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The wavelength-dependent molecular first hyperpolarizabfliof the zwitterionic nonlinear optical (NLO)
chromophore picolinium quinodimethane (PQDM) is determined by hyper-Rayleigh scattering (HRS) and
used to test and improve theoretightlispersion models. Experimental HRS data are obtained over a very
wide fundamental wavelength range (780730 nm), spanning the entire range of two-photon resonance
with the intramolecular charge-transfer (ICT) transition and reaching the onset of a higher energy resonance.
Reliable calibration against the pure solvent (dimethylformamide, DMF, and -BM&t the longest
wavelengths) was achieved over the full spectral range as a result of the high sensitivity of the HRS setup.
Extremely high resonam values are obtained (up to 4560 10°%° esu at 1360 nm) and also away from
resonances remains very large (121& 10 esu at 1730 nm). The two-photon resonance with the ICT
band shows a pronounced red shift338 nm in second-harmonic wavelength) relative to the absorption
maximum. The various two-level dispersion models available in the literature are considered, and some
important improvements are introduced. Furthermore, a vibronic model including a single vibrational mode
and incorporating inhomogeneous broadening is developed and contrasted to the other extreme of a continuum
of vibronic lines without inhomogeneous broadening. The red shift gf tiaximum can be largely explained

by either an improved inhomogeneous broadening model or by vibronic coupling. However, the vibronic
models are physically more realistic and lead to a better description of the obgedisgakrsion. In general,

models with more inhomogeneous broadening result in a narrBwesonance, whereas incorporating more
homogeneous broadening yields a broader resonance. Hence, the derived static electronic hyperpolarizability
o depends very critically on the precise modeling of the broadening mechanisms. Upper and lower bounds
to the truef, are estimated from the two limiting vibronic models.

Introduction static hyperpolarizabilities appearing in the literature can be very
unreliable? It is nevertheless important to obtain a dependable
static value of the electronic hyperpolarizability in order to make
a comparison between different molecules and with theoretical

Organic materials exhibiting a strong second-order nonlinear
optical (NLO) response have a wide range of potential applica-
tions, such as efficient frequency doubling and fast electro-optic
(EO) modulatiort—# At the molecular level, the parameter of values. To reduce the resonance effectforseveral authors
importance is the first hyperpolarizabilif, which is mainly have performed HRS measurements at longer wavelengths such
measured using the hyper-Rayleigh scattering (HRS) tectfifique @S 1300, 13197911 134012 1450;° 1500;# 1543} and 1907
based on incoherent frequency doubling by the randomly nm%17the latter two being acceSS|bIe_ by Raman shifting the
oriented molecules in a dilute solution. However, NLO chro- Nd:YAG output. Moreover, by measuringvalues at several
mophores generally exhibit electronic transitions at visible to (Sécond-harmonic, SH) wavelengths in the intramolecular
near IR frequencies. Therefore, fBalue, which is very often charge-transfer (ICT) band of the_ NLO molecule, the resonance
measured at a single NIR wavelength (e.g., 1064 nm using a_effec_t onp can be observed experimentally, as was demonstrated
Nd:YAG laser system), is strongly influenced by two-photon N pioneering papers by Wang and co_—work@rél In the
resonance enhancement. This severely complicates the derivatiofentioned studies however, the distinction between different
of 8 at other wavelengths, and in particular, no reliable estimate Possiblef dispersion models is severely hampered by the low
of a static Valu$0 can be made. The Slmp'e two-level model S'gnal‘tO'nO|Se (S/N) ratio of the eXperImel’ltal I’esults, which
of Oudar and Chemlawhich is widely used in literature to ~ Was attributed to intensity fluctuations of the incident laser pulses
extrapolate nearly resonagt values to the static limit, is  and the noise of the detection uffit.
neglecting line-broadening and is therefore expected to become In this work, a very extensive wavelength-dependent HRS
inadequate as one enters the resonance regime. In this way, thetudy is performed. Because we make use of a very stable
~continuously tunable laser system with kHz repetition rate and
Wi;T\?Ven‘;VQI‘:;S éggzscpggdence should be addressed. E-mail: gensitive parallel detection (enabling reliable calibration against

t University of Antwerp. the pure solvent over the entire wavelength range), a very

* Durham University. detailed experimental data set with excellent S/N ratio is
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Figure 1. Chemical structure of the picolinium quinodimethane __ :° i
(PQDM) chromophore. g 40007 ° . i
obtained to which the currently available two-legedispersion = 3000- ’ ’ . .
models can be put to the test. For this study, we chose theg v °
efficient zwitterionic NLO chromophore picolinium quin-  — 20004 i
odimethan& (PQDM, see Figure 1). R ° 5
In general, derivatives of 7,7,8,8-tetracyanoquinodimethane LIS o 1
(TCNQ) allow very large dipole momentsto be successfully 1000+ "ae T
combined with large first hyperpolarizabilities in one conjugated T T T T T
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system and are therefore very interesting toward applications

. . 2™ harmonic wavelength (nm
in poled polymer films, where the scalar produgtrepresents gth (nm)

