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Resonance Raman and resonance hyper-Raman spectra and excitation profiles have been measured for a
“push—pull” donor—acceptor substituted conjugated polyene bearing a julolidine donor group and a nitrophenyl
acceptor group, in acetone at excitation wavelengths from 485 to 356 nm (two-photon wavelengths for the
nonlinear spectra). These wavelengths span the strong visible to near-UV linear absorption spectrum, which
appears to involve at least three different electronic transitions. The relative intensities of different vibrational
bands vary considerably across the excitation spectrum, with the hyper-Raman spectra showing greater variation
than the linear Raman. A previously derived theory of resonance hyper-Raman intensities is modified to
include contributions from purely vibrational levels of the ground electronic state as intermediate states in
the two-photon absorption process. These contributions are found to have only a slight effect on the hyper-
Rayleigh intensities and profiles, but they significantly influence some of the hyper-Raman profiles. The
absorption spectrum and the Raman, hyper-Rayleigh, and hyper-Raman excitation profiles are quantitatively
simulated under the assumption that three excited electronic states contribute to the one- and two-photon
absorption in this region. The transition centered near 400 nm is largely localized on the nitrophenyl group,

while the transitions near 475 and 355 nm are more delocalized.

Introduction (RHR, Figure 1) can provide analogous information to linear
esonance Raman for electronic transitions that are both one-

Resonance Raman (RR) spectroscopy is an attractive metho hoton and two-photon allowed, as are most of the transitions

for lded:mr;g e:shpectz%f excngd-st?te strlé%?;hanqbdy?amlcs Not polar, donof-acceptor substituted pusipull chromophores.
molecules that have dilfuse absorption Sp -ne vibrations When multiple electronic transitions overlap, generally all of

thagappﬁar W'ﬂ} dhf'gh mt_insn_y in the spectrum ﬁre tlhe SAME+hem will contribute to both linear Raman and hyper-Raman
modes that would form vibronic progressions in the electronic onp-ncements but to different extents because of their different

spectrum If it were resolved. Quant!tat!ve smyla‘uon of the relative one-photon and two-photon transition strengths. Simul-
absorption spectrum and Raman excitation profiles with a self- taneous analysis of both the linear and nonlinear spectra and

cgnsstenthset of parameterf can b_e useql to obtalr:jthe geometry, citation profiles allows the energies and structures of multiple,
tch an?estt at ?cculg upc(;n e.ect.r(inur:] excitation an t?j pahrtltlon overlapping electronic transitions to be determined more ac-
€ electronic line broadening INto NoMogeneous and INNOMO- ¢, ata)y than does analysis of a single type of spectrum alone.
geneous contributions. Resonance Raman intensity analysis has ious| d d funct
been applied to probe the structure and dynamics of electronic we previously presente RR and RHR spectra as a function
transitions in a wide variety of molecules, including a number of excitation wavelength for the doneacceptor substituted
. . Y T 9 polyene henceforth known a3[5] (see Figure 2 for the
of conjugated organic molecules that are of interest for second- o .
structure). When the excitation wavelength (or its second

: . es e
orc_li_ir nonlinear oprgcal ap_phcatpﬁ;. ional to th harmonic, in the hyper-Raman case) lies on the red side of the
e resonance Raman intensity is proportional to the square s, rntion maximum, the intensity patterns in the resonance

of the product of one-photon absorption and one-photon paman and hyper-Raman spectra are essentially ideftiaal.
emission transition dipole moments b‘?‘W‘*e" the ground and e yegonant frequency is tuned toward the blue, into a region
resonant electronic states. It does not directly probe two-photon o a4 ahsorption, certain vibrations become relatively much
excitations except to the extent that they are also one-photon, e intense in the RHR spectra than in the corresponding RR
alkl)owed_. In view of the Imanly apphrc]atlons of t;two-photo_n q spectra® This was interpreted qualitatively as resulting from
fil sorption in organic mo (133cu es slucl: as t‘i‘fl‘; ort]on-excne more than one overlapping electronic transition having different
fuorgscence m'(;’é%fg(? Wl_ optica |m|t|ngI], pf otorel- excited-state geometries and different relative one- and two-
ractive .ma.terlalié‘l electrooptic modu atzgrs or tele- photon absorption strengths and therefore contributing differ-
;:ot:n_mu_nlcatlorp]é,_ e%D l;)ptlc_al data sdtofrag?é; r‘?n(? mlckr)o- ently to the RR and RHR enhancements. More recently, we
abrication techniques, there is a need for methods to better ey q0ped a quantitative theory of RHR intensities appropriate
characterize such states. Resonance hyper-Raman spectroscopy, large “push-pull” chromophores in solution and used it to
" . model the RHR excitation profiles of a donreacceptor
em;ﬁf;ﬁgﬂg'“é’)uaclﬂ;he%e%hggﬁ (209)724-4345; fax: (209)724-4356; g pstituted distyrylbenzer# Here the excitation wavelengths

t University O¥Ca“fomia, Merced. gsed span two rt_asolvable absorption bands, and while the

* University of Rennes 1. intensity patterns in both the RR and RHR spectra change as
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Figure 1. Schematic of resonance Raman and resonance hyper-Raman m'"(wﬂg N w)(wmg — 20— 'rmg}
processes and their fluorescence analogues.

the same for all vibrational sublevels gfallowing closure to
be used to remove the sums over vibrational sublevets Af
more general starting point is

where the state labels now refer to molecular (vibronic) states.

