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We report on a series of near infrared (NIR)-sensitive photorefractive polymer composites (PPCs) based
on the hole-conducting polymer PF6-TPD, which are sensitized by soluble fullerene-derivatives as
electron-accepting agents. We demonstrate a direct correlation between the electron accepting capability
of the sensitizer and the holographic response time. The holographic recording speed is found to
improve by one order of magnitude when lowering the reduction potential of the sensitizer by approx.
400 mV, while all other physical parameters of the materials remain essentially identical. Furthermore,
the lifetime of the mobile charge carriers is found to correlate linearly with the reduction potential, thus
indicating a decrease in recombination rates for stronger accepting capability of the sensitizer. Finally,
we found that pre-illumination enhanced the holographic sensitivity. The effect is found to be most
pronounced for the strongest acceptor due to reduced recombination of the preformed carriers. Overall,
the PPCs reported here feature the currently highest sensitivity in the NIR spectral region.

Introduction

Photorefractive polymer composites (PPCs) are today among the
most promising candidates for various holographic applications.
Recent examples include a reconfigurable holographic display®
and all-optical logic gates by photorefractive two-wave mixing.?
Another exciting application is holographic optical coherence
imaging (HOCI), which is capable of real-time imaging through
turbid media by optical radiation.> For applications in medical
diagnosis, the use of near infrared (NIR) light sources is required
because of biological tissues’ transparency window in the
700-900 nm range. Within this particular spectral range, PPCs
generally lack sensitivity for fast holographic imaging purposes.

The photorefractive effect in organic materials biased by
a dc-field involves charge-carrier photogeneration in the bright
regions of an interference pattern and the subsequent displace-
ment of the mobile charges (typically holes) due to field-induced
drift. This charge separation leads to the formation of an internal
space-charge field Esc, which is phase-shifted relative to the
interference pattern. In low-T, materials, electro-optic chromo-
phores are reoriented along the total field Et, which is the vectorial
sum of Egc and the applied field E.,.. The change of refractive
index An is then given through the quadratic electro-optic (Kerr-)
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effect and modulated birefringence.® The phase shift between the
recorded refractive index modulation and the impinging inter-
ference pattern gives rise to asymmetric energy transfer from one
write beam to the other, which is quantitatively accessible by the
so-called two-beam coupling (2BC) gain coefficient I

PPCs generally contain electrooptical chromophores in
a photoconductive matrix (typically p-type hole conductors).
Owing to the low intrinsic charge-generation efficiency of organic
photoconductors in the visible and the NIR spectral range,
sensitizers (typically n-type acceptors) are incorporated into the
material. These components provide absorption at the desired
wavelength and assist in photogeneration of charges. The inter-
action of the sensitizing agent with the charge transporting
component is of paramount importance for the hologram-
formation dynamics in the material, thus generally, the sensitizer
must be selected for a specific photoconducting host and/or the
wavelength of charge generation. Moreover, the sensitizer radical
anion, formed upon illumination of the material and subsequent
charge transfer to the transport matrix, has been identified as
recombination trap for the mobile hole in the composite.®

Recent publications describing the influence of the sensitizing
agent on the photorefractivity of carbazole-based polymeric
composites can be found in ref. 7 and 8, respectively. For
applications in the NIR (790-830 nm), the most common sensi-
tizers are electron-accepting molecules like (2,4,7-trinitro-9-flu-
orenylidene)malononitrile (TNFM)*'' and Cg*'*"® or its
soluble derivative [6,6]-phenyl-C¢;-butyric acid methyl ester
([60]PCBM).36:12:14.15 Thege are known to form charge-transfer
(CT) complexes with certain donor-type molecules and polymers,
which give rise to additional absorption at the desired wave-
length. For example, in ref. 16 the CT complex of poly(/N-vinyl-
carbazole) (PVK) with Cgy and C;, was identified as the main
precursor for charge generation.

