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Introduction
Recently there has been considerable theoretical1,3 and ex-
perimental2,3 effort focused on developing a unified descrip-
tion of charge transport in molecularly doped polymer
systems. This effort has been largely driven by the practi-
cal demands for improved performance in electrophoto-
graphic applications; however, these systems also provide
a unique “laboratory” for studying the fundamental phys-
ics of charge transport in highly disordered molecular sol-
ids. A molecularly doped polymer consists of a polymer host
that contains a randomly dispersed dopant. Typically, the
dopant is a small molecule with an attached acceptor or
donor functionality. At this time there is general agreement
that charge transport in molecularly doped polymers can
be described as an activated hopping process in which elec-
trons or holes hop between neighboring dopant sites in re-
sponse to an externally applied electric field. The mobilities
and transport properties of these charges have been shown

The hole mobilities of molecularly doped polymer films contain-
ing p-diethylaminobenzaldehyde diphenylhydrazone (DEH) are
measured before and after systematic UV irradiation. Ultravio-
let exposure has been shown to induce a photochemical reac-
tion of the DEH molecule. This reaction is known to reduce
dramatically the molecule’s capability to transport charge. Pre-
sumably the reduction in mobility is associated with the sub-
stantial increase (about 1 eV) in the ionization potential of the
DEH molecule after photocyclization. We demonstrate that sys-
tematic UV irradiation of molecularly doped polymer films con-
taining DEH provides a novel approach for diluting the dopant
concentration and effectively increasing the intersite separa-
tion between “active” dopant molecules in situ. This photochemi-
cal process is exploited to study charge transport in DEH-doped
polycarbonate films parametric in UV irradiation time. Trans-
port parameters are determined from transient photocurrent
measurements over a range of electric fields and temperatures.
Our principal observations are: (1) UV irradiation of DEH-doped
polycarbonate films results in a corresponding decrease in the
effective hole mobility, and (2) despite the systematic drop in
mobility, a consequence of the elimination of active hopping sites,
the activation energy for hopping, ∆, and the energetic disorder
parameter, σ, remain constant.
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to be dependent on the electric field, temperature, dopant
molecule structure, dopant concentration, and the structure
of the polymer host. Most experimental observations of this
process are obtained from measurements of the charge drift
mobility using the standard time-of-flight technique.

Currently, two predominant theoretical models have
been proposed for interpreting the experimental results.
Whereas both of these models have some success in pre-
dicting specific experimental features, neither one provides
a complete description. The first model, developed by
Bässler4 and largely based on Monte-Carlo simulations,
suggests that charge transport occurs within a 3-D array
of localized sites characterized by superimposed energetic
and spatial disorder. Within the context of this model, the
charge mobility, µ, is a function of the energetic disorder,
the spatial disorder and the electric field,
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In Eq. 1, σ is the energy width of the hopping site mani-
fold, which provides a measure of the energetic disorder,
Σ is a parameter that describes the degree of spatial dis-
order, µ0 is a prefactor mobility, C is an empirical constant,
and the other symbols have their usual meanings. Recent
studies have focused on identifying the specific energetic
contributions that determine both the energetic and spa-
tial disorder. These contributions include dipolar interac-
tions between neighboring dopant molecules and
interactions between the dopant molecules and the poly-
mer host.5–13 Contributions arising from Van der Waals in-
teractions have also been discussed.14,15 The second
model16–18 suggests that hopping transport is determined
by the interaction of the charge carrier with molecular
vibrations of the host dopant molecule. These interactions
“self-trap” the charge carrier and form a new particle called
a polaron. The polaron model predicts that the mobility is
proportional to the product of two probability factors: a
jump probability and a Boltzmann probability that deter-
mines the energy coincidence between the host and target
hopping sites,
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In Eq. 2, P is the jump probability, ω is the attempt-to-
jump frequency, and ρ is the intersite distance between host
and target sites. The argument in the brackets is the
Boltzmann probability of an energy coincidence. The term
∆P is the polaron binding energy and J is the transfer inte-
gral. The electric field dependence is usually described as

    
µ ρ∝ 1

2E
eE
kT

sinh . (3)
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Experimentally distinguishing between the two models
has proved to be difficult. Furthermore, a deficiency com-
mon to both models is a satisfactory explanation of the
origin of the activation energy. For a detailed discussion
of the comparisons and limitations of each model, the
reader is directed to the review article by Schein19 and to
Borsenberger and Weiss3 and references therein.

