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Factors Governing Intercalation of Fullerenes and
Other Small Molecules Between the Side Chains of
Semiconducting Polymers Used in Solar Cells

Nichole Cates Miller, Eunkyung Cho, Roman Gysel, Chad Risko, Veaceslav Coropceanu,
Chad E. Miller, Sean Sweetnam, Alan Sellinger, Martin Heeney, lain McCulloch,
Jean-Luc Brédas, Michael F. Toney, and Michael D. McGehee*

While recent reports have established significant miscibility in
polymer:fullerene blends used in organic solar cells, little is actually known
about why polymers and fullerenes mix and how their mixing can be con-
trolled. Here, X-ray diffraction (XRD), differential scanning calorimetry
(DSC), and molecular simulations are used to study mixing in a variety of
polymer:molecule blends by systematically varying the polymer and small-
molecule properties. It is found that a variety of polymer:fullerene blends mix
by forming bimolecular crystals provided there is sufficient space between
the polymer side chains to accommodate a fullerene. Polymer:tetrafluoro-tet-
racyanoquinodimethane (F4-TCNQ) bimolecular crystals were also observed,
although bimolecular crystals did not form in the other studied polymer:non-

1. Introduction

Bulk heterojunction organic solar cells
based on blends of a conjugated polymer
(donor) and a fullerene derivative (acceptor)
have attracted considerable attention due
to their rapidly increasing efficiencies and
their potential as a low-cost, printable,
and flexible renewable energy source.'~3]
Until recently, polymer:fullerene blends
were thought to phase separate into pure
polymer and pure fullerene domains.
However, recent studies using a variety
of techniques - including small-angle

fullerene blends, including those with both conjugated and non-conjugated
small molecules. DSC and molecular simulations demonstrate that strong
polymer—fullerene interactions can exist, and the calculations point to van der
Waals interactions as a significant driving force for molecular mixing.
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neutron scattering (SANS),*! scanning
transmission X-ray microscopy (STXM),®!
dynamic secondary ion mass spectrom-
etry (DSIMS),F7l energy-filtered trans-
mission electron microscopy (EFTEM),8)
photoluminescence,'*15 and X-ray scat-
tering(®12-161_ have altered this traditional
view. For instance, studies of blends of the semi-crystalline
polymer poly(3-hexylthiophene) (P3HT) with the fullerene
derivative phenyl-Cq;-butyric acid methyl ester (PCBM-
C60) have demonstrated the existence of pure crystalline
P3HT, pure PCBM-C60, and molecularly mixed, amorphous
P3HT:PCBM-C60 domains.**! Furthermore, molecular mixing
has been demonstrated in amorphous MDMO-PPV:PCBM-C60
blends.¥771% Polymer:fullerene molecular mixing can also
occur in semicrystalline domains via fullerene intercalation
between the polymer side chains to form polymer:fullerene
bimolecular crystals (Figure 1).112-1620-22]

The concept of intermixed donor—acceptor interfaces, which
exist in intercalated polymer:fullerene blends as well as molecu-
larly mixed amorphous blends, challenges to some extent the
notions regarding the operation of organic solar cells, as it is
generally hypothesized that excitons originating in a pure
phase diffuse to a polymer—fullerene (donor-acceptor) interface
and split into separated charges (that are then extracted from
the device via migration through the pure phases). That inter-
mixing occurs in many polymer:fullerene blends should impact
solar-cell operation, as the very nature of the donor—acceptor
interface changes. For example, molecular mixing due to inter-
calation in semicrystalline blends or miscibility in amorphous

Adv. Energy Mater. 2012, 2, 1208-1217
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Figure 1. Fullerene intercalation between the polymer side chains in
the PBTTT-C14:PCBM-C70 bimolecular crystal. The PBTTT polymer and
PCBM-C70 fullerene are light and dark gray, respectively.

