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The excited-state reaction dynamics of nitrosyl chloride (CINO) are studied using absolute resonance Raman
intensity analysis. The absolute resonance Raman cross sections for CINO dissolved in cyclohexane and
acetonitrile are measured at several excitation wavelengths spanning the absorption band commonly referred
to as the “A band” imax~ 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
CINO results in a substantial evolution of the-I€I stretch coordinate consistent with the dissociation of the

N—CI bond. Significant structural evolution is also observed along the bend, with minimal excited-state
structural evolution observed along the=® stretch. The structural evolution along the dissociativeQ\

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 through the A band consistent with multiple states participating
_ _ ) ) in the dissociation proced3!* An evolution in photoproduct

The photochemistry of nitrosyl halides such as nitrosyl 4nisotropy can occur for dissociation reactions mediated by a
chloride (CINO) is of interest because of the participation of gjqie excited state if a substantial amount of rotational energy
these compounds in stratospheric and tropospheric cherhistry. s genosited into the diatomic photofragment; however, studies
CINO is formed in the lower atmosphere by the reaction of sea ot the Cl-product velocity distribution demonstrated that the
salt (NaCl) with NQ and in the upper troposphere/stratosphere gpisotropy is independent of the kinetic energy released into
via surface reactions of HONO on frozen HCThe gas-phase the products, consistent with the multiple-state m@@i&t; 22

photochemistry of CINO is dominated by dissociation to form 5, supporting the multistate model, ab initio studies have

NO and CI with a quantum yield approaching urfity** predicted that multiple transitions exist in this wavelength region
A associated with the A barfe?324In contrast, resonance Raman
CINO — NO(ZI—limiw) + CI(*Py5 319 studies of gaseous CINO have been interpreted in terms of the

A band being composed of a single excited state.

The vis-UV absorption spectrum of CINO is characterized by Only a handful of CINO photochemical studies in condensed
a series of absorption bands extending fre650 nm into the environments have been performed. Matrix isolation studies
UV. These transitions are referred to as the K through A bands Naveé demonstrated CION production following CINO photo-
as one proceeds from low to high ene?§}” Studies of gaseous  €Xcitation2’ Surface-photochemical studies of CINO have
CINO have provided a detailed understanding of the dissociation ©PServed ';‘IS'C' bond dissociation leading to the formation of
dynamics that occur following photoexcitation resonant with NO and CI® Comparative matrix and gas-phase Raman studies

all transitions except the highest-energy A bahtP Although of CINO have documented frequency shifts of the Raman
the A-band transitionA(~ 180 to 250 nm) is by far the most ~ transitions between these two environments demonstrating that

intense a,.. = 6.5 x 10-17 cr?), it is the least studiedf, The the curvature of the ground-state potential energy surface is
IAmax = 09 . ' —envi 3 i

substantial absorption cross section and breadth that characteriz€nvironment-dependefft. %" In a previous study, we reported

the A band suggest that more than a single electronic transitionth® resonance Raman depolarization ratios for CINO dissolved

contributes to the observed intensi&415Consistent with this N cyclohexane employing excitation resonant with the A bnd.

suggestion, photodissociation studies have observed an evolution' '€ €xperimentally determined depolarization ratios were not

in photofragment anisotropy with increased actinic energy €dual t0'/s, consistent with more than a single excited state
contributing to the observed scattering; however, the nature of

. “. ) — these states including the extent of electrphoton coupling
T Part of the special issue “Alvin L. Kwiram Festschrift”. .
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In this paper, we present an absolute resonance Raman g E E E E EE E
intensity analysis study of CINO dissolved in cyclohexane and 3 § % 8§ < 22 3§

