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Abstract: We report photorefractivity in nematic liquid crystals doped with electron deacceptor molecules that
undergo intramolecular photoinduced charge separation. We show that subsequent intermolecular electron transfer
from the intramolecular ion pairs to neutral dor@cceptor molecules is responsible for the charge migration over
macroscopic distances that is required to produce photorefractivity. The results are compared to nematic liquid
crystals doped with identical unlinked donors and acceptors that can achieve charge separation only through
intermolecular electron transfer. We find that the liquid crystals doped with molecules that first undergo intramolecular
charge separation exhibit superior photorefractivity when compared to the same liquid crystals doped with unlinked
donors and acceptors. The differing mechanisms for charge generation and charge transport in these liquid crystal
composites are analyzed.

Introduction over macroscopic distances. If the positive and negative charges
have different mobilities, an electric field (or space charge field)

d is formed which modulates the index of refraction through either
the linear or quadratic electrooptic effect. Clearly, the maxi-
mization of the photorefractive effect is not an easy problem,
because the electrooptic, charge generation, charge transport,
and charge trapping characteristics of a material must be
simultaneously optimized. Furthermore, the absorbing chro-
mophore must be tuned to match the laser wavelength for the
application desired. For example, the chromophore utilized for

refractive index of a material. The mechanism for the refractive optic_al s_ignal processing applicati_ons at near-infrared telecom-
index change begins with a sample that weakly absorbs a lasefnunications wavelengths W'”. be.dlﬁer.ent than the chrgmophore
beam. An appropriate sample will allow the absorbing chro- used for data storage applications in the blue region of the
mophores to dissipate some of their energy through chargeSpeCtrum_' _ . .

separation. Photovoltaic materials, or the application of an Nematic liquid crystals are novel photorefractive materials

electric field, permit photoinduced directional charge transport because th?'r refractlve_ index change is der_lved en'qrely from
the quadratic electrooptic effect. Although this effect is usually

Liquid crystalline materials are of interest for a variety of
applications in the areas of optical signal processing an
photoinduced charge transpérf. An exciting recent develop-
ment is the marriage of both of these areas in nematic liquid
crystals to produce photorefractive holograimn®. The photo-
refractive effect holds great promise for reversible optical
holography, noise-free optical image amplification, phase
conjugate mirrors, and other optical signal processing tech-
niques—1> Photorefractivity is a light-induced change in the
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birefringent NLO chromophores within the space-charge field. Excitation beams
For the most recent photorefractive polymers, the quadratic
electrooptic (or orientational enhancement) effect has been
shown to be responsible for a majority of the photorefractive
gain?2 One of the motivations for this work is that the
orientational enhancement effect should be very large in liquid
crystals due to their birefringent nature and the fact that they
can reorient even within optical fields.

In order to observe photorefractivity in nematic liquid crystals,
they must first be doped with electron donors and/or acceptors
that induce photoconductivity. This was initially accomplished
by doping a nematic liquid crystal with dye molecules such as
rhodamine 63:% These dopants were limited by solubility and
poor charge generation characteristics. We recently showed that EN
by doping a eutectic mixture of nematic liquid crystals with
electron donors and acceptors that have favorable redox proper-
ties, facile intermolecular charge transfer occurs, and a large
photorefractive gain is observéd. A limitation of these
composites is that the charge generation efficiency is limited
by the excited state lifetime of the absorbing electron-donating
chromophore. It must collide with an electron acceptor during
its lifetime or no charge generation will occur. However, it is
known that the lifetimes of intramolecular ion pairs are increased lioss lgain
by a thousand times or more in liquid cryst#sWe now report Figure 1. A schematic of the experimental geometry is illustrated.
photorefractivity in liquid crystals that are doped with electron The sample is tilted at an angle= 30° relative to the bisector of the
donor-acceptor molecules that undergo efficient photoinduced two beams. This allows for charge migration along the grating
intramolecular charge separation. Since the observation of Wavevector which resu_lts in a sinusoidal space charge fiel_d. A phase
photorefractivity in liquid crystals relies on migration of charges grating re;ults from thg |nf|luence qf the electric field on the orientational
over several microns, we show that the initial intramolecular SOnfiguration of the birefringent liquid crystal molecules. The beams
charge separation is followed by intermolecular charge Separa_are polarlzgd in the plane of the paper (i.e. extraordinary) and parallel
. . . . - to the grating wavevector.
tion that results in bulk charge migration. The magnitude of
t_he_observed _photorefractlwty is found to be a function of the | o 37um thick, as determined by a Teflon spacer. A low voltage
lifetime of the intramolecular charge separated state. We further yover supply was utilized to apply voltages of otV to thesample,
show that intramolecular charge transfer dopants provide a morewnich resulted in electric fields of up to 0.81 kv/cm.
efficient mechanism for producing photorefractivity than inter- Four molecules {—4) were utilized as the intramolecular charge
molecular charge transfer dopants. This permits lower dopanttransfer dopants. Their synthesis is described elsevRefbey were
concentrations that in turn reduce absorption losses in thesechosen for the following reasons: (1) The lifetimes of the charge

