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ABSTRACT: Photoluminescence (PL) and resonance Raman spectroscopy are used to track out-of-plane C-H wag

changes in the conformations and packing of poly-(2-methoxy-5-(3’-7'-dimethyloctyloxy)- v, \

S O

of 53 increasing PCBM
acid methyl ester (PCBM) molecules. PL lineshapes of MDMO-PPYV thin films as a function of ﬁﬂ/\

annealing time were first measured to determine the spectroscopic signatures of chain T

conformations and packing in the absence of PCBM. Annealing results in enhanced interchain 960 (em™)
interactions leading to red-shifts of PL 0—0 transitions by up to ~300 cm™ ' and apparent

increases of the line shape Huang—Rhys factors. Wavelength-dependent PL lifetimes of as-cast and films annealed for short times
(~30s) are nonexponential with an instrument-limited component of ~100 ps and a ~350 ps component. With longer annealing
times, decays become single exponential with an average lifetime of ~1 ns indicating that all excitations efficiently funnel to strongly
coupled interchain sites. Addition of PCBM disrupts MDMO-PPV interchain interactions causing PL 0—O0 transitions to blue-shift,
increases in line width, and decreases in apparent Huang—Rhys factors. Resonance Raman spectra of MDMO-PPV/PCBM thin
films with variable PCBM weight fractions (~50:1 up to 1:8 w/w) were then measured using short (488 nm) and long (568 nm)
excitation wavelengths. The out-of-plane vinylene C—H wag mode of MDMO-PPV (~964 cm ") showed pronounced increases in
intensity of up to ~30% and red-shifts of up to 5 cm ™" with increasing PCBM content. These changes result from a decrease of
planarity between chain segments that suppresses interchain interactions. Furthermore, red-shifts of up to ~4 cm ™' were observed
for the C=C symmetric stretch of the MDMO-PPV vinylene group (~1625 cm™ ') with 488 nm excitation. The sensitivity of the
MDMO-PPV vinylene group vibrations with PCBM indicates preferential interactions between these two molecules and is
consistent with intercalation of PCBM into the polymer structure. This assignment was confirmed by thermally annealing of
MDMO-PPV/PCBM films to remove intercalated PCBM molecules, which partially restores interchain interactions as seen from
smaller intensity increases (~15%) and red-shifts (~2 cm ") of the ~964 cm ™' mode. Overall, the spectroscopic results show that
MDMO-PPV chains adopt distorted conformations (i.e., less intrachain order and shorter conjugation lengths) that have important
implications for explaining the structural origins for large improvements in charge mobilities in MDMO-PPV/PCBM blends.

1,4-phenylenevinylene) (MDMO-PPV) chains with the addition of [6,6]-phenyl-Cg;-butyric ’
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B INTRODUCTION

The conformational and packing characteristics of conjugated
polymer chains in polymer/fullerene solar cell blends plays a vital
role in determining overall material performance.' * Recent
structural studies have shed light on the nature of interaction
between polymers and fullerene additives,”® and new insights
into the structural factors influencing optimal polymer/fullerene
loadings and morphology are beginning to emerge.” ' For
example, the miscibility of polymer and fullerene component
plays a significant role in determining film morphology, which
depends on molecular-level structure and interactions. It was
recently proposed that when there is sufficient volume between
solubilizing side groups (>1 nm) the fullerene molecules can
intercalate into the polymer structure leading to an intimately
mixed phase.>®'" The most compelling evidence for this effect
was shown recently for X-ray studies of poly-(2,5-bis(3-tetra-
decyllthiophen-2-yl)thieno[3,2-b]thiophene) (PBTTT) where
interchain spacing increased upon addition of a fullerene
derivative.” This feature also explains why nonintercalating
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polymers (i, poly-3-hexylthiophene) exhibit optimal poly-
mer/fullerene loading ratios of ~1:1 w/w, whereas intercalating
systems show optimal loadings as high as 1:4 w/w, such
as PBTTT.

Unfortunately, not all structural studies of polymers can
employ X-ray techniques due to the lack of extended order
(crystallinity) and intercalation must be inferred indirectly from
optimal loading characteristics used in solar cell devices, changes
in charge mobilities and PL quenching. One such example is the
well-studied  poly-[2-methoxy-5-[3/,7-dimethyloctyloxy)-1,4-
phenylenevinylene] (MDMO-PPV) system that requires high
fullerene loadings (1:4 w/w) to achieve reasonable solar cell
power conversion efficiencies (~3%). Interestingly, charge
(hole) mobility measurements of MDMO-PPV/fullerene thin
films (1:4 w/w) showed large increases (about 2 orders of
magnitude) compared to pristine MDMO-PPV films.'>'* The
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longstanding explanation for these increases is that MDMO-PPV
chains uncoil and elongate with the addition of PCBM resulting
in higher intrachain order (i.e., increased conjugation length
and planarity between segments) and increased interchain
interactions.'>"* More recently, McGehee and co-workers pro-
posed that intercalation of acceptor molecules is responsible for
enhancement of charge mobility in MDMO-PPV blends, which
was inferred from space-charge limited current (SCLC), PL
quenching, and electron microscopy studies of various MDMO-
PPV/acceptor blends."" Only proposed intercalating acceptors
(i.e., fullerenes) showed increased hole mobilities whereas other
small molecules had little effect on measured charge mobilities.""
When MDMO-PPV/fullerene blend films are annealed, phase
separation occurs and SCLC mobility values return to approxi-
mately the original pristine polymer values."' Because of the
inability of PL quenching and X-ray techniques to directly report
on the polymer structure chain conformation and packing
changes in MDMO-PPV blends, it is necessary to seek alternative
methods to fully understand the role of fullerene intercalation on
polymer conformations and packing.

