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CF,NO photodissociation dynamics
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(Received 6 June 1980; accepted 1 August 1980)

The predissociation of CF;NO from 600—680 nm has been studied by monitoring the nascent NO product in

real time using a two-photon laser excited fluorescence (TPEF) technique. The observation that the rate of
production of NO is equal to the rate of decay of excited CF,NO indicates that no long-lived intermediate is
involved in the dissociation. Detection of NO(v" = 3) following 600 nm dissociation sets an upper limit of
33 kcal/mole on the C-N bond dissociation energy. The nascent vibrational and rotational distributions

estimated from the observed TPEF spectra establish that greater than 95% of the NO product is formed in its
ground vibrational state and that all vibrational states are rotationally excited. The rotational excitation is
discussed in terms of the dynamics of the dissociation. Possible predissociation mechanisms are considered.

I. INTRODUCTION

Predissociating molecules appear to be an ideal sub-
strate for exploring state selective photochemistry. !
They are characterized by a structured, well defined ab-
sorption spectrum on the one hand and by a direct, uni-
molecular dissociation channel on the other hand. That
these properties can be used in practical applications
has been demonstrated by recent studies of photochemi-
cal isotope separation® in such molecules as formalde-
hyde®* and s-tetrazine.®® However, these properties
also make it possible to obtain fundamental dynamical
information, particularly for those systems which can
be probed using laser excitation. Recent examples in-
clude H,CO, " ® glyoxal, ®" cyclobutanone, ® s-tetra-
zine, ' NH,, 2 HNCO, # and a variety of van der Waal’s
complexes.® In most of these cases the dissociation
dynamics have been monitored either by observing life-
times and fluorescence quantum yields as a function of
excitation wavelength or by observing product state dis-
tributions at a fixed excitation wavelength. Only a few
studies have combined detailed probing of product state
distributions with tunable excitation (e.g., Ref. 23). In
this paper the predissociation of CF;NO has been ex-
amined by measuring the appearance time, quantum
yield, and energy distribution of the NO product as func-
tions of dissociation wavelength. The results offer in~
sights into the dynamics of the dissociation and into the
predissociation mechanism.

CF;3;NO is a stable, blue gas with a weakly structured
absorption spectrum® whose origin near 716 nm?® lies
well above the dissociation limit for ground state CF3NO.
Predissociation of CF3;NO has been studied previously by
monitoring fluorescence lifetimes in low pressure gas
samples® and in low temperature matrices.® The life-
times were found to be much shorter than that of 36
usec calculated from the integrated absorption coeffi-
cient?” and decreased from a value of 285 nsec at the
origin® to values of 19 nsec at 665 nm and 0. 2 nsec at
550 nm. 28
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We have recently shown that infrared fluorescence®
and two-photon laser excited fluorescence (TPEF)® can
be used to monitor the nascent NO product following
visible laser photolysis of CF;NO. The latter technique
has several advantages. First, it can monitor individual
NO vibrational, rotational, and electronic levels, in-
cluding the ground level. This advantage is significant
since it is found that NO(v =0) is the dominant vibrational
level populated by dissociation at all wavelengths used
in this study. Second, the TPEF method has a higher
sensitivity than does the infrared fluorescence tech-
nique. Finally, the time resolution of roughly 5 nsec
makes it possible to monitor directly the appearance
time of the NO product.

1. EXPERIMENTAL

The nascent NO product of CF;NO photolysis was de-
tected by a two-photon laser excited fluorescence
(TPEF) technique described briefly in a previous pub-
lication.?® A detailed schematic of the experimental ap-
paratus is shown in Fig. 1. Two pulsed dye lasers
(Quanta-Ray, PDL-1), each pumped by a separate
Nd:YAG laser, were used for these experiments. The
first YAG laser (Quanta-Ray, DCR-1) pumped a “red”
dye laser which was tuned between 600 and 670 nm to
dissociate CF,NO via its n~ 7* transition. This laser
produced pulses of roughly 5 nsec (FWHM) duration with
energies of 5-35 mJ, depending on the wavelength. Its
linewidth was approximately 0.5 cm™. The second YAG
laser (Quanta-Ray, DCR-1A) pumped a “blue” dye laser
which was tuned between 450 and 500 nm to excite the
NO dissociation fragment to its A ®>* state via a two-
photon transition. It produced roughly 2—-4 mJ/pulse.
The two dye laser beams were propagated colinearly in
opposite directions through the sample cell and were
each focused to the same spot by a 5 in. focal length
lens. Fluorescence from NO(A 2% was collected by a
10 cm focal length mirror and focused through a filter
(Corning, 7-54) onto a solar-blind photomultiplier tube
(Hamamatsu, R166UH). Different excited states of
CF;NO were prepared by varying the wavelength of the
red laser, while different internal states of the NO
product were probed by varying the wavelength of the
blue laser. Signals were averaged by a boxcar inte-
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grator (PAR, 162/164) and displayed on one channel of

a two-pen chart recorder. The power of the blue dye
laser was monitored by a 4% reflection into a thermopile
(Eppley) and recorded on the second channel of the two-
pen chart recorder. Because the optimal alignment of
the two lasers would have caused eachlaser to propagate
into the cavity of the other laser, filters (Corning 5-56
and Schott RG495) were used to prevent the red and blue
beams from entering the cavity of the alternate laser.