ITO electrodes

Diffracted beams

materials. separated states in degassed toluenelfet are 5.3, 104, 150, and
300 ns, respectively, as determined by time resolved transient absorption
Experimental Section experimentg?31 As Table 1 illustrates, this trend is preserved in the

liquid crystalline environment, with the lifetimes of the ion pairs

The experimental apparatus uses two coherent beams from*an Ar increasing by at least one order of magnitude in the anisotropic solvent.
laser at 457 nm that are crossed in the sample as illustrated in FigureThis variation permits the study of photorefractivity as a function of
1. Since the experiment is performed in the Ramilath (thin) grating the lifetime of the intramolecular charge separated state. (2) They
regime, multiple diffracted beams are observed. Photorefractivity undergo intramolecular charge separation with nearly 100% quantum
manifests itself as a gain in the diffracted and undiffracted intensity of yield. (3) Photoinduced electron transfer occurs through excitation of
one beam and a corresponding loss in the intensity of the other beamthe 400 nm absorption bands of the donor chromophores based on the
and its corresponding diffracted beams. The diffraction efficiemcy  aminonaphthaleredicarboximide derivatives. The tails of the dopants’
is defined as the ratio of the energy in the first-order diffracted beam absorption bands extend to at least 500 nm, which permits the use of
divided by the incident energy of the zero-order beam. As many as an Ar* laser. Figure 2a illustrates the ground state absorption spectra
eight diffracted orders have been observed. The beams are unfocussedf the donor and acceptor for both the intramolecular and intermolecular
and have a Hdiameter at the sample of 2.5 mm. The samples consist charge transfer dopants in toluene. The spectra are similar for all of
of 35% by weight 4(octyloxy)-4-biphenylcarbonitrile§OCB) and the dopants, with the exception &f which has a 50 nm red-shifted
65% 4-pentyl-4-biphenylcarbonitrile5CB). The samples are homeo-  absorption band. Figure 2b illustrates the broadened spectr@inof
tropically aligned by treatment of the ITO slides with octadecyltrichlo-  the liquid crystalline environment. The extinction coefficients at 457
rosilane! The 8OCB/5CB mixture lowers the nematic-to-solid phase  nm are approximately 1000 M cm™ for 4, 2000 M1 cm? for 1,
transition from 24°C for pure5CB to 5 °C.?” We found superior 5000 Mt cmt for 3, and 10000 M! cm~ for 2. (4) They are well
photorefractivity for this mixture, presumably due to a greater reorienta- characterized in liquid crystalline environmeftsThey are soluble
tion angle of the molecules derived from a lower orientational viscosity and their long axes are known to align parallel to the director of the
of the liquid crystal mixture relative t6CB. The birefringence of liquid crystal.
80OCBiis also slightly higher than that 8iCB.2¢ Additionally, neither Samples containingl—4 were compared to liquid crystalline
component possesses any visible absorption, reducing unwantedcomposites containing only the donor chromophpaad to composites
competition with the charge generator for photons. The samples usedcontaining both donor molecuteand the acceptddl. This permitted
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Figure 2. (a) The ground state absorption spectra e# in toluene

NCC5H11 NCCaH17 are illustrated. (b) The spectrum®fn a liquid crystalline environment

is illustrated.

