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Design of optimized photorefractive polymers: A novel class
of chromophores

Rudiger Wortmann, Constantina Poga, Robert J. Twieg, Christian Geletneky,
Christopher R. Moylan, Paul M. Lundquist, Ralph G. DeVoe, Patricia M. Cotts,

Hans Horn, Julia E. Rice, and Donald M. Burland
IBM Almaden Research Center, 650 Harry Road, San Jose, California 95120-6099

(Received 8 July 1996; accepted 10 September 11996

It is demonstrated that the microscopic mechanism of the photorefrg&@Reeffect in organic
composites with low glass transition temperatures involves the formation of refractive index
gratings through a space-charge field-modulated Kerr effect. A tensorial formulation of the
macroscopic aspects of the PR Kerr effect and its microscopic interpretation is presented. The
second-order dipole orientation term containing the anisotropy of the first-order optical
polarizability a(—w;w) is shown to yield the dominant contribution to the Kerr susceptibility

X (—w;0,0,0. A class of special chromophores having negligible second-order polarizabilities
B(—w;»,0) and large dipole momenis has been identified in order to optimize this term. These
chromophores are not subject to the efficiency-transparency tradeoff typically encountered with
second-order nonlinear opticlLO) chromophores, providing highly transparent materials with
large PR Kerr response. Contrary to previous approaches in this field, the best-performing
PR polymers are then expected to employ chromophores that would be useless for second-
order applications (negligible B). We report PR of the material 30%
2,6-din-propyl-4H-pyran-4-ylidenemalononitrile (DPDCP:  15% N,N’-bis(3-methylpheny}
N,N’-bis(pheny)benzidine (TPD):55% polymethyl methacrylate (PMMA):0.3% Cg, as an
illustration of this principle. A 10Q.m thick film of this material exhibits a steady-state diffraction
efficiency of 7=25% and net two-beam coupling B=50 cm ! at a bias field of 100 \im and a
wavelength of 676 nm. The macroscopic Kerr susceptibility of the material is related to molecular
electronic properties of the chromophore DPDCP which were independently determined by
experiments in solution and by quantum chemical calculations.1986 American Institute of
Physics[S0021-960806)50547-1

I. INTRODUCTION ganic crystals, the origin of the photorefractivity of organic
composites or polymers with low glass transition tempera-
The photorefractivéPR) effect has long been known in tures T can be quite different. These loWg materials are
noncentrosymmetric inorganic crystals such as LINB@N  isotropic in the absence of an externally applied bias field
PR crystals the interference pattern produced by two interg, Therefore, the first-order electro-opticdockel$ sus-
secting coherent beams generates a nonuniform space—chawptibi“ty ¥?(—w:w,0) vanishes for reasons of symmetry

field Esc by photogeneration of free carriers and subsequentg the second-order electro-optioierr) susceptibility
carrier drift and diffusion processés As a consequence, the ¥¥(—w:0,0,0 governs the nonlinear response. These mate-

refractive index of the material is modulated by the interac-. ; : : o
. : . ..~ ““rials are poledn situand the diffraction grating is created b
tion of the field E. with the Pockels susceptibility P g d y

H : 11
(2(=wi0,0) of the crystal. The refractive index grating is the combined effect of the fields, andEg..”" In contrast to

spatially displaced from the intensity grating, by as much ascrystallme systems, reorientation of the dipolar chro-

712 rad (nonlocality of the PR effegt The PR effect gives mophpres is an impqrtpaélnt, sometimes_ eyen Fiominant, mecha-
rise to a variety of two- and four-wave mixing phenomena,n'sm in these materlg) ._In .order _to (-jISt.Ing-UISh clearly the
and has potential technological importance for a variety of R €ffect throughy®(—w;,0) in intrinsically noncen-
optical signal processing schenfésRecent developments in  FoSymmetric materialgsuch as permanently poled poly-
enabling technologies for high-density holographic opticalmers from that in isotropic low¥, materials through the
data storagkhave stimulated research on PR materials, withKerr susceptibility ¥ *(— w;»,0,0, we will use the nomen-
the goal of identifying inexpensive holographic materials. claturephotorefractive Pockels effeftr the former angho-
Photorefractivity in organic materials was demonstratedorefractive Kerr effectfor the latter. The PR Kerr effect
only recently, first in molecular crystdl§and later in poly- incorporates both the “conventional” PR mechanism and
mer systemé. In particular, PR polymers have attracted the so-called “orientational enhancement” mechani$m.
growing interetbecause of their ease of sample fabrication  In this paper we present a fully tensorial formulation of
and large diffraction efficiencies:® While the PR effect in  the PR Kerr effect, providing a convenient formalism for the
molecular crystals and in permanently electric field-poledcalculation of diffraction efficiencies for various geometries.
polymers can be described in a similar fashion as in inorWe also present a detailed microscopic interpretation of the
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O T N R O L M 1o
1 +3x%  (—0;00,0EYED+--- (5

y . is the change of the first-order susceptibility induced by the

X R” 07 R R 07 ™R static fieldEy, the Greek indices denoting Cartesian tensor

components in the laboratory frame. The susceptibilbefé)s
FIG. 1. Molecule-fixed coordinate system and resonance structures fo}((z)a and X(g) in the preceding equations use the convention
DMDCP (R-methy), DEDCP (R=ethy), and DPDCRR=n-propy. recommended by Butcher and Cottér.