Using the Bora-Oppenheimer approximation to separate each
bol Noz molecular state into a product of electronic and vibrational states
w N gives
c . .
g% < TG iR B ) W) B g0
@ ik = .
é) 157 ] my (a)nw,go - w)(wmu,go — 20w — Irmu,go)
5 nw
5 1.0 )
= whereg, m, andn label electronic states addv} and{|wJ
S 054 are vibrational sublevels gimOand |n[] respectively. If we
< further make the usual assumption that the fundamental
0.01— I m frequency is far from resonance with any transition, we can set
15000 20000 25000 30000 (wnw,p — @) = (bng — ) and use closure to remove the
Wavenumber / cm” summation over vibrational levels, leaving
Figure 2. Linear absorption spectrum @&[5] in acetone. The bars . )
show the positions and relative oscillator strengths calculated for the [B) (@]’ | T (I (B! | n( 2 gJOC]
three lowest-energy substantially allowed transitions. ﬂijk = z (4)

my ((Dn,g - 6U)(wmv,go — 2w — irmv,go)
the excitation is tuned, the RR and RHR spectra remain similar n
to one another at all excitation wavelengths. We interpreted this ¢ dipole matrix elements are then expanded in the usual
result to mean that there are at least two electronic transitions anner as a Taylor series about the ground-state equilibrium
having different excited-state geometries but comparable relativegeometry, e.9Mug0= 1ngd(qo) + 31(3ung?dq)oq Where the
one- and two-photon transition strengths, so both contribute g\, runs over all vibrational normal modgs|f we make the

about equally to the RR and RHR enhancements. assumption that for strongly allowed electronic transitions the
Here we report quantitative measurements of the resonancers; term in the expansion should dominate, the vibronic matrix
Raman cross sections and resonance hyper-Rayleigh and hypefgjements factor into products of purely electronic transition
Raman hyperpolarlzabllltlgs fd!{5_] in d||_ute acetone solution.  moments and vibrational overlaps, leading to eq 1. When the
We also present qomputatlonal simulations of the linear absorp-(aﬂ/aq) terms are retained, additional paths that involve purely
tion, hyper-Rayleigh, resonance Raman, and resonance hyperyiprational transitions, in either the ground or the excited-state
Raman profiles using a model that assumes three resonantyanifold, can contribute to the hyper-Rayleigh and hyper-Raman
electronic states. The theory developed previctiiyextended  pyherpolarizabilities. Painelli has argued, using a two-state one-
to include contributions from excited vibrational levels of the ,0de model for pushpull chromophores, that such transitions

ground electronic state as intermediate stdtds.has been  pq important and lead to an overall blue-shift in the two-photon
argued that these contributions should be considered in Ca|CU|at'absorption spectrum relative to the linear absorption spectrum

ing two-photon absorption profiles, and they might be expected gyen if hoth processes terminate at the same, single two-photon-
to play an equally or more important role in hyper-Raman |esonant electronic state.

scattering. We therefore consider the additional terms in eq 4 that are

linear in (du/3q). Whenn = g, the vibronic matrix element is
the same as for a vibrational infrared transition, and the second
Our previous work on hyper-Raman scatte?ig® started term in the expansion of the electronic dipole matrix element
from the following expression for the hyperpolarizability tensor in vibrational coordinates is the leading term. That is,
associated with 4003~|fOvibrational hyper-Raman transition  [v|[|xX|gf00becomesy (dug/ag)olw|g |0 In the harmonic
when near two-photon resonance with a single electronic approximation this is nonzero only iwOis the vibrational

Theory

statee: fundamental in modeq;, leading to OW|m|xXgdo0d =
o z|(l/«/§)(8ugk/8q|)o for |wO= |1[! only. Inserting this result
Hige b 125810100 into eq 4, we obtain
P ;(@s— )(@e, — 20 — iT) . (uifoa) _ o3| 1,0
B = Y ————D HomMon . +
This expression assumes that the sum over intermediate \/E(ah —w)™ (@m0 = 20 — 1T, 40)

electronic statesexcludes the ground state. It uses the Condon
approximation to separate the dipole moment matrix elements
into products of electronic transition dipole moments Here w) is the fundamental vibrational frequency of molde
(ﬂ'geﬂ'es /,tﬁg) and vibrational FranckCondon factors and the h = g term” is the part that leads to eq 1. In our
(d|»02|00). Furthermore, aly — s transitions are assumed to  previous worké® then = g term was reformulated into a time-

be far from resonance with, so the quantityos — w is nearly domain expression and specialized to the case of two electronic

n=gterm (5)
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states that are two-photon resonant or near-resonant. Performing The above development considers only the contribution to
the corresponding manipulations on thes g term of eq 5 and the n = g path from the non-Condon terms. More generally,
specializing to the case of a single tensor element as appropriatehe non-Condon (linear ifu/dq) terms also make an additional
for 3[5] (vide infra) leads to the following expression for the contribution to then = g paths®' however, the parameters
total two-photon-resonant hyperpolarizability: needed to evaluate this contribution do not reduce simply to
any experimentally accessible quantity in the same way that
then = g contribution reduces to an experimental IR intensity.

