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A significant increase in polymer crystallinity is reported in composites of carbon-nanotubes (CNT) and
Poly(3-octylthiophene-2,5-diyl), P3HT and Poly(3-octylthiophene-2,5-diyl), P3OT; Differential scanning
calorimetry (DSC) reveal an increase from about 40% crystallinity of the native P3HT to w62% in com-
posites containing 25 wt% MWNT. A similar behavior is observed in P3OT with w68% crystallinity, a
double crystallization peak and higher melting temperature than the native polymers. The effect is
unique to CNT and is not induced by fullerenes or graphene layers. High-resolution transmission electron
microscopy, (HRTEM) of CNT-polymer dispersions reveal chains stacked upon the CNT in an elongated,
stretched conformation. Following a detailed molecular study by Bernardi et al. and the HRTEM obser-
vations the DSC results are attributed to a CNT-mediated entropic effect: due to their intrinsic, 1D cy-
lindrical shape the CNT impose an increased conjugation length on chains adsorbed and stacked upon
dispersed CNT. Crystallization thus commences from a heterogeneous mixture of native chains and
chains with a longer persistence length (higher effective rigidity) and consequentially a lower effective
height of the entropic barrier for crystallization. The findings offer a new insight into the origins of CNT-
induced polymer nucleation.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Crystallization from the melt of a synthetic polymer may be
viewed as an ordering transition where a collection of random
Gaussian chains is transformed into an ordered array of well
stacked segments. The consequential loss of conformational en-
tropy of the polymer chains is balanced by the gain in enthalpy [1].
The importance of pre-ordering of the polymer chains in the melt
phase for the onset of crystallization is a highly debated topic [2].
Ordering may take place on the molecular level and as a result an
increase in the persistence length of the chains will be observed or
on amesoscopic level where liquid-crystalline like phases would be
detected [3e5].

Conjugated polymers such as Poly(3-alkyl thiophenes), P3ATs,
and specifically regioregular [6] poly-3-hexylthiophene (rr-P3HT)
are a benchmark in organic photovoltaics (OPV) [7,8]. In this field
device fabrication is based on solution processing of the compo-
nents into nanometrically thin films. Both good solubility and a
high degree of molecular ordering and crystallinity of the polymers
in the dried state are crucial for device performance [9,10]. While
ozen).
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conjugated polymers are often perceived as rigid molecules, sol-
vated P3ATs were found to behave as semi-flexible polymers with a
persistence length (which is directly related to the conjugation
length) [11] below 3 nm in good solvents [12e14]. Yet polymer
crystallization, either from the solution or the melt, requires
stretched backbone conformations with conjugation length of 20e
25 monomers [15,16].

Furthermore, in devices such as bulk heterojunction organic
solar cells [15,17] the photoactive layers are made by blending P3HT
(and other conjugated polymers) with high concentrations (>50 wt
%) of electron acceptors such as fullerenes or fullerene derivatives
and recently also carbon nanotubes (CNT) and graphene [18,19].

The detailed interaction between the carbonaceous nano-
structures and P3ATs in solution and in the melt is not yet well
understood [20e23]. While fullerenes and fullerene derivatives
([6,6]-Phenyl C61 butyric acid methyl ester (PCBM)) were shown to
disrupt the crystallization of P3HT and Poly(3-octylthiophene-2,5-
diyl) P3OT, CNT and graphene are expected to enhance the degree
of crystallinity of the semi-crystalline P3ATs [24,25] probably due
to induced nucleation.

Here we describe a detailed investigation of the effect of CNT,
PCBM and graphene on the non-isothermal crystallization from the
melt of P3HT and P3OT. We use commercially available, highly
soluble P3HT and P3OT with designated regioregularity of w90%
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Table 1
As received powders of carbon nanotubes synthesized via catalytic CVD.