o] (o] I
O O b~
< >“ @ Ceti7—N @ 817 400 500 600
(o] [o) (o]
5

5CB 80CB )
Table 2. The Free Energy for Charge Separation and Charge

Return in Polar Liquids (Calculations are Made Assuming a Value

Table 1. The Charge Separation and Charge Return Constants in for s of 10.5)

Toluene and the Liquid Crystal

Tcstoluene (ns) Tcr toluene (ns) Tcr LC (us) Es(eV) r2(A) Eox(eV) Eren(eV) AGes(eV) AGcr (eV)
1 280 7.7 0.79 —1.41 —0.78 —2.02
5 oot 0> 523 2 248 152 108 -053  —096 ~152
5 1 150 a4 3 280 152 120 —053  —116 ~164

2 The charge separation #hoccurs in two steps. The first step is
) ) . . . . ... photoinduced with energetics that are the same &suithile the second
a direct comparison of photorefractivity for systems in which the initial - thermal electron transfer produces the final, more distant ion pair.
charge separation occurred through either an intermolecular or intramo-

lecular mechanism. Compour@tonsists of a donor and an acceptor  of g = 1.1 x 108 cm™, corresponding to a fringe spacing=
tha;t_hare |de_?t|é:al tt‘f/N" d s for ch i 57 um, was utilized for this measurement.
€ excied stales and lree energies for charge separalion are  pqp q)antitative comparison of the grating strengths in the
illustrated in Table 2. The free energy for charge separath®.§) ; - : o g :
was calculated using the relationship: d|ffe_rent liquid crystal composites, the first-order dlff_ractlon
efficiency measurements of the Raman-Nath gratings are

) reported. Several concentrations for each of the dopants were
AGes= Eoy — Enep — & _ E, 1) utilized, and Fig_ure 4 illustrates the highest diffra_ction efficie_ncy
€12 values vs applied voltage for the samples with the optimal

concentration of each dopant. A wavevector valug ef 1.1
whereEox is the oxidation potential of the dondEgep is the reduction x 10 cm! was again utilized. The first clearly noticeable
potential of the acceptoEs is the first excited singlet state of the donor,  fact is that the intramolecular charge transfer molec8lasd
& is the charge of an electros is the static dielectric constant, and 4 are superior to the intermolecular charge transfer dopants for
ri2 is the center-to-center distance between the donor and acceptor. inducing photorefractivity. For these dopants, larger diffraction
efficiencies are achieved at lower applied fields. Photorefrac-
tivity for 3 is observed for an applied voltage as low as 0.2 V,

Figure 3 illustrates the asymmetric beam coupling that is the corresponding to an applied field of only 50 V/cm. For
signature of photorefractive gratings. The diffraction pattern applications purpose$, has superior chemical stability in the
only appeared for extraordinary polarized light and with the liquid crystals relative t@l. Apparently, the methoxy group of
application of an electric field. These observations confirm that 4 leads to photoinstability in th&CB/80OCB environment,
the grating is due to an orientational photorefractive grating and which leads to a loss of photorefractivity over a few days. The
not to thermal or absorption gratings$ A wavevector value voltages were not increased to higher values for these samples

Results
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Figure 3. The asymmetric photorefractive beam coupling f&GB/ hy
80CB mixture containing 7.2x 10~* M of 3, as measured by the ratio
of the beam that gains (loses) intensity relative to its incident intensity,
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is illustrated. Kor
020 o 5 s5500m / AB
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016 - | ceoonm M diffusion. For example, electron-exchange mechanisms were
§ NI, 6.4x10°M . first discussed by Levich and Dahi#%3® Ruff and Friedrich
L 012 / generalized these theories and named the process “transfer
= i diffusion”.3* This process has also been discussed in the
= 0.08 1 p / -—* * framework of Marcus theor$?
-% L /A—/’A / The third important experimental observation is illustrated
© in Figure 5, which shows the diffraction efficiencies for the
905 0.04 - . M intramolecular and intermolecular charge transfer dopants as a
function of concentration. Remarkably, the ideal concentration
0.00 0'2 . 0'4 . 0'6 . ols . 1'0 . 1'2 . 1'4 . 1'6 . 1'8 of the intramolecular dopaiis a factor of 6 less than that for
: ) ' ) ) ) ’ ’ ) the intermolecular case 6fNI, despite the fact that the identical
Applied Voltage chromophore is optically excited. Furthermore, in the concen-

