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Effect of inhomogeneous band broadening on the nonlinear optical properties of hydrazones
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It is well known that an electroabsorptid&BA) spectrum can be described as a linear combination of the
zero-, first-, and second-order derivatives of an absorption spectrum on the basis of a theoretical formula
derived by Liptay(Liptay equatiof. According to the Liptay equation, the coefficients of the zero-, first-, and
second-order derivativeghese coefficients are abbreviatediasF, andH terms, respective)yindicate the
following three nonlinear optical properties of a materid) transition dipole-moment polarizability and its
hyperpolarizability(2) polarizability change upon photoexcitatioA ¢), and(3) static dipole-moment change
upon photoexcitationf x). The Liptay equation can be applied only in the case when nonlinearity of an entire
absorption band is supposed to be uniform. If this is not the case, for example, due to inhomogeneous band
broadening, the nonlinear optical properties of the material cannot be simply derived frdy Fheand H
values. In this study, we explicitly included the effect of inhomogeneous band broadening and reformulated the
Liptay equation. On the basis of our formula, we analyzed the EA spectra of a series of hydrazones derived
from biological polyenes. Even in the case when the effect of inhomogeneous band broadening is predominant,
the nonlinearity of these hydrazones can be correctly evaluated.

DOI: 10.1103/PhysRevB.69.205103 PACS nuni§er81.05.Zx, 42.65.An, 78.20.Jq
I. INTRODUCTION given by Eq.(1). This formula is well known as the Liptay
equation:

Pigments in biological systems are under the influence of

electrostatic interactions within their surrounding protein en- 1 dlA(v)/v]
vironment and, hence, the physical properties of these pig- AA(v)=3| DA +Fv—
ments are often determined by these interactions. Therefore,
in order to reveal the functional mechanisms of pigments in d?[A(v)/v]
. . . . 2
biological systems, it is necessary to determine to what ex- +Hy————Ein (1)
tent and how their physical parameters are influenced by an 2h“dv

externally applied electric fieli> Optical absorption spec-

troscopy is one of the methods used to probe the physical D=1/|M|22 (X X +2M Y0 )
characteristics of the pigments. An externally applied electric TR R

field causes a change in the absorption spectrum through the

nonlinear optical properties of the pigments. The following )

six nonlinear optical properties play an important role in this F=1/2T(Aa) +(2/M[?)- .E MiXij | - Ap, ©)
change®=® (1) the energies of optically forbidden statég) :

the energies of charge-transfer stat&%,the orientation of a H=|Au2 ()

molecule against applied electric field) transition dipole-

moment polarizability and its hyperpolarizabilit$s) polar-  Here,M is a transition dipole momenX andY are transition
izability change upon photoexcitation ¢), and(6) dipole-  dipole-moment polarizablity and its hyperpolarizability, re-
moment change upon photoexcitation ). In order to  spectively.E;, is an internal electric field that relates to the
identify the physical parameters that contribute to the elecexternally applied electric field through a local-field correla-
trostatic interaction, it is crucial to correctly evaluate thesetion factor.

properties of the pigment. Electroabsorptid@?A) spectros- According to the Liptay equation, it is realized that the
copy is a widely used method to detect an absorption changeansition dipole-moment polarizability and its hyperpolariz-
induced by exposure of applied electric field. The method o#bility, as well asA @ andA u values, can be directly derived
analysis of EA spectra has already been well established biyom the D, F, and H values (for simplicity we hereafter
Liptay.!>** According to his method, an absorption changedescribe these three values as nonlinear coeffioielts to
AA(v), caused by exposure of externally applied electriche noted, however, that this equation implicitly assumes the
filed, can be written as a linear combination of the zero-,uniform nonlinearity over an entire absorption band. Occa-
first-, and second-order derivatives of an original absorptiorsionally this assumption is not valid, in which case these
spectrumA(v). If the angle between the direction of the nonlinear optical parameters cannot be directly
applied electric field and the polarization of an incident ra-determined? #As an example, Wortmanet al*® reported
diation is set to be 54.7fmagic anglg this relation can be that theH term of a broad absorption band of tetraphenyl
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butatriene took a negative value, althoughlthealue should H NO;
always be positive according to Ed@); H is a square ol u. Ej:wN-N@
They have successfully explained the cause of this discrep- |

ancy by assuming that the broad absorption band of the tet- C15-DNPH NO,
raphenyl butatriene is composed of two subbands with dif- M.W:398

ferent nonlinearities. Another example is the study by H NO,
Krawczyk and Olszaka on the EA spectroscopy of various I VTRV \N'N
symmetrical carotenoid$. They reported the presence of