Since the generation of charges depends on the donor capability
of the hole-transporting matrix as well as the acceptor strength of
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the sensitizer, both charge generation and recombination are
affected by their relative ionization potentials. Hendrickx et al
demonstrated by photocurrent measurements'” that lowering the
ionization potential /p of the hole-conducting matrix (a series of
triarylamines) with respect to the sensitizers’ (Cgo) Ip enhances the
photogeneration efficiency of the composite material under 633
nm illumination. Through chemical substitution with appro-
priate electron donating and withdrawing moieties, the ionization
potential of the hole-conductor was varied by 0.25 eV, which was
shown to enhance the photogeneration efficiency of the donor—
acceptor complex from 6% (weakest donor) to 100% (best donor)
with an applied field of 55 V pm~'. The described experiments
did, however, not involve any holographic measurements.

So far, no analogous examination on the influence of varia-
tions of the reduction potential on the photoelectric and holo-
graphic properties of the composites has been conducted.

We have recently introduced a novel hole-conducting matrix
material, poly(N,N'-bis(4-hexylphenyl)-N'-(4-(9-phenyl-9 H-flu-
oren-9-yl)phenyl)-4,4’-benzidine)®* (PF6-TPD). In a previous
study, we demonstrated efficient NIR holographic recording in
the material by incorporating [60]JPCBM as sensitizer,*> an
acceptor which is commonly used in organic bulk-heterojunction
solar cells. In this work, we investigate a series of soluble
fullerenes with higher as well as lower acceptor strength as
alternative sensitizers. We demonstrate that variation of the
sensitizers reduction potential by only ca. 400 mV yields one
order of magnitude difference in the holographic response time.
Also, the influence of the reduction potential on the impact of
pre-illumination®* on the sensitivity is discussed. Through
supplementary photo-electromotive force (p-EMF) investiga-
tions, we further show that this improvement is closely related to
an extended charge carrier (hole) lifetime due to reduced
recombination rates.

Experimental
Material composition

The PPCs investigated in this work consisted of the hole-trans-
porting polymer PF6-TPD as the matrix material (49 wt%).'®
Nonlinear optical response was achieved by including 25 wt% of
each of the electro-optic chromophores 2,5-dimethyl-(4-p-nitro-
phenylazo)anisole (DMNPAA) and 3-methoxy-(4-p-nitro-
phenylazo)-anisole (MNPAA) into the polymer host. Since both
chromophores feature oxidation potentials (1.21 V vs. Fc/Fc*,
ref. 6) higher than for PF6-TPD (0.25 V vs. Fc/Fc*, ref. 24), they
do not constitute hole traps within the charge-transporting
manifold. If this was the case, deterioration of the materials’
holographic response by accumulation of charges in combina-
tion with electron accepting molecules like Cgo'* or PCBM may
occur. The composite was completed by 1 wt% of a fullerene as
sensitizer. No plasticizer was added.

The reference composite was sensitized with [60]JPCBM (3 in
Fig. 1). The other PPCs included derivatives of the [60]PCBM
with a functionalized phenyl ring: 2,5-OMe-PCBM 1 and
F5-PCBM 5,* structures with modifications to the [60]fullerene
core: azafulleroid 4 and a ketolactam quasifullerene 6,%° and,
finally, higher fullerene derivatives: [70]JPCBM 2 and [§4]PCBM
7.2! This series of fullerenes varies by almost 400 mV in their first

reduction potential from the worst (2,5-OMe-PCBM) to the best
electron acceptor ([84]JPCBM). All chemical structures are
depicted in Fig. 1.

Sample preparation

All components were dissolved in spectroscopy-grade dichloro-
methane, the solvent was evaporated and the materials homog-
enized. The composite was sandwiched between two ITO-coated
glass sheets, melted at 150 °C and pressed to an uniform thick-
ness of d = 106 um, ensured by glassy spacer beads. For p-EMF
and absorption measurements, 37 pum thick samples were
prepared by the same procedure.

Absorption measurements

Absorption measurements were carried out on 37 um thick
samples with a Cary Variant Bio 50 spectrometer. The absorp-
tion coefficient « is given by a = In(10)A4/d, where A is the
measured absorbance and d the thickness of the film.

Differential Scanning Calorimetry (DSC)

The glass-transition temperature of the materials was determined
by a Mettler Toledo calorimeter, model 821¢, calibrated through
the melting-point of indium. Materials were measured from —50°
to 180°, applying a heating rate of 20 K min~".

