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Chain Length Dependence of the Photovoltaic Properties
of Monodisperse Donor-Acceptor Oligomers as Model
Compounds of Polydisperse Low Band Gap Polymers

Cheng Zhou, Yamin Liang, Feng Liu, Chen Sun, Xuelong Huang, Zengqi Xie,

Fei Huang,* Jean Roncali,* Thomas P. Russell,* and Yong Cao

1. Introduction

Well-defined conjugated oligomers (Sn) containing from 1 to 8 units of a

tricyclic building block involving a dioctyloxybenzothiadiazole unit with two
thienyl side rings (S1) are synthesized by a bottom-up approach. UV-Vis

Organic photovoltaic (OPV) is a focus of
considerable current interest in a gen-

absorption data of solutions show that chain extension produces a narrowing eral context marked by the emergence of

of the HOMO-LUMO gap (AE) to values slightly smaller than that of the
parent polymer (P1). Plots of AE and of the band gap of films (E,) versus the
reciprocal chain length show that AE and E, converge towards a limit cor-
responding to an effective conjugation length (ECL) of 7-8 S1 units. UV-Vis
absorption and photoluminescence data of solutions and solid films show

energy and environmental concerns.l!
OPV cells are basically developed along
two main lines namely vacuum deposi-
tion of insoluble donor (D) and acceptor
(A) molecules to form planar stacked D/A
heterojunctions,” and bulk heterojunc-

that chain extension enhances the propensity to inter-chain aggregation. This tions (BHJ) in which donor and acceptor

conclusion is confirmed by GIXD analyses which reveal that the edge-on ori-
entation of short-chain systems evolves toward a face-on orientation as chain

materials form interpenetrated segregated
networks.l?!
Solution-processed bulk heterojunc-

length increases while the m-stacking distance decreases beyond 7 units. The tion (BHJ) cells combine the advantages

results obtained on solution-processed BH] solar cells show a progressive
improvement of power conversion efficiency (PCE) with chain extension;
however, the convergence limit of PCE remains inferior to that obtained with
the polymer. These results are discussed with regard to the role of mono/

polydispersity and chain aggregation.
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of a larger interfacial D/A contacting area,
simpler and less expensive fabrication
technology and larger versatility in the
choice of the substrates. In recent years,
intensive  multi-disciplinary  research
efforts has led to the synthesis of a huge
number of new materials and to impres-
sive progress in power conversion effi-
ciency (PCE) which recently reached the symbolic ceiling
of 9-10%. Soluble 7-conjugated polymers combine easy
processing, good film-forming capability and tunable light-
harvesting and charge-transport properties; therefore, during
several years, these materials have represented the only class
of donor materials for BH]J cells.’! However, the polydispersity
inherent to polymers can represent a possible source of prob-
lems regarding the reproducibility of the synthesis, purification
and hence composition and electronic properties of the final
active material.l%

A possible alternative consists in the use of molecules of
unequivocal chemical structure as donor material.”! In the
past few years, this approach has generated intensive research
activity and PCE of =8.0% were recently reported for solution-
processed BHJ cells based on molecular donors.®l An obvious
advantage of molecular donors is that they allow more reliable
analyses of structure-properties relationships that remain one
of the key of the design of new materials.

Well-defined m-conjugated oligomers have been widely
investigated as models of the corresponding polymers.’l A
huge investment in synthetic chemistry has permitted the
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Scheme 1. Structure of oligomers S1-S8.

analysis the chain-length dependence of the electronic prop-
erties of many classes of m-conjugated systems such as, for
example, oligo-phenylenes,'% -phenylenevinylenes,'!l -thio-
phenes,['>14 _thienylenevinylenes,' or -fluorenes,'®”] and
thus to significantly progress in the understanding of struc-
ture-properties relationships. These previously reported oli-
gomers have focused primarily on homopolymers with elec-
tron-rich (donor (D)) units. However, low band gap polymers
based on combination of D and A units are the most widely
investigated and most efficient polymeric donor materials
for OPV."® Hence, well-defined oligomers combining D and
A Dblocks are desirable for the analysis of structure-properties
relationships in low band gap D-A polymers.I') Furthermore,
the understanding of the differences in the properties of oli-
gomers and their polymeric counterparts and finding the
bridge that connects small molecules to polymers represent
important topics in materials based on conjugated systems
and can strongly contribute to a rational design of high perfor-
mance OPV materials.?%