A in these carotenoids, although they could not have dipole C}J:;}?}gf NO,
moment due to the symmetry reason. They successfully ex- T

plained the cause of this contradiction by assuming that non- g YO:
linearity is not uniform over a single absorption band due to | TN \©
inhomogeneous band broadening. It is reported that inhomo- NO

geneous band broadening in carotenoids arises from molecu- C]\}IS;J?-]:;I;;{
lar distortion caused by the twisting around C-C bohts. T

Such conformational distortion may significantly affect the ;I NO:
nonlinear optical properties of carotenoiddhus, the origin I\ \©

of the nonuniform nqnlinearity is' thpught to be the intrinsic C20-DNPH NO
property of carotenoids. These findings are strongly sugges- M.W:464

tive of the nonuniform distribution of the nonlinearities over

an absorption band. Especially in the case of molecules with FIG. 1. Chemical structures of hydrazones derived from a series
polyene structurd* when absorption spectra are inhomoge-°' Piological polyenes.

neously broadened it is absolutely necessary to take into ac-

2

2

count the effect of nonuniformity of the nonlinearities in or- B. Optical characterization
der to correctly understand the physical implications of EA  petajled procedures to record the absorption and the elec-
spectra. troabsorption spectra of hydrazones were described in Ref.

As mentioned above, Krawczyk and Olsda revealed 50 and we have reproduced these here briefly. The absorp-
that inhomogeneous band broadening causes nonuniformiys, and the EA spectra of spin-coated films of a methyl
of the nonlinearities over a single absorption b&htinfor- methacrylate polymePMMA polymer, Wako pure chemical

tunately, their treatment seems to be incomplete, since thefﬁdustry were recorded, in which the hydrazones were dis-

discussion ignored the contribution of theterm. The im- ersed isotropically. The spin-coated films were formed on a
portance of this particular term has been realized in thregurface of alass substrate where gold electrégep distance
different kinds of materials(l) transition-metal complexes, 9 g P

L : is 60—150xm) had been installed. Optical absorption spec-
2) photosynthetic pigment-protein complexes, a8y hy- IS K .
fjrllzpones v)\//e have Ee?:ently Peporgéaf_s_zoﬁ is nec;(ssﬂargllto tra were recorded with an Otsuka MCPD-1000 spectropho-

investigate the effect of inhomogeneous band broadening offMeter. EA spectra were recorded in the setup described
the D term for the complete understanding of physical impli- P&low: Light from a 150 W Xe short-arc lam{plamamatsu,
cations of EA spectra. The objective of this study is to reveafc7539 was dispersed by a monochromatgkcton Re-
the effect of inhomogeneous band broadening on all the thregarch, SpectraPro 16@nd used to irradiate a sample cell.
nonlinear coefficientsD, F, andH terms. In the previous The incident radiation was linearly polarized using a Gran-
study, we found that the high-energy side absorption band ofhompson prism and guided to the gap between the elec-
the hydrazones took negativ€ values. On the basis of our trodes on the sample cell. The angle between the electric
formula, we will explain the cause of this anomaly. vector of the incident light and the electric field applied to
the sample was set at 54.7thagic angle A sinusoidal ac
voltage with a frequency=500 Hz generated by a function
Il. MATERIALS AND METHODS generatofNF, E-1201A was amplified to a high voltagd0
kV/cm) through a high-voltage bipolar amplifiéNF, 4305.
Light intensity transmitted through the sample was detected
Figure 1 shows chemical structures of hydrazones derivetdsing a silicon photodiodéHamamatsu, S1336-8BQThe
from a series of polyenes. They were synthesized by simpldc component of the signal was recorded on a digital multi-
condensation of the polyenes with 2,4-dinitorophenyl hydrameter(Fluke, 43, while the ac component was amplified by
zine (DNPH) in the presence of a catalytic amount of using a dual-phase lock-in amplifiédF, 56108. Among the
p-toluenesulfonate. The polyenes themselves were synthehanges4l) of the transmitted light intensitft) induced by
sized, starting from the shorter polyene units, by the use othe applied electric field with frequenéyonly those with 2
Horner-Emons, Wittig, and Aldol reactions. For simplicity, frequency were selectively amplified by the lock-in ampli-
we hereafter call them C15-, C17-, C18-, and C20-DNPHfier. Absorbance changesA induced by the applied electric
respectively, according to the number of carbon atoms in théield were calculated by using the following equatiadni
polyene parfsee Fig. 1 =—In[(1+Al)/1]/2.303.