The timing of the two laser pulses was controlled by
a clock and delay circuit. The first output pulse from
this circuit simultaneously triggered the flashlamps of
the two YAG lasers-at a 10 Hz repetition rate. A second
pulse, delayed by ~ 250 usec from the first, triggered
a fast delay generator (Evans, 4141-1) which produced
two pulses, a reference pulse (REF), and a delayed
pulse (DEL), separated by 0-10000 nsec with <5 nsec
jitter. For experiments in which the delay time between
the laser pulses was held constant, the REF and DEL
pulses were used to trigger the @ switches of the YAG
lasers pumping the red and blue dye lasers, respective-
ly. The actual timing of the two dye laser pulses was
monitored by two identical photodiodes {Hewlett Packard,
5082-4220) placed on either side of the photolysis cell.
The jitter between the output pulses was less than 5
nsec. For experiments in which the delay time between
the laser pulses was scanned continuously, the DEL
pulse was used to trigger the YAG laser pumping the
red dye laser, while the REF signal was used to trigger
a boxcar integrator (PAR, 160) which was used simply
as a variable delay generator. The gate output from
this boxcar triggered the YAG laser pumping the blue
dye laser. As the gate was scanned in time, the blue
laser was triggered at successively longer delays rela-
tive to the red laser. The scan rate of the signal re-

cording boxcar (PAR, 162/164) was set to match the
scan rate of the triggering gate. Thus, the total inte-
grated fluorescence from the NO fragment was still
monitored, but it was probed at continuously variable
delays with respect to the photolysis pulse from the red
laser.

Flowing CF,NO samples were always used when
NO(v =0) excitation spectra were recorded by TPEF.
This precaution was necessary because some NQ{v =0)
from previous photolysis pulses always remained in the
cell when static samples were used. The background
signal due to prior photolysis was determined to be
negligible when the flow system was used. Some back-
ground NO signal was also caused by dissociation of
CF,;NO by the blue dye laser. However, this background
was determined to be <5% of the total intensity for any
rotational line in the NO spectrum.

For standardization purposes the two-photon laser in-
duced fluorescence spectrum of pure NO at room tem-
perature was recorded using only the blue laser in con-
junction with the fluorescence collection and detection
apparatus described above.

Trifluoronitrosomethane (PCR, Inc.) was pumped on
at 77 °K to remove NO and was distilled from a pentane
slush bath (143 °K) to remove decomposition products.
Nitric oxide (Matheson) was purified by trap to trap dis-
tillation at 77 °K. Photolysis of CF;NO was performed
both on static and on flowing samples. A flow system
similar to that used here has been described elsewhere.?
However, since different cells were employed, the flow
rates were somewhat slower. Cell pressures were
monitored with a capacitance manometer (MKS, model
221, 221A, or Trutorr).

J. Chem. Phys., Vol. 73, No. 10, 15 November 1980
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1Il. RESULTS
A. Vibrational energy of the NO fragment

Figure 2 presents the raw data obtained from the
TPEF technique following dissociation of CF;NO at
600 nm. The bands marked a and b are due to transi-
tions from the ®Il,,, spin component of the NO(X) state,
which lies 124.2 cm™ above the 21]1/2 component. The
latter gives rise to the bands marked ¢ and d. Exten-
sive rotational excitation prevents a simple estimate
of the relative vibrational populations. In order to deter-
mine these populations more accurately, an excess of
argon was used to ensure complete rotational and elec-
tronic (*,,,~ %M,,,) relaxation. Under these conditions
the intensity of the v’ =v-v' =0, O, + Py, band head of
the zl'Il/z transition, labeled d in the figure, was taken
as a measure of the total population for each v’ =v level.
The relative intensities were corrected for the Franck—
Condon factors®® and for the difference in probe laser
intensity at the wavelengths employed. In preliminary

NASCENT NO(V") TPE
SPECTRA
d

A. PCF3N0=O'I torr

— N o

[o]

L
492

1 1

494 496
XLASER( nm)

FIG. 2. TPEF spectra of nascent NO(w '’ =0, 1, and 2) pro-
duced by photolysis of CF;NO at 600 nm. The transitions moni-
tored are identified by the energy level diagram at the left.

The intensity scale is different for each of the three spectra.

CF;NO photodissociation dynamics 5083

O+

| o>—]—2
. ° T °© o |
NO(v=0) )
o 1 1 1 i
A
q_’ l\ T T ]
> AN
g 0031 N +0.08
> \\
€ o N,
o] N\
=1 N
54 N 40.06
Qo \\
> 0.02F o] \\
= [}
% ‘e— \Q \\
x N —0.04
~
~
0.0 F \0
~ d0.02
NO(v=1)
O 1 1 1 1 O
600 620 640 660

Dissociotion Wavelength (nm)
FIG. 3. Relative populations of NO (v’ =0) and NO (v’'=1) as
a function of dissociation wavelength, Figure 3(a) (upper) shows
the variation in v '/ =0 yield, while Fig. 3(b) (lower) displays
the variation in the (v "' =1)/(v "' =0) ratio. The dashed line and
the right-hand ordinate in Fig. 3(b) give the ratio expected on
statistical grounds.

experiments it was found that the NO TPEF signal varied
as the 1.3 power of the (blue) probe laser intensity. In
determining the vibrational distribution for 600 nm pho-
tolysis, a sample of 0.4 Torr CF;NO in 102 Torr of ar-
gon was irradiated, and the probe laser pulse was de-
layed by 80 nsec with respect to the photolysis pulse.