In this context, we report here on the synthesis and char-
acterization of a series of well-defined oligomers involving
one (S1) to eight (S8) units of the D-A-D 5,6-bis(octyloxy)-4,7-
di(thiophen-2-yl)[c][1,2,5]thiadiazole basic structure (Scheme 1).
The chain-length dependence of the thermal, optical, electro-
chemical and structural properties of S1-S8 have been investi-
gated in solution and on thin solid films with reference to two
different fractions of the parent low band gap polymer (P1 and
P2). These various materials have been used as donor mate-
rial for the fabrication of solution-processed BH] cells with
[6,6]-phenyl-Cy;-butyric acid methyl ester (PC;;BM) as electron
acceptor and the obtained results are discussed in terms of
structure-properties relationships.

Adv. Funct. Mater. 2014, 24, 7538-7547
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2. Results and Discussion

2.1. Synthesis

Compound S1 was obtained using a known procedure.l?!]
Oligomers S2-S8 have been synthesized by various combina-
tions of bromination and Stille coupling reactions (Scheme 2).
The mono- and di-stannylated Stille reagents Sn-S1, dSn-S1,
and dSn-S2 are prepared by treatment of S1 or S2 with LDA
and tributyl- or trimethyl-tin chloride and used without fur-
ther purification. The bromo compounds Br-S1, dBr-S1, Br-S2,
dBr-S2, and Br-S3 were obtained by reaction of NBS or Stille
coupling with the appropriate oligomer. Oligomers were puri-
fied by Soxhlet extraction, column chromatography on silica
gel and recycling preparative HPLC. The chemical structures
were confirmed by NMR spectrometry and MALDI-TOF-MS
(Figure 1, and Supporting Information). Representative 'H
NMR spectra of S2 and S4 are shown in Figure la. The ratio
of integration of internal thiophene protons (H4, Hs) and ali-
phatic protons increases regularly with chain length. However,
!HNMR signals become rounded for the longer systems due
to their strong aggregation in deuterated chloroform. Although
13C NMR spectra of $5-S8 were difficult to obtain, MALDI-TOF-
MS and NMR data clearly confirm that the oligomers were
successfully synthesized. The small peaks in MALDI-TOF-MS
spectra are mainly caused by the dissociation of alkyl chains
(-CgHy7, 113 m/z).

The thermal properties of the oligomers and polymers have
been characterized by differential scanning calorimetry (DSC).
DSC curves show clear melting and crystallization at tempera-
tures that increase with chain length (Figure 2 and Table S1,
SI). Compound S1 is a viscous liquid at room temperature
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Scheme 2. Synthesis of the oligomers a) LDA, Bu3SnCl; b) LDA, Me;SnCl; c¢) NBS; d) Pd(PPh;),Cl,; e) Pd(PPh;),.

while compound S2 shows multiple melting points possibly
associated with phase transitions.

The corresponding reference polymers have been
synthesized by microwave-assisted Stille coupling of
4,7-dibromo-5,6-bis(octyloxy)benzo[c][1,2,5]thiadiazole and

5,5"-bis(trimethylstannyl)-2,2"-bithiophene. The wuse of dif-
ferent molar ratios of the two reagents (i.e., 1.1:1.0 and 1.2:1.0,
Scheme 3) leads to two samples of polymers P1 and P2 with
different molecular weights (MW) and polydispersity index
(PDI).22I 1t is noteworthy that the MW of these polymers can
be well controlled by using a slight excess of one of the rea-
gents whereas a 1.0:1.0 molar ratio leads to an almost insoluble
material.