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 08
studies, the depolarization ratios are observed to deviate
significantly from?/3 in both solvents, consistent with more than 06
a single electronic transition contributing to the A b&Ad. o
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 ° 30000 40000 50000
on the excited-state reaction dynamics of this system. The Energy (cm-1)
anal_ySIS .Of the CINO absorption and resonance Raman CI.’(.)SSFigure 1. Absorption spectra of gaseous CINO-}, CINO dissolved
sections in botr_l sc_)lyents demonstrates that the A-band transmo_nin cyclohexane (- - -), and CINO dissolved in acetonitrite)( The
undergoes a significant decrease in frequency and broadens iyaseous CINO spectrum is in excellent agreement with the litersture.
acetonitrile relative to its behavior in cyclohexane. The two- Also indicated are the excitation wavelengths employed in the resonance
state model outlined here is capable of reproducing this behaviorRaman studies.
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 illuminated volume between excitation pulses. The scattered
photoexcitation is dominated by evolution along the dissociative light was collected using refractive UV-quality optics and
N—Cl stretch and bend coordinates in both solvents. Minimal delivered to a 0.75-m spectrograph (Acton). The scattered light
resonance Raman intensity is observed corresponding tothe N Wwas dispersed using either a 1200-groove/mm classically ruled,
O stretch, consistent with limited excited-state structural evolu- & 2400-groove/mm holographic, or a 3600-groove/mm holo-
tion along this coordinate. A comparison of the model excited- graphic grating. A polarization scrambler was placed at the
state parameters in cyclohexane and acetonitrile reveals that thé&pectrograph entrance to minimize the polarization dependence
excited-state slope of the-\Cl stretch coordinate decreases in  of the spectrometer throughput. Detection was performed using
acetonitrile relative to cyclohexane. As will be discussed below, a 1100 pixelx 300 pixel, back-thinned, liquid-nitrogen-cooled
the solvent dependence of the excited-state slope results in &CD detector (Princeton Instruments). The concentration of the
modification of the ground-state-NCI bond length as a function ~ Sample was measured before and after each experiment to ensure
of the environment. Finally, the resonance Raman cross sectionghat sample photodegradation we40%.
are significantly lower in acetonitrile than in cyclohexane,  Depolarization Ratios.The resonance Raman depolarization
consistent with increased homogeneous broadening in acetonitatios for the bend and NCI stretch fundamental transitions
trile. In total, the results presented here provide the first in acetonitrile and cyclohexane were measured at 217.8, 228.7,
information regarding the early-time, A-band photochemical 252.7,282.4, and 354.7 nm. The depolarization ratio is defined
reaction dynamics of CINO in solution. 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
Experimental Section light.34 The incident polarization was defined by placing an
o-BBO polarizer in the path of the excitation beam. Nonbire-
Materials. The absolute resonance Raman intensities of fringement Cak windows were placed on the quartz sample
nitrosyl chloride (CINO) dissolved in acetonitrile (Fisher, cell to preserve the polarization of the incident and scattered
99.9+%) and cyclohexane (Aldrich, 99i3%) were measured  fields. A large-aperture, 1.5-cm-diameter Glan-Taylor calcite
at 192.2, 204.3, 208.9, 217.8, 228.7, 252.7, 282.4, and 354.7polarizer was placed before the polarization scrambler to define
nm using the direct or hydrogen-shifted second and third the polarization of the scattered light delivered to the spec-
harmonic output of a Nd:YAG laser (Spectra-Physics GCL- trograph. The depolarization ratio of the 802-¢ntransition
170, 30 Hz). The location of these wavelengths relative to the in cyclohexane or the 918-cth transition of acetonitrile was
A band are indicated in Figure 1. The synthesis of gaseous CINOmeasured at each wavelength to correct for the nonideal
has been described elsewhé&té? Briefly, 8.75 g of sodium  extinction of the polarizer as described previouSly.
nitrite (99.9% reagent grade, Aldrich) was dissolved in 12.5  |ntensity Corrections. A standardized deuterium lamp
mL of water and added dropwise to 50 mL of concentrated (Hellma) was used to correct the scattered intensities for the
hydrochloric acid (Fisher). The solution was stirred continu- wavelength sensitivity of the detection apparatus. Correction
ously, and the production of CINO was evidenced by the for scattering self-absorption was performed by comparing the
appearance of an orange-brown gas. Gaseous CINO was bubblegolvent peak intensities between spectra of neat solvent and
through solvent to produce the samples for study. Statie vis  spectra with CINO present. This correction resulted in a minimal
UV absorption was used to determine sample purity. The CINO (<29%) change in the measured intensities.
concentration was adjusted to between 0.1 and 4 mM depending Absolute Raman Cross-Section Determination.CINO
on the excitation wavelength employed. absolute resonance Raman cross sections were determined by
Resonance Raman SpectraResonance Raman spectra of comparison to the 802-cmh transition of cyclohexane or the
CINO in cyclohexane and acetonitrile were obtained by employ- 918-cn? transition of acetonitrile. The later transition was
ing a quartz flow cell equipped with sapphire entrance and exit standardized by comparison to the CN stretch transitions of
windows. The sample flow rate was sufficient to replace the acetonitrile (2156-2350 cn1?) for which the absolute scattering
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cross sections have been previously repottédThe details dependent overlaps along the bend and NO stretch were
of this standardization are presented below. The absolutecalculated using the formalism of Mukamel and co-work@rs.
resonance Raman scattering cross sections of CINO wereTime-dependent overlaps along the-NlI stretch were calcu-
determined by comparison to the solvent using the following lated as described in the literatfe*4In calculating the Raman
equation: cross section, the contributions from each excited state are added
at the amplitude level such that interference can occur, leading