As discussed in Sec. IVC.1, thisdelay is too short to
allow appreciable vibrational energy transfer. The rel-
ative populations in the »’'=0, 1, 2, and 3 levels werede~
termined to be 1.0:0.03:0.01:0.003. Due to signal-to-
noise considerations and uncertainties introduced by the
correction procedure, these numbers are probably ac-
curate only to within 50%. Population of the v’/ =4 level
was probed by attempting to detect TPEF after excita-
tion of the v’/ =4—¢' =1 transition; no signal was ob-
served. The Franck-Condon factor and the laser inten-
sity used for this measurement place an upper limit of
0. 0007 on the (v''=4)/(v"' = 0) population ratio.

The relative quantum yields of NO(y = 0} and NO(v =1)
were measured point by point at several CF;NO photo-
lysis wavelengths between 600 and 670 nm. The delay
time between the photolysis and probe laser pulses was
10~-20 nsec, while the sample pressure was 0.10 Torr
of CF3;NO in 100 Torr of argon. The results, which are
corrected for the wavelength variations of CF;NO ab-
sorption coefficient and photolysis laser intensity, are
displayed in Figs. 3(a) and 3(b). The ordinate of these
figures requires some explanation. The quantum yield

J. Chem. Phys., Vol. 73, No. 10, 15 November 1980
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FIG. 4. Excitation spectrum for the v ""=1—+v =0, 0, branch

of (a) pure NO at room temperature and (b) NO(v’’=1) prod-
uct of 600 nm photodissociation of CF3NO.

of NO{v =0) was roughly constant with photolysis wave-
length; its average was set to 1.0 for reasons to be dis-
cussed in Sec. IVB. The quantum yield of NO(v =1)
relative to NO(v =0) was then determined as described
above and found to decrease with increasing wavelength
as shown in Fig. 3(b). The dashed line in the figure will
be discussed in Sec. IVC.1. NO(v =1) infrared fluores-
cence® was also measured as a function of excitation
wavelength and found to give results similar to those
presented here. %

B. Rotational energy of the NO fragment

The rotational energy distribution of the NO(*Il,,,)
fragment was measured using the two-photon laser in-
duced fluorescence technique following photolysis of
CF,NO at wavelengths of 670, 640, and 600 nm. The
CF;NO pressure was 0.1-0.3 Torr, while the delay
time between photolysis and probe pulses was 10-20
nsec. The O,, branch, marked a in Fig. 2, was chosen
for estimating the extent of rotational excitation since
this branch is well separated from other branches and
since single rotational lines are easily assigned. The
excitation spectra for the v’'-»'=0-0, 0,, branch,
published as Fig. 1 of Ref. 29, employed a photolysis
wavelength of 670 nm and a CF3NO pressure of 0.1 Torr.
The excitation spectrum for the v’'~v'=1-0, Oy,
branch, shown here in Fig. 4, employed a photolysis
wavelength of 600 nm and a CF4NO pressure of 0. 27
Torr. Figure 4(b) displays the spectrum of the nascent

Roellig, Houston‘, Asscher, and Haas:
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NO fragment from the CF,;NO photolysis, while Fig. 4(a)
shows that obtained from 10 Torr of pure NO at room
temperature. For the v’ - v’ =1~ 0 spectrum of Fig. 4,
as well as for the v’' ~ v’ =0-~ 0 spectrum of Ref. 29, the
relative population of the J''=8.5-15.5 levels of the NO
dissociation fragment is much greater than the popula-
tion of the same J'' levels in pure NO at room tempera-
ture.

C. Electronic energy of the NO fragment

Spin relaxation rates (*Il;,,~ ?I;,,) in NO at room
temperature are almost gas kinetic, *! so that estimates
of the extent of electronic excitation in the ?[;,, compo-
nent must be made at very low pressures. Even under
these conditions, however, the overlap of rotational
lines and the possibility that different electronic states
have different rotational distributions prevent any quan-
titative comparison between the population of the two
spin components. Qualitatively, however, our data
suggest that the electronic distribution may be depen-
dent on photolysis wavelength. The complete TPEF
spectra of NO(v"' =0) following photolysis of CF,NO at
600 and 670 nm are shown in Figs. 5(a) and 5(b), re-
spectively. The change from 600 to 670 nm in the in-
tensity ratio between the O, or O,;+ P, band head of
the %I, , state compared to the O,, or O, + P, band head
of the 21'11/2 state suggests that the population of the up-
per 2H3,2 state increases with decreasing dissociation
wavelength.

. . . , . . -
a Ozi+Py
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O22+Pi2
w
S
] Oz
o
»
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FIG. 5. Complete two-photon excitation spectrum of NO(y '’ = 0)
produced by (a) 600 nm and (b) 670 nm dissociation of CF;NO.
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FIG. 6. Appearance time of the NO (v '/ =0) TPEF signal at two
photolysis wavelengths.

D. Appearance time of the NO fragment

The appearance time of NO(v =0) was measured by
varying the time delay between the dissociation and
probe laser pulses. Because v =0 is the most populated
level of the NO product, the Oy + Py, band head was
probed on the X(»'’ =0) - A(v’ =0) transition. Figure 6
displays the time dependence of the NO concentrations
observed following photolysis of 0.11 Torr of flowing
CF3NO at 670 and 600 nm. These signals, as well as a
similar one taken at 650 nm, each display an exponen-
tial rise with the respective time constant listed in Ta-
ble I. The comparison of these time constants with the
CF;NO fluorescence decay times will be discussed be-
low.