N Attngttng L] . DUt
B,rr= Ugd —— + |f dtif|o(t) ] x We therefore omit the non-Condon contributions to ithe g
= Wy — o O — 0 ths in th t analysi
i n mM=ZnWm paths in the present analysis.
. Finally, eq 6 forf, as well as eq 5 of ref 30, refer to the
1(9ugf9at) hyperpolarizability evaluated for specific values of the transition
expli(2o — wp)t — g,(O] + Z Hgn energiesvn. For comparison with experiment, the hyperpolar-
\/E(w, —w) izability must be averaged over an inhomogeneous distribution

of these electronic energies, as is implicit in eq 1 of ref 30. The

inhomogeneous averaging is performed at the levgBidf not

B, as it accounts for the contributions of different molecules to

the total, incoherent scattering intensity. In both ref 30 and here,
HereN is the total number of two-photon-resonant or near- We treat the inhomogeneous broadening as a Gaussian distribu-

resonant electronic states, and we have suppressed the indiceon of electronic zerezero energies and assume that a given

on the transition dipole directions, assuming that all transitions local environment shifts all electronic transition energies by the

5 dtij 1,05 expli2o — )t — g,®] | (6)

are polarized along the molecule-fixe@xis. The first term of

same amount. In reality the shifts for different states may be

eq 6 is the same as derived before, while the second term ariseglifferent in magnitude and are not necessarily fully correldted,

from the previously neglected path in which vibrational levels
of the ground state act as intermediate states. The-z=mm
frequency of theg — n transition iswn, @y is the vibronically
averaged transition frequency,(t) is the electronic line
broadening function modeled here as a Brownian oscilFater,
and Aung is the permanent dipole moment difference between
excited staten and the ground state. We defin@(t)lj =
exp(—iHyip nt/h)|00NhereH,ip n is the Hamiltonian for vibrational
motion in excited state, and analogously for the = 1 initial
vibrational state.

To estimate the importance of the vibrational paths in eq 6
(the second term) relative to the vibronic paths (first term), we
need reasonable estimates for the dipole derivatiué¥). The
numerators of the vibronic paths contain a product of either
three electronic transition moments or two transition moments

and the excited state to ground-state dipole moment difference,

while the vibrational path depends on two electronic transition
moments multiplied by the derivative of the ground-state dipole
with respect to a normal coordinate. The theoretical expression
for the intensity of an infrared absorption bané&'is

_ Namgu 2

3c?

u
aQ

(@)

which has units of length per mol and is typically given in km
mol~L. N4 is Avogadro’s numbers is the speed of light in cm
s1, u is the dipole moment in esu cm, ai@lis the normal
coordinate in 2 cm, which is related to the dimensionless
normal coordinate in eqs 5 and 6 gy= (w/h)Y2Q.

Density functional calculations (vide infra) give the infrared
intensities for the strongest modes in the 18Q@00 cnt?!
region as 15082500 km mot?. This translates, using eq 7, to
ouloq values about an order of magnitude smaller than the
electronic transition dipoles and dipole differences for similar
molecules®® The denominators of the prefactors are similar in
magnitude for both terms, as the fundamental frequentigs
in the 10006-14000 cnt? range, while the electronic frequen-
ciesmy, are in the 2000830000 cnt?! range and the vibrational
frequenciesy; are 106-3000 cnt?. Thus we conclude that the
vibrational term should be small, but perhaps not negligible,
relative to the vibronic term, and it should be considered in a
general formulation of hyper-Raman intensities.

but identical distributions are assumed here in the absence of
other information.

Experimental Methods

Resonance Raman and resonance hyper-Raman spectra were
obtained using the instrumentation and methods described
previously??-30Hyper-Rayleigh intensities were measured from
1014 to 721 nm and hyper-Raman and resonance Raman spectra
were obtained from 970 to 713 nm and 485 to 356 nm,
respectively, using excitation from the fundamental and second
harmonic of a picosecond mode-locked Spectra-Physics Tsu-
nami Ti:sapphire laser. Resonance Raman spectra were also
obtained using excitation wavelengths between 514.5 and 476.5
nm from a Coherent Innova 90C-5 argon-ion laser as well as
532 nm excitation from the Millennia Nd pump laser. All spectra
were corrected for the wavelength dependence of the spec-
trograph throughput and detector sensitivity and for reabsorption
of the scattered light. Integrated peak areas were determined
from the intensity-corrected spectra by fitting regions of the
spectra to sums of Gausstabhorentzian peaks plus a linear
baseline following subtraction of a low-order polynomial to
remove background fluorescence. Resonance Raman cross-
sections were measured relative to those of the acetone solvent
as an internal standaf.The hyper-Raman intensities were
measured relative to the hyper-Rayleigh intensities, and the latter
were placed on an absolute hyperpolarizability scale by reference
to the hyper-Rayleigh scattering from liquid acetonitrile as an
external standard as described previod8lfhe synthesis of
3[5] was described in ref 36. Samples were prepared in
spectroscopic grade acetone at concentrations of-@1@ mM
for the resonance Raman and hyper-Raman experiments and
0.01-0.02 mM for the hyper-Rayleigh intensity measurements.
Absorption spectra were measured on a Hitachi U-3010 UV/
vis spectrophotometer.

