspond to the

contributions of the parallel and perpendicular components, respectively. A parameter A

takes into account the instrumental broadening effect in the following manner. For the

parallel component, the average translational energy release is assumed to be the same as

the c.m. value at 0 = 00, but it will be smaller by A at 0 = 90' due to the instrumental
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asymmetric broadening. For the perpendicular component, an opposite is true, i.e., the

value at 9 = 0' will be smaller than the c.m. value by a similar amount. Using the value of

A measured for the 1* channel (1.3 kcal/mol), we find that <E,>,, = 35.8 kcal/mol and

<E1>. = 36.9 kcal/mol.

D. Energy Partitioning and the Dissociation Energy

Internal excitation energy of the CF3 radical (Eint) can be determined from the c.m.

translational energy release (E,) by using the following energy conservation relations:
av -Do +Ef =E +E1 t for the I channel (9)

Eavl* = EavI - Eso = Et* + Eint* for the I* channel (10)

where hv is the photon energy, Do is the dissociation energy of the ground state CF3 I into

the ground state CF3 radical and the I atom at 0 K, E. i, the internal energy of the parent

molecule, and Eso is the spin-orbit excitation energy of the iodine atom (21.7 kcal/mol).

To use these relations, one must know the values of Do and Ei .  We use the known

values3 0 of the vibrational frequencies and the rotational constants of CF3I to calculate the

average internal energy of the parent molecule <Ef n> at room temperature. Using a

Boltzmann distribution of population as usual,2 0 we obtain the value of <int> to be 2.1

kcal/mol, of which 0.9 kcal/mol is due to rotation and 1.2 kcal/mol is due to vibration. Up

to date, two different values of Do have been reported. van Veen et al.3 reported a value

of 53.0 kcal/mol from the TOF photofragment translational spectroscopy study of CF3I at

248 nm. Recently, Felder4 (a) reexamined the experiment of van Veen et al. using the
same technique but with a better resolution, and obrie-d a higher value of Do (55.2

kcal/mol). As suggested by Felder, it is likely that the value of van Veen et al. is erratic

due to the large instrumental broadening involved in their experiment. However, the value

of D~o reported by Felder seems to disagree with our results. Using his value of Do, we

0
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obtain the available energy for the V' c'annel (Earl*) to be 19 2 kcal/mol. This is iower

than the average c.m. translation energy release - .. ared ;(-r this '_ranel (<E*> = 19.9

kcal/mol), inconsistent with the energy conservation. One could blame that the

discrepancy is rather small if ll the available energy has been released in translation.

However, since only a part of the initial internal energy of the parent mo : t. - will be

released in translation, te discrepancy seems to be rather large (say on the order of -2

kcal/mol). Therefore, we estimate an upper limit of D ° using the measured value of

zE,*> as giv,, bekl, ,.

We expect that the initial i . ial energy of the parent molecule ''k,>) and the

excess energy provided by the photon -.nergy ( Do. - -Eso) will contribute to the

translational energy release in different manners. Thu we write an eqv.tion: <E1*> =

E therma l + X (hv - Do - Eso). where F is the contribution from the therwal internal

energy of the parent -- 'lecule and X is an unknown parameter (0 < X < 1). The value of

Etthermal can be estimated as follows. Since t,,.o out of three rotaic- . Iegr-,s " freedom

correspond to the orbital angular motion of t ' collision complex, we es. ,nate the

contribution of the parent molecule ro. tional .-,,on to ." ma --) be a14.ut 0.6 kcal/mol

(2/3 x 0.9 kcal/riol). We expect that only a fraction of th4 ibratiohai --7ergy c2 tr,, parent

molecule, that is initially deposited in the C o disso& "ioi, ,-'j nate, w;ll be released in

translation. Considering the total number of the vibrational modes k9) compared to that

actively related to the dissociation coordinate (3), abo' ?,0% of the initial vibrational energy

(0.3 x 1.2 kcal/mol = -0.4 kcal/mol) would appear in translation. Thus. the value of

£ thernal is estimated t- be about 1.0 kcal/mol with an uncertainty of a few tenth of

kcal/mol. Using this value of E therma and takingX = 1, we obtain an upper limit of Do to

be 53.4 kcal/mol.
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Although the value of D° estimated above is on'- ax upper limit, this value seems to

be " cr riose to the rea! value. Our value is about 2 kcaLlmol smaller than the value of

Felder4 (a) and slightly larger than the value of van Veen et al.- As discussed y Felder,

his value of D;0 is an upper limit. Since the expeirr- . -', ,,i Veen et al. was found (by

Felder) to involve a significant instrumental broaden' , tt~uc value of D; is likely a lower

limit. Our value of Do must then be very close to the real one (say with an error of le~s

than 1 kcal/mol). This conclusion is also supported by the fact that our value of Do agrees

well with that (53.3±1.8 kcal/mol) calculated from the tabulated thermodynamic data. 3 0

Therefore, we use the value of 53.4 kcal/mol for Do to calculate the internal excitation of

the CF3 radical. Table 2 gives a summary of the energy partitioning obtained with this

value of D.

