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in the photodissociation of ICN at 249 nm
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Cyanogen iodide (ICN) is photodissociated at 249 nm. The CN X °* photofragment is
probed by sub-Doppler laser-induced fluorescence (LIF), allowing the extraction of recoil
velocity anisotropies and branching ratios to the two iodine atom spin-orbit states I(*P,,, )
and I(*P,,, ) as a function of the CN (v = 0) rotational state. The quantum yield for I(*P,,, )
production ®,. is found to be 43% + 3%, in excellent agreement with the recent diode laser
spectroscopic measurement of Hess and Leone. The population of the F, and F, spin-rotation
doublet components shows nonstatistical behavior over a wide range of N for both I atom spin—
orbit state exit channels. The results suggest that trajectories leading to I(*P,,, ) evolve on an
essentially collinear surface; the CN fragments being found in low rotational levels with almost
limiting values of the system anisotropy parameter (5 = 1.85 to 1.9). This value of 3 yields an
estimate for the dissociative lifetime [CN X ?2+* v =0, N=0; I(*P,,,)] of 90 4 15 fs at this
photolysis wavelength. There is evidence that trajectories leading to I(*P,,, ) + CN(v =0) in

intermediate N levels have sampled a bent surface, indicating that multiple curve crossings
occur in this channel. The nature of trajectories correlated to I(*P,, ) is very complicated,
with clear evidence for a mixed parallel and perpendicular initial transition and subsequent
curve crossings. The CN (v = 0) fragments formed in conjunction with this channel are found
predominantly in medium to high rotational quantum states. The system anisotropy
parameters vary as a function of N, being negative at low N and becoming positive at high N.
An analysis of the correlation between fragment velocity and rotation yields results
inconsistent with a pure parallel or perpendicular excitation. We present a model involving
three interacting surfaces, by which we can reconcile all major experimental observations at

this photolysis wavelength.

I. INTRODUCTION

Certain small molecules continue to serve as benchmark
systems for the development of photodissociation experi-
ments and the understanding of photodissociation dynam-
ics.'® Of these, the photodissociation of ICN in the first
absorption band, the “4 continuum,” remains one of the
most highly studied contemporary systems.’*' Theoretical
interest in ICN stems from a number of factors.”'® First of
all, we note the potential simplicity of the dissociation of a
triatomic molecule whose fragments are theoretically quite
tractable. Secondly, the ICN 4 continuum is believed to be
primarily a linear—linear transition, so that the resulting dy-
namics can be easily visualized in three dimensions. Finally,
the large spin—orbit interaction of the iodine atom presents a
number of subtle and intriguing complications involving
curve crossings and other nonadiabatic interactions in the
photodissociation dynamics.

ICN is also appealing from an experimental point of
view.?*! It is easy to handle, has an absorption band in a
region of the electromagnetic spectrum readily accessed by
current laser systems, and yields photolysis products (I and
CN) that are also easily probed by a large variety of laser-
based diagnostic techniques.

Despite many experimental studies performed on this
system, the photodissociation dynamics remain poorly un-
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derstood. The most glaring and fundamental gap in our
knowledge concerns the numbers and symmetries of the
electronic states comprising the 4 continuum. Moreover,
there is persuasive evidence that the time evolution of the
dynamics on these surfaces cannot be discussed in a separat-
ed, adiabatic formalism and that it is necessary to consider
the coupling of these surfaces.

Various salient features emerge from previous experi-
mental studies of this system. The work of Ling and Wil-
son’' and Nadler et al.*' indicates that, for 266 nm photoly-
sis, the fragments are produced from electronic
transition(s) of essentially “parallel” character with subse-
quent rapid dissociation. The work of Fisher e al.,”® Marin-
elli ez al.,”” and O’Halloran et al.,’” analyzing the rotational
distributions of the CN (X,v) fragment, indicates highly
nonstatistical population distributions, even to the extent
that, for increasing CN vibrational quantum number v, the
average N for the v formed also increases. The work of Hall ez
al.** and O’Halloran et al.>” shows that the alignment of the
CN fragment (defined as A ¥ =((3J2 — J?)/J?), propor-
tional to P,(J-Z)), changes as a function of N, being large
and negative at low N and tending to O for increasing N.

Pitts and Baronavski,”* and Hess and Leone®® have per-
formed thorough studies of the I*/1 branching ratio as a
function of photolysis wavelength. Their results show that I*
production peaks at ~ 260 nm with the I channel favored to
longer and shorter wavelengths. At 249 nm Hess and Leone
find that the I* quantum yield is 44.0% + 4%.

Since the work of Shokoohi ez al.*® in 1984, considerable
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attention has been paid to a peculiar feature of this type of
system, namely, the nonstatistical population of the F, and
F, spin-rotation components in the CN (X?E* ) frag-
ment,**3"354! Recent theory®® would suggest that this is a
manifestation of nonadiabatic processes occurring during
the dissociation and we will present further evidence of these
effects.

Recently, two advances in the experimental study of the
ICN A-continuum photodissociation dynamics have been
made. Firstly, the advent of subpicosecond®***#? laser
pulses has enabled Zewail and co-workers to monitor the
dissociation dynamics in essentially “‘real time.” They have
measured the CN build-up periods and perturbation-shifted
resonances of CN as the fragments separate, in a technologi-
cally demanding series of experiments. The results of these
and other femtosecond time-resolved studies have been re-
viewed recently by Zewail.**

Secondly, we call attention to the work of Hasselbrink et
al.,’® who photodissociated ICN at 249 nm using circularly
polarized light. By using a circularly polarized probe laser
they were able to measure the orientation [proportional to
P,(J:Z)] of the CN (X *Z * ,u,N) fragments. The sign and
trends of the 4 {"’ moment as a function of N were found to
resemble closely the N-dependent branching ratio I*/1 of
Nadler et al.’' Sub-Doppler probing of the orientation as a
function of N by Hasselbrink ef al.*®* and subsequently by
Black ez al.** has unambiguously correlated the sign of ori-
entation with the spin—orbit state of the iodine atom. A mod-
el incorporating nonadiabatic coupling between two poten-
tial energy surfaces has been proposed by Vigué ef al.’” to
account for the observed trends in fragment orientation.

The motivation for the present work stems from our
desire to uncover definitive evidence for nonadiabatic inter-
actions between proximate surfaces in the photodissociation
dynamics of ICN. For this purpose, we have recorded
Doppler profiles of the CN (v = 0) fragment in various rota-
tional states to extract scalar and vector properties. This
study constitutes an extension of the work of Nadler et al.*'
to a different photolysis wavelength. We obtain the I*/I
branching ratios, the F,/F, population ratios, and the recoil
velocity anisotropies for the CN (X,v =0) fragments as a
function of N. From an analysis of the combined data, we
demonstrate the involvement of at least three different po-
tential energy surfaces, two that correlate to the I(*P,,, ) a-
symptote, one to the I(*P,,,) asymptote. This leads to a
picture for the photodissociation dynamics of ICN much
richer than previously surmised.

. EXPERIMENTAL

Figure 1 shows schematically the apparatus, which is a
standard crossed-geometry LIF cell, described previous-
1y.***"*% The photolysis light was provided by a Lumonics
TE 861-2 laser operating on the KrF exciplex transition
[ ~249 nm, 200 mJ per pulse, ~15 ns full width at half-
maximum (FWHM)]. A Lambda Physik FL2002E dye la-
ser was pumped by a portion (50% ) of the photolysis laser
output. This provided tunable radiation around 358 nm
(PBD dye in cyclohexane, Exciton) with a bandwidth of
~0.12 ¢cm — ', which could be narrowed to <0.06 cm ! us-
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ing an intracavity etalon. Only the oscillator/preamplifier
stage was used.