1V. DISCUSSION
A. The TPEF technique

The use of TPEF for the quantitative measurement
of product yields depends on two assumptions: (i) that
the quantum yield of excited product fluorescence does
not depend on the excitation wavelength, and (ii) that the
relative intensities of rovibrational lines for a given
electronic transition can be obtained from the Franck-
Condon factors and the populations of the lower level in-
volved in the transition. The first assumption is cer-
tainly valid under the experimental conditions employed
for our experiments. Excitation was always to the
NOA(v =0) state, for which the fluorescence properties
are well known.3*** The quantum yield for fluorescence
is essentially unity at the low pressures used in this ex-
periment. However, the efficient quenching of NOA (v’
=0) by CF,NO, measured in separate experiments to
proceed at kg =2.2x 10" sec™ Torr™!, introduced small
but strainghtforward corrections when comparing spec-
tra taken at slightly different CF;NO pressures.

The second assumption is less well founded since the
two-photon cross sections are known to depend on po-
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larization®® and since the relative intensities of differ-
ent rotational transitions may not be related to popula-
tions in a straightforward manner. However, it has
been found previously that the known Franck~Condon
factors® for the X(v’’ =0)~ A (v’ =0-3) transitions ac-
count reasonably well for the relative intensities of the
TPEF bands. 3 The dependence of relative intensity on
rotational population was checked by simulating the
X" =0)~A{v' =0) TPEF spectrum of room tempera-
ture NO. The method, described below in Sec. IVC. 2,
gave good agreement with experiment. In summary, it
appears likely that assumptions (i) and (ii) are both
valid under the conditions used for our experiments.

B. Dissociation mechanism

Our results strongly support the hypothesis that the
NO fragment arises from predissociation from the S,
state of CF;NO. If dissociation were due to absorption
to an underlying continuum, then the rise time of the
NO product would be expected to be much more rapid
than that observed in our experiments. Further evi-
dence presented elsewhere®® comes from the compari-
son of the wavelength dependence of NO(v =1) yield with
the excitation spectrum of S, fluorescence. These two
spectra are structurely similar in the region from 654~
678 nm.

Our data also exclude the involvement of a long-lived
intermediate in the predissociation. Consider the dis~
sociation mechanism

CF,NO—*CF,NO* , (1)
CF,NO*2%% CcF,+ NO, )

where radiative and collisional quenching are assumed
to be negligible. The time dependent changes in NO con-
centration are given by

d[NOJ/dt = k4 [CF,NO*| , (3)

whereas the concentration of CFaNO* at any time ¢ fol-
lowing the excitation pulse is given by conservation of
matter:

[CF,;NO*], =[CF,NO*], - [NO], . (4)
Equations (3) and (4) have the following solution:

[NOJ, =[CF;NO* ], [1 - exp(- kgyes )] (5)

[CF;NO*], =[CF3NO* )y exp(~ kyust) - (6)

Thus, the decay time of the excited CF,NO and the ap-

TABLE I. Comparison between NO appearance time and CF;NO
lifetime.

Excitation

wavelength 670 nm 665 nm 650 nm 600 nm
NO appearance 18.1

time (nsec) 19 v 8.8 4.3
CF;NO lifetime® e 19 10 3.2

3The time resolution of experiment was equal to the observed
appearance time.
bFrom Ref. 26.

J. Chem. Phys., Vol. 73, No. 10, 15 November 1980
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pearance time of the NO fragment should be identical.
Table I compares the appearance time data of Sec. IIID
with the CF,NO* lifetime data measured by Spears and
Hoffland.® If a long-lived intermediate were involved
in the dissociation, then the appearance time of the NO
fragment would be longer than the decay time of S,
CF;NO. The good correlation of lifetimes shown in Ta-
ble I rules out this possibility, although it should be
noted that the agreement for A =600 nm may be fortuitous
since the time resolution of our experiments was equal to
the measured NO appearance time in this case.

Data on the wavelength dependence of the NO(v =0) and
NO(v =1) quantum yields indicate that predissociation is
likely to be the major decay channel for excited CF;NO.
The likelihood of this assertion is shown by considering
the counterassumption. We suppose the existence of
an alternative nonradiative decay channel which does
not lead to dissociation. Let the nonradiative decay
rate for this channel be 2'. Then the total nonradiative
rate is (k' + k44, and the total quantum yield for NO is
Baiss/ (B’ +RByges). Summation of the quantum yields for
NO(v =0) and NO{v =1) in Fig. 3 shows that the total
guantum yield of NO is essentially constant with dissocia-
tion wavelength. However, it is known that the total non-
radiative rate increases dramatically from 20 nsec™! at
670 nm to 3 nsec™ at 600 nm. % If ky ./ (k' +ky,.) 1S tO
remain constant while (&’ + ky,,) changes by nearly an
order of magnitude, then either k4, > &’ or &' > kg,
with kg, /k’ €qual to a constant, It seems unlikely that
the two different nonradiative decay rates would vary with
wavelength in such a way as to keep kq,,,/#’ constant.
Therefore, we conclude that k4, > k', or that predis-
sociation is the major decay channel for excited CF;NO.