It was found that even with an unamplified picosecond mode-
locked laser as a light source, under our tight laser focusing
conditions the hyper-Rayleigh signal exhibited a subquadratic
dependence on laser power at certain wavelengths owing to
saturation of the two-photon absorption. Neutral density filters
were used to attenuate the incident laser as necessary to reach
a region where the hyper-Raman signal exhibited the expected
guadratic dependence on laser power.
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The infrared spectrum 08[5] in perdeuterated dimethyl The parameters derived from the resonance Raman and
sulfoxide (DMSO¢ds, Aldrich, 99.96%) was obtained on a absorption spectral modeling were then transferred to simula-
Bruker IFS 66 series FT-IR spectrometer at a spectral resolutiontions of the hyper-Rayleigh and hyper-Raman hyperpolarizabil-
of 4 cnm L. The spectrum was recorded in transmission mode ity profiles via eq 6 with the assumption thai,, is the only
using a Harrick Scientific DLC 2 demountable liquid sample nonvanishing tensor element. Equations 7 and 8 were used to
IR cell equipped with ZnSe windows. Limited solubility calculate the vibrational dipole moment derivatiyés/oq) for
necessitated a rather low concentration (1 mM) and a cor- each IR band that corresponds to an observed Raman band.
respondingly long path length (958m). At this path length, Several of the Raman transitions did not exhibit detectable IR
ds-DMSO has adequate transmission to allow measurement ofintensity, and(du/aq) was set to zero for these modes as well
bands in the 11401700 cnt! region, encompassing most but  as for the two (1008 and 1108 c#) that fall in spectral regions
not all of the detected resonance Raman and hyper-Ramamobscured by solvent absorption. The transition dipole moments
bands. The experimental IR absorption intensity corresponding between excited electronic states were fixed to the same
to the theoretical expression in eq #is approximate ratio as obtained from the ZINDO calculations:

t1z = 2u12 and upxz3 = 0. The permanent dipole moment
1 l differencesAung, as well as the magnitude of thes transition
A= H_/;andln T (8) dipole, were then chosen to best fit the hyper-Rayleigh profiles.
Finally, all of the parameters from the absorption and resonance
Raman simulations were iteratively adjusted to improve the fit

wheren is the molar concentration of chromophotejs the . X .
to all four pieces of data (linear absorption, resonance Raman,

path length)/l is the transmittance; is the wavenumber, and h R dh Ravleiah) simult I
the IR intensity is integrated over the vibrational band of interest. yper-raman, an . yper-Rayleigh) simu aneous_y. .
The experimental IR transmission spectra were converted to 11€ hyper-Rayleigh and hyper-Raman calculations involve

absorbance, baseline corrected, and integrated in the samd&everal molecular parameters that are real quantities but can be
manner as t,he Raman bands. ' either positive or negative: the transition dipole momenis

and umn, the permanent dipole moment changks,g the
Computational Methods excited-state displacements and the dipole derivativegu/
) ) dq. The signs of these quantities determine whether the
_ The absc.)rptlon. and Imegr resonance Raman spectra Wer&ontributions from the vibronic and vibrational paths and the
simulated via the time-domain wave packet method as describedcontributions from different electronic states add constructively
in previous publicationd}*8generalized to three rather thantwo destructively toward the totg, whose absolute square
resonant electronic transitions. Each Raman-active mode wasgetermines the experimentally observed intensities. The linear
treated as a harmonic oscillator characterized by its ground- ghsorption oscillator strengths and the IR intensities provide the
state frequency and displacementsin dimensionless normal  apsolute magnitudes of,; andau/dq, respectively, but not their
coordinates, between the potential minima in the ground statesigns. The molecular geometry chosen places the §foup
and each excited state. The electronic line width was partitioned along the positive axis, making the permanent dipole moments
into static inhomogeneous broadening, modeled as a Gaussiafegative; since the excited states are expected to have more
distribution of electronic zerozero energies, and homogeneous  charge separation than the ground state (larger negative dipole
broadening, described by couph_ng of the electr_onlc transition moment), theAung should be negative quantities. The transition
to an overdamped Brownian oscillator representing the solvent gipoles depend on the signs of the wave functions, and any given
degrees of freedom. All three resonant electronic transitions wereyransition moment can be reversed by changing the sign of one
assumed to have parallel transition dipoles based on ZINDO of the wave functions involved; however, the relationships
calculations (vide infra) which indicate that the three lowest petween transition moments involving multiple states cannot
allowed transitions have transition dipole directions that differ pe gitered arbitrarily. With appropriate choices of wave function
by no more than 16 The resonance Raman and hyper-Raman sjgn gl of the transition dipoles can be made positive according
depolarization ratios are also consistent with this assumption. g the ZINDO results, and this assumption was maintained
The other parameters requu_red to model the absorpt_lon spectranroughout. The signs of tha depend on the choice of phase
and resonance Raman profiles are the ze@ro energies and  of the wave function which is arbitrary, but the relative signs
transition moments of the three electronic states. The parametergyf the A in different electronic states are not arbitrary. We have
were adjusted to obtain the best simultaneous fit to the taken the signs to be positive for all modes in all three states
absorption spectrum and the absolute resonance Raman crosgnder the assumption that all three transitions are essentially
sections at all measured wavelengths. Neither the absorption,;— . excitations, which should be reasonable at least for the
spectra nor the resonance Rz_iman and hyper-Raman prOf'_|e%tronger Raman lines. The signs of the/dq were left as
could be fit adequately by using fewer than three electronic adjustable parameters in the fitting procedure, and negative

