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We report on the hole transport characteristics, as measured by time of flight, of a family of symmetrically
substituted dialkoxy poly(p-phenylenevinylene) polymers with different side-chain length. As side-chain length
is decreased, the magnitude of the hole mobility u, increases while the field dependence of w; becomes more
positive and the temperature dependence of u;, becomes stronger. For the shortest side-chain derivative studied,
w, exceeds 107* cm? V= s7! at electric fields greater than 10° V ecm™'. The trend in magnitude of u;, with
side-chain length is consistent with the expected increase in electronic wave-function overlap as interchain
separation decreases, while the trends in electric-field and temperature dependences of w; are consistent with
increasing site energy disorder. We show that the electrostatic contribution to the site energy difference for
pairs of oligomers follows the observed trend as a function of interchain separation, although the pairwise
contribution is too small to explain the data quantitatively. Nonresonant Raman spectroscopy is used to
characterize the microstructure of our films. We construct spatial maps of the Raman ratio /,,g9//155; and
confirm an expected decrease in average film density with side-chain extension. The structural heterogeneity in
the maps is analyzed but no clear correlation is observed with transport properties, suggesting that the struc-
tural variations relevant for charge transport occur on a length scale finer than the resolution of ~1 um.
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I. INTRODUCTION

The application of conjugated polymers (CPs) to light-
emitting devices, thin-film electronics, and solar cells is lim-
ited in many cases by the relatively low mobilities of charge
carriers within the polymer thin films. Although it is widely
agreed'? that charge transport is limited primarily by the rate
of charge hopping between polymer chains (interchain hop-
ping), no adequate theoretical framework exists through
which to relate charge mobilities to the chemical structure of
the polymer chains. Ultimately, design rules that relate struc-
ture to electrical transport properties are needed in order to
develop materials that show superior performance in appli-
cations.

Experimental studies have demonstrated that mobilities in
CPs can vary by orders of magnitude as a result of variations
in the polymer chemical structure or physical morphology.
Factors include processing-related variables such as back-
bone conformation (planarity)>* (which determines the ef-
fective length of conjugated segments), alignment and pack-
ing of neighboring chains,’” chain packing density,? as well
as the chemical structure®!® and molecular weight!'!!? of the
conjugated backbone; the side-chain structure, length,
sequence,'? and symmetry;? regioregularity;'# and chemical
purity (e.g. Ref. 15). Measured mobilities are commonly
analyzed using semiempirical models such as the Gaussian
disorder model (GDM).'® Such models deliver a quantitative
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description in terms of a limited set of parameters, which is
useful for comparative purposes, but the parameters have
physical meaning only for a highly stylized model of the
solid (hopping sites on a cubic lattice) and have no direct
connection to the physical parameters listed above that con-
trol the mobility of real CPs. As a result these models cannot
be used for predictive purposes. On the other hand, a valid
description of the charge hopping rate between molecules
(with weak electronic coupling) is available in the form of
nonadiabatic Marcus theory,'” but this expression cannot eas-
ily be applied to obtain a net transport rate for hopping
within a disordered assembly of large anisotropic molecules.
An accurate estimate of mobility could be obtained, in prin-
ciple, through combined simulations of molecular conforma-
tion (e.g., using molecular dynamics) and charge
hopping.'82° However, this approach requires accurate
knowledge of intermolecular and intramolecular interactions
as well as vast computational resources to calculate mor-
phologies and transition rates, and the approach quickly be-
comes impractical except for small molecules in ordered mo-
lecular assemblies. A further complication is the physical
origin of the site energy disorder in CPs. Previous studies
have identified dipolar interactions as a source of energetic
disorder in molecularly doped polymers (comprising conju-
gated molecules dispersed in an inert polymer matrix).?!?2
However, the absence of large permanent dipole moments in
CPs and the comparable size of the transport unit compared
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to intermolecular distances means that higher-order multipo-
lar interactions must be invoked to accurately describe the
electrostatic interactions.?® To properly relate these interac-
tions to chemical structure, an atomistic picture of the mo-
lecular environment is required.

A useful goal would therefore be to identify (at a phenom-
enological level) those properties of CPs that influence mo-
bility most strongly and find an alternative parametrization to
the GDM that is physically appropriate for CPs. This chal-
lenge is assisted by recent studies!>!%!? that indicate that
transport pathways are controlled by the fastest interchain
hopping points.

