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Effect of the chromophore donor group and ferrocene doping
on the dynamic range, gain, and phase shift in photorefractive polymers
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We have studied the photorefractive performance of (dblinylcarbazolg-based composites
doped with various concentrations of two structurally related dipolar chromophores, at 780 nm. The
two chromophores had different electron donor groups, N,N-diethylamine and julolidine,
respectively. Complete internal diffraction and gain coefficients30 cm ! were obtained for
polymers doped with these chromophores. The polymers prepared with the chromophore having the
strongest electron donor group, the julolidine group, had the largest dynamic range, but proved to
be slower and had a smaller photorefractive phase shift2080 American Institute of Physics.
[S0021-960600)70137-1

I. INTRODUCTION ing. A plasticizer, N-ethylcarbazol&C2), is added to lower
_ _ _ _ the polymer glass transition temperatufg to near room
The photorefractivePR) effect in electro-optic materials temperature and provides the necessary free volume to en-
has been described as a refractive index modulation that igpje chromophore reorientation.
induced by a space-charge field. Because of their potential 1ps far, a variety of chromophores has been tested as
applications in the field of real-time holography, the searchy,nants in a carbazole matrix. The Bond Order Alternation

for FObUff and reIiabIeéPRhTatﬁrials haf;s, attracted much atpe oy has provided useful guidelines for the improvement of
tention the past decadesVhile the PR effect was observed ¢ pp chromophore figure-of-merit, and high diffraction ef-

first N Inorganic crysta!s, recen_t resear(_:h has demons_,tra_t iencies and gain coefficients in the infrared have been re-
an efficient PR effect in organic materials, such as liquid ; .
ported for highly polar chromophores with reduced

crystals; organic glasseS.and organic polymerS.Organic aromaticity’ Another issue that has attracted attention re-

polymers combine the photorefractive advantages of high . e .
gain, resolution, and diffraction efficiency with the inherent cently is the effect of the chromophore’s ionization potential

low-cost processability and synthetic flexibility of polymers. (I;5). Chromophores with afy, smaller than that of carbazole

The components of an organic PR polymer composité:an act as compensating trap, and thereby reduce the PR

reflect the subsequent steps that are necessary to produce #j@ting phase and gafiPR polymers having chromophores

index modulation grating® The polymer matrix is a photo- With high I, also had faster grating buildup times:* Mal-
conductor, frequently polj-vinylcarbazole (PVK), that liaraset al. have measured the photorefractive phase shift in

can be sensitized with a small amount of electron acceptoPClymers where the transport matrix contained different
such as (2,4,7-trinitro-9-fluorenylidenenalononitrile  @mounts of carbazole and another hole transport molecule

(TNFM). The charge-transfer complex formed between car{4-(diethylamingbenzaldehyde diphenylhydrazonewith
bazole and TNFM has useful absorption in the infrared, angmallerl ,. Doping the carbazole matrix with a small amount
upon optical excitation and application of an electric field anof the lowl, transport molecule resulted in a decrease of the
electron is transferred from carbazole to TNFM. The hole isphotorefractive phase shiff. Thus, theoretically, an increase
then free to migrate by hopping between adjacent carbazolé@ the chromophore donor strength can increase the PR
units. The space-charge field established by the subsequeigure-of-merit, and improve the diffraction efficiency of the
redistribution of charges reorients the polar dopant dyes iR polymer, but will also reduce the chromophadpeand

the polymer matrix, and the periodic orientation of the opti-thus lead to larger response times and smaller phase shifts
cally anisotropic dyes translates into a refractive index gratand gain coefficients.
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45° TABLE |. Experimental and theoretical values for the dipole moment, ion-
' ization potential, position of the low-energy absorption maximum, and cal-

& \ culated values for the linear polarizability. The components of the linear
/N \ QI polarizability tensor are calculated at 780 nm, addv=ca,,— (ayy
N +a,)l2.
\ CN
X ChromophoreA  ChromophoreB
8"",5 Dipole moment(exp, 1,4-dioxane 9.3 D 11D
'Q' Dipole moment(th, vacuum 8.8D 9.2D
B N O \ lonization potentialexp, CHCl,) 5.40 eV 5.32 eV
' N lonization potentialth, vacuum 7.52 eV 7.33 eV
\ Nmax (€xp, CHCI,) 499 nm 551 nm
CN gy (th) 56xX10 * esu 60<10 %* esu
NC ayy (th) 28x10 %" esu  2K10 **esu
a,, (th) 4.0x10 **esu  3.6¢10 %*esu
o - Aa (th) 41x10"%* esu 45¢10"** esu
DMNPAA / KI_ON o, w?Aa (th) 3.1x10 5 esu  3.&10 5 esu
sal force field(UFF) imply that thep orbital of the amino
NN xCN nitrogen makes an angle of 45° with the plane of the conju-
DHADC-MPN /\/\) CN gated bridge imA, while in B this angle is 82the nitrogen

