
RSC Advances

COMMUNICATION

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Fe

br
ua

ry
 2

01
4.

 D
ow

nl
oa

de
d 

on
 1

1/
4/

20
25

 1
0:

51
:5

1 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
aInstitute of Physics, University of Freibur

79104, Germany. E-mail: ioan.botiz@

uni-freiburg.de
bFreiburg Institute for Advanced Studies, Alb
cBabes-Bolyai University, Faculty of Physics a

Bio-Nano-Sciences, Treboniu Laurian Str. 42
dDepartment of Materials, Imperial College

2AZ, UK

† Electronic supplementary information
polymer materials and experimental me
on crystal washing procedure are provide

‡ Present Address: DWI-Leibniz In
Forckenbeckstr. 50, 52056 Aachen, Germa

Cite this: RSC Adv., 2014, 4, 11121

Received 26th November 2013
Accepted 10th February 2014

DOI: 10.1039/c3ra47064d

www.rsc.org/advances

This journal is © The Royal Society of C
Light absorption of poly(3-hexylthiophene) single
crystals†

Khosrow Rahimi,‡a Ioan Botiz,*abc John O. Agumba,a Sajedeh Motamen,a

Natalie Stingelinbd and Günter Reiter*ab
We report the local UV-Vis absorption behaviour of single crystals of

conjugated poly-3-hexylthiophene (P3HT), obtained by crystallization

in dilute solutions at elevated temperatures based on a self-seeding

approach and characterized by high internal structural order.
Conjugated polymers represent promising active systems for a
variety of optoelectronic applications, such as solar cells,1 light
emitting diodes,2 eld-effect transistors,3–5 etc. However, the
performance of these materials in such devices has so far
oen remained poor, mostly due to the difficulties in control-
ling molecular conformations, structural packing, and
morphology6,7 of these polymers. In order to correctly interpret
and nally to improve the functional behavior of conjugated
polymers, it is thus necessary to unravel the relationship
between the light absorption properties and molecular confor-
mation or polymer microstructure. As a suitable model system
for a systematic study of such structure–optoelectronic property
relations, we have recently identied highly ordered single
crystals of conjugated poly-3-hexylthiophene (P3HT) of weight
average molecular weight of 26 400 g mol�1, characterized by a
unique molecular conformation on all length-scales.8 They were
obtained via crystallization in solution by a self-seeding tech-
nique. These crystals are composed of closely packed, p–p

stacked (p–p distance of�0.33 nm) fully extended chains which
are oriented perpendicular to the substrate.8
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Fig. 1 compares the UV-Vis absorbance spectrum recorded
from a small area on an as-prepared, unwashed single crystal of
P3HT deposited on a glass substrate with the ones obtained
from a homogeneous solution of P3HT (in 3-hexyl-thiophene)
and a thin, spin-cast lm on glass. While the solution spectrum
only exhibits a single broad absorption peak at short wave-
length (455 nm), mainly related to intra-chain states of indi-
vidual P3HT chains in a exible random-coil conformation,9 the
spin-cast thin lm shows the characteristic transitions related
to inter-chain exciton delocalization and a signicant coupling
to vibrations. The ratio of the amplitudes of the A0-0 (603 nm)
and the A0-1 (555 nm) peaks which is smaller than 1 (�0.80 �
0.05) is characteristic for partially ordered H-aggregate-like
chains coexisting with non-aggregated chain sequences.10,11

In strong contrast, the absorption spectrum of the unwashed
P3HT single crystal reveals an A0-0/A0-1 intensity ratio larger
than 1 (�2.20 � 0.15). This large intensity ratio might be a
consequence of long-range intra-chain interactions along P3HT
Fig. 1 Normalized UV-Vis absorption spectra of P3HT: 3-hexyl-
thiophene solution (0.2 mg ml�1) at 50 �C (black), thin film of a
thickness of �65 nm spin-cast from a homogeneous solution in
3-hexylthiophene (blue) and a single crystal of a thickness of �59 nm
(olive) spin cast from a 3-hexylthiophene dispersion.
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Fig. 2 Absorption spectrum of an as-deposited P3HT crystal sur-
rounded by additional less ordered polymer fraction (olive), compared
with the spectrum of a washed P3HT single crystal (red). We note that
additional molecules surrounding the P3HT single crystal were washed
away before recording the absorption spectrum (details on crystal
washing are given in the ESI†). Black and blue curves represent spectra
of P3HT in solution and a thin film as shown in Fig. 1. In order to
represent the difference between the washed and as deposited single
crystal, these curves have been weighted by 0.12 � 0.02 and 0.11 �
0.02, respectively. The cyan line represents the result of the sum of
appropriately weighted curves corresponding to a washed single
crystal, a thin film and a solution, respectively.
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chains that are closely packed, fully extended/planarized and
orthogonally oriented with respect to the substrate.8 This result
is in accordance with previously reported absorption spectra of
defect free highly regioregular P3HT lms that also showed a
dominant 0-0 transition.12