In this paper we address the influence of polymer
side-chain length on hole mobility for a series of
poly(p-phenylenevinylene) (PPV) derivatives. The influence
of side chains on CP electronic properties is often attributed
to their role in determining chain packing, which in turn
affects the degree of coplanarity of the backbone. In the case
of regioregular polyalkylthiophenes, for example, processing
methods which lead to high charge mobility also lead to the
formation of ordered microcrystallites,® apparently formed as
a result of side-chain interdigitation.* In the case of PPV
polymers, differences in transport behavior between differ-
ently substituted polymers have been related to the effect of
side-chain symmetry on backbone planarity.>* In this study,
we focus on the less well-studied influence of side-chain
length on charge transport parameters. In order to minimize
variability in morphology and interpret the role of side-chain
length most simply, i.e., as an indicator of the separation
between polymer backbones, we choose to study symmetri-
cally substituted dialkoxy-PPV polymers. Previous studies>
have shown that unbranched symmetric side chains impart a
high degree of intrachain coplanarity and encourage chain
aggregation, in contrast to asymmetric side chains which al-
low more disorder in chain conformation.??3

We find systematic variations with side-chain length in
the magnitude, electric-field and temperature dependences of
hole mobility, and in the film morphology for the dialkoxy-
PPV derivatives with side-chain lengths of one
poly(2,5-dimethoxy-p-phenylenevinylene), PDMeOPV
(abbreviated Cl), six poly(2,5-dihexyloxy-p-
phenylenevinylene), = PDHeOPV  (C6), and  ten
poly(2,5-didecyloxy-p-phenylenevinylene), PDDeOPV
(C10) carbon atoms. We use spectroscopic studies to show
that the corresponding variations in derived GDM param-
eters cannot be explained exclusively in terms of changes in
planarity of the backbone. We use quantum chemical calcu-
lations to study the parameters that control interchain charge
hopping, i.e., the transfer integral J and site energy differ-
ence AG, in a model of dialkoxy-PPV as a function of inter-
chain separation, following the evidence that charge trans-
port is rate limited by interchain hopping events. To
incorporate the effect of disorder, we calculate the distribu-
tions of these parameters for large ensembles of pairs of
oligomers in random relative orientations but at a fixed dis-
tance of closest approach. The observed trends in the trans-
port parameters with side-chain length are broadly consistent
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FIG. 1. Chemical structures of PDMeOPV (Cl1), PDHeOPV
(C6), and PDDeOPV (C10).

with the results of such calculations as a function of inter-
chain separation.

II. METHODS
A. Experimental
1. Polymer synthesis

The chemical structures of the compounds studied here
are shown in Fig. 1. The soluble precursor of PDMeOPV
was synthesized by a Wessling-type polymerization of the
tetrahydrothiophenium salt (number average molecular
weight of 54 kDa, approximately 280 repeat units) and films
of PDMeOPV were prepared by thermal conversion of the
precursor polymer using the technique described in Ref. 26.
Following a previous study of the effect of conversion tem-
perature on optical and electrical properties of the films,? the
conversion was carried out at 185 °C, under which condi-
tions full elimination of the precursor to the conjugated
product is achieved. The soluble polymers, PDHeOPV and
PDDeOPV, were prepared by a Gilch-type polymerization
of the corresponding 1,4-bis(bromomethyl)-2,5-
dialkoxybenzenes. The crude polymers were purified and
fractionated by consecutive reprecipitations followed by
Soxhlet extractions with pentane and acetone to afford PD-
HeOPV and PDDeOPV with number average molecular
weights of 25 kDa (approximately 82 repeat units) and 35
kDa (approximately 84 repeat units), respectively. Further
details on instrumentation, synthetic procedures, and GPC
data are provided in the supporting information to the
paper.?’

2. Time-of-flight measurements

In the case of the soluble polymers, C6 and C10, devices
were prepared for time-of-flight (ToF) measurements by spin
coating solutions of 92 and 100 mg/ml, respectively, of the
polymer in chlorobenzene on to indium-tin-oxide (ITO)-
coated substrates that had previously been cleaned in ultra-
sonic bath with acetone and isopropanol. The resulting films
were in the range of 1.2—2.3 wm thickness. Devices of area
4.5 mm? were defined by thermal evaporation of aluminum
top contacts (~100 nm) through a shadow mask. In the case
of Cl1, free-standing films were prepared by the method de-
scribed in Ref. 8 and aluminum contacts applied to both
sides of the films by thermal evaporation. One of the contacts
was thin (~30 nm) to enable optical access.
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Hole photocurrent transients were measured at a range of
applied biases under pulsed (6 ns) illumination through the
ITO electrode (C6 and C10) or the semitransparent Al elec-
trode (C1). Measurements were normally performed at 532
nm using the frequency doubled output of a Nd:YAG laser
(Quantel). No difference was observed in the hole mobility
or its field dependence when the samples were excited at 335
nm. The resulting photocurrent was detected with a digital
oscilloscope (Tektronix TDS 3052). The samples were stored
in vacuo and measured both in vacuo and in ambient condi-
tions without any observed effect of atmosphere on the mo-
bility values. Laser pulse intensity was controlled so that the
charge generated did not exceed 5%—10% of CV where C is
sample capacitance (typically 0.1 nF) and V is the applied
bias, so that we could be confident that we were indeed
working in a regime where the electric field across the
samples can be assumed to be constant.