Experimental approaches designed to distinguish be-
tween the two models and clarify the origin of the disor-
der in molecularly doped polymer systems have been
described in the literature. The most promising approaches
include transport measurements parametric in dopant con-
centration5,20 and measurements that deliberately intro-
duce different levels of “disorder” into the samples.21–24

In this study, we describe the results of an experiment
that provides an alternate approach to distinguishing be-
tween Bässler’s model and models based on polaron for-
mation. In contrast to experiments that deliberately
control the dopant concentration during sample prepara-
tion and coating, we systematically “dilute” the dopant
concentration in situ by exploiting a well-characterized pho-
tochemical reaction of the hole transport molecule
p-diethylaminobenzaldehyde diphenylhydrazone (DEH).25–

28 Ultraviolet irradiation of thin solid films of DEH dis-
persed in bisphenol-A-polycarbonate results in the
irreversible conversion of DEH to the photocyclization
product, 1-phenyl-3-(4-diethylamino-1-phenyl)-1,3-
indazole (IND). Optical absorption spectra, which show
an isosbestic point at 300 nm, indicate that IND is the
only photoproduct produced during this reaction. Detailed
spectroscopic and electrochemical measurements by
Pacansky et al.25–28 further indicate that the reaction pro-
ceeds with a moderately high quantum efficiency (φ ≈ 0.4)
and that the ionization potentials of DEH and IND are
4.3 and 5.3 eV, respectively.

The crucial assumption in our work is that the large
difference in ionization potentials between the DEH and
IND molecules will split the charge transport manifold
and effectively remove the IND molecules from the charge
transport process. In the following section, we present spec-
troscopic and chromatographic evidence of photochemical
conversion of DEH to IND. These experiments demonstrate
that systematic UV irradiation of doped polymer films con-
taining the hole transport molecule DEH results in a cor-
responding dilution of active dopant sites. Finally, we
present measurements of charge transport parameters
over a range of electric fields and temperatures and as a
function of UV exposure times.
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Materials and Experimental Details
The molecular structures of DEH and bisphenol-A-poly-

carbonate (PC) are shown in Fig. 1, and the photocycliza-
tion reaction25 of DEH to IND is shown in Fig. 2. Coating
solutions were prepared by dissolving the appropriate ra-
tio of DEH and PC in HPLC-grade tetrahydrofuran. All
measurements discussed in this work were made using
40% (wt) concentrations of DEH. Samples were prepared
by solvent coating the solutions onto semitransparent alu-
minized Mylar substrates. The coated substrates were oven
dried, in air, at 100°C for 1 h to reduce residual solvent
content. With the exception of the control samples, which
received no irradiation, films were uniformly exposed to
UV light using a 15-W Phillips BLB fluorescent lamp. The
peak spectral output of this lamp is between 350 and 390
nm. The incident exposure power was measured by a United
Detector Technology Model 351 optical power meter. The
incident energy was determined to be 0.13 J/cm2 per minute
of exposure. The exposure times ranged from 30 to 960
min. Counterelectrodes were deposited onto the free sur-
faces of the films using an electron beam evaporation pro-
cess. The electrodes were 1 cm in diameter and consisted
of 2000 Å of aluminum. Finally, all samples were annealed
well above the glass transition temperature of the film
(100°C) for 3 h to homogeneously redistribute the DEH
and IND molecules and eliminate damage caused by the
metal deposition step. The thickness of each sample was
determined by capacitance and precision step height mea-
surements. Typical film thicknesses were between 10 and
10.5 µm.
Figure 1. The molecular structures of (a) DEH and (b) polycar-
bonate.
Figure 2. Photochemical conversion of DEH to IND.
Figures 3 and 4 show the optical absorption spectra and
chromatographic data obtained from DEH-doped polycar-
bonate film samples before and after systematic UV irra-
diation. As discussed above, all samples were prepared using
40% (wt) concentration of DEH in PC. With the exception
of the counterelectrode deposition and postdeposition an-
nealing steps, the samples used in the spectroscopic and
chromatographic measurements were prepared identically
to those used in the transport measurements.

