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ABSTRACT: Charge transfer doping of a nominally disordered conjugated polymer
induces long-range conformational ordering (stiffening) of backbone segments. Addition
of [2,3-dichloro-5,6-dicyano-p-benzoquinone (DDQ) to dilute solutions of poly[2-
methoxy-5-(3′,7′-dimethyloctyloxy)-1,4-phenylenevinylene] (MDMO-PPV) results in
quantitative charge transfer in the ground electronic state of the polymer. Following
charge (hole) injection, greater MDMO-PPV monomer coplanarity is evident in
electronic, Raman, and electron paramagnetic resonance (EPR) spectra over a broad
range of dopant loadings. New transitions emerge at lower energies with spectral patterns distinct from pristine materials but
closely resemble minority low energy conformers selectively that can be prepared by careful control of processing conditions. We
further demonstrate that characteristic Raman patterns of PPV systems actually contain signatures of a minority ordered form
that interacts preferentially with the dopant. Subsequent additions of dopant also show that most chains convert into the low
energy form. This notion is consistent with greater backbone planarity and, hence, lower torsional reorganization energies
required to access the cation form. Preresonant excitation of the emergent red-shifted optical transition reveals long overtone-
combination progressions due to enhanced electronic delocalization along planarized backbone segments and diminished
coupling the surroundings. We propose that planarity enhancements from doping also lead to the eventual formation of spinless
bipolarons, evident from EPR spectra. Facile charge transfer doping induced conversion into the ordered MDMO-PPV
conformer suggests that better control of polymer conformations and carrier levels could be harnessed to improve charge and
energy transport efficiency in optoelectronic devices.

■ INTRODUCTION

The use of strong electron acceptor molecules to electrically
dope conjugated organic materials in their ground electronic
state via charge transfer is an attractive approach for tuning
carrier densities for various optoelectronic applications.1−4 This
process is most commonly undertaken in solutions prior to
casting into films, which offers greater flexibility and potential
tunability of desired electrical properties. However, structural
changes induced by doping tend to alter film morphological
characteristics significantly from those of pristine films
necessitating new processing approaches to achieve reliable
control of electrical properties.5 In addition, doping also gives
rise to new multiparticle charged species and interactions, such
as bipolarons, resulting in more opportunities for under-
standing charge transport pathways and charge interactions.6−9

Ideally, a free charge carrier (polaron) is generated in a
localized region of the polymer chain (segment) for every
charge transfer event with an acceptor but this is seldom
realized in practice.10 At the simplest level, the choice of
suitable electron acceptors is typically guided by consideration
of frontier energy level offsets (i.e., acceptor ∼ LUMO vs donor
∼ HOMO). However, this pure electronic view has had limited
success in determining doping efficacies, namely, the amounts
of free carriers generated per dopant added. For example,
measured free charge carrier levels in thin films are often far
below than those expected based on the amount of dopant
added per monomer unit,11 and carrier levels typically saturate

after a characteristic loading. These deviations are usually
attributed to nonquantitative charge transfer, disorder-induced
charge trapping in the solid state, and dopant preassocia-
tion.12−15 Molecular structure factors and more detailed
theoretical insights are becoming available, which have
improved design strategies of charge transfer doping and
charge transport.13,16−22

In addition to specific interactions with polymer backbone
moieties, the extended conformational properties and aggrega-
tion also have a profound impact on charge transfer doping
efficiency and subsequent charge transport. Recent work from
our group has concentrated on the roles of conformational
order and polymorphism on determining charge transfer
doping efficiency.15,19 In particular, conformations capable
adopting high monomer coplanarity in self-folded aggregate-
type structures become quantitatively doped whereas chains of
lower order (e.g., regioregularity) form charge transfer
complexes.19 Other work along these lines has focused on
the effect of solvents in regulating preaggregation of semi-
crystalline polymers as well as cocrystallization of ionized
donors and acceptors in the solid phase, which has shed new
light on the structural factors dictating doping outcomes.23 We
expand on this theme herein by investigating molecular-level
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polymer−dopant interactions and the extent of structural and
conformational rearrangement following a charge transfer
event.
Virtually all of the current effort involved in studying

conjugated polymer charge transfer doping has been directed
toward crystalline systems capable of forming extended π-
stacked aggregate networks. Even short-range crystallinity has
enabled the use of sensitive scattering and diffraction based
characterization tools that have proven effective for resolving
changes in aggregated regions of the material upon charge
transfer.24 For example, benchmark systems, such as poly(3-
hexylthiophene) (P3HT), can be electrically doped in the
ground electronic state by adding small amounts of the strong
electron acceptor, F4-TCNQ.