Raman spectroscopy is such a technique that, with its high
sensitivity and selectivity, can unravel the structural attributes of
polymer chains in blend films. Raman spectroscopy is based on a
two-photon inelastic scattering process and allows for sensitive
and nondestructive investigations of chemical structure and
changes with material processing conditions. By careful choice
of excitation wavelengths, it is possible to selectively interrogate a
single component in complex systems by tuning the laser to a
particular optical transition. This resonance excitation scheme
typically results in large enhancements of Raman scattering cross-
sections for certain vibrational modes (ie., Franck—Condon
active modes) that also greatly simplify the Raman spectrum.'*
Resonance Raman spectroscopy is especially useful for inves-
tigating polymer/fullerene blends since polymer PL back-
grounds are strongly suppressed. This feature makes Raman
transitions easily discernible that are normally overwhelmed
by background shot noise. Furthermore, polymer backbone
vibrations are highly sensitive to minor changes in the local
environment and the presence of dopants. This feature makes
Raman spectroscopy an excellent tool for understanding chain
conformation and packing effects on electronic properties
such as conjugation lengths and polaron formation.'>™'”
Furthermore, Raman techniques are amenable to mapping
studies that can reveal the spatial variation of chemical
structure and packing on submicrometer size scales.”'®'
Resonance Raman spectroscopy has also seen use in charac-
terizing the structural attributes of donor/acceptor charge
transfer complexes that have recently been applied to poly-
mer/acceptor systems.zo’21

Because of the complexity of donor/acceptor polymer blends,
it is first necessary to understand spectroscopic reporters of
polymer chain conformational and packing characteristics in the
absence of acceptors. For example, there has been a great deal of
interest and controversy surrounding the existence and physical
origin of so-called aggregate or interchain excitons in related PPV
systems.”>>* The relative amounts of these species as well as
interchain electronic coupling strength can also be modified by
the addition of acceptors (i.e., fullerenes), which makes the
understanding of chain packing and order crucial for the con-
tinued optimization of polymer solar cell performance. Aggregate
species have been studied extensively using frequency- and time-
resolved spectroscopy as well as scanned probe techniques. The

general consensus from this body of work is that slow solvent
evaporation and/or annealing of films leads to a greater number
of interchain aggregate species.' However, Janssen and co-work-
ers showed that MDMO-PPV chains tend to self-aggregate and
adopt coiled conformations due to the asymmetric backbone
substitution pattern and do not change upon annealing.*®*’
Regardless of the type of aggregate, both inter- and intrachain
aggregates show similar red-shifted PL maxima, diminished
yields, and sometimes non-Poissonian lineshapes.”®*” Applica-
tion of hydrostatic pressures have demonstrated similar trends in
PL spectra where pressure causes polymer chain segments to
planarize and close-pack thus forming more aggregate sites.>

Although shifting PL energies and changes in PL lifetimes are
effective diagnostics of the chain packing characteristics, the
vibronic line shape parameters (i.e., Huang—Rhys factors and
linewidths) also provide valuable insight into the polymer
structure and changes in molecular geometry between ground
and excited states. We recently showed that the experimental
vibronic intervals in MDMO-PPV PL spectra do not match any
ground state vibrational frequency which is known as the missing
mode effect (MIME).*" The MIME arises from the coalescence
of transitions from several displaced modes that results in an
effective PL vibronic interval and the values of the MIME
intervals are determined by the relative displacement
(Huang—Rhys factor) of each Franck—Condon active mode as
well as its frequency.”” Importantly, the contribution of each
mode to the observed MIME interval in polymer PL spectra can
be affected by changes in conformational and packing that are
affected by material processing conditions. Despite the useful-
ness of PL line shape analysis for understanding processing-
dependent variations in vibrational displacements and polymer
structure, this approach can be rather limited when applied to
polymer/acceptor blends owing to strong PL quenching, over-
lapping transitions and increased line width broadening typically
encountered in samples with large acceptor loadings.

