Photodissociation of alkyl iodides in solution: Substituent effects
on the early-time dynamics
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Resonance Raman spectra, including absolute scattering cross sections, have been measured
for ethyl, isopropyl, and tert-butyl iodides in cyclohexane solution at seven to ten wavelengths
between 303 and 200 nm. Spectra of fully deuterated ethyl iodide have also been obtained at
five wavelengths. Spectra excited in the 300-250 nm region, on resonance with the directly
dissociative A4 state, are dominated by long overtone progressions in the nominal C-1 stretching
mode near 500 cm ~ . In all three molecules the fundamental of the C-I stretch is
unexpectedly weak relative to the overtones when excited near the peak of the 4 band. This is
shown to arise from interference between the A4-state resonant part of the fundamental Raman
amplitude and preresonant contributions from higher electronic states. In addition to the C-I
stretching activity, 4-state excitation generates significant intensity in fundamentals, overtones,
and combination bands of modes nominally assigned as bending and CC stretching vibrations,

suggesting a multidimensional character to the reaction coordinate. The absorption spectra
and A-state resonant Raman intensities are modeled successfully through wave-packet
propagation on a multidimensional locally harmonic potential with a preresonant contribution
to the fundamental intensities included. The short-time photodissociation dynamics are then
examined by using the normal-mode coefficients to convert the wave-packet motion from
dimensionless normal coordinates into internal coordinates. It is found that while the
dominant motion during the first 10 fs involves stretching of the C-I bond, other stretching
and bending motions are also involved, although the precision of these conclusions for
isopropyl and tert-butyl iodides is limited by the indeterminacy in the signs of the normal-
mode displacements obtained from the intensity analysis. Comparison of the results for normal
and perdeuterated ethyl iodide is used to resolve most of the sign indeterminacies for this
molecule. The present results are compared and contrasted to conclusions of previous studies
of energy partitioning in the vapor-phase photodissociation.

I. INTRODUCTION

The alkyl iodides have been widely treated as a para-
digm for photodissociation processes occurring on a directly
repulsive excited-state potential surface. Photoexcitation of
an alkyl iodide (RI) within its lowest electronic absorption
band near 260 nm leads, at least in the vapor phase, to
prompt R-I bond fission to form an alkyl radical and an
iodine atom. Photofragment anisotropies demonstrate that
the dissociation is fast relative to molecular rotation,' and
the complete absence of structure in the optical absorption
spectra strongly suggests that dissociation is also faster than
vibrational motion along any Franck—Condon active bound
coordinate. The observation that the I product is formed in
both its ground and excited states indicates that a curve
crossing occurs between the *Q, surface, which carries most
of the oscillator strength, and other surfaces, predominantly
the 'Q,, and much experimental and theoretical study has
gone into attempting to understand the dynamics of this
curve-crossing process.>'> The most extensive work has fo-
cused on the smallest member of the series
(R = CH,)."»*%710-15 Methyl iodide is an attractive subject
for photodissociation studies because it appears to behave
dynamically much like a diatomic or at least a linear triato-
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mic molecule,”!>!3¢ while presenting a somewhat simpler
set of potential surfaces (e.g., no nearby bound states) than
most true diatomic or linear molecules (e.g., I,).

More recently, several studies have compared a series of
alkyliodides in order to examine the effects of size and struc-
ture of the R group on the dissociation dynamics. The ex-
perimental quantities of particular interest in these studies
have been the I/I* branching ratios and the energy partition-
ing in the photofragments. In general, it is observed that with
increasing alkyl group size an increasingly large fraction of
the I product is found in its electronic ground state, indicat-
ing that passage from the 3Q, to the 'Q, surface has
occurred.>>®® A simple Landau-Zener model has been
shown to explain semiquantitatively this increase in surface
crossing probability with increasing alkyl group mass.>® In
addition, as the size of the alkyl group is increased, and as the
R groupis changed from primary to secondary to tertiary, an
increasing fraction of the total available energy appears in
internal (rotational and vibrational) excitation of the alkyl
fragment.>® While these variations in energy partitioning
can be described empirically in terms of the “rigid” and
“soft™ radical models for the dissociation dynamics,'” they
remain essentially unexplained. Furthermore, the experi-
ments performed to date on the higher alkyl iodides do not
distinguish the nature of the internal modes that are excited,
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although extensions of the mode-specific techniques which
have already been applied to methyl iodide®'*'*'%-2° should
be possible.

Resonance Raman spectroscopy has long been recog-
nized as a powerful method for probing short-lived excited
electronic states. The traditional sum-over-states picture of
Raman scattering led early workers to focus on the relation-
ship between resonance Raman intensities and the static ex-
cited-state potential surface (s).2-2* While knowledge of the
potential surfaces implies knowledge of the dynamics of nu-
clear motion following photoexcitation (at least in the gas
phase), it was the work of Lee and Heller, who interpreted
the expression for the Raman amplitude in a time-dependent
form,?’ that first focused attention on the utility of resonance
Raman intensities for probing vibrational dynamics in reac-
tive excited states. Early applications of resonance Raman to
dissociative molecules involved diatomics?®?’ (where the
nature of the reaction coordinate is not in question) and
polyenes in which the “dissociative” coordinate is a tor-
sional mode.?®-* The method was first applied to methyl
iodide by Kinsey and co-workers in the mid-1980s.'®'° Their
data were at least qualitatively consistent with a picture in
which the initial dynamics involves nearly pure stretching of
the C-I bond coupled to flattening of the CH, dihedral angle
at longer times,'® although efforts to simulate the spectra
quantitatively have not been fully satisfactory, and the exci-
tation profile data needed to verify the enhancement mecha-
nism have not yet been published. More recently, the polar-
ization properties of the emission have also been exploited to
probe the dynamics of the curve-crossing process,'® and
spectra have been obtained in several solvents in order to
explore environmental effects on the dynamics.?

In the present paper, we take advantage of the mode-
specific information contained in resonance Raman intensi-
ties to examine the short-time dynamics of nuclear motion
following A4-state excitation of ethyl, isopropyl, and tert-bu-
tyl iodides. By measuring both relative and absolute scatter-
ing cross sections over a wide range of excitation frequencies
both within and above the 4-state absorption, we are able to
show that even with A-state resonant excitation the Raman

JSundamentals obtain much of their intensity from prereson-
ance with higher electronic states, and we account for this
preresonance contribution in our modeling of the spectra.
We then make use of the ground-state normal-mode descrip-
tions to convert the parameters of our spectral modeling into
chemically meaningful internal coordinate dynamics. This
provides detailed, atomic level pictures of the short-time
(subvibrational period) dynamics of dissociation in each of
the three molecules.

The present experiments have been carried out in cyclo-
hexane solution mainly for reasons of technical convenience.
Based on our previous work on methyl iodide,?® we antici-
pate that the very short-time dynamics will be similar in
vapor and solution phases. It would of course be extremely
interesting to observe any solvent dependence of the disso-
ciation dynamics. Spectra of ethyl, n-propyl, isopropyl, and
tert-butyl iodides have been obtained in the vapor phase by
Valentini and co-workers,*' ® and a detailed comparison of