Sample Diameter (nm) and
length (mm)

Purity
(vol)

Manufacturer

SWNT-
Nanoledge

d w 1e2
l w 2e3

>90% Nanoledge S.A France
http://www.nanoledge.com/

MWNT-
Arkema

d w 10e15
l w 10

w85% Arkema, France
http://www.arkema.com/

MWNT-MER d w 35 � 10
l w 30

>90% MER corporation,
Tucson, AZ USA
http://mercorp.com/nano.pdf

Fig. 1. (a) 5 wt% P3HT in chloroform (b) dispersion of 35 wt% MWNT-MER in P3HT
(chloroform).
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and 90e95% respectively, and intermediate molecular weight
(<80,000 gr/mol) which exhibit a relatively low degree of crystal-
linity in their native state. The carbonaceous nano-structures are
dispersed in the polymer solutions, the dispersions are dried, and
their non-isothermal crystallization is monitored via Differential
Scanning Calorimetry (DSC). A significant increase in polymer
crystallinity as compared to that of the native polymers is only
observed in the presence of CNT, while PCBM reduce the degree of
crystallinity of the native polymers and a high concentration of
graphene (20 wt%) does not affect it. The effect of the CNT strongly
depends on their geometry and diameter: at concentration of 25 wt
% Multi-Walled Carbon nanotubes (MWNT) increase the degree of
crystallinity from about 40% of the native P3HT to w62% in the
blend. Similar results are obtained for P3OT, a more soluble P3AT
derivative: here 25 wt% of MWNT results in crystallinity of 68%. The
thermograms reveal a reduction in the degree of under-cooling and
the appearance of a double crystallization peak which to the best of
our knowledge was not reported before for this system. The two
features are only observed following a dispersion procedure which
results in elongation and stretching of chains adsorbed at the CNT
surface in the solution, as indicated by high resolution transmission
electron microscopy (HRTEM) of the dried dispersions. Similar
behavior is not observed following solvent-mixing which does not
lead to polymer adsorption onto the CNT. P3HT and P3OT show a
double-crystallization peak and a shift in the crystallization and
melting temperatures also in the presence of Single wall carbon
nanotubes (SWNT) which are most efficient at a concentration of
around 10 wt% where a maximum in the degree of crystallinity (for
P3HT, 54%) is obtained.

We rationalize the effect of CNT on the crystallization processes
following a detailed molecular study by Bernardi et al. [22] and
suggest that the intrinsic, 1D cylindrical geometry of the CNT
modifies the conformational state of both the adsorbed polymer
chains, and chains stacked upon them, leading to a longer conju-
gation length as compared to solvated chains. This conformational
change is carried out into the melt state where native and CNT-
templated chains are distinguished by their effective rigidity and
thus the height of the entropic barrier for their crystallization [1].
This behavior is very different from the thermal behavior of ful-
lerenes in PCBM-P3HT composites and graphene, prepared using
the very same procedure: both exhibit a single crystallization peak,
and the PCBM composites also show an increased degree of
undercooling and a lower degree of crystallinity in accordance with
previous reports [15,17].
2. Experimental

2.1. Materials

Poly(3-hexylthiophene-2,5-diyl), P3HT, (catalog no.P100, batch
BS19-74), regioregularity 90%, Mw ¼ 58,000 gr/mol and Pd ¼ 2.2
and Poly(3-octylthiophene-2,5-diyl), P3OT, (catalog no. 4003-e,
batch BS16-59) regioregularity w90%e95%, Mw ¼ 71,000 gr/mol
and Pd ¼ 2.1 were purchased from Rieke Metals. Chloroform
(spectroscopic grade) was purchased from SigmaeAldrich, [6,6]-
Phenyl C61 butyric acid methyl ester (PCBM), was purchased from
American Dye Source, catalog no. ADS61BFB, purity of >99%.

Graphene nanoplatelets (neat, highly crystalline, Grade 4,
Research Grade >700 m2/g, <4 layers) was purchased from
cheaptubes (http://cheaptubes.com).

The characteristics of the Carbon Nanotubes powders are given
in Table 1.

2.2. Sample preparation

2.2.1. Preparation of polymer solutions
Solutions were prepared by dissolving the polymer (P3HT or

P3OT) in chloroform and mixing for 24 h.

2.2.2. Preparation of dispersions
Typically 1 ml of dispersion was prepared by adding 2 mg of a

dry powder of as- received CNT or graphene to a chloroform solu-
tion of the polymer, at the required concentration. The mixturewas
sonicated (50 W, 43 KHz) for 1 h. The resulting dispersion was
centrifuged (20 min at 4500 rpm). Following centrifugation the
supernatant was decanted from above the sediment and further
used (Fig. 1a, b) [26]. The CNT-to-polymer ratios reported
throughout the study are the initial values, introducing an error of
less than 0.5 wt%.