transitions. o ~ values were found to give the best results.
Calculations of the ground-state equilibrium geometry, vi-

brational frequencies, and infrared intensities were performed pog its

using density functional theory with the B3LYP hybrid density

functional and the 6-31G** basis set as implemented in the Figure 2 shows the linear absorption spectrum3fH] in
Gaussian 98 packadg@To keep the computations tractable, the acetone and gives its molecular structure. The spectra are
julolidine donor group was replaced by dimethylaminophenyl superimposable over the concentration range from 0.12 to 0.01
for these calculations. The electronic excitation energies, mM, indicating that aggregation is not significant. The spectrum
transition moments, and oscillator strengths were calculated shows a clear maximum at about 480 nm and two poorly defined
using the ZINDO method as implemented in Gaussian 98. The shoulders near 400 and 355 nm. ZINDO calculations also predict
excited-state calculations included configuration interaction three one-photon allowed transitions in this general region: the
among all singly excited configurations formed from the 41 0— 2 transition at 495 nm with a one-photon oscillator strength
lowest occupied and 49 highest unoccupied molecular orbitals. of 2.52, 0— 4 at 393 nm withf = 0.55, and 0— 5 at 331 nm
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TABLE 1: Experimental and Calculated Vibrations of 3[5]

calc calc IR
Raman freq/cmt2 IR freg/cnT1a freg/cnrtb intensity/km mot P calc mode descriptién
1008 (vw) c 1026 10 trigonal phenyl def
1108 (w) ¢ 1130 683 ring &-NO; str
1141 (m) 1140 (m) 1177 25 chain-€C in-phase str
1183 1595 chain CH in-phase rock
1210 (w) 1206 (m) 1246 261 chain and ring CH rocks
1290 (w) 1283 (w) { 1323 130 chain CH rocks
1326 13
1313 (w) 1313 (s) 1342 285 chain CH rocks
1337 (m) 1334 (s) 1381 2565 sym. N€&ir
1552 (s) 1543 (m) 1599 1520 in-phase chainCstr
1644 9
1585 (w), 1616 (vw) 1596 (m) 1664 27 phenyl quinoidal str, out-of-phase=€C str
1669 20

aQualitative relative intensities in parentheses. Only lines with significant Raman intensity are listed. The IR spectrum also has a strong line at
1508 cnt?, and a number of weaker lines that do not correspond to observed Raman transFiams.DFT calculationst Not observed because
of solvent absorbance.

N
4 Yo}
2 Yol
£ <
b=
486 nm 971 nm g b ‘_ l o
- < 3
24 = ‘ 5
@ -
g s =
- - el (323 N~
= | 403 nm g |80enm g | < | < 8|9
§ | £ s4 | | T @
S 14 (. h N x
: 1 NN POW.S
‘
g L
L T T T T T
361 nm
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M Raman shift / cm
; X ; . : ) Figure 4. Resonance Raman spectrunBf#] in acetone at 514.5 nm
1000 1250 1500 1000 1250 1500 excitation. A fluorescence background has been subtracted. Solvent
Wavenumber / cm’™ Wavenumber/ cm’ bands are marked with asterisks, and major fundamentals, overtones,