Figure 2. Wavelength-dependent HRS data of PQDM in DMF (in

tme malnhflgurehof mertlt. In(lziee?{ the groundt Sdtate ci{ thes.e DMF-d; at the SH wavelengths of 820 and 865 nm): uncorrected (solid
chromophores has a strongly charge-separated (zwi erlonlC)squares) and corrected (hollow diamonds) for fhdispersion of the

character because it is stabilized by a gain in aromaticity of the pyre solvent.
conjugated chain. This has led to very hjgh values?* which ) . . . .
was interpreted in terms of the bond-length alternation (BLA) Pumped by a Ti:sapphire regenerative amplifier (Spectra-Physics
model?526 For example, DEMI was reportétito have aufo Spitfire) seeded by a mode-locked Ti:sapphire laser (Spectra-
value of 9500x 108 esu. PQDM however has a slightly longer Physics Tsun.ami). The output of the OPA (repetition rate: 1.5
conjugated chain compared to DEMI, including a second KHZ. pulse width: 2 ps, pulse energy at the sample20 xJ
aromatic ring which further stabilizes the zwitterionic state and from 1072 to 1600 nm:~6 xJ below 1072 nm and-13 uJ
places it further to the right in the BLA diagrath?Indeed, a ~ 2Pove 1600 nm) is focused onto the sample with cylindrical
very largeg value of 1865x 10-30 esu was obtained for PQDM lenses to achieve a sufficiently high intensity while avoiding
(about twice as large as for DEMI) by HRS at a fundamental higher-order effects, an_d the HRS light is coI_Iected ata rig_ht
wavelength of 1.07m, and it could be doped into a polymer angle and detected_ using a spectrograph with an mten_smed
leading to a high EO coefficiemss2” Furthermore, it was found ~ charge coupled device (Stanford Computer Optics 4 Quik E)
that the chromophore could be functionalized without affecting With red-sensitive photocathode. The intensified CCD yields
its favorable NLO propertie¥, opening new possibilities for single-photon sensitive, r)anosecond-gated, parallel registration
improving solubility, covalent binding to polymers, and cross- ©f @~23 nm spectral region around the second-harmonic (SH)
linking. Indeed, polymer films with a high loading of PQDM wavele_ngth, which shqrtens the measurement time and enables
chromophores could be achieved and improved, and stable gocorrection for any multiphoton fluorescence (MPF) background
coefficients were experimentally demonstraféd. present:*4> For the PQDM chromophore, MPF was observed
Hence, the wavelength-dependent HRS data for the very and needed to be subtracted in the measurements with funda-

promising and well characterized system PQDM presented herementa:]w?velength shor.te.r thar:c 830 nm and Ion.g.er thar; 1150
form a relevant and critical test for the different possifle nm. The former can originate from trace impurities or from

dispersion models. Because the SH wavelength is tuned throughdirect fluorescence from the higher-energy excited state, which
the ICT band of PQDM, the undamped two-level maaainnot Is populated by doubly resonant two-photon absorptlpn (TPA).
be used, and line-broadening mechanisms will need to be For a fundamental wavelength of 1550 nm, the MPF integrated

introduced. First of all, one can consider homogeneous broadenOVer the~6 nm central region of the registered spectral range

ing by introducing an ad hoc damping parameter into the was up to 3.5 times stronger than the HRS signal. Th_e_ HRS
expression&® and second, inhomogeneous broadeHiatcan measurements are carried o.utavl cr.npa.th. Iengthl fusgd silica

be included by using a convolution expression with an inho- cell contaynmg a dilute solut|9n of picolinium quinodimethane
mogeneous distribution. In a next step, the vibrational structure (PQDM) n d|methylformam|de (DMF), and th‘?y could be
of the absorption band has to be incorporated in the model. A calibrated against the_pure S°'_V.ef“ over the entire wavelength
lot of work has been previously performed on a theoretical range, thanks to the high sensitivity of the experimental setup.

description of vibronic effects on the first hyperpolarizabitity;© In tt;oe present work_, for DMF, the effectiyvalue of 0.70x

as well as on the explicit calculation of solvent effet&? 1030 esu was obtained from external reference to chloroform
. i 30

However, here we mainly aim to come to a directly applicable &t 1072 nmc;‘é)r which the EFISHG value of 0.4910° esu

model using only readily available experimental parameters. In V&S adopted; assuming spherical Lorentt.orenz local field

this context it is worth mentioning the progress already made factors for both sol_vents as described pre\_/iodély.
in this direction by Kelley®® in developing a vibronic model Although the/ dispersion of pure DMF is expected to be

based on linear absorption. In addition to some important V'Y 10w, it may become significant over the broad wavelength
improvements of the existing models, we propose a new simple '219€ of the prgsenLHRSdmeaSLéremelrlts. ;I'hlsdeflfect was tng:en
vibronic model taking into account coupling to a single normal INto account using the undamped two-level model (TLM) wit

mode and including inhomogeneous broadening. Aeg ~ _200 nm, which is_ thelmax Of the Iowest_ energy UV
transition as we determined from the absorption spectrum of

vapor-phase DMF. The effect of this correction on the actual

experimental data for PQDM is quite limited, as shown in Figure
The wavelength-dependent hyper-Rayleigh scattering (HRS) 2.

measurements are performed using a laser system based on an The concentrations used (10to 10-> M) were chosen in

optical parametric amplifier (Spectra-Physics OPA-800CP) order to keep the absorption of the SH wavelength well below

Experimental Methods
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10%, so that only small corrections had to be performed to of the transition, and\u is the difference between the ground
compensate for this effect. The values are obtained within  and excited-state dipole moments. Due to the total neglect of
the assumption of only one significant tensor comportkn line-broadening mechanisms, this expression diverges when the
as discussed at length previoudhHHRS measurements were  fundamental laser wavelength or its second harmonic (SH)
successfully performed over the extensive wavelength rangeequals the transition wavelength of the molecule and is expected
from 780 to 1730 nm. The accessible spectral region is limited 4 e valid only far from resonance. Nevertheless, thanks to its
at the short wavelength side by the absorption-induced decom-gjyjicity this is by far the most popular model, used almost
position of the PQDM chromophore and at the long wavelength universally (yet inappropriately) to extrapolate resonant hyper-

side ultimately by the deqreasmg sensitivity of the detection polarizabilities to the static limit, usually takingeq to be the
system but also by the infrared absorption of the solvent. . .
absorption maximum.