Theminimal polymer concentration necessary for the formation
of stable dispersions of individual SWNT, MWNT or graphene
(designated the threshold concentrations CT) was determined for
each of the CNT samples and polymers (P3HT and P3OT). At this
concentration the dispersion is stable and agglomeration does not
take place following centrifugation and prolonged incubation.
Typical values of CT were found to be in the range of 0.01e0.1

http://cheaptubes.com
http://www.nanoledge.com/
http://www.arkema.com/
http://mercorp.com/nano.pdf


Fig. 2. HRTEM images of samples prepared by drying chloroform dispersions of CNT at the threshold concentration for dispersion CT (see the Methods Section). (a) MWNT-MER
dispersed by P3HT (b) MWNT-Arkema dispersed by P3OT (c) SWNT-Nanoledge dispersed by P3HT. The arrows point to polymer segments wrapped around the CNT. The interlayer
distance in the MWNT is in agreement with previously reported values (0.34e0.39 nm) [27].
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polymer wt% depending on the type of CNT and the dispersing
polymer. Dispersions with higher polymer concentrations were
prepared by addition of the required polymer amount to a stable
CNT-polymer dispersion in chloroform.

The microscopic structure of the dispersions was examined
using HRTEM (FEI Tecnai 12 G2 TWIN TEM equipped with a Gatan
model 794 CCD camera at 120 kV). The specimens were prepared
by placing a droplet of the dispersion on a TEM grid (300 mesh Cu,
Ted Pella) and drying.

2.2.3. Preparation of samples for DSC measurements
CNT and graphene-polymer blends at different ratios were

prepared by drying dispersions prepared as described above for
w2 h at w45 �C in a fumehood followed by annealing in a vacuum
oven at 35 �C for 24 h. Thermal Gravimetric Analysis (TGA,
SDTA851, Mettler Toledo) with dry nitrogen (99.999 purity) as
purge gas (30 ml min�1) was used to verify that the samples are
completely dry and free of solvent leftovers. 9e11 mg of the dry
powders were loaded into sealed aluminum crucibles (40 ml) and
measured following the procedure described below. Similar pro-
cedurewas used for the preparation of the native polymer samples.
2.3. Methods

Differential Scanning Calorimetry (DSC) which is a thermo-
analytical technique that records heat flux changes as a function of
time served as the main experimental tool in this study (DSC 823e
(ThermalAnalysis-METLLERTOLEDO)). Drynitrogen (99.999purity)
was used as the purge gas (80 ml min�1) and air as a cooling gas.
Temperature and enthalpy calibrationwas carried out using Indium
(Mettler). In the “standard” procedure the sample was heated from
30 �C to 260 �C and cooled back at a constant rate, b (b ¼ dT/
dt) ¼ � 10 �C min�1, where T is temperature and t is time. Between
the heating and the cooling cycles the sample was maintained for
45 min at 260 �C and for 10 min at 30 �C. All measurements were
repeated 3 times, showing a high degree of reproducibility between
the 2nd and 3rd scans (data from the 1st scan is not reported).

Thermograms of the native P3HT measured via the standard
heating-cooling sequence described abovewere used as a reference
system. The melting enthalpy per gram of the polymer was calcu-
lated from the area enclosed between the heating curve and the
baseline (red dotted line, Fig. S1 Supplementary Data).

The measured and calculated thermal parameters are listed in
Table S1 (and for P3OT inTable S4 in the SupplementaryData). These
include the degree of super-coolingDT¼ Tm�TCNTand the percent of
crystallinity %C which is calculated from the measured melting
enthalpyaccording to the relation %C¼ [DH/DH0(1�B)]�100using
the recently suggested value for a fully crystalline P3HT26

DH0 ¼ 37 Jgr�1 and a calculated value for P3OT, DH0 ¼ 28 Jgr�1.
3. Results and discussion

Polymer assembly from chloroform solution onto dispersed CNT
was probed using HRTEM imaging. In Fig. 2(a)e(c) we present