V. Discussion

Two key aspects this work addresses are (1) the effect of photon energy and (2) that

of the curve crossing, in the photodissociation dynamics of CF3 ' m the A band. We will

compare the results of this work in the 304 nm region with the recent results of Felder 4 (b)

at 248 nm to examine the theoretical predictions from model calculations. 3 ,5 ,6 1, must be

noted that for the purpose of the present study the internal =ergy of CF3 must be measured

in correlation with the ijitial electronic excitation as well as the final state of the iodine

fragment as was done in the two experiments. Since all the experimental values for the

internal energy -f the CF3 fragment are determined from the measured translational

energies, the values at 248 nm to be used in the remaining part of this section are those

recalculated using our value of Do (53.4 kcal/mol).

Before we consider the internal excitaticn of CF3. it is worthwhile to compare the

electronic transitions and the curve crossing processes involved in the photodissociation at

the two wavelengths. As observed by Felder4 (and also by van Veen et al.3 and Person et
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al. 24 ), two excited -tates, the 3Qo (-88%) and IQ, (-12%) states, contribute to the

absorption at 248 r:, -and a nonadiabatic curve crossing takes place between the two excited

states. As a -es lt, u,,n the 1* and I channels at 248 rum consist of two components due to

the excitation to the 3Q0 and IQ, states. At -304 rim as described early, the absorption is

to the 3Q0 and 3Q1 states and the curve crossing takes place from the 3Q0 to the IQ1 state.

Thus, the 1* -hnrnnel has one component due to the excita'in to the 3Q0 state while the I

ch--rel consists of two components due to the excitation to the 3Q, ;tate and the curve

crossing from the 3Q0 to IQ, state (see Table 2). Therefore, there are two common

dissociation processes at the two wavelengths, i.e., the dissociation into CF3 + 1*(2p1/2)

due to the excitation to the 3Q0 state and the dish, , ation into CF3 + I( 2P3/2) due to t,.

cur' crossing from the initial 3Qo state to the IQ1 state. We will thus consider !he

vibrational excitatic n for these two dissociation processes in terms of the photon energy

dependence and the tifect of the curve crossing.

We first dis'uss t,. on energy dependence of the vibrational excitation on the
3QO PES which dissociates into CF 3 + I*. A '-ey aspect to be tested is the strong photon

energy dependence of the vibrational excitation of CF3 predicted -. theoretical

calculations. As shown in Fig. - 'e theoretical values of the 'ar. vibrational energy

of CF 3 reported bv van Veer ." ' ... Clary 5 are considerably high at high photon

energies and decreas. i atlher steep~y a. &- photon energy decreases, finally rr .,ing zero

near a photon energy of -34000 cm"1 (-300 nm). Schinl' *nd coworkers6 (a) also

predicted a similar dependence with a steeper slope. As, ..'pared in Fig. 7, the

eyp.-imental resu'ts indeed show such a strong photon energy lependence. The

exr!-.-nental val, (b) at 248 rum is very high lying in between the two theoretical values,

and it is very close to zero at -304 nm. In fact, our result at -304 nm is in perfect

agreement with both calculations since the observed average internal energy is almost

entirely due to the initial thermal energy of the parent molecule as discussed early. From
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the slope of the photon energy dependence, it can be seen that the dependence predicted by

van Veen et al.3 is in slightly better agreemerm with the experimental results. This

suggests that the sole consideration of the v2 mode, as assumed in the model calculation of

van Veen et al., could be sufficient to describe the dynamics of the vibrational excitation on

the 3Q0 PES. This conclusion is also supported by the progression of the v 2 mode

observed at 248 rn by Felder.4  The slightly stronger photon energy dependence

predicted by Clary5 is probably due to the predicted extensive excitation of the combination

bands of the v, and v2 modes, as opposed to the Felder's experimental observation.

Given the agreement described above, it is important to discuss the origin of the

strong photon energy dependence of the vibrational excitation on the 3Q0 PES of CF3I.

