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The excited-state reaction dynamics of nitrosyl chloride (ClNO) are studied using absolute resonance Raman
intensity analysis. The absolute resonance Raman cross sections for ClNO dissolved in cyclohexane and
acetonitrile are measured at several excitation wavelengths spanning the absorption band commonly referred
to as the “A band” (λmax ≈ 200 nm). The resonance Raman and absorption cross sections are modeled using
the time-dependent formalism. Resonance Raman depolarization ratios are also measured and are found to be
consistent with at least two electronic transitions participating in the scattering process. Therefore, the standard
time-dependent formalism approach was modified by incorporating two excited states into the analysis, with
state contributions deconvolved through modeling of the depolarization ratios in addition to the absolute
resonance Raman and absorption cross sections. The spectroscopic observables are well reproduced using
this two-state model. The analysis presented here demonstrates that the photoexcitation of solution-phase
ClNO results in a substantial evolution of the N-Cl stretch coordinate consistent with the dissociation of the
N-Cl bond. Significant structural evolution is also observed along the bend, with minimal excited-state
structural evolution observed along the NdO stretch. The structural evolution along the dissociative N-Cl
stretch coordinate is found to be solvent-dependent, and the origin of this dependence is related to changes
in the ground-state equilibrium geometry as a function of solvent environment. Finally, the homogeneous
line width undergoes a significant increase in acetonitrile relative to cyclohexane, and this increase is proposed
to reflect the modification of the excited-state interactions and nonadiabatic relaxation dynamics.

Introduction

The photochemistry of nitrosyl halides such as nitrosyl
chloride (ClNO) is of interest because of the participation of
these compounds in stratospheric and tropospheric chemistry.1,2

ClNO is formed in the lower atmosphere by the reaction of sea
salt (NaCl) with NO2 and in the upper troposphere/stratosphere
via surface reactions of HONO on frozen HCl.3 The gas-phase
photochemistry of ClNO is dominated by dissociation to form
NO and Cl with a quantum yield approaching unity.1,4-15

The vis-UV absorption spectrum of ClNO is characterized by
a series of absorption bands extending from∼650 nm into the
UV. These transitions are referred to as the K through A bands
as one proceeds from low to high energy.16,17Studies of gaseous
ClNO have provided a detailed understanding of the dissociation
dynamics that occur following photoexcitation resonant with
all transitions except the highest-energy A band.18,19 Although
the A-band transition (λ ≈ 180 to 250 nm) is by far the most
intense (σAmax ) 6.5× 10-17 cm2), it is the least studied.17 The
substantial absorption cross section and breadth that characterize
the A band suggest that more than a single electronic transition
contributes to the observed intensity.12,14,15Consistent with this
suggestion, photodissociation studies have observed an evolution
in photofragment anisotropy with increased actinic energy

through the A band consistent with multiple states participating
in the dissociation process.12,14 An evolution in photoproduct
anisotropy can occur for dissociation reactions mediated by a
single excited state if a substantial amount of rotational energy
is deposited into the diatomic photofragment; however, studies
of the Cl-product velocity distribution demonstrated that the
anisotropy is independent of the kinetic energy released into
the products, consistent with the multiple-state model.15,20-22

Also supporting the multistate model, ab initio studies have
predicted that multiple transitions exist in this wavelength region
associated with the A band.8,23,24In contrast, resonance Raman
studies of gaseous ClNO have been interpreted in terms of the
A band being composed of a single excited state.25

Only a handful of ClNO photochemical studies in condensed
environments have been performed. Matrix isolation studies
have demonstrated ClON production following ClNO photo-
excitation.26,27 Surface-photochemical studies of ClNO have
observed N-Cl bond dissociation leading to the formation of
NO and Cl.28 Comparative matrix and gas-phase Raman studies
of ClNO have documented frequency shifts of the Raman
transitions between these two environments demonstrating that
the curvature of the ground-state potential energy surface is
environment-dependent.29-31 In a previous study, we reported
the resonance Raman depolarization ratios for ClNO dissolved
in cyclohexane employing excitation resonant with the A band.32

The experimentally determined depolarization ratios were not
equal to1/3, consistent with more than a single excited state
contributing to the observed scattering; however, the nature of
these states including the extent of electron-photon coupling
and the solvent dependence of the state curvature and energetics
was not explored.
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In this paper, we present an absolute resonance Raman
intensity analysis study of ClNO dissolved in cyclohexane and
acetonitrile. In this study, resonance Raman depolarization ratios,
absorption, and Raman cross sections are measured at excitation
wavelengths spanning the A band. Similar to our previous
studies, the depolarization ratios are observed to deviate
significantly from1/3 in both solvents, consistent with more than
a single electronic transition contributing to the A band.32

