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Linear absorption spectra, resonance Raman spectra and excitation profiles, and two-photon-resonant hyper-
Rayleigh and hyper-Raman scattering hyperpolarizability profiles are reported for thegasbhromophore
N,N-dipropylp-nitroaniline in seven solvents spanning a wide range of polarities. The absorption spectral
maximum red shifts by about 2700 cf and the symmetrie-NO, stretch shifts to lower frequencies by

about 11 cm? from hexane to acetonitrile, indicative of significant solvent effects on both the ground and
excited electronic states. The intensity patterns in the resonance Raman and hyper-Raman spectra are similar
and show only a small solvent dependence except in acetonitrile, where both the Raman and hyper-Raman
intensities are considerably reduced. Quantitative modeling of all four spectroscopic observables in all seven
solvents reveals that the origin of this effect is an increased solvent-induced homogeneous broadening in
acetonitrile. The linear absorption oscillator strength is nearly solvent-independent, and the peak resonant
hyperpolarizability,5(—2w;w,w), varies by only about 15% across the wide range of solvents examined.
These results suggest that the resonant two-photon absorption cross sections in this chromophore should
exhibit only a weak solvent dependence.

Introduction complex solvent dependences because such processes typically
involve multiple paths through different intermediate (virtual)
states that are differently influenced by solvent. Indeed, a few
published studies of two-photon absorption cross sections report
rather strong solvent dependences that are not straightforward
to explain®1® There have also been some theoretical studies
of solvent effects on two-photon absorption cross seciés,
Hnd recent work using time-dependent density functional theory
(DFT) methods with continuum solvation models has demon-
strated encouraging progre’s.

Molecular first hyperpolarizabilitiess) are often measured

Solvent effects on the linear electronic spectra (absorption
and fluorescence) of organic molecules have been a topic of
experimental and theoretical investigation for more than 50
yearst—® Solvent effects on the relative energies of different
electronic states lead to shifts in absorption and emission
frequencies. These are comparatively easy to measure and ca
often be understood in terms of the electrostatic and dispersive
interactions between the charge distributions in the molecule’s
electronic states and the bulk polarity and polarizability of the

solvent. Solvent effects on the intensities of allowed electronic through incoherent second harmonic (hyper-Rayleigh) scatterin
transitions (absorption oscillator strengths or fluorescence 9 yp yielg 9-
L . The solvent dependence of the electronically nonresghhas
radiative rates) tend to be smaller and more variable from one . - .
been the subject of a number of experimental and computational

molecule to another. The bandshapes of electronic spectra_ " ". .5 % o o~ .
(linewidths and vibronic structure) may also be significantly studies®®37 When the excitation falls within an electronic two-

solvent dependent, and while these effects are often clearlyphmOn resonance, the hyper-Rayleigh and hyper-Raman scat-

- : tering are greatly enhanced and their intensities become
observable iin the absorption spectrum, they can be betterde endent upon the vibronic structure and transition linewidths
understood by analyzing coupled absorption and emission P P

Spci (st and ymamic Ses N andor secion oy, S eoionc Ste nd oo s ore and o
cally resonant Raman spectfal’ P gtns. 9

. . to those that influence the intensity of linear resonance Raman
Nonlinear spectra such as two- and three-photon absorption y

. . scattering. Solvent effects on resonance Raman intensities have
and other electronically resonant multiphoton processes are als

subject to solvent effects, but these have been less well studiec?oeen studied in considerable deil;* but there has been very
) ’ little work on the corresponding resonant nonlinear processes.