The second-order susceptibiligf? gives rise to the PR

Pockels effect in noncentrosymmetric materials. In isotropic
PR Kerr effect in terms of the relevant molecular linear andcentrosymmetric materialgy® vanishes and the nonlinear
nonlinear optical properties. This approach allows the identesponse of the medium is due to the Kerr susceptibility
tification of the dominant molecular contributions and a bet-x>(—w;,0,0 only. The third-order susceptibility® of an
ter establishment of design criteria for the optimization ofisotropic medium has 21 nonvanishing tensor components of
functional dyes for organic PR materials. These general prinwhich only three are independefitThe general symmetry
ciples are illustrated with a prototype chromophore, 2,6-difelations® between these can be written using Kronec&er
n-propyl-4H-pyran-4-ylidenemalononitrilDPDCP, Fig. 1. symbols in the compact forth
The linear and nonlinear optical properties of this compound 3 _ (3 3 3
are obtained from a compIZte se[t) ofprefractive index, p[zarmit— 5‘0)"37_X(Zz)xxﬁ“"5/37+X(ZQZX‘S"B(S”JFX(Z’EXZ(S’”%‘E
tivity, depolarized Rayleigh scattering, electric field-induced
second harmonic generati¢BFISH), and UV-VIS spectro-  With the additional linear relationship

scopic measurements, and quantum chemical calculations. 3) _ (3 3 3
P q X2 777 Xooxxt XSk zxt Xokxz- (7)
The Cartesian indices in Eq&) and (7) refer to an arbi-
Il. MACROSCOPIC THEORY OF THE trarily chosen laboratory frame. In the particular case of
PHOTOREFRACTIVE KERR EFFECT X2 (—w;,0,0 two components are identical because of in-

The PR Kerr effect is the local response of the mediumtr'(Q)S'C p((ag)r11utat|on symmetry in the last tWQ. indices;
= x7xxz The most general Kerr susceptibility of an

to the space-charge modulated static electric field. In thig2X2X" . )
section we present a tensorial formulation of the PR Kerr'SOtrOpIC rgedmm thserefore hgs only twoﬁLlerependent com-
effect and employ it in the calculation of diffraction efficien- ponents§xx and x%zz and is of the for
cies for different geometries and polarization conditions. Xionp — @©0,0,00= X 57538y H(X 5222~ Xo7x%)
The principal indices of refraction of the medium at fre-
quency w, n'®’, are related to its first-order susceptibility X(6upbayt Ouydap)- ®)
X~ ;) by the equation Using Egs.(3), (5), and(8) it is straightforward to calculate
n(am: \/1+RG[X51102(_w;w)], 1) the diffr'action efficien(':y'n of photorefrgctive gratings. ob-
served in four-wave mixingFWM) experiments for various
wherea indicates the polarization direction of the light. In a geometries and polarization conditions.
PR experiment, the total electric fieltlis a superposition of The geometry of the FWM experiment of this work has
a static or slowly varying field, and an optical field with  been described previouslyThe internal angles of incidence
amplitudeg,, and frequency». The time dependence of the of writing beams 1 and 2 are denote#g and 6,, and the
total field is given by angle of the grating vector relative to the surface normal is
1 e o s . The laboratory frame was chosen with thaxis parallel
E()=Eo+ 3 [E,e”'+(E,)*e"], 2 to the surface normal, thez plane as the plane of incidence,
where* indicates complex conjugation. The static field itself andy normal to this plane. The polarization unit vectors of
is a superposition of the externally applied bias figjdand  the reading beam 3 and the diffracted beam 4 are then
the spatially periodic space-charge field with amplitigle €5 =€{=(0,1,0)" (T indicates tensor transpositiprfor
and grating vectoK g s(-g))olarized reading, and ef)=(cos6,,0,sin6,)" and
e’ =(cos6,,0,sin6,)’ for p-polarized reading. The grating
Eo=Ep+EscCOIKs T). @ vector is Ks=Kg (sinfg,0,cosés)", the bias field
This spatially varying space-charge field is generated by inE,=E,(0,0,1)", and the space-charge fielE =Eq,
ternal charge separatibproduced by a spatially varying op- X (sin 65 ,0,c0865)" cogKgr).

tical field E,,. The Fourier component at frequeneyof the The diffraction efficiencys for Bragg-matched readout
polarization induced by the field(t) in the medium is given of a slanted thin transmission grating of thicknddsas been
by showrt*#to be the following:

P =[ X — @;0) + AxN( — w;w) JEL, 4) 7=Sir[H(es-e,)(e3- AxV-e,)] 9)
where(sum convention used for repeated indjces with

J. Chem. Phys., Vol. 105, No. 23, 15 December 1996
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B d
" 2n\,(cos 6, cos 6,)%

(10

For the geometry specified above,
s-polarized andp-polarized reading are

7s=SiF[HAX{Y (1D
7p=SIP[H cog 6;— 6,)(cos 6; COS O,A Xy
+sin( 6+ 0,) A B +sin 6 sin B,AxH)]. (12

10639

tional distribution functionw; given in Eq.(28) below. The
Fourier componentsﬁ‘;’) of the induced dipole of the con-
stituentJ are

the results for

(0) 7~
pJM T Ayua

(— w;w)EElw)-l—,BJMaﬁ(—w;w,O)EElw)E(BO)

+ 3V snap— ©;0,0,0ELEPEY + (19

with @, 8, and, being effective first-, second-, and third-
order polarizabilities of the molecules of tygein the me-
dium in the Taylor series conventidf.Applying Lorentz

The relevant tensor components are easily obtained frorfpcal field corrections, the effective polarizabilities are re-

Egs.(3), (5), and(8) and contain spatial Fourier components
at 0K, 1 Kg, and 2K . The results for the K5 compo-
nent are:

AxSs= Ax =6 x D xEbEsc COS b , (13
AXRI= AR =3(x 27~ X X0 EbEsc Sin 0, (1)
Alez) 6XzzzzEbEsc COoS 6 . (15

The preceding equations can be used to calculate the

diffraction efficiency » for various polarization conditions.
In particular, one obtains for the polarization anisotropy of
the 1K grating in the low diffraction limit:

o _ co(6,— 6,)

S

€0s 61 €0S f,+ —=— sin 0, sin 6,

(3) 2
Xzzzz

3
X(zz)xx

1

> (16)

—1)tan Og sin( 61+ 65)

This expression is equivalent to Eq. 25 of Ref. 11.

IIl. MICROSCOPIC INTERPRETATION OF THE
PHOTOREFRACTIVE KERR EFFECT

In the model of additive molecular contributions, the
macroscopic susceptibility'®(—w;®,0,0 may be repre-
sented as a sum of terms that are proportional to the conce
trationsc; of the different constituent3 of the medium

ngzﬁy( 0;0,0,0= 2 {f}aﬁy w;0,0,0Cy,
17
where ¢§?) ;. are molar third-order polarizabilities of the

componentJ and ¢, is the permittivity of free space. The

quantities;$), 5,

can be calculated on the basis of a specific

lated to those of the free molecules by

ay(—wiw)=L,a)~0;0), (20
Bal— @;0,0=L LBy~ @;,0), (21)
75(~ 0;0,0,0=L,L57(~ 0;0,00), (22
with Lorentz factord , at frequencies 0 ana
€,+2
=3 (23

More refined local field corrections and effects of the static
reaction field on effective molecular properties in condensed
media have been described elsewHere.