3. UV-visible, photoluminescence, and Raman spectroscopies

UV-visible (UV-vis) absorption spectra were measured
with a Unicam 4 UV/Vis spectrophotometer. Thin films (d
~90 nm) were prepared for the measurements by spin coat-
ing onto Spectrosil B substrates. Photoluminescence (PL)
spectra were collected using a SPEX Fluoromax-3 spectrof-
luorimeter equipped with an accessory for thin-film analysis.
Samples were excited at ~450 nm.

Raman measurements were made on a Renishaw 2000
charge-coupled-device (CCD)-based instrument equipped
with a BH-2 Olympus confocal microscope and a Prior map-
ping stage, using a 20 mW 780 nm near-infrared-diode laser
excitation source. This excitation wavelength was chosen to
avoid exciting background fluorescence. The laser light was
focused onto the sample with a X50 objective to produce a
beam of diameter =1 um at the focal point. Raman maps
(I um resolution and 0.1 s integration time) were obtained
over 251 X251 um? areas for each sample. The Raman
peaks were analyzed (curvefit for GRAMS) using mixed
Gaussian-Lorentzian fits with subtracted backgrounds. Fol-
lowing Ref. 8, the ratio of the Raman peak intensities at
1280 cm™! (assigned to in-plane vibrations) and 1581 cm™!
(assigned to phenylene ring stretching) is interpreted as a
measure of local chain packing density. The mean and vari-
ance of this ratio for each film type are obtained by statistical
analysis of all points (63 000 spectra) on the Raman map.

B. Theoretical methods

Detailed theoretical calculations were carried out on hex-
amers of dimethoxy-paraphenylenevinylene. Calculations on
shorter oligomers were also carried out and yielded similar
results to those described here. The geometry of the isolated
oligomer is obtained at the B3LYP/6-31g" level using
GAUSSIAN 03.28 Calculations of hole transfer integral and site
energy difference were carried out on pairs of oligomers,
where the second oligomer was oriented at random and
translated with respect to the first. The rotation matrix is
defined by three Euler angles, and in order to sample the
orientational space uniformly two angles and the cosine of
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the third are varied uniformly. The polar and azimuthal
angles of the translation vector are chosen to lie on a sphere
whose radius is varied until the minimum separation between
any two atoms on the two oligomers is equal to a desired
value d,;,. J and AG are calculated for each pair. The pro-
cess is repeated 10° times for each value of d,;, and distri-
butions of the J and AG values are thus compiled. For each
pair of oligomers, the transfer integral J is calculated using
an approximation based on molecular-orbital overlap, as de-
scribed in Ref. 29. The method described in Ref. 29 is com-
putationally efficient and thereby offers advantages over
density-functional-theory methods® for the analysis of dis-
ordered systems. Zerner’s intermediate neglect of differential
overlap/spectroscopic (ZINDO/S) orbitals for the individual
oligomers were calculated using the ZINDO/S Hamiltonian,
as implemented in GAUSSIAN 03. The site energy difference
AG is calculated as the difference in electrostatic interaction
energy estimated using distributed multipole analysis
(DMA). This approach is introduced in this paper. The DMA
approach is necessary both because the oligomers are large
compared to their separation and therefore cannot be substi-
tuted by a single multipole expansion and because the quad-
rupole moment of CPs cannot be represented by point
charges localized on the atomic centers. In this approach, AG
is equated to the difference in interaction energies between
the case when the positive charge is localized on one of the
two oligomers and when it is localized on the other. Charge
density distributions for the radical cation and neutral oligo-
mer are calculated at the B3LYP/6-31g™ level using GAUSS-
IAN 03.8 The distributed multipoles for each molecule are
then obtained using a method due to Stone.3! The interaction
energies are calculated including multipoles up to the quad-
rupole. Inductive interactions are ignored in the calculation
of AG. The validity of the approach is supported by calcula-
tions for stacks of a discotic liquid crystal in Ref. 32, which
show that, for that system, the correction in AG due to the
polarization of the surrounding ensemble is small. In order to
study the effect of side-chain length we recalculate the dis-
tributions of J and AG for values of separation d,,;, between
2.5and 19 A.

For each value of d,;, the 10° calculations took roughly
90 min on a single processor of an OPTERON 24X workstation.
For comparison, on the same computer a single self-
consistent field (SCF) calculation with the ZINDO/S Hamil-
tonian on a pair of oligomers of PPV takes roughly 2 min,
implying that 10° calculations would require roughly one
month. The wuse of the molecular-orbital overlap
approximation® in place of SCF therefore enables a much
larger parameter space to be explored.