Transparency in the whole range could be obtained in the solvent
deuterated DMF (DMFd;, ACROS, 99.5 atom % D), which is Homogeneously Damped Two-Level ModelThe easiest
electronically equivalent. Indeed, Kaatz et‘ahave demon-  way to incorporate a finite line-width for the optical transition
strated thap values for hydrogenated and deuterated solvents js the phenomenological approach originally developed by Orr
are equal to within an experimental error of 5%. Forfthelues and Warc?® introducing an ad hoc damping paramegeinto

obtained in the present work, the experimental error (not {he denominators of the terms in the SOS expression, leading
including the systematic error of the reference standard value), he following expression fof:48

is estimated to be abodt3%. The comparison of experiments

in DMF with those in DMFd; also allowed us to exclude

possible th_ermal-lt_ensmg effects and/or V|brat|or_1al contributions BHG 0,0e5Y) = PoF(0,064Y) (2)
to  associated with the weak solvent absorption bands.

Theory with

Several two-level models (TLM) to describe the dispersion

of the molecular first hyperpolarizability have been pub- o 2[ 1
eg

lished?29-31.48 |n this section we briefly review these models, F(w,0.)) = +
and some essential improvements are introduced. In a first, very e 3 I.(weg +iy + 20)(weg + iy + )
rough approximation, there is the simple undamped TLM of 1

Oudar and Chemla,which is completely neglecting line- - - +
broadening of the transition. This model can be improved by (@eg =1y = 20)(weg = Iy = )
including homogeneous damping in tieexpressiond-48 or 1

by considering inhomogeneous broaderiitig:*As a next step, (Weg T 1y + @) (Weg— iy — 0)

the vibrational structure of the excited-state can be taken into

account using a purely homogeneous vibronic-like model (e.g.,

the model of Kelley based on the linear absorption spectfiim), Several approximations to this homogeneously broadened model
and finally, a new simple vibronic dispersion model is proposed, have been made such as neglecting or changing the sign of the
coupling to a single normal mode and including inhomogeneous damping in the nondivergent terrff&°leading to simpler forms
broadening. Note that, because we are Only concerned with thegenera”y deviating from eq 2 by On|y a few percent. However,

description of the wavelength dependence, the factors comingthese deviations increase with increasing damping and with
from orientational averaging will not be included explicitly in decreasingeg

the upcomings expressions. These factors could also be
incorporated in the equations, but for simplicity, we will take ~ Inhomogeneously Broadened Two-Level ModelFor a

B to represent the derivegd},,component (in both left- and right- ~ molecule in the condensed phase, it is physically unrealistic to
hand sides of the expressions). In addition, throughout the attribute the full line width of the excited-state to damping
theoretical discussion below, we will only consider the frequency (electronic pure dephasing and lifetime broadening) only. In
component of3 associated with frequency doubling, which is  fact, inhomogeneous line-broadening (e.g., solvent-induced
generally written ag(—2w;w,w), but will be abbreviated here  frequency shift) is likely to be far more important. It is therefore
as fS"Yw) (with @ = fundamental frequency) to avoid yseful to consider another limiting case of a line shape
confusion between the frequency arguments and any additionalyominated completely by inhomogeneous broadening. We make
parameters used as arguments in the models. use of the fact that the absorption spectrum Abs¢ontains

Undamped Two-Level Model.A strongly simplified model Il of th inf ti bout the distribution functi
to describe the dispersion is the TLM of Oudar and Chenila. all otthe necessary information about the distribution function

They made the assumption that only one excited state (the ICT

state, generally the lowest energy transition observed in the Abs(.) Of (w.) N(@.) O @l te)*N(w! ()
absorption spectrum) yields the dominant contributionsto eg) osd eg) eg) ealtes eg)
leading to the reduction of the sum-over-states (SOS) expres-

sior??® to the following form?®7:4 with fosdwbg) [ wedited? the oscillator strengthuegthe transition
4 dipole moment, andN(w) the normalized distribution of the
PR o . ,
ﬂSHG w,wegzﬂo eg @ transition frequencies of the molecules. Now, with each

molecule corresponds a homogeneously danghezhch with

a differentwegin the inhomogeneous distribution. For coherent

in which 8o = 362fosoA#/2hmwgg is the static first hyperpolar- ~ second-harmonic generation (SHG) processes (such as electric
izability, weq corresponds to the energy of the electronic field induced second-harmonic generation (EFISHG)), the
transition,w is the laser frequencysscis the oscillator strength following convolution is obtained:

(lg— ) (0%, — 40
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I I I 024
Beon @) = [N Bl .wgy) do,
0.20-
Abs(h) Alited”
0 =3 5 Flowg y) doj 0.16-
weg|/"eg| Weg '
Abs(wgg) \ago.12-
0 [—=57 AuF(0,04yy) dol, (4) 3
Wegq 0.08-
where we used expression 3 to insert the absorption spectrum 0.044
and expression 2 for the homogeneously damped hyperpolar-
izability (with fo(weg 0 Aufosdwe® O Attlpeg*lweg). Now, if 00000 005 010 045 020 025 030

we assume\u to be constant throughout the inhomogeneous Glo
distribution of molecules, eq 4 can be used to calculate the eg

dispersion of3con Either the experimental absorption spectrum Figure 3. Relative red shifAw/weg between the position of the two-
itself (over the frequency range of the ICT band) or a Gaussian photon resonance maximum g@firs and the absorption maximum

fit can be inserted in eq 4. The homogeneous damping parametefvithin the inhomogeneously broadenened two-level model (eq 5) as a
v is fixed arbitrarily at a very small value-40 cnt?), serving function of the relative Gaussian Wld@iweg (dotted line: numerically
here only as a small but finite constant to avoid divergence in calculated from the full expression eq 5 {= 40 cnt], nearly co-
the numerical calculation. Note that eq 4 is different from the |nC|dent_ with the'soll(_i line: analytical result eq 6, and dashed line:
expression mentioned explicitly in ref 48 (but already used in quadratic approximation).

earlier work%3), because there the factor of occurring
between the transition dipole and the oscillator strength, as

needed to relate th@dispersion with experimental absorption, 0.15), eq 6 can be accurately approximated by a quadratic

is not taken into account. This results in an extra faetgyin d : ~ 902/ 2 ;
X X ependence on the bandwidthd/weq ~ 2G%wef, See Figure
the denominator of the convolution (eq 4) compared to the 5 P dloeg Wed g

Berkovic expressiof This seemingly subtle change results in .Purely Homogeneous Vibronic-Like Model. It should be

an increase of the (already quite significant) red shift between realized that the above-mentioned inhomogeneously broadened
the two-photon resonance peak position and the linear absorption

maximum, which will turn out to be important in the modeling ”_‘Ode'f does not give a _phyflcdall)r/‘ reallstr|]c detshcrlptlon I?Ith(i{lil
of the experimental data (see the Results and Discussion).S!NC€ for an organic conjugated chromophore the overall wi

Another important consideration is that the equation derived ©f the absorption band will be most likely dominated by the
for coherent SHG cannot be applied to the incoherent proceSSV|bron|c structure of the excited-state rather than inhomogeneous

of HRS (as was done inappropriately in ref 51). Instead of the €ffects. Indeed, most organic chromophores display asymmetric

coherent sum in eq 4, the hyperpolarizabilities of the different absorption bands which are a telltale sign of the underlying
molecules now have to be summed incoherently, to obtain vibronic sidebands; many chromophores even show a clearly

wherewypris the position of the two-photon resonance (2PR)
maximum. For realistic Gaussian widt@gfor most dyess/weg

53‘;‘; (i.e., thep derived from HRS measurements): resolved vibronic structure. The importance of the incorporation
of vibronic coupling in the analysis of wavelength dependknt
SHG, W2 _ ' ) 2.4 measurements has been stressed béfgfe!1-50.5259n a first
incoH@)) fN(weg) [1A(w,weq ¥)II” dwgg attempt to include vibrational levels into a simgielispersion
Abs(wég){AM#edz 2 5 model, we can consider a limiting case of many vibrational
0[5 | [IF(@,0kg 7)II? dwg, modes with small homogeneous width, according to which the
WegdHed \ Deg broad absorption band can be described as a weighed sum of
Abs(a)'g) very many narrow vibronic_ Iine:_;. In this_ _cas@,become_s a
O f—eeAﬂzfosc“F(w'w'egl MIFdwl, (5) coherent sum over all vibronic transitions (only slightly
eg homogeneously broadened) of the corresponding hyperpolar-
izabilities:
where we made use of the same identities as in the derivation
of eq 4. As already mentioned above, the orientational averaging B%w, y) = > BoF@, oy, ) 7)
factors are not included in eq 5, as we are focusing on the m

description of the wavelength dependence and @&, to _

represent the derives},,component. Because now the oscillator For each term, we can apply the relation for the homogeneously
strengthf,sc is not cancelled out in the equation (as was the damped TLM gy O Au fgJwn. The absorption spectrum
case in eq 4), we are forced to make the somewhat arbitrary Abs) O ¥, fosl(w — wny) is the corresponding sum of
assumption that\uosc is constant over the distribution (an | orentzian band$.(w — wn,y), with y the HWHM, which is
alternative would be to considén?|ucg? fixed). It appears that  mych smaller than the absorption bandwidth. As we consider
keeping track of the appropriaiefactors has an even stronger  he jimiting case of a large number of closely spaced (not
effectin eq 5 than in eq 42}G|2:or the case of a Gaussian absorption, e cegsarily equidistant) transitions, the summation weighed by
band N(weg) 0 & “*~ “" thus,G ~ 1.20 x half-width-at- fh . can be replaced by an integration over the absorption

half-maximum, HWHM) and taking only the two-photon  gheciym, which leads to the following expression for this purely
resonant term oF(w,wegy) into account with infinitely small homogeneous vibronic-like model:

damping, the red shifAw predicted by eq 5 is found to follow
(@eg)

the relationship:
B0, ) 0 au [

F(o,wg 7) dogg  (8)
G? Weg

€9 €9 Weg with wegrunning over the ICT absorption band apstery small
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(~40 cntl). Note that the dipole moment differenctu of organic chromophores are typically CC-stretching vibrations
between the ground and excited state is assumed to be equalith frequencies>1000 cn1?, it is reasonable to assume that
for all vibrational sublevels. only the lowest vibrational level of the electronic ground state