Figure 4. The diffraction efficiency of the photorefractive grating in tration region studied, the intermolecular charge transfer samples

the composite systems is illustrated. Note that high diffraction efficiency displayed Td monotonic 'ncrea_se in diffraction efficiency with
for the composites containing the intramolecular charge transfer dopantsconcentration, whereas the intramolecular dopants actually
occurs at lower applied voltages than those for the intermolecular chargeShowed lower diffraction efficiency at concentrations above

transfer dopants. approximately 1x 1073 M.

because the measurements were not found to be reliable forDiscussion
very strong gratings with numerous %) diffracted beams. Also,

theories relating the diffraction efficiency of Raman-Nath The summary of the three important experimental observa-
gratings to various physical parameters are not valid for tions is as follows: (1) Appropriate dopants which undergo

diffraction efficiencies above approximately 0.2. intramolecular charge transfer are capable of providing large
The second point is that the magnitude of the diffraction photorefractive grating diffraction efficiencies which exceed
efficiency for samples with intramolecular doparits-4 is those for similar intermolecular charge transfer dopants. (2)

clearly dependent upon the lifetime of the charge separated stateThe magnitude of the diffraction efficiency increases with longer
Dopant1 has no measurable photorefractivity and a charge ion pair lifetimes. (3) The concentration of dopants necessary
separated lifetime of only 530 ns in the liquid crystal. Dopant to induce similar photorefractivity is significantly lower for the
2 has a charge separated lifetime of 770 ns and has diffractionintramolecular charge transfer dopants than for the intermo-
efficiency comparable to that for samples doped ith.iquid lecular charge transfer dopants. Additionally, the diffraction
crystal composites containing dopaftand4, which have ion efficiency does not increase monotonically with concentration
pair lifetimes of 4.4 and 3.2s, respectively, have dramatically  for the intramolecular charge transfer dopants as it does with
increased photorefractivity over composites that contain dopantsthe intermolecular charge transfer dopants. Thus, significantly
with shorter ion pair lifetimes. lower concentrations and reduced absorption for the intramo-
The dependence of diffraction efficiency on the dopants’ion lecular ion pair dopants are achieved with superior photore-
pair lifetime points to charge hopping as a mechanism for chargefractive diffraction efficiency. These observations indicate
transport, because the likelihood that charges will hop to important mechanistic differences for the production of bulk
neighboring molecules increases with the lifetime of the charge charge separation. An analysis of each of the above findings
separated state. Schemes 1 and 2 indicate the proposeds made below.
mechanisms for bulk charge separation for composites contain- :
ing intermolecular and intramolecular charge transfer dopants, ggg 'E)‘Z‘Qﬁ:‘s'y\{_-'f-éﬁ;f&?gﬁﬁggg“'75'%‘2;‘_’0*‘9”"' Eno66 4, 314.

respectively. Charge hopping in liquids has long been discussed (34) Ruff, I.; Friedrich, V. J.J. Phys. Cheml971, 75, 3297.
as an enhancement mechanism for conduction in addition to  (35) Suga, K.; Aoyagui, SBull. Chem. Soc. Jprl973 46, 755.
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Figure 5. (a) The dependence of the diffraction efficiency vs

concentration is illustrated for the composites containing the intermo-
lecular charge transfer doparéNI. The concentrations & and NI

are equivalent and are given in the legend. A monotonic increase in
diffraction efficiency with concentration is observed. (b) The depen-
dence of the diffraction efficiency vs concentration is illustrated for
the composites containing the intramolecular charge transfer d8pant
The diffraction efficiency is not a monotonic function of the concentra-
tion.