Fig. 3. DSC thermograms of MWNT-MER P3HT composites with different relative weight percent of the MWNT. (a) Cooling (b) heating. TCNT is the exothermic peak observed in
cooling blends that contain CNT. The bar indicates 1 mW.
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HRTEM images of dried samples taken from P3HT dispersions of
MWNT-MER and SWNT-Nanoledge, and P3OT dispersions of
MWNT-Arkema (prepared as described in the Experimental
Section) [26]. In these images we clearly see strands of P3HT
chains stacked upon MWNT (Fig. 2(a),(b)) and coiled around SWNT
(Fig. 1(c)) in an irregular manner. Polymer coiling around the nar-
row (2 nm diameter) SWNT is consistent with the high flexibility of
the polymer in good solvent conditions. The images are taken from
dispersions at low polymer concentrations so as to expose the pre-
crystallization assembly of polymers at the CNT surface. The
observed chain configurations are consistent with a recent study by
Bernardi et al. [22] where a combination of molecular dynamic
simulations and optical absorption measurements demonstrated
that the CNT template planar chain conformations of adsorbed
chains leading to a significant increase of the conjugation length as
compared to solvated chains. In particular, Bernardi et al. report
that 20 vol% dispersion of 15 nm long SWNT increased the conju-
gation length from 4monomers to 10monomers (about 4 nm) [22].
The study suggests that the effect on chain conformations results
from the intrinsic cylindrical, one dimensional geometry of the
tubes and their high aspect ratio. We note here that the CNT used in
our study are 2 orders of magnitudes longer than the simulated
tubes.

Similar dispersions ofMWNTor SWNT in chloroform solutions of
P3HT or P3OT, at different polymer-CNT ratios were dried and used
for investigation of the thermal behavior of the resulting blends
using DSC. The CNT varied in their diameter; 1e2 nm (SWNT-
Nanoledge), 10e15 nm (MWNT-Arkema) and 25e35 nm (MWNT-
MER) (Table 1) but were of similar averages lengths (2e30 mm).

In Fig. 3 cooling (Fig. 3(a)) and heating curves (Fig. 3(b)) of
P3HT þ MWNT-MER composites at MWNT concentrations ranging
from 0 wt% to 35 wt % are presented.
Table 2
Thermal parameters obtained from non-isothermal crystallization exotherms and meltin

P3HT 5% MWNT-MER 10% MWNT-MER

TC (�C) 170 186 187
TCNT (�C) e e e

Tm (�C) 214 222 222
DHm (J g�1) 15 18 19
TmeTc (�C) 44 36 35
%C 40 49 51
The thermograms show a new thermal transition in the cooling
curve of the composites (Fig. 3(a), TCNT) at a temperature higher
than the crystallization temperature of the native P3HT. This new
thermal event appears as a leg at the lowest MWNT-MER concen-
trations (Fig. 3(a) 5 wt% and 10 wt%MWNT-MER) and develops into
a new peak, TCNT, as the concentration of the MWNT increases. The
peak temperature does not vary with theMWNTconcentration. The
temperature of the second peak, designated Tc, is higher than that
observed in the native polymer w186 �C, and does not change
significantly with the concentration of the CNT. The area of the peak
located at TCNT (and the calculated crystallization enthalpy) in-
creases, while the area of that observed at Tc decreases. Overall, as
the concentration of theMWNT-MER in the blend increases a larger
fraction of the polymer crystallizes: The degree of crystallinity as
calculated from the normalized enthalpy of the melting peak in-
creases from 40% in the pristine P3HT to 59% (Table 2, %C) in a
composite containing 35 wt% MWNT-MER.

In addition, it is found that the melting temperature Tm
(Fig. 3(b)) increases by 8 �C indicating a higher stability of the
formed crystals. The numerical values are presented in Table 2. The
combined effect is a significant decrease in the degree of under-
cooling as a function of the concentration of MWNT-MER.

Thermograms of composites comprising P3HT-MWNT-Arkema,
P3HT-SWNTeNanoledge, P3OT-MWNT and P3OTeSWNT show a
qualitatively similar behavior: A new thermal transition appears,
the enthalpy of the transition increases with the weight percent of
the SWNT in the composite, and the melting temperature is shifted
to higher values (Fig. S2eS6 and Tables S2eS6 in the
Supplementary Data). The degree of crystallinity is found to in-
crease, reaching a value of 62% at a concentration of 25 wt%MWNT-
MER in P3HT, and a value of 68% in a P3OT-CNT blend that contains
25 wt% of MWNT-MER.
g endotherms of P3HT- MWNT-MER composites.