atom hassp? hybridization.
FIG. 1. Structure of the two chromophores used and the conformation of the ~ 11€ eXpe”menta'l and_ theoretical data on ChromOphoreS
donor group according to geometry optimizations with the Universal ForceA andB are summarized in Table I. The better overlafBin
Field method. Structures of the chromophores DMNPAA and DHADC- |eads to a |arger donor Strength and ground-state d|p0|e mo-
MPN. ment, in agreement with the larger experimental and theoret-
ical dipole moment foiB. The ionization potential, of the

To investigate this possible trade-off, we have Studiquhromophore Is determined by the energy of the HOMO or-

the two structurally related dyes shown in Fig. 1. Both dyes ital, that has a large weight on the amino donor. In chro-

were doped at various concentrations into a PVK/ECZ ma_mophoreA, the nitrogen donor orbital has a largep® char-

trix sensitized with 0.8 wt. % of TNFM. Complete internal ;’:\Ctsr :hanl "r1 ;?r?rroﬁ?o;?' I‘h?el\ov_\ll_ir C%nju?iitlonnn']m;(i
diffraction and gain coefficients- 130 cm ! were observed cads o a farget, tor chromopnore. The absorption maxi-
mum of the charge-transfer transition is red-shifted by 50 nm

at an excitation wavelength of 780 nm. We show that the h ing f h hord to ch horeB. Th
small modification performed on the amino donor of the dye\é\{ffinegmen%e:\?vm c trr?;nop Zr. 0 tclromdoahg(r) e.t( N
substantially affects the chromophdrgand the PR figure- inerenc een experimental an retigass-

o mer. The properies of the yes and the completof) % 0P0Ie moment a1 can be alonaized i e of
with TNFM are summarized in Sec. Il. In Sec. Il we analyze g 9

the evolution of the polymer photoconductivity and in Sec.Charge separatichand the stabilization of the ions gener-

IV the PR characterization with four-wave mixing and two- atedTlr?ethGeibobxsldfitrlfc):rt]iobr?/ ;9 ls\/;gi?ggsgeig\;egé estimated
peam coupliqg 's discussed. We haye observed that compof?-om the Born equatiof® This equationsidentifieﬁG with
ltes doped with the chromophore with the strongest electrort1he electrical work of transferring an ion from vacilum into
donor have the lowest, and the largest dynamic range, but

also the slowest grating buildup speed and the smallest galtrt?e solvent that is treated as continuous dielectric of relative

coefficient. permittivity e
AG Ze N,y -2 1
I. CHROMOPHORE PARAMETERS S 8megl; e )’ (]

AND MPLEXATION . .
co © wherez, is the charge on the iorg the elementary charge,

The structures of the two dyes are shown in Fig. 1. BotiN, Avogadro’s number and; the radius of the ion. It can
chromophores are of the doneracceptor type, with a dicy- easily be verified that this equation predidt&, to be of the
anovinyl acceptor, a conjugated system and an amino donarder 1.5 eV for a singly charged cation of radius 5
group. As has been demonstrated in studies on the first hyx 10 1° m in a medium of dielectric constant 10. This value
perpolarizability of organic chromophores, the incorporationis close to the difference between the ionization potential
of the amino donor into the julolidine group of chromophore values from the calculations in vacuum and the cyclic volta-
B affects the conformation of the donor group and consemmetry experiments in dichloromethane. In the Born equa-
quently the overlap of the nitrogen donor orbital with the tion, the molecular parameter that affects the Gibbs function
conjugated system, and the donor strergtin.chromophore  of solvation is the ion size;. Both chromophore# andB
B, thep orbital of the amino donor is forced more into con- have the same structure and similar substituents on the nitro-
jugation with thesr-system of the phenyl ring. Geometries gen donor atom, thus thre values for the two chromophores
optimized at the molecular mechanics level with the univer-should also be similar. Using values of 4.& 10 °m and
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4.7x 10 % m for chromophore#\ andB, respectively(cal- 07 % —==q
culated from the molar volumethe Born equation predicts a oL zz [ “
difference in solvation free energies of the order 0.03 eV, €
smaller than the 0.08 eV, difference in the liquid phase. 05 - ; ©
Thus due to the similarity in chromophore structure, solva- gor .
tion or the polarity of the matrix does not affect the relative § 04 SR
order of the ionization potentials and the relative position of g - = 0 L . ‘
. L. . £ 03 - — — 500 600 700 800 900 1000
thel, values is expected to be similar in vacuum, polar sol-© ~ Wavelength
vents as dichloromethane, or the PVK matrix. 02 L o
For the components of the linear polarizability tensor =
listed in Table I, thex-axis is defined in the direction of the o1l >
dipole moment. Thg-axis is in the plane of conjugation and T~
perpendicular to thex-axis. The ground-stater,, tensor 0 ' : ' : ]
700 800 900 1000 1100 1200