Therefore, modeling of the experimental observables was
performed by employing two excited states, with the inclusion
of depolarization ratios in the modeling process providing a
methodology by which to separate the state contributions.
Studies were performed in cyclohexane and acetonitrile because
we are particularly interested in the effect of solvent polarity
on the excited-state reaction dynamics of this system. The
analysis of the ClNO absorption and resonance Raman cross
sections in both solvents demonstrates that the A-band transition
undergoes a significant decrease in frequency and broadens in
acetonitrile relative to its behavior in cyclohexane. The two-
state model outlined here is capable of reproducing this behavior
and suggests that this evolution is due to differential excited-
state solvation. The modeling also shows that the excited-state
structural evolution that occurs in both excited states following
photoexcitation is dominated by evolution along the dissociative
N-Cl stretch and bend coordinates in both solvents. Minimal
resonance Raman intensity is observed corresponding to the Nd
O stretch, consistent with limited excited-state structural evolu-
tion along this coordinate. A comparison of the model excited-
state parameters in cyclohexane and acetonitrile reveals that the
excited-state slope of the N-Cl stretch coordinate decreases in
acetonitrile relative to cyclohexane. As will be discussed below,
the solvent dependence of the excited-state slope results in a
modification of the ground-state N-Cl bond length as a function
of the environment. Finally, the resonance Raman cross sections
are significantly lower in acetonitrile than in cyclohexane,
consistent with increased homogeneous broadening in acetoni-
trile. In total, the results presented here provide the first
information regarding the early-time, A-band photochemical
reaction dynamics of ClNO in solution.

Experimental Section

Materials. The absolute resonance Raman intensities of
nitrosyl chloride (ClNO) dissolved in acetonitrile (Fisher,
99.9+%) and cyclohexane (Aldrich, 99.9+%) were measured
at 192.2, 204.3, 208.9, 217.8, 228.7, 252.7, 282.4, and 354.7
nm using the direct or hydrogen-shifted second and third
harmonic output of a Nd:YAG laser (Spectra-Physics GCL-
170, 30 Hz). The location of these wavelengths relative to the
A band are indicated in Figure 1. The synthesis of gaseous ClNO
has been described elsewhere.32,33 Briefly, 8.75 g of sodium
nitrite (99.9% reagent grade, Aldrich) was dissolved in 12.5
mL of water and added dropwise to 50 mL of concentrated
hydrochloric acid (Fisher). The solution was stirred continu-
ously, and the production of ClNO was evidenced by the
appearance of an orange-brown gas. Gaseous ClNO was bubbled
through solvent to produce the samples for study. Static vis-
UV absorption was used to determine sample purity. The ClNO
concentration was adjusted to between 0.1 and 4 mM depending
on the excitation wavelength employed.

Resonance Raman Spectra.Resonance Raman spectra of
ClNO in cyclohexane and acetonitrile were obtained by employ-
ing a quartz flow cell equipped with sapphire entrance and exit
windows. The sample flow rate was sufficient to replace the

illuminated volume between excitation pulses. The scattered
light was collected using refractive UV-quality optics and
delivered to a 0.75-m spectrograph (Acton). The scattered light
was dispersed using either a 1200-groove/mm classically ruled,
a 2400-groove/mm holographic, or a 3600-groove/mm holo-
graphic grating. A polarization scrambler was placed at the
spectrograph entrance to minimize the polarization dependence
of the spectrometer throughput. Detection was performed using
a 1100 pixel× 300 pixel, back-thinned, liquid-nitrogen-cooled
CCD detector (Princeton Instruments). The concentration of the
sample was measured before and after each experiment to ensure
that sample photodegradation was<10%.

Depolarization Ratios.The resonance Raman depolarization
ratios for the bend and N-Cl stretch fundamental transitions
in acetonitrile and cyclohexane were measured at 217.8, 228.7,
252.7, 282.4, and 354.7 nm. The depolarization ratio is defined
as the intensity of scattered light with polarization perpendicular
to that of the incident radiation divided by the intensity of light
scattered with polarization parallel to that of the excitation
light.34 The incident polarization was defined by placing an
R-BBO polarizer in the path of the excitation beam. Nonbire-
fringement CaF2 windows were placed on the quartz sample
cell to preserve the polarization of the incident and scattered
fields. A large-aperture, 1.5-cm-diameter Glan-Taylor calcite
polarizer was placed before the polarization scrambler to define
the polarization of the scattered light delivered to the spec-
trograph. The depolarization ratio of the 802-cm-1 transition
in cyclohexane or the 918-cm-1 transition of acetonitrile was
measured at each wavelength to correct for the nonideal
extinction of the polarizer as described previously.35

Intensity Corrections. A standardized deuterium lamp
(Hellma) was used to correct the scattered intensities for the
wavelength sensitivity of the detection apparatus. Correction
for scattering self-absorption was performed by comparing the
solvent peak intensities between spectra of neat solvent and
spectra with ClNO present. This correction resulted in a minimal
(<2%) change in the measured intensities.