ICINOCSOIven(M) to the reduction or enhancement of the scattering cross sections
Oomo = 1+ pjcino ovent 1) depending on the sign o_f the displacements. Both excited states
| c (1+ Zp) are modeled as dissociative along the-®l coordinate. The
solvent=CINO\ 1 + o Jsolvent displacements along the bend and NO stretch coordinates were
. . o taken to be similar in sign between the two states as well. This
Ineq 1,0 is the Raman scattering cross sectignis the assumption was checked by testing a model that included

depolarization ratiog is the concentration, arlds the scattered displacements of opposite sign for the two states along the
intensity. Depolarization ratios for the solvent were taken from ,3rious transitions, and a reasonable fit could not be obtained.
the literature: p = 0.08+ 0.01 for the 802-cm' transition of Resonance Raman depolarization dispersion curves were
cyclohexanep = 0.0254+ 0.003 for the 918-cm transition o oqeled as follows. In the limit of two excited states participat-

acetonitrile, ang = 0.0364 0.005 for the CN stretches (2150 ing in the scattering process having orthogonal transition
2350 cn1?) of acetonitrile?®~%® Depolarization ratios for CINO  maments, the depolarization ratip)(is defined a&45

were obtained as described above. Scattered intensities were

determined by trapezoidal integration to determine peak areas. | 35 2
The absolute scattering cross section of the CINO bend p= _per

fundamental transition was determined at all wavelengths by lpar 1oz° + 422
comparison to solvent, and the cross sections for other CINO

transitions were determined by comparison to the bend funda-In eq 4, theZ" terms are given by
mental.

Computational Analysis. The absorption and resonance
Raman cross sections were modeled using the time-dependent
formalism for absorption and resonance Raman scattétifg. 1
A modified version of the time-dependent formalism was 2= Sl = 0|2+ Jou,? + Jog, %
employed here, in which two excited states are included in the
modeling#?

@)
s0=dig +a, (5)
3/t 0y

whereoy, (p = X, y) are the elements of the polarizability tensor.
Equations 4 and 5 correspond to the following conceptual
|ﬂ)liz[mil(t)@zj(E'E‘)t’th(t) dt + picture. If coupling between the two excited states is negligible,
then the two transitions will give rise to two diagonal elements
o o (EHE)R 5 of the polarizability tensoroyx and ayy). Each polarizablilty
fé M, i () [e™ =" Dy(t) dt| tensor is described using the time-dependent formalism as
(2 follows:3%-41

87e'ESE

or(E) = Tonte

4n€’E, 2\ 2

« i I(E+E; M 00 i
oWE) = SO M O EETED, () dt + [ (E)],p = < 5 [y HiOEET " D@ ot (6)

ﬁmM22m|'Z(t)@(E‘+E')UhD2(t) dt] In eq 6,E_ is defined as the incident frequendyly, is the

®) electronic transition lengthp(= x or y), and the energy of the
vibrational state is given by;. D(t) is the homogeneous line
width, and i(t)0J 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, ane= /s.
However, when a second orthogonal transition contribyses,
will deviate fromY/3. It should be noted that the deviation @f
and is modeled as Gaussiar (&, whereT is the homoge- from Y3 al_so co_uld reflect preresonance contrib_utions to the
neous line width). Equation 3 demonstrates that the resonance>cattered intensity from electronic states Iocgteq In thg far-Uy.

Attempts to reproduce the observed depolarization ratios using

Raman cross section is dependent on the sum of the polariz- i - "
ability derived from the two excited states. The polarizability Preresonance effects resulted in predicted transition moments
or Eqo energies for the far-UV state that were entirely incon-

is in turn dependent on the half Fourier transform of the overlap, ~. ith th . ol
dli(t)C) representing the overlap of the final state involved in sistent with the absorption spectra of gaseous 0.

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 Absorption Spectra. The absorption spectra of gaseous CINO
depend on time-dependent overlap terms involving two excited and CINO dissolved in cyclohexane and in acetonitrile are
states. The time-dependent overlaps were determined by emypresented in Figure 1. The intense transition evident in the figure
ploying harmonic surfaces for the bend and the NO stretch andis the A band. This transition broadens and undergoes a 22-nm
a linearly dissociative surface for the—ICl stretch. Time- red shift in going from the gas phase to acetonitrile, with

In egs 2 and 3Es and E; are the scattered and incident
frequencies, respectively, the transition moments for the two
electronic transition lengths are given M and My, c is the
speed of lightn is the refractive index; is the energy of the
final state, f, andg; is the energy of the initial state, i. The
initial state propagating for timeon thenth excited-state surface

is indicated byli,(t)0= e """jil] Homogeneous broadening
corresponding to each excited state is giverDagt) and Dx(t)

Results
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TABLE 1: Absolute Raman Cross Sections for the 918-cmt
Transition of Acetonitrile 2

excitation wavelength cross section 1200 [~
(nm) (ub)P
192.2 980+ 60
204.3 655+ 5
208.9 550+ 50
217.8 440+ 50 5 800
228.7 380+ 30 =
252.7 220+ 20 1
282.4 95+ 10 S
354.7 3442
400

a Absolute Raman scattering cross sections were determined by
comparison to the CN stretches of acetonitrile (222850 cm?) as
described in the tex?. Errors represent 1 standard deviation from the
mean.