the vapor- and solution-phase spectra will be reported separ-
ately.>'®

1. EXPERIMENTAL METHODS

Ethyl, perdeuterated ethyl, isopropyl, and tert-butyl io-
dides (all from Aldrich) were used as obtained or after being
distilled once. The Raman spectra of distilled and undistilled
material appeared identical. The solvent was spectroscopic
grade cyclohexane (EM Science). Excitation wavelengths
0f 199.8,204.2, 208.8, 217.8, 223.1, 228.7, and 274 nm were
generated by stimulated anti-Stokes Raman shifting the sec-
ond, third, and fourth (266 nm) harmonics of a Quantel
YG581 @-switched Nd: YAG laser (where YAG denotes yt-
trium aluminum garnet) operating at 20 Hz. Wavelengths of
302.6,284.6,276.6,268.8, 270.3, 278.3, 258.2, and 282.0 nm
were generated from the second harmonic of a Nd:YAG
pumped dye laser (Quantel TDL-50) or by stimulated anti-
Stokes Raman shifting of the doubled dye laser. Figure 1
shows the relationship of these excitation wavelengths to the
absorption spectra. Samples of approximately 75 ml of 0.04
M to 0.4M alkyl iodide in cyclohexane solution were flowed
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FIG. 1. Absorption spectra of ethyl iodide, isopropyl iodide, and tert-butyl
iodide in cyclohexane solution. The excitation wavelengths (in nm) at
which resonance Raman spectra were obtained are indicated. The 4-band
absorption is the weak band between 30 000 and 45 000 cm ~ ', while the B-
band absorption is the stronger band between 45 000 and 55000 cm ~ .
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through a dye jet to intersect the laser beam (~25
uJ/pulse), which was lightly focused to 1 mm diameter by a
0.5 m focal-length lens. The Raman scattering was detected
in a backscattering geometry with the detected wave vector
~135° to the incident wave vector and the laser polarized
perpendicular to the scattering plane. The Raman scattering
was collected by an f /1.4 ellipsoidal mirror (Spex) to elimi-
nate distortion of the relative intensities by chromatic aber-
ration, and imaged through a polarization scrambler (Karl
Lambrecht) onto the entrance slit of a Spex 1702 0.75 m
single spectrograph equipped with a 1200 groove/mm ruled
grating blazed at 300 nm. A Princeton Instruments IRY-
700/N/B intensified diode array detector collected multi-
channel data. The signal was typically integrated for about
100 s on the detector before being read out, with 10-100 of
these scans added together and an equal number of dark
scans subtracted to give the spectrum.

Depolarization ratios were measured by passing the in-
cident laser through a calcite Glan-Taylor polarizer (Karl
Lambrecht) to insure linear polarization, replacing the col-
lection mirror with a fused silica lens system (Melles Griot),
and placing a thin film uv polarization analyzer (Polarcoat
105-UV) in the Raman-scattered beam path just before the
polarization scrambler. The detected polarization was rotat-
ed between parallel and perpendicular on successive accu-
mulations, and the laser power for each scan was recorded by
using a quartz plate to split off a piece of the incident beam
into a solar blind photomultiplier (Hamamatsu R166)
whose output was processed with a gated integrator/boxcar
averager (Stanford Research Systems) interfaced to the
computer. The measured depolarization ratios were correct-
ed to account for the finite solid angle of collection as de-
scribed by Dawson.*? In our experimental geometry this cor-
rection reduces the measured p values by approximately 3%.

In experiments that strive to obtain ground-state spectra
using pulsed laser sources, it is vital that the laser power and
focusing conditions be controlled such that photochemistry
and/or ground-state depletion are not significant. The pow-
er dependence of the resonance Raman spectra and absolute
cross sections was studied over a range from 5 to 250
uJY/pulse. The spectra appeared unchanged up to 100
wJ/pulse, while at 250 puJ/pulse the apparent absolute Ra-
man cross sections were reduced by ~ 15% from the low-
energy spectra. Thus, we take the 25 uJ/pulse as a safe level
at which photoproduct accumulation and ground-state de-
pletion are negligible. The Raman spectra also did not
change over the ~ 30 min data accumulation time for a par-
ticular sample. The resonance Raman spectra were calibra-
ted in wave number using the known Raman frequencies of
cyclohexane, various H, Raman-shifted laser lines, and mer-
cury emission lines. The entire optical system was corrected
for the wavelength dependence and channel-to-channel vari-
ation of the detection efficiency by taking a spectrum of a
calibrated intensity standard D, lamp (Optronics model
UV-40). The backscattering collection geometry used in
these experiments minimizes distortions of the apparent rel-
ative intensities of different Raman lines caused by reabsorp-
tion of the scattered light; corrections for the remaining re-
absorption error were performed as detailed previously.**

Relative peak areas were determined by fitting regions of the
corrected spectra to a base line plus a sum of Lorentzians as
discussed elsewhere.*?

Absolute Raman cross sections for the alkyl iodides in
cyclohexane solution were measured relative to the pre-
viously determined absolute Raman cross sections for cyclo-
hexane summarized in Table 1. The 802 cm ~ ! mode of cy-
clohexane was used as the internal standard for excitation
wavelengths above 250 nm,** and the sum of the cyclohex-
ane CH stretch modes near 2900 cm ~ ! was used below 250
nm.** The concentrations of the alkyl iodide/cyclohexane
solutions were determined spectrophotometrically using a
Cary 118 immediately before and after the Raman measure-
ments. The maximum molar extinction coefficients in cyclo-
hexane solution were found to be 445M ~'cm ~' at 258.2
nm for ethyl iodide, 530M ~'cm ~ ' at 262.5 nm for isopro-
pyl iodide, and 575M ~'cm ™! at 268.8 nm for tert-butyl
iodide, in good agreement with the values reported by Ki-
mura and Nagakura.3¢ Absorption spectra showed concen-
tration changes of 5% or less during the experiment due to
evaporation and photodecomposition. Average concentra-
tions determined from the initial and final absorption spec-
tra were used in the absolute cross-section calculations.

Since the alkyliodides are relatively weak resonance Ra-
man scatterers, fairly high concentrations were needed to
prevent the cyclohexane scattering from swamping the alkyl
iodide Raman signal. Aggregation has been shown to shift
both the band shape and the position of the absorption maxi-
mum of the A-band transition in vapor-phase methyl io-
dide.”” Markel and Myers examined the absorption spec-
trum of methyl iodide in hexadecane solution over a range of
concentrations using short path-length cells and found negli-
gible changes from 0.0075M to 0.43M.?° They also observed
no change in the Raman spectra of methyl iodide over the
concentration range 0.05M-0.45M. We have also examined
the Raman spectra of the alkyl iodides studied here over a

TABLE I. Internal standard cyclohexane absolute Raman cross sections.®

Absolute cross section (A2/molecule)

Wavelength CH stretches
(nm) ~2900 cm ™! 802 cm ~ ' band
199.8 2.37x10°°
204.2 1.98x10°
208.8 1.62x10~°
217.8 1.12x10-°
223.1 9.31x10- 1"
228.7 7.57x10-1"° e
258.2 2.14x10° 1"
266.0 1.82x 10~
268.8 1.72x10" "
270.3 1.66 10~
274.0 1.55% 10~
276.6 1.47x10- 1
278.3 1.42x10~ "
282.0 13210~ 1
284.6 1.27x10- 1
302.6 9.20x 10~ 12

*Calculated from A4-term parameters of Refs. 34 and 35.
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concentration range of 0.04M-0.4M and observed no
changes in the spectra. Based on these observations, we are
fairly confident that solute—solute interactions are not signif-
icant despite the relatively high solute concentrations used in
our studies.

{1l. COMPUTATIONAL METHODS

Resonance Raman spectra are often analyzed under the
assumption that the Raman enhancement arises solely from
the electronic state(s) with which the excitation is resonant.
In the present case, however, our preliminary results (see
below) strongly indicated that preresonance enhancement
from higher electronic states makes a significant contribu-
tion to the intensity even when exciting directly on reso-
nance with the dissociative 4 state, with the resulting reso-
nance~preresonance interference leading to deenhancement
of the fundamental Raman intensities as the excitation is
tuned from the red edge of the 4 band toward the absorption
maximum. These “Raman antiresonance” effects have long
been known experimentally and understood
theoretically,*®** and although the possible importance of
preresonant contributions to the intensity is often ignored by
workers wishing to interpret intensities in terms of the reso-
nant-state dynamics, our wavelength-dependent data make
it clear that neglect of such effects cannot be justified for the
A-state alkyl iodides.

Accordingly, the absorption spectra and the 4-state res-
onant absolute Raman intensities were modeled as follows.
First, the preresonant contribution was accounted for by fit-
ting the intensities in the region to the blue of the 4-state
absorption (230-200 nm) to a single-state A-term frequency
dependence,™**

Ogr (EL) =ELE§{Apre}2’ (la)
EIZ+E; 7

where E, and E, are the laser and scattered photon energies
in wave numbers, E, is the energy of the resonant electronic
state, and K is a coupling strength. K and E, were varied to
find the best fit to the preresonant data. Equation (1) pro-
vides a convenient fitting function with a realistic theoretical
foundation, although in reality it is unlikely that a single-
state A-term dependence will be fully adequate to describe
the frequency dependence of the intensities over a wide range
of excitation frequencies. We considered the preresonance fit
as a first approximation which was adjusted slightly (see
below) in modeling the resonant data.