Absolute Raman Cross-Section Determination.ClNO
absolute resonance Raman cross sections were determined by
comparison to the 802-cm-1 transition of cyclohexane or the
918-cm-1 transition of acetonitrile. The later transition was
standardized by comparison to the CN stretch transitions of
acetonitrile (2150-2350 cm-1) for which the absolute scattering

Figure 1. Absorption spectra of gaseous ClNO (--), ClNO dissolved
in cyclohexane (- - -), and ClNO dissolved in acetonitrile (s). The
gaseous ClNO spectrum is in excellent agreement with the literature.17

Also indicated are the excitation wavelengths employed in the resonance
Raman studies.
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cross sections have been previously reported.36,37 The details
of this standardization are presented below. The absolute
resonance Raman scattering cross sections of ClNO were
determined by comparison to the solvent using the following
equation:

In eq 1, σ is the Raman scattering cross section,F is the
depolarization ratio,c is the concentration, andI is the scattered
intensity. Depolarization ratios for the solvent were taken from
the literature:F ) 0.08( 0.01 for the 802-cm-1 transition of
cyclohexane,F ) 0.025( 0.003 for the 918-cm-1 transition of
acetonitrile, andF ) 0.036( 0.005 for the CN stretches (2150-
2350 cm-1) of acetonitrile.36-38 Depolarization ratios for ClNO
were obtained as described above. Scattered intensities were
determined by trapezoidal integration to determine peak areas.
The absolute scattering cross section of the ClNO bend
fundamental transition was determined at all wavelengths by
comparison to solvent, and the cross sections for other ClNO
transitions were determined by comparison to the bend funda-
mental.

Computational Analysis. The absorption and resonance
Raman cross sections were modeled using the time-dependent
formalism for absorption and resonance Raman scattering.39-41

A modified version of the time-dependent formalism was
employed here, in which two excited states are included in the
modeling:42

In eqs 2 and 3,Es and El are the scattered and incident
frequencies, respectively, the transition moments for the two
electronic transition lengths are given byM1 andM2, c is the
speed of light,n is the refractive index,Ef is the energy of the
final state, f, andEi is the energy of the initial state, i. The
initial state propagating for timet on thenth excited-state surface
is indicated by|in(t)〉 ) e-iHnt/h|i〉. Homogeneous broadening
corresponding to each excited state is given byD1(t) andD2(t)
and is modeled as Gaussian (e-Γ2t2/p2, whereΓ is the homoge-
neous line width). Equation 3 demonstrates that the resonance
Raman cross section is dependent on the sum of the polariz-
ability derived from the two excited states. The polarizability
is in turn dependent on the half Fourier transform of the overlap,
〈f|i(t)〉, representing the overlap of the final state involved in
the scattering process with the initial state propagating under
the influence of the excited-state Hamiltonian. These expressions
demonstrate that both the Raman and absorption cross sections
depend on time-dependent overlap terms involving two excited
states. The time-dependent overlaps were determined by em-
ploying harmonic surfaces for the bend and the NO stretch and
a linearly dissociative surface for the N-Cl stretch. Time-

dependent overlaps along the bend and NO stretch were
calculated using the formalism of Mukamel and co-workers.43

Time-dependent overlaps along the N-Cl stretch were calcu-
lated as described in the literature.40,44In calculating the Raman
cross section, the contributions from each excited state are added
at the amplitude level such that interference can occur, leading
to the reduction or enhancement of the scattering cross sections
depending on the sign of the displacements. Both excited states
are modeled as dissociative along the N-Cl coordinate. The
displacements along the bend and NO stretch coordinates were
taken to be similar in sign between the two states as well. This
assumption was checked by testing a model that included
displacements of opposite sign for the two states along the
various transitions, and a reasonable fit could not be obtained.

Resonance Raman depolarization dispersion curves were
modeled as follows. In the limit of two excited states participat-
ing in the scattering process having orthogonal transition
moments, the depolarization ratio (F) is defined as32,45

In eq 4, theΣn terms are given by

whereRpp (p ) x, y) are the elements of the polarizability tensor.
Equations 4 and 5 correspond to the following conceptual
picture. If coupling between the two excited states is negligible,
then the two transitions will give rise to two diagonal elements
of the polarizability tensor (Rxx and Ryy). Each polarizablilty
tensor is described using the time-dependent formalism as
follows:39-41

In eq 6, EL is defined as the incident frequency,Mpp is the
electronic transition length (p ) x or y), and the energy of the
vibrational state is given byεi. D(t) is the homogeneous line
width, and 〈f|i(t)〉, the final state involved in the scattering
process with the initial vibrational state propagating under the
influence of the excited-state Hamiltonian.

If A-band intensity is derived from a single excited state,
then only one of the tensor elements is finite, andF ) 1/3.
However, when a second orthogonal transition contributes,F
will deviate from1/3. It should be noted that the deviation ofF
from 1/3 also could reflect preresonance contributions to the
scattered intensity from electronic states located in the far-UV.
Attempts to reproduce the observed depolarization ratios using
preresonance effects resulted in predicted transition moments
or E00 energies for the far-UV state that were entirely incon-
sistent with the absorption spectra of gaseous ClNO.46

Results

Absorption Spectra.The absorption spectra of gaseous ClNO
and ClNO dissolved in cyclohexane and in acetonitrile are
presented in Figure 1. The intense transition evident in the figure
is the A band. This transition broadens and undergoes a 22-nm
red shift in going from the gas phase to acetonitrile, with

σClNO )
IClNOCsolvent(1 + 2F

1 + F )ClNO

IsolventCClNO(1 + 2F
1 + F )solvent

σsolvent (1)

σR(El) )
8πe4Es

3El

9p6c4
|∫0

∞
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2〈f|i1(t)〉ei(El+Ei)t/pD1(t) dt +

∫0

∞
M2

2〈f|i2(t)〉ei(El+Ei)t/pD2(t) dt|2
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σA(El) )
4πe2El

6p2cn
[∫-∞

∞
M1
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∞
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cyclohexane demonstrating intermediate behavior. However, the
integrated intensity of the A band remains constant, consistent
with the increased breadth not arising from the presence of a
new electronic transition. The measured absorption maximum
of gaseous ClNO is in agreement with the literature value of
λmax ) 196 nm.17 In cyclohexane, the A-band maximum
absorption cross section is 0.53 Å2 (λmax ) 206 nm), and in
acetonitrile the maximum cross section is also 0.53 Å2 (λmax )
218 nm).