component is larger for chromophoi® than for chro-
mophoreA, leading to a larger linear polarizability anisot-
ropy A«. Note that for both chromophores, the linear polar-FIG. 2. Absorption spectra of the charge-transfer complexes formed be-

izability tensor has two large tensor components, and EVTVE?:T\A]TNF?)AOZ% hcl’hrorzogh(‘f’rﬁal_ (da?g‘]*d ;inleAE(Al];,lfa(l[g}iji
. = 0. an ull line, =1. ,
ayy. The a,, tensor component is small. =0.0335 M in acetone. Inset: Transmittance of sampBas(full line), BL

The calculated polarizability anisotropf« of chro- (dashed lingand A4 (dotted ling. See Table Il for the polymer composi-
mophoresA and B is similar to the experimental value of tion.

Aa reported for the azo compound 2,5-dimethy(p4-

nitrophenylazganisole (DMNPAA) at 690 nm (3% 10 24 . . .
es1).16 The orientational enhancement of the index modulath€ Benesi—Hildenbrandt equatiéhThe stability constants

. . . . : and molar absorptivities at 780 nm for the chromophore
tion amplitude is proportional ta?A«; due to their large
dipole moments chromophores and B have a u?Aa A-TNFM and chromophord3-TNFM complexes were 5.6

-1 _ -1 —1 1 —
value similar to that reported for 2—dihexylamino-'vI (876=970 M “cm™") and 7.3 M" (e7g=1090

: . M~tcm™1), respectively. The higher stability constant for
7-dicyanomethylidene-3,4,4a,5,6-pentahydronaphthalene ' L d
(DHADC-MPN. 9.8< 1057 esu at 690 nm, 5571057 esu the chromophor®&-TNFM complex is in line with the better

at 830 nm, much larger thanu2Ae of DMNPAA (1.1 electron-donating abilities of the julolidine nitrogen atom in

- hromophoreB.
% 10~57 esu at 690 ni'’ The structures of DMNPAA and © . .
DHADC-MPN are also shown in Fig. 1. For ECZ-TNFM in acetone, a stability constant of 16

-1 — -1 —1 H
One approach to extend the sensitivity of the PR pon-NI ande7ao=44 M‘cm" have been reportétiThus, in a

mer to the working wavelength of 780 nm and to providephOtorefraCﬂ.V e polymer film both F:arba;ole and chro-
compatibility with low-cost laser diodes, is to add a smallmOphoreS will compete for complexation with TNFM. If the

amount of an electron-deficient molecule, such as TNFM§tab|Ilty constant and extinction coefficients of the com-

TNFM forms a charge-transfer complex with carbazole thaf’ lexes in .SOIUt.'On are extrapolated to the complexanon |r_1_the
Polymer film, it can be expected, from the higher stability

has useful absorption in the infrared, and upon excitation O onstant of the ECZ-TNFM complex and the larger carba-
the complex an electron is transferred from the carbazolé

unit to TNFM. As a complication, it has recently been shownzoIe conc_:entrauon in the po!ymer, that the largest fraction of
. TNFM will be complexed with carbazole. However, due to

that the dopant dyes can also complex with TNFM/e their red-shifted absorption and much larger molar absorptiv-

have observed a complexation between chromophbrasd P g P

B, and TNFM. The spectra of the chromophore-TNFM com-ity at 780 nm, the small fraction .Of TNFM-chromophore
plexes in solution are shown in Fig. 2. Numerous studies or(]:omplexes still reduces the transmittance at this wavelength.
charge-transfer complexes have shown that, for a series of
similar electron donors with an identical electron acceptor?“' PHOTOCONDUCTIVITY
the position of the charge-transfer absorption band correlates To test the effect of the difference in chromophore struc-
linearly with the donot ,, shifting to longer wavelengths for ture on the optical properties, a series of polymers was pre-
smallerl values!® Since thel, of the two dyes is much pared with increasing chromophore content. The polymer
smaller than that of carbazolé,((carbazolg=5.9 eV),'%the  composition, numbering scheme, and extinction coefficients
absorptivity of the chromophore-TNFM complex extendsat 780 nm of the polymers are listed in Table II. In the
much farther into the infrared than for the TNFM-carbazoleconcentration series, the PVK/ECZ ratio was varied slightly
complex. The position of the complexation bands in Fig. 2to keep the polymery constant. Thél; of the polymers in
(A-TNFM: \,2,=830 nm;B-TNFM: A\ ,,,,=964 nn) agrees Table Il was measured by differential scanning calorimetry
with the order of thd , values. at a scanning rate of 20 °C/min and was found to lie in the
We have measured the complexation constant and molaange 172 °C. The inset of Fig. 2 collects the absorption
absorptivity at 780 nm of the complexes in acetone by anaspectra of polymer8L (blank), A4 andB4. In sampleBL,
lyzing the evolution of the optical density for a series of no chromophore is present, and absorption in the 500—900
solutions with identical chromophore concentrations, buthm wavelength domain is due to the TNFM-carbazole com-
varying TNFM concentration. The analysis was done withplex. Doping this sample with either chromophore clearly