Holographic experiments

The holographic properties of the PPCs were investigated by
the common degenerate four-wave-mixing (DFWM) and two-
beam-coupling (2BC) technique. All measurements were
carried out at 830 nm and a moderate total external light intensity
of I, = 0.64 W cm 2. The s-polarized write beams were incident
onto the positively biased electrode at an angle of 50° (70°) for
write beam 1 (2) relative to the sample normal, which corre-
sponds according to Snell’s Law and assuming n(polymer) = 1.7
to an internal angle a; = 26.8° (¢p = 33.6°) inside the material.
Ultimately, this yields a hologram tilt angle of ¥ = 30.6° and
a grating period of /1 = 4.1 um. The external intensities were
adjusted such that the internal index contrast was m = 1.

The recorded index grating was probed by a weak p-polarized
read beam (approx. 3 mW c¢cm?), counterpropagating write beam
1. This leads to a transmitted component RBy..,s, counter-
propagating write beam 1, and a diffracted component RBg;g,
counterpropagating write beam 2, whose intensities were recor-
ded by standard Si-photodiodes (I; and I4, respectively) in
addition to both transmitted write beam intensities (/wg, and
Iwg,). The internal diffraction efficiency 7, is given by:

1y
=4 1
Mint Id + It7 ( )
the external diffraction efficiency by:
ad
= — 2
Mext exp( cos al)nmta ( )

with « the absorption coefficient of the composite. The 2BC gain
coefficient I' is defined as:
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Fig. 1 Chemical structures of fullerene sensitizers, 2,5-OMe-[60]PCBM 1, [70]PCBM 2, [60]PCBM 3, azafulleroid 4, F5-[60]PCBM 5, ketolactam 6,
[84]PCBM 7, hole-conducting polymer PF6-TPD and electro-optic chromophores DMNPAA/MNPAA.

1 Iwg, (E) Iwg, (E)
I = 7 {cos aln (71\”1 = 0)) — €oS axln (71\%2 (E = 0))} 3)

Steady-state data were collected at a given electric field F.y
and after 60 s of exposure to both write beams. With increasing
E.\, the diffraction efficiency first increases, reaches a maximum,
and then decreases again (see ESI, Fig. S11). The field necessary
to reach the maximum is referred to as E(7,,.x) and is a qualita-
tive measure for the performance of organic photorefractive
materials: the lower E(nmax), the better the PR performance. At
E(Nmax) and considering the holographic recording geometry
described above, the index modulation amplitude amounts to
An =34 x 107

All dynamic measurements were carried out at £=56.6 V um~
applied dc-field. The samples were pre-poled for 60 s and then the
write beams were switched on. For pre-illumination experiments,
the sample was illuminated uniformly for 1 s applying 0.7 W cm 2
of 633 nm non-polarized light 100 ms prior to the actual
measurement. The pre-illumination beam was incident perpen-
dicular to the surface onto the negatively biased electrode. For
comparison of the dynamic behaviour of the material, we use s
as a simple qualitative measure of the recording speed, which
states the time necessary to reach 50% of the steady-state
diffraction efficiency. We refrain from interpreting this number in
light of a physical model for the recording process.

Here, the holographic sensitivity S of a material is defined as:

1

MNext (texp)
S=-——"7—, “)
IWBEX[ texp
where Nexi(fexp) 1s the external diffraction efficiency after a certain
exposure time f.,. The time necessary to reach 1% external
diffraction efficiency was used to calculate S.

Photo-EMF measurements

Photo-EMF measurements were performed in reflection geom-
etry, ie., two counter-propagating beams from a He-Ne laser

(A = 633 nm) with nearly equal intensity illuminate the sample
from opposite sides, creating an interference pattern with the
period 4 = A/2n = 0.19 um. No external field is applied to the
sample during this measurement. The average incident intensity
Iy was 0.9 mW cm~2 A sinusoidal phase modulation with the
amplitude A = 0.5 rad was introduced by an electro-optic
modulator (Conoptics 350-105). The p-EMF current Jgmp
signals were detected by a digital lock-in amplifier (Stanford
Research SR-830) as a voltage drop at the 100 kQ load resistance
Ry. A detailed description of this technique can be found in
ref. 22. Tt was shown in a previous publication®® that measuring
the dependence of J°,gmr on the external frequency of the
applied modulation Q, allows the determination of two charac-
teristic cut-off frequencies, which are related to the dielectric
relaxation time 74; and photo-carrier lifetime t of the material.