Absolute Raman Cross Sections.Measurement of the
absolute scattering cross sections of ClNO in solution requires
that the absolute scattering cross section of at least one solvent
transition be known. The standardized 802-cm-1 transition of
cyclohexane was employed for experiments in this solvent. In
acetonitrile, the 918-cm-1 transition provides a convenient
standard given the proximity of this transition to the ClNO
transitions of interest; however, the absolute scattering cross
section for this transition was unknown at all of the excitation
wavelengths employed in this study. Therefore, this transition
was standardized by comparison of the scattering intensity to
the intensity of the CN stretch transitions for which the absolute
Raman cross section are known.37 The intensities and depolar-
ization ratios of both the CN stretch (2150-2350 cm-1) and
the 918-cm-1 transitions of acetonitrile were measured, and the
918-cm-1 transition cross section was determined using the
corresponding version of eq 1 (see above). The measured
scattering cross sections for the 918-cm-1 transition are reported
in Table 1 and are shown in Figure 2. The evolution in scattered
intensity as a function of excitation wavelength for the 918-
cm-1 transition was fit to the following A-term expression:

In the above expression,ν0 is the incident frequency,K is the
coupling strength,ν is the frequency of the mode of interest,
andνe is the energy of the excited state from which preresonant
intensity is derived. The best fit resulted inK ) 14 712 µb
(1 µb ) 10-24 cm2) and νe ) 130 800 cm-1. The far-UV
absorption spectrum of acetonitrile reveals that from 70 000-
90 000 cm-1 there exist strong absorption bands corresponding
to Rydberg transitions. However, there is little absorption present
at ∼130 000 cm-1, the fitting parameter determined by our
A-term fit, but this may be due to a perturbation of Rydberg
states or other electronic states now present at this energy
because of solvation.37

Resonance Raman Intensity Analysis.Resonance Raman
spectra for ClNO dissolved in cyclohexane and acetonitrile

obtained using 217.8-nm excitation are presented in Figure 3.
Intensity corresponding to fundamental transitions of the bend
(ν3) and N-Cl stretch (ν2) is evident in both solvents. In
cyclohexane, the fundamental transition of the NdO stretch (ν1)
is also observed. The absolute resonance Raman cross sections
measured in both solvents for these and other prominent
transitions are provided in Tables 2 and 3. A comparison of
the spectra presented in Figure 3 demonstrates that many more
transitions are observed in cyclohexane relative to acetonitrile.
As will be discussed below, this behavior is primarily due to a
significant increase in the homogeneous line width in acetoni-
trile, resulting in the depression of the resonance Raman cross
sections in this solvent. A comparison of the resonance Raman
spectra obtained in two solvents also reveals that the transition
frequencies are solvent-dependent. For example, the bend
fundamental transition (ν3) is observed in cyclohexane at 325
( 3 cm-1, but is at 310( 5 cm-1 in acetonitrile. This

TABLE 1: Absolute Raman Cross Sections for the 918-cm-1

Transition of Acetonitrile a

excitation wavelength
(nm)

cross section
(µb)b

192.2 980( 60
204.3 655( 5
208.9 550( 50
217.8 440( 50
228.7 380( 30
252.7 220( 20
282.4 95( 10
354.7 34( 2

a Absolute Raman scattering cross sections were determined by
comparison to the CN stretches of acetonitrile (2150-2350 cm-1) as
described in the text.b Errors represent 1 standard deviation from the
mean.

σR(ν0) ) Kν0(ν0 - ν)3( νe
2 + ν0

2

(νe
2 - ν0

2)2)2

(7)

Figure 2. Experimental absolute Raman cross sections for the 918-
cm-1 transition of acetonitrile (b). Values are also presented in Table
1. Error bars represent 1 standard deviation from the mean of the total
number of measurements. The A-term fit to these cross sections (eq 1
in the text) is shown by solid line.

Figure 3. Resonance Raman spectra of ClNO dissolved in cyclohexane
(A) and in acetonitrile (B) obtained using 217.8-nm excitation. Solvent
transitions are marked with asterisks, and hydrogen lines from the
excitation source are denoted with diamonds. Note that for cyclohexane,
transitions corresponding to all three vibrational modes are observed.