As discussed by van Veen et al.,3 the vibrational excitation is determined by structural

change upon photoexcitation and final state interaction (i.e., translational-vibrational energy

transfer) during the dissociation. According to the model calculation of van Veen et al.,3

parts of the 3Qo PES excited at high and low photon energies, as determined by Frank-

Condon overlap, are only slightly different in terms of the v2 vibration coordinate, i.e., the

initially prepared C-F3 distance (within the assumption of "collinear triatomic dissociation")

is similar to the equilibrium distance of the final CF3 fragment at the low photon energy,

and it is only slightly longer at the high photon energy. In the absence of final state

interaction, this would result in a weak photon energy dependence of the vibrational

excitation. However, as discussed by van Veen et al.,3 the presence of a strong final state

interaction amplifies the difference in the vibrational excitation at the high and low photon

energies, resulting in a strong photon energy dependence. Recently, Schinke and

coworkers6 examined the effects of these two factors separately by comparing dynamics of

the vibrational excitation in different model 3Qo potentials for CF3I, and reached a similar

conclusion. In the view of the results of Schinke and coworkers, one could determine the

strength of the translational-vibrational coupling (i.e., the final state interaction) from the

19



measured photon energy dependence. This must be very important to construct a realistic

PES.

We now discuss the vibrational excitation in the 3Qo component of the CF3 + I

channel which results from the curve crossing. This dissociation process involves two

excited state PESs. While the early dissociation takes p.,ace on the initially prepared 3Qo

PES, the later dissociation occurs on the IQ, PES due to the curve crossing. Since the

dynamics on the 3Q0 PES is well understood as discussed above, it is possible to get some

insight on the effect of the curve crossing. In Fig. 7, the average internal energies

measured for this dissociation process are compared with those for the dissociation along

the 3Q0 potential. As shown, both processes lead to similar strong photon energy

dependence in terms of their slopes. However, the average internal energies at both

photon energies are considerably higher when the curve crossing takes place. A possible

explanation for this observation is as follows. The fact that both dissociation processes

give similar slopes of photon energy dependence suggests :hat the observed strong

dependence is predominantly due to the dynamics on the 3Q0 potential. The extra internal

excitation observed in the dissociation involving the curve crossing must then be attributed

to the dynamics of the curve crossing as well as the dynamics on the IQ1 potential.

The experimental results described above are inconsistent with the theoretical results

of van Veen et al.,3 which predicted that the curve cressing has little effect in the

vibratior,-.' excitation. From the model potentials of van Veen etal., it appeared that the

curve crossing occurred at a larger C-I distance where the equilibrium geometries of the

:.c r::-'ials were similar, thus resulting in no significant change in the vibrational

excitation. A most likely candidate for the discrepancy between the experiment and the

theory is the multidimensional nature of the curve crossing process as opposed to the one-

dimensional (involving only the a1-symmetry v2 vibration) model calculation of van Veen

et ,l.3 As suigested by several studies,2,12,24,32,33 an e-symmetry vibration must be
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involved to induce the curve crossing (via vibronic coupling) due to the different symmetry

of the two excited electronic states involved, i.e., 3Q0 of A1 and IQ, of E. It is therefore

possible that the curve crossing process itself involves excitation of e-symmetry vibrations,

resulting in more vibrational excitation as observed in the present study. The fact that the

observed increase in the average internal energy of CF3 due to the curve crossing (-1500

and -2000 cm "1 at 248 and 304 nm, respectively) is higher than the two e-symmetry

vibrational frequencies of CF3 (1251 and 512 cm"1 for the asymmetric C-F stretching and

bending vibrations, respectively) 5 suggests that further vibrational excitation might occur

due to the dynamics on the IQ, potential after the curve crossing. In addition, it is

interesting to point out that the increase of the internal excitation due to the curve crossing is

observed to be more (by -500 cm "1) at the lower photon energy. This suggests that upon

and/or after the curve crossing the dissociation with a higher energy leads to less internal

excitation, in contradiction to a simple expectation. This seems to indicate a subtle aspect

of the curve crossing and the subsequent dynamics on the IQ, potential. Presumably, the

curve crossing takes place in different regions of the PESs depending on the initial

excitation, thus resulting in different dynamics.

In conclusion, we have shown that details of the photodissociation dynamics can be

elucidated by examining photon energy dependence of internal excitation of a fragment in

correlation with the initial excitation and the final state of another fragment. The present

results and further similar experiments at other wavelengths seem to be very important in

constructing more realistic PESs for the photodissociation of CF3I in the A band. As

suggested by this work and also by the recent works4 of Felder, the photodissociation

along the 3Q0 potential can be described sufficiently well by considering only the v2

umbrella vibration. However, in order to describe the dynamics of the curve crossing and

its effect in the internal excitation of CF3, it seems necessary to construct multidimensional
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P-Ss with more vibrational modes as suggested by the present work and the recent elegant

works2 ,24 of Butler and coworkers.
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Table 1. Angular dpendence of the translational energy release distributions in the 1* and I

channels from the photodissociation of CF3I.a

Iodine Wavelength Average 0 <£t>0 fwhm

state (rm) anisotropy, of GO(E)