We then proceeded to model the A-state absorption
spectrum and resonance Raman intensities via the time-de-
pendent wave-packet approach described in detail else-
where,*® modified to account for the preresonant contribu-
tion to the Raman amplitude. The absorption spectrum was
computed from the usual expression,

47e’M °E, w
—— R dt (0|0(z
3ntc eL 1)

Xexp[i(E, + €)t/#], 2)
where M is the transition length which is considered to in-

UA (EL) =

clude any local field factors, E, is the excitation energy, n is
the solvent refractive index, €, is the ground-state zero-point
vibrational energy, and [0(¢)) = exp( — iHt /#)|0) is the
initial multidimensional vibrational state propagated by the
excited-state vibrational Hamiltonian.?® No thermal popula-
tion of initial vibrational levels other than the ground state
was considered, and due to the rapid damping of the overlaps
caused by the wave-packet motion alone, no additional
damping in the form of population or pure dephasing decay
was employed.

For the Raman intensity calculations, we assumed that
the resonant amplitude arises entirely from a single elec-
tronic state. In reality the A-band absorption consists of
transitions to three different states, but magnetic circular
dichroism data indicate that the *Q,, state carries 70%-80%
of the total oscillator strength.*’ Since the resonance Raman
intensities scale as the square of the osciilator strength, the
weaker transitions will make a relatively small contribution
to the intensities and have been neglected for simplicity, al-
though their omission may lead to some error as discussed
below. Even with the assumption of a single resonant state,
however, we found it necessary to consider the interference
between the preresonant and resonant amplitudes, and the
nature of this interference depends on whether the resonant
and preresonant amplitudes contribute to the same or to dif-
ferent tensor components of the Raman polarizability.
(Note that the otherwise detailed treatment of Ref. 44 as-
sumes throughout that only a single tensor component is
involved.) For this purpose we treat the alkyl iodides as cy-
lindrically symmetric molecules; this should be a reasonable
approximation since the most important electronic transi-
tions should be localized on the C-I moiety. With this as-
sumption the Raman polarizability has only two different
tensor components, a,, and agg, Where ¥ represents the
symmetry axis and 3 the doubly degenerate axes. The quan-
tity we measure directly in our scattering geometry is then
given by (see Refs, 48 and 49 for lucid summaries)

4E§E,_
ST Rvi L
15(#ic)*
+ i@ am + ajfpa,,) ] (3)

The total Raman cross section, integrated over all directions
and polarizations of the scattering, is given by

87 ( 1+2p

3 \1+4p
where p is the depolarization ratio, expressed in terms of the
components of the Raman tensor by

(da/dQ)"_,.l = y'y|2+%la/3/3|2

or(E, E,) = ) (do/d),, |, (4)

_ ey P+ lagl” — (e}, + a2y,
3la,, |2+ 8lags|* + 2(ad ags + afsary,)
In general, the depolarization ratio will be a function of exci-
tation frequency due to the frequency dependence of @, and

(3

Ay

. We consider explicitly two extreme possibilities for the
resonant—preresonant interference. The first is that both the
resonant and the preresonant sources of intensity contribute
solely to «,,,. This would occur if the higher electronic states

that give the dominant preresonant enhancement are all po-
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larized along the C-I bond. In this case, the depolarization
ratio should be 1/3 independent of excitation frequency, and
the total Raman cross section becomes

107

O.T(EL,ES) =T (da/dﬂ)||+11 (6)
where
AELE,
(da'/dQ)” Ll = m |am + apre|2' (7)

The resonant amplitude is calculated via the usual time-de-
pendent expression,*®

2 oc
@, =(_e;9_f dt (F10(1))exp[i(E, + €t /%], (8)
0

while the preresonant amplitude is given in terms of the pa-
rameters of Eq. (1) as

|@pre |* = (9Fc*/87){ A, }*. 9)

(The question of the phase of a,,, is discussed below.) The
other extreme occurs when the preresonant amplitude con-
tributes only to age; that is, it comes entirely from transi-
tions polarized perpendicular to the C-I bond. In this case,
multiplying a4 through by a factor of 3/2 for convenience,
the differential cross section is given by

4ELE,
15(fic)*

1
L (@t +amat,)]. (10)

where 2, and o, are still obtained from Egs. (8) and (9)
above. In this case the depolarization ratio is, in general, a
function of excitation wavelength and is given by

(do/dQ)y ., = ['arcslz‘!' |pre |2

Iares IZ + glapre |2 - %(aprca:'s + a;‘reares )

= 2 2 .
3|aresl + }Qzlapre [ + g(aprea:‘cs + a;‘rearcs )

(1D

In modeling the resonance-preresonance interference
observed in these systems we have considered each of the
above limits and have chosen the one most consistent with
the data (see Sec. IV). The preresonant term was assumed to
be negligible for all combination bands and overtones, which
are observed to be very weak in the 230-200 nm region, as
well as for some of the fundamentals which have little inten-
sity at these wavelengths. The preresonant contribution to
the amplitude was taken to be pure imaginary because the
resonant term in Eq. (8) as written also approaches a pure
imaginary quantity as the excitation is tuned away from res-
onance. The relative sign of the resonant and preresonant
components is not necessarily known and depends on the
relative direction of the geometry change along the coordi-
nate of interest in the excited states responsible for the reso-
nant and preresonant enhancements. We have assumed that
for each coordinate the direction of the geometry change is
the same in the resonant and preresonant states, so the prere-
sonant term has the same sign as the preresonant limit of the
resonant term. This seems well justified at least for the C-1
stretch, which must undergo an increase in bond length in
nearly all of its excited states. In the final calculations the
magnitude of the preresonant term (but not its frequency
dependence) was scaled by an overall constant ranging from

0.8 to 1.3 to best fit the fundamental intensities. This scaling
is considered to be justified by the crudeness of the single-
state A-term approximation for describing the preresonance
intensities.

The time-dependent overlaps, (0|0(#)) and {f]0(¢)),
were calculated as described previously*® with the assump-
tion that the ground- and excited-state potential surfaces are
separable harmonic oscillators having equal ground- and ex-
cited-state frequencies but different equilibrium geometries.
This might appear to be a drastic oversimplification for a
directly dissociative excited state. However, previous experi-
ence has shown that even a purely repulsive (e.g., exponen-
tial) potential can be quite well approximated for our pur-
poses by a harmonic one, as long as the integration time in
Egs. (2) and (8) is made short enough that no recurrences
appear and the displacement parameter A is large enough
that all of the relevant overlaps approach zero by the time
the integral is truncated.’® This is because, as long as no
recurrences are allowed, both the absorption spectrum and
the Raman intensities of the first few overtones depend
mainly on the slope of the excited-state surface in the
Franck-Condon region.*®*® While our model parameters
cannot be expected to provide an adequate description of the
excited-state potential surface far from the ground-state ge-
ometry, the multidimensional slope of the excited-state sur-
face in the Franck—Condon region, and consequently the
short-time dynamics of nuclear motion, are quite well deter-
mined by such a model.

The potential parameters used to fit Egs. (2) and (8)
are usually expressed in terms of computationally conven-
ient dimensionless normal coordinates. In order to describe
the dissociation dynamics in terms of actual atomic motions,
we first express the motion of the center of the wave packet
|0(2)) in dimensionless coordinates, and then convert to in-
ternal coordinates by making use of the normal-mode vec-
tors. The position of the center of the wave packet at a time ¢
after excitation, for a system undergoing separable harmonic
dynamics, is given in dimensioniess normal coordinates by

qa(t)=Aa(1'—COSC()at), (12)

where we set ¢, = O for each mode « at the ground-state
equilibrium geometry. The vibrational frequency @,, in
units of fs ~ !, is given by @, /5308.8, where @, is in units of
cm ~ ' and 5308.8 is the value of # in units of cm ~ ' fs. The
dimensionless displacements {g, (¢)} are related to the in-
ternal coordinate displacements by*'*?

h 172
) Y A0, g, (1), (13)

27c
where A, is the normal-mode coeflicient (J5,/3Q, ), Q,, is
the ordinary (dimensioned) normal coordinate, and s, are
the displacements of the internal coordinates (stretches,
bends, torsions, and wags as defined by Wilson, Decius, and
Cross®?) from their ground-state equilibrium values.