A similar approach in which information on both homoge- is populated at room temperature. In this case, the relative
neous broadening and vibrational structure of the excited-stateintensities of the absorption bands fab, = Eeg + Nhwyin,
is included based on the experimental absorption spectrum hasorresponding to a transition to tiéh vibrational level of the
been proposed by KelleA?.She showed that, within the usual excited state, are given ¥y
assumptions of a TLM, thg dispersion can be approximated

by*3 QS
4 Wi == (10)
2
20,,+ @
B Yw) = — Au ( Heg (20eq T ©) + x(2w) with Srepresenting the coupling strength. For the derivation of
A (weg— w)\(weg T 0)(Wey + 20) this expression, the vibration is treated as a harmonic oscillator
©) with the same frequency in the ground and the excited state.

) . ] The relative intensityW,(S) is directly proportional to the
where A is the difference between the ground and excited- transition dipole squarede2,% so that absorptiofl] fose 0 @
state dipole momentsyeg is an average electronic transition teg? is described by, Wi(S). In this way,S can be obtained

frequency (e.g., the weighed average of the ICT bang)is by fitting the experimental absorption band to a series of
the transition dipole moment, agds the complex susceptibility.  Gaussians with weights, Wn(S

Both ueg and the imaginary part gf can be directly calculated

from the linear absorption spectrum, and the real par f —(w — wp)2IG?

then obtained through a KramerKronig transformation of the Abs() Zw"W”(S) ¢ (11)
latter. In this way, the absorption spectrum itself, which is

incorporating all of the factors responsible for its exact shape with G the Gaussian width of the individual (equidistant)

within the assumptions of the model, is directly included in the yibrational bands. So, absorption is described by a series of
calculation of the hyperpolarizability dispersion. However, to jnhomogeneously broadened vibrational lines. Accordingly, the
reach the elegant relationship between the two-photon resonanhyperpolarizability can be written as an (inhomogeneous)

part of the/s expression and the linear susceptibility, Kelley convolution of a coherent sum of weakly homogeneously
had to introduce two types of approximations which turn out dampeds systems

to influence thef dispersion curves significantly. First, the
damping constants are neglected in all factors except the two-, ,sHc 2 —X3/G2 n 2

. h - u F + X X
photon resonant one, and second (more important), the V|bra-(ﬂ'”°°h(w)) fe ||Zﬂo (@, @y +x y)I7d

tional frequencies in these factors are omitted, using an average w0 WS
electronic transition frequency instead. However, these simpli- 0 fe—x%z”z nn F(w, o, + X )“2 dx
fications are only required in Kelley’s approach to directly link g WO THY

the hyperpolarizability with the linear susceptibilityput as T (@n + )
demonstrated by eq 8, they are not needed to come to a useful (12)
expression. The absorption-based model of Kelley is indeed

. o s
reproduced if the same two approximations are implemented Where we used again the proportionalj§y 0 Au f gs/wn

in our full expression 8. (with f 5. 0 wnWh(S). Also here the dipole moment difference

To improve on this purely homogeneous approach starting Au is a_lssumed to be the same for all vibrational Ie_vels. To
from the linear absorption, Kelley et 4535have developed ~ @PProximate the undamped limit the homogeneous widtan
a more advanced vibronié dispersion model, incorporating ~ 29ain be set to a very small value40 cnt?), only to avoid
both homogeneous and inhomogeneous broadening as well adhe dlve_rgence of the integrand at resonance. The two vibronic
coupling with the vibrational modes of the molecule. In this Medels introduced here (egs 8 and 12) are the physically most
vibronic model, the excited-state parameters which are needed©2listic ones considered up to this point, because they incor-
to describe the frequency dependence afre extracted from porate the vibrational co.upllllng as the main broademng mech-
simultaneous modeling of the linear absorption and resonance2nism. They form two limiting cases, from a continuum of
(hyper-)Raman data using time-dependent wave packet propagaylbratlonal modes, \_N|thout mhomogeneous effects, to a single
tion methods. With this procedure, reasonable agreement was"ede combined with a maximal amount of inhomogeneous
obtained with the (albeit very noisy) experimental HRS data Proadening.
for two thiophene-based CT chromophof&and very recently
the above-mentioned model was, apart from hyper-Rayleig
also fitted to hyper-Raman data for DANS and a water-soluble  The experimental wavelength-dependent hyper-Rayleigh scat-
analog®® However, because this more detailed model requires tering (HRS) data of the PQDM chromophore are shown in
a lot of additional parameters that have to be determined from Figure 4 together with the absorption spectrum. PBhealues
extensive resonant Raman and hyper-Raman measurements, #dre plotted as a function of the second-harmonic (SH) wave-
will not be applied in this work. Instead a model including only length for direct comparison of the two-photon resonance with
one vibrational mode will be considered as a useful limiting the absorption band.
case. Extremely high resonarn values are obtained (up to 4560