blends can improve exciton splitting, since excitons originating
in molecularly mixed domains form within a few angstroms
of a donor-acceptor interface.#1°l Thus, exciton splitting in
molecularly mixed domains does not require exciton diffusion
on the 5-10 nm length scale.?3] However, the intimate mixing
of the donor and acceptor in molecularly mixed blends can also
introduce (polaron) traps that can foster larger recombination
rates versus those observed for completely separate donor and
acceptor phases.'>1% In addition, molecular mixing alters the
minimum fullerene content needed for the formation of pure
fullerene domains, which appear to be required for good elec-
tron transport, and consequently affects the polymer:fullerene
ratio required for peak solar-cell performance.l'>!3l Other
important properties such as optical absorption>! and frac-
ture energy?* can also be affected by molecular mixing. It is
therefore necessary to understand molecular mixing to properly
describe the electronic processes in polymer:fullerene blends
and rationally design more efficient solar cells, since molecular
mixing, for instance that due to intercalation, has been shown
to significantly impact many solar-cell properties.
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Still, there are many unanswered questions regarding
molecular mixing. For instance, how do the size, conjugation,
and electron-accepting properties of small molecules affect
how they mix with polymers? Does molecular mixing occur
in all polymer:fullerene blends? And what polymer—fullerene
interactions are responsible for molecular mixing? Here, we
use X-ray diffraction (XRD), differential scanning calorimetry
(DSC), and molecular simulations to explore these and other
questions. Our target systems are those distinctive cases of
bimolecular-crystal formation through fullerene (and other
small molecule) intercalation between the polymer side chains.
We do this by systematically varying the polymer, fullerene,
and small-molecule properties to determine their effect on
intercalation.

In agreement with previous results,'>!3 we find that
increasing the fullerene size through the addition of multiple
bulky side groups can sterically prevent fullerene intercalation.
We also show that intercalation can be inhibited by decreasing
the space available between the polymer side chains either
by decreasing the side-chain repeat distance or by replacing
linear side chains with bulkier, branched side chains. Although
many polymer:fullerene blends form intercalated bimolecular
crystals, only one of the studied non-fullerene small mole-
cules formed polymer:small molecular bimolecular crystals
— tetrafluoro-tetracyanoquinodimethane (F4-TCNQ). We also
probe the strength of the polymer—fullerene interaction respon-
sible for intercalation by measuring the enthalpies of melting
of the polymer:fullerene blends and their pure components
using DSC and by evaluating the interaction (binding) energy
of two bimolecular crystals and their pure components using
molecular simulations.

2. Results & Discussion
2.1. PBTTT Blends with Fullerenes

We began by using specular XRD and 2D grazing incidence
X-ray scattering (2D GIXS) to study intercalation in poly-(2,5-
bis(3- tetradecylthiophene-2-yl)thieno[3,2-b]thiophene) (PBTTT-
C14):fullerene blends. We chose PBTTT-C14 as the conjugated
polymer due to its high crystallinity, which facilitates struc-
ture determination using XRD.!?’! Figure 2 shows the to-scale
chemical structures of the 13 studied fullerenes as well as the
lamellar spacing and lamellar-spacing increase relative to pure
PBTTT-C14 for each blend. The lamellar spacings of pure
PBTTT-C14 and PBTTT-C14:PCBM-C60 are 21.5 A and 31.0 A,
respectively. All XRD patterns can be viewed in the Supporting
Information.

A wide variety of fullerene derivatives form bimolecular
crystals with PBTTT-C14. For instance, PCBM based on
the C60,12151 C70,12131 and C84 fullerene cages all interca-
late in PBTTT-C14. As expected, the lamellar spacings of the
PBTTT:PCBM films approximately scale with the size of the
fullerene cages. LuPCBEH-C80,2! an endohedral fullerene con-
taining three lutetium atoms, also intercalates in PBTTT-C14.
These results indicate that slight changes to the size and nature
of the fullerene cages do not prevent intercalation.
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Fullerenes that Intercalate in PBTTT-C14

c60%t PCBM-C601215 PCBM-C701213 PCBM-C84 LUPCBEH-C80%°
(25.9A, 4.4 R) (30.1 A, 8.6 A) (30.9A, 9.4 &) (33.0A,11.3 A) (30.7 A, 9.2 &)

FrechetAcetyl-C6027
(30.7A,9.2 A)

FrechetMeO-C60%7
(30.7A, 9.2 &)

Fullerenes that Do Not Intercalate in PBTTT-C14

BisPCBM-C60*
(=22 A, ~0.5 A)

BisPCBM-C70%3
(22.1A,0.6 A)

ICTA-C60%8
(23.1A,1.6 A)

Figure 2. Chemical structures of the fullerenes tested for intercalation in PBTTT-C14. The numbers in parentheses are the lamellar spacings of the
PBTTT-Cl14:fullerene blends and the lamellar spacings of the blends relative to pure PBTTT-C14, respectively.

The fullerene side groups were also varied to determine
their effect on bimolecular-crystal formation. Fullerenes with
large side groups (the dihydronaphthyl-bridged ester fullerene
derivatives FrechetCl-C60, FrechetMeO-C60, and FrechetAcetyl-
C60),27I small side groups (PCBM-CG60,[1215) PCBM-C70,11%13l
PCBM-C84, ICMA-C60,128 and ICBA-C60[2%)), and even no side
groups (C6012Y) are able to intercalate in PBTTT-C14. The fact
that fullerene side groups are not necessary for intercalation to
occur suggests that the interaction between the fullerene cage
and the polymer is a critical contributor to intercalation.