The presently available data do not adequately deter-
mine the type of predissociation mechanism. Three
possibilities are shown schematically in Fig. 7. Be-
cause potential energy curves are not available for
CF;NO, those shown in Fig. 7 are based on calcuated
curves for the similar HNO molecule.?""*" The loca-

#
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Sal'A) \ n
>
(4] N
14
w
z
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FIG. 7. Possible CF;NO predissociation mechanisms.
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TABLE II. Parameters describing vibra-

tional predissociation.

s E, (em™) A (sec™)
12 225 7.9% 108
11 244 7.8%x 108

10 266 7.7%x108
9 293 7.6%10°
8 325 7.5% 108
7 365 7.3x108
6 417 7.0% 108
5 485 6.7%x10°
4 580 6.3x 10
3 716 5. 7% 108
2 913 4.7%x108

tions and heights of the barriers on the S; and T curves
are highly speculative.

The highest energy dissociation pathway shown in Fig.
7 involves vibrational predissociation. If dissociation
takes place by this route, then the lifetime of the ini-
tially excited state should be determined by the rate of
energy redistribution on the S, surface. The appearance
rate of the NO fragment should increase with increasing
energy in accordance with the statistical formulations
of unimolecular dissociation. This increase is indeed
observed (Table I), but a simple calculation indicates
that the magnitude of the increase is not easily accounted
for by RRK theory. The unimolecular rate constant g4,
may be written as

kdlss(E) =A [(E "EO)/E]S-1 ] (7)

where E is the energy above the zero point energy level
(on the S; surface), E, is the barrier height above the
zero point energy level, and s is the effective number of
oscillators. By using Eq. (7) one can obtain the dissoci-
ation rate constant ratio which should be observed when
comparing two different excitation wavelengths. The
equation fits the experimental data obtained for dissocia-
tion rates at 600 and 670 nm (Table I) only for the choices
of s, E,, and A shown in Table II. Although the barrier
heights seem reasonable, the values of A are certainly
much too low to be realistic. We conclude, therefore,
either that the RRK theory is not appropriate or that vi-
brational predissociation on the S, surface is not con-
sistent with the experimental data.

The intermediate energy pathway in Fig. 7 corresponds
to dissociation by tunneling through a barrier. As the
excitation energy increases, it is expected that tunneling
will become more rapid and that the rate of dissociation
will increase. Although an increase in dissociation rate
with increasing excitation energy is observed (Table I),
an order of magnitude tunneling calculation predicts a
physically unrealistic barrier when an asymmetrical
Eckhart potential is used as a model. The notation em-~
ployed for the following discussion is that of Johnston.*!
The Eckhart potential is described by the barrier to dis-
sociation V,, the second derivative of the potential at
its maximum F*, and the barrier V, to the reverse as-
sociation reaction. Assuming the origin of the CF;NO S,
transition to be at 720 nm and the CF;—NO bond dissocia-
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TABLE III. Tunneling parameters.
Predicted
vy {em™) o R g1as (600 nm) /By, (670 nm)
20000 10.4 35
40000 8.8 12
80000 8.0 7.9
100000 7.1 7.1
200000 7.1 6.0
300 000 6.9 5.7

aChosen to give k(600 nm)= 4x 107,

tion energy to be 33 kcal/mole, one obtains the relation-.

ship V,=~V,+ 2334 cm™. The probability of tunneling at
each encounter with the barrier is given by the trans-
mission coefficient k(E). Calculations of x(E) were
made using Eqs. (2-15) through (2-22) of Ref. 41 suit-
ably corrected for the errata listed by Garrett and
Truhlar.*® The results are expressed in terms of V,
and a,, where the latter quantity is related to F* through
Egs. (2-15) and (2-16) of Ref. 41. For a given value of
Vi, smaller values of @, imply a narrower barrier.
Since the vibrational frequency in the bound part of the
CF,;NO potential will be on the order of 8 x10" sec™ for
excitation at 600 nm, and since the dissociation rate at
this wavelength is about 3x10° sec™ (Table I), we re-
quire the transmission coefficient « to be about 4% 107,
Table III lists for various values of V, the values of a;,
which give k ~4x10"® for excitation at 600 nm. The
table also lists the predicted ratio of dissociation rates
for 600 nm vs 670 nm dissociation. The observed ratio
is about 6 (Table I). As can be seen from Table III, al-
though several combinations of V, and «, give k(600 nm)
=4x10%, the simultaneous experimental requirement
that kg (600 nm)/%,,,,(670 nm) =6 implies an unreason-
ably high (V,=200000 cm™) and narrow (o, =7.1) bar-
rier. We conclude, therefore, that tunneling is not like-
ly to be the mechanism for CF;NO predissociation.

The lowest energy pathwéy in Fig. 7 corresponds to a
two-step dissociation involving S,y or 7', as intermedi-
ates:

CF,NO(S,) - CF;NO(S, or T,) , (8)

CFaNo(SO or Tl) - CF3 +NO . (9)

In order for the NO appearance time to be no longer than
the S, decay time, we require 2y>k;. The rate constant
for the first step may be written as*

ky=2nVi/h=17, (10)

where V is the coupling matrix element between the two
states and p is the density of levels in the acceptor state.
T.r iS the nonradiative lifetime which, for our case, is
nearly equal to the observed lifetime. Equation (10) may
be used to calculate the strength of the coupling matrix
element from the observed lifetimes and the calculated
density of states. The latter quantity was obtained from
the semiclassical expression*

Es-l

PE) = DT,

(1)