The energy of a molecule with permanent dippleand
static polarizabilitye;(0;0) in a static external field is orien-
tation dependent:

AW, (Eg)=— f3,ESY = 335,(0;0EPEY —--- (24)
with the effective quantities
_€o€ext+2)
M= e e, M (25
75(0;0 3ep(e-t2) 0;0 26
00 = e T 26t ey OO (29)

n_
in Onsager's local field approximatidi’®-2°The canonical

distribution function describing the molecular orientation is,
to second order in the static fiéfd

molecular model and are closely related to partial molar

guantities that are well known in the formalism of chemical
thermodynamic$®*° They do not, however, necessarily sat-
isfy the Euler theorem of homogeneous functidhhe mo-
lar polarizabilities can be derived frdth

Na 3

= M —mr—=mr=0
3 g JEC “’)aE<°>5E°< WP,
(18)

where N, is Avogadro's constant and ) denotes a

(3)
JuapBy

{ (-w0,00=

_exp(—AW,;/KkT) )
Wl T) = Toxa — AW, /KT)) @7
L o, ! 3z =
T RT Ry +W[ Mgty
15858, JEQED + — ! [3a
#3080 6kT -7 Ay
—tr(a,) 858, JEQEY +--- (28)

and consists of four terms corresponding to an isotropic con-
tribution, a first-order and a second-order dipole orientation,
and an orientation contribution arising from the anisotropy of
the static polarizability. Using standard methods of orienta-
tional averaging! one obtains from Eqg18), (19), and(28)

statistical-mechanical average calculated with the orientathe two independent third-order molar polarizabilities

J. Chem. Phys., Vol. 105, No.

23, 15 December 1996
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TABLE I. Linear and nonlinear optical properties of DPDCP and pNA.

DPDCP pNA
Aag (nm) 352 354
Hag (1073 cm) 212 16
w (1073° Ccm) 24.8 20.8
tr[a(—ow)] (10 cvimd 110 57K
Sa (ao*cvim) 2¢° 10
U — 03 0), 2y — @, 0), 0 — 0, 0) (ao*cvim}) 21, 38, 5% 13, 19, 25
Say (107%cvimd 22 10
o™= w:w) (1070 cvtmd 19 119
B(—2w;w,0) (1070 cv2md) -2(2)" 27!
B(—w;,0) (107 cv 2 md) ~0 23
4026/ (3K2T?) (1070 cv—3m? 105 000 34 000
618(— w;w,0)/(KT) (10°%°cvmY ~0 7000

Second-order polarizabilitigg are given in the Taylor series definitf§rand SI units. SI to cgs unit conversions
are: u, 10°° Cm=0.2998<107'® esu; o, 10 CmPV™1'=0.0898%10%° esu; B, 10
Cn* V~2=2.694x10"%C esu.

#From UV-VIS absorption in CHGL

PFrom permittivity measurements in CHCI

“From refractive index measurements in €& \=633 nm.

YFrom depolarized Rayleigh scattering in G@t A=633 nm.

*Fromtr[«a] and Sag with an estimated value af,,.

'Calculated fromayy, @y, anday,.

9Calculated fo=676 nm fromu,g andi,4 with Eq. (37).

PFrom EFISH in CHCJ at A=1907 nm.

iCalculated for\=676 nm fromB(—2w;w,w) by using Eqs(32)—(34).

IFrom Ref. 23.

KAt A=589 nm in dioxane.

'From EFISH in dioxane ax=1064 nm.3 values are given i convention, Ref. 16.

{5l — 0;0,0,0 Kerr response of organic PR materials with Idy, in the
identification of the dominant contributions, and in establish-

NA L2 ,3 1 (37 o ing design criteria for its optimization, as will be discussed
90 ’Yer KT :“.]r Jrtt 3K2T2 MJrMJt Jrt below.
- 1 _ _
— Marigr @] — 3kT [301th01th aJrraJtt] ) (29
§(3) A—w;©,0,0
Jzzz T IV. OPTIMIZATION OF FUNCTIONAL DYES FOR
NA 6 _ 1 ORGANIC PR MATERIALS

Yarre+ o RarBaret 3272 [Brarmatasn
%0 [ kT 3K°T It is illustrative to estimate the different contributions to
- . o the molar Kerr susceptibility for a typical chromophore such
_ZI“JrMJraJtt]_"m- [Gatham—ZaJrraJn]J, as 4-nitroaniline(pNA). The linear and nonlinear electric
propertie$?23 of this prototype NLO-phore were taken from
(30) the literature and are collected in Table I. Neglecting local
where the Latin indices refer to Cartesian tensor componenfield effects and correcting for the different dispersion behav-
in the molecule-fixed frame and index permutation symmetryior of B(—2w,0,0) and B(—w;w,0) [see Eqs(33) and (34)
was assumed for the tensgBsand y. Four molecular terms below], one obtains for the molar susceptibility using Eq.
therefore contribute to the PR Kerr effect. They are of type(30) {&),, = 240 x 10736 C m*%V3mol at the KF laser
v, B, #2a, andaa, and arise from the four different orien- wavelength of 676 nm. The contributions of theus, u?a,
tation contributions in E¢(28). The preceding equations rep- and aa terms t0§(zsz)zz are found to be 0.4%, 14%, 84%, and
resent an accurate description of the Kerr effect in dilutel%, respectively. This example demonstrates that the domi-
solutions. For highly viscous or rigid polymer systems withnant contribution in lowF, organic materials is, in many
high concentrations of dopants, orientation correlations beeases, due to thea term( ‘birefringence orientational con-
come important and the assumption of independently anttibution™), with the uB term (“electrooptical contribu-
freely reorienting molecules can be regarded as an approxiion”) being of minor importance, contrary to what was as-
mation only. In addition, effects of electrostriction which are sumed in early investigations of PR polymers. Contributions
neglected in Eq929) and(30) can sometimes be important. of the y and e« terms are usually negligible. It is, therefore,
Nevertheless, these equations are useful in estimating thappropriate to introduce the approximations