Figure 3. Left: Resonance Raman spectra3j5] in acetone at the ~ and combination bands are labeled.
indicated excitation wavelengths. Solvent bands are marked with
asterisks, shown only in the 361 nm spectrum. Spectra are arbitrarily intensities and the shoulder on the high-frequency side of the
scaled and offset vertically. Right: The corresponding resonance hyper- 1552 cnt? line clearly gains intensity as the excitation is tuned
Raman spectra. toward the blue. The hyper-Raman spectra are nearly identical
to the resonance Raman spectra when excited near or to the
with f = 0.21. These are the only transitions calculated to the red of the absorption maximum as reported previog&h but
red of 240 nm with oscillator strengths exceeding 0.05. The they show a much stronger variation with excitation frequency.
reasonable agreement between experimental and calculatedht two-photon wavelengths near 400 nm, the 1337 and 1585
linear absorption spectra provides justification for the assumption cm lines exhibit large increases in intensity relative to the
of three electronic transitions in the spectroscopic modeling. 1552 and 1141 cni lines, but farther to the blue, near 360
Figure 3 shows representative resonance Raman and resonm, the intensity pattern again becomes similar to that observed
nance hyper-Raman spectra at several excitation wavelengthsn the red. These wavelength-dependent intensity patterns have
spanning the region investigated. Table 1 summarizes themuch in common with those of the puspull substituted
experimental Raman and IR frequencies along with the frequen-distyrylbenzene chromophore we reported recefitiyhich also
cies, normal mode descriptions, and infrared intensities obtainedcontains a nitrophenyl group; however, the differences between
from the density functional calculations. In some cases there isthe resonance Raman and hyper-Raman spectra are much greater
considerable ambiguity about the assignment of an experimentalin 3[5] than in that molecule.
frequency to a particular calculated normal mode. The cor-  Figure 4 shows a more complete resonance Raman spectrum,
respondence between IR and Raman frequencies is questionablicluding the overtone and combination band region, obtained
in some cases, reflecting some combination of solvent-dependentyith 514.5 nm excitation. The overtone intensities were used
vibrational frequencies, incomplete resolution of overlapping mainly for establishing the absolute magnitudes of the displace-
transitions, and, perhaps, actual differences in the normal modesnents Q) in the lowest-energy excited st&é! While the
giving rise to the Raman and IR transitions. relative A values for different modes are well defined by their
Both the resonance Raman and hyper-Raman spectra areelative resonance Raman intensities, a wide rangd
dominated by strong lines at 1552, 1337, and 1141'cifhere values (coupled with adjustments to the homogeneous and
are also weaker lines at 1008, 1108, and 1210%rat least inhomogeneous line widths) can fit the fundamental Raman
two weak lines in the 12851315 cnt?! region, and at least intensities and the absorption spectrum about equally well, and
two lines in the 15851620 cnt! range. In the resonance the additional information provided by the overtone intensities
Raman spectra the three strongest lines have the same intensitis needed to establish the absolute scaling of the displacements.
ordering (1552> 1141 > 1337) at all excitation wavelengths (The hyper-Raman to hyper-Rayleigh ratio can provide equiva-
examined, although there are some variations in the relative lent information if a single electronic transition dominates the
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Figure 5. Comparison of experimental (points or thick line) and simulated (thin lines) profile3[&rin acetone. Linear absorption spectrum,
hyper-Rayleigh profile, and 1552 crhRaman profile are displayed as absolute intensities; other Raman profiles are plotted relative to 7552 cm
intensity, and hyper-Raman profiles are plotted relative to hyper-Rayleigh intensity. Black curves are generated from parameters of Table 2. Red
curves use same parameters but withdalldq set to zero.

nonlinear scattering.) The overtones of the 1141 and 1552 cm transitions are far less well defined. However, the general
lines are clearly observed, as is a band that contains thefeatures of the modelparticularly, the dominance of the 1552

overlapping 1337 cmt overtone and 114#1552 cnt! com- and 1141 cm! modes in the first transition and of the 1337
bination band. and 1585 cm! modes in the second transitieappear quite
The spectroscopic modeling was carried out by first fitting robust. The parameters for the third state are the least well
the longest-wavelength resonance Raman data+(88Q nm), defined because it is the weakest of the three transitions and
including the intensities of the 1141 and 1552 ¢mvertones, the most strongly overlapped by the other two. However, this

and the low-energy side of the absorption spectrum to a single transition must be included in order to reproduce the “U-shaped”
electronic transition. This transition is significantly stronger than hyper-Raman profiles for many of the transitions (see the 1141
the other two, and it dominates the Raman and hyper-Ramanand 1552 cm?® hyper-Raman profiles in Figure 5) as well as to
intensities throughout most of the excitation region explored. obtain a reasonable fit to the region of the absorption spectrum
These parameters were then fixed, the two other transitions werewith which our excitation wavelengths are resonant. The
added, and their parameters were adjusted to best reproducelectronic parameters associated only with the two-photon
the full Raman profiles and the absorption spectrum in the transitions-the Ax and the excited state to excited-state
12000-30000 cn?! region. Finally, the hyper-Rayleigh and transition dipoles-are not very well defined, and there are a
hyper-Raman profiles were added, and all parameters werenumber of different combinations that fit the hyper-Rayleigh
readjusted to obtain a best simultaneous fit to all of the data. and hyper-Raman spectra about equally well. Also note that

Figure 5 shows the calculated fits to the experimental eliminating the vibrational path in the two-photon excitation
absorption spectrum, the hyper-Rayleigh excitation profile, and step by setting all of thelu/dqto zero has a barely discernible
the relative resonance Raman and resonance hyper-Ramaeffect on the hyper-Rayleigh profile (see upper right-hand panel
excitation profiles for four of the principal vibrational modes. of Figure 5) but larger effects on the hyper-Raman profiles for
Table 2 gives the best-fit parameters used in our simulations of some of the modes.
all of the spectroscopic observables.