Single-Mode Vibronic Model. Here we combine the simplest  x 1073 esu at 1360 nm) and also far from resongficemains
possible vibronic model, namely that of an electronic transition very large (1210x 1073 esu at 1730 nm). The data clearly
coupled linearly to just one normal mode, with inhomogeneous show a very pronounced two-photon resonance with the ICT
broadening of the electronic transition. As the main vibrational band atlmax = 647 nm and, furthermore, reveals the onset of
modes coupling to the intramolecular charge-transfer transition a second resonance at short wavelengths. This resonance can

h Results and Discussion
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Figure 4. Below: the experimental HRS data of PQDM in DMF (solid squares) and DIMRollow diamonds) corrected for thdispersion of
the pure solvent, plotted at the SH wavelength together with the absorption spectrum (solid line). The upper figure shows the linear absorption
spectra of the pure solvents DMF (solid line) and Didashed line), at the corresponding fundamental wavelength.

be attributed either to one-photon resonance with the same ICT The HRS measurements were calibrated against the pure
transition or to two-photon resonance with the higher-energy solvent over the entire wavelength range. Because of the very
electronic transition observed in the absorption spectrum, as thislow 3 dispersion of the solvent, this procedure yields a good
coincidentally lies at almost exactly twice the energy of the consistency between the molecular first hyperpolarizabilflies
lowest energy ICT band. In Figure 4, it is also clear that the at different wavelengths, in contrast to previously reported
maximum off3 is strongly red-shifted compared to the absorption wavelength-dependent HRS resudfts?! where generally two
maximum ¢33 nm in SH wavelength). different reference standardgafa-nitroaniline NA) and
Indications for spectral shifts (both rEef%.30.57.58nd blué?) Disperse Red 1 (DR1)) were needed for external calibration in
have been obtained previously, and it is a challenge to explain different wavelength regions because the pure solvent sRjnals
this effect theoretically. A very pragmatic approach to account (as well as th@NA signals}® were too weak to be detected at
for the observed blue shift has been to descfibey a two- longer wavelengths. This large set of experimefitaalues can
photon resonance with one vibrational level of the excited-state now be used to confront the various dispersion models.
instead of with the purely electronic transition, simply resulting ~ Undamped Two-Level Model.As expected, the simple two-
in an ad hoc shift of the homogeneously damped T&\ve level model of Oudar and Chenll{TLM, see theoretical
also observed a large red shift for an organometallic complex section, eq 1) based on the least resoffawnalue is not at all
which was however not analyzed because of the small amountsuitable to describe the more resonant values (see Figure 5a).
of available experimental data and because it concerns an Homogeneously Damped Two-Level ModelThe homoge-
electronically very complex system. neously damped TLM (eq 2) is found to give a very poor
Also shown in Figure 4 are the absorption spectra of the pure description of the3 dispersion (see Figure 5a, where bgth
solvents dimethylformamide (DMF) and deuterated DMF andy are optimized to fit the data), the overestimation at long
(DMF-d;). DMF exhibits two weak absorption bands at about wavelengths being in agreement with earlier observafi®ps.
1195 and 1380 nm originating from vibrational overtones and The accurate modeling of the long wavelength tail of the
combination peaks involving the-€H stretching vibrations. A dispersion is evidently very important in deriving the static limit
priori, it was not clear whether the measurements in these of 5. Although the position of the two-photon resonance peak
regions would be reliable because absorption of the fundamentalin this homogeneous model can differ slightly from two times
wavelength can possibly lead to unwanted thermal lensing Aeq (a blue shift, turning into a red shift for very largg, this
effects, as well as vibrational contributions b of DMF. model is in no way able to predict the experimentally observed
Therefore, these measurements were checked in-ojMdnd, red shift for realistic linewidths. The value obtained §0¢1916
as can be seen in Figure 4, excellent agreement is obtained witrem™1) is somewhat larger than the HWHM of the ICT band of
the hydrogenated DMF results. This observation, together with PQDM (~1800 cnt?), the shape of which is not modeled
the absence of any peculiarities in the evolution ofghalues correctly at all, and the corresponding blue shiftig nm in
in the proximity of the DMF absorption bands, demonstrates SH wavelength. The discrepancy with the experimental results
that the present HRS setup is not subject to significant thermal is however understandable, because it is physically unrealistic
effects or vibrational influences and is therefore yielding to consider damping as the main broadening mechanism for
dependablgs values. Deuterated DMF also allows measure- the excited state.
ments at wavelengths longer than 1600 nm which is of great Inhomogeneously Broadened Two-Level ModelThe in-
value in modeling thes dispersion and estimating the off- homogeneous model (eq 5, see Figure 5a, where the amplitude
resonanfs. was serving as the only fit parameter and a nearly perfect multi-
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Figure 5. Two-level models (TLM) fitted to the experimental HRS data in DMF (squares, in DiMkt-the SH wavelengths of 820 and 865 nm),
corrected for thgs dispersion of the pure solvent. Only the experimental data at SH wavelen§@Gnm, i.e., the two-photon resonghvalues,

were taken into account in the fitting procedure. (a) Dotted line: undamped Bakkd on the least resongntalue, dashed line: homogeneously
broadened TLM? solid line: inhomogeneously broadened TLM, (b) dashed line: purely homogeneous vibronic-like model, dotted line: linear
absorption-based model of Kelléysolid line: single-mode vibronic model. In the insets, the region of the two-photon resonance (normalized) is
magnified in order to clearly show the shifts predicted by the different models.