The normal-mode vectors for ethyl, isopropyl, and tert-
butyl iodide were computed with a modification of the Sny-
der and Schachtschneider FG program described in detail
elsewhere.’' The ground-state geometries and valence force
fields were adapted from those previously published***® and
have been adjusted slightly to better reproduce the experi-

s, (1) =(
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mental frequencies, which were also taken from Refs. 54-56.
For ethyl iodide, an alternative calculation was performed
using the experimental geometry recently obtained from
analysis of the microwave spectra of isotopic derivatives.’’
This geometry change (with no force-constant adjustments)
gave typical frequency changes of ~5 cm ~ !, with minor
effects on the normal-mode coefficients.

IV. RESULTS
A. Absorption spectra

Figure 1 shows the absorption spectra of ethyl, isopro-
pyl, and tert-butyl iodides in cyclohexane solution and indi-
cates the excitation frequencies used for the resonance Ra-
man experiments. All of the alkyl iodides have very similar
absorption spectra with an A-band maximum of moderate
intensity near 260 nm and a much more intense B-band max-
imum near 196 nm. The 4-band absorption is composed of
transitions to three directly dissociative electronic states
(*Qy '@y, and *Q)), with the *Q, transition accounting for
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4 e
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FIG. 2. Overview of the resonance Raman spectra of ethyl iodide in cyclo-
hexane solution at the excitation wavelengths indicated. The CH stretch
region is not shown due to a very large solvent subtraction. The spectra are
intensity corrected and solvent subtracted. The shaded peaks are the nomi-

nal C-1 stretch progression (nv,,).

231

70%-80% of the oscillator strength.*” It is only slightly af-
fected by solvation and becomes progressively redshifted
and more intense as the alkyl group becomes heavier and
more branched. The B-band absorption is made up of transi-
tions to a bound Rydberg state that predissociates to the
lower, purely repulsive electronic states,*® and the gas-phase
B-band absorption shows distinct vibronic structure in con-
trast to the structureless band observed in cyclohexane solu-
tion.

B. Resonance Raman spectra

Figures 2, 3, and 4 present overviews of the Raman spec-
tra of ethyl, isopropyl, and tert-butyl iodides in cyclohexane,
while Fig. 5 shows a more detailed view of the ethyl iodide
spectrum at one excitation wavelength. The spectra are cor-
rected for reabsorption and the wavelength dependence of
the detection sensitivity as indicated in Sec. II, and are also
solvent subtracted. Subtraction of the strong cyclohexane
CH stretch bands around 2800 to 3100 cm ~ ! leaves that
portion of the spectrum noisy and it is omitted. The nominal
C-I stretch fundamental and overtones are shaded in the
spectra of Figs. 2-5. The spectra of ethyl iodide at 258.2, 266,
274, and 282 nm are resonant with the 4-band absorption
and show several progressions of overtones and combination
bands. Most of the Raman intensity appears in the nominal
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FIG. 3. Overview of the resonance Raman spectra of isopropyl iodide in
cyclohexane solution at the excitation wavelengths shown. The spectra are
intensity corrected and solvent subtracted. The CH stretch region is not
shown due to a very large solvent subtraction. The shaded peaks are the

nominal C-I stretch progression (nvy).
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FIG. 4. Overview of the resonance Raman spectra of tert-butyl iodide in
cyclohexane solution at the excitation wavelengths shown. The spectra are
intensity corrected and solvent subtracted. The CH stretch region is not
shown due to a very large solvent subtraction. The shaded peaks are the
nominal C-I stretch progression (nv,).

C-I stretch fundamental and overtones (nv,,). The next lar-
gest progression is the nominal CCI bend fundamental plus
nominal C-I stretch combination bands (v,, + nv,). There
are also three smaller combination bands made up of the
CH, rock, the CH, wag, and the CH, antisymmetric defor-
mation fundamentals plus the nominal C-I stretch
(vg + nvyg, vy + nvy, and v, + nvyg, respectively). The
peak positions and intensities for the 258.2, 266, and 274 nm
spectra are listed in Table II. The 199.8 nm spectrum is reso-
nant with the B-band absorption and shows a distinctly dif-
ferent pattern of Raman intensities from the spectra taken
resonant with the A-band absorption. The strongest feature
in the 199.8 nm spectrum is the CH, wag fundamental, v;.
The second strongest feature is a line at 1294 cm ~ ! which we
have not been able to assign. It appears to be a combination
band with the v, fundamental at 1202 cm~'; a 94 cm ~!
interval appears both alone and as combination bands in the

Intensity

{ 4 } i $ 3 4 $ 3 3
400 1200 2000

2800 3600
Raman Shift (cm-1)

FIG. 5. Resonance Raman spectrum of ethyl iodide in cyclohexane solution
taken with 266 nm excitation. The spectrum is intensity corrected and sol-
vent subtracted. The region between 2700 and 3100 cm ' is not shown due
to noise resulting from solvent subtraction of the strong CH stretching
bands of cyclohexane. The shaded peaks are the nominal C-I stretch pro-
gression (nv,,).

200 nm vapor-phase spectrum as well.>® The CH, wag also
shows overtones and a combination band with the nominal
C-I stretch. The Raman spectra obtained at 204.2, 208.8,
217.8, and 223.1 nm (between the A- and B-band absorp-
tions) are preresonant with the B-band Rydberg transition
and show primarily fundamentals.

The Raman spectra of isopropyl iodide obtained with
excitation wavelengths of 266, 270.3, and 278.3 nm show
several combination bands and overtones. The largest pro-
gression in these A-band resonant spectra is the nominal C-1
stretch fundamental and its overtones (shaded peaks in Fig.
3), nu,. The progression with the next largest intensity is the
nominal CCI bending fundamental plus the nominal C-I
stretch combination bands (v,, + nvg). There are three oth-
er smaller combination band progressions: the CC stretch,
the CH, rock, and the HCC methine bend plus the nominal
C-I stretch (vy + nvg, us + nug, and v, + nvg). The peak
positions and intensities for the 266, 270.3, and 278.3 nm
Raman spectra are given in Table III. Spectra taken with
excitation wavelengths of 204.2, 208.8, 217.8, and 223.1 nm
(between the 4- and B-band absorptions) are preresonant to
the B-band Rydberg transition and therefore exhibit most of
their intensity in fundamentals. As the excitation wave-
length approaches the B-band absorption, the v, vs, and v,
fundamentals become slightly more intense relative to the
C-I stretch.

The Raman spectra of teri-butyl iodide in cyclohexane
are shown in Fig. 4. The spectra taken with excitation at 266,
268.8, 276.6, 284.6, and 302.6 nm are resonant with the 4-
band absorption and show four sizable progressions of over-
tones and combination bands. The largest progression in
these spectra is the nominal C-I stretch fundamental and its
overtones (shaded peaks in Fig. 4), nv,. The vz + nv, com-
bination band series has almost as much intensity. Both v,
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TABLE II. Experimental and calculated resonance Raman intensities for ethyl iodide in cyclohexane solution.?

258.2 nm 266.0 nm 274.0 nm
Description Frequency (cm™') Expt. Calc. Expt. Calc. Expt. Calc.
Yo 506 37 30° 107 11® 276 284°
2v, 1007 100 100 100 100 100 100
(1.3%x10~'%) (1.9%x101'%) (87x10-')
[14Xx10-") [1.3x10-'9] [6.1x107 "]
3vo 1505 68 63 61 64 63 64
4y, 2001 44 42 28 43 34 43
5vio 2493 31 29 17 30
Y+ Ve 763 28 25 35 26 35 24
Y1+ 2vy, 1264 27 24 24 23 36 27
Vi + 3V 1762 16 21 14 23 28 26
V) + 4vy, 2256 12 18 6.2 20 13 24
Va 1051 3.6 4.3 35 39 24 3.6
Vg + Vio 1554 9.6 4.9 59 4.4 9.2 40
Vg + 2vye 2054 5.1 4.5 2.2 4.1 44 3.7
Vg + 3vg 2550 9.9 3.9 4.5 3.6
vy 1202 19 16 6.7 14 61 13
vy + V50 1712 18 18 14 16 20 14
v, + 2¥0 2218 24 17 14 15 14 13
Ve 1462 15 15 12 15 36 11
Va+ Vio 1956 19 17 25 17 32 12

* Experimental total absolute cross section for 2v,, in A?/molecule in parentheses; calculated value in square brackets.
b Preresonant contribution included in the intensity calculations (see text).