Here we use a combination of resonance Raman and PL
spectroscopy to investigate the effect of MDMO-PPV structure
upon addition of the soluble fullerene derivative, [6,6]-phenyl-
Cg;-butyric acid methyl ester (PCBM). Chain conformation and
packing interactions and their impact on excited state relaxation
to low energy interchain sites are first studied in the absence of
PCBM to identify and understand the spectroscopic markers of
conformational and packing arrangements of these molecules.
Both frequency- and time-resolved PL spectra reveal changes in
line shape, energy, and dynamics upon thermal annealing that are
indicative of increased interchain site formation. Addition of
PCBM inhibits interchain interactions and PL lineshapes bear
increasing resemblance to those of dilute solution samples, i.e.,
blue-shifted 0—O0 transition energies and lower apparent
Huang—Rhys factors. However, the strong quenching of
MDMO-PPV PL with high PCBM loadings (>1:1 w/w) makes
the use of PL spectroscopy difficult to reliably understand chain
conformation and packing characteristics from lineshapes alone.
Resonance Raman spectroscopy is then used to selectively study
MDMO-PPV conformational and packing characteristics with
various PCBM loadings (~50:1 up to 1:8 w/w, MDMO-PPV/
PCBM). Short (488 nm) and long (568 nm) excitation wave-
lengths are employed to excite high and low energy regions of
MDMO-PPV optical absorption transitions, respectively, that
reveals insights into the nature of MDMO-PPV/PCBM interac-
tions for short and long chain segments. As PCBM content
increases, the out-of-plane vinylene C—H band of MDMO-PPV
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(~964 cm ") showed substantial increases in intensity and line
width as well as red-shifts for both excitation wavelengths. These
trends indicate decreasing intrachain order, namely, a loss of
coplanarity between polymer chain segments and lower con-
jugation lengths. These distortions are consistent with the
observed blue-shifting of PL energies measured from blends.
The C=C symmetric stretching mode of the MDMO-PPV
vinylene group (~1625 cm™ ') also shows similar intensity
increases and red-shifts for 488 nm excitation only that, together
with the shifts of the out-of-plane C—H vinylene wag, demon-
strates that PCBM interacts preferentially with this
backbone group.

We propose that the high sensitivity of the vinylene group
vibrations is consistent with intercalation of PCBM molecules
into the polymer side groups. However, the PCBM-induced
deformations of the MDMO-PPV structure determined from
Raman data are not consistent with the previously proposed
structural origins for charge mobility enhancements in these
blends.

B EXPERIMENTAL SECTION

MDMO-PPV (M, = 26 kDa, PDI = 3.3) and PCBM (ADS) were
purified by methanol extraction from chloroform. The remaining
fractions were dried and dissolved separately in anhydrous chloroben-
zene (Sigma Aldrich) at a concentration of S mg/mL and stirred for 24 h
inside a nitrogen atmosphere in a glovebox. The solutions were filtered
through 200 nm PTFE syringe filters (Whatman) to remove any
remaining solids. MDMO-PPV was blended with PCBM in solution
in varying weight fractions (ie., 50:1 up to 1:8 w/w, MDMO-PPV/
PCBM) and thin films were prepared by spin-casting solutions onto
rigorously cleaned 25 mm square glass coverslips (600 rpm) for 2 min
inside the glovebox. Annealing treatments were carried out under
nitrogen on a hot plate at a temperature of 130 °C for up to 300s for
both pristine and blend films. Photoluminescence (PL) measurements
were carried out on a microscope-based spectrometer equipped with
multiple laser excitation sources, electron-multiplying CCD camera and
spectrograph (Andor) and long-pass edge filters (Semrock) to reject
scattered excitation light that was described in detail previously.'”
Samples were sealed with an aluminum overcoating deposited by high
vacuum thermal evaporation techniques, placed in an argon gas flow cell
and illuminated in the wide-field configuration. Excitation power
densities were ~10 W/cm? and no photodegradation effects were
observed. PL lifetimes of MDMO-PPV thin films with variable annealing
times were measured using a time-correlated single photon counting
(TCSPC) module (Becker & Hickl, SPC-130) with pulsed laser
excitation and a nominal wavelength of 445 nm (Edinburgh In-
struments). PL lifetimes were measured as a function of emission
wavelengths by placing narrow bandpass (~10 nm) filters before an
avalanche photodiode (APD) detector (id Quantique) that corre-
sponded to the MDMO-PPV PL onset (17 800 cm ™, 560 nm) and tail
(13800 cm ™", 725 nm). Decays were analyzed using a Laplace trans-
form method and the instrument response was determined from
measuring scattered light of a blank glass coverslip and found to be
~100 ps. Raman spectra of MDMO-PPV/PCBM thin films of variable
PCBM loadings were generated on the same microscope instrument
using both short (488 nm) and long (568 nm) excitation wavelengths
with the appropriate Rayleigh light rejection filters. Excitation power
densities for Raman studies were ~1 kW/cm? for both excitation
wavelengths and no noticeable photodegradation effects were observed
within data acquisition time scales (>10 s). Raman and PL spectra were
corrected for instrument response using a tungsten lamp and measured
in triplicate to assess sample-to-sample variation effects. Raman spectra

Normalized Intensity

14 16 18
Wavenumber (cm-1 x103)

Figure 1. Photoluminescence (PL) spectra of pristine MDMO-PPV
thin films with variable annealing times: 0's, as-cast (00); 30 s (O); 300's
(). Arrows indicate emission energies used to measure PL lifetimes
changes with annealing.

were also corrected for self-absorption of scattered light** and PL
backgrounds were fitted with a polynomial function and subtracted.