Gaussian fit of the experimental ICT absorption band was used),is also shown in Figure 5b, withu as only fit parameter and
shows quite a large red shift for PQDM~23 nm in SH with 1eg= 638 nm (the weighed average of the absorption band,
wavelength compared thnay) but still too small to match the  only slightly different fromAyax = 647 nm)8° The optimized
experimental data. It should be noted that if the approach of Au was found to be 15.9 D and fogg a value of 10.3 D was
Berkovic*® were used (ignoring a factes between|ueg? and obtained directly from the absorption band, as described in ref
absorption, and settingeq constant, see theoretical section) a 43. The line shape in the absorption-based model of K&lley
two times smaller red shift would have been obtained (neverthe-(eq 9) is found to be very similar to that in the purely
less, this shift appears to be large enough to describe the NLOhomogeneous vibronic-like model (eq 8), which can be under-
dispersion of a 4-dimethylamind-#itrostilbene (DANS) side stood from the close relationship between both models. Appar-
chain poled polymét). The expression for the coherent case ently, the additional approximations introduced by Kelley cause
from refs 48 and 51 would also result in a much smaller red the red shift of the purely homogeneous vibronic-like model to
shift of about 16 nm in SH wavelength. Using eq 5, the overall decrease by a factor of2 (and the one-photon resonance is
shape of the two-photon resonance is already much betternow undamped). As a result, the red shift is more strongly
described, and the increase of the red shift with larger bandwidth underestimated in the approach of Kelley (osiy12 nm in SH
(see theoretical section) is in line with the large red shift that wavelength), a discrepancy which could not be recognized in
we observed for an organometallic comp¥xwhich was previous experimental wo®. Moreover, just as for our
exhibiting an even broader charge-transfer band. Note that,homogeneous vibronic-like approach (eq 8), the theorefical
although PQDM exhibits a very broad and low-energy ICT band, dispersion is exhibiting too high tails. In the original arti¢¥e,
the quadratic approximation of the red shift as a function of the Kelley model was fitted to the tunable wavelength HRS
the bandwidth is still valid (HWHM~ 1800 cnt! combined data of the pushpull molecule guaiazulenethiobarbituric acid
With weg = 15456 cm? leads t0G/weqg ~ 0.14). (GATB),!8 and also for that case an overestimation of fhe

Purely Homogeneous Vibronic-Like Model. The width of values in the long wavelength tail was obtained. This deviation
the absorption band of PQDM is expected to originate from was then interpreted as a violation of the assumptions of the
the (unresolved) vibronic structure rather than inhomogeneoustwo-state model, indicating that higher-energy states need to
broadening. Therefore, we can consider the purely homogeneoude incorporated.
vibronic-like model (eq 8), in which the absorption band is Single-Mode Vibronic Model. The poor fit obtained using
described by a weighed sum of very many vibrational (Lorent- the model of Kelley and even from the purely homogeneous
zian) lines. This model, which seems physically more relevant vibronic-like model shows that improvements are necessary to
than the previous ones, was also fitted to our HRS data for properly describe the line-broadening effects. Therefore, we
PQDM (see Figure 5b), with again the amplitude as only fit apply the limiting case of the single-mode vibronic model
parameter. From Figure 5b, it is clear that a significant red shift including inhomogeneous broadening, as described in the
is obtained £22 nm in SH wavelength) but unfortunately still  theoretical section (eq 12). Making use of eq 11, a very good
not really sufficient to fit with the experiment, and the overall fit of the experimental absorption band of PQDM was obtained
shape is closer to the experiment than in previous models. with six Gaussian vibronic bands (the sixth one being negligible
However, the tails of the resonance still appear somewhat longerin intensity), withw,;, fixed at 1550 cm* and HWHM= 1196
in the model curve compared to the experiment. Note that lesscm™?, Ago = 672 nm, andS = 0.65 treated as fit parameters
fit parameters (only the amplitude) are used here than in the (with Lorentzian bands no acceptable fit could be obtained).
homogeneously damped TLM, in which also the spectral width The frequencywi, = 1550 cn1? is taken as a representative
had been adjusted. value for the most prominent vibrational modesHC, C=C,