TABLE II1. Experimental and calculated resonance Raman intensities for isopropyl iodide in cyclohexane solution.®

266.0 nm 270.3 nm 278.3 nm
Frequency
Description (em™') Expt. Calc. Expt. Calc. Expt. Calc.
Vg 499 63 53° 151 139° 351 401°
2vg 994 100 100 100 100 100 100
(22X10719) (1310719 (8.1x107 1)
[1.5% 107 ] [1.2x10~1'9] {7.0x10~"]
Ivg 1485 59 56 75 56 70 35
4y, 1975 38 32 36 32 49 32
vy 2460 50 19
Yy 263 50 73° 156 122° 261 319°
Yo+ Vi 760 65 52 93 53 80 56
Vip + 2vg 1255 61 44 58 45 46
Vig+ 31, 1747 31 34 45 35 50 36
Vio -+ 4vy 2234 33 26 44 26 48 27
vy 879 7.0 10° 13 24° 37 59°
vy + v 1371 21 28 23 27 40 25
Vs + 2v 1861 35 23 38 22 45 21
vy 1145 30 31® 46 45° 74 9Q°
Vs + v 1644 24 11 12 10 13 9.4
vy + 2vy 2138 6.0 9.0 9.9 8.4 13 7.5
v, 1201 24 25° 33 34® 73 63°
Vit v 1700 6.0 5.8 4.8 5.5 8.8 4.9

* Experimental total absolute cross section for 2v, in A%/molecule in parentheses; calculated value in square brackets.
°Preresonant contribution included in the intensity calculations (see text).
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TABLE IV. Experimental and calculated resonance Raman intensities for tert-butyl iodide in cyclohexane solution.*

268.8 nm 276.6 nm 284.6 nm
Frequency
Description (em™') Expt. Cale. Expt. Calc. Expt. Calc.
v, 494 49 40° 87 94° 208 2120
2vy 986 100 100 100 100 100 100
(1.8Xx107'9) (1.5x107 1) (1.0X 10710
[1.4X1071] [1.2x107'9] [8.3x 10~}
3y, 1477 56 51 56 51 56 50
4y, 1965 34 27 36 27
v, 266 36 27° 66 49° 175 164°
Vet vy 758 91 65 65 67 69 69
Ve + 2, 1247 49 50 44 51 46 52
v + 3wy 1735 11 35 24 36
2vg 531 53 11 60 11 73 12
Ve 807 34 kX 33 36° 71 42°
Yo + V1 1299 51 43 33 42 21 40
Ve + 2, 1791 43 33 23 32
Ve + V3 1071 44 14 25 14 10 14
Ve + 2vg 1332 13 3.5
Vs 1137 52 56° 70 69° 122 123°
Vs + vy 1629 7.9 16 43 15
Vs + Vg 1395 10 5.3
vy + 2vq 1647 3.5 1.3
Vot vy + vy 1556 21 21 10 21
Vet va+ v, 1889 16 8.0

* Experimental total absolute cross section for 2v, in A2/molecule in parentheses; calculated value in brackets.

b Preresonant contribution included in the intensity calculations (see text).

and v, have large CI stretch internal coordinate contribu-
tions to their normal coordinates. There are two other
smaller series of peaks associated with the nominal CC
stretch and methyl rock fundamentals plus the CI stretch
(vg + nvy and vg + nv;). The peak positions and intensities
for the 268.8, 276.6, and 284.6 nm resonance Raman spectra
are shown in Table IV. Spectra at 204.2, 208.8, 217.8, 223.1,
and 228.7 nm (between the 4- and B-band absorptions) are
preresonant to the B-band Rydberg transition and thus have
most of their intensity in fundamentals.

The 4-band resonance Raman spectra of the three alkyl
iodides have common trends in their intensity patterns. The
members of the nominal C-1 stretch progression carry the
most intensity. The second largest progression in all of the 4-
band spectra is the combination band series composed of one
quantum of the mode near 260 cm ~ ! ( predominantly CCI
bending) and # quanta of the C-I stretch. The relative inten-
sity in this progression increases as the alkyl group becomes
heavier and more branched. This trend could be due either to
participation of the CCI bending coordinate in the photodis-
sociation dynamics or to an increasing amount of C-I
stretch character in the mode around 260 cm ™' due to in-
creased mixing of the internal coordinates in the ground-
state normal modes. The same possible enhancement mech-
anisms exist for the other modes besides the nominal CI
stretch which show intensity on resonance with the 4 band.
A quantitative analysis making use of the normal-mode de-

scriptions is needed to determine the relative contributions
of these two effects, and this is presented in succeeding sec-
tions.

Figure 6 presents the resonance Raman spectra of fully
deuterated ethyl iodide at five excitation wavelengths span-
ning the 4-band and B-band regions. Only v,,, v;,, and v,
exhibit significant resonance intensity. Also, the unassigned
line at 1294 cm ~ ' in the 199.8 nm spectrum of the parent
molecule cannot be identified in perdeuterated ethyl iodide.
Spectra of the deuterated species are of interest for two rea-
sons. First, the CH stretching region of the alkyl iodide spec-
tra is largely obscured by the very strong CH stretches of the
cyclohexane solvent, making it difficult to evaluate the de-
gree to which these modes participate in the photodissocia-
tion dynamics (although the absence of observable intensity
in combination bands involving the CH stretches indicates
that they are relatively inactive). The perdeuterated species
shows relatively little intensity in CD stretching fundamen-
tals, and most of the intensity that is observed appears to
arise from preresonance with higher electronic states (note
the intensity near 2200 cm ~' in the 204.2 nm spectrum).
Second, the resonance Raman intensities in isotopically sub-
stituted species can be helpful in choosing among the many
possible combinations of sign of the excited-state displace-
ment parameters, as shown below. Table V summarizes the
relative intensities of the Raman lines of perdeuterated ethyl
iodide observed with 4-band resonant excitation.
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FIG. 6. Resonance Raman spectra of fully deuterated ethyl iodide in cyclo-
hexane solution at the excitation wavelengths indicated. The spectra are
intensity corrected and solvent subtracted. Small parts of the 266.0 nm spec-
trum are missing due to solvent subtraction artifacts. The shaded peaks are
the nominal C-I stretch progression (nvy,).

C. Resonance Raman depolarization ratios and
absolute Raman cross sections

Depolarization ratios for the stronger Raman lines were
measured for all three alkyl iodides at 266 nm. Due to the
difficulty of these experiments (the polarizer strongly atten-
uates the already weak scattered light) measurements were
not attempted at other wavelengths. The depolarization ra-
tio of the C-I stretching fundamental was found to be 0.37,

TABLE V. Experimental and calculated resonance Raman intensities for
deuterated ethyl iodide in cyclohexane solution.

266.0 nm 274.0 nm
Frequency
Description (ecm™') Expt. Cale. Expt. Calc.
Yio 463 176 163 389  404°
20 924 100 100 100 100
v 1374 67 60 62 59
4v,, 1812 41 38 37 37
Vi + Vi 692 29 34 2 36
i + 20 1148 26 31 44 32
Vi, + 310 1601 27 26 40 27
Vi + 4o 2046 18 21 40 22
v, 970 118 84+ 155 2012
vy 4 Vo 1430° b 41 b 37
v, + 2vy, 1882 39 36 33 32
v, + 3y, 2327 30 30

* Preresonant contribution to calculated intensities included (see text).
b arge uncertainty in position and intensity due to subtraction of nearby

1444 em ™~ ! solvent band.

0.39, and 0.34 (all 4 0.03) for ethyl, isopropyl, and tert-
butyl iodide, respectively. These are significantly but not
greatly different from 1/3, suggesting that the majority of
the preresonant enhancement of the C-I stretching funda-
mental contributes to the same component of the Raman
tensor as does the principal resonant contribution. The ob-
servation that the first few overtones of the C-I stretch have
depolarization ratios similar to those of the fundamentals
(near 0.39) supports this conclusion. Furthermore, in our
modeling of the intensities we could not come close to repro-
ducing the wavelength dependence of the fundamental cross
sections by assuming orthogonally polarized resonant and
preresonant amplitudes. As Egs. (7) and (10) indicate, the
interference terms are relatively much smaller when ., and
a,,. are orthogonally polarized, and the cross terms are then
too small to generate the observed dispersion in the funda-
mental to overtone ratios regardless of whether an 4-term or
a B-term preresonance frequency dependence*’ is assumed.
In all the analysis that follows, we assume that only a
single element of the Raman tensor need be considered. This
implies that the dominant source of preresonance enhance-
ment is not the sharp B-band transition, which is known to
be polarized perpendicular to the C-1 bond,® but rather oth-
er components of the broad quasicontinuum below 200
nm.%*® The A- and B-term preresonant fitting parameters
further support this conclusion. For example, the 4-term fit
to the ethyl iodide v, fundamental intensity with excitation
between 230 and 200 nm places the electronic state responsi-
ble for the preresonant enhancement at 58 400 cm ', well
above the peak of the B-band absorption at about 51 000
cm~'. A B-term fit puts the preresonant electronic state at
53 500 cm ~ ! and the “virtual” state from which it borrows
intensity at 125 400 cm ~ '. While these parameters based on
fits to the data over a limited frequency range cannot be
taken too literally, they are at least consistent with the con-
clusion that electronic states other than the B state are re-
sponsible for most of the preresonance enhancement.