Electrochemistry

Cyclic voltammetry measurements were performed using an
Autolab PGStat 100. We used a 1 : 4 mixture of acetonitrile and
1,2-dichlorobenzene as the solvent and tetrabutylammonium
hexafluorophosphate (BuyNPFg, 0.1 M) as the supporting elec-
trolyte. The working and counter electrodes were Pt wire, the
reference electrode was a Ag wire. The scan rate was 100 mV s~
The potentials were calibrated versus ferrocene/ferrocenium
(Fc/Fc*) reference redox couple.

Results and discussion

All PPCs feature complete internal diffraction efficiency (=88%),
and within the accuracy of the experiment similar E(n,.y) are
obtained in all cases (61 &3 V um~', see Table 1). This indicates
a similar refractive index modulation An and space-charge field
Esc for all investigated materials. Moreover, the steady-state
gain coefficients I within the series are constant within experi-
mental errors (32 &+ 4 cm™!, Table 1). Together, these findings
hint towards a constant phase-shift for all materials, which is
equivalent to a constant hole-displacement distance and,

6172 | J. Mater. Chem., 2010, 20, 6170-6175

This journal is © The Royal Society of Chemistry 2010



Table 1 Physical data for the investigated sensitizers and PPCs based on
them: first reduction potential Ejj,.q vs. ferrocene/ferrocenium, molar
mass M, density of sensitizing molecules in the composite relative to the
reference composite Ng/NglPBM - absorption coefficient agsg, field
necessary to reach over-modulation of diffraction efficiency E(nmax), and
2BC gain measured in steady-state at 56.6 V um~'

M/g mol~! Ns/NS[m]PCBM El/z‘md/V 01830/(31’1'171 E(nmax)/V um" Fs/cm"

1 970 0.94 —-1.106 6 63 28
2 1030 0.88 —-1.089 5 61 29
3 910 =1.00 —1.084 8 63 29
4 953 0.95 —1.058 12 64 27
5 1000 0.91 -1.042 6 58 36
6 985 0.92 —-0.918 16 61 30
7 1199 0.76 —0.730 68 58 29

according to the photorefractive theory,® a similar trap density
under steady-state conditions in all investigated materials. It is
interesting to note that the consistency of the data trend is also
valid for the [84]PCBM sensitized material, even though it
features a significantly higher absorption compared with the
other sensitizers (Table 1). This might be due to the fact that the
influence of the higher absorption is compensated by the lower
number density of [§4]JPCBM molecules in 1 wt% concentration,
which amounts to only 76% of [60]JPCBM in the reference
composite because of its higher molecular weight.

Despite the essentially identical steady-state performance of
the materials, we found a strong influence of the sensitizer on the
holographic recording dynamics. Fig. 2a (closed symbols) shows
the holographic response time 75, as a function of the reduction
potential of the fullerene sensitizer (Table 1). Clearly, the
recording speed is the faster the lower the reduction potential,
i.e., the higher the acceptor strength of the fullerene. Overall, 75
is reduced by more than one order of magnitude from the
weakest to the strongest electron acceptor, the difference in
reduction potential being ca. 400 mV. In order to assign the
increase of the materials’ dynamic performance to a discrete
physical property, it is necessary to identify the speed limiting
process, e.g. the photoconductivity of the sample or the rota-
tional mobility of the chromophores.

The fastest response time is roughly 50 ms (sample sensitized
with [84]PCBM). By contrast, the chromophore re-orientation
time as determined by transient ellipsometry® is faster (<20 ms)
and essentially the same in all PPCs. This is expected considering
the fact that T, of all materials studied here is identical (6 &= 1 °C),
which is indicative of a comparable free internal volume. Inten-
sity-dependent measurements on the [60]JPCBM and [84]PCBM
sensitized materials (not shown) reveal a sublinear dependence of
the holographic recording speed on the irradiance, which in
addition to the ellipsometry data excludes orientational mobility
limitations on the performance of the materials. Thus, the
holographic recording is limited by the photoconductivity of
the materials alone. Please note that the photoconductivity of the
composites is a convolution of the charge generation, transport,
trapping and recombination (see Fig. 3).