The frequencies and bandshapes of multiphoton absorption Recently we reported initial efforts to measure and model

spectra should be determined by the same factors that influencethe solvent-dependent two-photon resonant hyper-Rayleigh and
one-photon spectra, although strongly two-photon-allowed hyper-Raman hyperpolarizability profiles, as well as the linear

states, in particular, often have very different structures and . . X
et . absorption spectra and resonance Raman cross section profiles,

charge_ dlstrlbu_tlons fr(_)m one_—photon states and may experience. thg nonliﬁear optical chromophord:N-dimethylaminonF:-

very different interactions with any given solvent. The Cross . tibene (DANS) and a water-soluble anafghe observed

sections for multiphoton absorption might be expected to exhibit e .

solvent effects were rather small compared with the uncertainties

*To whom correspondence should be addressed in the data but did indicate that the peak resonant hyperpolar-
t University of Caﬁomia, Merced. ' izabilitie_s increase_as the absorption maximum red_shifts. In
*Pace University. comparison to similar pustpull molecules such ag-nitroa-
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niline (PNA), DANS exhibits comparatively weak solvent
effects on itdinear absorption spectra. In this paper we report
a corresponding study dw,N-dipropyl{p-nitroaniline (DPPNA),

-
o
1

<

which exhibits fairly strong absorption solvatochromism simi- e .
lar to that of the parent PNA but absorbs at longer wave- g
lengths?® The linear and nonlinear optical properties of the % 0
parent PNA and it&\,N-dimethyl derivative have been widely 2 ol
studied®33354758 and provide a point of reference for our work s
on DPPNA. B

Direct two-photon absorption or two-photon excited fluores- g
cence excitation spectra of large molecules in solution are 0.0 . : ; :
typically unstructured and provide little information beyond the 22500 25000 27500 30000
approximate state energy and two-photon cross section for the Wavenumber / cm’”

resonant two-photon state. Multiple electronic transitions are Figure 1. Absorption spectra of DPPNA in hexane (thin black),
usually difficult to discern in these broad absorption spectra. cyclohexane (gray dashes), ethyl acetate (thick black), dioxane (black
Resonance hyper-Raman spectra provide a wealth of vibrationalda.SheS)' acetone (dot-dashed), dichloromethane (dots), and acetonitrile
detail about the changes in molecular geometry induced by (thick gray).

electronic excitation, and changes in the intensity patterns as
the excitation wavelength is tuned can reveal the presence of
overlapping state®. Changes in solvent are expected to appear
in the hyper-Raman intensities through solvent effects on the
two-photon cross sections and/or excited-state geometries of

ingle resonant stat well as through chan inth nt . . : !
single resonart state, as weti as througn changes € quantu up to 2 mW (i.e., no new lines assignable to the triplet were

mechanical interferences among multiple contributing states that L " . .
undergo different solvent shifts. These factors make resonanceObserved)' Therefore, the relative intensities of the lines in the

hyper-Raman a rich source of information about solvent effects DPPNA resonance Raman spectra were first obtained from

on one- and two-photon electronic states but also complicatedSpeCt.ra takgn at higher powers () exhlblt[ng a high signal-
o interpret unambiguously. to-noise ratio, and the absolute cross sections for the strongest

one or two lines were then determined from spectra at the lowest

laser powers. No significant laser power dependence of the

DPPNA hyper-Raman to acetonitrile hyper-Rayleigh intensity
DPPNA was synthesized as described previob&|¥he ratio was observed at incident laser powers below 100 mW.

solvents hexane (Fisher, HPLC), cyclohexane (Aldrich, HPLC),

1,4-dioxane (ACROS, spectroscopic), ethyl acetate (ACROS, Computational Methods

spectroscopic), dichloromethane (Sigma-Aldrich, spectroscopic),

acetone (Fisher, HPLC), and acetonitrile (Fisher, HPLC) were h

used as received. The spectroscopic measurements were carrie

out using the methods and instrumentation described in previous

publications'>80.61DPPNA concentrations were 0.689.05 mM

for the hyper-Rayleigh intensity measurements,@% mM

for the hyper-Raman, and 0.69.5 mM for the resonance

Raman. DPPNA has good solubility in all of the solvents used,

and the absorption spectra in all seven solvents show no

dioxane®? Obtaining power-independent solute to solvent Ra-
man intensity ratios required reducing the laser power to below
5 uW, at which point the signal-to-noise ratio was fairly low
for all but the one or two strongest DPPNA lines. However,
he relative DPPNA intensities showed no power dependence

Experimental Methods

The linear absorption spectra and the resonance Raman,
per-Rayleigh, and hyper-Raman excitation profiles were
merically simulated with a common model for the ground
and excited electronic states as described in previous publica-
tions#559.60We assumed a single resonant electronic state, equal
ground- and excited-state vibrational frequencies, and no
dependence of the electronic transition moment on vibrational
coordinates, the same assumptions employed in our earlier
resonance Raman excitation profile analysig-oftroaniline>?