A similar vibronic-like model in which thes dispersion is and G=N stretching vibrations) coupling to the electronic
obtained directly from the linear absorption spectrum is the transition, as observed in resonant Raman measurements of
initial model of Kelley*® (eq 9), which has also been used by PQDM in DMF. As shown in Figure 5b, this procedure yields
Wang and Tai et ai*?1The resulting curve for thg dispersion a red shift of 31 nm in SH wavelength, in good agreement with
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the experimental observation. This can be attributed partly to and they were in a number of cases shown to be dominant over
the effects of inhomogeneous broadening and partly to the the purely electronic contributions for the static limit of the NLO
vibronic structure: Indeed, less than 40% of this shift (12 nm) polarizabilities. Although they turn out to be important at all
would result, if the same Gaussian width (1435 émas frequencies for the EO hyperpolarizabilg¢—w;w,0), the effect
obtained here for the individual vibrational lines were inserted in the optical frequency range gi{—2w;w,w) of interest here
in the inhomogeneously broadened TLM (eq 5). Thus, also the was shown for several organic chromophores to be relatively
vibrational structure contributes significantly to the spectral shift small and monotonously decreasing with frequefic.We
of the s resonance. Although in this model the red shift is close found that the introduction of such three-level type diagrams
to the experimental one, the theoretical resonance is still too into thef expressions had no significant effect on the dispersion
narrow, just as for the inhomogeneously broadened TLM. Also curve in the studied range (although the behavior in the far IR
the increase ofs below 880 nm (440 nm SH) is not well and the static limit can, of course, be very different). (iii) We
predicted, indicating that this resonance effect is only partly also tried to take the higher energy electronic transition
due to one-photon resonance with the lowest energy charge-(absorption band at 330 nm, see Figure 4) into account, but it
transfer (ICT) transition and that there is a significant contribu- was found that the addition of neither two-level nor three-level
tion from the higher energy transition which is visible in the diagrams had a significant influence on the shape of the low-
absorption spectrum, but not included in the model. energy resonance, although both can, of course, improve the
We also tried increasing, which caused the red shift to ~ description of the shorter wavelength resonancesoffhis
increase even more and the resonance to broaden resulting in 4nexpected result can be attributed to the coherent addition of
very good description of the first resonancefirusing a still the extra term, causing little effect at frequencies where the first
typical y for molecules in solutioit (see the Supporting term is small.
Information, Figure S1b) but which was unfortunately not  Other approximations are harder to overcon(®: In the
consistent with the relatively sharp long wavelength tail of the vibrational modelAu is supposed to be the same for all of the
absorption spectrum (using Voigt-profiles instead of Gaussian vibrational sublevels. This may be inappropriate in the case of
bands in eq 11, see inset of Figure S1b). Even if we allow the strong vibronic coupling which can be expected in these
other parametersy Aoo, S, and the overall intensity) to vary,  zwitterionic chromophores. For instance, in the BLA madéf
the description of the absorption band is still not as good as or in the adiabatic BA model proposed by Paineff, the
was obtained with the smaller homogeneous width (40%¢m  ground and excited electronic states vary strongly as a function
So it appears that the homogeneous dampingeds to be very  of vibrational coordinate. It is very well possible that this
small (in the order of 40 cm) to be able to describe the ICT  variation of Au causes an additional shift of thferesonance
band correctly (see Figure S1a). This was also the case in refrelative to absorption, but unfortunately, it is not straightforward
31, where it was found that a homogeneously damped TLM is to include this effect in the model. (ii) Simultaneous coupling
not able to give a good description of the long-wavelength tail to several vibrational modes could be important, and this can
of the absorption spectrum for an organic dye moleétifé. be implemented in the approach of refs 41, 53, and 54, which
Hence, in spite of the good fit of the two-photon resonance of involves a parallel fitting of the absorption spectra and the
B for increased homogeneous widththis approach is physi-  resonant (hyper-)Raman profiles of the system. It would
cally unacceptable. Note that also here the increagebelow certainly be of interest to apply this model to the present
880 nm remains insufficient compared to the experimental result. wavelength-dependent HRS data of PQDM in future work, but
So we find that the present simple vibronic model yields a this requires the determination of many additional parameters.
reasonable fit of the data; the predicted red shift is in good  The two vibronic models considered here represent in fact
agreement with experiment, whereas the shape of the resonancévo opposite limiting cases of either an infinite number of
is still not perfect. Of course, also this model is based on a Vibronic lines (no inhomogeneous broadening) or only a single
number of approximations that should be critically considered. Vibrational mode (combined with inhomogeneous broadening).
The following three attempts were made in order to improve The real situation would be in between both limiting cases.
on the mentioned shortcomings of the model: (i) The Indeed, also the comparison with experiment (Figure 5b) shows
homogeneous widths of the excited-state vibrational levels werethat both models deviate in opposite directions: the former
all taken to be equal up to this point, whereas the vibrational predicts g3 resonance profile that is slightly too broad and the
relaxation rate is expected to contribute to this width forthe  latter a too narrow one. This indicates that a more adequate
> 0 levels, and increasingly for higher levels. Therefore, we model of the vibrational mode structure, intermediate between

introduced a homogeneous width, = yo + ny, linearly the two vibronic models that were applied here, could lead to
increasing withn, starting from a small valug, for the 0-0 an even better description of the obseryedispersion.
transition and increasing with a vibrational contribution but Although the differences between the various models might

this did not lead to significant improvement for the simultaneous seem relatively subtle, thé values extrapolated to the static
fit of the absorption and HRS profiles. (i) In the single-mode limit are extremely different. The undamped TLM vyields values
vibronic model, we only considered the two-level terms associ- varying widely in the rangef, = 29-686 x 103 esu,
ated with each of the vibronic transitions contributing to the calculated from th@g values at 1300 and 1500 nm, respectively,
UV/vis absorption spectrum, neglecting the three-level diagrams or even 871x 10720 esu from the value measured at 780 nm
in the hyperpolarizability that also involve the purely vibrational close to the high-energy resonance. Based on the least resonant
transitions in the ground or excited state that have for instance 8 value, at 1730 nmj, = 458 x 1020 esu is obtained. Fitting
been found to be important in the modeling of two-photon with the various models that include line broadening effects
absorption specti#. This approximation is also applied in the also leads to very different results. The models involving only
more comprehensive model of Moran et*ahnd was shown homogeneous broadening mechanisms tend to yield relatively
later to be adequate in the case of a deramceptor substituted  high 3o values, especially the homogeneously damped TBM (
polyene?® The diagrams with vibrational transitions in the =874 x 10730 esu) but also the purely homogeneous vibronic-
electronic ground state lead to resonances in the far-IR regionlike model (3o = 514 x 10~20esu, and 526« 10~30 esu for the
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