B RESULTS

We first examine the conformational and packing character-
istics of MDMO-PPV thin films prepared under different condi-
tions (i.e, annealing) in the absence of PCBM with PL
spectroscopy. Figure 1 shows PL spectra of MDMO-PPV thin
films with variable annealing times (0s, 30s, and 300s at 130 °C).
As-cast films show a vibronic line shape pattern similar to that of
the solvated polymer (not shown) albeit shifted to lower energy.
Upon annealing, several line shape parameters change notice-
ably: (i) an apparent increase in the Huang—Rhys factor, or
suppression of the 0—0 vibronic component intensity, (ii) red
shifting of the electronic origin by ~300 cm ™", (iii) line width
broadening of vibronic transitions. PL decays for variable anneal-
ing MDMO-PPV thin films are shown in Figure 2 measured at
two distinct emission wavelengths, namely at the PL onset (blue
side, Figure 2a) and tail (red side, Figure 2b) that are indicated by
arrows in Figure 1. As-cast (pristine) films and films with short
annealing times show nonexponential decays with an instru-
ment-limited component (7; &~ 100 ps) and a longer-lived
component (7, & 350 ps) for both blue and red tails. Longer
annealing times (300s) result in nearly monoexponential decays
of T~ 900 ps and 1.1 ns measured at both blue and red regions,
respectively.

When fullerenes are added to conjugated polymers, the ability
of these polymers to close-pack is hindered and PL signatures
deviate from the behavior shown in Figures 1 and 2. Figure 3a
shows the dependence of the PL 0—0 transition energy (E_)
for annealed MDMO-PPV and MDMO-PPV/PCBM as-cast
films with variable PCBM content are presented in Figure 3b.
Ey_o values were determined by fitting a Gaussian function to
this peak in the PL spectrum (see the Supporting Information)
that also reveals the effective range for which the PL transition
can be tuned by altering chain conformation and packing. Upon
addition of PCBM (Figure 3b), E,_ values show considerable
blue-shifts of up to ~600 cm ™" and increases of the 0—0 relative
intensity that approach values obtained from MDMO-PPV PL
spectra in dilute CB solution. These trends suggest that the
average conjugation lengths become smaller and chain packing is
disabled which is discussed in detail in the following. PCBM loadings
higher than ~60% showed large reductions in signal-to-noise ratios
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Figure 2. PL lifetimes of pristine MDMO-PPV thin films with variable
annealing times: Os, as-cast (0); 30s (O); 300 s (A) measured at the PL
onset (a) and tail (b).

and increased broadening that made the determination of line
shape parameters difficult. Fortunately, these limitations can be
surpassed by resonance Raman spectroscopy, which provides
more reliable information about the changing polymer confor-
mation characteristics with PCBM loading and the specific
nature of interaction between the polymer and fullerene
molecules.

Figure 4 shows representative Raman spectra for as-cast
MDMO-PPV/PCBM thin films with variable PCBM content
in the range of 50:1 up to 1:8 w/w with (a) 568 nm and (b)
488 nm excitation wavelengths. These wavelengths were chosen
to study the conformational and packing attributes of longer and
shorter MDMO-PPV chain segments, respectively, and spectra
were recorded in the range of ca. 900—1700 cm™ ~ to monitor
changes in MDMO-PPV backbone vibrations. The Raman bands
in Figure 4 have been assigned previously for related PPV
derivatives®**> which correspond to the out-of-plane C—H
wag of the vinylene group (~964 cm™'); C—C stretching/
C—H bending of the phenyl group (~1111 cm™'); C—C inter-
ring stretching (~1280 cm ™ '); C=C stretching/C—H bending
of the vinylene group (~1305 cm™'); C—C stretching of the
phenyl group (~1580 cm™'); and C=C stretching of the
vinylene group (~1625 cm™'). All Raman spectra were normal-
ized to the dominant ~1580 cm ' mode and changes in
intensities and frequencies of Raman bands are determined by
fitting each band to a single Lorentzian function. The most
noteworthy feature of these spectra is the increase in relative
intensities and red-shifts of the vinylene out-of-plane C—H mode
(~964 cm ") with increasing PCBM loading, which are high-
lighted in the insets of panels a and b in Figure 4. Red-shifts
(~4 cm ™) and relative intensity increases were also observed for
the MDMO-PPV vinylene C=C symmetric stretch
(~1625 cm™ ') when blends were excited with 488 nm light.
However, 568 nm excitation showed no apparent changes in this
band with increasing PCBM loading. Importantly, no frequency

anneal time (minutes, T=130 "C)
b)

17.0 -r pristine film

L] 1 L] ]
0.0 0.2 04 0.6 0.8
PCBM wt. fraction

Figure 3. (a) Ey_ as a function of annealing time for pristine MDMO-
PPV films. (b) Effect of PCBM weight fraction on E;_ of MDMO-PPV
PL spectra. E;_( values (M) from chlorobenzene (CB) and pristine thin
films are shown for comparison. Error bars correspond to %+ one
standard deviation of the mean values.
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Figure 4. Representative Raman spectra of as-cast MDMO-PPV/
PCBM thin films with variable PCBM weight fractions generated with
(a) 568 nm and (b) 488 nm excitation wavelengths. Insets show the out-
of-plane vinylene C—H wag band of MDMO-PPV (~964 cm™").

shifts were observed for phenyl group vibrations with the choice
of excitation wavelength or PCBM loading implying that refrac-
tive index dispersion effects can be ruled out as the origin for the
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Figure S. Effect of PCBM weight fraction on the frequency (—O—)
and normalized intensity (- - -O- - -) of the out-of-plane vinylene C—H
wag mode of the MDMO-PPV component for as-cast thin films
generated from (a) 568 nm and (b) 488 nm excitation wavelengths.
Error bars represent &+ one standard deviation of the mean values.