J. Chem. Phys., Vol. 105, No. 23, 15 December 1996
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(3) Na| 2 =
szx(—w;w,0,0)~% k_-rﬂ,g(_wiw,o)
2 oy —
~ g7z wdak(—wiw) . (299

(3)
7727

NA 6 -
(777 — w,0,0,00~ 30 ( KT wB(—w,»,0)

4

+ 3772 ﬁ25a_}<(—w;w)}, (309

where the index for the constituedtand the Cartesian in-

dexes of the molecular tensors have been omitted for reasons QOne-dimensional

of simplicity. It is implied in Egs.(299 and (303 that the

10641
2,u2
aE)TLM):;ag, (35)
fiwgg
w2
a(TLM)(— w;w):a(()TLM) 2—a92. (36)
(wag_ w )

In the case of PNAX™ contributes about 40% ta,, (cf.
Table ). For the moment, we assume that the off-axis com-
ponents of the polarizabilityg,, and «,, and those of the
second-order polarizabilitys,,, and g,,,, are negligible.
Equations(35) and(36) can, therefore, be used as a guiding
principle to design functional dyes with optimized anisotropy
of a.

dipolar NLO-phores are usually

m-conjugated donor—acceptor systems with resonance struc-

dipole is oriented along the axis, which is also assumed to tyres similar to those displayed in Fig. 1 for DPDCP. To a
be the main axis of the polarizability ellipsoid, and that thefirst approximation, the ground and excited states can each
vector part of the second-order polarizability refers to thepe represented by a linear combination of a nejiraand a

component along the dipole axiB8]=B,,;+ B, xxT Bzyl-
The u2a term contains the anisotropy of the optical polariz-
ability a(—w;w) in the form

(31

1
day = az,— 3(ayt ayy)-

As will become apparent below, it is, in fact, quite difficult
to design one-dimensionallD) NLO chromophores for

which the uB term dominates. It thus seems appropriate in-

stead to focus design strategies on optimization ofuthéx
term, as will now be discussed.

It is well known that the second-order polarizabilgyof
dipolar “charge-transfer” 1D NLO-phores with extended

zwitterionic wave functior{z)
lg)=c|z2)—(1—c*)¥n), (37)
|a)=cln)+(1-c*"42), (39)

wherec is the mixing coefficient and zero differential over-
lap, {n|z)=0, is assumed. This description is reasonable for
weakly interacting molecular complexes or spiro-conjugated
charge-transfer compoun@bFor 7-conjugated systems, the
approximation will be crude in general, but nevertheless
some qualitative trends can be derived from it. The transition
dipole and the change of the dipole upon electronic excita-
tion are

m-conjugated systems can be reasonably approximated by

the two-level mode(TLM, see, e.g., Ref. 22 and references
therein taking into account only the ground and the first
optically allowed excited singlet state. The following expres-
sions can be readily derived using the methods of time
dependent perturbation thedty

6A 1 ag)®
(TLM) _ ag
0 (ﬁwag) , 32
2 2
wg(3w %)
(TLM) _w;w’o — p(TLM) a9 ag , 33
18 ( ) EO 3((029_ (1)2)2 ( )
4
BT™M(—2w;w,0) =™ — 2wagz N
(w5~ ) (wag—407)
(34)

with B™™) being the TLM approximation to the statjg,
Ap, and u,4 the change of the dipole and the transition di-
pole of the electronic excitation from the ground stageto
the excited stat¢a), andfw,4 the transition energy.

pag=(alulg)=—c(1-c*)'2A, (39)

Ap=(alula)—(glulg)=(1-2c)A, (40)

whereA is the difference between the dipole moments of the
neutral and the zwitterionic states, equal to the maximum
change of the dipole upon excitation in the given system.
Equations(39) and (40) allow for a straightforward estima-
tion of the TLM polarizabilities in Eqs(32)—(35). The re-
sults are displayed in Fig. 2 as a function of the mixing
coefficient. The transition energy was assumed to be con-
stant. The predictions of this simple model are thais
maximized wheng is zero. Similar trends were recognized
in a two-state four-orbital model by Mardest al?® The
maximum for &« occurs when the coefficient is equal to
27Y2 and the neutral and the zwitterionic wave functions
contribute equally to the ground and excited state. Since this
situation is naturally present in symmetric cyanine dyes, it is
sometimes called the “cyanine limit.” At the same time, the
change of the dipole upon excitation is zero and the magni-
tude of the transition dipole is maximized. The nature of the

For first-order polarizabilities, it is, in general, necessaryelectronic excitation changes from a “charge transfécT)

to take contributions of higher exciteet states and ofr

electrons explicitly into account. Nevertheless, the TLM con-

tribution to « is often substantial and is always a lower
bound since all contributions tay,, @, and«,, are posi-
tive. The TLM contribution can be estimated by applying the
following equations:

J. Chem. Phys., Vol. 105, No

to a “charge resonance(CR) transition. Geometry changes
upon excitation tend to be small in such CR systems. As a
consequence, Franck—Condon progressions are short and the
optical absorption spectra are unusually sharp.

Let us briefly examine some of the approximations of
this model. It is assumed thay is modeled bye,,. The

. 23, 15 December 1996
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12 since bathochromic shiftgsolvatochromistff) and polar
104 apM environment-induced broadening of the absorption band are
08 minimized. The functional dye DPDCHFig. 1) is an ex-

£ 061 ample of a system designed with these considerations in

= M .

§ 04 Bo mind.