2.2. Optical Properties
Figure 3 shows the UV-Vis absorption spectra of the oli-

gomers S1-S8 and polymers P1-2 in chloroform solution and
as thin films while the data for the complete series are listed

in Table 1. As expected, chain extension leads to a progressive
bathochromic shift of the absorption maximum (A.,,,) with
an increase of the molecular absorption coefficient (g) and
decrease of the HOMO-LUMO gap AE. The solution spectra
of the longest oligomers S7 and S8 shows the emergence of a
shoulder around 660 nm. Such a feature which is also clearly
apparent in the spectra of the two polymers P1 and P2, can
be attributed to the aggregation of the conjugated chains in
solution. This attribution is further supported by the decrease
of the intensity of the “aggregation shoulder” in the spectra
recorded at higher temperature (60 °C) (Figure S3, SI). Inter-
estingly, no aggregation was observed in solutions of oligomers
of di-dodecyl-quaterthiophene of similar maximum length
(24 aromatic rings).'*l The faster chain aggregation of Sn can
be attributed to donor—acceptor interactions between D and
A blocks of adjacent chains which results in stronger inter-
chain interactions. It is interesting to observe that the intensity
of the aggregation shoulder of S8, P1 and P2, correlates well
with the MW of the three materials. The spectra P1 and P2 pre-
sent larger absorption bands than S8 with a full width at half

T T T T T
(a) c (:|3 (b)
Hy N;N N Hy Hs l
H‘ . il
CgHy70 UClHn CIHWQ OCgHqy
s7 sl JJL
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Figure 1. a) '"H NMR spectra of oligomers S2 and S4 in deuterated chloroform; b) MALDI-TOF-MS spectra of S1-S8 using terthiophene as the matrix.
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Figure 2. a) Heating and b) cooling DSC traces of the oligomers.

maximum (FWHM) increasing from 150 nm for S8 to 173
and 193 nm for P2 and P1 respectively. This difference reflects
the presence of different lengths of conjugated segments in
the polydisperse polymers, in agreement with the GPC traces
(Figure S2, SI). On the other hand, comparison of the spectra
of the two polymers shows that the spectrum of P1 is broader
in agreement with the higher PDI of 2.6 vs 2.4 for P2, while the
aggregation shoulder is more intense.

As shown in Table 1, the absorption spectra of films of
the oligomers and polymers present a red-shift of A,,, com-
pared to the solution. This phenomenon observed for many
m-conjugated systems is generally interpreted as a signature of
J-aggregates in the solid although some enhancement of the
planarity of the structure induced by inter-chain packing in the
solid can also play a role.?3] It is noteworthy that the A, of
the longest oligomer S8 in chloroform is red-shifted by 23 nm
compared to P2 and 11 nm compared to P1. This result shows
that extended well-defined oligomers can reach effective conju-
gation length (ECL) longer than that of the parent polydisperse
polymer. This result provides a first indication for an ECL of the
polymer comprised between 7 and 8 S1 units. Finally compar-
ison of the energy gap values in Table 1 shows that E, converges
faster than AE which indicates that chain aggregation provides
a determining contribution to the width of the band gap.

Extrapolations to an infinite chain-length of plots of quanti-
ties such as Ap,, HOMO-LUMO gap (AE), band gap (E,), or
oxidation potential (E) versus the reciprocal chain length have
been widely used to predict the properties of infinite defect-free
polymer chains.'”! These investigations have shown that chain
extension leads to a decrease of AE which converges towards
a limiting value that should in principle, correspond to that of
the polymer. The absolute value of AE and the rate at which it

Br—Q—Br +  Me;sn /s\ /s\ SnMe,

CgH1;0  OCgHy7

1.2 : 1.0
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converges to the limit, or in other words the minimal chain
length needed to reach this limit depends on structural factors
such as bond-length alternation, planarity, aromaticity, as well as
on the presence of donor and/or acceptor substituents.?* This
chain length thus represents the intrinsic ECL of the system.