PCBM-dependent shifts of vinylene group modes. Raman transi-
tions from the PCBM component are not observed under the
experimental conditions used except at very high loadings
(>80%) where the C=C symmetric breathing vibration
(~1460 cm™") becomes barely discernible in background shot
noise. This feature clearly demonstrates the high sensitivity and
selectivity of resonance Raman spectroscopy to interrogate
polymer structure in blends with large acceptor loadings that is
not possible using PL spectroscopy. To further understand the
nature of MDMO-PPV structural distortions with varying
PCBM content we turn our attention to the ~964 cm ™' mode
to establish how MDMO-PPV/PCBM interactions influence
polymer conformations.

Figure S shows the effect of PCBM content on the relative
intensities and frequencies of the MDMO-PPV ~964 cm ™"
mode. Both excitation wavelengths show similar trends with the
same PCBM loading but spectra excited with 568 nm light show
less pronounced red shifts (~3 cm ™) compared to red shifts of
up to S cm™ ' for spectra excited with 488 nm light. The relative
intensities of this mode (Ic_p/Icc) show increases of up to
~30% between the lowest (50:1 w/w) and highest (1:8 w/w)
PCBM loading for both excitation wavelengths. The overall
similarity of the relative intensity increases and red-shifts of the
~964 cm~ ' mode for short and long wavelength excitation
suggest that PCBM interactions for both short and long chain
segments are likewise similar. We consider the origins for these
changes in detail in the Discussion section.

Annealing treatments (130 °C, S min) were applied to
MDMO-PPV/PCBM films to promote phase separation be-
tween both components and Raman spectra for various PCBM
loadings are shown in Figure 6. Figure 6a shows Raman spectra
for annealed MDMO-PPV/PCBM films excited at 488 nm and

-
o
1

Normalized Intensity (a.u.)

0.0 ==

T T T T
1000 1200 1400 1600
Raman Shift (cm'1)

0.144 -968
b) exc= 488 nm
£0.121 - 966
3
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= L9645
£ 3
E 0.084
2 L 962
0.06-
-960

T T T

T T
0.0 0.2 0.4 0.6 0.8
PCBM wt. fract.

Figure 6. (a) Representative Raman spectra of annealed MDMO-PPV/
PCBM thin films with variable PCBM weight fractions generated with
488 nm excitation. The inset shows the ~964 cm ™' band of the out-of-
plane C—H wag mode of the vinylene group of MDMO-PPV. (b) Effect
of PCBM weight fraction on the frequency (—O—) and intensity
(+--0- - ) of the out-of-plane vinylene C—H bending vibration of the
MDMO-PPV component. Error bars represent & one standard devia-
tion of the mean values.

Figure 6b shows intensity and frequency changes with varying
PCBM content. Importantly, the relative intensities of the
~964 cm~ ' mode were considerably smaller in annealed films
compared to as-cast films of the same PCBM loading and showed
increases of only ~15% over the entire range of PCBM loadings
studied. Frequency shifts of this mode are also diminished
compared to as-cast films which only red-shift by ~2 cm ™"
between loadings of 50:1 to 1:8 w/w. Furthermore, linewidths of
the ~964 cm™ ' mode were slightly narrower indicating less
overall disorder in the annealed films. On the other hand, red-
shifts of up to 3 cm ™' were observed in the ~1625 cm ™' mode in
annealed films which are comparable to the red-shifts found in as-
cast films using 488 nm excitation. Raman spectra of annealed
films with large PCBM loadings using 568 nm excitation showed
larger PL backgrounds and low signal-to-noise ratios. We have
therefore excluded these data from further comparison and
analysis.

l DISCUSSION

Polymer spectroscopic lineshapes and photophysics have long
been known to be sensitive to chain conformations and interac-
tions. Spectroscopic manifestations of chain—chain interactions
are diminished PL yields and 0—O0 intensities in addition to
prominent red-shifts, as a result of a greater number of 7—7
stacked chains at the bottom of excited state energy funnels.
Intuitively, these interactions should be most favorable when
individual polymer chain conformations are elongated and
coplanarity exists between individual segments. Aggregation
occurs either by the polymer chain folding back onto itself
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(intrachain) or through interactions between neighboring poly-
mer chains (interchain) but these structures can be difficult to
distinguish solely from PL spectroscopy. Previous IR and Raman
spectroscopic studies of unsubstituted PPV derivatives showed
that chains tend to planarize and close-pack as seen from
significant decreases of the intensities of the out-of-plane C—H
wag of the vinylene group (~963 cm ') but this effect may
diminish when solubilizing side groups are present.** Because of
the relatively low molecular weight of the MDMO-PPV sample
used in this study, interchain aggregation is expected to dominate
upon annealing. Excitation energy funneling to low-energy
interchain sites should likewise be enhanced and PL lineshapes
can then be used to assess the nature of interchain coupling.
Increased interchain interactions and coupling are readily appar-
ent from the PL trends in Figure 1 where annealing causes
~300 cm ™' red-shift of PL energies, line width broadening and
apparent increase of the line shape Huang—Rhys factors with
longer annealing times.****