Wavelength
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TABLE II. Numbering scheme, composition, and extinction coefficient of 3 T T T T
the polymers. i
TNFM ECZ PVK  Chromophore «a (780 nm o2 |
Sample wt.%  wt.% Wt % wt. % cm 't _ E
3
BL 0.84 44 55 0 25 E
oW
Al 0.83 43 55 A 0.83 29 EREAN: E
A2 0.82 43 54 A24 29 ©
A3 0.82 40 54 A 4.9 30 L
A4 0.81 39 54 A 6.4 30 10 L 4
A5 0.82 37 52 A 10 42 F
A6 0.82 34 50 A 15 48
A7 0.98 27 45 A 27 63
1045 | L | L L L |
B1 0.83 43 55 B 0.83 27 0 0.05 0.1 0.15 02
B2 0.82 43 54 B25 55 Mole fraction of chromophore
B3 0.83 40 54 B 4.9 71
B4 0.81 39 54 B 6.4 77 FIG. 3. Photoconductivity normalized by absorbed power for sanfples
B5 0.83 37 52 B9.9 100 Al1-7 (squaresand B1-6 (circles. Conditions: Applied fielde=60 V/um,
B6 0.83 35 49 B 15 130 150 ms light pulseA=780 nm, 7.2 mW optical power, ared.25

X 10°% m2. The solid lines are guides to the eye.

results in a reduction of the transmittance. At the operatingp.8 Simultaneously with the & buildup, a reduction in
wavelength of 780 nm, doping with chromophderesults  photoconductivity by a factor-10 and an increase in pho-
in a large decrease of the transmittance, while the effect oforefractive grating buildup times have been observed, pos-
doping with a similar amount of chromophofeis smaller.  sibly caused by the trapping of charges t&_@g'llWe have
Since chromophor@ has a negligible molar absorptivity at tested if such a reduction in photoconductivity occurred in
780 nm, the decrease in transmittance with increasing chrur PVK/ECZ/chromophore/TNFM mixtures at 780 nm with
mophoreA loading can be attributed to the complexation an electric field of 60 \jkm (optical irradiation 57.6 mw/
between chromophor& and TNFM. Chromophor® has a  cn?); we have found that this occurs, but to a much lesser
red-shifted absorption spectrum comparedtcand a small  extent (<50% afte 1 h of illumination in the aforemen-
molar absorptivity of 24 M*cm™* at 780 nm. Quantita- tioned conditiong Thus the photoconductivity did not vary
tively, this molar absorptivity is insufficient to explain the strongly during prolonged exposure, and the values reported
decrease in transmittance at 780 nm with increasing chrohere are for previously nonilluminated spots.
mophoreB number density. Thus also in the materials based  The evolution of the photoconductivity, normalized by
on chromophoreB, a chromophore-TNFM complex is absorbed power, with chromophore loading is shown in Fig.
formed. 3. From Eq.(2), this parameter is directly proportional to the
The production of a space-charge field in a photorefracproduct of photogeneration efficiency, charge carrier lifetime
tive material involves the generation and migration of freeand mobility. Obviously, a large difference exists between
charges. The efficiency of free charge generation is the phahe samples doped with chromophorsand B. Whereas
togeneration efficiencyp, defined as the number of free doping PVK/ECZ(BL) with 0.83 wt. % of chromophoré
charges produced divided by the number of absorbed phqa1) only results in a threefold reduction in normalized pho-
tons. The speed of the charge displacement in an externaltyconductivity, doping with 0.83 wt. % of chromophoBe
applied electric field is quantified by the charge mobiliy,  (B1) reduces the photoconductivity by a factor of over 40.
A material parameter that is a convolution of the photoge-The smallest normalized photoconductivity was observed for
neration efficiency and the charge mobility is the photocon-B3, 1000 times smaller than fd@L . At higher chromophore

ductivity, oy, The photoconductivity is related to the num- doping levels, the photoconductivity in creases again, and for
ber density of free charges produced by light absorptign A7 even surpasses that BL_.