Reaction Dynamics of ClNO in Solution J. Phys. Chem. B, Vol. 108, No. 25, 20048719



observation demonstrates that the curvature of the ground-state
potential energy surface is solvent-dependent. Similar behavior
was observed in our earlier study of ClNO in cyclohexane where
the frequencies of the observed transitions were compared to
those reported by Kinsey and co-workers for gaseous ClNO,
and significant differences were evident.25,32

The excited-state potential energy surface parameters were
determined by simultaneously modeling the absorption cross
sections, absolute resonance Raman cross sections, and depo-
larization ratios. In the modeling, the broadening was assumed
to be all homogeneous. Inhomogeneous broadening was not
included because inclusion in the two-state model requires the
assumption that the inhomogeneous broadening between states
be correlated. Given the severity of such an assumption, we
chose not to incorporate inhomogeneous broadening in the
spectroscopic modeling. The experimental (solid lines) and
calculated (dashed lines) absorption cross sections for ClNO
dissolved in cyclohexane and acetonitrile are presented in Figure
4A and B, respectively. The corresponding fit parameters are
presented in Tables 4 and 5, respectively. An inspection of
Figure 4A and B demonstrates that the reproduction of the
experimental absorption spectrum is reasonable but that the red-
edge intensity is underestimated by the model. Figures 5 and 6
present the experimental and predicted Raman excitation profiles
for ClNO dissolved in cyclohexane and acetonitrile, respectively.
The figures provide a comparison of the Raman cross sections
for the N-Cl stretch fundamental (ν2), the bend fundamental
(ν3), the bend overtone (2ν3), and the combination band
involving these coordinates (ν2 + ν3). The NdO stretch
fundamental (ν1) is observed in cyclohexane, and the results
for this transition are also presented in Figure 5. In summary,
the model accurately reproduces the observed Raman cross
sections. An inspection of the excited-state parameters presented
in Tables 4 and 5 demonstrates that relatively large displace-
ments are required to reproduce the observed intensities for the
bend and that a large excited-state slope along the dissociative
N-Cl stretch is also required, consistent with these coordinates
dominating the excited-state structural evolution that occurs
upon photoexcitation. Correspondingly, the modest intensity of

the NdO stretch in cyclohexane, and no assignable intensity in
acetonitrile, is indicative of limited excited-state evolution along
this coordinate.

In the dissociative two-excited-states model, the homogeneous
line widths were found to increase substantially between
cyclohexane (Γ1 ) 200 cm-1, Γ2 ) 350 cm-1) and acetonitrile
(Γ1 ) 1200 cm-1, Γ2 ) 1300 cm-1). This increase is supported
spectroscopically by the depression of the resonance Raman

TABLE 2: Absolute Raman Cross Sections of Nitrosyl Chloride Dissolved in Cyclohexane

excitation
λ (nm)

ν1
a

× 107(Å2)
ν2

× 107(Å2)
3ν2

× 107(Å2)
ν3

× 107(Å2)
2ν3

× 107(Å2)
ν2 + ν3

× 107(Å2)
ν2 + 2ν3

× 107(Å2)

282.4 0.0040( 0.0002b 0.0105( 0.0008 0.0027( 0.002
252.7 0.018( 0.003 0.017( 0.002 0.011( 0.002 0.061( 0.007 0.012( 0.002
228.7 0.34( 0.05 1.2( 0.1 0.17( 0.03 1.7( 0.7 0.6( 0.1 0.73( 0.06 0.5( 0.1
217.8 0.7( 0.2 2.3( 0.4 0.19( 0.07 2.4( 0.4 0.83( 0.07 1.5( 0.4 0.74( 0.08
208.9 0.9( 0.1 4.3( 0.8 1.1( 0.3 3.6( 0.4 1.5( 0.4 2.4( 0.5 1.5( 0.3
204.3 1.1( 0.1 4.1( 0.9 0.7( 0.3 3.3( 0.6 1.3( 0.4 3.0( 1.0 1.7( 0.4
192.2 0.44( 0.07 1.6( 0.4 0.60( 0.06 2.4( 0.6 0.59( 0.08 1.4( 0.7 1.2( 0.3

a Absolute Raman scattering cross sections. These values were determined by comparison to the 802-cm-1 mode of cyclohexane as described in
the text.b Errors represent standard deviation from the mean.

TABLE 3: Absolute Raman Cross Sections of Nitrosyl Chloride Dissolved in Acetonitrile

excitation
λ (nm)

ν1

× 107 (Å2)a
ν2

× 107 (Å2)
ν3

× 107 (Å2)
2ν3

× 107 (Å2)
ν2 + ν3

× 107 (Å2)

355 0.00058( 0.00009b 0.0014( 0.0001b 0.000037( 0.000005
282.4 0.026( 0.001 0.035( 0.003 0.0080( 0.0009 0.015( 0.002
252.7 0.25( 0.02 0.28( 0.05 0.15( 0.01 0.22( 0.03
228.7 0.77( 0.03 1.6( 0.2 0.53( 0.10 0.60( 0.09
217.8 1.30( 0.4 2.0( 0.5 0.84( 0.09 0.9( 0.1
208.9 1.6( 0.2 2.2( 0.6 0.87( 0.08 0.9( 0.3
204.3 1.1( 0.2 1.7( 0.4 0.63( 0.04
192.2 0.35( 0.03 0.7( 0.3 0.10( 0.02

a Absolute Raman scattering cross sections. These values were determined by comparison to the 918-cm-1 mode of acetonitrile as described in
the text.b Errors represent 1 standard deviation from the mean.