Application of hydrostatic pressures on conjugated polymers
is also known to modify interchain interactions and coupling and
pressure-dependent PL spectra can be used to assess changes in
chain conformation and packing. For example, PL spectra of
related PPV derivatives under pressure exhibit significant reduc-
tions in the 0—O0 transition intensity as well as overall red-shifts
and broader linewidths that are similar to the observed changes in
PL spectra of annealed films (Figure 1).3673% The structural
origins of these pressure-dependent changes are believed to be a
planarization of the conjugated backbone that enables better
interchain electronic communication.*”*® These structural de-
formations and subsequent improvements in interchain interac-
tions can promote the formation of H-aggregates that bear
resemblance to the PL line shape changes shown in Figure 1
(i.e, non-Poissonian line shape profiles). Because polymer chain
disorder causes deviations from ideal H-aggregate lineshapes, the
weakly coupled H-aggregate model developed by Spano and co-
workers is frequently used for describing the strength of inter-
chain coupling in polymer systems as well as its dependence on
competing intra- and interchain order.”® Although the annealing-
dependent changes in PL lineshapes shown in Figure 1 are
consistent with predictions from the weakly coupled H-aggregate
model when interchain coupling increases, the strong red-shifts
and broadening effects observed in MDMO-PPV PL spectra with
longer annealing times suggests that interchain electronic cou-
pling in this system does not fall within the weakly coupled
regime. In this case, excited-state interactions begin to dominate
and PL spectra resemble excimer-like transitions. To better
understand the extent of interchain coupling and their implica-
tions on PL signatures, we turn to PL lifetime data, which helps
sort out ambiguities of PL lineshapes.

Comparison of PL decays measured at either the blue onset or
red tail of the PL line shape reveal similar characteristics albeit a
~20% larger contribution of the fast (instrument limited)
component observed for decays measured on the PL onset
(~550 nm). Because polymer chains cast from solution primarily
exist in distorted conformations, interchain packing is not
optimal and represents the smaller contribution to the decay
profile. PL decays for pristine (as-cast) and films annealed for
short times (~30 s) more closely resemble those of dilute
solutions that are typically nonexponential indicating incomplete
energy funneling. The short- and longer-lived components of
these decays likely correspond to emission from partially aggre-
gated chains and distorted chains, respectively. Annealing films

for longer times results in better interchain interactions and
stronger electronic coupling between neighboring segments.
Correspondingly, lifetimes were nearly single exponential, de-
monstrating complete energy funneling to interchain sites. The
long decay times and broad, red-shifted spectra for MDMO-PPV
films annealed >300s resemble excimer-like transitions that have
been observed in other PPV derivatives.*"** These data suggest a
two-emitter system comprised of both intra- and interchain
species, the latter exhibiting a wide range of electronic coupling
strength depending on the conformational attributes of the
chains. Assuming exciton migration lengths of ~4—S5 nm, as
little as one of these sites within this range can dominate the PL
spectral and decay features. Schwartz and co-workers observed
similar trends in MEH-PPV films that were also attributed to
increased interchain interactions. Based on the changes in
vibronic line shape and decay features in Figures 1—3a, we
conclude that MDMO-PPV chains planarize upon annealing that
results in a larger number of interchain contacts. We now use
these trends in PL signatures as a basis for understanding changes
in polymer conformations and packing upon addition of PCBM
as well as the specific nature of interactions between polymer and
fullerene molecules in blends.

‘When PCBM is added to MDMO-PPV, PL spectra show blue-
shifts of the 0—O0 transitions and apparent reductions in the line
shape Huang—Rhys factors (Figure 3b). These results suggest
that PCBM disables interchain interactions leading to more
disordered chain conformations with shorter conjugation
lengths. In addition to shifting PL energies, the vibronic intervals
provide important insights into changes in chain conformation
and packing that change depending on the sample processing
conditions and addition of acceptor molecules. For example, we
previously described the appearance of the missing mode effect
(MIME) in MDMO-PPV PL spectra where the observed vibro-
nic interval represents the coalescence of transitions from the
backbone modes presented in Figure 4.*' The contributions
(displacements) of each Franck—Condon active mode were
found to be sensitive to material processing conditions that
caused the observed MIME intervals to increase by up to
~150 cm ™" between dilute solutions and annealed films. Inter-
estingly, corresponding Raman studies showed that the
~964 cm~ " out-of-plane C—H wag was the most sensitive to
changes in the polymer structure, namely, increased intrachain
order and interchain packing. Although addition of PCBM
caused further decreases in the contribution of the ~964 cm ™'
mode, it was not possible to accurately quantify polymer
structural changes with larger PCBM concentrations due to
increased quenching and line shape broadening. These funda-
mental limitations of PL spectroscopy to track changes in
polymer structure and interactions with large acceptor loadings
necessitate the use of Raman spectroscopy that is capable of
uncovering changes in the polymer structure over a wider range
of PCBM loadings.