11,25,26 Despite expected quanti-
tative charge transfer with F4-TCNQ, it has been estimated that
only ∼5% or less of dopant additives actually result in free
charge carriers (hole polarons) on P3HT chains.11,27 The
current consensus is that only aggregates become doped while
lesser-ordered (amorphous) chains form bound complexes with
the ionized dopant.10 Furthermore, for polymer chains that
become doped, there is a characteristic stiffening of the
backbone due to quinoidal distortions leading to spectral
signatures resembling ordered aggregates.15 More recently,
Neher and co-workers investigated the effect of solvent on
P3HT doping characteristics and reported that preaggregation
in solution (viz. higher boiling point solvents) limited doping
efficiencies and resulting conductivities of thin films.23

Unfortunately, it is considerably more difficult and less
reliable to apply diffraction-based tools to study charge transfer
doping of nominally disordered polymers.28 In this case,
ordered segments are in much lower abundance and there is
often no registry between ordered segments, e.g., π-stacking in
polymer aggregates. Here, we use combinations of one- and
two-photon spectroscopies to examine how intrinsic conforma-
tional qualities influence charge transfer doping and subsequent
structural distortions in the ground and excited electronic states
of a noncrystalline polymer. Solutions of poly-[2-methoxy-5-
(3′,7′-dimethyloctyloxy)-1,4-phenylenevinylene] (MDMO-
PPV) are doped in the ground electronic state by adding
[2,3-dichloro-5,6-dicyano-p-benzoquinone (DDQ), a strong π-
electron acceptor. New, red-shifted electronic absorption
transitions emerge immediately upon addition of DDQ
consistent with the creation of ionized MDMO-PPV and
dopant forms although spectra are congested because of
overlapping transitions in the same energy range. We
demonstrate that the unique signatures of doped and undoped
forms can be resolved in addition to new evidence of ordered,
minority conformers that act as precursors for the doped
MDMO-PPV variant.
Despite the noncrystalline nature of MDMO-PPV, multiple

stable conformers exist (similar to other alkoxy-PPV deriva-
tives) that have been investigated extensively using single
molecule spectroscopy.29,30 Bimodal distributions of so-called
“red” and “blue” emitting forms corresponding to ordered and
solution-like (amorphous) segments, respectively, have been
isolated and the amounts can be controlled by choice of
preparation conditions (solvent) and polymer molecular
weight. The low energy “red” form has been assigned as
minority emissive traps (as little as one segment per chain) that
are populated chiefly by excitation energy transfer from more
plentiful, higher energy “blue” chromophores.29,30 Although
strong fluorescence quenching forbids direct investigation of
doping efficacies of MDMO-PPV conformers in solution and

solid phases, we use resonance Raman spectroscopy to show
that doping occurs preferentially for the ordered conformation.
As doping levels increase, there is a greater stiffening (ordering)
of neighboring segments whereby nearly all chains convert to
this form, which is consistent with findings from theoretical
simulations and electron paramagnetic resonance (EPR)
spectroscopy of MDMO-PPV/DDQ blends. Overall, we find
a remarkable similarity between the responses of crystalline and
noncrystalline polymers to charge transfer doping, namely,
characteristic ordering of the backbone. This result suggests a
possible universal design approach for controlling doping
outcomes via fine-tuning of structural and conformational
characteristics regardless of the ability to form long-range
crystalline domains.

■ EXPERIMENTAL SECTION
Sample Preparation and Characterization. MDMO-

PPV was obtained from Aldrich (MW ∼ 35 000 g/mol, PDI =
2.1) and used without further purification. MDMO-PPV
solution samples were dissolved in dry chlorobenzene (2 mg/
mL) in a circulating nitrogen glovebox under gentle heating.
Solutions of [2,3-dichloro-5,6-dicyano-p-benzoquinone (DDQ,
Aldrich) (0.5 mg/mL) were prepared under similar conditions
and combined with MDMO-PPV over a range of w/w ratios.
Typical MDMO-PPV/DDQ loading ratios used spanned
between 1:0.05 and 1:2 w/w. The relatively large PDI of
MDMO-PPV makes it difficult to estimate the exact number of
DDQ dopants per monomer units but we project this to be
approximately 200 and 5 monomer units per DDQ molecule
added, respectively. Thin films were deposited from blend
MDMO-PPV/DDQ solutions on rigorously cleaned glass
coverslips there were sealed with an aluminum overcoating
by thermal deposition under high vacuum for Raman
measurements. Optical absorption spectra of MDMO-PPV/
acceptor films were measured on a Varian CARY spectrometer
immediately following deposition. Raman spectra were
recorded using a home-built confocal microscope spectrometer
for excitation wavelength spanning ∼450−650 nm described in
detail previously.31 Off resonance Raman spectra of thin films
were measured using 780 nm light with a dispersive
spectrometer (Thermo-Nicolet). Resonance Raman excitation
profiles were generated using the same microscope system
equipped with a home-built sapphire objective as an external
intensity standard.32 EPR data were collected at X-band (9.3
GHz) using a Bruker EMX spectrometer with associated Bruker
magnet control electronics and microwave bridges. The EPR
spectra of doped MDMO-PPV degassed solutions and thin
films were recorded at several temperatures ranging from ∼5 up
to 300 K, and all measurements were made on samples held
under a dry nitrogen environment to avoid oxygen and
moisture related degradation. Low-temperature spectra were
collected using an Oxford Instruments liquid helium flow
cryostat and an Oxford Instruments temperature controller.