III. RESULTS AND DISCUSSION

ToF mobility measurements

Typical ToF hole photocurrent transients for all three
polymers at the same applied electric field of 1.7
X 10° V cm™ are shown in Fig. 2(a). In the case of C10,
after an initial decay, the photocurrent settles to a constant
(plateau) value before falling abruptly toward zero at a
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FIG. 2. (a) Room-temperature hole photocurrent transients for
all three polymers at an applied field of 1.7 X 10° V cm™! plotted
on double-logarithmic axes. (b) Poole-Frenkel plot of room-
temperature hole mobility as a function of applied electric field for
all three polymers.

distinct knee. Such a transient shape is characteristic of non-
dispersive charge transport. The nondispersive transient also
demonstrates the high quality of the polymer sample since
high levels of impurities with energy levels within the trans-
port density of states gap are likely to cause charge trapping.
In the case of C6 the plateau region is absent and the knee is
less pronounced while in the case of C1 the transient shows
a featureless decay, even on a log-log plot, indicating very
dispersive transport. The transients become faster as side-
chain length decreases, indicating increasing hole mobility.
Hole mobility u;, is determined from the relation

wm=L/t.F,

where L represents the film thickness, F' the electric field,
and t,, the transit time. For dispersive transients ¢, is defined
as the point of intersection of two asymptotes drawn to the
transient (plotted in logarithmic representation) at long and
short times. Although this definition can overestimate mobil-
ity relative to the case where ¢, is identified with the point of
inflection of a nondispersive transient, it is chosen here be-
cause it can be used consistently for both dispersive and
nondispersive transients. Room-temperature hole mobilities
are plotted as a function of electric field F' for the three
polymers in Fig. 2(b). Again a clear trend with side-chain
length is visible. For fields greater than 4 X 10* V cm™!, hole
mobility decreases in the order wc;> pce > tc1o While the
field dependence of mobility becomes less positive as mobil-
ity decreases. The negative-field dependence of the hole mo-
bility of C10 is characteristic of materials where the degree
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FIG. 3. Poole-Frenkel plots of ToF hole mobilities for (a) Cl
and (b) C10 polymers as a function of electric field for temperatures
between 220 and 320 K. (Only selected temperatures are shown for
clarity.)

of energetic disorder is small compared to the degree of po-
sitional disorder'® (as discussed below) and is consistent with
the nondispersive transport. In the case of Cl, w, exceeds
107* cm? V! s7! for fields greater than 1 X 10° V cm™. As
previously reported,® this is the highest hole mobility ob-
served for a PPV polymer.

In a hopping picture, the shape of ToF transients and the
dependence on electric field are both influenced by the de-
gree of disorder in site energies and by the variation in the
electronic transfer integral between transport units. To quan-
tify the degree of disorder we study the temperature depen-
dence of u. Figures 3(a) and 3(b) show Poole-Frenkel plots
of w, over temperatures from 220 to 320 K for C1 and C10,
respectively. w, is more sensitive to temperature for C1 than
C10, varying by 4 orders of magnitude over the studied tem-
perature range for C1 but only by 2 orders for C10, and the
more positive electric-field dependence of u, for C1 than
C10 is maintained over the whole temperature range. Sensi-
tivity of mobility to temperature 7 is interpreted in many
models as an indicator of energetic disorder. To quantify the
disorder for these materials we analyze the w,(F,T) data
according to the GDM.'® Although the GDM is based on a
model which is a crude approximation to charge transport in
CPs, (i.e., Miller-Abrahams hopping on a cubic lattice) it
enables a comparison of different materials even though the
numbers extracted may not be physically meaningful. Ac-
cordingly, the w,(F,T) data for the three polymers are fit to
the expression
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TABLE I. GDM parameters p, o, and 3 obtained from analysis of hole mobility data for the three
polymers, as well as the mean and standard deviation (SD) of the ratio of Raman peak intensities.

Ho o c
Material (cm?/Vs) (eV) (cm/ V)2 p3 Mean Raman ratio SD in Raman ratio
Cl 0.25 0.110 5.1x107* 2.00 0.57 0.097
C6 45x1073 0.091 3.20% 1074 3.05 0.51 0.012
C10 27x10™*  0.085  326x10™%  3.92 0.47 0.015
20 \? emission peak is redshifted by ~20 nm. The larger apparent
(T, F) = po exp| — 3kT Stokes shift in C1 relative to C6 and C10 may be indicative

S=15

d2T+)7]