In Fig. 3, two features are apparent in the spectra. First,
the peak at 365 nm attributed to DEH decreases system-
atically with increasing exposure time. Second, a new peak
at ≈265 nm develops with increasing exposure time. This
new peak is attributed to the IND photoproduct and pro-
vides evidence that the photoreaction discussed here has
occurred. Note that the curves in this figure were normal-
ized to a known isosbestic point at 300 nm to correct for
minor coat weight differences. The HPLC data provides
further evidence of photoconversion. Figure 4 shows peaks
at two well-separated retention times. The peak at 6.75
min. is attributed to DEH and decreases with increasing
UV exposure. A new peak at 8.75 min. begins to grow sys-
tematically with UV exposure, as shown in the inset. Al-
though an authentic IND reference sample was
Stasiak and Storch



unavailable during this work, prior chromatographic stud-
ies of this photoreaction indicate that this peak is associ-
ated with the indazole photoproduct.29 Without an
authentic reference, accurate estimates for the conversion
efficiencies and reactant concentrations could not be made.
A simple estimate that takes into consideration the quan-
tum efficiency for this reaction,25 the incident exposure
intensities, and the extinction coefficient of DEH, suggests
that the longest irradiation time (16 h) reduced the effec-
tive dopant concentration from 40% to about 30%. Prior
concentration dependence studies in which the amount of
DEH was determined during sample preparation agree
with this estimate.
Figure 3. Optical absorption spectra of 40% DEH in polycarbon-
ate as a function of UV exposure time. (Note that the curves have
been normalized to the isobestic point at 300 nm to correct for
minor coat weight differences.)
Hole Mobilities in Photochemically Modified DEH-Doped Polycarb
Figure 4. HPLC of 40% DEH in polycarbonate parametric in UV
exposure time.
Photocurrent transients were measured, using the con-
ventional time-of-flight technique.30 In this technique, the
film sample acts as a parallel plate capacitor. Under a con-
stant voltage bias, a 337-nm, 10-ns light pulse is deliv-
ered through the bottom electrode. The strongly absorbed
light pulse photogenerates a narrow distribution of free
charge carriers that drift across the sample in response to
the electric field. In this experiment, the majority of charge
carriers were holes. The light pulse was generated by a
Laser Photonics UV24 nitrogen laser. Samples were
mounted in an Oxford Instruments DN1704 variable tem-
perature cryostat, which provided temperature control (±
0.5 K) and optical access to the sample. Photocurrent tran-
sients were acquired by an HP 54502A digitizing oscillo-
scope. To maintain small signal measurement conditions
and avoid space-charge effects within the sample, the la-
ser intensity was attenuated by appropriate neutral den-
sity filters. Throughout the measurement process, the
sample capacitance was checked for drift. Samples that
exhibited drift were rejected. The drift mobilities were
determined from the digitized photocurrent transients,
using the conventional relationship:

    
µ

τ τ
= =L

E
L

VT T

2

, (4)
where L is the sample thickness, τT is the mean transit
time of the charge packet, E is the electric field, and V is
the applied voltage. The mean transit times were deter-
mined by fitting the photocurrent transients, using the
procedure developed by Scott, Pautmeier, and Schein.31

Results
Figure 5 is a plot of the log of the mobility versus E1/2 for

two measurement temperatures, parametric in UV expo-
sure time. A common feature of each curve shown in this
figure is the linear relationship between log µ and E1/2 over
a moderately wide range of electric fields. This dependence,
which can be expressed as

µ ∝ exp(β E1/2 ), (5)

Figure 5. The log of the mobility versus E1/2 for 40% DEH in
polycarbonate at 260 and 300 K  parametric in UV exposure time.
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was a ubiquitous characteristic of all the electric field mea-
surements discussed in this study. Although we have se-
lected data obtained at 260 and 300 K to show in this figure,
the universal characteristic of the log µ-versus-E1/2 data
obtained after irradiation is a uniform depression of the
effective mobility at all electric fields.

Figure 6 is a semilogarithmic plot of the zero-field mo-
bilities obtained at 300 K, parametric in UV exposure time.
The zero-field mobilities were obtained by extrapolating
each of the log µ-versus-E1/2 curves to zero electric field.
Note that with increasing exposure times the zero-field
mobilities decrease correspondingly. The behavior shown
in Fig. 6 is observed at all measurement temperatures.
This dependence, which has been observed in previous
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concentration dependence studies of DEH-doped polymer
systems,5 provides experimental evidence that the effec-
tive separation between active hopping sites can be con-
trolled photochemically.
Figure 6. The zero-field mobility at 300 K parametric in UV ex-
posure time.
In the disorder model framework, the slopes obtained
by plotting the zero-field mobilities versus 1/T2 give the
energetic disorder parameter, σ. In Fig. 7, we plot σ as a
function of UV exposure time. Within experimental error,
σ is independent of exposure time and is approximately
0.124 eV.