Theoretical Calculations. Density functional theory
(DFT) calculations were performed using the B3LYP hybrid
functional with the atom-pairwise dispersion corrections of
Grimme et al.33 and utilizing the Becke and Johnson
dampening scheme.34 The neutral and anionic forms of DDQ
as well as neutral and cationic MDMO-PPV model monomer
system were modeled to ascertain bond-length changes due to
complexation interactions and understand their spectroscopic
signatures. MDMO-PPV analogues use the shorter methoxy
groups in place of the longer branched alkoxy side chain in
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order to expedite simulations. For both molecules, Ahlrichs
Def2-TZP basis sets35 were utilized with p and 2d polarization
functions and s and sp dispersion functions on H and main
group atoms, respectively. We also explore the effect of
MDMO-PPV chain lengths (i.e., monomers) although a smaller
basis set was used in which only p and 2d polarization functions
on H and main group atoms, respectively, was used. To speed
the HF evaluation of exchange, resolution of the identity (RI)
for both the exchange and Coulomb integrals and the chain-of-
spheres (COSX) approximations were used.36 Raman spectra
were simulated using the ORCA computational suite.

■ RESULTS AND DISCUSSION

Figure 1a shows absorption spectra of MDMO-PPV thin films
spin-cast from solutions with varying amounts of DDQ added
(absorption spectra of chlorobenzene solutions are included in
the Supporting Information). A new transition centered at
∼18 395 cm−1 (2.28 eV) becomes apparent in the vicinity of
the red edge of the π−π* singlet exciton band of pristine
MDMO-PPV (∼20 300 cm−1, 2.52 eV). As DDQ content
increases, the band centered at 2.28 eV grows at the expense of
the 2.52 eV band and a characteristic isosbestic point is
apparent at ∼19 200 cm−1 (2.38 eV) indicating the presence of
two structurally distinct species. The emergence of a new red-
shifted transition is consistent with a quantitative charge
transfer event upon contact between MDMO-PPV segments
and DDQ dopants,31 consistent with the integer charge transfer
model.11 However, one-photon absorption spectra of doped
polymer blends are usually comprised of overlapping and
inhomogeneously broadened transitions making it difficult to
definitively ascertain directly whether injected charges exist as
free carriers.
DDQ was next doped with ferrocene to generate DDQ− to

further resolve the nature of the emergent red-shifted
absorption transition and spectra of both pristine and ionized
forms of DDQ are displayed in Figure 1b. Upon formation of
DDQ−, a new line shape appears with an electronic origin
energy (E0−0) of ∼17 070 cm−1 (2.12 eV) and a partially
resolved vibronic progression of ∼1240 cm−1 corresponding to
excited state distortions along CC normal modes (vide infra).
Spectral line widths are narrower for the DDQ− band

compared to the new red-shifted band observed in the
MDMO-PPV/DDQ blend (i.e., ∼ 750 vs ∼1900 cm−1,
respectively). Despite that significant overlap exists between
and MDMO-PPV/DDQ blend absorption line shapes, the lack
of resolved vibronic structure in the new red-shifted line shape
suggests minor contributions from the DDQ− species. We
estimate the molar absorptivity of the DDQ− absorption
transition to be ∼1 × 104 M−1 cm−1 at the absorbance
maximum (E0−0), which is much smaller than that of PPV
derivatives in same molecular weight range (∼105 M−1 cm−1 or
greater). Instead, we posit that the emergent transition in
Figure 1a is dominated by MDMO-PPV/MDMO-PPV+

character.
Comparison of spectral features in Figure 1a with those of

related polymer blends with other strong electron acceptors
also reveal patent differences. For example, Bruevich et al.
investigated blends of MEH-PPV with 2,4,7-trinitrofluorenone
(TNF) as an acceptor and observed weak and broadened
transitions on the red edge of the pristine polymer absorption
line shape for similar loadings as those used here.37 Although
TNF has similar qualities as DDQ (i.e., electron affinities) this
result suggests that injected holes cannot escape the Coulombic
attraction of the ionized dopant and become trapped in a
bound charge transfer complex.38,39 On the other hand, our
results suggest that either free hole polarons or holes that
interact weakly with the dopant anion are created when
MDMO-PPV chains are doped with DDQ.
EPR spectra of MDMO-PPV/DDQ blends provide a

convenient way to probe the nature of injected carriers and
the effects of doping that are not available from one-photon
electronic absorption spectra. Figure 1c shows 4K EPR spectra
of blend thin films using loadings similar to those presented in
the electronic absorption spectra (Figure 1a). For comparison,
MDMO-PPV/DDQ (1:1 w/w) solution and thin film EPR
spectra were also measured at 300 K and these data are shown
in Figure 1d. No discernible signal is observed in either the
pristine solid material or their precursor solutions demonstrat-
ing that all resonances arise because of doping. EPR spectra of
MDMO-PPV/DDQ thin films measured at 4K display evidence
for the presence of two overlapping EPR transitions that change
in relative intensity depending on DDQ loading and temper-