Figure 4a shows a plot of the A, of S1-S7 in solution and
as solid films versus chain-length expressed by the number of
repetitive units in the conjugated system (n). The two curves
show a parallel evolution with a progressive attenuation of the
red shift of A,,,, upon incremental chain extension. For both
series the convergence limit suggests an ECL of n = 7-8 for
the polymer. The band gap (Eg) of the oligomers and polymers
has been determined from the onset of absorption of the films
(Table 1). Plots of AE and E, versus 1/n (Figure 4b) shows a
linear dependence for the shorter terms with a deviation
from linearity around S7,88 confirming that the ECL limit is
reached and that the limiting value of the band gap is equal
to that of S8 namely =1.70 eV. Extrapolation of AE and E, to
infinite chain length would suggest limiting values of 2.07 and
1.58 eV respectively this difference confirms that care should be
observed in the use of extrapolations for predicting the limiting
properties of infinite polymer chains.l'*l On the other hand, it
can be noticed that the slope of E, versus 1/n is higher than
for AE versus 1/n. This difference reflects the contribution of
chain aggregation in the convergence of the energy gap in the
solid state.

Figure 5a shows the photoluminescence spectra of S1-S8. As
expected the emission maximum shifts bathochromically with
chain extension and converges towards a constant wavelength
of =630 nm for S8 similar to that of P1 and P2. The progres-
sive emergence of a shoulder on the long wavelength side of
spectrum as chain length increases is attributed to the emission

Pd,dba; / NS
P(o-Tol); \Nt/ M
—_— S s” 1,
CgH4;,0 OCgH,;

P2 Mn=4.2kDa, PDI=24
P1 Mn=5.8kDa, PDI=2.6

Scheme 3. Synthesis of the polymers P1 and P2. The MW and PDI were determined by a PL-GPC 220 in 1,2,4-trichlorobenzene at 150 °C with linear
polystyrene as reference and gave Mn = 4.2 and 5.8 kDA for P2 and P1 respectively. It is worth noting that the MW of the longest oligomer S8 (4.4 kDA)

is comprised between these two values (Figure S2, SI).
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Figure 3. UV-Vis. absorption spectra of oligomers and polymers a) in CHCls, b) in film, c) in CHCl;.

of aggregated species. The spectra recorded at ambient tem-
perature show that for S8 and the polymers, the spectrum
exhibits an intense peak at =700 nm indicating that emission
of aggregates is predominant and possibly enhanced by Forster
energy transfer from excitons of isolated chains to aggre-
gates.[?’) Heating the solution to 60 °C leads to an increase of
the intrinsic emission of single chains due to the dissociation
of aggregates (Figure 5b). Again, it can be noticed that despite
a MW higher than that of P2, S8 aggregates dissociate more
easily.

2.3. Cyclic Voltammetry

Cyclic voltammetry (CV) was performed in acetonitrile with
tetrabutylammonium hexafluorophosphate as the supporting
electrolyte. Due to the difficulty to obtain well-defined CV
in methylene chloride or acetonitrile solutions, the oxida-
tion potentials (E,) were estimated using the onset of oxida-
tion wave of thin films deposited on platinum electrodes from
chloroform solutions. (Figure S5, SI). Table 1 shows that as
expected, chain extension leads to a gradual decrease of E,
which converges to a value of =0.20 V for S5,56 (Figure 6).
These E,, values lead to estimated levels of the valence band
levels (E,;,) decreasing from -5.55 eV for S1 to =—5.00 eV for
S6-S8 and the polymers. This faster convergence of the band

gap compared to AE, can be related to decrease of the oxidation
potential of isolated oligomer chains due to interchain interac-
tions in the solid-state.[2%]