E 0.2—:

2 oo

3 o2l V. SYNTHESIS

2 %

g 2‘; DPDCP was prepared by a four-step synthesis following

S el the methods of Deshapantfeyateset al,?® and Wood$®’ as

‘o shown in Scheme I:

1.2 T [0}

— — : o 9O o0 o
0.0 02 04 06 0.8 1.0 /\)j\ + w
o)K/\ HO OH
OH O
(6] 0
1
NC CN
(8]
4

FIG. 2. Relative TLM polarizabilitiesi™™™, g™ and "™ as a func-
tion of the mixing coefficient. o}

HO
off-axis contributions to the polarizabilityy,, and «,, , are
generally non-negligible. For molecules that maximize the

transition dipole(along the permanent dipole axig) and
that are predominantly one-dimensional in nature, however,
the value ofy( ay,+ ay) should be substantially smaller than
a,,. For pNA, the difference is almost a factor of(8ee 0

Table ). It should also be emphasized that molecules that

maximize ™™ will minimize B, within the two-level NC._CN

model. Thus,8 may not in actual fact be zero, due to con- DE— O

tributions to all three components, ., B,,y, andg,,,) from s

higher-order states.

Functional dyes that are close to the limiting case de4 was obtained in 40%-50% vyield by heating a threefold
scribed above meet the requirements for optimizing the PRixcess of 1,3-acetonedicarboxylic acid witipropionic an-
Kerr effect. They combine a high polarizability anisotropy hydride and a few drops of concentrated sulfuric acid to
day with a large resonantly enhanced ground state dipole 00 °C for 20—-30 min. After this time, the dark brown mix-
momentu and maximize the:%a term in Eqs(29) and(30).  ture was allowed to cool down to room temperature and the
This optimization is achieved while maintaining a short con-crude product was precipitated by addition of a small amount
jugation length, which allows a small molecular size result-of water.1 was isolated as a light brown solid after filtration,
ing in fast and efficient reorientation of the chromophore inwashing with cold water, and air drying.
the polymer environment. The decarboxylation step was carried out by heatiiy

A molecular figure of merit for photorefractive chro- g 10% aqueous solution of sodium carbongtlel must be
mophores may be defined based on Efa. Substituting  kept basig¢ for 30 min at 100 °C and an additional period of
wpNa/M for N, wherew is the weight fraction of chro- 1.5 h at 80-90 °C. After cooling to room temperature, the
mophore in the materiah is the density of the material, and yellow solution was acidified with 30% acetic acid. Sire
M is the molecular weight of the chromophore, and retainingdid not crystallize after cooling to room temperature, it was
only terms involving molecular parameters, the figure ofijsolated by extraction of the aqueous reaction mixture with
merit F is determined Eq. (41)], ethyl acetate. The organic layer was dried over magnesium

KTAB(— w:w,0)+2525an— v o) sulfate qnq the sol\{ent was evaporated to proZids a light

= KM . (41)  brown oil in 70% vyield. ' o

For the second decarboxylatiop,was boiled in 12 N
If one extracts explicit definitions of the coefficie@@g, and  hydrochloric acid for at least 12 h. Reaction progress was
Cgg from Ref. 11 and adds them together to get the coeffireadily monitored by thin layer chromatography. After cool-
cientC, and makes the same substitution and similar simpliing to room temperature, the brown solution was neutralized
fications as above, one arrives at an identical expression favith solid sodium carbonate and extracted with chloroform.
the molecular figure of meri. The 2,6n-dipropyl-y-pyrone3 was obtained as a brown oil

Because of the sharpness of the optical spectra, it is easy 80% vyield after evaporation of the solvent from the dried
to find chromophores that are nonabsorbing at the appliedrganic layer.
laser wavelength. The vanishing dipole change upon excita- The final condensation of thg-pyrone with malononi-
tion also results in reduced absorption losses in the materiakile was carried out by heatin with a slight excess of

coefficient C
/ OH O
10% Na2CO3
—_—
(0] 0
2

12N HCI
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malononitrile in acetic anhydride to 140 °C for at least 2 h. 3000
Reaction progress was readily monitored by thin layer chro- ]
matography. Compound was isolated by adding water and 2500
extraction of the agueous reaction mixture with ethyl acetate.

The organic layer was dried over magnesium sulfate and %‘
concentrated by rotary evaporation. Characterizatior.of E
mp. (DSC, 20 °C/min: 68 °C.'H-NMR (250 MHz, CDC}) E
6=0.91 (t, 6H, %,4,,=7.3 Hz, —CH,—CH,—CH3), 1.65 LI
(six, 4H, 33y y=7.4 Hz, —CH,—CH,—CH,), 2.48 (t, 4H, 10004
3)4n=7.3 Hz, —CH,—CH,—CH,), 6.47 (s, 2H,
—CH=C—). ®C-NMR (62.9 MHz, CDC}) §=13.4 (s, 500
—CH,—CH,—CHj), 20.3(s, —CH,—CH,—CHy), 35.5(s, ]
—CH,—CH,—CH,), 58.1 (s,(NC),—C=C—), 106.2 (s, 0 —
—CH=C(P—0O—), 115.0 (s, —CN), 156.9 (s, 250 300 350 i (nn‘;‘)"’ 450 500
(NC),—C=C—), 166.6(s, —CH=C(Pr—0O—).

2000

1500

FIG. 3. Optical absorption spectrum of DPDCP in CKl& room tempera-
ture.