Figure 1. (a) Absorption spectra of MDMO-PPV/DDQ blend thin films at several loadings. Raman excitation energies, vide inf ra, are depicted by
downward arrows. (b) Absorption spectra of pristine DDQ and DDQ− solutions. (c) EPR spectra of MDMO-PPV/DDQ blends measured at 4 K.
(d) Comparison of pristine MDMO-PPV and DDQ blends (1:1 w/w) in thin film and chlorobenzene solution measured at 300 K.
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ature. As DDQ concentrations increase, the 4 K spectra shift
from a dominant larger g-value resonance (g ∼ 2.0085) to one
possessing a smaller g-value (g ∼ 2.0065) that is closer to the
free electron g-value (g = 2.0023). Hyperfine coupling and g-
tensor anisotropy may be evident in spectra at smaller loadings
(<1:2 w/w) but is difficult to fully resolve at X-band
frequencies and will not be considered further. The assignment
of the ∼2.0065 (3426 G) resonance to the DDQ anion
(DDQ−1) and the ∼2.0085 (3420 G) resonance to the
MDMO-PPV+ hole polaron is supported by their similarity to
recently reported EPR spectra of a long-lived photoinduced
charge transfer species in water-soluble polyelectrolytes with
pendant fullerene acceptors.40

At liquid helium temperatures, the observed decrease in
intensity of the g ∼ 2.0085 MDMO-PPV+ hole polaron
resonance, coupled with an increase in intensity for the DDQ−1

anion radical as a function of increased loadings is consistent
with the initial formation of free hole polarons at low dopant
concentrations that convert to spinless hole bipolarons as the
hole concentrations increase. The room temperature EPR data
for the 1:1 film sample also shows the same two resonances
(Figure 1d), but with different intensities compared with the 4
K data set at the same dopant loading. This observation is
consistent with a perturbation that results in different relative
populations of spinless bipolarons and free hole polarons as a
function of temperature. This effect may indicate that entropic
effects are at play, which can affect these relative populations
through geometric distortions that affect the relative planarity
of MDMO-PPV+ as a function of dopant concentration, with
more planar geometries favoring the formation of spinless
bipolarons.19 Thus, the lower observed intensities of the
MDMO-PPV+ contribution with larger DDQ loading most
likely derives from enhanced polaron delocalization along
segments of greater coplanarity, allowing the generated
polarons to combine and form spinless bipolarons. Similar
suggestions of charge transfer-induced planarity have also been
made for MEH-PPV/TNF blends and we explore this proposed
structural change in more detail below using Raman spectros-
copy.37 This is interesting since it suggests that the effective
concentration of spin carriers can be modified by small
structural changes that drive the doped polymer between
paramagnetic and diamagnetic states as a function of temper-
ature or the nature of the matrix, vide inf ra. In support of this
assertion, we note that there is no EPR evidence for free hole
polarons in our room temperature solution samples with 1:1
MDMO-PPV/DDQ loadings (Figure 1c). Interestingly, this
indicates that either a more planar polymer geometry exists in
solution or dynamic structural effects are present that result in
the formation of spinless bipolarons.
It is also useful to note that polymer chains of low

regioregularity typically form bound charge transfer complexes
due to the inability of the injected holes to delocalize from the
charge transfer site. We do not observe any EPR signals from
these species, which should be present if the electron and hole
spins are uncoupled. This behavior can be rationalized in terms
of disorder-induced localization of the injected hole (e.g., large
torsional displacements) that limit exciton and charge
migration lengths. In an earlier study, this effect was
investigated using P3HT samples of varying regioregularity
where it was found that only the chains of high regioregularity
had appreciable levels of free carriers (i.e., large EPR spin
densities).15 Otherwise, charge transfer complexes exhibit weak
and broadened absorption lineshapes, which are also not

observed in our samples. To help understand the electronic
factors governing branching ratios of free (uncoupled) polarons
and spinless bipolarons, we consider the nature of the
interactions mediated by the chain structural qualities. First,
formation of a spinless bipolaron (open shell singlet) can result
due to superexchange coupling between the hole and the
electron. Assuming a pairwise exchange Hamiltonian for two
coupled spins (H = −2JS1S2) and antiferromagnetic exchange
coupling, the triplet will not be appreciably populated for kBT/J
< ∼ 0.3. This corresponds to a conservative estimate of J > 700
cm−1 at 300 K (see Supporting Information). This scenario
would correspond to the strong superexchange limit with the
spins being in close proximity to one another as expected due
to the low dielectric environment of polymeric materials.
The spectroscopic trends presented thus far are consistent

with a greater fraction of the ordered MDMO-PPV phase
induced by charge transfer doping and the polaronic character
of injected holes. Moreover, there is a similarity between the
new, red-shifted absorption feature in Figure 1a and absorption
line shapes of PPV derivatives deposited from high boiling
point solvents (see Supporting Information) as well as those
from samples with low polydispersity. Most recently, Koehler
and Bas̈sler demonstrated interconversion from the dominant
amorphous form to the ordered (red) form in MEH-PPV
dispersed in glassy hosts via a second order phase transition at
ca. 200 K.41 This transition requires cooperativity in alkoxy side
group packing leading to aggregation even though intermo-
lecular backbone π−π interactions are weak. Excitons of the
MEH-PPV red phase have predominant intrachain character
where most of the emission intensity is concentrated in the E0−0
transition.
We now propose a similar ordering of MDMO-PPV chains