and the charge mobility b: The evolution of the normalized photoconductivity at
la low chromophore doping levels is similar to what was
o-ph=nDe,u=d>h—e,u7, (2 observed by Paiet al. for the mobility of PVK doped
14

with small amounts of N,Nbis(3-methylphenyH1,1'-

where the charge number density has been written as a funbiphenyl-4,4' -diamine (TPD).?! Since the ionization poten-
tion of the photogeneration efficienay, the absorbed power tial of TPD is smaller than that of PVK, TPD in small con-
| «, the photon energliv, and the charge carrier lifetimee  centrations acts as a trap for the holes that are being trans-
is the elementary charge. ported in the PVK-manifold and reduces the mobility by

Grunnet-Jepseet al. have shown that by illumination of several orders of magnitude. Increasing the TPD concentra-
PVK/ECZ/chromophore/g mixtures for~10 min at 647 tion beyond 2 wt. % increases the probability of hole trans-
nm (optical irradiation 10 mW/cr) in an electric field of 20  port by hopping from TPD to TPD, and the mobility starts to
V/um, a fraction of Gg is photoreduced, and that the amountincrease again at a higher doping level.
of Cgo accumulated in the film scales with the chromophore ~ As was the case for TPD in PVK, th, of the two
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chromophores is smaller than that of carbazole. Thef 0.0035 |
chromophoreB is smaller than that of chromophore ac-
cordingly we see the largest decrease in normalized photo
conductivity for PVK/ECZ doped with chromophoR: For
comparison, we have also measured the normalized phot
conductivity of a PVK/ECZ/TNFM(BL) polymer doped
with 1 wt. % of ferrocene. Ferrocene has gnof 5.19 eV
(E°=0.69 V vs SHE in CHCI,), even smaller than that of
chromophoreA andB. The doping with ferrocene in such
small quantities did not affect the transmittance of the mate-
rial at 780 nm, but resulted in a decrease of the normalized

N
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0.0015 0 10 20 30 40 S0
Electric Field (V/um)

Index modulation am(p?
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photoconductivity by a factor of 170, much larger than for 0 L L L L |
doping with a similar amount of chromophor&sandB. The 0 110" 210% 310% 4 10% 510% 6 10®
evolution of the photoconductivity at low chromophore dop- Number density of chrormophore (c™)

ing levels demonstrates that the chromophores at low con- ) ) ) ) ]
EIG. 4. Index modulation amplitude calculated from the diffraction effi-

cent_ratlons act as a trap for hole-transport in the carbazolgenCy at 50 Vum of polymersB2-6 (squaresand A2-7 (circles at 780

manifold. _ _ nm. Inset: Diffraction efficiency as a function of applied field for polymers
Note that at higher chromophore concentrations the norA7 (squaresandB6 (circles. Even though chromophoi® has the largest

malized photoconductivity increases again_ For Chromophor@lﬂ'e-of merit, the diffraction ef‘fiqiency oA7 is higher because of the

B at high concentrations we calculate that the largest fractioff'9¢" chromophoré number density.

of the photons at 780 nm are absorbed by the TNFM-

chromophoreB complex. Also for the samples doped with a _

large amount of chromophor, a large fraction of the ab- _ arcsm/;

sorbed photons produces a photoexcited chromophore : 564 ©

A-TNFM complex. Dissociation of the opically excited 564 is the numerical value of a combination of various con-

complexes results in TNFM anions and chromophar8 g
. . : stants, that depend on the geometry of the four-wave mixing
cations. The holes can then migrate by hopping from chro- . . :
. . “experiments. The resulting plot afn as a function of chro-
mophore to chromophore, and the chromophore participates

in the charge transport. Evidence of the charge-transportinrgnorzzzgnr;uvz?t?]e:hielr;sr'tira;Fglpgm mlg,r:Qr?QN :n? Fcl)?ériA;aISilit
capabilities of chromophoréd was also provided by the 9 9 P P y

good photorefractive properties of a polymer mixture of.‘erISOtrOpy of chromophor®, the B polymers have larger

oolycarbonate, chromophore and TNEM. Due to the ab- index modulatlon amplltues at identical chromophore con
entrations. For polymerB6 and A7 the evolution of the
sence of a separate charge-transporter, such as carbazole, the . . : - ) S
: ; . normalized diffraction efficiency with electric field is shown
photorefractive response can be explained by assuming tha . :
. .- In the inset of Fig. 4.
chromophore®\ participate to charge transport. In addition,

the width of the density of states of the chromophore and Strutz and Hayden have demonstrated the possibility of

carbazole hopping manifolds should increase due to tht\'-/:w'tmg photorefractive and photochemical gratings in a