. surement.
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where s is the number of oscillators and v;{(i=1 to s)
are their frequencies. This expression neglects the
contribution from the zero point energy of the vibra-
tions and provides a lower estimate to the level density.
The energy available to the T, molecules at a given ex-
citation wavelength was estimated by assuming that for
CF,NO the ratio of the energy difference between T, and
S, to that between T, and S, is equal to the calculated
ratio for CH;NO.* The vibrational frequencies of
S(,CFaNO46 were assumed not to change appreciably for
the T, state. Equations (10) and (11) were used to cal-
culate the required coupling matrix elements at excita-
tion energies of 16670 cm™ (600 nm) and 14920 cm™
(670 nm), as summarized in Table IV. Although no cal-
culation of the S§,-S, or §,-T, coupling elements is avail-
able for CF4NO, the values in Table IV are smaller than
those used to explain the coupling in other n-7* systems
such as formaldehyde.*" % We conclude that S; or T,
could provide a dissipative manifold for S; CF;NO and
that predissociation might take place through an S, or

T, intermediate. In either case the coupling between

Sy or T, and the continuum would have to be strong
enough so that kg >k,; if the triplet is involved, its bar-
rier to dissociation must be small.

C. Energy distribution of the NO fragment
1. Vibrational energy

It is extremely unlikely that the vibrational distribu-
tions measured in Sec. IIl A are significantly relaxed
from the nascent distributions. For these experiments,
the two-photon probe pulse was delayed 80 nsec from
the photolysis pulse, while the pressures of CF;NO
and argon were 0.4 and 102 Torr, respectively. The
known rate of NO(v =1} deactivation by CF,NO® or ar-
gon®® can be used to calculate a vibration-to-translation
relaxation time of 1073 or >2.5%102 sec, respectively.
Since these times are substantially longer than the 1077
sec pulse delay, it is clear that vibration-to-translation
energy transfer could not have occurred during our mea-
Vibration-to-vibration energy transfer may
also be ruled out. Assuming that all the CF4NO in the
beam is dissociated and that 4% of the NO product is in
v =1, then the known rate for 2NO{y = 1) - NO(v = 2)
+NO(v =0)°® can be used to calculate a vibration-to-vibra-
tion relaxation time of 500 usec. Since this relaxation
time is also much longer than the delay time employed,
we can safely conclude that the measured vibrational
distribution is the nascent distribution.

Our observation of NO{v =3) at a dissociation wave-
length of 600 nm places an upper limit on the CF;—NO
bond dissociation energy of 33 kcal/mole. Although the
difference between the photon energy and the NO(v = 3)

TABLE IV. Calculated densities and coupling elements for
CF;NO.

Energy Tote p(Sy o(Ty) V(sy v(Ty)
(cm™) (sec) (cm) (cm) (cm™) {em™)
16670 3% 107 5.6% 10° 2.8x10? 5.6% 107 2.5%107
14920 2% 1078 1.7%x10° 2.2x10! 3.9%10° 3.0x10%
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FIG. 8. (a) Relative NO vibrational populations observed follow-
ing 600 nm photodissociation of CF;NO. The solid line gives

the observed vibrational distribution, while the dashed line

gives the distribution expected on statistical grounds. (b) Vi-
brational surprisal as a function of the fraction of available
energy which appears in the NO vibration.

energy is only 31 kcal/mole, analysis of the CF,NO
n-m" spectrum suggests that absorption from hot vibra-
tional modes having as much as 1.8 kcal/mole in ener-
gy may contribute to the dissociation. Our upper limit
is in good agreement with the previously measured bond
dissociation energy of 31 kcal/mole, °* but is much lower
than the recently reported value of 42 kcal/mole, *2

A surprisal analysis!’®® of the NO vibrational popula-
tion shows that less NO(v’/ =1) but more NO(»'' =2 and
3) is produced by the dissociation than would be expected
on prior grounds. The prior distribution was determined
by assuming equal probabilities for all product quantum
states which are permitted by conservation of energy.
The NO(v'’ =v)/NO(v'’ =0) ratio is then given simply by
the ratio p(E, v)/p(E, 0), where p(E,v) is the density of
product states which have a total energy of E with v
quanta in the NO vibration. Evaluation of p(E, v) was
performed by following the procedure outlined by Bogan
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and Setser.’* Equation (3) of Ref. 54 was integrated
numerically using the known vibrational and rotational
constants of NO®® and the reported vibrational frequen-
cies of CF;.% A direct counting procedure was used to
calculate the degeneracies and energies of the CF; lev-
els, " while the available energy was calculated from

the difference between the excitation energy and the bond
dissociation energy.?' The resulting NO prior distribu-
tions are plotted as the dashed lines in Figs. 3(b) and
8(a). Figure 8(b) displays the surprisal I =— In[P(v)/
P%uv)]as a function of the fraction of avaitable energy
appearing in the NO vibration. While more NO(v'' = 2)
and NO(v'’ =3) is produced by the dissociation than would
be expected on prior grounds, less NO(v'/ =1) is produced
than expected at all dissociation wavelengths examined in
this study. The surprisal for the NO(»'’ =1)/NO(v’’ = 0)
ratio is essentially constant as a function of dissocia-
tion wavelength. The nonlinear surprisal plot in Fig.
8(b) indicates that there is more than one constraint on
the vibrational distribution of NO. This result is con-
sistent with the coexistence of more than one dissocia-
tion mechanism, though it cannot be taken as proof. In
the present case, dissociation on two different electronic
surfaces, e.g., T, and S;, could possibly lead to two
different vibrational distributions, each having a linear
surprisal plot, whose sum gives the plot of Fig. 8(b).
The limited number of v’’ states observed precludes a
meaningful deconvolution of this plot.