"he vibrational hyperpolarizability contribution to the hyper-
Rayleigh and hyper-Raman intensities, which scales as the
derivative of the ground-state permanent dipole moment with
respect to vibrational coordinate (e.g., the ground-state vibra-
tional infrared intensity), was included as described in previous
publications®>%°Because of complexities in calculating hyper-
Raman combination bands and overtones when the vibrational
paths are included, the combination band and overtone intensities

and hyper-Rayleigh hyperpolarizabilities were determined rela-
tive to the hyper-Rayleigh scattering of acetonitrile as an external
standard® Resonance Raman cross sections were determined
relative to the Raman cross sections of the following solvent
lines as internal standards: hexane 1452 %neyclohexane
1026 cnt?, dioxane 1013 cmt, ethyl acetate 633 cm,
dichloromethane 702/740 cth acetone 787 cni, and aceto-
nitrile 919 cnT. The solvent cross sections have either been

. > ' ; were modeled only in the resonance Raman.
published? or were determined relative to those reported . I

. . DFT calculations of the ground-state geometry and vibrational
previously as internal or external standards (measured at ten

o . frequencies were carried out with the B3LYP density functional
excitation wavelengths between 362 and 515 nm and fit to an and the 6-311G** basis as implemented in Gaussia®03.
A-term dependence).

In both the li d i . ts th lati Calculations of the electronic transition energies were performed
N bo € linear and noniinear experments, the relalive i, the 7INDO method and using time-dependent DFT, also
intensities of the DPPNA and standard Raman lines were

i . as implemented in Gaussian 03, at the optimized ground-state
examined as a function of laser power to check for photochem- DFT geometry
istry or depletion of the ground-state population. In the less polar '
solvents, particularly hexane and cyclohexane, the resonance,

; he S esults

Raman intensities exhibited a strong laser power dependence
probably attributable to formation of relatively long-lived triplet Figure 1 shows the linear absorption spectra of DPPNA in
states in high yield. The room-temperature triplet state lifetime all seven solvents used. The absorption maximum red shifts by
of the N,N-dimethyl analog exceedsis in both benzene and  about 2700 cm! from hexane to acetonitrile. There is also a
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The symmetric N@stretch shifts from about 1327 crhin
hexane and cyclohexane to 1316 ¢nn acetone and acetoni-
trile, indicative of a solvent polarity effect on the ground-state

N

\ Cyclohex | - structure. Similar effects in the,N-dimethyl analog (DMPNA)
- NN
N

852
1318
2170
2636

Hexane
— A

E

L

g m/\ Dioxane were studied in detail by Fujisawa and co-work&rawith
w nonresonant excitation (488 nm), they observed a solvent

N EtAc

o

/vp,”m/

]

. polarity dependent shift of this mode from1329 cnt? in
\& CHCI, hexane to~1312 cnttin acetonitrile (and 1300 cm in water),
S I consistent with our observations. They also reported that the
L jAcetone | | frequency of this mode in DMPNA varied by-B cnm! in
CH,CN J‘ acetonitrile and by about 15 crhin water as the excitation
VL'“'”J\&V'V'MJ'T"/ e was tuned through the absorption band, and attributed this to

1000 1500 2000 2500

Raman shift / am” selective excitation of different members of an inhomogeneously

Figure 2. Resonance Raman spectra of DPPNA in seven solvents. SOIVaFed ense_mble' In contrast, for DPPNA In ?‘” solvents