I. Superior Diffraction Efficiency for the Intramolecular
Charge Transfer Dopants. As discussed in the introduction,
photorefractivity can only occur if the mobility of the positive
and negative charges are different. Itis our goal in this section
to show that the difference between the diffusion coefficients
of the cations and anions is much larger for the intramolecular

dopants vs the intermolecular dopants. The significance of this
difference can be illustrated by the equation for a space charge

field derived from ion diffusion with a light intensity modulation
of I = I4(1 + cos@3x)):5°
_ —mkTop* — D)(
26, \D*+D"

0

Oph
Oph + oy

sc ) sin(gx) 2
Here,opn is the photoconductivitygg is the dark conductivity,
ks is the Boltzmann constard,is the wavevector of the grating,
andD* andD~ are the diffusion constants for the cations and

anions, respectively. Equal intensity beams are assumed. Itis

clear that the two factors which determine the magnitude of

the space charge field are the difference in the photoconductivity

versus dark conductivity and the difference between the diffu-
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Figure 6. The diffraction efficiency of the photorefractive grating as
a function of optical intensity is shown for composites containing either
3 or 5/NI. The 5/NI sample saturates at lower intensities than the
composite containin@. The grating spacing is 168m.

We can determine the difference between the diffusion
coefficients through the relation of these quantities to the dif-
fraction efficiencyy of a Raman-Nath orientational gratif§:

LT [Execc, sinA\[ opn | |2
T 7K €E o —ay ©)
e qil"i' A ph d
27K P

wherev = (Dt — D7)/(D*™ + D7), L is the thickness of the
sample/ is the optical wavelengtm, is the index of refraction
along the extraordinary axik; is the single constant approxima-
tion of the Frank elastic constahtande, is the high-frequency
dielectric constant. Fortunately, the only variables that are a
function of the dopants are the diffusion) @nd conductivity
terms. It has been previously shown that at higher light
intensities, the conductivity term will saturate ag, > 0q.°
Therefore, the value of can be determined for the different
samples as long as the conductivity term is saturated. Figure 6
illustrates a plot of; as a function of intensity for samples with
dopant3 (7.1 x 104 M) and 5/NI (both have concentrations
of 5.8 x 102 M). The values ofy in the saturation limit are
different by a factor of 5, indicating thatis much larger for
the sample doped with relative to that doped witb/NI. By
using the value& = 7 x 1077 dyn} e, = 2.25,¢s= 10.5, and
T = 298 K, we obtain values for = 0.29 for the composite
containing3 andv = 0.04 for the samples containirigNI .36
Thus, the values for show conclusively that the difference in
the diffusion coefficients is much larger for the intramolecular
charge transfer dopants relative to the intermolecular charge
transfer dopants. Furthermore, these results compare very
favorably to the value of = 0.02 reported for R6G iBCB.®

The absolute value for the diffusion coefficients of the ions
can be determined by time-of-flight techniques. For a liquid
crystalline material between two ITO coated plates with an initial
voltageV,, a sudden increase in the voltagevoincreases the
population of electrochemically generated ions, which allows

(36) A larger value ofy = 3.7 x 10°cm™* (8 = 0.018 rad, A = 16.9
um) was utilized here versus the beam coupling and the other diffraction
efficiency experiments. This was done in order to reduce the grating strength,
because eq 4 is not valid for very high diffraction efficiencies. As has been

sion coefficients of the cations and anions. These differencesshown previously, the reorientation angle of the director is proportional to

permit one set of charges to trap in the illuminated regions of

g/(772L=2 4 ¢?).18 This results in a maximum reorientational valuehat=
L = 74 um, a value much large than 16#n. Although this is partially

the interference pattern and for the opposing charges to migratesset by a largeEs, which is proportional ta, the photorefractivity clearly

into the nulls of the interference pattern before trapping.

drops forA values below 55mm.”
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can be explained by a mechanism in which the first step
10 | m following the intramolecular charge separation occurs between
—m—5/NI. 4x10° M the covalent ion pair and a neutral, covalent deremceptor

’ 4 pair. A"B~ + AB — A*B + AB~. Therefore, the longer-
—e—3,74x10° M lived covalent ion pair clearly leads to an increase in the
—4—3,2.4x10° M

@®
T

probability that a collision between it and a neutral covalent
donor-acceptor pair will produce an intermolecular charge
separation. This intermolecular charge separation is then
followed by a second step where either ion diffusion or electron
hopping (AB- + AB — AB + AB~) occurs to produce the
bulk charge separation that is required to observe the photore-

2 - fractive effect.
./ A/ We can quantitatively show that the likelihood of a collision