2. Rotational energy

It is likely that the rotational excitation spectra shown
in Fig. 4(b) of this paper and in Fig. 1(b) of Ref. 29 probe
the nascent rotational distribution from CF;NO photolysis.
At the CF4NO pressure of 0.1-0.3 Torr used for these
experiments there are =1 hard sphere collisions in the
delay time of 10-20 nsec between photolysis and probe
pulses.

A qualitative evaluation of the rotational energy dis-
tribution can be made by comparing the excitation spec-
trum for the NO dissociation product in v'' =1 or v’/ =0
with that for pure NO at room temperature in v’ =1 or
»''=0 [i.e., by comparing Figs. 4(b) and 4(a) of this
work or by comparing Figs. 1(b) and 1(a) of Ref. 29].
The fact that the product NO spectrum peaks at higher
J’’ than the pure NO spectrum in both cases indicates
that the product NO rotational degrees of freedom are
highly excited.

A quantitative evaluation of the rotational energy dis-
tribution has been performed by rotational contour analy-
sis of the excitation spectra for the NO(v'’=0) product
from 600 and 670 nm CF3NO photolysis and for the
NO(v'' =1) product from 600 nm photolysis. More ac-
curate analyses could not be performed because of the
overlap of rotational transitions within the O, branch.

It was assumed for simplicity that the nascent rotational
distribution was Boltzmann and that each rotational tran-
sition has a Gaussian line shape. A simple computer
program was written to simulate the O,;-branch two-
photon excitation spectrum. The input parameters to
the program were the Boltzmann temperature, the
ground and excited state rotation constants, the zero
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Laser Induced Fluorescence

Laser Induced Fluorescence

474% 4745 4748
N (nm}
FIG. 9. Calculated and observed NO TPEF spectra showing

rotational distribution of {a) pure NO (v ‘’=1) formed by photoly-
sis of CF3NO at 600 nm. The calculated spectra assume Boltz-
mann temperatures of 298 and 900°K, respectively.

point transition frequency, and the Gaussian linewidth.
Rotational constants for NO were taken from Huber and
Herzberg®: B} =1.69611 cm™, B{ =1.67854 cm™, and
B} =1.98679 cm™!. The transition frequencies are given
by58

v=vy+(15/4) B’ —(4B' +B"")J'' +(B' +B")J''*,  (9)

where vy=44080.5 or v,=42204.1 cm™ is the frequency
of the ' =2’ =0~ 0 or 1—~0 transition, respectively, %
and B’ and B’/ are the rotational constants of the ap-
propriate vibrational level in the 2Z* and %1;, , states,
respectively. Transition intensities were assumed to
be simply proportional to a Boltzmann factor for the
ground state population weighed by an average degenera-
cy of the ground and excited states:

T =(J' +J" + D exp[-B"' J''(J'" +1)/kT] . (10)

A Gaussian linewidth of 1.0 cm™! was chosen to corre-
spond roughly with the laser linewidth. The peak inten-
sities of the observed spectra were then fit by varying
the temperature. At a temperature of 298 °K the fits to
the rotational intensities of the v''=4'=0~0and 1-0
excitation spectra of pure NO were excellent; the former
fit is shown in Fig. 9(a). The good agreement supports
the validity of the method, as discussed in Sec. IVA.
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For the NO(v'’ =1) product of CF;NO photolysis at 600
nm, the Boltzmann distribution gave the best fit to the
observed spectrum at a temperature of 900 °K. The
calculated and observed spectra are displayed in Fig.
9(b). Calculated spectra with temperatures between
700 and 1100 °K did not give a noticeably better fit to
the observed spectrum than did the calculated spectrum
at 900 °K. The calculated spectral intensities show the
largest discrepancies from the experimental intensities
in the region where several rotational lines overlap.
The calculated transition frequencies and, in particular,
the degree of overlap in the band head region are very
sensitive to the values chosen for B’' and B'. Thus,

the largest errors are expected in this region. Fits
similar to the ones shown in Fig. 9 were also obtained
for the rotational distributions of NO{¢v’’ =0) produced
by photolysis at 600, 640, and 670 nm. The best fits
were obtained at the temperatures 1100 +200, 1000 + 200,
and 900 +300 °K, respectively. To within the error
limits of our calculations, the rotational temperatures
were the same for the NO(v'’ =0) fragments from CF;NO
dissociation at 600, 640, and 670 nm and for both the
NO(»'’ =0) and NO(¢’’ =1) fragments at 600 nm.