Excitation is at 368 375 nm (26676-27170 cn1?), and concentrations  ©x@mined we find that the frequency of this mode is independent
are 0.35-0.46 mM. The vertical lines at the labeled Raman shifts Of excitation wavelength to within our experimental uncertainty

indicate the four strongest lines in the spectrum: two fundamentals, a of ~2 cn L,

ff?;qsblg?:?roanatlj’gnsddl\?:r?t%?lgsvertone. Most of the other strong peaks in | hrevious publicatiorf§5°we showed that the “vibrational”

P ’ paths, those in which a vibrationally excited level of the ground
electronic state serves as the intermediate state in the two-photon
transition, can make an important contribution to the hyper-
Raman scattering of modes that are strongly infrared active.
The ground-state IR intensities, in absolute units, determine the

1318
2170
2636

N
Yol
[ce]

112 Hexane

dipole moment derivatives required to evaluate these terms. We
Jﬂﬁ’ﬂ?ﬂi’& N . were not able to obtain the IR absorbances for this molecule,
_} 16 Dioxane o and previous experience with molecules of this type indicated
J EtAc that _the DFT calculat_lc_)ns are not very good quantitative
=Tt [ predictors of IR intensitie$>5964 However, all of the strong
j 1e CHCI, . Raman modes of DPPNA have similar frequencies and normal
_} "8 Acetone mode_descrlptlon_s to V|_b_rat|ons obsgrved in DANS, for which
] experimental IR intensities are availaB¥Therefore, we set
_]1/9 CngCN the IR intensities for the 1112, 1318, 1513, and 1596 tm

[

0 500 1000 1500 2000 2500 vibrations of DPPNA equal to the experimental values for the
Raman shift / cm’ corresponding modes of DANSS5 The IR intensity of the
Figure 3. Resonance hyper-Raman spectra of DPPNA in seven DANS mode corresponding to the 852-chiine of DPPNA is
solvents. Excitation is at 744 nm (two-photon energy 26880%m not available, but as our DFT calculations predict it to be weak,
and concentrations are 0:38.46 mM. The vertical lines at the labeled we set it to zero in the simulations. Table 1 summarizes the
Raman shifts indicate the five strongest lines in the spectrum: hyper- experimental and calculated vibrational frequencies, normal
Rayleigh, two hyper-Raman fundamentals, a combination band, and e descriptions, and ground-state dipole moment derivatives

an overtone. The hyper-Rayleigh peaks are scaled as indicated. No - .
solvent hyper-Raman lines are evident in these spectra. for the five strongly Raman-active modes of DPPNA.

The experimental profiles were then simulated to find the

hint of vibronic structure in the nonpolar solvents, hexane and parameters that best reproduce all of the spectroscopic data. The
cyclohexane. data modeled were the absorption spectrum, eight resonance

Representative resonance Raman and resonance hyper-Ramdp@man excitation profiles (the five fundamentals, the 852
spectra in all seven solvents are shown in Figures 2 and 3. Thel318 combination band, and the 852 and 1318 overtones), the
excitation wavelengths (two-photon wavelength for the hyper- Nyper-Rayleigh hyperpolarizability profile, and two hyper-
Raman) fall on the blue side of the absorption in the more polar Raman profiles (the 852 and 1318 fundamentals). Figures 4
solvents, and on the red side in cyclohexane and hexane. TheShow representative fits in solvents of high (acetonitrile),
Raman and hyper-Raman spectra are dominated by the Symmoderate .(e.thyl acetate), and low (hexane) polarity. Table 2
metric NQ; stretch near 1318 cm, the NG scissors mode near ~ dives the fitting parameters in all seven solvents.