20% MWNT-MER 25% MWNT-MER 35% MWNT-MER

186 183 184
203 202 201
223 222 223
20 20 22
20 20 22
54 54 59



Fig. 4. DSC thermograms presenting the cooling sequence measured in composites containing 35 wt% of CNT (a) in P3HT (b) in P3OT. 1) SWNT-Nanoledge 2) MWNT-Arkema 3)
MWNT-MER.
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While the detailed thermal behavior of the different polymer e
CNT composites is not identical (see below) two common findings
stand out: the appearance of double-crystallization peaks, and the
significant increase in the degree of crystallinity of the conjugated
polymers (P3HT and P3OT). The two (overlapping) thermal peaks
which designate the occurrence of two thermal transitions are
clearly observed in Fig. 4(a) where cooling curves of composites
containing 35wt% of the three different types of CNTare presented.
It seems that the peaks are more resolved in the case of the MWNT
of the higher diameter (MWNT-MER). A similar behavior is
observed for blends of P3OT (Fig. 4(b)).

We suggest that the multiple crystallization peaks result from
the existence of two (or more) populations of chains; native and
CNT-templated chains, distinguished by their conformational en-
tropy and consequentially the effective height of the entropic bar-
rier for crystallization of the chains. Upon cooling of the molten
blend, crystallization of each of these populations is initiated from a
Fig. 5. The degree of crystallization (left) calculated following Ref. [27] and melting temperat
function of CNT concentrations. The red (dotted) curves are the degree of crystallinity and the
this figure legend, the reader is referred to the web version of this article.)
different conformational state. In this picture the higher crystalli-
zation temperature is that of themore rigid chains, due to the lower
entropic penalty on their crystallization [28].

In Fig. 5 we present the overall degree of crystallinity (as
calculated from themelting enthalpy) and themelting temperature
(right axis) as a function of CNT concentrations for P3HT (Fig. 5(a))
and P3OT (Fig. 5(b)). Similar qualitative behavior is observed for the
different types of CNT: As CNT-induced crystallization takes place at
a higher temperature than that of the native polymers, a higher
fraction of the melt is able to crystallize when the cooling is carried
at a given rate.

Wenote here that the absolute degree of crystallinity is calculated
using a value recently reported by Pascui et al. [25]. While the actual
reference value for 100% crystalline P3HT may be debated, a signif-
icant increase in the relative degree of crystallinity of both P3HTand
P3OT is clearly observed in our study. We also note that the crys-
tallinity reported here for CNT-induced crystallization is somewhat
ure (right) obtained from the DSC thermograms in composites of (a) P3HT (b) P3OT as a
black curve is the melting temperature. (For interpretation of the references to color in



Fig. 6. DSC thermograms of P3HT composites with (a) different concentrations of
PCBM from 0 wt% (native P3HT) to 50 wt% PCBM (The thermal data is presented in
Table S7) (b) 20 wt% graphene.
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lower than the 70% crystallinity (calculated using the same reference
value of Ref. [25]) recently reported for defect free meticulously
designed and synthesized rr-P3HT [16], it presents a significant
improvement over the degree of crystallinity of the native materials.

Analysis of the melting behavior provides additional insight into
the effect of the CNT on the thermal behavior of the system: The
equilibrium melting temperature T0

m, is determined by the condi-
tion of equal chemical potential per repeat unit in the melt and
crystalline phase, and thus T0

m ¼ Dh=Dswhere Dh is the latent heat
of melting (fusion) and Ds is the entropy of fusion (both per
segment) [1,28,29]. As we assume that crystallization and melting
do not disrupt the CNT-polymer complex but rather affect their
organization within the melt, the enthalpy of the transition should
be similar for adsorbed and free chains, while the entropic gain due
to melting would be smaller for the population of polymer chains
which were forced into a rigid conformation by the CNT, as they do
not gain as much conformational entropy from the transition be-
tween the crystal and the melt as do the free chains. Following the
rational presented above, the melting temperature is expected, and
observed, to rise in the composites. One should note that we
observe a double crystallization peak, but only a single melting
peak. This observation is consistent with a crystallization scenario
in which preliminary nucleation at the CNT surface by stretched
chains is followed by secondary nucleation on top leading to the
formation of a single population of crystals.