o \2 (1)
exp[C((k—T> —2.25)\’7’}, 3 <15

by the procedure described in Ref. 33, where u, o, 2, and C
are fitting parameters and k is the Boltzmann constant. The
results are shown in Table I. These show that as chain length
decreases, the zero-field mobility u increases, the energetic
disorder o increases, and the so-called configurational disor-
der 3, decreases. In the context of the GDM, wu, is a measure
of the strength of the intermolecular wave-function overlap
(or transfer integral), o of the disorder in hopping site ener-
gies, and X of the disorder in transfer integrals arising from
variations in molecular orientation. While it is clear that
shorter side chains should lead to stronger electronic wave-
function overlap it is not immediately clear how side-chain
length should influence the distribution of site energies.
Differences in site energy in CPs may result from a com-
plex set of factors, such as variations in backbone structure
through their effect on conjugation length, and variations in
electrostatic or other intermolecular interactions, while con-
figurational disorder is affected by the order in chain pack-
ing, by film density and again by backbone structure. For
symmetrically substituted dialkoxy-PPVs, as studied here, a
relatively high degree of packing order is expected to be
possible, with a high degree of coplanarity and relatively
long conjugation lengths.®> In the case of Cl in particular,
large (10-100 wm) crystalline domains have been
observed®** while in the case of poly(2,5-dinonyloxy-p-
phenylenevinylene), PDNoOPV, (C9) liquid crystalline be-
havior has been reported.>> Optical absorption and PL spec-
tra for the three polymers [Fig. 4(a)] were compared in order
to look for evidence of a trend in conjugation length with
side-chain length. All the PL spectra show well-defined vi-
bronic structure, and we find the optical spectra of C6 and
C10 to be largely indistinguishable. This similarity indicates
that the increase in side-chain length has an insufficiently
strong impact on interchain electronic correlations to perturb
the essentially intrachain wave function of the emissive ex-
citons. Furthermore, any differences between the polymers in
torsional disorder are insufficient to affect the effective con-
jugation length of the emitting chain segments. In the case of
C1, the absorption spectrum is broadened, and peaks at a
slightly shorter wavelength than C6 or C10 while the 0-0

of a broadening in the distribution of conjugation lengths,
leading to more pronounced spectral diffusion. Such broad-
ening would be consistent with an increase in energetic dis-
order o. However, C1 is known to crystallize,®** and crys-
talline domains are normally associated with narrower
distributions of conjugation lengths and hence lower site en-
ergy disorder. This apparent contradiction may be resolved
by considering the microstructural heterogeneity in C1 films.
These films are polycrystalline in nature and the contrast
between their disordered glassy interphases and the crystal-
lites is likely to admit large variations in site energy. This
heterogeneity is not considered by the GDM and complicates
the interpretation of transport behavior in terms of a single
location-invariant disorder parameter.® In such films it is con-
sidered that absorption samples the ensemble of all chain
segments while emission emanates preferentially from those
chain segments with the longest effective conjugation
lengths that represent minima in the energy landscape, to-
ward which excitons migrate and at which they become
trapped.

As a probe of the heterogeneity of chain packing, we
mapped the Raman spectra for films of all three polymers
over an area of 251 X251 um?. With an estimated sampling
depth of 1 wm, Raman acts as a structural probe of the mor-
phology of the whole film. The Raman spectrum of C1 (c.f.
Ref. 8) is compared with those of C6 and C10 in Fig. 4(b)
with all three spectra showing the same basic features. The
two strongest peaks close to ~1280 and ~1580 cm™' are
assigned to an intraplane backbone vibration and a phe-
nylene quadrant ring stretching vibration, respectively.?
While the Raman spectra of the two soluble polymers (C6
and C10) are, like the optical data, effectively indistinguish-
able, the peak of the quadrant ring stretch mode for C1 is
shifted to a lower frequency (A~3 cm™') and is more inho-
mogeneously broadened than those of C6 and C10, while the
intraplane vibration mode is also very slightly redshifted.
This is taken as evidence for the existence of a proportion of
chains with longer effective conjugation lengths in C1 than
in the soluble derivatives and is consistent with the PL data.
An increased effective conjugation length in C1 could result
from hydrogen-bonding-promoted planarization of PD-
MeOPV chains in the crystalline phase.>* The inhomoge-
neous broadening indicates that the greater disorder in C1
continues on a submicron length scale, a conclusion in agree-
ment with reported crystallite dimensions for PDMeOPV.3*
A spatial probe with nanoscale sensitivity would therefore
seem to be necessary to fully unravel the morphological dis-
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FIG. 4. (a) Absorption and PL spectra for thin films of all three polymers. Spectra are offset vertically for clarity. (b) Raman spectra for
the three polymers. [(c)—(e)] Maps of the ratio of the Raman peak intensity at 1280 cm™' to that at 1581 cm™' for 250X 250 um? areas on
the 1.2-2.3 um-thick ToF samples of (c) C1, (d) C6, and (e) C10 polymer films. The Raman spectrum for C1 in (b) is taken from a bright

region of the Raman map where the Raman ratio is locally high.

tinctions between C1, C6, and C10 films. In addition to sup-
porting the proposed difference in effective conjugation
length distribution, the ring stretch mode broadening may
also be contributed to by a wider variation in electrostatic
environment in C1 compared to C6 and C10. This wider
variation would be expected from the inhomogenous domain
structure of C1 and, as discussed below, multipolar electro-
static interactions present one cause of energetic disorder in
polymers.