The absolute Raman cross sections for the nominat C-I

TABLE VI. Nominal C-I stretch fundamental absolute Raman cross sec-
tions.

Absolute cross section (Az/molecule)

Wavelength

(nm) Ethyliodide  Isopropyliodide tert-butyl iodide
199.8 3.9x10°8
204.2 5.6x10~° 1.4x10-% 7.4x10~¢
208.8 3.0x10~° 6.6x10°° 33x10~8
217.8 1.7x10-° 3.6x107° 9.0x10~?
223.1 8.7x10~1' 23x10"° 3.8x107°
228.7 22x10~°
258.2 5.0x10-"
266.0 2.0x10-1° 14x10-1"° 83x10-"
268.8 87x10~ "
270.3 1.9x10-1°
274.0 2.4x10-1°
276.6 1.3x10-"°
278.3 2.8x10°"°
282.0 2.2x10-1
284.6 2.1x10-1"°
302.6 1.7x10-1"°
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FIG. 7. Experimental absolute Raman cross sections of the v,o fundamental
of ethyl iodide taken with excitation wavelengths preresonant
to the B-band absorption ( X, top panel) and resonant with the 4-band
absorption (O, bottom panel). The cross sections have been divided by the
v* dependence with v incm ~'. An Albrecht A-term fit to the preresonant
absolute cross sections of the top panel is shown as the solid line, and its
extrapolation into the A-band absorption region is shown in the bottom pan-
el. The extrapolated preresonant contribution to the C-I stretch fundamen-
tal in the 4-band region is not negligible compared with the experimental
intensity.

stretching fundamental at the wavelengths indicated in Figs.
2—4 are given in Table VI. These total absolute cross sections
have been calculated from the directly measured relative dif-
ferential cross sections as discussed in Ref. 46 [see also Eq.
(4)] using depolarization ratios of 0.10 and 0.23 for the cy-
clohexane 802 cm ~ ! line and the sum of the CH stretches,

TABLE VIL Parameters of alkyl iodide simulations.*

D. L. Phillips and A. B. Myers: Photodissociation of alkyl iodides

respectively.’>*? As we were not able to measure accurate
depolarization ratios for the weaker alkyl iodide bands, we
have assumed p = 1/3 throughout. Using p = 0.39 rather
than 0.333 would increase the conversion factor from differ-
ential to total cross section by 7%.

The Raman cross sections for excitation between 200
and 230 nm, preresonant with the B-state and higher Ryd-
berg transitions, are much larger than those observed in the
A-band region (250-300 nm). Figure 7 shows the A-term fit
to the nominal C-I stretch fundamental intensities at 200-
230 nm for ethyl iodide, as well as the extrapolation of this
preresonance fit into the 4-band absorption relative to the
observed absolute Raman cross sections. The corresponding
plots for isopropyl and tert-butyl iodides are similar. It is
seen that the preresonant contribution to the intensity is
comparable to the actual observed intensity with 4-band res-
onant excitation, and clearly cannot be ignored. This may
explain the discrepancy observed between theory and experi-
ment for the intensity of the fundamental relative to the first
overtone in previous work on methyl iodide.'*>°

D. Absorption and resonance Raman spectral modeling

The absorption spectra and A-band resonant absolute
Raman cross sections for all three alkyl iodides as well as
deuterated ethyl iodide have been modeled using Egs. (2)
and (6)~(9) as outlined in Sec. III. The calculations take
into account the contributions of preresonance scattering to
the fundamental intensities. The calculated and experimen-
tal relative intensities are compared in Tables II-V along
with the absolute Raman cross section for the first overtone
of the nominal C-~I stretch. The spectra excited closer to the
absorption maxima were given more weight than the ones
near the red edge where the 3Q, state starts to make a signifi-
cant contribution to the absorption intensity. The param-
eters used in the modeling are given in Table VIL The calcu-
lated and experimental A-band absorption spectra,
displayed in Fig. 8, show reasonable agreement considering
that we are neglecting the minor contributions of the *Q, and
'Q, states to the red and blue edges of the 4-band absorption.

The calculated and experimental relative intensities for
the 258.2, 266, and 274 nm ethyl iodide resonance Raman
spectra are shown graphically in Fig. 9. At 258.2 nm the °Q,
state contributes almost all of the absorption strength ac-

Ethyi Isopropyl tert-butyl Perdeuterated Ethyl
F req.l Freq. Freq. Freq.

Mode (em™!) Y| Mode (em™") |A| Mode (cm™') |A| Mode (cm™') 1A|
Vio 498 4.50 Vg 499 4.50 Vs 487 4.70 Vo 458 4.50
Y 262 3.00 Yio 250 4.50 Vg 259 5.00 v 233 3.50
Vg 1049 0.35 vy 879 1.00 Ve 806 1.35 vy 972 1.30
vy 1203 0.60 Vs 1153 0.50 Vs 1143 0.60
Vs 1450 0.50 v, 1210 0.35

Ey=32300cm ', M=017A  E,=30200cm~',M=0.195A

E,=27650cm-', M=0214 E,=32300cm~',M=0.17A

See Sec. III for a definition of the parameters. The “zero—zero energy,” E,, should not be taken literally, as these fitting parameters cannot be meaningfully

extrapolated to an excited-state potential minimum (see the text).
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FIG. 8. A-band absorption cross sections of the alkyliodides in cyclohexane
solution, experimental (solid line) and calculated using the parameters of
Table VII (dashed line).

cording to the magnetic circular dichroism (MCD) experi-
ments, and the agreement between experimental and calcu-
lated intensities is excellent. The calculated and
experimental intensities at 266 and 274 nm excitation are
still in reasonable agreement, although there are some no-
ticeable discrepancies, particularly at 274 nm. This wave-
length is near the peak of the weak 3Q, absorption, and this
state, not included in our calculations, may contribute to the
experimental intensities. The calculated and experimental
Raman intensities for isopropyl iodide at 266, 270.3, and
278.3 nm are listed in Table III and shown graphically in
Fig. 10. The agreement between calculated and experimen-
tal intensities is generally good, though not as good as for
ethyl iodide. No MCD experiments have been reported for
isopropyl iodide so we do not know the exact composition of
its A-band absorption. Isopropyl may have more of its ab-
sorption strength in the >Q, and '@, states which may also be
located at different wavelengths than in ethyl iodide, causing
a somewhat larger perturbation on the resonance Raman
spectra. The calculated and experimental Raman intensities
for tert-butyl iodide at 268.8, 276.6, and 284.6 nm are listed
in Table IV and shown graphically in Fig. 11. Again the
agreement between the calculated and experimental intensi-
ties is reasonably good, though not as good as for ethyl io-
dide. Herethe 3Q, and ' Q, states do make a greater contribu-
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FIG. 9. Comparison of experimental (open bars) and calculated (solid
bars) relative Raman intensities at three different excitation wavelengths in
the 4-band absorption of ethyl iodide in cyclohexane solution.

tion to the total 4-band oscillator strength than in ethyl
iodide; also, the *Q, state is located closer to the maximum of
the absorption band in tert-butyl iodide than in ethyl io-
dide.”’

Table V compares the observed and calculated relative
intensities for fully deuterated ethyl iodide at 266.0 and
274.0 nm. We see very good agreement for most of the reso-
nance Raman intensities. The 274.0 nm spectrum, which is
likely to have a larger contribution from the weak 3Q, ab-
sorption, does not show as good agreement between experi-
ment and calculation as does the 266.0 nm spectrum. Our
simulations reproduce well the larger v,,/2v,, ratios at 274

and 266 nm in deuterated relative to normal ethyl iodide.
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FIG. 10. Comparison of experimental (open bars) and calculated (solid
bars) relative Raman intensities at three different excitation wavelengths in
the A-band absorption of isopropyl iodide in cyclohexane solution.