1
40000

|
50000

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 Energy (cm-1)

new electronic transition. The measured absorption maximum Figure 2. Experimental absolute Raman cross sections for the 918-
of gaseous CINO is in agreement with the literature value of cm ! transition of acetonitrile®). Values are also presented in Table
Amax = 196 nm!7 In cyclohexane, the A-band maximum 1. Error bars represent 1 standard deviation from the mean of the total
absorption cross section is 0.53 Blmax = 206 nm), and in ~ humber of measurements. The A-term fit to these cross sections (eq 1

acetonitrile the maximum cross section is also 0.33Ayay = in the text) is shown by solid line.
218 nm).

Absolute Raman Cross SectionsMeasurement of the
absolute scattering cross sections of CINO in solution requires
that the absolute scattering cross section of at least one solvent
transition be known. The standardized 802-=értransition of
cyclohexane was employed for experiments in this solvent. In
acetonitrile, the 918-cmi transition provides a convenient
standard given the proximity of this transition to the CINO
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 knoWnThe intensities and depolar-
ization ratios of both the CN stretch (2152350 cnt?) and
the 918-cm transitions of acetonitrile were measured, and the
918-cnt? transition cross section was determined using the
corresponding version of eq 1 (see above). The measured
scattering cross sections for the 918-¢nransition are reported
in Table 1 and are shown in Figure 2. The evolution in scattered Figure 3. Resonance Raman spectra of CINO dissolved in cyclohexane

intensity as a function of excitation wavelength for the 918- (A)andin acem“i”illf (dB) (?bhtai”ed .”T(i“g 21d7'ﬁ"ém exc”f.‘tion' fSOl"e?]t
- o : . o transitions are marked with asterisks, and hydrogen lines from the
1 R
cm™* transition was fit to the following A-term expression: excitation source are denoted with diamonds. Note that for cyclohexane,

transitions corresponding to all three vibrational modes are observed.

30000

20000 217.8 nm

.
*

(v,)

—640 cm™(2v,)

10000

vy

—325 cm(v;)
* 1
—1215 cm”(v,+2v,)

-1
—895 cr1n (v2+v3)

—585 cm
—950 cm”

*
—1750 cm™'(3v,)

—1800 cm(v,)

*
*

Q
8000

@

Raman Intensity

217.8 nm

—310cm™ (v,

4000

(v,+2v;)

-1

—545cm™(v,)

— 600 cm™(2v,)

— 855 cm™(v,+v,)
—1110cm™(2v,,)

1180 cm

*

800 1200 1600

Energy (cm™)

obtained using 217.8-nm excitation are presented in Figure 3.
Intensity corresponding to fundamental transitions of the bend
(v3) and N-CI stretch {) is evident in both solvents. In

In the above expressiomg is the incident frequency is the cyclohexane, the fundamental transition of thre®l stretch )
coupling strengthy is the frequency of the mode of interest, is also observed. The absolute resonance Raman cross sections
andve is the energy of the excited state from which preresonant measured in both solvents for these and other prominent
intensity is derived. The best fit resulted K= 14 712 ub transitions are provided in Tables 2 and 3. A comparison of
(1 ub = 1072* cn®) and v = 130800 cm’. The far-UV the spectra presented in Figure 3 demonstrates that many more
absorption spectrum of acetonitrile reveals that from 70-000 transitions are observed in cyclohexane relative to acetonitrile.
90 000 cn! there exist strong absorption bands corresponding As will be discussed below, this behavior is primarily due to a
to Rydberg transitions. However, there is little absorption present significant increase in the homogeneous line width in acetoni-
at ~130 000 cnt?, the fitting parameter determined by our trile, resulting in the depression of the resonance Raman cross
A-term fit, but this may be due to a perturbation of Rydberg sections in this solvent. A comparison of the resonance Raman
states or other electronic states now present at this energyspectra obtained in two solvents also reveals that the transition

)

0r(ve) = Kvg(vg — V)S

because of solvatiof.
Resonance Raman Intensity AnalysisResonance Raman
spectra for CINO dissolved in cyclohexane and acetonitrile

frequencies are solvent-dependent. For example, the bend
fundamental transitionvg) is observed in cyclohexane at 325
4+ 3 cmy, but is at 310+ 5 cnt! in acetonitrile. This
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TABLE 2: Absolute Raman Cross Sections of Nitrosyl Chloride Dissolved in Cyclohexane

excitation 2% V2 3v, V3 2v3 vy + v3 vy + 213
A (nm) x 10°(A?) x 10°(A2) x 10°(A2) x 10°(A2?) x 10°(A?) x 10°(A2) x 10°(A2?)
282.4 0.004G: 0.0002 0.0105+ 0.0008 0.002° 0.002
252.7 0.018+ 0.003 0.01A 0.002 0.011 0.002 0.06H 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 23+ 04 0.19+ 0.07 24+ 04 0.83+ 0.07 15+04 0.74+ 0.08
208.9 0.9+ 0.1 4.3+ 0.8 1.1+ 0.3 3.6£0.4 1.5+ 04 24+ 05 1.5+ 0.3
204.3 1.1+£01 4.1+ 0.9 0.7£0.3 3.3+ 0.6 1.3+ 04 3.0+ 1.0 1.7£04
192.2 0.44+ 0.07 1.6+ 04 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 thé B@ftierof cyclohexane as described in
the text.? Errors represent standard deviation from the mean.