In the polaron model, the slopes obtained by plotting
the zero-field mobilities versus 1/T, give the activation en-
ergy, ∆. If we plot ∆ as a function of UV exposure time, as
shown in Fig. 8, we see that ∆ is also independent of expo-
sure time and is approximately 0.562 eV.
Figure 7. The energetic disorder parameter, σ, parametric in
UV exposure time.
Figure 8. The activation energy, ∆, parametric in UV exposure
time.
Discussion
There are two significant observations in this study.

First, for DEH-doped polycarbonate films, we observe a
systematic decrease in the magnitude of the effective hole
mobility with increasing UV exposure time. This observa-
tion provides evidence that the photochemical conversion
of DEH to IND can be exploited to control the effective
“active” dopant concentration (i.e., intersite separation)
in situ. Second, the energetic disorder parameter, σ, de-
termined within the framework of the disorder formalism,
and the activation energy, ∆, determined within the po-
laron formalism, are independent of exposure time, within
experimental error.

Accepting the premise that UV irradiation provides an
approach for diluting the “active” doping concentration in
DEH-doped polycarbonate systems, as suggested by our
data, we can restate the observations discussed above in
the context of dopant concentration. First, we recover the
well-established relationship between the mobility and
dopant concentration. Second, we observe that the ener-
getic disorder parameter, σ, and the activation energy, ∆,
are independent of dopant concentration. This observation
is in agreement with the concentration studies reported by
Mack, Schein and Peled5 and Schein and Borsenberger20 in
which the DEH-doping concentration was determined dur-
ing sample preparation and film coating.
Stasiak and Storch



Within the framework of the disorder model,32 it is pro-
posed that the statistical interactions between the dopant
molecules and the randomly oriented dipole moments of
the surrounding molecules are largely responsible for en-
ergetic disorder. The observation that the energetic disor-
der is independent of intersite spacing is inconsistent with
this picture. Although it has been proposed that this inde-
pendence could be the result of a delicate balance of coinci-
dences and cancellations between the energetic interactions
of the dopant molecules and the surrounding molecular
landscape,14 we suggest that such a balance between the
charge–dipole interactions is unlikely. Furthermore, al-
though it is possible to imagine that the DEH:polycarbonate
system satisfies these conditions for independence, it seems
unreasonable to expect that the same balance would be
achieved in systems containing different dopant molecules,
such as 1-phenyl-3-p-diethylaminostyryl-5-diethylphenyl
pyrazoline (DEASP).10 Finally, consider that the computed
dipole moment of the IND photoproduct (2.1 Debye)33 is con-
siderably smaller than that of the DEH molecule (3.1
Debye).19 As the density of IND molecules increases with
systematic photoconversion and redistribution, the disor-
der model would predict that σ (and ∆) should systemati-
cally decrease. Within experimental error, we do not observe
this behavior in our data. A simpler explanation for our
experimental observations is that charge transport for cer-
tain molecular dopants, including DEH and DEASP, is domi-
nated by intramolecular interactions and that the
independence of the activation energy on intersite spacing
is best explained within the small poloron model in the nona-
diabatic regime.19

Summary
In this study we have described a novel, photochemical

method for modifying the doping concentrations of molecu-
larly doped polymers in situ. Although this method is less
efficient than determining the dopant concentration dur-
ing formulation, it eliminates concerns regarding impuri-
ties and differences arising from sample preparation. We
have provided spectroscopic and chromatographic evidence
that supports the assumption that the dopant density can
be controlled photochemically, and we have exploited this
method in an attempt to distinguish between the two pre-
dominant models of charge transport in molecularly doped
polymers. Our results, which are in agreement with pre-
vious concentration-dependence studies, clearly show that
the energetic disorder, σ, and the activation energy, ∆, are
independent of intersite spacing. We conclude that this
observation cannot be reconciled within the current frame-
work of the disorder model and suggest that the data are
best described by using the small polaron model in the
nonadiabatic regime.
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