The photolysis beam was recollimated using an
f= 1000 mm lens, irised down to a circular spot of ~8 mm
diameter and passed through CaF, polarizing elements to
provide a highly polarized source (extinction ratios
> 200:1). The beam was then passed through a second lens
(f= 300 mm) to correct for residual divergence and sent
into the cell via extensively baffled arms. The entrance and
exit windows of these arms were purged with a low pressure
of argon (10 mTorr) to reduce absorption of the light in the
arms by the ICN and to counter the buildup of photolysis
product debris on the windows, which was found to attenu-
ate severely the incoming UV over a period of a few days.
The pulse energies of the 249 nm beam in the interaction
region were kept to ~ 800—900 1J per pulse at the start of an
experimental run. The inevitable decay of the excimer gas fill
throughout the course of experimental runs (~8 h to 50%
power) meant that the power could never exceed the initial
conditions. Extensive checks revealed that the product in-
tensities behaved in an entirely linear manner with respect to
photolysis power in this regime. The measurements of the
effective system anisotropy parameters were unaffected by
random power fluctuations in experiments where the pulse
energies were below 1 mJ.** The photolysis laser power was
monitored on a shot-to-shot basis by a photodiode (Hama-
matsu S1336-5BQ) coupled to a sample-and-hold circuit
built in-house.

The CN X 22+ photofragments were monitored by
LIF via the well.kknown CN B?X*+-X?3* band
system.**! Following the work of O’Halloran et al.,’” we
pump the B-X (1,0) transition and observe the B-X (1,1)
fluorescence through an interference filter (Omega Optical)
centered at 384 nm on the Av = 0 sequence. Despite the less
favorable Franck—Condon factors governing this transi-
tion,*® pulses of 100-400 nJ were found to give good signal to
noise in all cases. This is at least a factor of 30 below any
calculated saturation threshold. The intensities and shapes
of the rotational lines behaved in an entirely linear, predict-
able manner with respect to probe laser power. Absolute
powers were measured with a Molectron J3 power monitor
and shot-to-shot assessment was made by monitoring the
output of a photodiode (Hamamatsu S1336-5BQ). All data
were normalized linearly to the photolysis and probe laser
powers.

The dye laser beam was passed round an optical delay
line to give ~ 35 ns delay between pump and probe pulses.
The beam was sent through polarizing elements to give a
well-defined probe polarization (extinction ratios > 250:1)
and then propagated through the cell via extensively baffled
arms. No purge was applied to the dye laser arms. The walls
of the interaction volume of the cell were coated with matt
black paint (Zuel Corporation, St. Paul, MN) to reduce
scattered light. This is superior to graphite spray coating,
which seems to fluoresce when excited at 249 nm.

The dye laser beam was also monitored by two external
etalon assemblies. One provided a simple fringe pattern that
was monitored by a photodiode (Hamamatsu $1336-5BQ)
and provided a wavelength calibration for all the spectra. A
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FIG. 1. A schematic diagram of the apparatus used in the CN Doppler profile studies following photolysis of ICN. Note the arrangement of the wave vectors

and electric vectors of the photon fields.

second produced the image of a fringe pattern on a Reticon
diode array (EG&G) that was continuously monitored on
an oscilloscope. This was invaluable for initial setup of the
dye laser and real-time monitoring of the mode quality of the
dye laser output. The dye laser was pressure tuned (using
dry, filtered nitrogen).

ICN (Kodak) flowed as a vapor through the chamber
at pressures of 2-10 mTorr. The ICN was sublimated in va-
cuo prior to an experiment and kept in a darkened container;
no evidence for impurities or memory effects from previous
laser pulses was ever observed. At the total pressures of ICN
and Ar used, the spectra were taken under conditions repre-
senting less than one-tenth of a gas kinetic cross-section col-
lision per unit delay time interval, assuming the CN has the
maximum velocity allowed given the energetics of the sys-
tem (~3.2kms~!'). As we shall see, this represents a con-
servative upper limit on collisional quenching because most
CN fragments are moving much more slowly.

LIF photons were detected along the direction normal
to the plane containing the wave vectors of the pump and
probe radiation. The key point here (Fig. 1) is that the dye
laser beam propagated parallel to the electric vector of the
photolysis laser beam. As already shown by Nadler et al.,*
there is little useful information in geometries where the dye
laser beam propagates perpendicular to the axis of cylindri-
cal symmetry, defined by €,; in any case, these geometries
are more severely affected by vector correlations.’**® Rotat-
ing the dye laser polarization (such that it lies either in the
plane defined by the wave vectors of the pump and probe
lasers or normal to it) changed the appearance of the spectra

somewhat because of the correlation of photofragment an-
gular momentum distribution and angular recoil velocity
distribution.”’

A single lens (1.5 in diameter; f= 60 mm) in the vacu-
um collected the fluorescence and focused it onto the photo-
cathode of the photomultiplier tube (RCA 7326) operated
at 1700 V. The anode was connected directly to the input of a
X 10 preamplifier (Le Croy VV100BTB) and the single out-
put was fed into a boxcar integrator (SRS 250). The LIF
signal was integrated for 120 ns (about two lifetimes*® ) and
was captured on a shot-to-shot basis by a laboratory micro-
computer that also stored the monitor etalon data and power
diode signals. The averaged output of the boxcar was sent to
a chart recorder for real-time monitoring of the experiment.
All the computer analog-to-digital (A/D) converters were
operated in a linear response regime, and extensive checks
were made to preserve the 50 £ impedence characteristics of
all signal circuitry and the faithfulness of the electronics in
general. An external trigger provided the fire command for
the laser and synchronization of the boxcar, sample and
hold, and A/D circuits.

lil. RESULTS
A. Doppler profiles

Figure 2 shows a typical broadband (no etalon) scan of
the CN B-X (1,0) band over the region 353.05-352.50 nm
taken under the conditions described above. Clearly visible
is the (1,0) progression, the minor features being progres-
sionsin the (2,1) and (3,2) bands. The structure on the lines
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FIG. 2. Laser-induced fluorescence signal in the short wavelength tail of the
CN B*x+* X2+ (1,0) band. Minor features are lines in the (2,1) and
(3,2) bands.

is caused by a combination of two factors. First, spin-rota-
tion interaction causes the F, and F, components to be re-
solved, especially at high &. Second, each F| and F, transi-
tion is split by the recoil velocity of the fragment, yielding
large Doppler shifts. This is observable because of the partic-
ular viewing geometry employed.

We have studied lines in the CN B-X (1,0) band that are
uncontaminated by accidental coincidences with lines of the
underlying (2,1) and (3,2) bands. The Franck—Condon fac-
tors for the (2,1) and (3,2) bands*® cause a disproportion-

ately large LIF signal with respect to their actual popula-
tions, relative to the (1,0) band.

Figures 3-11°®* show the LIF spectra of representative
R branch lines, probed as described with k, ||€, and k, ||¢, -

The profiles shown have been normalized to unit area.
Each profile entailed a scan time of about 15-20 min. Day-
to-day repetition of line profiles showed no correlated discre-
pancies. Immediately obvious in Fig. 3, the R (0) line profile,
is the large Doppler broadening and extreme laboratory
frame anisotropy of recoil velocity. The solid line is the result
of a fit to be described later. The residuals from this fit are
shown in the panel beneath the profile. Figures 4-11 show
the development of the Doppler-broadened profiles as N in-
creases for the CN (v =0) fragment. Spin-rotation dou-
bling is clearly visible in Figs. 10 and 11, as is the nonstatisti-
cal population of these states—now a well-known feature of
this type of photodissociation.?®3!:3541

B. Analysis of Doppler profiles

A number of authors have theoretically treated the an-
gular distribution of photofragments to various levels of so-
phistication.’®*® As a starting point, we have®*®

1(8) = - (1 + BP,(cos 6)), (1)
4

where I(8) is the doubly differential cross section for photo-
fragments scattering into a solid angle sin 8 46 d¢, and
where 8 is defined as the angle between the photolysis beam
electric vector €, and the recoil velocity vector v. Equation
(1) has azimuthal symmetry. £ is the so-called anisotropy
parameter (dimensionless) and P, (cos 6) is the second Le-

FIG. 3. High-resolution fluorescence exci-
tation spectrum of the R(0) line of the CN
B-X (1,0) band. Solid line is a fit to the
data (triangles). Residuals from the fit
(circles) are shown in the lower panel,
plotted at a scale X 10 of that of the main
spectrum,
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FIG. 4, High-resolution fluorescence exci-
tation spectrum of the R(5) line (see Fig.
3).
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gendre polynomial in cos 6. Classically, the £ parameter
may be further decomposed as®