Furthermore, from earlier results, it is known that the inter-
action between the fullerene cage and the polymer backbone
must be strong. We previously used a combination of XRD
techniques, solid-state nuclear magnetic resonance (NMR) spec-
troscopy, and molecular mechanics simulations to determine
the molecular packing in the intercalated PBTTT-C14:PCBM-
C70 bimolecular crystal.?!] We found that the pi-stacking of
pure PBTTT-C14 is significantly disrupted by the intercalation
of PCBM-C70 and that each polymer backbone twists toward
the closest PCBM-C70. These results indicate that the polymer—
fullerene interaction in the PBTTT-C14:PCBM-C70 blend is
very significant indeed.

1210  wileyonlinelibrary.com
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Of the 13 fullerenes tested for intercalation in PBTTT-C14,
only three do not intercalate: BisPCBM-C60,1* BisPCBM-C70,*3!
and ICTA-C60.%®] For these fullerenes, the lamellar spacing of
the pure polymer is very close to that of the polymer:fullerene
blend, indicating that the addition of the fullerene does not sig-
nificantly change the packing of the polymer. Small increases
in the lamellar spacing may be due to increased disorder in the
film upon the addition of the fullerene. That these fullerenes
do not intercalate is not surprising given that the bulkiness of
these molecules does not allow them to fit between the PBTTT-
C14 side chains. The fact that ICBA intercalates even though
BisPCBM-C60 and BisPCBM-C70 do not is likely due to the
less bulky indene side groups on ICBA-C60 relative to the side
groups of BisPCBM-C60 and BisPCBM-C70.128!

The lamellar spacings of the intercalated PBTTT-C14:fullerene
blends are smaller than those estimated from the simple addi-
tion of the fullerene size to the lamellar spacing of pure PBTTT-
C14. For example, although the outer diameter of C60 is ~10
A the lamellar-spacing increase of PBTTT-C14:C60 relative
to pure PBTTT-C14 is only 4.4 A. The other intercalated PBTTT-
Cl4:fullerene blends also exhibit this smaller-than-expected
increase in lamellar spacing. While differences in the tilt angle

Adv. Energy Mater. 2012, 2, 1208-1217
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and the amount of disorder in the polymer side chains in pure
PBTTT-C14 and PBTTT-Cl4:fullerene blends may account
for this difference, it should be noted that the side chains in
pure PBTTT are only partially interdigitated, with ~4-5 of the
methylene units in a non-interdigitated region as illustrated in
Figure S6.2% Thus, fullerenes that intercalate close to the pol-
ymer backbones actually occupy some previously unfilled space.
This may explain why the density of the PBTTT-C14:PCBM-C70
blend was found to be higher than that of pure PBTTT-C14.21

It is also interesting to note that the lamellar spacings of
the PBTTT-C14 blends with FrechetCl-C60, FrechetMeO-C60,
and FrechetAcetyl-C60 fullerenes, which have very large side
groups, are not much larger than the lamellar spacing of the
PBTTT-C14:PCBM-C60 blend, likely because these large side
groups are quite flexible and can fold back on themselves (vs.
being fully extended). The unexpectedly small lamellar spacing
of PBTTT-C14:ICBA-C60 blends, which has been discussed in
detail in a recent work,?® is due to the orientation of the two
ICBA-C60 side groups perpendicular to the PBTTT-C14 side
chains such that the ICBA-C60 side groups do not contribute to
the lamellar spacing of the bimolecular crystal.

2.2. PBTTT Blends with Non-Conjugated Small Molecules

We next discuss intercalation in PBTTT-C14 blends with a
variety of non-conjugated small molecules, many of which were
chosen for their cage-like structures that mimic the shape and
size of fullerenes. The studied molecules include several dia-
mondoids, Kelevan, and two silsesquioxane derivatives, OVS
and SSQ-Es (Figure 3). None of the non-conjugated molecules
investigated intercalate in PBTTT-C14. We suspect that the high
tendency of the diamondoids adamantane and triamantane and
un-substituted OVS to crystallize could be partially responsible
for these molecules not intercalating in PBTTT-C14, since they
would rather crystallize with themselves than form bimolecular
crystals (see molecular simulations below). Methylated triaman-
tane and OH-diamantane were therefore studied due to their
lower tendency to crystallize, but neither of these intercalated in
PBTTT-C14. Finally the mono-substituted SSQ-Es was synthe-

Non-Conjugated Small Molecules that Do Not Intercalate in PBTTT-C14

&

s &

9
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sized in an effort to mimic the size and methyl ester compo-
nent of PCBM. However, no intercalation was observed for
SSQ-Es. These results suggest that n-conjugation is an impor-
tant factor for intercalation to occur, since it can allow stronger
interactions between the polymer backbone and the intercalated
molecule (i.e., van der Waals, electrostatic, or charge-transfer
interactions), for instance due to the higher polarizability of the
electron cloud.