Comparison of Raman spectra excited with short and long
excitation wavelengths reveal important changes in MDMO-PPV
structure upon addition of PCBM. As shown in Figures 4 and 5,
the red-shifts and increasing relative intensities of the MDMO-
PPV ~964 cm ' mode show that PCBM molecules interact
preferentially with this backbone group which is also apparent
from the invariance of other (phenyl) backbone modes to
changing PCBM content. Previously, Bruevich et al. showed
that addition of trinitrofluorenone (TNF) to structurally similar
MEH-PPV chains cause marked decreases of the out-of-plane
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vinylene C—H wag intensities along with blue-shifts of up to
7 cm™ . These changes were also accompanied by red-shifted
and broadened absorption transitions due to ground-state
charge transfer interactions between MEH-PPV and TNF
molecules.””*' Because of the forbidden nature of the out-of-
plane C—H wag mode when polymer segments are planarized,
these authors concluded that MEH-PPV and TNF molecules
interact in a cofacial manner resulting in an increase of planarity
of MEH-PPV segments. In contrast, the red-shifts and increas-
ing intensities of the ~964 cm ™ ! mode in MDMO-PPV/PCBM
blends (Figures 4 and S5) demonstrate that larger PCBM
concentrations cause a decrease in planarity between chain
segments. These distortions should likewise result in shorter
conjugation lengths, blue-shifts and spectral broadening of
PL spectra with increasing PCBM loading. The PL trends in
Figure 3b are in fact consistent with this observation. Based on
these trends and previous analyses of the MDMO-PPV PL
MIME intervals, polymer chain conformations become more
solution-like (disordered) with larger amounts of PCBM.
Another, but less likely, explanation for the changes in the
~964 cm™ ' mode is a distortion from a trans to cis arrangement
of the PPV backbone which would lower the effective idealized
symmetry (~C,;) and make this mode allowed in the new point
group (~C,,). However, this situation would result in drasti-
cally different Raman spectra because of more modes becoming
allowed in the lower point group, which is not observed. We
now consider the specific nature of interaction between
MDMO-PPV and PCBM molecules in the blend films and its
role on the observed structural deformations of MDMO-PPV
chains.

McGehee and co-workers recently proposed that intercalation
of acceptor molecules (i.e, PCBM) into MDMO-PPV alkoxy
side groups causes a conformation change of the polymer that
lead to improved charge transport characteristics relative to
pristine films. In particular, acceptor intercalation was believed
to cause an elongation of the polymer conformation, increased
intrachain order (planarity) and more interchain interactions.
Although no direct evidence for these conformational and
packing changes was provided, electron micrographs of blends
showed relatively uniform features indicating that the MDMO-
PPV and acceptor molecules existed in a mixed phase."' More-
over, PL quenching in fullerene blends was nearly quantitative
which further supports intercalation but does not provide in-
sights into changes of the MDMO-PPV conformation and
packing. We propose that the sensitivity of the out-of-plane
C—H wag and C=C symmetric stretching vibrations of
MDMO-PPV vinylene group to PCBM loading results from
intercalation of these acceptors into the polymer side groups.
The preferential nature of this interaction is surprising and has
important implications for understanding the mechanisms of
both charge generation and transport in MDMO-PPV/PCBM
blends. This hypothesis was tested further by applying annealing
treatments to MDMO-PPV/PCBM blends and measuring Ra-
man spectra (Figure 6). Because annealing promotes phase
separation between polymer and fullerene components, we
expect that removal of intercalated PCBM molecules from
polymer side groups should partially restore intrachain order
and interchain packing. In this scheme, frequency and intensity
changes in the ~964 cm ™' should be suppressed in annealed
films compared to those measured from as-cast films for similar
loadings. Figure 6 indeed shows that both red-shifts and intensity
increases for the ~964 cm™ ' mode are substantially smaller than

those observed in as-cast films excited with either 488 or 568 nm
light. Because of the relatively short annealing times used here
(~S min vs 1 h in ref 11) there is still a significant amount of a
mixed phase that gives rise to the nonzero shifts of the
~964 cm~ ' mode shown in Figure 6. Nonetheless, the PL and
Raman data presented herein as well as results from previous
structural studies provide strong evidence of not only intercala-
tion of fullerene acceptors but also the preferential nature of
interaction between these molecules and polymer chain
segments.

The structural distortions incurred in the MDMO-PPV
component can now be used to better understand and refine
the previously proposed structural mechanisms of enhanced
charge mobility in PCBM blends. First, PL and Raman data
convincingly demonstrate that polymer chains become more
distorted with addition of PCBM with the dominant distortion
being the loss of coplanarity between chain segments that
causes a decrease of conjugation lengths and interchain inter-
actions. This result demonstrates that the previously proposed
increase in intrachain order (planarization of chain segments)
does not occur in MDMO-PPV/PCBM blends. Gelinck et al.
also demonstrated that decreased conjugation lengths and
intrachain order resulted in lower charge photoconductivities
when polymers were subject to photo-oxidation,** which would
likewise suggest similar decreases in charge mobilities in
MDMO-PPV/PCBM blends. Because interchain interactions
are affected by intrachain order, it is now important to consider
how these structural interactions impact charge transport in
MDMO-PPV/PCBM blends.

Annealing of MDMO-PPV/PCBM blend films was shown to
cause reductions of charge mobilities to levels similar to those
observed in pristine MDMO-PPV films.'" However, Raman
spectra of annealed MDMO-PPV/PCBM films confirmed that
interchain interactions are partially restored (as seen from
diminished red-shifts and intensity increases of the ~964 cm ™'
mode) when intercalated fullerenes begin to phase separate
allowing neighboring polymer chain segments to interact. This
effect was also demonstrated for pristine and lightly doped films
where significant intensity decreases and blue-shifts of the
~964 cm " occurred with annealing,®' opposite to the trends
shown in as-cast films (Figures 4 and S) where interchain
interactions are suppressed. These results imply that interchain
interactions also cannot be considered as a structural origin for
mobility enhancements when acceptors intercalate into the
polymer structure.