A. Sample preparation
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FIG. 2. The absorption spectra of the hydrazones. The solid b 1
lines indicate the experimentally observed absorption spectra. Dot

ted lines are Gaussian subbands that were determined as the resi L C20-DNPH
of the deconvolution of these spectra. I _4/\\
0_ //‘\
. . . . . a—
C. Semiempirical molecular-orbital calculation [ \\/

In order to theoretically identify the absorption bands of
the hydrazones, their transition energy, linear combination of 20000 ———— '30000
atomic orbital(LCAO) coefficients, and oscillator strength of »
the hydrazones were semiempirically computed with Wavenumber [cm ]

MOPAC 2000 ver.1.11 and MOS-F ver.4.2€ujitsu Ltd).
Charge distributions of highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbitat 1
(LUMO+1) and theA u values were also calculated for the
evaluation of nonlinear optical parameters. Geometry optimimoiety (N-N part in HOMO, and at the nitro-oxide group of
zation was performed by the use of MOPAC with AM1 the ortho and para positions, respectively, in LUMO and
Hamiltonian, which is considered to be the most reliable way UMO+ 1. This indicates that there are two transition di-
to predict the stable structures of these biologicalpoles along a molecular axis in the hydrazones.
polymers?~**The electronic transitions, LCAO coefficients,  Figure 3 shows EA spectigolid lineg of the hydrazones
the charge distributions, and tidgu values for the optimized and wave forms derived from the analyses of the EA spectra
geometries were calculated by means of an INDQifter-  (dotted line. The optical nonlinear parameters of the hydra-
mediate neglect of differential overlap/configuration- zones were determined from these EA spectra. If the nonlin-

FIG. 3. Experimentally observed electroabsorption spectra
(solid lineg and the results of the wave form analy&istted lines
of the hydrazones.

interactior) method using the MOS-F program. earity of a molecule were uniform across the whole absorp-
tion band, then the EA spectra should be reproducible by a
Ill. RESULTS AND DISCUSSION linear combination of the zero-, first-, and second-order de-

rivatives of the original absorption spectra. However, in this
study such simple linear combinations could not reproduce
Figure 2 shows experimentally observed absorption speche experimental EA spectra. Therefore it was necessary to
tra (solid lineg of the hydrazones and several Gaussian subassume that each subband has its own nonlinearity. By using
bands(dotted lineg that were determined as the result of the linear combinations of the three derivatives of the sub-
deconvolution of these spectra. The absorption spectra wetgands, the observed EA spectra could then be satisfactorily
successfully deconvoluted into these subbands with referreproduced as illustrated with dotted lines in Fig. 3.
ence to the results of INDO/CI molecular-orbital calculations  The nonlinear coefficientd), F, andH) of each subband
(see Ref. 20 for detail In the deconvolution, the bandwidths were determined by means of a multiregression analysis.
of the subbands in each hydrazone were set to be unique. Tidese coefficients, as well as the bandwidths of the LE and
absorption spectrum of each hydrazone was mainly comthe HE bands of each hydrazone, are summarized in Table 1.
posed of two subbands. The lower enefg) band corre- From these data two remarkable features are appaf®nt:
sponds to the optical transition from HOMO to LUMO. The both LE and HE bands have large transition dipole-moment
higher energy(HE) band corresponds to HOMOGLUMO polarizablity and hyperpolarizability§ factor, and(2) H
+1 transition. According to the results of INDO/CI values of the HE bands thus determined are always negative.
molecular-orbital calculations it was found that the electron In the previous stud$® we have already discussed the
distribution of the hydrazones is localized on the hydrazineorigin of the D factor. In this study, we will focus on the

A. Linear and nonolinear optical properties of the hydrazones
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TABLE I. Nonlinear parametersY, F, andH) and the width &) of the LE and HE bands.