VI. CHARACTERIZATION OF THE FUNCTIONAL DYE ) ) ) . ]
DPDCP was determined by depolarized Rayleigh scattering in the
same solvent following the method of VuksThis experi-
The molecular linear and nonlinear optical properties ofment was carried out with a BI-DS light scattering apparatus
DPDCP were thoroughly investigated by a combination of(Brookhaven Instruments Corporatjooperating at 632.8
experimental techniques. The results are summarized inm. Diphenylacetylenésag=22.5<10"*° CV ™t m?)?** was
Table I. The dipole moment was determined from the conused as an external calibration standard. Remarkably, the ob-
centration dependence of the relative permitti’sﬂﬁ9(er) of served anisotropy of DPDCP, @0 cvimd is larger
solutions of DPDCP in chloroform using the than that of the rod-shaped molecule diphenylacetylene.
Guggenheirt3? method. The dipole moment was found to  The refractive index and the depolarized Rayleigh scat-
be p,=24x10*° C m (7.3 D), which is significantly larger tering experiments yield only two equations for the three
than the value of 12107%° C m (3.6 D) expected from an  components of the tensar; so the component perpendicular
estimation based on group dipole moments. This indicates @ the molecular planey,,, was estimated from the group
strong enhancement of the dipole moment due to zwitteriand bond polarizabilities given by StudrtThe reliability of
onic resonance structures as mentioned previously. Thiis method has been verifiéd®%3* The componentsy,,
second-order polarizability(—2w;w,w) was measured in the and«,, were then calculated fromr («) and dag ; results are
same solvent by EFISH as previously descrife@he ob- listed in Table I. Estimated values far, and a,, were 38
served B is small, as expected for a chromophore in theand 33x10° CV~! m?, respectively. The discrepancy be-
charge resonance limit. The UV-VIS absorption spectrumween the estimated and experimenig)can be attributed to
was recorded in chloroform solution on an HP8452Athe TLM contribution of the CR transition which is
UV-VIS spectrophotometer. DPDCP exhibits a strong ab-™M)(—w; w)=19x10"*° CV~*m? Eq. (37). This contri-
sorption in the UV with a maximum at 352 nm, and is es-bution is not included in the group and bond additivity
sentially transparent above 400 rfig. 3). The transition scheme. The Kerr anisotropyty, can now be calculated to
dipole 1) is 21x107%° C m (6.3 D) as determined from the be 22<107%° CV~'m? which is larger than the Rayleigh
integrated absorptioff:?® This value is large for a chro- anisotropy Saz. Only for rod-shaped molecules with
mophore of such a small size, again indicating resonant cone, = a,,= a,, and q;=a,, are the anisotropies identical,
tributions as implied by Eq.39). Neither the position nor the  Sag= dax=a,— a, , Egs.(31) and (41).
intensity of the absorption band changes significantly in sol- It is interesting to note that™™ contributes about 40%
vents of higher permittivity such as acetone or acetonitrileto the long axis polarizability,, and that the polarizability
as expected from the theory of solvatochronfidffor an  anisotropy sa is almost entirely due tox™ in both
excitation with a negligible change of the dipole momentDPDCP and pNA. This suggests that the determination of
upon excitation. This is consistent wigi™"~0, according &™) from UV-VIS spectroscopic measurements can be
to Eq.(32). used as a screening method in the search for chromophores
The tensor trace of the first-order polarizability— ;)  with high S« . Table | provides a comparison of the differ-
was determined by refractive index measureménfsat  ent molecular contributions to the molar susceptibilit{%
632.8 nm in tetrachloromethane solution with an Abbe-3Lin Egs.(29) and (30). The u26« term of DPDCP is about
refractometeBausch & Lomb. Information on the anisot- three times larger than that of pNAdue to its 18% larger
ropy dag(—w;w) of the first-order optical polarizability de- dipole moment and its two times larger polarizability anisot-

fined by ropy. Theu3 term of DPDCP is nearly zero because of its
) ) 5 nearly vanishing second-order polarizability. For pNA, the
o= 3l (= ayy) (@ a2)* + (ayy— @)’ (42 ,Bterm is significant, but contributes only about 17%t,
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TABLE II. Results of quantum chemical calculatiodP2) of dipole moments and static first- and second-
order polarizabilities of DMDCP and pNA.

DMDCP pNA?

w (1073 cm) 26.7 22.9
Qyx\ Cyy 10 cvim? 13.1, 24.2, 35.6 9.5, 17.3, 26.1
trace(a) 100 cvimd 72.9 52.9
Say 10 cvim? 16.9 12.7
Sag ao“cvtm 19.5 14.3
Baxx:Bayy: Bazz 100 cv?md) 0.00, 1.58, 2.04 —0.15,-0.25, 6.60
B=Bxxt Bayy+ Boz? (100 cv2md) 3.61 6.20
4280yl (3k*T?) 100 cv3m? 95 000 52,500
6uBI(KT) 1o cv>mb 1400 2070

% rom Ref. 42.

bGiven in T convention, Ref. 16.

VII. QUANTUM CALCULATIONS Kerr effect, 8 would have to be at least ten times larger.

Thus, these calculations support the assumption that concen-
it_rating on maximization of the fi?Say” contribution is a
more profitable approach to optimizing the chromophore for
PR applications. If the 8" contribution has the same sign

The dipole andhypenpolarizability calculations were per- 2° “woay,” this will increase the total value, but probably
formed at this optimized geometry using second-order perpy only 10%. Examination qf the individual moments shows
turbation theory(MP2) together with a double-zeta quality f[hat _[,)MDC_P has a larger dipole momept and a larger polar-
basis set [82p/2s] augmented with diffuse polarization izability anisotropy day than_pNA. It is interesting to note
functions(ag for C, N, and G=0.2 and 0.05 This basis was that the sum ofa,, and a,, is close t0a,, for both mol-
shown to give results in agreement with larger basis sets fdfcules, so that the anisotrogy is about 1/2a,,. Thus,
the polarizabilities of pNAL42 We have chosen to use DMDCP has a larger polarizability anl_sotropy sinag;, is
second-order perturbation theory since it is important to cal#0% larger than for pNA. We note that in order to maximize
culate the hyperpolarizabilities of conjugated organic mol-iN€ anisotropy, we must aim to increasg, without signifi-
ecules with theoretical methods that include the effects of@ntly increasingy,, or ayy, since these latter components
electron correlation. For example, for pNA the electron cor-are not negligible for these molecules. Finally, if we sum the
relation contribution is responsible for 50% of the valuggof ~Ma&jor contributions to the photorefractive Kerr effect from
The (hypedpolarizabilities were calculated from finite differ- these theoretical calculations, we see that DMDCP is almost
ence calculations of the MP2 energy and MP2 dipole moiwo times more effective than pNA.
ment(where the dipole moment is defined as the first deriva- L€t us turn now to comparison of the calculated values
tive of the energy with respect to an external electric field for DMDCP with the experimental results for DPDGRs
The field strengths used were 0.0, 0.000 667, 0.002 a.weported in Table)l The comparison between the calculated
Analysis of the values based on finite difference of energie@nd experimental para-nitroaniline values has been discussed
versus finite difference of dipole moment indicates that theat length(see, for example, Ref. 4land only comments
error based on finite field differentiation is not significant pertinent to the DMDCP discussion will be raised. First, we
(less than 1% fops). chose to evaluate the properties of DMDCP rather than
The values of the electrical propertiéa the static field DPDCP to make the calculations more computationally trac-
limit) of DMDCP are reported in Table Il together with those table. The difference between the DMDCP values and those
for pNA.*! There are two important points to examine in the of DPDCP is expected to be small, since the major contribu-
context of this work. First, how do the theoretical valuestion to the polarizabilities arises from the mobility of the
compare and contrast for DMDCP and pNA, and secondglectrons in the conjugated system. We note that the dipole
how do the calculations compare with experiment? We cammoment overestimates the experimental value by 9%, not
address the first point predominantly from examination ofunexpected since this is also seen for pNA. If we first exam-
the calculated gas phase properties in the static field limit. Oine dag, which may be directly compared with experiment,
main interest is the magnitude of the contribution to the phowe note good agreemerit9.5 vs 18.X10 >° CV ' m?).
torefractive Kerr effect from the ji26x” term and the Comparison ofrace « with trace a(—w;w) shows that the
“ uB’ term, as summarized in the last two lines of Table II. theoretical static value is about 34% smaller than the experi-
It is clear that for both molecules the larger contributionmental value at 633 nm. It is unlikely that the frequency
comes from the 426" term and that the ‘uB” term is  dependence is responsible for more than 10%—20% of this
considerably smaller even for pNA whegis considered difference. It is possible that the remaining difference could
significant(in the context of nonlinear procesgefor this be attributed to the replacement of the methyl groups
latter term to play an equivalent role in the photorefractive(DMDCP) by n-propyl groups(DPDCB. There is reason-