Figure 4. Experimental electronic absorption spectra (s), and
calculated spectra (- - -) for ClNO in cyclohexane (A) and acetonitrile
(B). Individual absorption transitions are also indicated by the long
dashed and dot-dashed lines. The parameters employed in the
calculations are presented in Tables 4 and 5.
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cross sections for ClNO in acetonitrile relative to those for ClNO
in cyclohexane. The values forΓ in both solvents suggests rapid
excited-state decay, a conclusion that is supported by the lack
of detectable fluorescence in either solvent. TheE00 separation
of the two states is larger in acetonitrile (4450 cm-1) compared

to that in cyclohexane (3650 cm-1), consistent with the excited-
state energetics being solvent-dependent. Finally, the slopes
along the dissociative potential of the N-Cl stretch were
observed to decrease from cyclohexane (â ) 2750 cm-1) to
acetonitrile (â ) 1850 cm-1). This evolution suggests that
solvent-solute interactions are impacting the dissociation
dynamics along the N-Cl stretch coordinate, an observation
that will be discussed in detail below.

The measured resonance Raman depolarization ratios for the
fundamental transitions of the N-Cl stretch (V2) and bend (V3)
are reported in Table 6 and are presented in Figure 7A and B
for ClNO dissolved in cyclohexane and acetonitrile, respectively.
The depolarization ratios all deviate significantly from1/3,
consistent with more than a single excited state participating in
the scattering process. Although the experimental depolarization
ratios deviate from the single-state value of1/3, they are also

TABLE 4: Excited-State Parameters for Nitrosyl Chloride
in Cyclohexanea

transitionb
ωg

(cm-1)c
ωe

(cm-1) ∆d
âe

(cm-1)
σR exptlf

(× 107 Å2)
σR calcd

(× 107 Å2)

State 1
v1 1800 1800 0.85 1.1( 0.1 1.0
ν2 585 585 2750 4.1( 0.9 3.6
ν3 325 325 7.70 3.3( 0.6 3.0
3ν2 0.7( 0.3 0.4
2ν3 1.3( 0.4 0.9
ν2 + ν3 3.0( 1.0 2.0
ν2 + 2ν3 1.7( 0.4 1.1

State 2
ν1 1800 1800 0.78 1.1( 0.1 1.0
ν2 585 585 2750 4.1( 0.9 3.6
ν3 325 325 7.65 3.3( 0.6 3.0
3ν2 0.7( 0.3 0.4
2ν3 1.3( 0.4 0.9
ν2 + ν3 3.0( 1.0 2.0
ν2 + 2ν3 1.7( 0.4 1.1

a Calculation performed with a Gaussian homogeneous line width.
Best fit to the experimental cross sections yielded for state 1Γ ) 200
( 10 cm-1, M1 ) 0.93 Å, E00 ) 39 700 cm-1, n ) 1.42 and for state
2 Γ ) 350 ( 10 cm-1, M2 ) 0.75 Å, E00 ) 36 050 cm-1, andn )
1.42. b Raman transition that is being modeled by this calculation. The
symbolsν1, ν2, andν3 correspond to the N-O stretch and the N-Cl
stretch and bend, respectively. The first three terms refer to the
fundamental transitions; the second three, to overtones; and the last
two, to combination bands.c ωg is the ground-state harmonic frequency,
and ωe is the excited-state harmonic frequency.d ∆ refers to the
dimensionless displacement of the excited-state potential energy surface
minimum relative to the ground state.e â refers to the slope of the
dissociative excited-state potential.f Experimental Raman cross sections
found for excitation at 204.3 nm.

TABLE 5: Excited-State Parameters for Nitrosyl Chloride
in Acetonitrile a

transitionb
ωg

(cm-1)c
ωe

(cm-1) ∆d
âe

(cm-1)
σR exptlf

(× 107 Å2)
σR calcd

(× 107 Å2)

State 1
ν1 1780 1780 0.00
ν2 545 545 1850 1.1( 0.2 1.1
ν3 310 310 7.70 1.7( 0.4 1.9
2ν3 0.63( 0.04 0.68
ν2 + ν3

State 2
ν1 1780 1780 0.00
ν2 545 545 1850 1.1( 0.2 1.1
ν3 310 310 7.65 1.7( 0.4 1.9
2ν3 0.63( 0.04 0.68
ν2 + ν3

a Calculation performed with a Gaussian homogeneous line width.
Best fit to the experimental cross sections yielded for state 1Γ ) 1200
( 10 cm-1, M1 ) 0.905 Å,E00 ) 38 450 cm-1, andn ) 1.344 and for
state 2Γ ) 1300( 10 cm-1, M2 ) 0.85 Å, E00 ) 34 050 cm-1, and
n ) 1.344.b Raman transition that is being modeled by this calculation.
The symbolsν1, ν2, and ν3 correspond to the N-O stretch and the
N-Cl stretch and bend, respectively. The first three terms refer to the
fundamental transitions; the second three, to overtones; and the last
two, to combination bands.c ωg is the ground-state harmonic frequency,
and ωe is the excited-state harmonic frequency.d ∆ refers to the
dimensionless displacement of the excited-state potential energy surface
minimum relative to the ground state.e â refers to the slope of the
dissociative excited-state potential.f Experimental Raman cross sections
found for excitation at 204.3 nm.