— s T between the ion pairs and neutral donors is far higher than the
1.0 1.2 1.4 1.6 1.8 2.0 collision rate between the excited stateSodnd a neutraNI .
The collision frequency can be expressed by the relationship

o,(Q"cm” x10")

Applied Voltage Z = 8DagmaNa, WhereDag is the diffusion constant of the
Figure 7. The dark conductivity vs applied voltage is illustrated for neutral dopantNa is the number density of the dopant, aad
samples containing the intermolecular charge transfer dop&tsand is the radius of the dopaft. The diffusion constanDag is
samples containing. The dark conductivity of thes/NI sample — egtimated to be equal to the self diffusion constant of the liquid

increases much more steeply with applied voltage. The concentrations

. crystal, which is 3x 106 cm?/s. The radius of the dopant is
of 5 andNI are equivalent.

estimated as half of the length of the dopamnty 10 A. The

optimal dopant number density f@ris 4.3 x 10" molecules/

cme. This gives a collision frequency of 3.2 10°s™%, or a

collision every 0.3us. Given that the lifetimes of the charge

1) (2tItT)) separated states 8fand4 in a liquid crystalline environment
e

the ionic mean transit timet and the ion mobility to be
determined by a modification of the Cottrell equatfn:
. . V2
it)=id1+ V. (4) are several microseconds (Table 1), approximately 10 collisions
1

during the lifetime of the intramolecular charge separated state
are expected to occur. This compares to an excited state lifetime

where for 5 of 3.5 ns and a collision frequency bfwith NI of 0.35
oL us. Therefore, the number of dopant collisions that occur during
= Exi + ) (5) the ion pair state lifetime o8 is 1000 times greater than the
AW T U number of such collisions betwe&randNI during the excited

state lifetime ofb.

In order to show that intermolecular charge hopping from
the ion pair is thermodynamically possible, we can follow the
framework of Suga and Aoyagui, who utilized the collision
frequency and Marcus theory to analyze intermolecular electron
transfer rates for a reaction scheme of R R, — R; +
R,~.3540-42 This is directly comparable to the second step of
the bulk charge separation process in our liquid crystal, but can
be followed for the first step also. The rate of intermolecular
charge transfer is given by:

and wherds is the saturation current at long times. In order to

determine the mobility of the cation, we first studied a sample

doped with only5. This gave a value forr = 17 s across a 37

um sample thickness. This yields a value figr= 6.0 x 1077

cn? /(V-s). Utilizing D = uksT/ez, wherez is the charge

number, gives a value fdd* = 2.7 x 1078 cn¥/s. This value

compares favorably to previously determined diffusion coef-

ficients of ions of approximately equal size in liquid crystéls.

The same experiment for samples doped 8itfivestt = 31

+ 2sandD™ = 1.5 x 108 cn?/s. Using the values of for

3 and5/NI given above, eq 5 yieldB~ = 2.7 x 1078 cné/s - -

for 3andD~(NI7) = 3.4 x 1078 cn?/s for NI. Thus, in each k=Zexp(CEfkeT) ©

case the anions are more mobile than the cations. W
Redox reactions that occur at the ITO electrodes do not result

in serious degradation of the liquid crystal composffes.

However, they do have the adverse effect of raising the dark

current of the composites, which lowers the overall photore-

fractivity of the materials. Therefore, the fact that the intramo-

lecular dopants require lower cell voltages to achieve a given A=A+ A (8)

level of photorefractivity has the added benefit of reducing the

dark current. It can be further observed from Figure 7 that the Jo—e2 1 1 1y(1 1

dark conductivity of the intermolecular charge transfer sample s= & (z_rl T 2, r_12)(6_ N E:) ©)

increases much more steeply with voltage compared to samples

doped with intramolecular charge transfer dopants. Here, Z is the bimolecular collision rate of the uncharged
Il PhOtOI’efraCtIVIty as a Function of lon-Pair Lifetime. Spec|esAGCS is the free energy for Charge Separatléfﬂlls

The greater photorefractivity of the_ ir_1tramo|ecu|ar charge the total reorganization energy of the solvehg)(and of the
transfer dopants as compared to their intermolecular analogs.