2.4. Structural Investigations

The chain packing in thin films of the oligomers and polymers
has been characterized by grazing incidence X-ray diffraction
(GIXD).?’] Figure 7 shows the 2-D diffractograms of thin films
spun-cast from chloroform solution. The S2 image shows
strong, diffraction peaks indicative of high crystallinity. The dif-
fraction peaks were recorded in the out-of-plane (OOP) direc-
tion, to probe the structure order of the materials normal to the
substrate. A q value of 0.33 A™! recorded for the S2 OOP peak,
corresponds to a spacing of 1.9 nm. This spacing is assigned to
the (100) spacing (inter-lamellae spacing) of S2 suggesting that
the molecule adopts an edge-on orientation on the substrate.
The longer oligomers show reduced crystallinity. All diffracto-
grams display a diffraction ring around 0.2 A" assigned to the
(100) spacing. Another ring around 1.5-1.6 A" is attributed to
the m—r stacking. The azimuthal distribution of these diffrac-
tion rings indicates a weak orientation of the crystallites inside
the film. This model suggests that whereas S2 adopts an edge-
on orientation with a high crystallinity, chain extension (S3-S5)
leads to more a disordered and amorphous material. For $6-S8,

Table 1. UV-Vis absorption and cyclic voltammetric data for the oligomers and polymers.

Compd Armax Emax Armax film AE E Eo,> Ed
[nm] M em™)] [nm] [eV] [eV] ] [eV]
S1 432 9880 444 2.87 2.46 0.75 -5.55
S2 501 46 400 527 248 1.98 0.49 -5.29
S3 532 86100 569 2.33 1.85 0.35 -5.15
S4 546 104 800 582 227 1.79 0.27 -5.07
S5 553 126 000 592 2.24 1.75 0.21 -5.01
S6 560 166 200 606 2.21 1.74 0.19 —4.99
S7 569 181 300 599 2.18 1.72 0.20 -5.00
S8 599 220 800 603 2.07 1.69 0.19 -4.99
P2 576 22 3009 609 2.15 1.71 0.19 -4.99
P1 588 21 7009 609 2.11 1.73 0.18 -4.98

Based on the long wavelength absorption onset; ®Versus Fc/Fc*; 9Based on the onset of oxidation of thin films cast on platinum; ¥ Polymers’ absorption coefficient base

on single repeat unit.
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Figure 4. a) Variation of the absorption maximum of oligomers S1-S7 versus
chain length. b) Plot of AE top and E; vs reciprocal chain length for S1-S7.

the chain adopts a preferential face-on orientation. For the poly-
mers, a clear enhancement of 77 stacking in OOP direction
is seen, and the peak area of P1 is more pronounced than P2.
As already mentioned the MW of S8 is of the same range of
P2 (Figure S2). The induced face-on orientation could be due
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Figure 6. Evolution of the oxidation potential versus chain length.

to the larger MW component of the polymer that would act as
template for the packing organization. The line-cut profiles in
OOP direction are summarized in Figure 8 in which informa-
tion related to the diffraction peaks are fitted and summarized.
Figure 8a, shows that the (100) spacing is around 30 A for S3,

and gradually decreases to 26 A for S7 (the

(a) 12 s St S5 sample show a very weak crystalline peak,

e 5D thus fitting could induce more error). The d

1.04 PSS spacing increases when going to higher MW.

v S4 The parabola-shaped change in d spacing

& 0.8 —«—S5 suggests a possible transition in packing in

3 —»—S6 the materials. The peak area can be used to

N 6 —+—87 estimate the relative crystallinity of the films.

g —e—3S8 For (100) peaks, there is no obvious trend for

] ——P2 the oligomer series while a small enhance-

Z 049 —— P1 ment is seen for the polymer. The crystal

size in the (100) direction is in the =10 nm

0.2 1 range, except for the S5 and S7 samples. The

d spacing of n—r stacking peaks shows a pla-

0.0 . = teau from S2 to S7 (with a spacing =4.1 A),

400 500 600 700 800 900  and dropped to 3.75 A for P1. Although the

Wavelength (nm) trend is different from (100) stacking, a

turning point at S7 is observed. It was also

(b) 12 found that the relative crystallinity and

r.t. > 60°C --S8 crystal size start to increase from S7. These

1.0 - P2 results confirm, in agreement with optical

- P1 and electrochemical data that S7 which cor-

4 08 responds to the ECL of the system, repre-

% sents a transition point where the properties

@ 06 of oligomers turn towards more polymer-like

H properties. In fact such a morphological tran-

£ sition around the ECL was recently observed
S 04 for oligothiophenes.['4

Figure 9 and Figure S7 show the crystal-

02 lographic structure of a single-crystal of S2.