304.02 1.66±0.02 0 19.9±0.2 6.1±0.2

900 18.6±0.2 8.3±0.2

1 304.67 -0.09±0.05 00 35.8±0.3 10.6±0.2

900 36.8±+0.3 9.5±0.2

a Energies are in kcal/mol. Uncertainties shown are ± one standard deviations of 4 to 8

measurements. Angular dependence of the translational energy release distribution

observed in the 1* channel is due to angular dependence of the instrumental broadening
typical for a parallel (3Q 0 .- N) transition, which results from the thermal velocity of the

parent molecule. The fact that the observed angular distribution of the I channel is nearly

isotropic (i.e., 3 - 0) suggests that the instrumental broadening in this channel must be

independent of the recoil angle . Therefore, the angular dependence of the translational

energy release distribution observed in the I channel can be attributed to angular

dependence of the c.m. translational energy release distribution resulting from a mixed

transition of a parallel (3QO+-N) and a perpendicular (3Q,--N) transition. See text for

more details.
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Table 2. Summary on the photodissociation dynamics and the electronic transitions of CF3I

in the 304 nm region.a

Iodine Wavelength Ear, Transition Relative <E,> <Eint> <Emt>/Eavi
state (nm) type contribution

1* 304.02 21.0 II (3Q0 --N) 1.0 19.9 1.1 0.05

1 304.67 42.5 II (3Q04-N) 0.30 35.8 6.7 0.16

j. (3Q1 -N) 0.70 36.9 5.6 0.13

a Energies are in kcal/mol. I I and . denote the parallel and perpendicular transitions,

respectively. Relative contributions shown are for each iodine state.
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Figure Captions

Figure 1. TOF distributions of resonantly-ionized I*(2 PI/2) atoms produced from

photodissociation of CF3I at 304.02 nm for two laser polarization angles a with respect to

the detection axis. The dots are experimental results and the solid curves are simulated

distributions using the recoil velocity distribution in Fig. 3. The peaks in the short and

longer TOF correspond to I* atoms recoiling away from and toward the detector,

respectively. Note that the y axis of the bottom panel is expanded 15 times. The small

peaks observed at TOF = -21.3 and -26.4 gts in the bottom panel are due to the

photodissociation of residual 12 used for the calibration experiment.

Figure 2. The same as Fig. I but for 1(2P 3/2) atoms at 304.67 nm. The solid curves are

calculated using the recoil velocity distribution shown in Fig. 4.

Figure 3. Lab. recoil velocity distribution of I*(2P]/2) obtained from the TOF distributions

in Fig. 1. The distribution is represented by the recoil speed distribution g(v) and the

recoil speed dependence of the anisotropy parameter f(v) according to Eq. (1). The small

peak in g(v) and the large drop in f(v) observed at v = -1110 m/s are due to the

photodissociation of 12.

Figure 4. Lab. recoil velocity distribution of 1(2P3/2) obtained from the TOF distributions

shown in Fig. 2.

Figure 5. Lab. recoil velocity distributions of I*( 2P1/2) and 1(2P 312 ) at two lab. recoil

angles (0) with respect to the electric vector of the photolysis light. The dots and the solid

curves correspond to e = 00 and 900, respectively. These are reconstructed from the recoil
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velocity distributions shown in Figs. 3 and 4. The small peak at v = -1110 m/s observed

in the 1* channel is due to the photodissociation of 12.

Figure 6. Angular dependence of the translational energy release distributions GO(E) of

1*(2p,/2) and I(2P3/2) as obtained from f(v,0) in Fig. 5. To illustrate the difference

between the distributions at two recoil angles, the distributions are normalized to have the

unit peak height. The dots and the solid curves correspond to 0 = 00 and 90",

respectively. The small peak at E= = -53 kcal/mol observed in the I* channel is the

photodissociation signal of 12.

Figure 7 .Comparison of the theoretical and experimental photon energy dependence of the

average internal energy of CF3. The theoretical results of van Veen et al. (-, Ref. 3)

and Clary (- - -, Ref. 5) are for the dissociation into CF3 + I* due to absorption to the 3Q0

state. The open and filled circles are the experimental results for the dissociation into CF3

+ 1* (no curve crossing) and CF3 + I (curve crossing to the 1Q1 state), respectively,

resulting from absorption to the 3Qo state. The experimental results at 248 nm are those

recalculated from the values of the average translational energy release reported in Ref. 4(b)
using a dissociation energy Do = 53.4 kcal/mol.
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