B = 2P;(cos y)P;(cos a)g(w,t) (2)

for linear molecules, where y reflects the symmetry of the

transition (y = 0° for a parallel transition and y = 90° for a
perpendicular transition), a is the angle through which the
parent molecule rotates prior to the fragments separating to
beyond the limit of mutual interaction (see, e.g., Figs. 3 and
5 of Ref. 70), and g(w,?) is a function describing the effect
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FIG. 6. High-resolution fluorescence exci-
tation spectrum of the R(25) line (see Fig.
3.
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of dissociation lifetime on the angular distribution caused by
molecular rotation. For a linear molecule®

1+ (C\‘JT)Z (3)
1 + 4(7)?’

glaw,t) =

where w is the angular velocity of separation. Averaged over
a Boltzmann distribution of rotation, Eq. (2) becomes ¢

Bz%Pz(cosx)[l+3ye”fw e—"@], 4)

¥ v
where

0.010

0.008

0.006

0.004

LIF intensity (Arb.Units)

0.002

FIG. 7. High-resolution fluorescence exci-
tation spectrum of the R (30) line (see Fig.
3).
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FIG. 8. High-resolution fluorescence exci-
tation spectrum of the R(33) line (see Fig.
3).
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y=1/8kT7, (5)

I'is the moment of inertia of the parent molecule, and 7 is the
average dissociation lifetime. This gives, in the limit of fast
dissociation,

and for slow dissociation,

—§<B<4. (6b)

More detailed treatments of the effects of lifetime and parent
rotation can be found in Nagata et al.** and Jonah.**

We see that the 8 parameter itself is a product of various
antagonistic mathematical functions. Its predictive or inter-
pretive value is therefore limited, but as it approaches the

FIG. 9. High-resolution fluorescence exci-
=] tationspectrumofthe R(36) line (see Fig.
3).
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FIG. 10. High-resolution fluorescence ex-
citation spectrum of the R(54) line (see
Fig. 3).
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rapid dissociation limits it becomes more useful and some
qualitative information may be obtained.

Consider an isotropic angular distribution of photofrag-
ments with some particular velocity v. Probing the ensemble
with LIF would yield, in the first instance, a rectangular
profile with full width (2v,|v|)/c, where v, is the natural,

unshifted resonant absorption frequency and c is the speed of
light. This is then convoluted with the finite laser bandwidth
(usually approximated as a Gaussian) and the parent cen-
ter-of-mass motion (again represented by a Gaussian). Let
us include next the effects of an anisotropic recoil velocity
distribution. Again for a single velocity v, the detuning from

FIG. 11. High-resolution fluorescence ex-
= citation spectrum of the R(62) line (see
Fig. 3).
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the line center v, will be a function of the projection of the
fragment recoil velocity on the propagation axis of the probe
laser

[¥v'| = |v|cos 6, (N

where cos @ = vk,. The appearance of the LIF transition
(the “Doppler profile”) is now described by an expression of
the form (in frequency space)?"%343¢

I(v) « [1 +5=5P2(3(—v—ﬂ)]. (8)

Volv|

We proceed from here with the notation 8. (the effective
system anisotropy parameter), signifying not only the im-
plicit incorporation of the various factors described above,
but also the further complicating influence of vector correla-
tions (between the angular momentum distribution and an-
gular recoil velocity distribution) on the parameters.”-¢
The effects of the latter constitute the critical difference
between LIF and the more classical “integrating” tech-
niques such as neutral time-of-flight (TOF) photofragment
spectroscopy.’’”’* REMPI extensions of the TOF technique
have been employed recently by a number of groups’"® to
allow the study of these more subtle properties of photodis-
sociation hitherto only accessible by LIF.’

Our analysis here is complicated by two features of the
system. Firstly, we can produce the I atom partner in one of
two spin-orbit states differing in energy by 7603 cm ~'. This
will produce CN fragments, for a given N, with two distinct
speeds and consequently two convoluted Doppler profiles.
An unfortunate consequence of the energy-to-velocity map-
ping (E = 1/2mv?) is that, for very large energy releases
such as the case under consideration here, the velocity reso-
lution (the critical parameter in Doppler LIF studies) is
very poor. However, as can be seen in Figs. 6-9, some of our
profiles do show “shoulders’ and other structure not attrib-
utable to the underlying spectroscopy, and we can distin-
guish the two channels, following the lead of Nadler et al.>'!

Secondly, the B-X transitionis’2* — 22+ and conse-
quently shows spin—rotation doubling of the lines into F,
(J=N + 1/2) and F, (J= N — 1/2). The splitting is de-
scribed spectroscopically as a polynomial expansion in N
and can be accounted for precisely.

We fit the Doppler profile to the functional form

4 e
10 =3 a|1+bp(<C=))], 9

i=1 Vol v

where the g; are “population™ factors, correctly scaled for
the relative velocities, and the b, are the S parameters. The
sum ranges from 1 to 4 because of the four contributing
channels, viz.,

I(ZPIZE)CE!
Hzpazz)C;._'.-
The speed |v| for a given CN (v = 0,N) 4+ I(*P, 53/, ) half-

collision pair is obtained as follows: Energy is conserved so
that

<Epar) + hv _Dg(l == CN) = Eavaillble
=E,, () + E;, (CN)

+ Ecrans - (10)

From the fitting procedure, we obtain E, ;...
~14 400 4 200 cm ~ !, the error being comparable to the
parent ICN energy available at 300K (~360cm~'),* and
the spread of photolysis energy using this very broad lasing
transition (~150cm~"').

For each iodine atom spin—orbit channel, the speed of
the CN (v = 0,N) fragment is then given by

|"1 _ [Z‘MI (Eavailable =23 Eim (I) = Eint (CN)) 172
MCNMICN -

(11)

The experimental spectrum is first set on an accurate
energy abscissa by fitting the etalon fringes to a polynomial
function that is then used to calculate the frequency interval
of the data points. The absolute CN B-X (1,0) transition
frequencies are calculated using the constants of Cerny et
al>® (X state) and Ito et al®' (B state). Terms up to
[N(N + 1)]* are included in the calculation. This calcula-
tion also gives the internal rotational energy of each CN
(v = 0,N). The polynomial is constructed as per Eq. (9) and
convoluted with Gaussian representing the laser linewidth
(determined from the etalon fringes for each spectrum) and
the ICN parent motion (about 0.028 cm ~! FWHM). For
lines where the spin-rotation components are reasonably
well resolved (N> 15), nonlinear least-squares fitting is
then used to minimize the function

V) ez — i a,-[l L bi.Pz(_"(_":_"’_oJ_)]

i=1 Vol ¥
to determine the best values of a; and b; in a least-squares
sense.

The program was developed around the NAG routine
E04FCF™ performing Gauss—Newton minimization of the
function.®® The fit was unconstrained. This is superior to
interactive simulation as it (a) eliminates subjectivity and
preconceptions surrounding the data and (b) allows a realis-
tic error treatment for the parameters.

For each N, between three and six spectra were ana-
lyzed. All numerical data to be reported are the standard-
deviation-weighted means®' of the fit parameters from these
determinations. All errors are the square roots of the means
of the variances of the fit parameters. We usually use 3o,
corresponding to > 95% confidence for all N. The variance/
covariance correlation matrices for the fits show that, as
might be intuitively expected, some of the fit variables are
highly correlated. This, in general, seems to affect the deter-
minations of the 8, parameters more than the populations.
Representative back simulations of the data are shown in
Figs. 3—11 (solid line is the fit, triangles are the data). Re-
siduals are plotted on a scale X 10 of that of the main panels.
For lines where the spin-rotation components are poorly
resolved (N<15), the fitting program rapidly developed fa-
tal oscillations and we were reduced to interactive fitting.
The quoted errors in the latter procedure represent the lati-
tude for which gross deterioration of the fit was observed.

(12)
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One final caveat as regards analysis needs to be men-
tioned. The v =1 level of CN B?X * state is severely per-
turbed by the v =11 and 12 levels of the A *II state. This
causes eigenstates to shift position and, more importantly,
the spin-rotation splitting to vary quite dramatically in a
fashion correlated with the proximity of the 4 *II levels. In
all the fits described, the spin—rotation doubling constant of
the upper state 9 has been adjusted to optimize the fit.*?
Note that varying this splitting has a different effect to alter-
ing the energy release in the dissociation. Altering 9’ causes
the F,, F, components to coalesce/separate, while altering
the energy release causes a broadening/narrowing of each
peak. Large deviations from the value of Ito e al.’! can be
precisely attributed to crossing of A4 2I1 levels, being particu-
larly apparent around N’ = 46.