Maps of the ratio /,,3)//155; of the Raman peak intensity
at 1280 cm™! to that at 1581 cm™! for films of C1, C6, and
C10 are presented in Figs. 4(c)—4(e). In Ref. 8 it was shown
that the relative height of these peaks correlates with the
chain packing density. As indicated by the greater contrast in
the case of C1 [Fig. 4(c)], where a clear domain structure is
evident, this material shows greater heterogeneity in packing
density than either C6 or C10 [Figs. 4(d) and 4(e)], which is
entirely consistent with its polycrystalline morphology. The
absence of contrast in the maps for C6 and C10 is similarly
consistent with their more glassy morphology. Indeed, a sta-
tistical analysis of the data for all three samples shows that

the mean Raman ratio indicates an overall decrease in den-
sity with increasing side-chain length and that the standard
deviation in the Raman ratio is also significantly lower for
the longer side-chain length polymers. Assuming the
I1580/ 11531 Raman ratio to be an indicator of local film
density,? it might therefore be applied as a probe of configu-
rational disorder. However, given the approximate micron
resolution, this disorder likely exists on a length scale far
greater than that relevant to charge hopping. This could ex-
plain why the parameter 3 obtained by GDM analysis op-
poses the trend in heterogeneity evidenced by the Raman
ratio. The trend in mean packing density deduced from the
Raman maps is entirely compatible with the increased den-
sity expected upon reducing side-chain length, but the Ra-
man data offer no obvious explanation for the trend in the
energetic disorder or configurational disorder parameters,
apart from providing evidence for domain boundaries which
are likely to be associated with disordered interphases. The
Raman-deduced density decrease with increasing side-chain
length is however in agreement with the overall reduction in
hole mobility.
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According to the optical data above, C1 films are more
disordered in relation to absorbing and emitting state ener-
gies, with a broader distribution of conjugation lengths than
the soluble derivatives. There is, however, no evidence to
suggest any difference between the distribution of conjuga-
tion lengths in films of C6 and C10. In a simplistic picture
where the corresponding transport site energy disorder is
controlled exclusively by variations in effective conjugation
length, these results would imply equal degrees of transport
site energy disorder for films of C6 and C10 and therefore no
difference in the temperature or electric-field dependence of
their mobility. However, experimental results for the soluble
derivatives reveal significant differences (see Table I). Alter-
native sources of energetic disorder, beyond changes in con-
jugation length, must therefore be considered.

In order to explore the relationship between charge trans-
port parameters and side-chain length, we calculate the pa-
rameters controlling the intermolecular hopping rate for pairs
of oligomers. We select a “hexamer” of dimethoxy-PPV
(with six dimethoxy-phenylene rings and five vinylene link-
ages) as the transport unit, as this oligomer length is compa-
rable with the expected polaron localization length in PPV.3¢
We assume that the rate of hole transport is limited by the
rate of the fastest interchain hops (in accordance with Refs.
13 and 19) and that the side-chain length correlates to the
shortest separation between two polymer chains (but does
not itself define it). Accordingly, we calculate distributions of
the hole transfer integral J (from calculation of molecular-
orbital overlap) and of the electrostatic site energy difference
AG (from atomistic calculation of distributed multipole in-
teractions), as functions of the minimum separation d,,;, be-
tween two hexamers, sampling the whole orientational phase
space. J and AG control the intermolecular transfer rate I’
according to the expression from Marcus-Hush theory!”

L ( (AG+A)2> o
" NP\ ar )

where \ is the reorganization energy and # is the Planck’s
constant. The parameters J and AG can be related to the
GDM parameters in an approximate sense as follows. Equa-
tion (1) is obtained from hopping simulations on a cubic
lattice where the nearest-neighbor hopping rate is propor-
tional to e~7, where v is distributed on a Gaussian of width
2,, and the rate of upward hops is additionally proportional to
e A0k where AG is the difference in site energies and the
site energies are distributed on a Gaussian of width o. Thus,
we may expect that the GDM parameter u should relate to
|J 2 the variance in AG should relate to ¢, and the variance
in log(J) should relate to 3. Below, we examine the trends in
the calculated parameters J and AG and their variances and
compare with trends in the GDM parameters.

Typical distributions of log|(/)|> and AG obtained from
10° random orientations at a minimum separation d,, of
3.5 A are shown in Fig. 5. The value of d;,=3.5 A was
chosen as twice the van der Waals radius of carbon
(~1.7 A), representing the closest approach between face-
to-face phenylene rings. Both distributions can be fit to nor-
mal distributions, supporting the assumption of the central
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FIG. 5. Frequency plots of (a) the logarithm of the square of the
hole transfer integral, log;olJ|*> and (b) the site energy difference
AG, calculated for a pair of hexamers of dimethoxy-PV at random
mutual orientations and a minimum separation of 3.5 A. Solid lines
represent Gaussian fits to the data.

limit theorem intrinsic to the GDM, at least for the case of
pairs of molecules. It is important to note that the variation in
J is significant, showing that mutual orientation influences
the electron transfer rate very strongly; i.e., configurational
disorder is important. The value of the standard deviation in
AG, oppma, is smaller than values (0.05-0.15 eV) typically
quoted for energetic disorder in organic semiconductors.
(Note also that oy, should be compared to o2 since opya
refers to the variance in the difference of site energies rather
than the standard deviation in site energy.) However, oy iS
obtained from the electrostatic interaction of single pairs of
nearest neighbors only. Since electrostatic interactions are
long ranged, several neighboring molecules would contribute
to the local electrostatic potential in a solid film with the
result that the net variance in AG is much larger than that for
a single pair of molecules.