The scenario described above is also consistent with the ob-
servations that MWNT are more efficient than SWNT in templating
the crystallization of the polymers. Indeed, following the HRTEM
images (Fig. 2(a),(b)) where chains stacked upon the MWNT are
shown to present a muchmore extended configuration than that of
the chains coiled onto the narrower SWNT (Fig. 2(c)), they should
impose a higher entropic constraint. This in turn should lead to a
lower entropic barrier on crystallization and in the type of exper-
iments presented here, a diameter-dependent crystallization-and-
melting behavior, as indeed observed (Fig. 5).

The non-isothermal crystallization of P3HT-PCBM composites at
concentration range of 0e50 wt% and 20 wt% graphene was
investigated following a similar procedure. The thermograms and
the thermal data are presented in Fig. 6 (and Table S7 of the
Supplementary Data). In accordance with previous studies [30,31]
the presence of the PCBM is found to perturb the crystallization
of the polymer, and reduce the degree of crystallinity as compared
to the native P3HT. We also observe that a significant fraction of
graphene does not affect the crystallization.

The role of conformational selection in polymer crystallization
has been recognized in the HoffmaneLauritzen model [32,33]
where nucleation is the rate-determining step, and in the model
suggested by Sadler [34] which describes the growth process of
polymeric crystals as a sequence of conformational transformations
and selection. A conceptually different model developed many
years later by Strobl and coworkers [2,35], suggests that polymer
crystallization from the melt may evolve by cooperative ordering
over large regions. The latter concept resulted in a proliferation of
studies where the presence of a liquid phase of different density
and amodified conformational state of the chains was inferred [36].
These studies suggest that on the molecular scale the transient pre-
crystalline state involves chains stiffening and an increased
persistence length and in some cases the formation of an oriented
liquid phase. It is thus expected that crystallization from the melt of
conjugated polymers would be accelerated and consequentially the
degree of crystallization in semi-crystalline materials enhanced, by
the presence of chains which exhibit a longer conjugations length,
whether they lower the barrier for primary nucleation or
encourage the formation of a transient phase of more-rigid chains.

While a long ranged templating effect was observed by us in a
different system [37] it is yet tobe investigated in the systemreported
here. Our attempts to estimate the ratios of the two populations via
optical absorption measurements (Supplementary Data Fig. S8) do
not provide significant information.We suggest thatmethods suchas
spin-probe ESR [38] would be able to providemolecular information
about the conformational state of chains which are not in direct
contact with the CNT in P3AT- organic solvent dispersions.

Our findings suggest that P3HT and P3OT reach a similar
(high) degree of crystallinity when the composite is prepared
from dispersions of CNT. It is often observed that P3OT and other
P3AT derivatives with even longer side-chains that induce a
higher flexibility and better solubility of the polymers in organic
solvents [39], lower the degree of crystallinity of the polymers.
However in this study we observe that in the presence of CNT
both derivatives show a similar trend of enhanced degree of
crystallinity (Figs. 2e4). We note that the calculated degree of
crystallinity of P3OT is somewhat higher than that of P3HT,
probably due to the combination of the higher regioregularity
and molecular weight of the P3OT and the value used for crys-
tallization enthalpy.
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4. Conclusions

The mechanism suggested here where conformational bias
induced by dispersed CNTon solvated polymer chains enhances the
degree of crystallinity from the melt is very different from other
entropy dominated mechanisms such as confinement-induced
crystallization [40] and shear-flow induced nucleation [41] and
offers a new generic tool for engineering the conjugation length of
soluble P3AT derivatives in good solvents.

Utilizing the proposed pathway for non-covalent modification
of soluble non-regular, commercially available P3AT derivatives so
as to enhance their degree of crystallinity in the dried state may
offer an alternative for covalent design of highly regular defect free
materials. Furthermore, the additives used in this study are ex-
pected to enhance the PV efficiency of the active layers prepared
from the blends as CNT are known to improve the conductivity of
conjugated polymers by offering a pathway for non-hopping
conductance of charge carriers.
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