2.3. PBTTT Blends with Conjugated Small Molecules

The five non-fullerene, conjugated small molecules shown in
Figure 4 were tested for intercalation in PBTTT-C14 to look
for non-fullerene molecules that intercalate in PBTTT-C14.
Coronene and pyrene were chosen due to their fused aromatic
ring structures that are similar to portions of fullerenes. These
molecules, which are not typical electron acceptors, are found
not to intercalate in PBTTT-C14. Two small-molecule accep-
tors, tetracyanoquinodimethane (TCNQ) and the vinazene
derivative V-BT (that has been used successfully as a fullerene
replacement in organic photovoltaics),?!32 also did not inter-
calate in PBTTT-C14. Although the large size of V-BT could
prevent intercalation, it is less clear why TCNQ does not inter-
calate since it is both conjugated and an electron acceptor. We
can therefore conclude that factors other than conjugation and
electron-acceptor character impact the ability of a molecule to
intercalate in PBTTT-C14.

Of the non-fullerene small molecules we studied, F4-TCNQ
was the only one to intercalate in PBTTT-C14. Because
F4-TCNQ forms ground-state charge-transfer complexes with
thiophene polymers!33 and thiophene small molecules,?*! it
is expected that it can also form a ground-state charge-transfer
complex with PBTTT-C14. Ground-state charge-transfer com-
plexes form due to the partial or full transfer of an electron
from the donor to the acceptor in the ground state, and thus
give rise to material properties that are associated with neither
the donor nor the acceptor (i.e., new absorption bands).36-
Note that ground-state charge-transfer complexes are different
than the excited charge-transfer states of conventional donor-
acceptor complexes that can be populated
either by a photo-induced electron transfer
(involving either a donor or an acceptor
excited state) or via a direct excitation from
the system ground state.*” The formation of
a PBTTT-C14:F4-TNCQ charge-transfer com-
plex can be understood from the fact that the

Adamantane Triamantane Methylated OH-Diamantane
(21.9A 04 A) (22.0A,05A) Triamantane (21.7A,02A) F4-TCNQ electron affinity (5.2 eV) is larger
(21.8A,0.34) than the PBTTT-C14 ionization potential
3 o (5.1 eV).3341
£l >’ Y )\ °
Chg) ose s
ct ; d ~ YD%\S‘P
elel & \\/jli 2.4. Other Semi-Crystalline Polymers
Kelevan ' ovs SSQ-Es
(22.0A,05A) (21.8 A, 0.3A) (21.8A,0.3A) Polymer:fullerene bimolecular crystals will

Figure 3. Chemical structures of the non-conjugated small molecules tested for intercalation in
PBTTT-C14. None of these molecules intercalated in PBTTT-C14. The numbers in parentheses
are the lamellar spacings of the PBTTT-C14:fullerene blends and the lamellar spacings of the
blends relative to pure PBTTT-C14, respectively.
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be sterically prevented from forming if there
is not enough space between the polymer
side chains to accommodate a fullerene.'213]
Thus, it is important to consider the fullerene
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Conjugated Small Molecules that Do Not Intercalate in PBTTT-C14

N

T .
NC’ P?XQI%ICN

N C " en
TCNQ V-BT
(21.8A,0.3A) (21.3A,-0.2A)

Pyrene
(21.6 A, 0.1 A)

Coronene
(21.4A,-0.1A)

Conjugated Small Molecules that Intercalate in PBTTT-C14

F4-TCNQ
(22.7A, 1.2 A)

Figure 4. Chemical structures of the conjugated small molecules tested for intercalation in PBTTT-C14. The numbers in parentheses are the lamellar
spacings of the PBTTT-Cl4:fullerene blends and the lamellar spacings of the blends relative to pure PBTTT-C14, respectively.

size relative to the space available between the polymer side
chains when predicting if intercalation will occur. As discussed
above, intercalation can be prevented by increasing the size of
the fullerene derivative. We now show that intercalation can also
be inhibited by decreasing the space between the polymer side
chains, either by decreasing the side-chain attachment spacing
or by replacing linear side chains with bulkier, branched side
chains.