occurs in the presence of DDQ whereby charge injection by
DDQ increases quinoidal character and therefore greater
monomer coplanarity. In a previous report, we examined
charge transfer interactions in MDMO-PPV blends with various
electron acceptors and observed evidence of charge transfer
induced ordering of the polymer backbone.31 This structural
change was most apparent from resonance Raman spectroscopy
that showed long overtone progressions. We investigate these
features in more detail to determine the nature of injected
carriers and the specific role of structure in dictating doping
efficiency. Preresonance Raman spectroscopy is now used to
probe the structural origins of the new red-shifted absorption
transition in MDMO-PPV/DDQ blends and unravel the
structural qualities of the chromophore.
Figure 2 shows Raman spectra of MDMO-PPV/DDQ blends

with varying DDQ loading (similar to absorption spectra in
Figure 1a) generated using 780 nm light (12 820 cm−1, 1.59
eV). As the DDQ loading increases, we observe a redistribution
of intensities involving the dominant MDMO-PPV CC
symmetric stretching skeletal vibrations in the range of
∼1550−1625 cm−1 and ∼1280 and 1310 cm−1 corresponding
to phenylene CC stretching character and inter-ring
stretches, respectively. Most notably, large relative intensity
gains of the ∼1280 and 1555 cm−1 are observed that appear as
shoulders on the ∼1310 and 1580 cm−1 modes, respectively, in
the pristine material and eventually dominate the Raman
pattern at large DDQ loadings (>1:1 w/w). Interestingly, line
widths of the emergent ∼1280 and ∼1555 cm−1 modes are
broader compared to the corresponding higher frequency
∼1310 and 1580 cm−1 modes in the pristine MDMO-PPV
Raman pattern (i.e., ∼ 40 vs ∼20 cm−1, respectively). We also
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observe red-shifts by ∼15 cm−1 for all skeletal vibrations over
the entire DDQ loading range that become more appreciable
with larger loadings. Previous Raman spectroscopic inves-
tigations of PPV systems have assigned the ∼1555 cm−1

transition as a symmetric inter-ring CC stretch with
significant vinylene stretching character.8,42,43 Doping with
sodium (i.e., n-doping as opposed to p-doping here) also
produces similar trends as shown in Figure 2, namely, a
redistribution of CC stretching intensities toward this mode.44

The appearance of a distinct red-shifted absorption spectrum
in Figure 1 in addition to the pronounced intensity
redistributions of the dominant CC backbone stretching
modes in preresonance Raman spectra, are consistent with
injected hole polarons delocalized along MDMO-PPV seg-
ments. Furthermore, the apparent conversion from the typical
lineshapes in the pristine material to a lower energy form also
indicates that a large fraction of MDMO-PPV segments
become planarized upon charge transfer doping. Because the
∼1280 and ∼1555 cm−1 mode intensities exhibit rapid growth

with larger DDQ loadings, we putatively assign these as
signatures of the minority ordered form of MDMO-PPV. As
more holes are injected, it is apparent that adjacent segments
also experience stiffening, which is expected with increased
quinoidal character. This effect gives the appearance of creating
more of the ordered MDMO-PPV phase similar to temper-
ature-induced phase transitions, which also explains DDQ
loading-dependent trends from preresonant Raman spectra in
Figure 2.
Similar doping-induced ordering effects were also observed

in dilute solutions of P3HT doped with F4-TCNQ, which
appear as the J-aggregate type of absorption line shape. In this
case, only chains of high regioregularity became doped (EPR-
active) whereas chains of low regioregularity formed bound
charge transfer complexes (EPR silent).15 Corresponding
electronic absorption spectra revealed significant doping-
induced aggregation in the former due to greater rigidity of
chains with substantial quinoidal character.15 To further
understand how doping affects structural rearrangements of
the polymer backbone, we performed theoretical simulations of
MDMO-PPV surrogates in the presence of DDQ. Figure 3
shows predicted bond length changes (Å) before (black) and
after (red) complex formation between an MDMO-PPV
monomer surrogate and DDQ. A significant reduction in
bond lengths is observed for CC double bonds and, likewise,
increases for nominal CC single bonds for the pristine benzoid
structure. This behavior supports our assignment of increased
quinoidal character and is consistent with spectroscopic data
presented earlier. Increases in bond lengths for nominal CC
double bonds in the DDQ anion in addition to bond length
increases for the carbonyl groups are also consistent with
quantitative doping.
We next explore the effect of increasing backbone length

(number of monomer repeat units) on the degree of charge
transfer. If injected charges induce monomer coplanarity as
expected with greater quinoidal character, then larger and more
planarized segments should provide further impetus for charge
injection. Figure 4 shows Lowedin charge transfer integrals
calculated from a single MDMO unit up to six repeat units.

Figure 2. Preresonant Raman spectra of MDMO-PPV/DDQ thin
films (λexc = 780 nm). Characteristic Raman bands from the ordered
form are highlighted as red downward arrows. Inset: blowup of the
main CC stretching mode region ca. 1550−1560 cm−1.