Figure 5. Raman excitation profiles for the NO stretch fundamental
(ν1), the N-Cl stretch fundamental (ν2), the bend fundamental (ν3),
the bend overtone (2ν3), and the combination band (ν2 + ν3) for ClNO
in cyclohexane. Points represent the experimental data, and the error
bars represent 1 standard deviation from the mean. The parameters for
a calculated fit (s) are presented in Table 4.
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not consistent with two totally degenerate transitions for which
F ) 1/8. Therefore, the wavelength dependence of the depolar-
ization ratios suggests that the two states contributing to the
scattering are not totally degenerate. For the dissociative two-
excited-states model, the depolarization dispersion curves are
best reproduced using the parameters in Tables 4 and 5, and
the corresponding fits to the data are shown in Figure 7. An
inspection of Figure 7 demonstrates that the excited-state model
employed does a reasonable job of reproducing the wavelength
evolution of the depolarization ratios. Significant deviations are
observed between the model and experimental results for the
N-Cl stretch fundamental (V2) in acetonitrile at low-energy
excitation wavelengths; however, the experimental results are
compromised by the weakness of the scattering intensity at these
wavelengths.

Discussion

Nature of the A Band. The results presented here establish
that the A band is composed of at least two overlapping
electronic transitions. The experimental resonance Raman
depolarization ratios presented in Table 6 for both solvents
deviate significantly from the single-state value of1/3, demon-
strating that more than a single excited state must be contributing
to the scattering. The ability of a two-state model to reproduce

the depolarization dispersion curves (Figure 7) further confirms
the multitransition composition of the A band. The conclusion
that the A band is composed of more than a single electronic
transition is supported by numerous gas-phase experiments that
suggest that more than one electronic surface is accessed
following A-band photoexcitation. For example, a bimodal
photoproduct translational-energy distribution was observed in
a photofragment translational-spectroscopy experiment employ-
ing excitation resonance with the A band, suggesting that there
are two separate photodissociation pathways arising from two
excited states.15 In addition, photofragment anisotropy studies
have been interpreted in terms of at least two states comprising
the A band.12,14Ab initio studies by Bai et al. predict that more
than a single electronic transition resides in the A band and
suggest that as many as three electronic transitions exist in this
wavelength region, including a weak single-triplet transition.8

This suggestion is interesting in light of the difficulty in
modeling the red edge of the absorption spectrum (Figure 4).
Specifically, the absorption cross sections at lower frequency

Figure 6. Raman excitation profiles for the N-Cl stretch fundamental
(ν2), the bend fundamental (ν3), the bend overtone (2ν3), and the
combination band (ν2 + ν3) for ClNO in acetonitrile. The points
represent the experimental data, and the error bars represent 1 standard
deviation from the mean. The parameters for a calculated fit (s) are
presented in Table 5.

TABLE 6: Depolarization Ratios for Nitrosyl Chloride in
Cyclohexane and Acetonitrile

excitation
wavelength

(nm) F(ν3)a F(ν2)

Cyclohexane
282.4
(calcd)

0.18( 0.02b

(0.13)
0.14( 0.03
(0.13)

252.7
(calcd)

0.20( 0.03
(0.17)

0.15( 0.04
(0.17)

228.7
(calcd)

0.25( 0.05
(0.27)

0.21( 0.04
(0.26)

217.8
(calcd)

0.28( 0.03
(0.31)

0.23( 0.04
(0.31)

Acetonitrile
354.7
(calcd)

0.18( 0.02b

(0.14)
0.27( 0.02
(0.14)

282.4
(calcd)

0.23( 0.05
(0.19)

0.32( 0.03
(0.19)

252.7
(calcd)

0.29( 0.01
(0.28)

0.33( 0.01
(0.28)

228.7
(calcd)

0.35( 0.04
(0.39)

0.35( 0.03
(0.38)

217.8
(calcd)

0.36( 0.05
(0.40)

0.36( 0.04
(0.39)

a Raman depolarization ratios are defined as the scattered intensity
with polarization perpendicular to that of the incident radiation divided
by the scattered intensity with polarization parallel to that of the incident
radiation.b Errors represent 1 standard deviation from the mean of four
to seven measurements depending on the excitation wavelength.

Figure 7. Experimental depolarization ratios (b) for ClNO in
cyclohexane (A) and ClNO in acetonitrile (B) corresponding to the
N-Cl stretch fundamental (ν2) and the bend fundamental (ν3). The
best fits to the data (s) were calculated using the parameters reported
in Tables 6 and 5, respectively.
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are not accurately reproduced by the two-state model employed
here, suggesting that a third state might also be present. The
contribution of triplet states to the absorption and resonance
Raman cross section is expected to be extremely modest given
the limited transition moment of single-triplet transitions.
Therefore, the reasons for the discrepancy between the experi-
mental and model cross sections at lower frequency remain to
be explored.