C. I*/I ratio

Figure 12 shows the fractional I* quantum yield, de-
fined as

I(ZPUZ !N)
1(3P,,,,N) + 1(?P,,,N) ’

plotted as a function of ¥ for the lines studied. We convert
this information into fractional populations [Fig. 13(a)] by
multiplying ®,. (N) and its conjugate 1 — ®. (N) by the
normalized rotational population distribution [Fig. 13(b)]
taken from O’Halloran et a/.>’ We note that CN (v =0)
fragments in low N correlate predominantly (but not exclu-
sively) with the I(?P, 2 ) channel and those in high N corre-
late to I(*P;,, ). This picture is similar to Fig. 3 of Nadler et
al®' The I*/1 ratio becomes unity around N = 26 + 2. This
value is very similar to that reported by Nadler er al.
(N = 27), but this is merely coincidence because, as we shall
show, the dynamics are radically different between photo-
dissociation at 249 and 266 nm. The contribution from
I(?P;,, ) rises monotonically from 4% at N = 0 to 100% at
N>44.
The overall quantum yield for I(?P, ,, ) is

This is in excellent agreement with the determination of

D.(N) = (13)
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FIG. 12. The N-dependent I'* quantum yield ®;. (N) vs N for photolysis of
ICN at 249 nm. Representative error bars (30) are indicated.
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FIG. 13. (a) The CN rotational state distributions as a function of exit
channel; A correspond to I(*P,,; ) and O to I(*P,,, ). These plots are ob-
tained by multiplying é,. (N) or its conjugate [1 — ¢,. (V)] with the rela-
tive population distribution of O’Halloran et a/. (Ref. 37), which, for com-
pleteness, is reproduced in (b).

Hess and Leone,*® who used diode laser gain vs absorption
spectroscopy to obtain (®,.) = 44% + 4%.

D. F;/F; population ratios

Figure 14 shows a plot of the fine-structure difference
function

(15)
P(F\) + P(F)

fN) I(’Pm)

1 1 1 1 1 L

0 10 20 30 40 S0 60 70
CN ROTATIONAL QUANTUM NUMBER, N

FIG. 14. The fine-structure difference function f{N) vs N for photolysis
yielding CN (v = 0) + I(*P,, ). Error bars (30) are obtained from those
of the population analysis (Ref. 81). The solid line represents statistical
behavior.
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(as defined by Joswig et al.> for the CN (v = 0) correlated
to I*. Values of f(N) are only calculated when the F, and F,
components are resolved. Figure 15 shows a similar plot for
CN correlated to 1. The populations of each fine-structure
component used to create these plots were corrected for the
difference in LIF linestrengths,*® which cause large inequal-
ities at low N, but fall to less than a 10% correction [corre-
sponding to f(N) values of <0.05] by N = 10. If we were to
assume that the dissociation populated these levels simply as
a function of their degeneracy, then it is trivial to show that,
for all N,

SIN) =1/(2N + 1). (16)

This is plotted as the solid line in Figs. 14 and 15. We see that
both channels exhibit deviations from this “statistical” limit.
This behavior has been observed previously in other studies
of the photodissociation of cyanogen halides.’*>*"***! For
the I* channel, a net positive deviation in excess of the statis-
tical limit for 20< N<35 indicates that the F, channel is fa-
vored over F, in this region. Paul et a/.*' have previously
observed a similar, net positive offset for f(V) in the photo-
dissociation of BrCN where they have established the
Br(?P, , ) state as the only one populated.

The I channel, however, exhibits an oscillatory behavior
as a function of N. Comparison with the results of Nadler et
al. seems to indicate that the zeros of the function are shifted
approximately five quanta to lower N for photolysis at 249
nm relative to 266 nm photolysis. Joswig et al.*>* found that
the oscillations in f(V) as a function of N at various photoly-
sis wavelengths could be brought into coincidence by plot-
ting f(N) vs N, — N, where N_,, was the maximum al-
lowed rotational level of the CN (X,v = 2) fragment. This
appears not to be the case for CN (X,v = 0), where the maxi-
mum allowed values of N are 87 + 2 for 249 nm and 78 + 2
for 266 nm, and where the shift would in any case have to be
to lower N.

E. Recoil velocity anisotropies

Figure 16 shows the effective system anisotropy param-
eters . for the I* channel for CN (v = 0) as a function of

o 10 20 30 40 50 60 70
CN ROTATIONAL QUANTUM NUMBER, N

FIG. 15. The fine-structuré difference function f{N)vs N for photolysis.
yielding CN (v = 0) + I(*P,, ). Error bars (3o) are obtained from those
of the population analysis (Ref. 81). The solid line represents statistical
behavior.
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FIG. 16. The variation in B, vs N for photolysis yielding CN
(v=0) + I(*P,,, ). The limits on the ordinate are the classical values.
Within experimental error (3¢), the F, (squares) and F, (circles) compo-
nents show identical behavior.

N. Analysis from experiments using a large number of labo-
ratory geometries (see the Appendix) indicates that 8.4 is
very close to the true system anisotropy parameter . In the
current geometry, the correction to be made is in all cases
less than 10% of the absolute values reported here. Apart
from N = 0, where we can make some more detailed predic-
tions, we discuss only trends in S as a function of N and
make no reference to absolute values. Our ability to isolate
B.x is somewhat correlated to the population of the particu-
lar CN (v =O,N) + (?P,,3,, ) half-collision pair under ex-
amination, hence the rather variable error bars.

For the I* channel, we see from Fig. 16 that 8, starts
close to the classical limit at low N (8 =2 for a parallel
transition) and shows a general, but not monotonic, de-
crease to ~f . = 1.2 around N = 35, where the fit is still
reliable. Calculations suggest that, beyond N = 10, where
hyperfine depolarization can be neglected,®*®* the correc-
tion caused by v — J vector correlations will increase B .
(see the Appendix).

Measurement of the CN (v = 0, N = 0) fragment is not
complicated by vector correlations. The observed £, is
therefore equal to the true system anisotropy parameter £
and we can estimate the ICN dissociative lifetime.

We find the value of 7 by solving Eq. (4) for ¥, following
Ref. 85, and using the value of I, the moment of inertia, from
Cazzoli et al.*® to evaluate Eq. (5). For = 1.85 4 0.05,
this yields

7=90 4+ 15fs.

We believe that this lifetime estimate is valid for decay of the
ICN parent into the I* + CN (v =0, N=0) fragments.
However, the extraction of lifetime values from 8, param-
eters is in general fraught with ambiguity caused by zero-
point bending motion of the parent, which has not been
properly incorporated into the model. However, for the pro-
duction of CN (v = 0, N = 0), we argue that bent configura-
tions of the parent make a negligible contribution.

Figure 17 shows a plot of the 8 values for the I channel
for CN (v = 0) as a function of N. This shows very interest-
ing behavior, being negative at low N and becoming positive
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FIG. 17. The variation in S vs N for photolysis yielding CN
(v=0) + I(*P,,, ). The limits on the ordinate are the classical values. For
N> 40, the values for F, (squares) and F, (circles) are different. Error bars
are Jo and are smaller than the plotting symbol if not shown.

at high V. For this particular geometry, the change in sign of
B can only be explained by postulating a predominantly
perpendicular transition giving rise to CN in low to medium
N and a transition of predominantly parallel character giv-
ing rise to CN in medium to high N states, with gradual
switching between the two. Even more remarkable might be
the behavior of the F; and F, levels for the same value of N.
Within experimental error (3c), for high N(>40), the 8.+
values for the F, and F, components are different, with 8
(F,) consistently higher than 8 ¢ (F,).

IV. DISCUSSION

By recording Doppler line shapes of the CN (v = O,N)
fragments produced in the 249 nm photodissociation of
ICN, we have determined a number of scalar properties in-
cluding the I*/I branching ratio, the F,/F, population ratio,
and the angular anisotropy of the recoiling fragments. The
numerical values are presented in Table I. It is expedient to
discuss the I* and I channels separately and then draw the
threads together.