852 cntl, and relatively strong overtones and combination  With regard to the linear spectra (absorption and resonance
bands of these two modes. There are also weaker fundamentalfaman), the principal difference between acetonitrile and ethyl
at about 1112 cmt (phenyl-NQ stretch), 1513 cm' (ring- acetate is the substantial red-shift of both the absorption
Namino Stretch and ring H rock), and 1596 cin(phenyl mode spectrum and the excitation profiles in the more polar solvent,
8a, quinoidal stretch). The main hyper-Raman bands are quiteappearing as a 1800-cthshift in the electronic zerezero
strong compared with the hyper-Rayleigh, within a factor of 5 energy in the fitting parameters of Table 2. The resonance
in integrated areas at this excitation wavelength, and the Raman intensities of all modes are also reduced in the more
strongest overtones and combination bands are only two to thregpolar solvent, as manifested by the nearly factor of 2 difference
times weaker than the strongest fundamental. This is charac-in the electronic homogeneous line width. In the nonpolar
teristic of a molecule in which ground- to excited-state geometry solvents, hexane and cyclohexane, the spectra further blue shift.
change is fairly large and is localized in just a few vibrational The best-fit homogeneous linewidths are not much different in
modes. The intensity patterns in both Raman and hyper-Ramarhexane and cyclohexane than in the solvents of moderate
spectra are qualitatively similar in all solvents spanning a wide polarity, although the inhomogeneous widths (a parameter that
range of polarities. is not very well defined in the fitting process) are slightly
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TABLE 1: Five Most Strongly Raman-Active Modes of DPPNA

Shoute et al.

exptl freq calcd freg calcd mode calcd IR intensity (km mol2); calcd de/dq (€A) du/dq (€A) from DANS®
1596 1644 8a (quinoidal ring stretch) 364; 0.088 0.064
1513 1438 phenyl-Mhino Str, ring H rock 33;0.028 0.022
1318 1362 sym N@str 862;0.148 0.136
1112 1132 phenyl-N@str 208; 0.080 0.040
852 870 NQ sciss, ring mode 1 14;0.024

aB3LYP/6-311g** DFT calculation® B3LYP/6-311 g** DFT values converted from km midlto eA as described in ref 59Values used in

ref 45 (see text).
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Figure 4. Left: Experimental (thin black line and points) and calculated (thick gray lines) absorption spectrum and Raman excitation profiles for
two fundamentals and a combination band, for DPPNA in acetonitrile. Right: Hyper-Rayleigh and hyper-Raman profiles.

reduced. Also, while the best-fit excited-state geometry changeshighest-occupied molecular orbitat lowest-unoccupied mo-

are quite similar in all seven solvents, for the 1318 cm?
mode is slightly larger in cyclohexane and hexane than in any
of the polar solvents, whilé for the 852 cn! mode is smaller
in the nonpolar solvents.

The hyperpolarizability profiles also red shift with increasing
solvent polarity, roughly tracking the linear absorption spectra.

The hyper-Raman intensities, like the resonance Raman, are

considerably lower in acetonitrile than in any of the other
solvents, although the uncertainties in the experimental points

lecular orbital excitation is well isolated from other one-photon-
allowed low-lying transitions. Two other transitions with-8-

fold lower oscillator strengths are predicted to lie about 11 000
cm~1 higher. Time-dependent DFT calculations predict that the
two lowest-energy significantly one-photon-allowed transitions
are separated by more than 16 000-énmAlthough solvation

may shift the state energies considerably and cause some
changes in oscillator strength, these calculations strongly suggest

are rather large. The hyper-Rayleigh and hyper-Raman intensi-that a si_ngle electronic trgnsit_ion is responsible for most of the
ties depend on all of the same parameters as do the absorptiof°SCrPtion band shown in Figure 1 and that modeling these
and resonance Raman profiles, plus the difference betweenspectrg W|th a_smgle resonan'_[ electronic _state is reasonab_le.
excited- and ground-state permanent dipole momeutk (This There is little evidence that multiple electronic states can explain
quantity is found to be quite similar for all seven solvents, the poor fits to the hyper-Raman profiles in acetonitrile. Note
decreasing slightly with increasing solvent polarity. The hyper- that states that arenly two-photon allowed can contribute to
Raman profiles in acetonitrile are poorly fit by the simulations, the hyper-Raman intensity only through the B-term mecha-
exhibiting local minima near the calculated maxima. We were nism88 which is expected to be considerably weaker than the
unable to reproduce this behavior without assuming more than A-term that governs scattering from states that are both one-
one contributing resonant electronic state, for which there is and two-photon allowed. Our DFT calculations using the
little or no other support (see Discussion). B3LYP density functional, as well as semiempirical AM1
calculations, produce a structure that is nearly planar (apart from
the propyl groups). These results are consistent with the crystal
ZINDO electronic structure calculations (in vacuo) at the structure in which the nitro and dialkylamino groups of DPPNA
ground-state DFT geometry predict that the predominantly exhibit only slight £5°) deviations from planarity with the