The vibrational parameters for the lowest-energy transition piscussion
are quite well defined by the fitting procedure, as the red edge
of the absorption spectrum and the Raman and hyper-Raman Previous treatments of the theory of resonance hyper-Raman
intensities excited in this region are determined almost entirely scattering®43did not explicitly consider the “vibrational” paths
by the properties of the lowest-energy, most strongly allowed that give rise to the second term in eq 6. In contrast, there has
transition. The vibrational parameters for the second and third been much discussion of the importance of these paths in
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TABLE 2: Parameters Used in Simulation of Absorption Spectrum and Resonance Raman, Hyper-Rayleigh, and Hyper-Raman
Intensities

vib freg/cnT? duldgpleA A (state 1) A (state 2 A (state 3)
1008 0 0.06 0.03 0.02
1108 0 0.14 0.04 0.07
1141 —0.056 0.32 0.08 0.32
1210 —0.039 0.11 0.03 0.11
1290 —0.026 0.10 0.01 0.01
1313 —0.120 0.09 0.04 0.09
1337 —0.117 0.18 0.14 0.14
1552 —0.088 0.38 0.04 0.45
1585 —0.068 0.08 0.12 0.11
1616 0 0.03 0.05 0.03

state 1 state 2 state 3

electronic zere-zero energy/cmt 19200 23800 27200

solvent reorg energicm2 880 450 760

grd— exc state transition dipole/eA 2.75 1.60 1.38

exc— grd state permanent dipole difference/eA —2.75 0. —2.7

electronic inhomog width (Gaussian std dev)/ém 1800

temperature/K 298

transition dipoles between exc states/eA w12=1.0,u13=2.0,u23=0

aFrom experimental IR intensities inDMSO solution.? Displacement along normal mode between potential minima of excited and ground
states in dimensionless normal coordinatéddased on overdamped Brownian oscillator model for the solvent dynamicscwitt®.1 (ref 32).