This agreement may be largely artificial because we did not
measure any absolute cross sections for the deuterated spe-
cies, and accounted for the preresonant term by scaling the
normal ethyl iodide 4-term frequency dependence to best
reproduce the deuterated data. However, the absorption
spectrum is slightly narrower in the deuterated species
(2250 ¢cm ~ ! vs 2400 cm ~ ! in Ag-ethyl iodide) and this does
affect the calculated frequency dependence of the fundamen-
tal intensity.

For comparison, we have carried out the same calcula-
tions for ethyl iodide omitting the preresonant contribution
to the fundamental intensities. Figure 12 shows the experi-
mental ratio of the fundamental to the first overtone of the
nominal C-I stretch compared to the ratios calculated with
and without the preresonant contribution. This figure dem-
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FIG. 11. Comparison of experimental (open bars) and calculated (solid
bars) relative Raman intensities at three different excitation wavelengths in
the 4-band absorption of tert-butyl iodide in cyclohexane solution.

onstrates the importance of resonance—preresonance inter-
ferences in determining the observed fundamental intensi-
ties.

E. Vibrational normal-mode calculations

The ground-state normal modes of all three alkyl io-
dides were calculated by refining a valence force field start-
ing from literature values to best-fit experimental vibrational
frequencies of the parent molecules and the deuterated de-
rivatives of ethyl iodide (CD,CH,l, CH,CD,I, and
CD,CD,I) as described in Sec. III. The final force field gave
rms frequency errors of 7.6 cm ~ ! for ethyl (all four isotopic
derivatives), 2.9 cm ~ ! for isopropyl, and 7.6 cm ~  for tert-
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FIG. 12. Experimental ratio of the nominal C-I stretch fundamental to its
first overtone (v,,/24,,) for ethyl iodide in cyclohexane solution (open
bars), the ratio calculated including the nonresonant A-term contribution
(solid bars), and the ratio calculated without the nonresonant contribution
(striped bars). The absorption spectrum is shown for reference.

butyliodide. Figure 13 shows the geometries assumed for the
three alkyl iodides. The complete force fields, Cartesian co-
ordinates, and computed vibrational frequencies and nor-
mal-mode coefficients are available as supplementary mate-
rial. Table VIII summarizes the experimental and calculated
vibrational frequencies and potential-energy distributions
for the modes having significant intensity in the A-band reso-
nant Raman spectra. The normal-mode descriptions show
increased mixing of the CI stretching coordinate into the
nominal CCI bending mode near 260 cm ~' as the alkyl
group size is increased. However, most of the other modes
that show resonance Raman intensity have little CI stretch-
ing component, indicating qualitatively that the initial pho-
todissociation dynamics does involve significant motion
along coordinates other than the CI stretch.

F. Photodissociation dynamics

With both the ground-state normal-mode descriptions
and the excited-state dimensionless origin displacements in
hand, we may now apply Eqs. (12} and (13) to calculate the
change in the expectation value of each internal coordinate
as a function of time following photoexcitation. Since we
have used a harmonic potential to simulate 2 much more
complex dissociative surface, we can justifiably discuss the
dynamics only at short times, where the nuclei have not yet
moved far from the Franck—Condon region. We choose 10 fs
as a reasonable time based on the observation that the over-
laps {f|0(#)) which determine the calculated resonance Ra-
man intensities reach their maxima at times in the 5-10 fs
range for most of the observed transitions. Also, 10fs is short
compared with the recurrence times of any of the active vi-
brations.

At this point a complication arises. Since the fitting pa-
rameters of Table VII give only the absolute magnitude of
each dimensionless displacement A, we must, in general,
consider all possible sign combinations, or 2" different
choices for n Franck-Condon active normal modes. Impos-
ing the physically reasonable requirement that the initial

change in the C-I bond length be in the positive direction

H4 /H5 ’H
H B\B' ,’,:’_chz\ B")EHZ
i

Hg Hio Hy

FIG. 13. Geometries of ethyl (top), isopropyl (middle), and tert-butyl
(bottom) iodides used in the normal coordinate calculations. All CH bond
lengths are 1.09 10\, CC bond lengths are 1.54 A, CI bond lengths are 2.135
A, and all bond angles are 109.5°. C represents the a-carbon atom and B
represents a methyl carbon atom.

eliminates only half these possibilities. Fortunately, for ethyl
iodide we can further reduce the number of possibilities by
making use of the redundancy contained in the Raman in-
tensities of isotopic derivatives.?**"52%! Since the electronic
structure problem is assumed to be isotope invariant, all iso-
topic derivatives should have the same geometry change
upon electronic excitation (and, after accounting for mass
differences, the same initial dynamics), but, in general, they
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TABLE VIII. Alkyl iodide ground-state normal modes.

Expt. freq. Calc. freq.
Mode (cm™") (em™") Calc. PED®
Ethyl
Vi, 262 260 63% BCI, 19% CI
Yio 498 505 83% CI, 209% BCI
Vg 1049 1053 57% CBH, 19% BC
v, 1203 1203 56% BCH, 16% HCH
Ve 1450 1458 68% HBH, 16% HCH
‘ Perdeuterated ethyl
i 233 234 65% BCI, 15% C1
Yio 458 451 81% Cl, 14% BCI
vy 972 973 419% BCH, 24% HCI, 22% CBH
129% HBH, 11% BC
Isopropyl
Yio 250 257 49% BCl, 26% Cl, 17% CBH, 13% BCB
Vg 499 496 71% Cl, 36% BCI, 27% CBH
vy 879 877 48% BC, 40% CBH
Vs 1153 1149 47% CBH, 13% HBH, 11% BC
Yy 1210 1211 35% CBH, 27% HCI, 17% BCH
Tert-butyl
Vg 259 246 52% CI, 17% BCB, 11% BCI
v, 487 487 51% CI, 39% BCB, 249% BCI
Vs 806 801 68% BC, 17% CBH
Vs 1143 1157 63% CBH, 119% HBH

*Diagonal force constants contributing 10% or more to the total potential energy of the normal mode are
given. C represents the a-carbon atom and B represents a methyl carbon atom.

all have different normal-mode descriptions and therefore
different resonance Raman intensities. (See Ref. 62 for a

TABLE IX. Internal coordinate displacements at ¢ = 10 fs.

dramatic illustration of this.) Thus each possible choice of Coordinate Range of Displacements of 10 fs”
sign for each isotope generates a different excited-state ge- g rer +0.13/+0.15A
ometry, and the one having the least variance across the set Fac — 006/ —0.05A
of derivatives is chosen as the most probable. In the present £BCE -6/=3
case we find that four of the 2" ~ ! possible excited-state geo- £HCI — 7/
metries have rms differences between the ds and A5 species igccl:{ﬁ * 2,; i za
that are much smaller (by factors of 2 or more) than any of écﬁHz ’ 145
the others, so we select these four as the only realistic possi- ¢CBH, —1/-3
bilities. Table IX presents, for each significantly displaced <H,BH, — 4/ +5
coordinate, the range of internal coordinate displacements at ¢H,BH, —8/+8
10 fs obtained from the dynamics calculated from these four Isopropy! re +0.06/ +0.15A
(for ethyl) or 2"~ ! (for isopropyl and tert-butyl iodides) Poc —0.05/ 4 0.05 A
different sign combinations. These results strongly suggest ¢BCI -6/ -7
that significant changes in bond angles and CC bond lengths if{ccl:al B g; i :
as well as elongation of the CI bond occur in the initial stages 43&1{7 — 1/ +6
of alkyl iodide photodissociation. Unfortunately, the inde- ZCBH, ~ 107+ 4
terminacy in the signs of the normal-mode displacements for £CBH, — 107+ 5
isopropyl and tert-butyl iodides greatly limits the conclu- <CBH, — s
sions we can draw; not only can we not determine the magni-  Tert-butyl rer +0.02/+0.17A
tude of the initial geometry change with much precision, but Fac —0.04/ +0.06 A
we cannot even be definite about the sign of the displace- ¢BCI -6/
ments in most coordinates based on experimental data from £BCB 17+ 6
(CBH, — 4/ +7

a single isotopic derivative.