In Figs. 6(a) and 6(b) the root-mean-square value of J,
Joms» and the standard deviation of AG, oppya, respectively,
are plotted as functions of separation d,;,. J.s falls exponen-
tially with a natural length scale of 0.42 A. The dependence
on separation of J, . can be explained by the expected de-
crease in orbital overlap with increasing intermolecular sepa-
ration. The distribution of the logarithm of J was also in-
spected as a function of separation and the standard deviation
was found to be almost independent of separation. This
makes sense when we note that, although the value of the
transfer integral is strongly dependent on relative orientation
of the two molecules, the value for any particular orientation
decreases with increasing separation with a similar length
scale; for the case of fluorene oligomers this is demonstrated
in Refs. 19 and 37. In the terminology of the GDM, this
behavior implies that the orientational disorder is significant
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FIG. 6. (a) Root-mean-square hole transfer integral J,; and (b)
standard deviation of site energy difference opya as functions of
distance of closest approach between two hexamers of
dimethoxy-PV.

but is independent of intermolecular separation and therefore
of side-chain length, in contrast to the trend in configura-
tional disorder implied by the GDM analysis results in Table
I. opuma also decreases with increasing d,,;,, but much more
slowly than J. The trend in opys can be explained by
arguing that the difference in electrostatic interactions is cor-
related with the absolute values of the two electrostatic in-
teractions and therefore falls with separation. With regard to
site energy difference these results indicate that, in the pres-
ence of orientational disorder, tighter chain packing leads to
greater energetic disorder because of stronger electrostatic
interactions. This conclusion can be extended to larger as-
semblies of molecules. Moreover, we note that this trend
would not be affected by including inductive interactions.
Having determined trends in the transport parameters and
their distributions with intermolecular separation, we now
address the question of whether these results can explain the
observed trends in the transport parameters with side-chain
length. We take an approach similar to that used in deriving
the GDM. ToF photocurrent transients are simulated on a
cubic lattice using Monte Carlo simulation,*® with the inter-
molecular charge hopping rate given by Eq. (2). Site energies
are assigned from a Gaussian distribution of width o where
o depends on side-chain length, and each site is assigned a
contribution A to the disorder in In(]J|?) from a Gaussian of
width & [equal to 1/2 times the standard deviation of
In(|[J]%)]. The |J|* value for a transition from site i to site j is
then given by exp[(In}J[*),+AnlJ]*) e ;+A(NY ) e ],
where (In|J|?), represents the mean of the logarithm of |J|?
for that side-chain length. We use the values of (In|J|?), and
standard deviation in In(|J|*) obtained in the calculations
without change (i.e., (In|J|*),=—8.7-4.5d, where d is the in-
terchain separation in angstrom, and 6=4/,/2=2.8). The
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FIG. 7. Simulated ToF hole mobilities for hopping on a cubic
lattice with mean and spread of log(]J|*) taken from the calculated
Gaussian distributions for different interchain separations (a) with
site energy disorder taken from Fig. 6(b) and (b) for a wider range
of site energy disorder values.

closest intermolecular separation for a given side-chain
length cannot be determined easily, but we argue that the
separation between the closest two atoms of a pair of Cl1
oligomers should be no smaller than 3 A. In the case of
longer side-chain lengths, the closest interchain separation
should be longer than for C1 but not as long as the extended
length of the alkyl chain. To demonstrate the approximate
trends of mobility with side-chain length we choose inter-
chain separations of 3.0, 4.5, and 5.5 A, respectively, for the
C1, C6, and C10 polymers. Note that the aim of this study is
not to reproduce the values of mobility absolutely but rather
to demonstrate the effects of significant changes in the side-
chain length. A cation reorganization energy \ of 0.20 eV is
used throughout and calculated according to the approach of
Ref. 39 using values of the energy of the neutral and posi-
tively charged oligomer in the geometry of the neutral mol-
ecule and the cation obtained through hybrid density-
functional theory calculations.