A. The I* channel

Outwardly, the dissociation dynamics producing this
channel seem simple. A transition of essentially parallel
character promotes photodissociation on a very repulsive,
linear surface. The evidence for this comes from the large
positive anisotropy parameters'® (8., = 1.8-1.9) observed
for this channel (see Fig. 16), coupled with the correlation
to predominantly low values of N.'® At first sight the only
unusual feature of this channel is the behavior of the fine-
structure difference function f{ V) for ~ 18 <N<35 (see Fig.
14). We present tentative evidence that certain trajectories,
asymptotically correlated to I*, sample a bent surface at
some stage and, in doing so, experience torques yielding ex-
tra rotational excitation.

We note that in the region of interest, 18</N<35, the
fine-structure difference function deviates from statistical.
Joswig et al.*® have already successfully interpreted such
behavior for CN (v = 2) as a signature of nonadiabatic in-

teractions causing transitions between potential energy sur-
faces. We suggest that the same behavior occurs here. A net
positive offset for the f(NV) function was also observed in the
work of Nadler et al.*' (266 nm dissociation of ICN) and
the work of Paul ef al.*' (dissociation of BrCN at various
wavelengths) and seems to be a feature of the P, ,, channel.
It is not correct, however, to say that one particular spin—
rotation doublet component is correlated to one particular
halogen atom spin—orbit state; such a postulate is invalidated
by the work of Joswig er al. and Nadler et al. It is quite
probable that nonadiabatic forces also operate in the 266 nm
dissociation of ICN and in the dissociation of BrCN in the 4
continuum.

O’Halloran et al.*” have studied the behavior of the
alignment 4 $* as a function of N (see Fig. 18). For low N
the alignment reaches a maximum value of about — 0.3
(N = 10), and as N increases, the alignment falls, tending
toward about — 0.1. At N = 38, the limiting minimum is
reached (at a value of —0.12). Between N =10 and
N = 38, the trend of decreasing 4 §* is not smooth. Around
N = 22,23, the downward trend is interrupted, starting to
rise again to a secondary maximum at ~N = 28 and then
resuming its decline.

The range of N over which this deviation from mono-
tonic behavior in the values of 4 {*’ occurs matches almost
exactly the range of N over which the f{N) function deviates
from statistical. We interpret the trend in the 4 {* values
(going from large and negative to zero) as the increasing
importance of perpendicular character in the initial elec-
tronic transition. We will show that, ceteris paribus, this
would normally cause a smooth transition in the alignment
values. We therefore feel that the deviation from the expect-
ed monotonic behavior may be indicative of a secondary pro-
cess, initially correlated to a parallel transition, contributing
to extra population in the I* channel in this range of N.

If we examine the behavior of the effective system ani-
sotropy parameter S for this channel (Fig. 16), we see
that, starting from N =0, the B, values initially fall
smoothly, but at around N = 17,18, the values rise to a sec-
ondary maximum around N = 25 and then fall again. The
analysis of the vector correlations in this geometry (see the
Appendix) indicates that the overall correction to be made
would be to increase the 8.4 by not more than 10% of their
absolute values. In addition, the correction to be made
would be essentially constant and smooth over this range of
N. It would certainly not give rise to the observed undulation
in the B values in Fig. 16. Again, the deviation from
smooth behavior occurs in precisely the same range of N as
the deviations in the f(N) and 4 {* functions. One possible
explanation of the overall decrease in 84 for increasing N is
to hypothesize the contribution of a perpendicular transi-
tion.

We recognize that molecules initially prepared via a per-
pendicular transition (to surfaces correlated asymptotically
with I) could cross onto surfaces correlated with I* via
seams of interaction.?’ The B values reflect only the initial
transition symmetry in the limit of rapid dissociation and
would consequently be a superposition of parallel and per-
pendicular transitions. Intuitively, we would expect the con-
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TABLE 1. Compilation of the relative population ®,. (N), fine-structure difference functions, and effective system anisotropy parameters for the CN
(v = 0,N) levels studies in the present work. The error (3o) on ®,. (N) is nowhere greater than 0.07. The errors on the f{N) and B, values vary with Nand
may be judged from Figs. 14-17. The functions f{N) have only been calculated for lines where spectroscopic resolution was achieved. Values for N<15 are

from interactive simulations.

N Relative Population . (N) fi(N) fis (N) B (LF,) B (LF,) BaU%F)Y B (IMF)
0 0.16 0.92 —0.50 —0.50 1.85 1.85
1 0.43 0.92 —0.50 —0.50 1.85 1.85
2 0.51 0.90 —0.50 —0.50 1.94 1.94
3 0.69 0.90 —0.50 —0.50 1.94 1.94
5 0.53 0.89 —0.08 0.06 —0.50 —0.50 1.85 1.85
6 0.54 0.87 —0.10 0.05 —0.50 —0.50 1.84 1.84
8 0.65 0.81 —0.08 0.06 —0.50 —0.50 1.84 1.84
9 0.67 0.80 —0.01 0.04 —0.50 —0.50 1.72 1.72

10 | 0.83 0.77 —0.03 0.02 —0.50 —0.50 1.66 1.69

12 0.69 0.77 0.07 0.03 —0.39 —0.39 1.54 1.54

13 0.85 0.72 0.07 0.02 —0.47 —0.52 1.50 1.50

14 0.74 0.65 0.00 0.03 —0.50 —0.50 1.50 1.50

15 0.77 0.67 —0.04 0.04 —0.50 —0.50 1.45 1.45

17 0.73 0.71 —0.05 0.04 —0.58 —0.70 1.57 1.42

18 0.78 0.68 0.04 0.06 — 0.40 —0.40 1.50 1.46

19 1.00 0.66 —0.01 0.04 —0.57 —0.53 1.61 1.57

20 0.94 0.62 —0.05 0.10 —0.64 —0.65 1.61 1.62

23 0.86 0.55 0.06 0.15 —0.50 —0.38 1.82 1.74

24 0.93 0.51 0.07 0.13 —0.50 —0.37 1.82 1.74

25 0.88 0.48 0.11 0.12 —0.58 —0.34 1.72 1.76

26 0.87 0.47 0.05 0.17 —0.35 —0.48 1.70 1.76

27 0.89 0.54 0.06 0.17 —0.06 0.01 1.40 1.35

28 0.90 0.49 0.02 0.18 —0.03 —0.02 1.50 1.56

30 0.73 0.40 —0.02 0.13 —0.11 —0.06 1.44 1.61

31 0.72 0.37 - 0.10 0.20 —0.07 —0.03 1.19 1.63

32 0.73 0.36 —0.09 0.12 0.02 0.05 1.09 1.25

33 0.67 0.29 —0.09 0.05 0.04 0.14 1.39 1.25

34 0.70 0.27 —-0.12 0.10 0.26 0.26 0.96 1.26

36 0.65 0.17 - 0.07 0.00 0.30 0.44 1.11 1.42

39 0.59 0.09 —0.05 0.05 0.52 0.48 0.78 1.58

40 0.69 0.09 —0.04 0.08 0.41 0.43 0.56 1.31

41 0.69 0.10 —0.00 —0.82 0.43 0.56 1.50 1.50

42 0.67 0.02 0.00 - 0.21 0.52 0.57 1.50 1.50

43 0.66 0.01 0.06 1.00 0.54 0.64 1.50 0.00

e 0.68 0.00 0.07 0.38 0.37

48 0.66 0.00 0.11 0.61 0.75

49 0.63 0.00 0.10 071 0.82

50 0.67 0.00 0.11 0.68 0.83

51 0.65 0.00 0.08 0.71 0.85

52 0.58 0.00 0.11 0.73 0.94

53 0.51 0.00 0.13 0.78 0.99

54 0.51 0.00 0.16 0.78 1.03

58 0.27 0.00 0.27 0.87 1.05

61 0.14 0.00 0.42 0.97 1.13

62 0.09 0.00 0.44 1.04 1.13

*A combination of spectroscopy and very low population rendered the final three measurements in these columns difficult. Fixed values (8_; = 1.50) were
used for population assessment, but have not been included in Fig. 16. For N = 43, there was no detectable population in the F, component. Consequently,
f(43) = 1.00 (with large error) and B, (I *,F,) = 0.00 for convenience. Again, these have not been included in the relevant plots.

tribution from the bent, perpendicular surface to be lower
for CN in low N and to rise as the CN is formed in increasing-
ly higher N, giving a general decrease in 8 4 from the limit-
ing parallel values observed at low N. The same argument
also explains the overall trend in the 4 §*’ values of O’Hal-
loran et al.,*” shown in Fig. 18. A parallel transition would
yield negative values of 4 §*’, while a perpendicular transi-
tion would give positive values. From our study it would
appear that CN (v = 0) in low N are coming from a predom-
inantly parallel-type dissociation and we see large negative
A §P parameters as expected. We note that the 8 values
approach more closely the limiting classical values for a par-

allel transition than do the 4 §* values. From the above ar-
guments we suspect the increasing involvement of perpen-
dicular transitions yielding CN (v = 0) in medium and high
N. This is reflected in the overall trend of 4 {’ becoming less
negative. Further support for the mixed character of the
transition is provided by examining the v — J vector correla-
tion (see the Appendix).