Figure 5 shows the polymers tested for fullerene intercala-
tion. To assess the generality of our previous observations,
we used specular XRD to determine if intercalation occurs in
poly(5,5 -bis(3-alkyl-2-thienyl)-2,2-bithiophene) (PQT) blends
with PCBM-C60,/'2l PCBM-C70, BisPCBM-C70, OVS, SSQ-Es,
adamantane, triamantane, and Kelevan. The only difference
between PBTTT-C12 and PQT is that the fused thienothiophene
ring in PBTTT-C12 is replaced with two separate thiophene
rings in PQT. For all PQT blends studied, the molecules that
intercalate in PBTTT-C14 also intercalate in PQT, and the mol-
ecules that do not intercalate in PBTTT-C14 also do not interca-
late in PQT. The same holds true for blends with PBTTT-C12
and PBTTT-C16. These results demonstrate that the differences
between the PBTTT and PQT polymer backbones and changes
to the PBTTT side-chain length do not affect if intercalation
occurs.

PCBM intercalation also occurs in many other conju-
gated polymers. For instance, Siebbeles and Deibel used
XRD and photoluminescence quenching measurements to
demonstrate that PCBM forms bimolecular crystals with
poly(2,5-bis(3-dodecylthiophen-2-yl)thieno[2,3-b]thiophene)
(PBTCT).'>1%] PBTCT is similar to PBTTT-C12 except for the
isomeric thieno[2,3-b]thiophene. XRD has also been used to
demonstrate PCBM intercalation in the poly(terthiophene)
polymer PTT.1242l Furthermore, Kim and co-workers*}l have
shown that PCBM most likely intercalates in poly(3-(4-n-octyl)
phenyl-5,2 ,5’,2”-terthiophene) (POPTT) and poly(3-(4-n-octyl)

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

phenyl-5,2,5’,2”,5”,2”"-quaterthiophene) (POPQT), two poly-
mers that are similar to PTT, since both POPTT and POPQT
have sufficient space between their side chains to accommo-
date a fullerene and exhibit their highest solar-cell efficiencies
at a 1:3 polymer:fullerene ratio. On the other hand, they show
that the similar polymer poly(3-(4-n-octyl)phenylthiophene)
(POPT), which is comparable to P3HT but with bulkier side
chains, probably does not exhibit fullerene intercalation,
because it has a short side-chain attachment distance and
exhibits its highest efficiencies at a 1:1 polymer:fullerene ratio.
Likewise, PCBM cannot intercalate in crystalline P3HT due to
its small side-chain attachment spacing,'?! although intimate
polymer:fullerene molecular mixing does occur in amorphous
P3HT domains.*)

The replacement of linear polymer side chains with branched
side chains can also inhibit intercalation due to the decreased
space available between the polymer side chains for fullerene
intercalation. Specular XRD and 2D GIXS were used to demon-
strate that intercalation does not occur in PBTTT when its linear
side chains are replaced by lightly branched 3,7-dimethyloctyl
side chains. Likewise, Heiser recently reported that branched
side chains appear to inhibit intercalation in PTBzT? blends
(based on optimization of power conversion efficiencies).[*
PTBzT2 is identical to PBTTT-C12 except for the addition of
a benzothiadiazole group between the two unfused thiophene
rings, so it is not surprising for fullerene intercalation to occur
in PTBzT2-o. and PTBZT?B.The fact that branched side chains
appear to inhibit intercalation in both PBTTT and PTBzT?
may have implications for the highest performing polymers,
since many of them contain branched side chains.*>=>% Still,
it remains unclear how side-chain branching affects molecular
mixing in amorphous domains.

Our results indicate that intercalation can only occur in crys-
talline domains if there is enough space between the polymer
side chains to accommodate a fullerene. However, this does

Adv. Energy Mater. 2012, 2, 1208-1217
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Crystalline Polymers that Allow PCBM Intercalation in Their Crystals

R Cl2:R=CyhHhs
\_| Cl4:R=CyyhHyg
C16:R = CyHss

—

PBTTTY?