Excited-State Evolution.The resonance Raman data reported
here provides a mode-specific description of the excited-state
structural evolution that occurs following ClNO photoexcitation
resonant with the A band in solution. First, the modeling
demonstrates that the excited-state structural evolution is
dominated by motion along the N-Cl stretch and bend
coordinates. Because the N-Cl bond dissociates upon photo-
excitation, structural excited-state evolution along this coordinate
is perhaps expected. However, the results presented here point
to the surprising result that the excited-state structural evolution
is solvent-dependent, with two features of the excited-state
potential energy surfaces changing with solvent: the slope (â)
of the linearly dissociative potential and theE00 energies. The
increase inE00 separation between the two excited states in
acetonitrile relative to that in cyclohexane demonstrates that
these two states are solvated to differing extents as the polarity
of the solvent is increased, thereby suggesting that the charge
distribution of these states must be different. High-level ab initio
calculations would provide substantial insight into the origin
of this differential solvation.

The modeling also demonstrates that the slope of the
dissociative excited-state potential along the N-Cl stretch is
solvent-dependent. Specifically, the slope along this coordinate
decreases fromâ ) 2750 to 1850 cm-1 for both states between
cyclohexane and acetonitrile. The magnitude of the homo-
geneous line width employed dictates that the resonance Raman
intensities are sensitive to the slope of the excited state in the
Franck-Condon region exclusively. Therefore, the question is
why would the slope of the excited state in the Franck-Condon
region change as a function of solvent? We propose that the
change in the slope reflects the solvent dependence of the
ground-state equilibrium N-Cl bond distance. This idea is
illustrated in Figure 8. In ClNO, the N-Cl bond is extremely

weak as demonstrated by a ground-state NdO bond length (1.14
Å) that is nearly identical to the bond length for the free NO
(1.151 Å).47 This similarity in NdO bond lengths dictates that
an extremely modest excited-state displacement exists along the
NdO stretch coordinate, consistent with the modeling results.
As the polarity of the solvent is increased, the N-Cl bond length
is weakened corresponding to a shift of the ground-state potential
energy surface minimum along the N-Cl coordinate. Shifting
of the ground-state minimum to larger N-Cl distances is
expected to result in a decrease of the excited-state slope in the
Franck-Condon region, as observed in the modeling. One
important prediction of this model is that the absorption
spectrum should shift to lower frequencies in polar solvents.
This is exactly the behavior observed in Figure 1 as one goes
from the gas-phase spectrum of ClNO to that of ClNO dissolved
in cyclohexane and acetonitrile. A second prediction of this
model is that the frequency of the N-Cl stretch should decrease
in acetonitrile relative to that in cyclohexane, an expectation
that is supported experimentally as illustrated in Figure 2. This
is also further born out by a comparison of the transition
frequencies in the gas-phase study by Kinsey et al. to those
presented in our earlier study of ClNO in cyclohexane where a
noticeable change in frequencies is observed.25,32

Homogeneous Broadening.The results presented here
demonstrate that the homogeneous line width increases signifi-
cantly as the solvent is changed from cyclohexane to acetonitrile.
Absolute resonance Raman cross sections are dependent upon
the magnitude of the homogeneous broadening, and a compari-
son of the absolute scattering cross sections in these solvents
demonstrates that the cross sections in acetonitrile are substan-
tially reduced relative to those in cyclohexane (Tables 2 and
3). The increase in homogeneous broadening in acetonitrile
compared to that in cyclohexane is also supported spectroscopi-
cally by the relative dearth of overtone and combination band
intensity in the ClNO resonance Raman spectrum obtained in
acetonitrile (Figure 3).

The question exists as to why the homogeneous line width
should be solvent-dependent for excited states that are dissocia-
tive in character. The homogeneous line width (Γ) is composed
of two parts: the lifetime of the excited state and solvent-
induced pure dephasing. In the modeling, the separation ofE00

energies was observed to increase between acetonitrile and
cyclohexane. This change inE00 energies could alter state
coupling and subsequent nonadiabatic relaxation dynamics,
thereby affectingΓ. To test this hypothesis, time-resolved
experiments are currently underway to study the excited-state
lifetime and photoproduct formation kinetics of ClNO to
ascertain the role of solvent-induced dephasing of ClNO in
solution.

Conclusions

We have performed an absolute resonance Raman intensity
analysis study of ClNO dissolved in cyclohexane and aceto-
nitrile. The resonance Raman spectra demonstrate that significant
excited-state structural evolution occurs along the bend and the
dissociative N-Cl stretch coordinate upon A-band photoexci-
tation. The excited-state slope along the N-Cl stretch coordinate
is solvent-dependent and related to the structural evolution of
the ground-state equilibrium geometry with solvent. Modest
scattering intensity corresponding to the NdO stretch coordinate
was observed in cyclohexane but not in acetonitrile. This limited
intensity suggests that the excited-state structural evolution that
occurs along this coordinate following photoexcitation is modest.
Resonance Raman depolarization ratios are found to deviate

Figure 8. N-Cl stretch undergoing a change in displacement due to
the solvent environment. Shown is the dissociative potential for the
weakly bound N-Cl stretch and how solvent affects the excited-state
slope for ClNO in cyclohexane (s) and acetonitrile (- - -).
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significantly from 1/3, consistent with the A band being
composed of at least two separate electronic transitions.
Therefore, modeling of the absorption, absolute resonance
Raman cross sections, and depolarization ratios was performed
with two excited states contributing to the spectroscopic
observables. This model is capable of simultaneously reproduc-
ing the experimental observables consistent with the A-band
intensity originating from transitions to at least two excited
states.
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