A theoretical treatment of the dynamics of ICN photo-
dissociation at a number of wavelengths by Goldfield et al.!®
(including 249 nm) has yielded two empirical repulsive sur-
faces correlated to the two iodine spin—orbit channels. In the
linear configuration, these surfaces are seen to cross and re-
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FIG. 18. Alignment 4 {*' as a function of N for CN X 22 * v =0 repro-
duced from Ref. 37. Values have been corrected for experimental geometry,
spin depolarization, and velocity correlations. Error bars represent statisti-
cal uncertainties and estimates for systematic uncertainty. The dashed
curve shows the limiting values for a pure parallel transition.

cross [see Fig. 3(a) of Ref. 15]. These surfaces were con-
structed to reproduce the quantum yields and rotational en-
velopes at dissociation wavelengths of 266 nm and longer,
but give poor results for shorter wavelength dissociation.
Goldfield et al. postulated the involvement of a third surface,
perpendicular and bent in nature, to explain the shorter
wavelength results. As we shall see, this hypothesis is prob-
ably correct, but here we concentrate on trajectories to I*.
Goldfield et al. noted that trajectories leading to CN in inter-
mediate N did indeed sample portions of the bent surface
before recrossing to the linear surface and subsequently
evolving, correlating asymptotically to the I* state. The
crossing and recrossing shown in the figure for linear ICN is
somewhat misleading, as it was assumed that the coupling
matrix elements were zero at & = 0° because the.surface cor-
relating to I isnot of 0 * symmetry at & = 0°. Despite these
shortcomings, we use these potential energy surfaces to pro-
vide an approximate picture of the photodissociation dy-
namics.

From the above arguments we conclude that the disso-
ciation to I* is not merely a collinear dissociation on surfaces
of parallel character, but represents, in addition, contribu-
tions from crossing and recrossing to one or more bent sur-
faces.

B. The | channel

The contribution of the I channel rises monotonically
from 4% (N = 0) to 100% (N> 40) [see Fig. 13(a}]. The
fine-structure difference function f(/N) shows oscillations as
a function of ¥ (see Fig. 15), which are now a familiar fea-
ture of these systems.***"?**! As previously stated, there
seems to be no simple angular momentum scaling between
the present results and those for photolysis at 266 nm. Such
scaling was observed for the CN (v =2) fragments from
dissociation at 249, 266, and 281.5 nm.**

The most striking feature of the I channel is the vari-
ation of 8. with IV (see Fig. 17). There is a smooth transi-

tion from negative values at low N to positive values at high
N. To explain this behavior, we must postulate the additional
involvement of a perpendicular-type transition to a surface
(surfaces) correlated asymptotically to I. We can further
state that this third surface is the dominant pathway for pro-
duction of CN (v =0) + I(*P;,, ). Evidence for this comes
from the present work and the following observations from
previous studies of this system:

(i) We note that the I* quantum yield at 249 nm ob-
tained by Hess and Leone*® and by us is lower than that for
photolysis at 266 nm (44% vs 65%).*' Suppose that we
invoke the predictions of the Landau-Zener curve-crossing
mechanism®® in a two-surface model. We would expect that
as the energy available for translation (product separation)
is decreased, the efficacy of curve crossing would increase
and ®,. would concomitantly decrease. This behavior was
noted by Goldfield ef al.'® in their theoretical study of this
system. The involvement of a third surface asymptotically
connected to I(*P;,, ) is necessary to explain the quantum
yield observations.

(ii) We note that measurements of the quadrupole mo-
ment of the angular momentum distribution,*>*? the 4 {*’
alignment parameter, show large fluctuations as a function
of N (see Fig. 18). The observations are that, at low &, where
the I* channel predominates, the alignment values are large
and negative, reflecting the rapid, parallel nature of the dis-
sociation leading to I*. As N increases, the values of 4 §*’
become progressively smaller, reaching limiting values of
~ — 0.1at N ~40. The work of O’Halloran et al.*’ included
measurements of alignment at higher N, whereupon the 4 {
value was observed to become more negative again, reaching
a value of ~ —0.15 at N = 58. The alignment measure-
ments are probing the fundamental underlying vibronic na-
ture of the transitions involved in photodissociating at this
wavelength. O’Halloran et al. postulated the influence of
nonadiabatic forces to explain the change in alignment as a
function of N, but, with the benefit of the present results, we
suggest that this is not the principal reason for the observed
fluctuations.

A better explanation is that the trend of decreasing 4 {*
as NV increases results from an admixture of CN originating
from both parallel and perpendicular character surfaces,'®
with the increasing importance of the perpendicular I chan-
nel with increasing N. The observation that the 8. values do
become large and positive for high N for the I channel indi-
cates that some CN are being produced from a transition of
parallel character. This cannot be a direct excitation and is
most likely to be the glancing intersection of a surface a-
symptotically correlated to I* (initially accessed in the ab-
sorption step) and a bent surface, asymptotically correlated
to L. This intersection would appear to be the major source of
CN (v =0,N) + I(*P,,,) for very high N. The effect of the
switch can be seen in the trend of the alignment values (see
Fig. 18), where for N > 40 we observe a progression towards
increasingly negative values. The increasing negative values
reflect the growing importance of the initial parallel nature
of the production of CN in these /V levels. These observations
immediately allow us to state that the passage through the
glancing intersection between two surfaces generates larger
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intramolecular torques than does the “embedded” nature of
torques caused by the immediate Franck—Condon promo-
tion to a bent state. We can reconcile the above observations
by noting that direct promotion to a bent state [correlated to
1(?P,,,)] will deposit the ¢t = 0 wave packet in a region of
the bent surface where §¥ /66 is small or zero. The dynamics
governing the development of torque are essentially those of
relaxation from the bent geometry to the (necessarily) linear
geometry in the asymptote. (We note that at 300 K about
30% of ICN molecules in the ground electronic state have
one quantum of vibrational excitation in the bending mode.
Intuitively we would expect superior Franck—Condon over-
lap between this vibrationally excited level and the bent elec-
tronically excited state. We suggest that the quantum yield
®,. might increase in the photolysis of a jet-cooled sample of
the parent.)

In contrast, the act of passage through the glancing in-
tersection will expose the molecule to very large gradients of
the potential with respect to 6, i.e., large 6 /56. This is par-
ticularly apparent in Fig. 4 of Goldfield et al. (adapted as
Fig. 19 here), where the potential changes by 8-10 000
cm ~! over a very small range of 6 between the minima of the
surfaces for small extensions of R (I-CN). Our data are not
sufficiently structured, however, to allow us to make a realis-
tic deconvolution to separate the contributions of the two
channels. Again we should note that the coupling terms used
by Goldfield et al. dictate zero interaction at @ = 0°, with the
interaction increasing quadratically in sin &; however the
figures serve to illustrate the point under discussion.

(iii) We note that the I*/I ratio becomes unity at
N = 26, where (interpolating a smooth trend in 5 ;) the 8.4
values are still comfortably negative. By the time the I chan-
nelis completely dominant (N >40), the 8+ values are still a
long way from the parallel limit, even allowing for the influ-
ence of vector correlations. (The £, values seem to be rising
at the point at which our study stops but here the popula-
tions are negligible.)