Cutas

Cioks

PBTCT!®10

PTBzTZ-o*4

C8:R = CgHyy
C12:R=CpoHps

Ciots

PTBzTZ-p*4

Crystalline Polymers that Do Not Allow PCBM Intercalation in Their Crystals

CeHir

CgHiz

POPT*43

PBTTT-Branched

PATBT!®

RN TN

PTBzT2-p-Branched**4

Figure 5. Chemical structures of the semi-crystalline polymers studied for PCBM intercalation. *Based on efficiency vs. polymer:fullerene ratio data

and/or measurements of phase separation rather than XRD data.

not imply that all polymers that can accommodate a fullerene
between its side chains will form polymer:fullerene bimolecular
crystals. For example, specular XRD measurements have shown
that PCBM-C60 does not intercalate in the semiconducting
polymer poly(3,6-dialkylthieno[3,2-b]thiophene-co-bithiophene)
(PATBT) despite the fact that the side-chain repeat distance
of PATBT is exactly the same as that of PBTTT." In fact, the
only difference between PATBT and PBTTT-C16 is that the side
chains attach to the thienothiophene ring in PATBT, while they

Adv. Energy Mater. 2012, 2, 1208-1217
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attach to the unfused thiophene rings in PBTTT-C16. While it
remains unclear why PCBM-C60 intercalates in PBTTT and not
in PATBT, this difference is probably not due to the fact that
PCBM-C60 would interact with unfused bi-thiophene units if
it were to intercalate in PATBT (as opposed to the interaction
of PCBM with the thienothiophene units in PBTTT), because
PCBM-C60 also intercalates in PQT, which only has unfused bi-
thiophene units. We suggest that differences in the planarity of
the polymer backbones or the ability of the PBTTT side chains
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Some Polymers with Molecular Mixing in Their Amorphous Domains
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Figure 6. Chemical structures of some polymers with polymer:fullerene molecular mixing in their amorphous domains.

to move independently in contrast to the correlated movement
of the PATBT side chains, which are attached to the same
thienothiophene unit, could contribute to this difference.l!l

2.5. Amorphous Polymers and Semi-Crystalline Polymers
with Low Crystallinity

Thus far, we have only discussed intercalation in crystal-
line domains that can be easily studied with XRD tech-
niques. However, there is a significant amount of evidence
for molecular mixing that involves intermixing in amorphous
polymer:fullerene blends and in the amorphous domains of
semi-crystalline polymer:fullerene blends (i.e., P3HT:PCBM
blends).*" Figure 6 shows some of the polymers for which
polymer:fullerene miscibility has been demonstrated in amor-
phous domains. For instance, we previously used a combina-
tion of photoluminescence measurements, scanning electron
microscopy, and space-charge limited current measurements
to demonstrate molecular mixing in poly(2-methoxy-5-(3"-7"-
dimethyloctyloxy)-1,4-phenylenevinylene) (MDMO-PPV):PCBM
blends.'!] Grey et al. subsequently used Raman spectroscopy to
show specific changes in the vinylene groups of MDMO-PPV
when it is blended with PCBM-C60.5% This result could indi-
cate a preferential interaction of PCBM-C60 with the vinylene
groups in MDMO-PPV; such a preferred polymer—fullerene
interaction could indicate intercalation of the PCBM-C60
between the MDMO-PPV side chains rather than a randomly
dispersed mixture of MDMO-PPV and PCBM-C60. Measure-
ments of photoluminescence and phase separation also indi-
cate molecular mixing in PCDTBT:PCBM blends.>*! The ability
to measure and understand molecular mixing in amorphous
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polymer:fullerene blends will become increasingly important
since many of the new, high efficiency polymer:fullerene blends
are either amorphous or are poorly crystalline.>3>4

2.6. Differential Scanning Calorimetry

Our results thus far have demonstrated that intercalation
occurs in many polymer:fullerene blends and that an interac-
tion between the polymer and the fullerene cage is responsible
for intercalation. Here, we probe this interaction using differ-
ential scanning calorimetry (DSC). The DSC heating curves
for pure PBTTT-C14, pure PCBM-C70, and an intercalating
PBTTT-C14:PCBM-C70 blend are shown Figure 7A. Figure 7B
shows the corresponding DSC curves for the non-intercalated
PBTTT-C14:BisPCBM-C70 material system.

The DSC scan for the intercalated PBTTT-C14:PCBM-C70
blend is very different than the DSC scans of pure PBTTT-C14
and pure PCBM-C70. A polymer:fullerene weight ratio of 40:60
(1:1 monomer:fullerene molar ratio) was chosen for the PBTTT-
C14:PCBM-C70 blend, because 40:60 is the stoichiometry of the
pure PBTTT-C14:PCBM-C70 bimolecular crystal without meas-
ureable excess PBTTT-C14 or PCBM-C70.2!l The DSC for this
intercalated blend contains neither a peak due to PBTTT-C14
side-chain melting (~135 °C) nor a PCBM-C70 crystallization
peak (the exothermic peak near 200 °C), since the blend film
contains neither pure PBTTT-C14 nor pure PCBM-C70. Fur-
thermore, the measured enthalpy associated with the backbone
melting peak at ~225 °C is significantly larger in the blend
(10.7 £ 0.8 J/g) than in the pure polymer (6.0 £ 0.6 J/g) due to
the extra heat needed to overcome the interactions between the
PBTTT-C14 and the PCBM-C70. Thus, these DSC scans give us
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Figure 7. DSC heating scans for the intercalating PBTTT-C14:PCBM-C70 (A) and the non-intercalating PBTTT-C14:BisPCBM-C70 (B) material systems.
The scans for the pure PBTTT-C14, pure fullerene and PBTTT-C14:fullerene blends are represented by the thin black line, the dashed grey line, and the
thick grey line, respectively.
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a measure of the strength of the polymer—fullerene interaction
responsible for the thermodynamic stability of the intercalated
PBTTT-C14:PCBM-C70 bimolecular crystal.