Interestingly, with respect to spin-cast thin lms the P3HT
single crystal showed a remarkable red shi of �70 nm for the
0-0 transition (Fig. 1). P3HT aggregates can consist of crystalline
regions, amorphous domains or a combination of both.
Amorphous chain sequences lead to structural defects, grain
boundaries and coiled-like chain conformations that can
reduce intra-chain order and therefore, UV-Vis absorption
signatures are broadened and blue shied towards higher
energies.13 This is not the case for single crystals of P3HT. As
single crystals are predominantly free of grain boundaries or
structural defects and essentially do not contain amorphous
regions, features of the absorption spectrum can be clearly
correlated to structural aspects. Thus, the red shi observed in
Fig. 1 may be related to the fully extended chains of P3HT single
crystals8 that are highly planarized and thus, can allow for fully
delocalized states along the backbone of P3HT.14 It is important
to note that the magnitude of the red shi observed in single
P3HT crystals compared to thin as cast lms is surprising. Red
shi is oen observed in as cast thin lms of P3HT when
varying molecular conformations and aggregation properties,15

but to date the magnitude of red shis observed for P3HT
structures was much less than 70 nm, even when dealing with
highly ordered P3HT bers.16,17

The vibronic peaks (A0-0 and A0-1 in olive spectrum in Fig. 1)
are separated by �78 nm which corresponds to an energy
difference of �240 meV. This value is higher than the value of
one vibrational quantum (�170 to 180 meV) that was reported
in literature for thiophene based aggregates.18–20 Such a high
value may suggest that in these form-II P3HT single crystals
with interdigitated side chains, the packing may lead to back-
bones slightly shied with respect to each other both along the
directions of the molecular long and short axes. Such particular
molecular packing cannot exclude closer distances between
molecules and thus possibly some inter-chain orbital overlap
(an electron in a single P3HT crystal could now be characterized
by a double delocalization along the chains and in between the
chains).

In order to probe the relationship between the polymer chain
conformations and absorption properties, we have compared
local UV-Vis absorption spectra (exposure time: 300 ms) from
as-deposited P3HT single crystals surrounded by additional
polymers with the ones from washed crystals. In addition,
optical micrographs using crossed polarizers were taken which
demonstrated that aer efficient washing the birefringence over
the whole crystal showed a signicantly higher and uniform
brightness. Birefringence of as-deposited crystals exhibited
much lower brightness and contained spots of poor contrast
which we attribute to patches of chains deposited on the crystal
surface (see Fig. S1 in the ESI†).

Fig. 2 shows the differences in absorption of an as-deposited
crystal (olive curve) surrounded by less ordered polymer fraction
and a washed single crystal (red curve). In comparison to the
11122 | RSC Adv., 2014, 4, 11121–11123
washed crystal, the as-deposited crystal exhibits signicant
absorption at high energies. Moreover, the reduced A0-0/A0-1

ratio suggests a decrease of intra-chain exciton delocalization.
It is important to note that washing of an as-deposited

crystal did not lead to a shi of the peak positions, suggesting
that the measured spectrummay be a superposition of different
contributions, which could be partially removed by the
washing. In order to identify these contributions, we have tested
if the spectrum of the as-deposited crystal could be recon-
structed on the basis of the spectra presented in Fig. 1. To this
end, we have weighted these spectra, reecting the amount of
absorbing P3HT molecules. The closest overlap with the spec-
trum of the as-deposited crystal was obtained by the sum of the
three spectra of Fig. 1, where the spectrum for the P3HT solu-
tion was weighted by 0.12 � 0.02, the spectrum for the thin lm
by 0.11 � 0.02 and the one for the washed single crystal by 1.
The resulting composite curve (cyan) is almost identical to the
one of the as-deposited single crystal (olive). We therefore
conclude that the as-deposited single crystal was surrounded by
fractions of 11% and 12% of P3HT molecules that adopt
conformations like in lms and solution, respectively. These
fractions correspond roughly to an average thickness of about
6 nm. These values are consistent with a layer of about 10 nm of
amorphous or aggregated polymers on top of P3HT single
crystals before washing as observed by atomic force microscopy
(AFM) studies (see Fig. S2 in the ESI†). These studies thus show
that a layer of about 8–12 nm in thickness was removed from
the top of �59 nm thick single crystals in the course of the
washing procedure.
This journal is © The Royal Society of Chemistry 2014
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While a 6 nm thick layer comprised of aggregated P3HT chains
may be expected on top of the crystal as a result of the deposition
process of single crystal from the dispersion, the additional 6 nm
thick layer of polymer chains exhibiting a spectrum similar to well
dissolved molecules in solution (i.e. isolated, coiled P3HT chains)
is surprising. It is unclear how solution-like conformations can be
preserved aer deposition and subsequent solvent evaporation.
Annealing experiments on single crystals before washing are
currently performed to shed light on this issue.

Conclusions

We have demonstrated that perfect ordering and stretching of
P3HT chains in a single crystal is leading to a signicantly
different light absorption behavior. The washing experiments
showed that absorption properties of as deposited dispersion of
P3HT single crystals can be attributed to three different
contributions, related to different morphologies. Washed P3HT
single crystals are absorbing light at higher wavelengths
compared to spin cast lms and thus a remarkable red shi of
�70 nm is observed. In addition, in comparison to spin cast
lms deposited from a homogeneous solution or for crystalline
bers,15,16 the A0-0/A0-1 intensity ratio for single crystals is
signicantly larger. This suggests the presence of strong intra-
chain interactions along the (fully) planarized chains, allowing
for large conjugation lengths and possibly delocalized states
along the whole chain. The large energy separation of the
vibronic peaks with respect to the reported vibrational spectra
might be related to the type of packing induced by interdigi-
tated hexyl-side-groups of the studied form-II single crystals of
P3HT which may allow for some inter-chain orbital overlap.
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