. - o . polymer composite of PVK/ECZj§gchromophoreA at 7
larger dipolar contribution to the energetic disoréfewhile Wt. % chromophore loading. The photochemical grating

this effect is known to reduce the mobility, the mcreasedwas written at a wavelength of 675 nm and involved triplet—

concentration in chromophore hopping centers leads to th{eriplet energy exchange between the photoexcitggl aBd

opposite effec(mpreasmg the mobility Thus_at high doping chromophoreA. We have used the sensitizer TNFM and a
levels, the density of states on average will be at lower en- .
working wavelength of 780 nm, and have only observed re-
ergy and more broadened. versible, field-dependent photorefractive gratings
We have tested the effect on the photoconductivity of ' P P 9 gs.

. . ) . Harper et al. have shown that for highly polar aniso-
doping the materials with the highest chromophore CONCeN opic chromophores at high concentrations, chromophore—
trations,A7 and B6, with 1 wt. % of ferrocene. The doping P b g ' P

reduced the normalized photoconductivity by a factor of 3.?)chromophore electrostatic interactions occur that counteract

and 3.7 forA7 andB6, respectively. The decline of the nor- the alignment of the chromophores by an 'externa.I fiéld.
: L . Due to these chromophore—chromophore interactions, the
malized photoconductivity is smaller than for doping PVK/ . -
: ; dependence of the electro-optic coefficient on chromophore
ECZ/TNFM (BL) with ferrocene and the reduction of the N . ) .
. . number density is no longer linear, as predicted by the ori-
trapping potential of ferrocene can be seen as support for the

thesis that the positive charges in chromophore doped pol ented gas model, but shows a maximum. If the oriented gas

mers are beina transported in a lower-lvina manifold model is applied to lowTl'; polymers, the index modulation
9 P ying ‘ amplitude scales with the photorefractive chromophore num-

ber densityN as®

The diffraction efficiencies of the polymers in Table Il An=N(Au’Aa+BupB)EscEexT, (4)
were measured at 780 nm under steady-state conditions améhere various constants are combinedAirand B, such as
the refractive index modulation amplitude was calculatedocal field and geometry factors, atfitk: and Egx are the
using® amplitudes of the space-charge field and applied field, re-

IV. PHOTOREFRACTIVE PROPERTIES
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FIG. 5. Evolution of the normalized diffraction efficiency as a function of
time for materialsA7 (1), A7+1 wt. % ferroceng2), B6 (3), andB6 + 1

W_t' % ferrocgne(4). The sample was kept at an electric f'e!c_' of Aquil FIG. 6. Diffraction efficiency as a function of electric field fB6 (squares
with one writing beam on for 3 min. Then the secon_d ert!ng beam Was ndB6 doped with 1 wt. % of ferrocentircles.

turned on at=0 s, and the build-up of the diffracted intensity was moni-

tored.

Electric field (V/um)

charge field. The amplitude of the steady-state space-charge
spectively. Whereas the linear relation betwdemandN is  field is?

sometimes seen as evidence that chromophore—chromophore

interactions can be neglected, it does not prove the absence o 2 E2 1 E2

of these interactions. Quantitatively, then values calcu- Ei= ph k) D_—06 ,
lated from thew?A « are larger than those observed experi- Tpht Taard (1+ (Ep/Eq))?+(Eos/Ep)?
mentally, which can indicate aggregation. ®)

Figure 5 shows the evolution of the normalized diffrac-
tion efficiency as a function of time for samplB§, A7, B6  where o, and o4, are the photo and dark conductivities,
doped with 1 wt. % of ferrocene, akl’ doped with 1 wt. %  Ep=2wkgT/eA the diffusion field,Eq=NyAe/2mege, the
of ferrocene. The incorporation of the amino donor in a ju-trap-limited field, andEqg the component of the applied
lolidine group improves the diffraction efficiency; however field along the grating vectokg is the Boltzmann constant,
when comparinA7 to B6, the speed of the grating build-up T the temperatureg the electron charge\ the grating pe-
decreases strongly. The addition of 1 wt. % ferrocend&70 riod, ande, and e, are the permittivity of vacuum and the
and B6 results in a further increase of the grating buildup static dielectric constant, respectively. The first ratio can be
time. seen as the washing out of the space-charge field that takes