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

excitation V1 V2 V3 21/3 Vo + V3
A (nm) x 107 (A2 x 107 (R2) x 10 (A2) x 10 (A2) x 107 (A?)
355 0.00058&: 0.00009 0.00144+ 0.000F 0.000037+ 0.000005
282.4 0.026+ 0.001 0.035t 0.003 0.008Gt 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 0.7 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+ 04 0.63+ 0.04
192.2 0.35+ 0.03 0.7+ 0.3 0.10+ 0.02

2 Absolute Raman scattering cross sections. These values were determined by comparison to the &i@ierof acetonitrile as described in
the text.? Errors represent 1 standard deviation from the mean.

0.6

observation demonstrates that the curvature of the ground-state
potential energy surface is solvent-dependent. Similar behavior
was observed in our earlier study of CINO in cyclohexane where
the frequencies of the observed transitions were compared to
those reported by Kinsey and co-workers for gaseous CINO,
and significant differences were evidéh#2

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 CINO
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 30000 40000 50000
for CINO dissolved in cyclohexane and acetonitrile, respectively. E 1
The figures provide a comparison of the Raman cross sections nergy(cm™)
for the N—Cl stretch fundamentab/), the bend fundamental ~ Figure 4. Experimental electronic absorption spectra),( and
(v, the bend overone (3 and the combination band  E3ELAE PSS ) r SO b yenecane (1) e e
involving these _Coord'natesyi + vy). The N=O stretch dashed and detdashed lines. The parameters employed in the
fundamental 1) is observed in cyclohexane, and the results cgicylations are presented in Tables 4 and 5.
for this transition are also presented in Figure 5. In summary,
the model accurately reproduces the observed Raman crosshe N=0 stretch in cyclohexane, and no assignable intensity in
sections. An inspection of the excited-state parameters presentedcetonitrile, is indicative of limited excited-state evolution along
in Tables 4 and 5 demonstrates that relatively large displace-this coordinate.
ments are required to reproduce the observed intensities for the In the dissociative two-excited-states model, the homogeneous
bend and that a large excited-state slope along the dissociativdine widths were found to increase substantially between
N—Cl stretch is also required, consistent with these coordinatescyclohexaneI(; = 200 cn1?, I', = 350 cn1?) and acetonitrile
dominating the excited-state structural evolution that occurs (I'; = 1200 cnt?, I', = 1300 cnT?). This increase is supported
upon photoexcitation. Correspondingly, the modest intensity of spectroscopically by the depression of the resonance Raman

oa (A2)
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TABLE 4: Excited-State Parameters for Nitrosyl Chloride 15
in Cyclohexané v
1
g We Be orexptl  orcalcd 10
transitio® (cm™9)° (cm™) A? (cm Y (x 107A?) (x 10°A?) ’
State 1
Vi 1800 1800 0.85 1301 1.0 0.5 $
V2 585 585 2750 4.%0.9 3.6 $
V3 325 325 7.70 3.30.6 3.0
3, 07£03 04 0
21/3 1.3+ 0.4 0.9 Vv
Vot v 3.0+ 1.0 2.0 2
vy + 2v3 1.7+ 0.4 1.1 4.0
State 2
V1 1800 1800 0.78 1.+0.1 1.0 20
2 585 585 2750 4.%0.9 3.6
V3 325 325 7.65 3.30.6 3.0
3v, 0.7+ 0.3 0.4 0
2v3 1.3+04 0.9
Vot vs 3.0+ 1.0 2.0 4.0 V3
vy + 2v3 1.7+ 04 1.1 *
a Calculation performed with a Gaussian homogeneous line width. o‘}k
Best fit to the experimental cross sections yielded for stdfe=1200 ~ 2.0
+ 10 cntt, My = 0.93 A, Ego = 39 700 cntl, n = 1.42 and for state o
2T =350+ 10 cm', My = 0.75 A, Eqo = 36 050 cm?, andn = =<
1.42.» Raman transition that is being modeled by this calculation. The \E
symbolsvy, v,, andvs correspond to the NO stretch and the NCI © 2 8
stretch and bend, respectively. The first three terms refer to the ) v
fundamental transitions; the second three, to overtones; and the last 3
two, to combination band$.wyq is the ground-state harmonic frequency,
and we is the excited-state harmonic frequenén refers to the 10
dimensionless displacement of the excited-state potential energy surface : 3
minimum relative to the ground stat®s refers to the slope of the +
dissociative excited-state potentisExperimental Raman cross sections
found for excitation at 204.3 nm. 0
TABLE 5: Excited-State Parameters for Nitrosyl Chloride
in Acetonitrile 2 4.0 VotVs
wqg e pe orexptl  ogrcalcd
transitio® (cm™)¢ (cm™) A (ecm™) (x 100 A?) (x 107 A?Y 00
State 1 '
V1 1780 1780 0.00
V2 545 545 1850 1.#0.2 11
V3 310 310 7.70 1.20.4 1.9 0
23 0.63+£0.04 068 30000 40000 50000 60000
V2 + V3
State 2 Energy(cm™)
V1 1780 1780 0.00 . _ i
Vo 545 545 1850 1.%:02 1.1 Figure 5. Raman excitation profiles for the NO stretch fundamental
V3 310 310 7.65 1.20.4 1.9 (1), the N=CI stretch fundamental§), the bend fundamentab),
213 0.63+ 0.04 0.68 the bend overtone {3), and the combination bandx+ v3) for CINO
Vot vs in cyclohexane. Points represent the experimental data, and the error