here

AGpc+ 17)?
Ea:( Cj/’LT T) (7)
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intramolecular bondsl(), r; andr; are the radii of the reactants, in section Il of the Discussion. As illustrated in Schen&43
andr2 is the center-to-center distance between the two reactantsin order for mobile charge generation to occur in samples
For the reaction AB~ + AB — A*B + AB~, AGcsis derived containing5/NI, an optically excited must undergo a collision
solely from the loss of Coulomb attraction betweehand B with NI. Therefore, the rate of charge transfer is ultimately
within A*B~, which yieldsAGcs= 0.04 eV. Furthermore, for limited by the concentration of NI, which alters the reaction
intermolecular electron transfekt; may be neglected in the rate constant for the initial charge separatiqz,= 1/([Nl]zcs).
estimate ofir, leavingis to be estimated® Although eq 11 Given the short excited state lifetime 6&f this relationship
predicts a value forls of approximately 0.3 eV, Suga and shows that the5/NI system is limited by the bimolecular
Aoyagui found that their observed reaction rates implied a value collision rate and explains the monotonic increase of photore-
for As of approximately one-third the calculated value. This fractivity with an increase in the concentration of dopants for
may be due to the fact that the solvent molecules in the this system. This contrasts with the intramolecular charge
neighborhood of the collision are already reorganized to solvate transfer dopants discussed in section I, where bulk charge

an ion?® A value forls = 0.1 eV produces an initial charge

separation is no longer limited by the collision frequency, but

separation reaction rate constant that is 14% of the collision by the lifetime of the initial intramolecular ion pair state.

frequency. Given the 3.2 10° st collision frequency foi3
determined above, the rate constant for the reactioB A+
AB — A™B + AB~ is 4.5 x 1 s'L. For 3 the rate constant
for ATB~ ion pair decay is 2.3« 1(° s1. Thus, the yield of
separated ions is 66%.

The limiting factor for the photorefractivity of composites
containing3 appears to be a sharp rise in the dark conductivity.
This is illustrated in Figure 7 for two concentrations of dopant
3. The larger concentration clearly begins to show enhanced
dark conductivity as a function of voltage, whereas the optimal

For the second step of the bulk charge separation, chargeconcentration shows no increase in dark conductivity. This is

migration can occur through either diffusion or transfer diffu-

presumably due to enhanced electrochemical activity for higher

sion. The rate of the transfer diffusion can be easily calculated concentration samples at the ITO interface, which produces
for the reaction AB + AB — AB + AB~, whereAGgs = 0.34 lower photorefractivity through higher dark currents.
This produces a rate constant for transfer diffusion of:

— _/IT
k=Zz exp( kBT)

Conclusions

We have induced large photorefractive grating diffraction
efficiencies in nematic liquid crystals by doping them with
molecules that undergo intramolecular charge separation. The
intramolecular charge transfer dopants are shown to be superior
Again utilizing As = 0.1 eV, this produces a transfer diffusion  for inducing photorefractivity relative to identical electron
rate constank = 1.3 x 10° s™*. However, since the lifetimes  donors and acceptors which must undergo intermolecular charge
of the AB™ and A"B ions are at least several seconds based on separation. This is shown to be a result of several factors. The
the lifetimes of the photorefractive gratings, the efficiency of first is the larger difference between the magnitude of the
transfer diffusion must be close to Un|ty ThUS, this treatment diffusion coefficients of the cation and anion for the intramo-
illustrates that efficient bulk charge separation can occur within |ecylar charge transfer dopants relative to the intermolecular
liquid crystal composites that possess long-lived intramolecular dopants. It is also shown that the magnitude of the photore-
on pairs. fractive effect increases with longer ion pair lifetimes for the

1. Lower Concentration Requirements for Intramolec- intramolecular charge transfer dopants. This is consistent with
ular Dopants. The final observation is that the optimal con-  Marcus theory and transfer diffusion theory, which describes
centration of samples containidys a factor of 6 less than the  pylk charge migration through charge hopping between denor
composites containing/NI. Furthermore, the photorefractivity  acceptor molecules. The greater efficiency of mobile charge
of the 5/NI composites increases monotonically with dopant generation for the intramolecular charge transfer dopants permits

concentration and is limited only by solubility. This is in  the use of lower concentrations and reduced absorption of the
contrast to the composites containiBygvhere photorefractivity samples.

is found to be optimized for concentrations of onlyx110~3
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