Figure 3. Bond lengths of an MDMO-PPV monomer unit from an oligomer structure and DDQ before (black) and after (red) contact.
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Representative structures are shown (e.g., 2-mer and 5-mer)
and the degree of charge transfer is indeed observed to increase
with oligomer length. This result is consistent with the view
that enhanced planarization favors greater charge delocalization.
Longer chains exhibit a pronounced bending around the
ionized dopant although coplanarity between segments does
increase. This bending effect probably arises from the fact that
the large branched alkoxy side groups of MDMO-PPV are
replaced by shorter methoxy groups in the simulations. The
longer alkoxy side chains are expected to oppose this type of
distortion due to the increased steric hindrance.
Earlier Raman spectroscopic studies of doping in PPV

systems used changes in the Raman intensities and frequencies
of the out-of-plane C−H vinylene wag mode (∼966 cm−1) with
increasing acceptor content, which is expected to be sensitive to
chain planarity. Specifically, Bruevich et al. proposed that the
dopant interacts preferentially in a face-on manner with the
phenylene group and that induce planarity in neighboring
segments resulting in blue-shifts and lower relative intensities of
the vinylene CH wag.37 For DDQ doping of MDMO-PPV, the
high sensitivity of MDMO-PPV Raman transitions centered on
the electron-rich phenylene moiety is consistent with
preferential DDQ interactions with this component.
Figure 5 shows the effect of the frequency and integrated

intensity as a function of DDQ loading on the ∼966 cm−1

mode of MDMO-PPV. Raman spectra were again excited with
780 nm light to take advantage of the preresonant enhance-
ment involving the putative MDMO-PPV ordered form. As the
DDQ loading increases, the relative integrated intensity of the
∼966 cm−1 mode decreases and blue-shifts by ∼2 cm−1 as
shown in Figure 5b. These trends are similar to those reported
by Bruevich and co-workers37 demonstrating that doping
induces coplanarity consistent with the new red-shifted
absorption band. However, these authors observed no
significant intensity gains of the ∼1280 and ∼1555 cm−1

modes as seen here with DDQ charge transfer doping.37

Ground state Raman spectra were also simulated to compare
intensities with and without DDQ (see Supporting Informa-
tion). Distinct transitions corresponding to ionized donor and
acceptor forms were observed but not directly comparable to
experiment due to resonance enhancement effects. Most
importantly, the emergence of resolved overtone-combination
transitions under preresonance excitation conditions suggests

that these features are unique to the ordered MDMO-PPV
form. According to the time-dependent theory of Raman
spectroscopy, preresonant excitation conditions only sample a
small region of the excited state potential surface near the
Franck−Condon region or, in other words, fast dynamics (i.e.,
less than one vibrational period).45 However, significant
enhancement may be observed under these conditions,
allowing for selective sampling of the doping-induced red-
shifted absorption spectrum in Figure 1a. Although the
appearance of overtone-combination progressions are consis-
tent with a greater fraction of the MDMO-PPV ordered
component, charged species (polarons) also absorb in in the
NIR region that possibly overlap with the doped absorption
spectrum. However, oscillator strengths of these transitions are
also comparatively weaker than the new red-shifted absorption
band in Figure 1a suggesting their contributions to overtone
intensities in preresonance Raman spectra are probably
negligible. Instead, the “turn-on” of resolved overtone/
combination progressions with charge transfer doping most
likely originates from suppressed backbone torsional displace-
ments as well as reduced coupling of the time-dependent
Raman wavepacket to the surroundings. Here, we explore these

Figure 4. Lowedin charge transfer as a function of MDMO oligomer length.

Figure 5. (a) Effect of DDQ loading on the out-of-plane CH vinylene
wag mode. Intensities were normalized to the dominant CC backbone
stretching mode (∼1580 cm−1) to allow comparison of relative
intensity changes incurred. (b) Relative integrated intensities and
frequency maxima of the out-of-plane CH vinylene wag mode.
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features in the following by comparing Raman patterns excited
on resonance with the pristine and doped MDMO-PPV forms.
Insights into Doping-Induced Enhancement of Chain

Planarity and Polaron Delocalization from Resonance
Raman Overtones. In many Raman studies of large
conjugated organic molecules, overtone and combination
bands are usually masked or broadened due to rapid excited
state relaxation dynamics caused by strong coupling to
extramolecular motions or the involvement of many displaced
Franck−Condon active vibrational modes. These effects result
in excessive damping or self-cancellation of recurrences in the
wavepacket cross-correlation overlap that destroy overtone
intensities.45 When overtones are resolved, these features
encode the specific path(s) the wavepacket traveled on the
excited state potential energy surface, which is more
conveniently “read-out” in the frequency domain on the
ground state potential surface. We now consider the
contributions of these factors involved in the appearance of
long overtone-combination progressions when MDMO-PPV
chains become doped, which can also shed light on the
formation of either polarons or bipolarons as observed in EPR
spectra.
Figure 6 shows resonance Raman spectra of MDMO-PPV/