The geometry of DMDCP, in which the-propyl groups
of DPDCP have been replaced by methyl groups, was opt
mized in C,, symmetry using the MB3LYP density
functionaf”*in conjunction with the 6-31& basis set>*°
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able agreement for the percentage contributions of the inditin oxide (ITO). After evaporation of the solverfhitroben-
vidual components ok to the trace «. Sincetrace a is  zeng, the plates were assembled face to face at an elevated
underestimated theoretically, however, so als@dg . We  temperature of-135 °C, at which the material is a viscous
note though that, most importantly, experiment and theoryiquid, using 100um spacers. The resulting samples were of

are in clear agreement on the increasing trend @f 8" good optical quality and almost transparent throughout the

between DPDCP and pNA. visible region. The absorption coefficieatat 676 nm was 2
There is a considerable difference between theory andm .

experiment in the prediction g8. We will discuss this dif- The dark conductivityogy,y of samples of DPDCP:

ference, but it should be realized that since thes” con- PMMA:TPD:C, was measured to be typically 3.2
tribution to the photorefractive Kerr effect is so much x 1072 (Q cm)™%. The specific photoconductivity,/l at
smaller than the “?6a” contribution, this discrepancy 676 nm was 1.210 2 (Q cm)” Y(W/cm?) at a bias field
does not have any impact on the conclusions in this papebf 5 V/um and 3<10 12 (Q cm) Y (W/cn?) at E,=30
First, we note that there is a difference of more than a factox/um.
of 3 betweenpf.,. and B, for pNA. This difference is The PR properties of DPDCP:PMMA:TPOg, were in-
mainly due to the fact that the experiments are done in polayestigated by using the holographic optical techniques of
solvents, whereas the calculations refer to gas-phas@ur-wave mixing(FWM)*’ and two-beam couplin(2BC).*°
species>**We note that the long axis component®fB,,)  The continuous-wave writing beams 1 and\2=676 nm, 6
for DMDCP is three times smaller than for pNA and that it is mW) were overlapped in the sample, the external angles of
the other in-plane componepy,, that is responsible for the incidence being 60° and 30° as in previous studteBhis
overall B of DMDCP being less than a factor of 2 smaller geometry Corresponds to internal ang|e5 @%33_5° and
than for pNA. Given the fact that DPDCP is much less of a¢,=18.6° in the polymefindex of refractiomm=1.57 and a
“charge-transfer” molecule than pNA, it is possible that the grating period ofAg=1.66 um. The spot diametgiFWHM)
solvent effect for DPDCP is smaller and, therefore, that thel’@f the Weak|y focused Writing beams at the Samp|e was de-
is a much wider difference in hyperpolarizability betweentermined with a silicon photodiode arréigeticon RL0512G
these two molecules in solution. This rationale is borne outo be 760um. The writing beams wers-polarized in the
by the fact that the charge resonance transition of DPDCRWM experiment and the grating was probed with a
does not Solvatochromically shift in a polar environment. p-polarized beam 876 nm, 16uW, spot diameter 37Qm)
counterpropagating to beam 2. The smaller spot size of beam
3 was chosen in order to guarantee complete overlap of beam
3 with the grating. Diffraction efficiencies were corrected for
reflection losses at the outer surfaces of the sample. In 2BC
A doped polymer material consisting of 30% DPDCP, experiments, the writing beams 1 and 2 wprpolarized and
15% TPD, 55% PMMA, and 0.3% g was chosen as a their intensities were monitored directly.
model system to illustrate the potential of functional dyes in ~ Samples of DPDCP:PMMA: TP, exhibited steady-
the CR limit for PR organic materials. DPDCP was charac-state diffraction efficiencieg, of up to 25% at a bias field of
terized as a transparent, highly dipolar chromophore witHLOO V/um. This corresponds to an index modulation in the
large anisotropy of the optical polarizability and negligible PR grating ofAnz(eg-A§1)~e4)/(2n)=0.0010[calculated
second-order nonlinearity(Table ). Polymethylmeth- from Egs.(1), (9), and(10)]. The index modulation showed
acrylat¢ (PMMA, purchased from AldrichM,,=33 000, a quadratic dependencn~ EZ2-°5“%-% on the applied bias
secondary standardvas used as an inert polymer binder field (Fig. 4), indicating proportionality oE.. andE,,. This
with good optical quality and low scattering. behavior is predicted by the standard PR model when the
N,N’-bis(3-methylphenytN,N’-bis(pheny)benzidinéTPD,  trap density-limited space-charge fiel, is much larger
purchased from H. W. Sandw&/as employed as an efficient than both the bias field and the diffusion fielg;~0.1
charge transport agefi€TA).*** The fullereneCg, (Ald-  V/um®
rich) was used as a sensitizer with low absorption at 676 nm  The initial growth of the PR grating was single exponen-
for the photogeneration of free carriéfs’ tial, 7*%<1—exp(—t/7,), with a characteristic rise time, .
Hole mobilities in vapor-deposited glasses and dopedhis functional dependence is consistent with the conven-
polymers containing TPD were investigated recently, andional single carrier model for the formation of the space-
charge transport in these materials was demonstrated to ocharge fieldE,..>° The rise timer, was 850 ms aE,=50
cur via a simple disorder-controlled hopping mecharftéf?.  V/um. The inverse rise time. ! was a sublinear function of
Cqo Was observed to form a charge transfer complex withthe writing intensity, 7, 1~1%42 similar to observations in
TPD in organic nanocomposites and multilayer structfffes, other systems.
the maximum of the CT band lying near 675 nm. The func-  The photorefractive nature of the observed gratings was
tion of Cgg in the photogeneration of charges and in chargeconfirmed by two-beam coupling and grating-phase
transport processes have also been investigated imeasurements? In these experiments, gratings were writ-
photoconductin®f and photorefractivVE polymers. ten with two writing beams of equal intensity. Figure 5
Samples for PR studies were prepared by casting thehows the transmitted intensities of beams 1 and 2 in the
polymer from solution onto glass plates coated with indiumsteady stat€at negative times with beam 1 being amplified