Writing of a photorefractive grating in lowy polymers  place if the magnitude of the dark conductivity approaches
involves the steps of charge generation, charge migratiorthat of the photoconductivity.
and chromophore reorientation. Since the PVK/ECZ ratio We have measured the photoconductivity and dark con-
was varied to keep th&; constant to within 4°C and the ductivity of B6 and B6 doped with ferrocene at an applied
chromophores have similar structures, the speed of reorieffield of 60 V/um. Due to the lowering in photoconductivity
tation should be similar for the materials in Fig. 5. The speedupon doping with ferrocene, the ratio,,/(opn+ 0gark)
of the space-charge field build-up, however, depends on thérops from 0.85 to 0.39, leading to a twofold decrease in the
processes of charge generation and migration, just as themplitude of the space-charge field according to E).
photoconductivity. The parallel evolution of build-up time From Eg.(4), the refractive index modulation amplitude is
and photoconductivity, as discussed in Sec. Ill, shows thadlirectly proportional to the amplitude of the space-charge
B6 and the ferrocene doped polymers are slower due to thield, and will therefore also be reduced by a factor 2. From
reduced speed of the space-charge field buildup. A correlégg. (3) and the data in Fig. 6, the index modulation ampli-
tion between photoconductivity and grating build-up timetudes at 60 \jkm are calculated to be <110 2 and 1.9
has also been reported in Refs. 9, 11, and 25. Zilker an 10 2 for B6 doped with ferrocene anB6, respectively.
co-workers have also shown that a more dispersive charge The gain coefficients at an electric field of 50 as a
transport leads to a slower holographic respdfise. function of chromophore concentration are shown in Fig. 7.

The doping ofB6 with ferrocene also results in a de- Two tendencies can clearly be observed: the gain coefficient
crease in steady-state amplitude of the diffracted beam. Thisicreases with chromophore concentration, and at identical
evolution is shown in Fig. 6. Since doping with ferrocene concentrations the gain for materiad®-7 is larger than or
does not affect the chromophore concentrationTgy the  similar to the gains foB4-6, although the dynamic range
achievable refractive index modulation by birefringence re-was larger for theB samples. The gain coefficients of poly-
mains identical. As shown by the evolution of photoconduc-mersA7 andB6 as a function of electric field are shown in
tivity, the largest effect of ferrocene doping is on the spacethe inset of Fig. 7.

Downloaded 28 Jun 2002 to 128.196.184.24. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



J. Chem. Phys., Vol. 113, No. 13, 1 October 2000 Ferrocene doping of photorefractive polymers 5445

20
A7 »
100 *
.
.
15
— L} —_
= &
5 . )
2 10 F 2 i n
= . = & 10 B6
g &
© o0
£ * g - ] B6 + ferrocene
& . g
[ ] © . A7 + ferrocene
5 - .
[]
I r .
. [ ]
70
| | ‘ l‘:ield (Vi) 1 o . ) | . )
0 1102 2102 3109 4107 5102 610 0 1107 2107 310% 4107 5107 610"
Chromophore number density (cm™) Chromobhore number density (em®)

FIG. 7. Gain coefficient at an applied field of 50, Mh as a function of ~ FIG. 8. Photorefractive phase shift calculated from gain coefficient and

chromophore number density for polymers doped with chromoplktore diffraction efficiency as a function of chromophore number density for poly-

(circles and B (squares Inset: Gain coefficient as a function of applied mers doped with chromophore (circles andB (squares The field was 48

field for materialsA7 (circles andB6 (squares V/um. The arrows show the change in phase shift found upon doping the
polymersA7 andB6 with 1 wt. % of ferrocene.

The increase of the gain coefficient with chromophore ~ The smaller phase shift for composites based on chro-
concentration can partly be rationalized by the dependenceophoreB compared to chromophot can be attributed to
of the gain coefficient on the refractive index modulationthe smalled , or better trapping potential of chromophdse

amplitude: In the model proposed by Grunnet-Jepsetral, a chro-
mophore with small , acts as a better compensator and a
Am _ - iti i ]
I=—"(e,.€5)Ansiné, ©6) Iarggr concentration (_)f photpreduced sensitizer V\{l!l accumu
A late in the polymer. Since this photoreduced sensitizer acts as

_ _ the photorefractive trap, a larger concentration of this trap
where\ is the optical wavelengtte; ande, are the polar- produces a smaller photorefractive phase $HiitFig. 8, the
ization vectors of the two writing beams, adis the pho-  arrows indicate the change in phase shift induced by doping
torefractive phase shift between the space-charge field anglaterials A7 and B6 with small amounts of ferrocene.
the interference pattern generated by the interacting beamglearly, adding 1 wt.% of ferrocene further reduces the
From Eq.(6) and the index modulation amplitudes in Fig. 4, phase shift, in agreement with the Idyy of ferrocene com-
we have calculated the photorefractive phase shifts. The evgared to the other components in the photorefractive mixture.
lution of the phase shift with chromophore concentration is  We have also reported on the phase shifts of two poly-
shown in Fig. 8. An increase in chromophore concentratiormers doped with structurally related dyes with higher ioniza-
produces a larger phase shift, and coincides with the intion potential than chromophora.l® These polymers, at
creased photoconductivity at higher chromophore concentraimilar doping levels, also exhibited a larger photorefractive

tions. The lower gain coefficient of the polymers doped withphase shift than is observed in polymers with chromophores
chromophoreB is also explained by a smaller phase shift. A andB.