Discussion
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phenyl ring2® although it is possible that the solution-phase the Raman or hyper-Raman excitation profiles, with their
structures are more nonplanar. associated error bars. The Raman cross sections have been
Figure 7 plots the peak resonance Raman and resonancelivided by the frequency prefactorscawiaser to make them

hyper-Raman intensities for the strongest Raman line, the 1318-proportional to the Raman polarizabilities for proper comparison
cmt NO, stretch, as a function of the solvent ET(30) with the hyper-Raman hyperpolarizabilities. In both spec-
parametef! a measure of solvent polarity that distributes the troscopies the intensities are significantly lower in acetonitrile
seven solvents conveniently along thexis. These values are  than in any of the other solvents, and slightly higher in hexane
averages of the three (in some cases two) highest intensities orand cyclohexane than in the polar solvents. There is a good
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TABLE 2: Spectral Simulation Parameters?

CH:CN CH.CI, acetone dioxane ethyl acetate cyclohexane hexane

ET(30y 45.6 40.7 42.2 36.0 38.1 30.9 31.0
Eo/cm™? 22700 23500 23900 24500 24500 26000 26300
uleA 143 1.46 1.40 1.36 141 1.38 1.38
I/ecm™ 1600 1000 900 850 900 900 800
Olcm™t 600 700 750 650 750 500 500
AuleA 0.90 0.95 0.95 0.95 1.0 1.0 1.05

A (852 cml) 0.97 0.83 0.82 0.80 0.82 0.70 0.70

A (1112 cnt?) 0.30 0.25 0.24 0.30 0.24 0.27 0.32

A (1318 cmY) 1.10 1.15 1.12 1.12 1.12 1.18 1.20

A (1513 cnt?) 0.27 0.28 0.25 0.23 0.30 0.34 0.38

A (1596 cntl) 0.23 0.21 0.18 0.22 0.17 0.25 0.25

a Definitions: B, electronic zerezero transition energy;, ground-— excited-state transition lengti, electronic homogeneous line width,
modeled as a single overdamped Brownian oscill&t6tp, electronic inhomogeneous broadening (Gaussian) standard deviatipdifference
between excited and ground state permanent dipole momgntkfference between excited- and ground-state equilibrium geometries along each
normal mode, in dimensionless normal coordinates. Common to all solvents: groundistadg yalues from Table 12 Reference 67.

T linear and nonlinear Raman intensities would have to arise from
£ 304 I i I 130 the solvent dependence af:. While simple “two-state, two-
" 2 1 1 I 28 form” models for the first hyperpolarizability do predict that
e % 1° 5 Au should decrease with increasing solvent polafity? for
% 20l 1 190 g many push-pull molecules including the parent PRAthis
Z < appears to be a small effect as implied by the fitting parameters
2 5 115 3, of Table 2.
g % 8 Thus, while both the linear resonance Raman and the
& 10+ % % ® é 110 ° resonance hyper-Raman intensities vary with solvent, they both
R

1 do so in about the same way. There appear to be two principal
5 — T T sources for this solvent dependence. The increased electronic
30 32 34 36 38 40 42 44 46 homogeneous line width in acetonitrile compared with all other