) ) . . ) bars represent 1 standard deviation from the mean. The parameters for
? Calculation performed with a Gaussian homogeneous line width. 5 calculated fit ) are presented in Table 4.

Best fit to the experimental cross sections yielded for stdte=11200
+ 10 ey, My = 0.905 A, Eq = 38 450 ¢, andn = 1.344 and for

state 2" = 1300+ 10 cmi™, M, = 0.85 A, Ego = 34 050 crt, and to that in cyclohexane (3650 cr#), consistent with the excited-

n = 1.344.> Raman transition that is being modeled by this calculation. State energetics being solvent-dependent. Finally, the slopes
The symbolsvi, v,, and vs correspond to the NO stretch and the along the dissociative potential of the—Cl stretch were
N—Cl stretch and bend, respectively. The first three terms refer to the observed to decrease from cyclohexafie<( 2750 cnt?) to
fundamental transitions; the second three, to overtones; and the lastacetonitrile § = 1850 cntl). This evolution suggests that
;":’% g’ Cgmtﬂgagggig%r]gtga‘t"eg 'i:’r‘;g:fi’g”f?éztﬁteeng;m:gf”éfsfrfg“tigcy’ solvent-solute interactions are impacting the dissociation
dimengionless displacement of the excited-state potential energy surfacedyn‘rjm?ICS alqng the N.CI stre’_[ch coordinate, an observation
minimum relative to the ground states refers to the slope of the  that will be discussed in detail below.
dissociative excited-state potentisExperimental Raman cross sections The measured resonance Raman depolarization ratios for the
found for excitation at 204.3 nm. fundamental transitions of the-N\Cl stretch ¢) and bend 4s3)

are reported in Table 6 and are presented in Figure 7A and B
cross sections for CINO in acetonitrile relative to those for CINO for CINO dissolved in cyclohexane and acetonitrile, respectively.
in cyclohexane. The values fbrin both solvents suggests rapid The depolarization ratios all deviate significantly frot,
excited-state decay, a conclusion that is supported by the lackconsistent with more than a single excited state participating in
of detectable fluorescence in either solvent. Hagseparation the scattering process. Although the experimental depolarization
of the two states is larger in acetonitrile (4450 djncompared ratios deviate from the single-state valuelff they are also
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2.0 TABLE 6: Depolarization Ratios for Nitrosyl Chloride in
v, Cyclohexane and Acetonitrile
excitation
1.0 wavelength
~ . (nm) p(vs)? p(v2)
Cyclohexane
282.4 0.18+ 0.02 0.14+0.03
0 (calcd) (0.13) (0.13)
252.7 0.20+ 0.03 0.15+ 0.04
3.0 v (calcd) (0.17) (0.17)
3 228.7 0.25+ 0.05 0.21+ 0.04
2.0 * (calcd) (0.27) (0.26)
4 217.8 0.28+ 0.03 0.23+ 0.04
10 (calcd) (0.31) (0.31)
' Acetonitrile
O 354.7 0.18+ 0.02 0.27+0.02
<C 0 (calcd) (0.14) (0.14)
'E, 282.4 0.23+ 0.05 0.32+0.03
= 1.0 2v, (calcd) (0.19) (0.19)
= } 252.7 0.29+ 0.01 0.33+0.01
© (calcd) (0.28) (0.28)
0.5 228.7 0.35+ 0.04 0.35+ 0.03
’ (calcd) (0.39) (0.38)
217.8 0.36+ 0.05 0.36+ 0.04
0 ° (calcd) (0.40) (0.39)
a2 Raman depolarization ratios are defined as the scattered intensity
VotV with polarization perpendicular to that of the incident radiation divided
1.0 273 by the scattered intensity with polarization parallel to that of the incident
radiation.” Errors represent 1 standard deviation from the mean of four
to seven measurements depending on the excitation wavelength.
05 0.4
¢ n ° 0.4
—_ Va V2 7o
0 g } } oo 2
© 0.2 4 g
30000 40000 50000 60000 s -
Energy(cm-") 8 o 2
Figure 6. Raman excitation profiles for the-NCI stretch fundamental F C 5 04 ;
(v2), the bend fundamental), the bend overtone 3), and the 3 : 3 -
combination band; + v3) for CINO in acetonitrile. The points Q 02 + <
represent the experimental data, and the error bars represent 1 standard 02
deviation from the mean. The parameters for a calculatedjtare ¢
presented in Table 5. 30000 40000 50000 30000 40000 50000