V [RU-CN), o 0]
AE~8-10,000 cm |
= (for small R-Rg)

-0.50 (o} 0.50 1.00
8 (Radians)

-1.00

FIG. 19. Cut through the schematic potential intersection of the 1 =0+
and {} = 2 surface (adapted from Ref. 15) showing the large potential gra-
dient §¥ /58 in the region of R (I-CN) close to the Franck—-Condon region.
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At the moment we are at a loss to explain two of the
more subtle features of our experimental observations. First-
ly, in Fig. 17 we see that for N > 45 the 84 parameters for the
F, and F, components are different within experimental er-
ror. This is remarkable as, even at N = 75, the F|, F, levels
are only separated by 0.5 cm ~' in the asymptote, yet the F,
component shows a significantly and consistently higher £
value than the F, component. This difference in S, is also
obvious in Fig. 2 (final panel) of Nadler et al.,*' where for
N = 57 the F, component shows a larger S value (al-
though these authors did not comment on this).

Secondly, we note (from Fig. 15) that in the same re-
gion where the £ values show significant differences for
the F,/F, components, the fine-structure difference function
S(N) stops oscillating and assumes large positive values. Our
detection sensitivity did not allow us to probe past N = 62
with any great reliability, but in future experiments it should
be possible to examine the trend in f(N) to higher N.

Both of these features must be highly quantum mechan-
ical in origin, probably linked to the coupling of the elec-
tronic and rotational degrees of freedom in the dissociating
molecule, as already discussed by Joswig e al.** Band,
Freed, and Singer have been engaged in a thorough theoreti-
cal treatment of the subtleties of diatomic photodissociation
for some considerable time.* They have based the work on
the precept “that the Born—-Oppenheimer approximation
must always fail upon dissociation to fragments with non-
vanishing electronic angular momentum.”*® The resulting
nonadiabatic interactions come to prominence in the so-
called molecular recoupling region, found at intermediate
internuclear distance between the molecular and fragment
limits. Among the predictions of the theory are the nonsta-
tistical populations of the atomic fine-structure states (vary-
ing as a function of photolysis energy) and the intriguing
observation that the fine-structure states themselves may
have different angular distributions and polarized angular
momentum distributions. It is reasonable to suppose that the
precept can be extended to triatomic photodissociation, but
the theoretical followup would be formidable.”! We observe
here two of the predicted effects and we have observed fine-
structure-dependent polarization anisotropy in independent
experiments.®>%?

C. General discussion

It is clear that any discussion of the photodissociation
dynamics of ICN in the 4 continuum must be couched in
terms of (at least) a three-surface model. The electronic
structure of the 4 continuum is currently the subject of de-
bate: there are arguments for both 7°7* and 7 o* electronic
configurations.**** For comparison, we refer to the analo-
gous CH;I 4-continuum manifold, which is in some ways
better understood.” "% 7> 76.78.95-99

Initial absorption in ICN at 249 nm is by states of . =0
character, giving parallel transitions, and ) =1 states,
yielding perpendicular transitions. Vigué et al.!” hypoth-
esize that these are the *II,, and 'Il, states of the 7°o*
configuration. These can be likened to the *Q, and 'Q, states
already identified in CH,1.7%7373.76.78.95-99 The 730* config-
uration also generates states of *TI, and *Il, character. The
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11, state correlates asymptotically with I* and the major-
ity of I* production is associated with direct evolution on
this surface. We interpret the overall trendsin the 5.4 values
and A4 {* values at 249 nm as the growing contribution from
a perpendicular electronic transition with subsequent curve
crossing as the CN is formed in increasingly higher N in this
channel.

The I* channel also shows effects from crossing and
recrossing, evidenced by the discontinuities in the B 4, f(N),
and A §» plots. We believe that the origins of these lie in
nonadiabatic transitions of the type discussed by Joswig et
al.,”® O’Halloran et al.,”” and Vigué et al.,'” involving inter-
actions with surfaces of {1 = 1 character.

The I channel shows contributions from initial elec-
tronic transitions of both perpendicular and parallel charac-
ter. Goldfield et al.'* have identified one interaction as the
glancing intersection of the *II, , state with a state of {2 = 2
character (perhaps *Il, from the 7°c* configuration), opti-
cally disconnected and correlated asymptotically with the I
channel. We believe this interaction to be the source of
I(*P,,,) + CN (v = 0) fragments where the CN is found in
very high rotational levels. The positive f.; parameters
found for these fragments reflect the parallel-type transition
responsible for their origin, while the high rotational angular
momentum is a signature of the large ¥ /66 term involved
in curve crossing. The perpendicular component of the I
channel seen to correlate with low N is probably a direct
promotion, i.e., optically connected to the ground state. Giv-
en the energy ordering of the states, this is most likely to be
the '[1, state (perhaps from the 7°o* configuration), as dis-
cussed by Vigué et al.

Our overall picture is summed up in Fig. 20. This is a
schematic representation of potentials consistent with our
arguments, shown at & = 0° (linear geometry). We make no

V(R)|

E(W) =—

AN
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comment as to which electronic configuration could gener-
ate these potentials; the electronic nature of the continuum
remains to be established.

The further eludication of the photodissociation dy-
namics of ICN in the A continuum would be greatly aided by
the calculation of ab initio surfaces for the ground and va-
lence excited states. Recent results from calculations on the
analogous CH,I manifold®®*’ indicate that quantum chem-
istry can now generate realistic potentials for systems with
large spin—orbit interactions (i.e., those containing I atoms).
Morokuma and co-workers have extended their study to the
calculation of nonadiabatic coupling terms, another vital
and profitable extension of the current theory.”® We hope
that similar calculations for ICN will be forthcoming. The
behavior of the surfaces and their coupling with respect to
the bending angle would be of particular interest.

Hasselbrink et al.*’ have photodissociated ICN at 249
nm using circularly polarized photolysis light. Probing the
CN (v = 0) fragments, again with circularly polarized light,
they observed strong orientation of the CN fragment. We
reproduce their results as Fig. 21, where we have plotted the
value of the 4 "> moment as a function of N. Hasselbrink et
al. hypothesized that the sign of the orientation was linked to
the spin—orbit state of the iodine atom in some way and,
referring to Figs. 12 and 13(a), we see that the trend in A4 "’
vs Nis very reminiscent of the switching between the two exit
channels. The plots of 4 §'’ and I*/1 exit-channel switching
as a function of N' do not quite superimpose. The magnitude
of orientation seems to be greater for CN (v = 0) correlated
to the I channel than for the I* channel. This is probably
linked to the effects of amplification of angular momentum
as discussed by Vigué et al.'” for ICN and lately by Dixon'®
for NH.,.

Finally, we note that the “lifetime” estimate that we

FIG. 20. Cut through hypothetical poten-
tial energy surfaces for ICN at §=0°
showing three interacting excited state
surfaces in the Franck—Condon region.

Re=2.745 A

R(I-CN)
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FIG. 21. The dipole moment 4 "’ (the orientation) vs N for CN (v =0)
from the photolysis of ICN at 249 nm (reproduced from Ref. 39).

obtain here ( < 100 fs) is more rapid than that obtained by
Dantus et al.,** who observed 7~200 fs at 306 nm and
7~160 fs at 285 nm. One may argue about the validity of
comparison of the two methods; however, the observed gen-
eral decrease in lifetime with increasing photolysis energy is
known from a number of other systems, CH,I”®* and
H,0,'"""'%* being two examples. The reasonable agreement
and rational trend of the measurements give us confidence in
our earlier treatment of B4 in that the dissociation is very
rapid on the time scale of molecular rotation and that, conse-
quently, little rotational smearing mars the results.

V. CONCLUSION

We have used Doppler spectroscopy to elucidate the
scalar and some vector properties of the dissociation of ICN
at 249 nm. We have demonstrated that at this wavelength
the description of the dissociation dynamics must be posed
in terms of a three-surface model. Evidence has been pre-
sented for nonadiabatic processes affecting both the disso-
ciationto I(*P,,, ) and I(*P, , ). A model involving multiple
surface interactions has been presented. This model not only
accounts for the observations in this work, but also explains
certain facets of previous experimental data.