ET(30) solvents (Table 2) causes the intensities in this solvent to be
Figure 7. Peak resonance Raman cross section divided by frequency |ower. Rapid electronic dephasing in acetonitrile has been

prefactor (open squares) and peak hyper-Raman hyperpolarizability 5yserved in previous resonance Raman studies of-push
squared (solid circles) for the 1318-chiine of DPPNA as a function moleculeds:17:64and may be attributed to the combination of a

of solvent ET(30) parameter. Peak hyper-Rayleigh hyperpolarizabilit . . A .
squared is als(so :);rEown (stars). P yieigh hyperp y large solvent dipole and a particularly large and rapid inertial

component to the solvent reorganization dynanitaes solvent
correlation between the solvent dependences of the Raman andsotope effect has also been reported for the resonance Raman
hyper-Raman scattering intensities. It should be noted that theintensities of betaine-30 in GEN and CRCN.”® The origin
two experiments use completely different methods for converting of the slightly increased Raman and hyper-Raman intensities
spectra to absolute intensities by reference to internal or externalin hexane and cyclohexane is harder to assign, but it appears to
standards, so any systematic errors in making these conversiongrise from a combination of the increas&g;dAgs;ratio (which
should be uncorrelated. transfers intensity from the 852-ctnline into the already strong

A strong correlation between resonance Raman and resonancé318-cnt* line) and the slightly reduced total electronic line

hyper-Raman intensities is expected if the two-photon absorptionWwidth (homogeneous plus inhomogeneous), which tends to make
cross sections are approximately independent of solvent as ardhe excitation profiles more sharply peaked.
the linear absorption cross sections (see Figure 1). The factors Figure 7 also plots the peak hyper-Rayleigh hyperpolariz-
that determine the resonance Raman or resonance hyper-Ramaability, |3(—2w; w, )|,? as a function of solvent ET(30). This
cross sections, in the fully electronically allowed (A-term) limit, quantity does not track well with the Raman and hyper-Raman
can be divided into three groups: the geometry changes betweerintensities and it appears to have a weak maximum at intermedi-
ground and excited states (normal modls), the electronic ate solvent polarities, although the data are not sufficiently robust
transition strengths (one-photon up and one-photon down forto warrant such a conclusion. The pe&K?, the gquantity
resonance Raman, two-photon up and one-photon down forproportional to the hyper-Rayleigh scattering intensity, varies
hyper-Raman), and the dephasing rate for the resonant electroniby less than 30% across the range of solvents used, and the
state. In the limit of a single resonant electronic state, the hyperpolarizability itself, the quantity usually reported in studies
geometry changes between ground and excited states influencef the nonlinear optical properties of chromophores, varies by
the Raman and hyper-Raman intensities in the same®®dy;  less than 15%. For comparison, the nonresonant first hyperpo-
if the A values vary with solvent, they should lead to the same larizability measured across a wide range of solvent polarities
solvent dependence of the intensities for both linear Raman andis reported to vary by nearly a factor of 2 foLN-dimethyl
hyper-Raman scattering. Similarly, the dephasing rate of the PNA and by about 40% for PNAL Variations of comparable
resonant electronic state affects the linear and nonlinear Ramarmagnitude persist for PNA even when the two-state model for
intensities in the same w&§-"°In the single resonant state limit,  the hyperpolarizability is used to extrapolate the measured values
the product of two-photon and one-photon oscillator strengths to zero frequency®*® We also found a somewhat stronger
goes as the square of the one-photon transition dipole, the sameolvent dependence of the resonant hyperpolarizability in DANS
quantity that appears in the resonance Raman intensity, multi-even though our measurements in that molecule spanned a
plied by the permanent dipole moment differend@, There- smaller range of solvent polaritiésln DANS we were unable
fore, any difference between the solvent dependences of theto model the hyper-Rayleigh intensities with the same param-
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eters that fit all of the other spectroscopic observables and

suggested that this might be attributed to nonresonant contribu-

tions to the scattering, which should be more important for
hyper-Rayleigh than for hyper-Raman. No such discrepancy is
observed for DPPNA, where the parameters that best fit the

linear absorption, resonance Raman, and hyper-Raman profiles

also give reasonable fits to the hyper-Rayleigh profiles.

J. Phys. Chem. A, Vol. 111, No. 7, 2007257

(20) Day, P. N.; Nguyen, K. A.; Pachter, R.Chem. Phy2006 125

094103.

(21) Song, Y.-Z.; Li, D.-M.; Song, X.-N.; Huang, X.-M.; Wang, C.-K.
HEOCHEM?2006 772, 75.