evaluating nonresonant hyperpolarizabilittés!® While the polarizabilities reported for the same chromophore or the same
vibrational contributions are sometimes claimed to be large or solvent by different groups, and our choice of Sheltghisalue
even dominant over the purely electronic ones, such statementdor acetonitrilé! as a standard may result in systematically lower
often refer to hyperpolarizabilities calculated in the static (zero- hyperpolarizabilities than obtained by other workers using
frequency) limit. Mukamel and co-workers determined that the different intensity standards. There is a real need for careful,
vibrational paths make only a minor contribution to the primary determinations of hyper-Rayleigh scattering intensities
hyperpolarizability evaluated at intermediate frequencies, i.e. as a function of wavelength for solvents that can be used as
above vibrational resonances and below electronic Hirieszyk hyperpolarizability standards, although such measurements are
et al. concluded that all vibrational effects should have only likely to be considerably more difficult than the corresponding
modest (¢5%) effects on even the static hyperpolarizabilities determinations for ordinary Raman scatter¥Adf’
of push-pull molecules'® On the other hand, Painelli and co- The best-fit vibrational parameters for all three states shown
workers argue that the vibrational contributions must be included in Table 2 are notable for their extremely small displacements
in order to obtain the correct two-photon absorption profiles (A), corresponding to a total vibrational reorganization energy
for push—pull molecules’® and Bishop and co-workers also of 235 cn1! for the strongest, lowest-energy transition. Vibra-
stress the importance of these contributions to two-photon tional reorganization energies for related paghll chro-
absorptiorf® In this work, the IR absorption strengths that mophores are typically larger than this by factors of 1.5 to%.
determine the importance of the vibrational paths are measuredHowever, small displacements were required to fit the general
directly. The strongest IR band (the 1337 ©nNO, stretch) shapes of the resonance Raman and hyper-Raman excitation
has an experimental intensity in solution of 530 km/mol, about profiles as well as the resonance Raman overtone intensities.
five times smaller than predicted by the DFT calculation; the At excitation wavelengths between 476.5 and 532 nm (18796
discrepancy may not be surprising given that the calculations 20987 cnt?), just slightly to the red of the first absorption
were performed in the absence of solvent and for a molecule maximum, the 1141 and 1552 cfovertones are only about
lacking the full julolidine ring. In this molecule the vibrational 5—6% as intense as the corresponding fundamentals. These
paths do not make an important contribution to the resonant overtone intensities are reproduced well by the calculations using
hyper-Rayleigh profile, but they do have a more substantial the small displacements, whereas increasing the displacements
effect on the hyper-Raman excitation profiles for modes that by more than about 30% clearly overcalculates the overtone
have large IR intensities. intensities even when the other parameters are adjusted to obtain
We are aware of no previous measurements of resonantthe correct fundamental intensities at the same excitation
hyperpolarizabilities for this molecule. A previous determination frequencies. Furthermore, the second transition must have even
of the off-resonance hyperpolarizability from EFISH measure- smaller displacements in the 1141 and 1552 &mmodes in
ments at 1907 nm gay®e= 530 x 10~ esu, which extrapolates  order to reproduce the pronounced minimum near 12500'cm
using the standard two-level modelA(0) = 360 x 10~ esu3® in the hyper-Raman to hyper-Rayleigh intensity ratio profiles
These values appear high relative to our maximum resonantfor these modes. Thus, while we would have considered such
value of about 1600x 10730 esu. However, we obtained a weak electron-vibration coupling unlikely for this molecule, we
similar peak resonant hyperpolarizability of about 12000230 have been unable to simulate even the general features of the
esu for the donoracceptor substituted distyrylbenzene that was linear and nonlinear spectroscopic data using significantly larger
the subject of our previous quantitative hyper-Rayleigh sdy. couplings. It should be noted that we did not vary the relative
Note that eq 6 is derived under the assumption of electronic signs of the displacements in the different excited states as it
two-photon resonance or near-resonance and lacks the electroniwas felt that this would make the fits too poorly constrained.
cally nonresonant tern?%so it should not be expected to give The ZINDO calculations predict that all three transitions are
correct nonresonagitvalues. As we have discussed previod8ly, predominantlyz—z* in character, indicating that displacements
there are often large discrepancies between the absolute hyperef the same sign are most probable. However, since the various
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ot andzr* orbitals that contribute to the transitions have different resonance hyper-Raman spectra are nearly identical when
nodal patterns (e.g. HOMO and HOMO-1 are different, as are excited on the low-energy side of the first absorption maximum.
LUMO and LUMO+1), a given normal mode could have We argued previously that this is expected when there is a single
displacements of different sign in different excited states, further resonant excited electronic state that is both one- and two-photon
complicating the analysis. allowed. The more complete analysis presented here suggests
The most notable feature of Figure 3 is a large increase in that the RR and RHR spectral patterns may be different even if
the relative intensities of the 1337 and 1585@rines in the a single electronic state dominates both processes because the
hyper-Raman spectra at intermediate excitation wavelengthsvibrational paths [second term in eq 6] make an additional
(near 800 nm). These apparent intensity increases are primarilycontribution to the RHR process. However, our quantitative
a result ofdecreasedn the intensities of the other strong lines analysis of3[5] indicates that the vibrational paths make a fairly
at these excitation wavelengths, as evidenced by the minima insmall contribution to the total RHR intensity, and, in fact, the
the experimental hyper-Raman/hyper-Rayleigh intensity ratios similarity of the RR and RHR spectra in the region of a single
for the 1141 and 1552 crd lines in Figure 5. In contrast, the  electronic resonance supports the relatively small importance
hyper-Raman/hyper-Rayleigh intensity ratios for the 1337 and of the vibrational paths.
1585 cnt! lines are more nearly constant as a function of ~ We believe that this, and our previous work on a denor
excitation wavelength. These results can be understood quali-acceptor substituted distyrylbenzefeonstitute the first pub-
tatively by inspecting thé\ parameters for these modes in the lished attempts to quantitatively simulate resonance hyper-
three excited states (Table 2). The 1141 and 1552'¢nodes Raman profiles for any molecule in liquid solution. The
as well as most of the other modes have much smaller molecules studied possess multiple overlapping electronic
displacements in the second excited state than in the first andtransitions that contribute to both the linear and the nonlinear
third states. This gives rise to the minimum in the hyper-Raman spectroscopies. These are precisely the types of molecules for
intensity (relative to the hyper-Rayleigh) at excitation wave- which the hyper-Raman spectra are likely to be both strong and
lengths near 800 nm. The 1337 and 1585 tmodes, in informative. However, purely empirical simulation of the spectra
contrast, have similar displacements in all three states, giving as reported here, and to a lesser extent in ref 30, is hindered by
rise to the flatter relative excitation profiles shown in Figure 5. the large number of parameters and the resulting uncertainties
The above analysis, however, does not explain the differentin the uniqueness of the spectroscopic model. High-level
intensity patterns in the resonance Raman and hyper-Ramarelectronic structure calculations would be helpful for guidance,
spectra, both of which depend on the same three excited statesat least, in the empirical modeling of such spectra. Since
The contribution of each excited state to the total resonanceresonance Raman and hyper-Raman spectra of large molecules
Raman or hyper-Raman amplitude is given by the product of a in solution are determined mainly by “short-time” nuclear
time integral, which is the same for hyper-Raman and resonancedynamics>341-5%t is not necessary to calculate the equilibrium
Raman at the same two-photon energy, and a prefactor, whichgeometries and vibrational frequencies of the excited electronic
is different for hyper-Raman and resonance Raman. For states; the ground-state geometry, vibrational frequencies and
resonance Raman, the prefactor for each state is simplynormal modes, excited-state energies and one- and two-photon
proportional to the square of its transition dipole momegnt,|> transition strengths, and the derivatives of the excited-state
This quantity is always positive, and it is about three times larger potential surfaces at the ground-state equilibrium geometry
for state 1 than for either of the other two excited states. The would provide most of the spectroscopically relevant informa-
contribution of a given excited state to the hyper-Raman is more tion. Initial simulations of the spectra could be carried out using
complicated. If we neglect thau/dqterms in eq 6, it depends  the parameters obtained from electronic structure theory, and

on the quantity those parameters then modified only as necessary to match the
experimental data. Alternatively, different approaches to carrying
Angitng Hndtmg out the electronic structure calculations could be evaluated by
Mg = + ) - 9 using each to calculate the linear and nonlinear vibrational
Wp = O ey O spectra.
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