*See Fig. 13 for atom numbering. C represents the a-carbon atom and B
represents a methyl carbon atom. Coordinates related by symmetry are
omitted, as are coordinates having displacements of less than 0.01 A or 4°
in every set.

P Calculated from Egs. (12) and (13) with best-fit normal-mode displace-
ment parameters of Table VII; range encompasses best four sets of sign

V. DISCUSSION

Determination of the signs of the normal-mode dis-
placements obtained from vibronic analysis (absorption,

fluorescence, or Raman) is a problem of long standing
which has been addressed in a number of ways, none of them

combinations for ethyl and all sets giving 7., > O for isopropyl and tert-
butyl (see text).
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fully satisfactory. In some cases the difficulty is skirted by
simply assuming that the normal modes are pure internal
coordinates (e.g., stretches),*** but this is not usually a val-
id assumption. Frequently, the geometry changes predicted
by electronic structure calculations and/or other criteria
based on chemical intuition can be used to eliminate many
possible sign combinations.?%3%5261.64 While useful, this ap-
proach does require prior knowledge about the excited state
under study, and there can be considerable remaining ambi-
guity for large molecules.>? The sign problem may be solved,
in principle, by incorporating intensity data for isotopic de-
rivatives as we have done with ethyl iodide, but adequate
definition of the problem for large molecules requires not
only synthesis of many isotopic derivatives and extensive
experimental work to obtain all the Raman spectra, but also
highly accurate ground-state normal-mode descriptions.
Since the number of independent force constants in the most
general valence force field greatly exceeds the number of
experimentally observed vibrational frequencies, the accura-
cy of the normal modes even within the harmonic approxi-
mation is always open to question. This is certainly a ques-
tion in our ethyl iodide analysis in spite of the relatively small
size of the molecule and the availability of frequencies for
several isotopic derivatives. Finally, it should be noted that if
one considers the complete harmonic problem including
Duschinsky rotation, the relative signs of the displacements
in the various normal modes do affect the computed intensi-
ties. It is sometimes possible to determine at least some of
these relative signs from experimental data,®® but rarely are
the data adequate to unambiguously determine all the ele-
ments of the full Duschinsky matrix. Given these con-
straints, it would appear that the goal of fully determining
excited-state geometries or dynamics from experimental
data alone is not likely to be realized for any but a small class
of simple molecules.

Yet in spite of these limitations, we can draw some defi-
nite conclusions about the initial dynamics of alkyl iodide
photodissociation. Table IX shows that, for all three alkyl
iodides, all sign combinations giving rise to the physically
reasonable elongation of the CI bond do have other points in
common. The amount that the CI bond lengthens in the first
10 fs is, not surprisingly, very similar in the three molecules
studied (0.13-0.15 A for ethyl iodide, with a somewhat
greater variance across the set of possible sign combinations
for the larger molecules). In all three molecules the CCI
bond angle decreases by 1°-8° during the first 10 fs. This
makes sense in terms of the evolution of the structure toward
an alkyl radical that is more nearly planar about the carbon
radical center,***” although it can also be viewed as simply a
kinematic consequence of pushing the carbon atom into the
alkyl fragment (“soft” radical limit)'” as the CI bond
lengthens. Conclusions about the CC bond length changes
are more difficult to reach from the data alone. Comparison
of ab initio structure calculations on the ethyl radical®®’
with the best available experimental geometry for ethyl io-
dide®” suggests that the CC bond length is reduced in the
radical relative to the parent molecule, and this is consistent
with the results of our Raman intensity analysis which show

adecrease 0f0.05-0.06 A in the C~C bond length during the

first 10 fs. Our purely experimental results do not allow us to
determine even the direction of the CC bond length changes
in isopropyl and tert-butyl iodides.

Although the lack of isotopic data for isopropyl and
tert-butyl iodides means that we are not able to reach firm
conclusions about what most of the internal coordinates are
doing in the photodissociation process, our results are incon-
sistent with any picture in which the initial motion involves
CI bond breaking alone. Every individual set of sign combi-
nations summarized in Table IX involves significant motion
along several other coordinates, although these are different
coordinates for different sign combinations. In particular,
our fairly well-defined conclusions for ethyl iodide appear
qualitatively inconsistent with studies of energy partitioning
which suggest, based on the fraction of the available energy
appearing as internal excitation of the separated photofrag-
ments, that the ethyl radical ends up with relatively little
vibrational excitation (“rigid” radical limit).>%% It should
benoted that the internal energy of the ethyl radical obtained
from translational photofragment spectroscopy is anoma-
lous compared with all other alkyl icdides examined thus
far. Ethyl iodide is the only one in which the energy parti-
tioning approaches that predicted by the rigid radical model;
in fact, the internal energy of the ethyl radical for the I*
channel is even lower than that predicted in the rigid radical
limit. Paterson, Godwin, and Gorry®® suggest that this could
arise from changes in the geometry of the departing ethyl
radical on the time scale of the bond breaking such that the
torque imparted to the radical is reduced from the simple
rigid radical value. Our results based on the resonance Ra-
man intensities certainly support the idea that there is no
clear separation of time scales between the C-I bond break-
ing and the vibrational motions of the remaining radical.
These simple impulsive (“soft” and “‘rigid’’ radical) models
for the photodissociation clearly involve significant approxi-
mations and are probably best considered as qualitative
guides with which to compare experimental data. Finally,
we note that the resonance Raman data indicate no signifi-
cant coupling of C~H stretching to the electronic excitation.
This is consistent with the conclusion that the H-atom for-
mation observed upon alkyl iodide photolysis results from
two-photon processes.”®

It must be stressed that our results based on the reso-
nance Raman intensities speak only to the very short-time
dynamics, whereas the energy partitioning in the photofrag-
ments depends on the entire potential-energy surface out to
the asymptotic limit. In principle, we can learn about pro-
gressively larger pieces of the potential surface by looking at
Raman scattering to higher-lying ground-state vibrations,
but this is simply not practical for these and most other me-
dium-sized or larger molecules. The increased linewidths of
the higher vibrational states, particularly in solution phase,
coupled with the increasing density of Raman transitions
having significant intensity, make the vibrational spectrum
too congested to allow identification of individual vibration-
al lines at energies above a few thousand wave numbers. For
this reason the resonance Raman technique must be consid-
ered complementary to other techniques, including transla-
tional photofragment spectroscopy, which probe the photo-
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dissociation products directly. Direct studies of the degree of
vibrational excitation in the separated radical, such as anti-
Stokes resonance Raman or infrared emission, will clearly be
helpful in resolving these questions.

The analysis and discussion presented above has made
little direct reference to the fact that these are solvated mole-
cules. This reflects no lack of interest in or attention to possi-
ble effects of solvation, but rather that our data simply do not
demonstrate much in the way of explicit solvent effects. The
optical spectra of the alkyl iodides in cyclohexane are nearly
identical to the vapor-phase spectra apart from a modest
degree of solvent-induced broadening of the sharper bands.
In particular, there is no evidence of optically allowed transi-
tions to ionic or charge transfer to solvent states as are ob-
served for 1, in certain solvents,”! although ionic dark states
could perhaps play a role in the solution-phase photochemis-
try. The alkyl iodides, unlike molecules having bound or
predissociative resonant electronic states,’? exhibit little or
no broad fluorescence in their solution-phase emission spec-
tra. This reflects the fact that photodissociation (motion of
the wave packet out of the Franck—~Condon region) on a
steeply repulsive potential is faster than solvent-induced de-
phasing. There may be more subtle effects of solvation on the
dissociation dynamics which will be revealed by a careful
comparison of the solution- and vapor-phase resonance Ra-
man spectra, although our preliminary results on methyl
iodide? suggest that these are quite small, at least for the
first tens of femtoseconds of dynamics to which the Raman
intensities are principally sensitive. In contrast, in the linear
polyenes we have resonance Raman evidence for large sol-
vent effects on the short-time (tens of fs) dynamics of nu-
clear motjon which may result from solvent-induced shifts
in the relative positions of interacting potential-energy sur-
faces.”® The question of how both collisional and mean-field
effects cause chemical reaction dynamics to differ between
vapor and solution phases is certainly a very interesting and
relevant one which further experimental and computational
studies” will play important roles in addressing.
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