(22) Terenziani, F.; Morone, M.; Gmouh, S.; Blanchard-Desce, M.
ChemPhysChen2006 7, 685.
(23) Ray, P. C.; Leszczynski, J. Phys. Chem. 2005 109, 6689.
(24) Frediani, L.; Rinkevicius, Z.; Agren, H. Chem. Phy2005 122,
244104.

T

It has long been known that measurements of resonance (25) Bartkowiak, W.; Zalesny, R.; Leszczynski,Qhem. Phys2003

Raman cross sections allow, in principle, separation of the
homogeneous and inhomogeneous contributions to the total
electronic spectral breadthIncreasing the homogeneous width

287, 103.

(26) zalesny, R.; Bartkowiak, W.; Styrcz, S.; LeszczynskiJ.JPhys.
em. A2002 106, 4032.

(27) Luo, Y.; Norman, P.; Macak, P.; Agren, Bl.Phys. Chem. 200Q

Ch

reduces the Raman cross sections both at the peak of thel04 4718.

electronic resonance and integrated over the excitation profile.

(28) Wang, C.-K.; Zhao, K.; Su, Y.; Ren, Y.; Zhao, X.; Luo, ¥.Chem.

Phys.2003 119, 1208.

In contrast, the absorption spectrum is broadened with no change (29) wu, C.; Tretiak, S.; Chernyak, V. hem. Phys. LetSubmitted.

in its integrated area. The homogeneous width is only one
contribution to the total electronic spectral breadth, which is
often dominated by inhomogeneous broadening and/or vibronic
structure, and the linear absorption spectrum of DPPNA (Figure
1) is not notably broader in acetonitrile than in the other polar

solvents. These same statements apply to two-photon absorption

(30) Barzoukas, M.; Muller, J.; Fort, A.; Marder, S. R.; Alain, V.;
Blanchard-Desce, MProc. SPIE1996 2852 132.
(31) Huyskens, F. L.; Huyskens, P. L.; Persoons, Al.RChem. Phys.
98 108 8161.
(32) Marder, S. R.; Beratan, D. N.; Cheng, L.-Sciencel991 252
103.
(33) Wang, C.-K.; Wang, Y.-H.; Su, Y.; Luo, Y. Chem. Phys2003
9, 44009.
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and scattering in the absence of any intermediate one-photon (34 willetts, A.; Rice, J. EJ. Chem. Phys1993 99, 426.

resonance. Our results suggest that DPPNA should exhibit only
a slight solvent effect on its two-photon absorptivity because
the factors that contribute to the two-photon oscillator strength
are nearly independent of solvent. This prediction contrasts with

(35) Woodford, J. N.; Pauley, M. A.; Wang, C. H. Phys. Chem. A
1997 101, 1989.

(36) Yu, J.; Zerner, M. CJ. Chem. Phys1994 100, 7487.

(37) Zuliani, P.; Del Zoppo, M.; Castiglioni, C.; Zerbi, G.; Marder, S.
R.; Perry, J. WJ. Chem. Phys1995 103 9935.

recent experimental observations of strongly solvent dependent (38) Fraga, E.; Loppnow, G. R. Phys. Chem. B99§ 102, 7659.

two-photon absorption in other chromophot&? As DPPNA
is not very fluorescent (this is part of the reason it was chosen

(39) Kelley, A. M. J. Phys. Chem. A999 103 6891.
(40) McHale, J. LAcc. Chem. Re001, 34, 265.
(41) Biswas, N.; Umapathy, S. Chem. Phys2003 118 5526.

for these Raman and hyper-Raman experiments), its two-photon (42) Sension, R. J.; Kobayashi, T.; Strauss, HJLChem. Phys1987,

absorptivity would have to be measured by a direct technique
such as z-scan. To our knowledge no two-photon absorption

87, 6233.
(43) Foster, C. E.; Barham, B. P.; Reid, PJJChem. Phy2001, 114

8492.

measurements have been reported even for the parent PNA, but (44) Mayne, L. C.; Hudson, BIl. Phys. Chem1991, 95, 2962.

they would provide a useful check on the predictions of our
nonlinear scattering experiments.
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