. . . . Energy(cm™')
not consistent with two totally degenerate transitions for which Figure 7. Experimental depolarization ratios) for CINO in

=1 .
p= la. Th.erefore, the wavelength dependence O.f thg depolar cyclohexane (A) and CINO in acetonitrile (B) corresponding to the
ization ratios suggests that the two states contributing to the N_cj stretch fundamentalv§) and the bend fundamentats]. The

scattering are not totally degenerate. For the dissociative two- pest fits to the data+) were calculated using the parameters reported
excited-states model, the depolarization dispersion curves arein Tables 6 and 5, respectively.

best reproduced using the parameters in Tables 4 and 5, an
the corresponding fits to the data are shown in Figure 7. An t
inspection of Figure 7 demonstrates that the excited-state modelt
employed does a reaso_nab_le job .Of reprodgcmg the Wavelengthtransition is supported by numerous gas-phase experiments that
evolution of the depolarization ratios. Significant deviations are suggest that more than one electronic surface is accessed
observed between the model and experimental results for thefollowing A-band photoexcitation. For example, a bimodal

N_.Cl §tretch fundame.ntalug) n acetonltrlle_ at low-energy photoproduct translational-energy distribution was observed in
excitation wavelengths; however, the exper.|me.ntal r.esu'ts arcy photofragment translational-spectroscopy experiment employ-
compromised by the weakness of the scattering intensity at thesqng excitation resonance with the A band, suggesting that there
wavelengths. are two separate photodissociation pathways arising from two
excited state® In addition, photofragment anisotropy studies
have been interpreted in terms of at least two states comprising
Nature of the A Band. The results presented here establish the A band'214Ab initio studies by Bai et al. predict that more
that the A band is composed of at least two overlapping than a single electronic transition resides in the A band and
electronic transitions. The experimental resonance Ramansuggest that as many as three electronic transitions exist in this
depolarization ratios presented in Table 6 for both solvents wavelength region, including a weak singteiplet transitiong
deviate significantly from the single-state value'af demon- This suggestion is interesting in light of the difficulty in
strating that more than a single excited state must be contributingmodeling the red edge of the absorption spectrum (Figure 4).
to the scattering. The ability of a two-state model to reproduce Specifically, the absorption cross sections at lower frequency

qhe depolarization dispersion curves (Figure 7) further confirms
he multitransition composition of the A band. The conclusion
hat the A band is composed of more than a single electronic

Discussion
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A) that is nearly identical to the bond length for the free NO
(1.151 A)#7 This similarity in N=0O bond lengths dictates that
an extremely modest excited-state displacement exists along the
e N=O0 stretch coordinate, consistent with the modeling results.
slopecyn As the polarity of the solvent is increased, the ®l bond length
is weakened corresponding to a shift of the ground-state potential
energy surface minimum along the-Cl coordinate. Shifting
of the ground-state minimum to larger—-Cl| distances is
slopeace 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 CINO to that of CINO dissolved
in cyclohexane and acetonitrile. A second prediction of this
f i model is that the frequency of the-NCl stretch should decrease
Ed-on Ed-ace in acetonitrile relative to that in cyclohexane, an expectation
N-Cl Stretch Coordinate that is supported experimentally as illustrated in Figure 2. This
Figure 8. N—Cl stretch undergoing a change in displacement due to is also further born out by a comparison of the transition
the solvent environment. Shown is the dissociative potential for the frequencies in the gas-phase study by Kinsey et al. to those
weakly bound N‘Cl stretch and how solvent a_ff_ects the excited-state presented in our earlier Study of CINO in Cyc|0hexane where a
slope for CINO in cyclohexane~) and acetonitrile (- - -). noticeable change in frequencies is obseR?d.