The results for simulated room-temperature hole mobility
for these interchain separations and energetic disorder values
read from Fig. 6(b) of 32, 28, and 24 meV, respectively, are
shown in Fig. 7(a). From this plot it is clear that the model
reproduces the experimentally observed trend, in which the
magnitude of mobility decreases with increasing side-chain
length. (No attempt is made to fit the absolute values of
mobility.) However, the model does not reproduce the ob-
served variation in field dependence between C1, C6, and
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C10; rather the similar small energetic disorder values all
lead to a similar weak negative dependence of mobility on
field. The different field dependences imply a very large dif-
ference in energetic disorder between these cases, and this is
not consistent with the weak variation in opya With d;,
seen in Fig. 6(b). In Fig. 7(b) we present results for a wider
range of site energy disorder: =25 meV and d,,;,=5.5 A
for C10, o=75 meV and d,,=4.5 A for C6, and o
=125 meV and d_;,=3.0 A for C1. The agreement with the
experimental trend in field dependence is improved, indicat-
ing that our method underestimates the energetic disorder for
short interchain separations. One likely explanation is that
our method, which considers only contributions from single
neighbors, underestimates the variation in electrostatic inter-
actions. The underestimate would be more severe for short
distances when the influence of a larger number of next-
nearest neighbors is important. Processes other than the pair-
wise electrostatic interactions may also influence the true site
energy disorder. In addition, the crystalline packing of the
molecules in C1 may influence the site energy disorder for
example by introducing large variations in pairwise interac-
tions near the domain boundaries. Unfortunately, crystalline
systems cannot be modeled considering only pairs of mol-
ecules and therefore extension of the study to crystalline or
polycrystalline C1 is beyond the scope of this model. Extrin-
sic defects could also influence the side-chain dependence of
energetic disorder since shorter side chains may more easily
allow stronger electronic interactions between such defects
and the conjugated backbone. Our main result remains that,
for systems with an equivalent degree of packing disorder,
energetic disorder increases with tighter packing. Thus, the
reduction in hole mobility as side-chain length is increased
from CI to C6 to C10 is attributed to a reduction in overlap
of the electronic wave function as the conjugated backbones
are separated. The reduction in the temperature and positive
electric-field dependences of mobility is attributed to a de-
crease in energetic disorder, which results at least in part
from intermolecular electrostatic interactions.

IV. CONCLUSIONS

In conclusion, we have studied the dependence on side-
chain length of the time-of-flight hole mobility of symmetri-
cally substituted dialkoxy-PPV polymers. Symmetrically
substituted derivatives were chosen in order to maximize the
backbone planarity and minimize variations in chain mor-
phology. The magnitude of the hole mobility increases with
decreasing side-chain length, following the expected expo-
nential increase in the electronic transfer integral with de-
creasing interchain separation, and the field dependence of
mobility becomes more positive with decreasing side-chain
length. For the shortest side-chain derivative studied (C1),
the hole mobility exceeds 10™ cm?/V s at moderate electric
fields.

Analysis of the data with the GDM implies that zero-field
mobility and energetic disorder both increase with decreas-
ing side-chain length, while configurational disorder de-
creases. In order to provide a physical basis for these trends,
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we evaluated the parameters controlling hopping transport
between oligomers of dialkoxy-PPV using electronic struc-
ture calculations and calculation of electrostatic interactions
through a distributed multipole expansion. As expected, the
root-mean-square electronic transfer integral decreases expo-
nentially with the distance of closest approach between oli-
gomers. Less intuitively, the calculated disorder in site ener-
gies also decreases with intermolecular separation while the
disorder in transfer integral is relatively independent of sepa-
ration. Monte Carlo simulations showed that the calculated
hopping transport parameters predicted the observed trend in
the experimental data, although the calculations appear to
underestimate the separation dependence of site energy dis-
order. The latter point can be explained by the neglect in the
model of longer range electrostatic interactions with other
neighboring molecules in the solid film and the neglect of
other possible influences on site energy disorder such as con-
formational defects. To a first approximation, the variations
in transport properties can be explained by the variation in
distance of closest backbone approach. This conclusion pro-
vides further support for the proposal that charge transport in
organic solids is dominated by pathways that make most use
of the fastest available intermolecular hopping rates.

Optical data (Uv-vis, photoluminescence, and Raman
spectroscopies) were used to investigate the relative degree
of order in the films. While C1 was determined to have the
most disordered morphology and exhibited the longest effec-
tive conjugation length in the series, no discernible differ-
ence was found between C6 and C10. This implies that
variations in conjugation length distribution were not respon-
sible for the observed differences in energetic disorder be-
tween the polymers. Raman maps were built to monitor
variations in local density in the polymer films, and the mea-
surements clearly indicated decreasing average density with
increasing side-chain length, as expected. However, no clear
correlation was found between the heterogeneity of the den-
sity, observed on a micron length scale, and the apparent
disorder in electronic transfer integral. This suggests that
transport is dominated by variations in a smaller length scale;
development of probes of structure on intermolecular length
scales should enable this point to be addressed in future stud-
ies. Variation in the broadening of the peak assigned to the
quadrant ring stretch vibration appeared to be compatible
with the trend in energetic disorder, suggesting that the Ra-
man spectra could be used to characterize large-scale varia-
tions in energetic disorder; this suggestion merits further
study.
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