In addition to the dynamic measurements described above, all
materials were subjected to pre-illumination studies®'*** using
short-wavelength light (633 nm) prior to the NIR hologram
writing process. In a TPD-PPV-based composite pre-illumina-
tion was found to reduce 150 by a factor of 40.3 This enhancement
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Fig. 2 Physical properties of the PPCs as a function of the reduction
potential of the fullerene sensitizer. (a) Holographic response time t5, at
Eexy = 56.6 V um~' (closed symbols) and absorption coefficient « (830 nm)
(open symbols). (b) Holographic sensitivity Sj¢, calculated according to
eqn (4) for 1% external diffraction efficiency, plotted for non-preillumi-
nated (closed squares) and pre-illuminated materials (open circles). (c)
Charge carrier lifetime 7 (closed symbols) and mobility lifetime product ut
(open symbols) as determined by p-EMF at 633 nm. All lines are guide to
the eye. The vertical dashed line indicates the [60]PCBM reference.

was attributed to the spatially homogeneous density of charges,
consisting of trapped holes and ionized sensitizer radical anions,
present in the material prior to the actual holographic recording
process.*

For the materials studied here, pre-illumination was found to
affect the hologram build-up in all cases, giving rise to a faster

This journal is © The Royal Society of Chemistry 2010
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Fig. 3 Energy diagram for the processes involved in the formation of
a space-charge field in our PPC. Relative electronic levels of the donor
PF6-TPD (D), the fullerene sensitizer (A) and the NLO chromophore
DMNPAA (NLO). Arrows indicate the direction of electron movement.
Mechanism according to ref. 26: (1a) absorption of the fullerene sensitizer
and exciton formation, (1b) geminate recombination, (2) field dependent
charge separation, (3) hopping of the hole along the polymer-chain and
(4) recombination of hole with fullerene radical anion (A").

onset of diffraction efficiency, but reaching steady-state diffrac-
tion efficiency and thus saturation of Egc, on a longer timescale
compared to non-preilluminated measurements (see ESI,
Fig. S1b7). The effect was found to be reversible.

In Fig. 2b, the sensitivity of the PPCs is plotted against the
reduction potential of the incorporated fullerene sensitizer upon
pre-illumination (open symbols) and of non-preilluminated (closed
symbols) materials. The impact of pre-illumination is clearly
gaining importance for stronger electron acceptors (the ratio of the
sensitivity with and without pre-illumination is depicted in the
ESIt), which indicates that a higher charge carrier density is
present in the materials before space-charge field formation.

At this point we can clearly exclude any transport limitations
on the dynamic performance of the materials. If the photocon-
ductivity would be limited by the transport of holes (step 3,
Fig. 3), no performance increase would be expected by pre-illu-
mination. Thus, the dynamics in our PPCs could be either limited
by the generation of charge carriers (steps 1a and 2, Fig. 3) or by
the recombination of holes with sensitizer radical anions (step 4,
Fig. 3), both of which eventually determine the yield of separated
charges upon pre-illumination at the beginning of the temporal
measurement. Please note that it is not possible to attribute the
actual physical mechanism by holographic measurements alone.

In order to clarify the impact of the sensitizers’ reduction
potential on the photoconductive properties of the materials, all
blends except the PPCs sensitized by F5-PCBM and [84]PCBM,
the latter being too strongly absorbing at 633 nm, were charac-
terized by the p-EMF technique.

The average photoconductivity, which is proportional to the
product of the lifetime 7 of the mobile charge-carrier (in this case
holes), their mobility u, and the charge generation rate g, is found
to be constant within the series of materials. At the same time, the
mobility-lifetime product (ut-product) remains essentially
constant (see Fig. 2c). On the one hand, the latter result was
expected due to the constant performance of the investigated

materials under steady-state holographic conditions (see above).
On the other hand, this also renders the charge generation rate g
constant within the sensitizer series. Consequently, this finding
clearly excludes the charge generation step as the origin of the
enhancement of the temporal characteristics of the PPCs in this
study.