DDQ (1:1 w/w) thin films excited with 488 nm (2.54 eV) and

647 nm (1.92 eV) light that is resonant with absorption maxima
of pristine-like and doped MDMO-PPV chains, respectively.
Comparing Raman spectra excited with 780 nm light (Figure 2)
to those generated with 647 nm light reveals similar patterns,
consistent with selective excitation of the ordered MDMO-PPV
variant. Because of greater broadening of the low energy Raman
signatures and detector sensitivity limits, it was not possible to
record spectra beyond the first overtone region with lower
excitation energies. Conversely, higher excitation energies show
longer overtone-combination progressions and clusters are
dominated by combination transitions involving the high
frequency CC skeletal stretching modes discussed earlier. The
spectra in Figure 6 are similar to those from our earlier study of
MDMO-PPV/DDQ blend thin films of one loading (i.e., 1:1
w/w) and in both cases, several pure overtones (up to four
quanta) of the dominant ∼1580, ∼1555, ∼1310, and ∼1280
cm−1 modes are resolved.31 Comparison between the intensity
distributions of the fundamental and overtone replicas for both

excitation energies reveals two distinct patterns consistent with
structurally distinct MDMO-PPV forms. Because 488 nm
excitation preferentially excites pristine-like MDMO-PPV
chains, there are clearly a significant fraction of monomers or
segments that either interact weakly with DDQ or do not
become doped.
The fact that overtone-combination transitions do not appear

until the polymer becomes doped indicates that the ordered
MDMO-PPV form dominates these features. This is supported
by the evolution of Raman patterns from preresonance
excitation (Figure 2) that clearly show the emergence of the
characteristic overtone-combination clusters observed in Figure
6. Furthermore, the ∼1280 and ∼1555 cm−1 modes dominate
intensity contributions to overtone-combination progressions
beyond the 0−2 region which show the greatest activity when
MDMO-PPV chains are converted to the ordered form via
doping. This is expected since overtone-combination intensities
develop at later times consistent with either larger displace-
ments or long-lived wavepacket motion involving the ordered
form.46 Interestingly, overtone-combination intensities are less
prominent in resonance Raman spectra of MDMO-PPV chains
blended with weak acceptors (e.g., fullerenes) that do not
promote conversion to the ordered conformer (see Supporting
Information).
Considering the dominant contributing modes, namely, the

∼1280 and 1555 cm−1 CC stretching modes, have vibrational
periods of ca. 20−30 fs suggests that this lifetime must be on
the order of ∼100 fs. Recent stimulated resonance Raman
spectroscopy studies using ultrashort pulsed excitation of
MDMO-PPV blended with fullerene acceptors demonstrated
that these particular modes dominate the observed exciton
dynamics up to ∼1 ps.46 Hoffman et al. attributed these
vibrations to the MDMO-PPV cation (MDMO-PPV+),
consistent with significant quinoidal character when chains
are doped.46 The appearance of multiple harmonics in MDMO-
PPV with doping in Figure 6 also demonstrate multiple return
visits of the time-dependent wavepacket and suppressed
anharmonic coupling on ∼100 fs time scales or less.
Furthermore, we expect the broader line widths of these
transitions reflect a distribution of conjugation lengths
suggesting larger region of the polymer backbone is sampled
during the excited state lifetime.
The appearance of long overtone progressions in doped

MDMO-PPV chains and distinct resonances in EPR spectra
corresponding to uncorrelated holes and electrons are
consistent with the delocalized nature of these segments. As
dopant loadings increase, stiffening of adjacent MDMO-PPV
chain segments occurs that allows polarons to delocalize further
but, as more carriers are injected, there is an increasing
likelihood that carrier−carrier interactions (i.e., superexchange
coupling) will begin to affect these spins. This regime is
apparent from EPR signals from the reduction in the hole
polaron resonance marks the onset of bipolaron formation (see
Figure 1c) where the resonance assigned to hole polarons (g =
∼2.0085) decreases with respect to the dopant anion (g =
∼2.0065). Resonance excitation profiles are next measured that
are useful for sorting out the presence of multiple conformers
and we use this information to identify vibrational modes
supporting polaronic character.
Figure 7 displays excitation profiles for MDMO-PPV/DDQ

(1:1 w/w) thin films generated with excitation energies
spanning the entire absorption bandwidth in Figure 1a. We
do not attempt to quantitatively estimate absolute Raman