On the other hand, the DSC scan for the non-intercalated
PBTTT-C14:BisPCBM-C70 blend (Figure 7B) contains contribu-
tions from both the pure PBTTT-C14 and pure BisPCBM-C70
and can be reconstructed fairly accurately by superimposing
the DSC scans of the two pure components. In addition, there
is no significant difference between the enthalpy of melting of
the polymer in the pure PBTTT-C14 and PBTTT-C14:BisPCBM-
C60 samples. These results confirm that there is little interac-
tion between the components of the PBTTT-C14:BisPCBM-C70
blend, as would be expected for non-intercalating blends.

2.7. Molecular Simulations

We have carried out a series of molecular mechanics and
molecular dynamics simulations on the crystalline structures of
PBTTT-C14, PCBM-C70, adamantane, the PBTTT-C14:PCBM-
C70 blend, and an hypothetical PBTTT-C14:adamantane blend.
Our goal is to evaluate, at least qualitatively: (i) whether the
polymer:molecule components are expected to mix, based on
the calculation of the cohesive energy densities; and (ii) the
strength of their interactions.

The model crystal structures of PBTTT-C145°! and PBTTT-
C14:PCBM-C702! were taken from previous work, and the
crystal structure of adamantane was taken from the literature.l>l
As there is no reported crystal structure for PCBM-C70, two
possible structures were examined, based on the most stable
crystalline forms of PCBM-C60 as determined by periodic den-
sity functional theory calculations:”! a simple cubic structure
(sc) and a triclinic structure that was generated by optimizing
the sc structure (both with and without optimization of the unit
cell). Here, we use the results for the triclinic unit cell since it
was found to be the most energetically stable configuration. For
the hypothetical blend of PBTTT-C14:adamantane, we consid-
ered a bimolecular structure analogous to that of the PBTTT-
C14:PCBM-C70 crystal. Thus, uncertainties in our results come
from the uncertainties in the determination of the PCBM-
C70 and PBTTT-Cl4:adamantane crystals; this will prevent us
from making quantitative assessments. The theoretical results
reported below do point, however, to consistent trends with the
experimental data.

To determine the cohesive energy densities of the pristine
materials, we performed molecular dynamics simulations
making use of the Universal force field (UFF).’8! Super cells of
the three pristine systems (4 chains of a PBTTT-C14 pentamer,
20 PCBM-C70 molecules, and 96 adamantane molecules) were
considered. The systems were equilibrated in the NVT ensemble
at 300 K for 10-30 ps. This was followed by an NPT simulation
at 300 K for 250 ps. The structures over the last 50 ps from the
NPT run were collected and averaged to calculate the cohesive
energy density of each system. The results show that PBTTT-
C14 (636 J/cm?) and PCBM-C70 (644 J/cm?) have very similar
cohesive energy densities, while that of adamantane (828 J/cm?)
is considerably larger. These cohesive energy densities trans-
late into Hildebrand solubility parameters (8)°°! of 12.3 (cal/
cm?)!/2 for PBTTT-C14, 12.4 (cal/cm?)!/? for PCBM-C70, and
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14.1 (cal/cm?)'/? for adamantane. The similarity of the calcu-
lated data for PBTTT-C14 and PCBM-C70 underlines that the
two systems should readily mix, while the substantial differ-
ences between the polymer and adamantane point to phase
separation.[?]

We then gauged the total binding/intermolecular interaction
energy within the blends by using the following equation:

Ebinding = Epol—mol - 2Epol - 2Emol

1)
where Epmol is the unit-cell energy of the intercalated structure
(bimolecular crystal) containing the polymer (pol) and the mole-
cule (mol), and E,; and Ey,, represent the energy of the isolated
components pol and mol, respectively. Note that E,q and Epg
are multiplied by two as each molecule and polymer appears
twice in the intercalated-blend unit cell. In this way, —Ejyinding
can be seen as corresponding to the enthalpy of sublimation of
the bimolecular crystal. The energies entering Equation (1) were
evaluated at the molecular mechanics level with the UFF.