Lastly, the overall chain conformation can have a significant
impact on charge mobilities. For example, charge mobilities can
vary greatly depending on whether the chains adopt collapsed or
elongated conformations. It was previously suggested that inter-
calation of acceptors causes an elongation of the polymer chains
that, together with the proposed increase in intra- and interchain
order, lead to better charge mobilities. We speculate, based on
trends from PL data of pristine MDMO-PPV films and Raman
spectra of MDMO-PPV/PCBM films, that polymer chains are
likely in elongated conformations. However, our present data do
not allow us to definitively confirm this assignment and further
work is needed to determine the specific chain conformations in
blends.

After ruling out chain planarization and increasing interchain
interactions as the origins for improved charge mobilities, we
now consider changes in electronic interactions between poly-
mer and fullerene components. For example, ground-state
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charge transfer interactions could result in improved charge
mobilities because of the intimately mixed nature of both
components. On the other hand, intercalation of PCBM may
modify Franck—Condon factors for charge transfer along the
polymer backbone possible causing reductions of reorganization
energies. Because our data do not allow us to directly assess
changes in charge transfer reorganization energies, we instead
focus on the possibility of ground state charge transfer interac-
tions as a source of improved mobilities.

Ground-state charge transfer interactions typically appear as
weak, broadened and red-shifted optical transitions and the
structural attributes of these states can be investigated by
resonance Raman spectroscopy. Bruevich et al. used this
approach to study charge transfer interactions in MEH-PPV/
TNEF blends that resulted in new absorption features as well as
red-shifts of up to ~5 cm ™' of the dominant ~1580 cm™ ' C—C
stretching mode of the MEH-PPV phenyl group with increasing
TNEF concentration. These charge transfer interactions were
found to be favorable when MEH-PPV segments and TNF
acceptors pack in a cofacial manner thus promoting the
planarization of MEH-PPV segments. In contrast, optical
absorption spectra of MDMO-PPV/PCBM blend films showed
no new apparent transitions near the onset region and spectra
could be reproduced as a linear superposition of each compo-
nent (see the Supporting Information). However, it is con-
ceivable that these transitions may be masked by more strongly
allowed m—m* transitions because of their low oscillator
strengths and not readily observable using linear spectroscopic
techniques. This was in fact confirmed by recent photomodula-
tion and electroluminescence spectroscopic studies of various
PPV/fullerene blends that demonstrate si§niﬁcant charge
transfer character exists in these systems.**™> We speculate
that the preferential interaction between PCBM molecules and
the vinylene group of MDMO-PPV may help understand the
orbital parentage of these states and their dependence on
polymer structure and blend morphology. If increased charge
transfer character is present in MDMO-PPV/PCBM blends,
these effects should be discernible from spectral shifts of key
backbone modes by comparing Raman spectra excited with
different wavelengths.

It was previously shown in Figures 4b and 6a that the
MDMO-PPV C=C vinylene stretching band (~1625 cm ')
intensity increases and red-shifts with increasing PCBM con-
tent. These red-shifts are reminiscent to those observed for the
~1580 cm™ ! mode of MEH-PPV/TNF blends due to ground-
state charge transfer. Because the C=C stretching modes of
both backbone groups are sensitive to changes in the 7
electronic structure of the polymer component, it is possible
that the observed red-shifts of the ~1625 cm ™" reflect ground
state charge transfer complex formation. However, these
changes were observed only for spectra generated with
488 nm light, which is unexpected for ground-state charge
transfer interactions since these transitions usually fall below
the absorption onset (band edge). A more plausible explanation
for the changes in the ~1625 cm ™' mode could simply be
decreasing conjugation lengths and localization of charge
density along the backbone, which is supported by the observed
blue-shifts of PL E, , values with PCBM content (Figure 3b).
In addition, we would expect concomitant frequency shifts in
the dominant ~1580 cm ™' mode of the MDMO-PPV phenyl
group, which are not observed. To rule out charge transfer
resonance or conjugation length changes, we are presently

pursuing studies of resonance Raman excitation profiles that
should be able to distinguish either mechanism.

B CONCLUSIONS

The PL and Raman results presented here have shown that
intercalation of PCBM into MDMO-PPV side groups causes a
decrease in intrachain order and conjugation lengths. Further-
more, these distortions inhibit interchain interactions but can be
restored upon annealing. The nature of these structural changes
effectively rule out previously proposed increases in MDMO-
PPV chain planarization and interchain interactions as the origins
of improved charge mobilities in fullerene blends. Our PL and
Raman data do not allow us to conclude whether chain elonga-
tion occurs but this appears to be consistent with chain con-
formations becoming more solution-like with larger PCBM
loadings. On the other hand, we suspect that ground-state charge
transfer interactions and possibly lower reorganization energies
due to intercalation of PCBM could be playing significant roles in
both charge generation and transport in MDMO-PPV/PCBM
blends. These topics are the subject of further investigations by
our group.
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