Figure 6. Resonance Raman spectra of MDMO-PPV/DDQ blends
excited with 488 nm (blue trace) and 647 nm (red trace) light. Insets
highlight the intensity distributions of the fundamental (0−1) and first
(0−2) overtone-combination transitions.
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scattering cross sections of both forms, however, these profiles
are used to reveal vibrational modes that derive intensity from a
particular conformer, i.e., from the pristine-like chain and
doped segments. If only one electronic transition with
substantial oscillator strength dominates the absorption
spectrum then profiles tend to resemble these line shapes. It
is for this reason that Raman excitation profiles are more
advantageous probes of specific conformers since Raman
intensities of a single mode can be investigated as a function
of excitation energy to expose state-specific contributions. Only
the main skeletal vibrations of the MDMO-PPV backbone are
targeted in Figure 7 and qualitative inspection reveals that
Raman signatures originate from at least two structurally
distinct species. For example, concentrating on the high
frequency CC stretching region of the MDMO-PPV
backbone (∼15551620 cm−1), there is an apparent shift in
the relative excitation efficiency toward the higher energy form
when comparing ∼1555, ∼1580, and 1620 cm−1 modes,
respectively. Here, the ∼1555 cm−1 mode shows nearly equal
contributions from both forms whereas the ∼1580 and ∼1620
cm−1 modes exhibit greater excitation efficiency from the
pristine-like form. Similar comparisons with the inter-ring CC
stretches (i.e., ∼ 1280 and ∼1310 cm−1) are less straightfor-
ward to interpret due to their smaller separation and larger line
widths.
It is also interesting to note that the out-of-plane vinylene

CH wag mode (∼960 cm−1) mode shows no significant
dependence on either form. This could be the result of its lower
relative intensity which can make it difficult to accurately
resolve excitation efficiencies of multiple structures whose
electronic absorption spectra overlap significantly. Nonetheless,
the effect of DDQ loading on the intensity and frequency of

this mode do in fact show evidence of increased planarity (i.e.,
intensity decreases and blue-shifts, see Figure 5) which leads us
to conclude it should have a lower excitation efficiency as a
larger fraction of chains convert to the ordered form. In
addition, the appearance of “dips” in several profiles (in
particular, 1280, 1310, and 1555 cm−1 modes) at ca. 19 000
cm−1 coincide almost exactly to the observed isosbestic point
observed in MDMO-PPV/DDQ absorption spectra in Figure 1.
We attribute this feature, as well as the nonuniform excitation
efficiency for the higher frequency CC stretches, to the manner
in which DDQ molecules interact with the PPV backbone.
Specifically, vibrational modes of mostly phenylene stretching
character show selective excitation behavior whereas those of
inter-ring vibrations are less affected. This result confirms that
the DDQ dopants interact preferentially with the phenylene
group.
We next investigated the effect of thermal annealing of doped

MDMO-PPV thin films which may further perturb the relative
amounts of ordered and pristine-like chains. Thermal annealing
treatments may therefore reveal the relative stability of
MDMO-PPV conformers and possible dedoping, which has
been demonstrated by exposing doped films to light.47 Doped
thin films were heated to ∼120 °C for ∼10 min and
corresponding excitation profiles are displayed as open symbols
in Figure 7. Overall, no significant changes in Raman intensities
are observed with varying excitation energies indicating
conformational stability.
Lastly, Raman spectroscopy is used frequently to understand

both structural and electronic properties of conjugated
polymers in both neutral and charged states. The archetype
Raman pattern of alkoxy substituted PPV derivatives
(represented by the pristine spectrum in Figure 2) has always
been interpreted in terms of a single chromophore and normal
coordinate assignments were based largely on the overall
similarity to stilbenes and unsubstituted PPV.48 We now believe
that the pristine Raman pattern actually contains signatures of
two structurally distinct conformers, which was demonstrated
by selecting out the ordered form by charge transfer doping.
The fact that the ordered form is a minority species in the neat
material has masked its identity from Raman measurements
although single molecule spectroscopy studies have been able
to resolve both species due to greater sensitivity and disrupting
rapid energy funneling by dilution.29,30

Figure 8 shows Raman spectra of the two MDMO-PPV
components with the ordered form generated via charge
transfer doping. It is important to stress that this line shape is
not an exact representation of the ordered form in the pristine
material because of red-shifts and broadening incurred upon

Figure 7. Resonance Raman excitation profiles of the main skeletal
vibrations of MDMO-PPV in a 1:1 w/w blend with DDQ. Solid
symbols correspond to as-cast thin films and open symbols correspond
to annealed thin films.

Figure 8. Raman spectra of pristine and the ordered (charged)
MDMO-PPV structures.
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doping. However, as shown in Figure 2, the sensitivity of this
line shape to dopant loading confirms its role as a polaron
precursor.

■ CONCLUSIONS
Charge transfer doping of the nominally disordered MDMO-
PPV polymer induces ordering (stiffening) of chain segments
leading to new absorption and Raman spectral signatures.
Doping is facilitated by the presence of a minority ordered
form, which acts as a precursor for hole polarons due to lower
reorganization barriers for delocalizing injected holes away from
the charge transfer site. Furthermore, charge injection induces
stiffening on neighboring segments that effectively increases the
relative amounts of the ordered form. We propose that these
structures also lead to formation of spinless bipolarons at larger
dopant loadings, which are EPR silent. The delocalized nature
of the ordered (doped) MDMO-PPV form is perhaps most
apparent from long progressions of overtone-combination
transitions involving the dominant displaced CC backbone
stretching modes. Theoretical simulations support this view and
demonstrate a larger fraction of charge transfer as chain lengths
increase as well as distinct quinoidal distortions upon doping.
We propose that careful choice of dopants and processing
could potentially be harnessed to control carrier levels and
charge transport in a more reliable fashion than available from
conventional processing approaches.
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