A simple calculation shows that conservation of angu-
lar momentum does not limit the amount of rotational
excitation in the NO product. The required momentum
can come either from the torque applied to the NO by
the recoil of the fragments or from preparation of high
CF;NO torsional levels by the photolysis laser. We
consider dissociation of CF;NO at 670 nm, for which
the NO(v’' =0) excitation spectrum is fit by a Boltzmann
distribution at a rotational temperature of 900+ 300 °K.
The average angular momentum for the NO fragment in
this distribution is 14 #. The assumption that all of this
momentum comes from the fragment recoil would require
that L, the angular momentum associated with the half-
collision between the CF; and NO fragments, be equal to
at least 14 #. The maximum value of L is L., = U0y b,
where u =20.9 amu is the reduced mass of the recoil
fragments, v,,,=2.2%10° cm/sec is the maximum re-
coil velocity consistent with conservation of energy at
A; =670 nm, and b is the impact parameter. The C-N-O
equilibrium bond angle is 112.4°, while the equilibrium
NO bond length is 1.198 A.% If the recoil takes place
along the original C~N bond, then 5=0.64 A and L_,,
~45 k. It is evident that the recoil can provide more
than enough angular momentum to cause the observed
degree of NO rotational excitation. Alternately, angu-
lar momentum in the fragments could arise from excita-
tion of high torsional levels of CF;NO. The ground and
excited states of CF3;NO have stable conformers in which
the NO bond is eclipsed or staggered, respectively, with
reference to the CF bonds. Electronic excitation there-
fore promotes torsional motion about the CN bond. The
vibration—rotation energy available to the S, CF;NO
molecule is > 1000 em™ for dissociation at 670 nm, the
longest wavelength investigated. If even 140 cm™! of
this energy were to excite the torsional modes, then
the angular momentum of the NO torsion relative to the
CF; would be sufficient to account for the observed rota-
tion in the NO product fragment. Consequently, it ap-
pears that the angular momentum needed for rotational
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excitation of the NO fragment can come either from the
fragment recoil or from the torsional excitation of
CF;3;NO.

Less rotational energy appears in the NO fragment
than would be expected on statistical grounds. The prior
rotational distribution was calculated as P°(J) =p(E, v, J)/
Ss(E,v,J). The density p(E, v,J) was determined by
omitting the summation over J in the rhs of Eq. (3) of
Ref. 54 and proceeding as described above for the prior
vibrational distribution. The prior rotational distribu-
tions were very nearly Boltzmann and had temperatures
ranging from 1400 °K for the NO(» = 0) product of CF,NO
photolysis at 600 nm to 1025 °K for the NO(v =0) product
of photolysis at 670 nm. The prior rotational distribu-
tion for the NO(v = 1) product of 600 nm photolysis had a
Boltzmann temperature of 1000 °K. In all cases these
temperatures are somewhat higher than the Boltzmann
temperatures which best {it the observed laser induced
fluorescence spectra. However, the differences may not
be significant due to the large error limits on the tem-
peratures calculated by contour analysis.

3. Electronic energy

The small separation of the two spin components of the
ground ’Il state and the higher degeneracy of the upper
one lead to a prior population ratio of about 1:1. Com-
parison between two-photon excitation spectra of the NO
fragment produced by 600 and 670 nm photolysis of
CF;NO (Fig. 5) suggests that the NO electronic distri-
bution changes with dissociation wavelength. The Oy,
and Oy, + Py, band heads of the %I, , state are much
more intense at 600 nm than at 670 nm so that the con-
centration of electronically excited NO appears to in-
crease with decreasing photolysis wavelength. Since
any variation in the rotational distribution with dissocia-
tion wavelength would also affect the relative intensities
of the band heads, some caution must be used in making
this interpretation. However, the preceding section has
shown that the rotational distribution is rather insensi-
tive to the photolysis wavelength over the range from
600-670 nm. It seems likely, therefore, that decreas-
ing CF3;NO photolysis wavelengths favor production of the
upper 2I1,,, component of the NO fragment.

V. CONCLUSION

The appearance time, quantum yield, and energy dis-
tribution for the NO product of CF3NO photodissociation
have been monitored as functions of dissociation wave-
length. These studies show that the lifetime of excited
CF;NO is controlled by a rapid radiationless process
which leads to dissociation. Although the exact mecha-
nism of predissociation is not yet known, the most like-
ly possibility involves the S; or T; state as an intermedi-
ate. Less rotational excitation and less NO(v =1) are
produced by the dissociation than would be expected on
statistical grounds. On the other hand, more NO(v = 2)
and NO{v =3) is produced than expected. The nonlinear
surprisal suggests the presence of more than one dis-
sociation channel.

While much has been learned about the photophysics
of the CF;NO predissociation, a great deal of informa-
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tion remains to be uncovered. In this study the energy
distribution of the NO fragment has been probed as a
function of dissociation wavelength but not specifically as
a function of the state of CF3NO which is excited. The
latter study was precluded by the complicated nature of
the room-temperature CF;NO absorption spectrum. It
would be interesting to know in particular how torsional
excitation of CF;NO* affects the appearance time and
rotational distribution of the NO product. The spectrum
of CF;NO cooled by expansion through a supersonic noz-
zle has recently been observed to show a very simple
progression in the torsional mode.®'%! Therefore, it is
likely that a study of CF,;NO photodissociation in a su-
personic beam will provide answers to questions concern-
ing the relationship between the initially excited state and
the final product states. The pulsed nozzle source for
such a study has recently been constructed in our labora-
tory. Other unanswered questions concern the partition-
ing of energy into the CF; internal degrees of freedom
and into the relative translation between the CF; and NO
fragments. Since less internal energy is found in the
NO than would be expected on statistical grounds, more
energy than expected must appear in the CF, fragment
or in translation. The excitation appearing in the CF;
fragment might be monitored by observing infrared
fluorescence from this species, as has been done pre-
viously for the NO fragment of CF,NO photolysis® and
for the CH; and CH,l fragments of CH;l and CH,l, pho-
tolysis.® The translational energy distribution might

be measured in a beam apparatus by timing the flight

of the NO fragment from the location of dissociation to
the location of detection. Finally, the appearance times
of different NO vibrational levels might be monitored to
establish whether they all come from the same poten-
tial energy surface. The accessibility of the CF,;NO
absorption to powerful pulsed lasers and the possibili-
ties for monitoring the final states of the dissociation
products make this predissociative system an ideal can-
didate for further study.
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