This evolution of the photorefractive phase shift with
chromophore concentration and ionization potential is simi-
lar to what has been reported by Malliarasal? These V. CONCLUSION
authors have modified the composition of the photorefractive  In conclusion, we have prepared photorefractive poly-
hole-transporting matrix by adding a transport molecule withmers doped with different concentrations of two chro-
low ionization potential, 4diethylamingbenzaldehyde mophores. These chromophores have identical conjugation
diphenylhydrazonéDEH), to PVK. Doping a small amount paths and acceptor groups, but differ in the nature of the
(<5 wt. %) of DEH in the PVK matrix causes a strong de- electron-donating groups: either diethylamine or julolidine
crease in phase shift. At higher concentrations, the phas@oieties. Quantum-chemical calculations show that the julo-
shift increases again, due to the contribution of DEH to thdidine group is the strongest electron donor, leading to a
hole transport. For our polymers with low chromophore con-larger dipole moment and smaller ionization potential. Both
centration, the photorefractive phase shift was difficult tochromophores form a charge-transfer complex with the sen-
calculate due to the experimental errors on gain and diffracsitizer TNFM, which results in a larger absorptivity of the
tion efficiency. At higher chromophore concentrations, thephotorefractive polymers at the operating wavelength of 780
increase in photoconductivity and phase shift with chro-nm as the chromophore concentration increases.
mophore concentration suggests that the chromophore acts as At identical chromophore concentrations, the larger
a trap at low concentrations and starts to participate irasymmetry induced by the julolidine group proves beneficial
charge-transport at high concentrations. for obtaining a higher dynamic range. The dependency of the
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dynamic range on the chromophore number density is found AV

to be linear. The polymers based on the chromophore with TphTRES (8)

the diethylamine donor, however, have a larger photorefrac-

tive phase shift and a smaller buildup time. The photorefrac-  The photorefractive characterization of the samples was
tive phase shift increases with chromophore concentratiorRerformed by measuring steady-state diffraction efficiencies
These tendencies can be understood by considering the pd2d two-beam coupling gain coefficients as a function of
sibility that a positive charge can be trapped and transporte@Pplied field. A degenerate four-wave mixing technique was
within the chromophore manifold. Photoconductivity experi-used to obtain diffraction efficienciésThe two writing
ments provide evidence for this scenario. As an other illusbeams were s-polarized, had a power of 2.8 mW each, and
tration of the effect of charge trapping on the phase shift andvere collimated to 30.m diameter inside the sample. The
response time, samples doped with chromophore and a sm&fobe beam wap-polarized, collimated to a diameter of 150
amount of ferrocene have been tested. Addition of ferrocenem and had a power of ZW. The normalized diffraction

results in a further increase in the response time and a dé&fficiency was calculated as the ratio of the intensity of the
crease in photorefractive phase shift. diffracted probe bearhy; and the intensity of the transmit-

ted probel; without the diffraction grating:
| 4
VI. EXPERIMENTAL/THEORETICAL APPROACH n= %. 9
t
in the two-beam coupling experiments, the photorefractive
CSrating was written with twg-polarized writing beams. The

For the quantumchemical calculations, the geometry op
timizations have been performed at the mozl;ecular mechani
level, using the Universal Force FieldFF),”" and the ex- . s .
cited states were calculated with the INBYSCI approach. gain coefficient” was calculated as:

The ionization potential was obtained by applying Koop- 15(1,#0) 15(1,#0)
man’s Theorem at the INDO level. The linear polarizabiliy ~ 1 d=C0Se1| In 15(1,=0) —COSay| In 1%(1.=0))
tensor components are from fully converged Sum-Over- ! 2 (10)
States calculations.

ChromophoreA was purchased from Chromophore Inc..
ChromophoreB was synthesized by reaction of(2;5,5-
trimethylcyclohex-2-ene-1-ylidend,3-propanedinitrile an
4-formyljulolidine in dimethylformaldehyde solution in the
presence of acetic acid, acetic anhydride, and pyri%ﬁerne ACKNOWLEDGMENTS
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I} andl}, are the transmitted intensities of writing beams 1
and 2,a; and a, are the angles between the writing beams
d and the normal to the sample, adds the sample thickness.
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