C15-DNPH C18-DNPH C17-DNPH C20-DNPH

LE HE LE HE LE HE LE HE
D(10" Y (m/V)?) 3.6 -1.9 2.0 -1.8 1.3 -15 1.0 -15
F(1073¢ (Cn?/V)) -0.73 —0.42 —0.45 —-0.39 —-0.28 -0.31 —-0.25 -0.31
H(1075%¢ (Cm)?) 1.1 -1.4 0.82 —1.4 0.61 -1.0 0.64 —0.99
S (em ) 2754 2657 2535 2354

explanation for the negativel values in order to complete HereDg, Fy, andHg are intrinsic nonlinear coefficients that
the analysis of EA spectroscopy on hydrazones. Particuldnave the following relationships with the nonlinear optical
attention will be focused on the investigation of the effect ofparametergtheir physical implications are the same as those
inhomogeneous band broadening on the nonlinear coeffef D, F, andH in Eq. (1)]:

cients of the hydrazones.

B. Effect of inhomogeneous band broadening o, F, and H Do:1/||\/||22 (x”x” +2|\/|iyi“. ), (10)
values i]

In this section a generalized formulation about the effect
of inhomogeneous band broadening upon nonlinearity is per- 1
formed, based on the background originally developed by FOZETr(Aa)+(2/|M|2)<Z Mixij)AM, (11)
Krawczyk and Olszaka* The experimentally observed ab- .
sorption bandA(v), is assumed to be an ensemble of a
number of homogeneously broadened absorption bands, Ho=|Aul|?. (12)
Ao(v). Ag(v)’s are distributed withinA(v) according to a
distribution functionp(8), where 6 is the frequency shift
from the peak frequencyvg) of the absorption band. In this
model,A(v) can be expressed as

Inserting Eq.(7) into Eq. (6), the first term of Eq(6) takes
the following form,

_ 1
A= [ dop(DAa(s=10-5), ® | dop(o)30UA-10-5)
The change of the absorption baAd\(») upon exposure of 1
an externally applied electric field can be written as a linear - —Dof dSp(8)Ag(v—vo— )
combination of the zero-, first-, and second-order derivatives 3

of Ay, which is a similar expression to E¢l). While each 1

nonlinear coefficient is supposed to take a constant value in + _Dokdf d8sp(8)Ag(v—vo—6)

Eqg. (1), here all three nonlinear coefficienix (), F;i(95), 3

andH; (o) are described as functions éfin order to include 1 1

nonuniformity of nonlinearity due to inhomogeneous band =—DoA(v)+ —Dode dSSp(8)Ag(v—rvp— ).
broadening. In this model, th®#A(») can be written as 3 3

(13

1
AA<v>=f d6p(8) 5| Di( &) Ag(v— =)

In the same way, the second and the third terms of ®care

d[ Aq( 8)1v) written as
V—Vo— 14
+Fi(8)y——0 hds
J dbo( 6 1F 5 d[Ag(v—vg— 8)/v]
d’[Ag(v—vo— 6)/v] ) p( )§ i(0)v hdv
+H;(8)v — E2,. (6
2h“dy 1, dAG)IY]
If the dependence ob;(8), Fi(8), and H;(8) upon & is =3FAy— g
small, they can be simply approximated as follows: 1 q
Di(8)~Do(1+kyd), (7 +§Fokfvh—dyf d5dp(9)Ag(v—ro= )/,
Fi(8)~Fo(1+k:d), (8) (14)
Hl(é)%Ho(l‘Fkh&) (9) and
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f d5p(5)=H.(8) A= 19— 5)/] LT fdafs (8)Aq( 8)l
S 14 = V—/———= V—Vo— 14
PLergh 2h2d 2 30 opag,2) TR
1 d’[A(v)Iv] 1 d[A(v)/v]
== V———(————( ~——=H kO'-ZV— 18
377 2n2dy? T 18
1 d2 When the homogenous bandwidth is much narrower than the
+ gHothWJ dédp(8)Ag(v—vo— )l v. inhomogeneous bandwidi; , the absorption bandwidth

is approximately equal to;. The EA spectrum can be fi-
(150  hally described as the following formulation:

d[A(v)/v]