VIIl. PHOTOREFRACTIVE PROPERTIES OF THE
DOPED POLYMER SYSTEM DPDCP:TPD:PMMA:C ¢
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40 this work, 6,=33.5°, 6,=18.6°, §;=64.0°, sample thickness
/ i d=100 um, refractive indexn=1.57, density=0.9 g cm 3,

0.0006 €~n? u~2u (assumey molecular weight of DPDCP
30 M =228.3 g mol'}, one obtains
s000e ] =~ 7s~1.91X 10°X (x Yy yELE 02, (43)
S §_ 7y~ L7310 ()7 s, (44
where a contribution of less than 2% g§)y in Eq. (43

0.0002 ] L 10 was neglected. Thus, withy, and 75, one probes in this

geometry almost exclusivelyt),, and x%Jxy, respectively.
From Eqgs.(43) and(44), one expects the depolarization ratio
—t0 to be 77,/ 7s=3.6 in the limit of the purely “birefringent”
% B-less chromophore DPDCP, Eqg29) and (30). In good
E® (Vum’) agreement with this prediction, we observed experimentally
the ratio 4.0:-1.6. A quantitative estimate of the diffraction
FIG. 4.' Refractive'inde'x modulatioAn and two-beam .COljlp"ng gaif as efficiency and the index modulation assuming a maximum
a function of the bias fieldE, . The curves are quadratic fits. space-charge field oE.=E, cosfs based on Eqs(17),
(309, and(44) yields 7,=7% andAn=0.000 55 atE,=50
V/um. The observed index modulation wasn~0.0003
(Fig. 4). This is a reasonable agreement, in view of the ap-
proximate character of the outlined theory for highly doped
polymer systems and the small index changes involved.

0.0000

by asymmetric energy transfer. The two-beam coupling co

efficient (energy transfer coefficienshowed a quadratic de-

pendencel'~E2:%5°%-22 on the bias field. Because of the
low absorption coefficientr of the material, net two beam
coupling, I'>«, was achieved at very low field&,<20

V/pum.

Starting at time zero in Fig. 5, the sample was translated We have demonstrated photorefractivity in a ldy-

for 2 s with rate 3.2um/s. The resulting periodic intensity Ppolymer system where the dopant chromophore DPDCP has

variations of beams 1 and 2 were clearly out of phase, cona negligible second-order polarizabiligy The modulation of

sistent with a dominant index grating. Fitting of these curvesthe refractive index in this material was shown to be due to
as described in Ref. 49, was impeded by grating decay aridhe interaction of the square of the total electric field in the
intensity fluctuations. Typical phase shifts between indexnaterial with the Kerr susceptibility®(— w;®,0,0), the total
and intensity gratings could thus be determined only to belectric field being a superposition of the bias field and the
between 60° and 90° at fields greater than 3@/ corrobo-  spatially periodic space-charge field. A tensorial formulation
rating the PR origin of the index gratings. of the photorefractive Kerr effect and its microscopic inter-

Some estimates of the PR properties of the material cafretation was presented. A molecular figure of merit for pho-
be made on the basis of Ed41)—(15), (17), and(20)—(30). torefractive chromophores was deriviq. (41)]. Predic-

For the actual FWM geometry and the material properties ofions of the theory were in reasonable agreement with
experimental findings. The second-order dipole orientation
term containing the anisotropy of the first-order optical po-

120 larizability and the square of the dipole moment was shown

] to provide the major molecular contribution to PR perfor-
1.15+ mance. Functional dyes in the charge resonance limit,
5 DPDCP representing a prototype, were identified to optimize

this term. These dyes combine high dipole moments with a

large polarizability anisotropy which is produced by the in-

tense CR transition. The CR transition in DPDCP contributes

37% to the long axis polarizability and 86% to the polariz-

ability anisotropy, assuming that the contribution from

higher-order states is equivalent fag,, ay,, anda,,. Ex-
perimental values of the dipole moment and first-order po-
larizability of DPDCP were in good agreement with those

. . . . . obtained from quantum chemical calculations. The ground

-1 0 1 2 3 state of DPDCP is stabilized by contributions of aromatic

time (s) resonance structures and no significant change of the dipole
moment occurs upon excitation in the CR band. As a conse-

FIG. 5. Two-beam coupling and grating phase measurement. The transmify|ance the CR transition occurs at high energy in the UV

ted intensities of beams 1 and 2 are shown as a function of the translatio

time. The signal for negative times is the steady state. The translation starf€9i0N and QOes not SOIVatOChromiC?f‘l!y shift in a polar envi-
at time zero, the rate being 3/am/s. ronment. Highly transparent and efficient PR polymers can,

IX. CONCLUSIONS
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1.00 4
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intensity (arb. units)
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