| duced by th del loved Homogeneous Broadening.The results presented here
are not accurately reproduced by the two-state model employedye qnsirate that the homogeneous line width increases signifi-
here, suggesting that a third state might also be present. The

tributi f triolet states to the ab i d cantly as the solvent is changed from cyclohexane to acetonitrile.
contrioution of tripiet states to the absorpion and résonance »qqyte resonance Raman cross sections are dependent upon
Raman cross section is expected to be extremely modest give

he limited . f s ol i the magnitude of the homogeneous broadening, and a compari-
EH? |rfn|te t;ransmon n;on:ﬁnt d'o smgiﬁrlpbett trans;[rl]ons. .son of the absolute scattering cross sections in these solvents
eretore, the reasons for the discrepancy between the Experlyqmqnsirates that the cross sections in acetonitrile are substan-

mental and model cross sections at lower frequency remain totiaIIy reduced relative to those in cyclohexane (Tables 2 and

be explored. ) 3). The increase in homogeneous broadening in acetonitrile

Excned-.State Evolutlon.Th.e. resonance Raman data reported compared to that in cyclohexane is also supported spectroscopi-
here provides a mode-specific description of the excited-state cally by the relative dearth of overtone and combination band
structural evolution that occurs following CINO photoexcitation intensity in the CINO resonance Raman spectrum obtained in
resonant with the A band in solution. First, the modeling cetonitrile (Figure 3).

demonstrates that the excited-state structural evolution is The question exists as to why the homogeneous line width

domlc?atetd bé motlonthalon?bthedﬂ;q st_rettch and bﬁntd should be solvent-dependent for excited states that are dissocia-
coordinates. ecaulse ited on ||s$OC|a} es urp])_on P 3_0' tive in character. The homogeneous line widih i composed
excitation, structural excited-state evolution along this coordinate ¢ . parts: the lifetime of the excited state and solvent-

is perhaps prected. However, th? results presented here Pomi'hduced pure dephasing. In the modeling, the separatidiof
_to thel sur?gsmg rgsuit the_ltththte ex?lteéj-statefsttrrl]Jctural_ttevgluttu:n energies was observed to increase between acetonitrile and
IS solvent-dependent, with two features of the excite 'Saecyclohexane. This change iBy energies could alter state

potentigl energy surchgs changing with solvent: the sigpe ( coupling and subsequent nonadiabatic relaxation dynamics,
of the linearly dissociative potential and tkg, energies. The thereby affectingl’. To test this hypothesis, time-resolved

|ncrtea§te_||nEool st(_epar[atltc;]n tb_etweeln r’:he two dexcnedtsttatest I*:nt experiments are currently underway to study the excited-state
acetonitrie refatve to that in cycionexane demonstrates that jiatime ang photoproduct formation kinetics of CINO to

these two Sta“?s are solvated to differing extgnts as the pOIarityascertain the role of solvent-induced dephasing of CINO in
of the solvent is increased, thereby suggesting that the chargeSolution

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 We have performed an absolute resonance Raman intensity
dissociative excited-state potential along the ®l stretch is analysis study of CINO dissolved in cyclohexane and aceto-
solvent-dependent. Specifically, the slope along this coordinate nitrile. The resonance Raman spectra demonstrate that significant
decreases frofi = 2750 to 1850 cm! for both states between  excited-state structural evolution occurs along the bend and the
cyclohexane and acetonitrile. The magnitude of the homo- dissociative N-Cl stretch coordinate upon A-band photoexci-
geneous line width employed dictates that the resonance Ramaration. The excited-state slope along the®l stretch coordinate
intensities are sensitive to the slope of the excited state in theis solvent-dependent and related to the structural evolution of
Franck-Condon region exclusively. Therefore, the question is the ground-state equilibrium geometry with solvent. Modest
why would the slope of the excited state in the FranClondon scattering intensity corresponding to the= stretch coordinate
region change as a function of solvent? We propose that thewas observed in cyclohexane but not in acetonitrile. This limited
change in the slope reflects the solvent dependence of theintensity suggests that the excited-state structural evolution that
ground-state equilibrium NCI bond distance. This idea is  occurs along this coordinate following photoexcitation is modest.
illustrated in Figure 8. In CINO, the NCI bond is extremely Resonance Raman depolarization ratios are found to deviate

fDissociative excited-state potential weak as demonstrated by a ground-stateO\Nbond length (1.14

Energy

Conclusions
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significantly from /3, consistent with the A band being

composed of at least two separate electronic transition

Nyholm and Reid

(17) Ballash, N. M.; Armstrong, D. ASpectrochim. Acta, Part 2974

s, 30, 941.

(18) Reisler, H.; Qian, C. IrAdvances in Molecular Vibrations and

Therefore, model[ng of the absor.ptio_n, abgolute resonance cjiision DynamicsBowman, J. M., Ed.; JAl Press: Greenwich, CT, 1991;
Raman cross sections, and depolarization ratios was performed/ol. 1B.

with two excited states contributing to the spectroscopic
observables. This model is capable of simultaneously reproduc-

(19) Qian, C. X. W.; Ogai, A.; Brandon, J.; Bai, Y. Y.; Reisler, H.
Phys. Chem1991, 95, 6763.
(20) Loock, H. P.; Cao, J.; Qian, C. X. WChem. Phys. Lett1993

ing the experimental observables consistent with the A-band 206 422.

intensity originating from transitions to at least two excited

states.
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