Fig. 2cshows a linear increase of the charge-carrier lifetime with
decreasing reduction potential of the electron acceptor. Obvi-
ously, the increased electron affinity of the incorporated sensitizer
leads to a lowering of the recombination rates of the photo-
generated charge carriers, which is equivalent to an increased
charge-carrier density under constant illumination conditions.
Thus, the space-charge field corresponding to a certain diffraction
efficiency (9, = 50% or nexe = 1%) is reached on a shorter time-
scale, which results in the acceleration of the holographic dynamic
response in DFWM-measurements. The p-EMF results indicate
that the material performance in this study is limited by charge-
carrier recombination. As suggested above, the same may then
hold true for the influence of pre-illumination.

The comparison of the constant ut-product and the increased
charge-carrier lifetime t implies that the hole (hopping) mobility
(step 3, Fig. 3) decreases as the reduction potential of the sensi-
tizer decreases. The reduction of the recombination rate yr with
reduced mobility is expected from the description of the Lange-
vin recombination process,?® which in the case of monopolar
charge transport takes the form yr = wpeleey, with e the
elementary charge, ¢ the relative static permittivity and ¢, the
permittivity of vacuum. Within the range of investigated sensi-
tizers, this drop in hole-mobility obviously did not influence the
performance of the holographic materials through imposing
transport limitations on the space-charge field formation (e.g.
still faster than the rate-limiting step).

It should be pointed out that earlier investigations of the impact
of different sensitizers on the photoconductive and photorefractive
properties of PPCs™® did not find a distinct influence of the
reduction potential on the temporal holographic behavior of the
composites. Instead, changes in the dynamic performance of these
composites were found to be dominated by changes in the charge
generation step. This is presumably due to the rather broad selec-
tion of different sensitizer molecules, regarding chemical structure
(quinones, tetracyanobenzene and trinitrofluorene)” and molec-
ular weight (factor > 3 within the series of ref. §). In both cases, the
utilization of 633 nm as holographic recording wavelength leads to
a predominantly absorption related change in temporal response.
This may have concealed any influence of the electron affinity
and thus the recombination dynamics of the sensitizer radical
anion species on the temporal behavior of the composites.

In contrast, except for [84]PCBM, the variations of
absorption coefficients and molecule densities of the sensitizers
investigated in this study are rather small (see Table 1).
Moreover, it is well-known that in low-dielectric amorphous
solids, the charge generation (steps la followed by 2, Fig. 3) is
critically influenced by the separation distance between donor
and acceptor moieties.?® Since at least all Cgg-based sensitizers
have similar size (even considering the solubilizing side
groups) and due to the spherical shape of fullerenes in
general, we believe that this influence can be neglected here,
but may be of significant importance in the results of previous
investigations.

6174 | J. Mater. Chem., 2010, 20, 6170-6175

This journal is © The Royal Society of Chemistry 2010



Conclusions

In conclusion, we have reported on PPCs based on the hole-
conducting polymer PF6-TPD with highly favorable NIR
sensitivity due to efficient sensitization by a series of fullerene
derivatives. We demonstrate that the holographic recording
speed improves by one order of magnitude when lowering the
reduction potential of the sensitizer by 400 mV, while all other
physical parameters of the materials are essentially identical.
This speed increase is attributed to a decrease in the recombi-
nation rate, as verified by photo-EMF measurements. Further,
the lifetime of the mobile charge carriers (holes) correlates line-
arly with the reduction potential, while the ut-product and the
average photoconductivity g remain essentially unchanged. Pre-
illumination was found to have a beneficial impact on the
sensitivity of the materials, in particular for the materials using
a strong acceptor as sensitizer. All together, the PPCs reported
here feature the currently highest photorefractive sensitivity at
830 nm, which makes them very attractive for biomedical
applications such as HOCI. The PF6-TPD based materials even
outperform the previously most sensitive material based on
TPD-PPV? (sensitivity of 4 (18) cm? J-! without (with) pre-illu-
mination) under exactly the same measurement conditions.
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