APPENDIX: VECTOR CORRELATION ANALYSIS

In the course of formulating a plausible explanation for
the N-dependent, nonstatistical populations of the F,/F,
components, Joswig et al.>* developed a model Hamiltonian
for the system incorporating a term

NJ,,/2uR =

where J,, is the resultant of the iodine atom electronic mo-
mentum and the CN electron spin angular momentum. This
constitutes (in the derivative formulation) a force directed
out of the plane of scattering defined by the three atoms.
Classically, forces act in a pairwise additive fashion
between the atoms and it would be expected that all forces
act “in plane.” The logical extension of this postulate is that,
in the asymptote, the vectors representing the velocity of the
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CN fragment v and the rotational angular momentum J will
be perpendicular. This has been the tacit assumption in a
number of studies of the photodissociation of triatomic mol-
c':.u.les.ll:il.1(}4—'[(‘)6

We hypothesize, however, that the existence of the rela-
tivistic force described by Joswig et al.** will give rise to a
nontrivial projection of v on J (i.e., no longer an expectation
value of 90° for cos = ' (v+J)). The obvious way to test this
hypothesis might appear to be a full sub-Doppler polariza-
tion analysis of the LIF transitions of the CN fragment in the
manner advocated by Dixon*> and Houston and co-
workers.**** In particular, a nontrivial value of the bipolar
harmonic describing the v+J correlation in the formalism of
Dixon might well be proof of the existence of an out-of-plane
force.

We have performed this analysis for N = 0,12,24,33,49,
and 58, spanning almost the full range of detectable CN
(v = 0,N) quantum states. First, we justify our previous sta-
tements that in the chosen geometry the correction to be
made to B4 to yield “S,,,.” is not more than 10% of the
value of B 4. From Dixon,*> we have

I(v) «—— g, +gzP2["—(‘~':—”‘i”, (A1)
2v|v| Vol V]
where
8 = by + 5,85(02) (A2)
and
g =b,B%(20) + b383(22) + bB%(22). (A3)

In this formulation, g, contains factors dependent on the
excitation—detection geometry.

Here, the B § (k,k,) are renormalized bipolar moments.
These are the expectation values of the bipolar harmonic
functions describing the expansion of the system in w,v,J,
space. Equation (A1) is itself an approximation as it ne-
glects higher order terms in the expansion of the system in
the spherical harmonic basis. It is known,** however, that
the multipliers of the higher order terms are approximately
one order of magnitude smaller than those of terms consid-
ered in Eq. (A1). At our current level of approximation, we
may safely neglect higher order terms. Two of the renormal-
ized bipolar moments, 8 2 (20) and B 2 (02), are related to
the more common photofragment angular distributions ani-
sotropy and photofragment alignment parameters by

6 [2) (20) zWtru:
and

B2(02) =34 Y.

The other two, 8 § (22) and B }(22), represent “newer”
quantities, where B § (22) describes the v—J correlation and
B §(22) provides a measure of the (v—J—p) correlation (the
“triple vector” correlation). The b,—b, parameters are sim-
ply numbers; multipliers that depend on the system geome-
try and angular momentum considerations as discussed by
Greene and Zare.'"’

We rearrange Eq. (A1) slightly to yield a more familiar
form, viz.,

(Ada)

(Adb)
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(v—v)ec
I(v) « 1+ B.4P, (AS)
Vo' | Vol¥|
where
b,82(20) + b,80(22) + bB3(22)
b DB 00800 1083
bo+ 5,8%(02)
For R(58), calculations for the b, multipliers yield*’
by = 0.8974
b, = 0.1235
b, = 1.7948 (A7)
b, = 0.3088
b,= —0.1765

If, for the moment, we assume that the dissociation orig-
inates from a parallel-type transition and takes place
promptly (axial recoil approximation), we obtain (from
Dixon,*? Fig. 3, case b) the limiting values for the 8 § (k.k,)
parameters

Bi(20) =1
Bo(22) = —-05

. A
B3(22) = +0.5 (AL
Ba(02) = —0.5

This analysis assumes vl|z, J1z, and v1J. Substituting Egs.
(A7) and (A8) into Eq. (A6), we obtain

By = 1.8574. (A9)

This should be compared to the predicted value of 5. = 2.
Hence, 8., differs from £,,,. by approximately 10%. This
result does not change significantly for values of N ranging
from 10-60. If we assume a perpendicular-type transition
(yielding Dixon’s cases c and e in Fig. 3 of Ref. 52), then the
magnitude of the correction to S is still less than 10% of
the absolute value. However, for this transition symmetry
the value of B, exceeds the magnitude of 8,,,,..

Secondly, preliminary analysis®’ has yielded estimates
for the expectation value of the angle between v and J, taking
the results of the fit of Doppler profiles to Eq. (A5) at face
value. For N = 49 and N = 58, we obtain for each fine-struc-
ture component the values listed in Table II. We offer two
comments on these results.

(a) The disquieting scatter between the results for two
fine-structure components for one NV merely reflects the gen-
eral unsuitability of the CN B2+ -X 23 * transition as a
vehicle for studying vector correlations in CN reaction prod-
ucts. The greatest variation of the multipliers of the bipolar

TABLE I1. Values of the angle between v and J, as extracted from an analy-
sis of Doppler profiles taken under various experimental geometries, for
N =49 and N = 58 in the CN (X,v = 0) manifold. Errors represent one
standard deviation.

N J 8, (degrees)
49 48.5 (F,) TM+6
49 49.5 (F)) T8+ 6
58 57.5 (F) 67T+7
58 58.5 (F)) 80+ 6

Black, Waldeck, and Zare: Photodissociation of ICN

harmonics, the b, coefficients, occurs for Q branches®? and
the B & (k,k,) values will consequently be better determined
for systems where the analysis can include Q-branch transi-
tions along with P- and R-branch transitions. In the present
system, we can only analyze Pand R transitions. Small dif-
ferences in parameter space are magnified by the inversion
procedure. This is not to say, however, that we expect the
values for the fine-structure components to be identical.*
With hindsight, it may be that the 4 *II-X ?2 * transition is
more suitable for probing the influence of vector correlations
in CN reaction products as this system offers the bonus of Q-
branch transitions.

(b) These results, particularly those for the F, compo-
nents, are obviously nonphysical. We refer to the usual angu-
lar momentum balance

Jien + Jpnoton =don + 1+ 1, (A10)

where 1 is the orbital angular momentum of the recoiling

photofragments.
We may distinguish several limiting cases. If the parent
rotation can be neglected, then Joy = — uvXb and Jy

must lie perpendicular to v and b, i.e., to the ICN scattering
plane. For this limiting case, the angle between v and J is
strictly 90° (neglecting the few units of angular momentum
provided by the dipole photon and the fine structure of the I
atom).

However, under thermal conditions, the most probable
value of J,y is about 30. A limiting case that more closely
approximates the present experiment is to consider J;y to
be large and to lie perpendicular to the ICN internuclear axis
(linear molecule). Then, if the photodissociation is prompt
on the time scale of parent rotation, once again v and J, are
perpendicular within the approximation of Eq. (A11). Our
estimate of ICN photodissociation lifetimes implies that the
ICN parent rotates only a few degrees.

It might be wondered how these arguments would be
modified by excitation of the ICN bending mode (or by zero-
point bending motion). For this case, it is possible for J;cn
to have a nonnegligible component in the ICN scattering
plane, but its magnitude is not sufficient to account for the
angle between v and J implied by the analysis in Table II.

We also note that the N+J,, /2uR ? term in the Hamilto-
nian constitutes a very subtle effect. Its ability to influence
dramatically the dissociation dynamics stems not from its
size, but the ability to introduce nonadiabatic coupling at
seams of curve crossings.>* It is also not realistic that this
force could tip the plane of rotation of the CN fragments by
up to 20° relative to the initial plane of scattering.

Consequently, we are forced to consider another expla-
nation for the observations. In the main paper, we have pre-
sented substantial evidence for the influence of a mixed per-
pendicular/parallel transition in the initial photon
absorption step. This perturbation of the reference frame
around which the vector correlation theories are built*>***
is sufficient to impair severely our ability to isolate nontrivial
values of the correlation moments. We note the previous
work of Sivakumar et al.,'® who photodissociated OCS at a
variety of wavelengths. They observed radical variations in
the B+ values as a function of &, similar in some ways to
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those we observe here. Sivakumar et al. were able to analyze
quite successfully the Doppler profile set in terms of a linear
combination of parallel and perpendicular components in
the initial photon absorption step. They assumed that the
bipolar harmonics describing the system®? were at their
physical limits for each component and, using linear combi-
nation, were able to extract the relative contributions of par-
allel and perpendicular electronic character as a function of
N.Our data (Table IT) are clearly inconsistent with dissocia-
tion on a single surface and we suggest that these data are a
further manifestation of the mixed electronic character of
the dissociation dynamics.
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