The results demonstrate that the binding energy for the PBTTT-
C14:PCBM-C70 crystal, —1448 kJ/mol per unit cell, is much
larger than for the (hypothetical) PBTTT-C14:adamantane crystal,
-1022 kJ/mol per unit cell. The driving force for the intercalation
of PCBM-C70 amongst the PBTTT-C14 side chains appears to be
mainly associated with van der Waals interactions (as opposed
to electrostatic interactions). We note however that ground-state
charge transfer, which might occur to some limited extent in these
systems, is not considered explicitly in the present simulations.
Quantum-mechanical calculations are currently being carried out
to evaluate such processes. In any event, the theoretical results are
in agreement with the experimental data and indicate that van der
Waals interactions play a strong role in the formation and stabili-
zation of the intercalated PBTTT-C14:PCBM-C70 structure.

3. Conclusion

Our investigations reveal several important factors that can
affect the intercalation of fullerenes and small molecules
between the side chains of conjugated polymers. First, fullerene
intercalation does not occur if the fullerene cannot fit between
the polymer side chains. Thus, fullerene intercalation can be
inhibited by increasing the fullerene size by the addition of
multiple bulky side groups or by decreasing the space avail-
able between the polymer side chains for fullerene intercala-
tion, either by decreasing the side-chain repeat distance or by
replacing linear side chains with bulkier, branched side chains.
Although many conjugated and non-conjugated small molecules
do not form polymer:fullerene bimolecular crystals, F4-TCNQ,
a strong small-molecule acceptor, intercalates in PBTTT-C14
and is expected to form a ground-state charge-transfer complex
with PBTTT-C14. While a ground-state charge-transfer com-
plex could also form to some extent in polymer:fullerene bimo-
lecular crystals, the molecular simulations indicate that van der
Waals interactions alone are large enough to stabilize fullerene
intercalation. The results obtained in this work provide a solid
framework in which to understand why polymers and fuller-
enes molecularly mix in many bulk heterojunction solar cells
and afford a basis in which to control molecular mixing so as to
rationally design new, high-efficiency solar cells.
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4. Experimental Section

Materials: PBTTT-C12, -C14, and -C16 were synthesized as described
in reference.?>) PBTTT-Branched was synthesized in analogy to the
previous reference. The number average molecular masses (M,)
of PBTTT-C12, -C14, -C16, and -Branched were determined to be
28, 22, 35, and 13 kDa with polydispersities of 1.8, 2.0, 2.0, and 1.6,
respectively, using gel permeation chromatography against polystyrene
standards. PCBM-C60 and PCBM-C70 was purchased from NanoC,
BisPCBM-C70 was purchased from Solenne, and PQT was purchased
from American Dye Source. C60, PCBM-C84, adamantane, TCNQ,
F4-TCNQ, pyrene, coronene, and Kelevan were purchased from
Sigma-Aldrich. ICMA-C60, ICBA-C60, and ICTA-C60 were provided
by Plextronics. The remaining diamoindoids, V-BT, LuPCBEH-C80,
and the dihydronaphthyl-bridged ester fullerene derivatives were
synthesized as described in references, 6364261 and,[?’] respectively. The
vinyl functionalized SSQ precursor to SSQ-Es was purchased from
Hybrid Plastics, Inc. The octavinylsilsesquioxane (OVS) was purchased
from Mayaterials, Inc. Palladium catalyzed Heck chemistry was used
to couple methyl 3-bromobenzoate to the vinyl functionalized SSQ
precursor.[6]

X-ray Diffraction: Films for the XRD measurements were spin cast
from ortho-dichlorobenzene (DCB) onto silicon substrates, slow dried
in a covered petrii dish, and annealed at 180 °C for 10 minutes. Because
C60 is not sufficiently soluble in DCB due to its lack of a solubilizing
side group, PBTTT:C60 films were formed by evaporating C60 on top of
a pure PBTTT-C14 film and annealing at 125 °C for 10 minutes. Specular
XRD and 2D GIXS measurements were performed at X-ray energies of
8 keV and 12.735 keV on beamlines 2-10% and 11-30'2 at the Stanford
Synchrotron Radiation Lightsource, respectively.

Differential Scanning Calorimetry: Samples for DSC were prepared
by drop casting from DCB solutions onto clean glass substrates. The
dried films were scraped off the substrates with a razor blade and placed
in hermetically sealed pans. The samples were measured in flowing
nitrogen according to the procedure described in reference 20 using a
TA Instruments Q100 DSC with heating and cooling rates of 10 °C/min.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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