1
In order to describe the second terms of H4S), (14), and AA(v)= 3 DoA(v) +

F —Ethzz)v
0 2 ofd

(15 as the first-, second-, and third-order derivatives of hdv

A(v), respectively, the following three assumptions were ap- 5

plied. +(Ho—Fokyhz2)p LA M g (19
(1) The homogeneous bars, has a Lorentz functional o Ton 2h2d? it

shape.

(2) The distribution functio( ) is a normalized Gauss- Here the third-order derivative term of the absorption spec-

ian function with inhomogeneous bandwidthbased on the rUm is neglected. According to E¢L9), nonlinear coeffi-
same assumption adopted by Krawczyk and Oidao for cients O, F, andH) have the following relationships with
carotenoid€? To use the Gaussian function is supported bythe intrinsic nonlinear optical coefficients and bandwidth:

the theoretical consideration by Frank-Kamenetskii and

Lukashin® p(8) can then be described as D=Do, (20
F=Fy— 3kqhDy32, (21
1 52
p(6)= V= EX[{—(;) . H=Hq,—kthFo2?. (22)
T i

These relationships reveal two remarkable features; first that
) ) theD value is equal t®, thus the transition dipole-moment
(3) The peak frequency of the absorption band is much largepolarizability and its hyperpolarizability can be directly
than its bandwidth. The following approximation can thuseyaluated from this term: second there is a sqlaterm in

hold: F andH values in addition to th&, andH, terms. ThusA
andA u values cannot be directly derived from tReandH
dA(») d[A(v)/v] yalues if inhomogeneous band broadening affects nonlinear-
dv 7 dv ' -
C. Physical implications of nonlinear optical parameters
On the basis of these assumptions, the second terms of of HE band
Egs.(13)—(15) can be expressed as Equation (22) indicates that if inhomogeneous band

broadening affects nonlinearity, thé term can assume a
1 negative value. Negativid values in the HE band imply the
_DOkdf d88p(8)Ay(v—vy— ) presence of that effect. Thus, in ord'er. to correctly determine
3 A« andAp values of the HE band, it is necessary to evalu-
ateFo andHg values inF andH. Since the~, andH values

1 d ¢ :
=— _Dokdgizf dg_pAo( v—vo—5) cannot be directly derived from tifeandH values, theoret-
6 dé ical estimate was performed of tlewr and A x values with
1 dA(v) 1 d[A(v)/v] semiempirical theoretical calculations.
2 2
=~ gPokaoi—g, =~ gDokaoir—gq

1. The difference of charge distribution between HOMO
(16) and LUMO+1

Since the radius of charge distribution affects polarizabil-
1 q ity «,?® a change in the charge distribution upon photoexci-
—Fokfv—f désp(8)Ag(v—rvo—8)lv tation will reveal the characteristics df«w. The difference
3 hdv was estimated of charge distribution between HOMO and
1 A2 A(v)/v] ITUMO+1 states V\_/ith INDO/CI molecular-orbi.tal calcula-
— ZFokjoly————, (17)  fion for the evaluation oA« of the HE band. Figures(d)
6 hdv? and 4b) indicate the charge distribution of HOMO state and
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FIG. 4. (Color online (a) The charge distribution of HOMO

5 .
state andb) the difference of charge distribution between HOMO FIG. 5: The dependen_ce of tfevalues onD,2". The circles
and LUMO+ 1 states in C20-DNPH calculated by the INDO/CI are experimentally determinddvalues of the hydrazoneB.values

H 2
method. Filled blue and red circles indicate net negative and posihave linear dependence @n3."

tive charges on the atoms. The numbers indicate their quantities on . .
largely charged atoms. The charge difference upon photoexcitatiohlE band was determined as 1] from the derivedH,
takes place mainly at the nitro-oxide group of thera position. value. _ o

The above analysis based on the results shown in Figs. 5
the difference of charge distribution between HOMO andand 6 implicitly supposes the linear dependencé aindH
LUMO+1 states in C20-DNPH, respectively. It shows thatvalues onx*. On the other hand, it can be pointed out that
the charge difference upon photoexcitation takes placéhere is a significant deviation from the linear dependence in
mainly at the nitro-oxide group of thpara position. This ~Some data points. The linear dependence was derived by the

fact indicates that the difference of polyene length does noheoretical consideration shown in Eq&1) and (22). Here
affect theAa value of the HE band. we assumed that the,, F,, andH, had their own constant

values among C15 C20-DNPH. If this assumption was not
valid, some deviations from the linear dependence could
naturally take place. However, the validity of this particular
g assumption still can be supported by the fact that thus deter-
for HE bands of the hydrazones with the INDO/CI calcula-mim_jd underlyingA « value is thought to be very reasonable

&Oé] .bThg resflilrt]s ?}re dshown mtTEb le- 1l and |nd|cate|s that th ecause of the following reason(4) It agrees well with the
ands of the hydrazones take a constifge, value. A uineo Values, and?) it is consistent with the reportefi u

Table | and the preceding theoretical calculations indicat(?/alues (16-40 [D]) in nonsymmetrical carotenoid<®
thatDy, Fo, andH, of the HE band have their own constant Therefore, it was concluded that even if inhomogeneous

values regardless of any polyene length difference betwe : . : :
the hydrazones. Therefore, according to E@0)—(22), ®Pand broadening affects nonlinearity, the underlyifge

change of thd= andH values in the HE bands of the hydra-
zones reflects the difference of the bandwidh On the
basis of these equations, values fey and H, were deter-
mined from the dependence BfandH values on the band-
width.

Figure 5 shows the dependence of Fhealues orD 3.2 =
According to Eg. (21), an Fy value of —1.3 )
%1037 (Cm?/V) could be derived from the linear depen- P
dence ofF on Dy32. Figure 6 shows the dependence of the
H values onF 2. According to Eq.(22), an H, value of
3.3x10 %" (Cm)? could be derived from the linear depen-
dence oH onFy32. Finally, the underlying\ . value of the

2. Theoretical calculation ofAu values of the HE bands

Theoretically calculated x values A piheo Were derived

O
C17-DNPH

HI10

C15-DNPH

CI18-DNPH

TABLE Il. Theoretically calculated x values of the hydrazone s s

HE bands. 7 8 9 10
Fo2? 1077 ()]

C15-DNPH C18-DNPH C17-DNPH C20-DNPH
FIG. 6. The dependence of ti& values onF,22. The circles

are experimentally determindd values of the hydrazonebl val-
ues have linear dependence B3 2.

A fheo [D] 14.1 13.5 13.3 12.7
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value could be properly deduced from the dependende of EA spectra of a series of hydrazones derived from biological

andH values on the bandwidth. polyenes. Although\ u value of the hydrazones could not be
directly estimated from thél values due to the inhomoge-
IV. CONCLUSION neous band broadening effect, it could be derived from the

) ) ] _dependence of thE and theH values on bandwidth.
In this study we have derived a generalized formulation

about the effect of inhomogeneous band broadening on non-
linearity. This derived formulation has revealed two remark-
able features(l) the transition dipole-moment polarizability H.H. acknowledges the Grant-in-aid from Japanese Min-
and its hyperpolarizability can be directly evaluated from theistry of Education, Culture, Sports, Science & Technology
D term regardless of the presence of the effect of inhomogetGrants Nos. 14340090 and 14654D73.H. and R.J.C. ac-
neous band broadening upon nonlineari@®: Aa and A knowledge the Grant-in-aid from BBSRC and NEDO inter-
values cannot be directly estimated from theand theH national joint research. This work was supported in part by
terms when the inhomogeneous band broadening affectbe grant from Nakatani Electronic Measuring Technology
nonlinearity. On the basis of our formula, we analyzed theAssociation of Japan.
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