Dihedral angles of 25.50° and 16.56° are

0.0 500 =50 550 500 =50 300 found between the thiophenes and benzo-

Wavelength (nm)

Figure 5. Photoluminescence spectra of the oligomers and polymers in chloroform: a) at room

temperature; b) S8, P1, P2 heated to 60 °C.
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thiadiazole rings. The internal thiophenes
adopt a coplanar anti conformation and the
sulfur atoms of the thiophene rings point
to the opposite direction to the thiadiazole
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Figure 9. X-ray single-crystal structure of S2.

rings. An extended distance of 6.998 A for two adjacent mol-
ecule planes in the n—stacking direction and alkyl chains inter-
penetrating are found (CCDC 1007944).

2.5. Photovoltaic Properties

The photovoltaic properties of the oligomers and polymers
were investigated on BH]J solar cells of inverted architecture
of 16 mm? active area using PC,;BM as electron acceptor. The
photoactive layer donor:acceptor with an optimal weight ratio of
1:2 was spin-cast on top of pre-fabricated PF;N-OX (poly[(9,9-
bis(3’-(N,N-dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9-
bis(3-ethyl(oxetane-3-ethyloxy)-hexyl)-fluorene)]) layer from a
1:1 dichlorobenzene/chloroform solution. The active layer was
heated at 80 °C for 10 min to remove residual solvent before
thermal evaporation of MoO;. The structure of the device was
ITO/PF;N-OX/Active Layer/MoO;/Aluminium. 8]

Figure 10 shows the current density (J) vs voltage (V) of the
cells under AM 1.5 simulated solar illumination while the corre-
sponding data are listed in Table 2. As expected, the open-circuit
voltage (V,) decreases with the oxidation potential of the donor
and hence from S2 to S8. The J versus V curves show that chain
extension of the donor leads to an increase of the short-circuit cur-
rent density (/) from =3.00 mA cm™ for $3 to 7.20~7.50 mA cm™2
for $6-S8. Combined with a gradual increase of the filling factor
(FF) from 28 to 44%, these results lead to an increase of PCE
from 0.80 to =2.50%. However, the cells based on the polymers
show significantly better performances with [ values =50%
higher than those obtained with S6-S8 and improved FF leading
to PCE of 3.75 and 4.40% for P2 and P1 respectively.

The external quantum efficiency (EQE) of the various cells
under monochromatic light is shown in Figure 11. The spec-
trum of the cell based on S2 shows a broad response extending
from 400 to 740 nm with a maximum of =20% at 470 nm. This

Adv. Funct. Mater. 2014, 24, 7538-7547

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.afm-journal.de

. R /|

Current density (mA/cm?)

T
-0.2 0.0 0.2 0.4 0.6 0.8 1.0

Voltage (V)

Figure 10. Current density vs voltage curves of the BHJ cells based on the
oligomers and polymers under AM 1.5 simulated solar illumination with
an incident power intensity of 100 mW cm™2.

maximum clearly apparent in all EQE spectra corresponds to
the contribution of PC;BM to the photocurrent. The spec-
trum exhibits a broad shoulder around 550 nm attributed to
the red shifted absorption of S2 in the solid state while the
5-6% shoulder around 700 nm can be attributed to the aggre-
gated phase. The spectra of the cells based on longer donors
exhibit rather similar features with a progressive red-shift of
the photo-response and increase of the photo-current. The
cells based on S6, S7 and S8 give rather similar results with
a broad maximum of =40% around 550 nm while the relative
contribution of the absorption band associated with aggrega-
tion increases. Finally, the EQE spectra of the cells based on
the polymers clearly show that in both cases a significant part
of the photo-current is generated in the region corresponding
to the aggregation band. These results agree well with the data
obtained under white light illumination and confirm that the
PV performances increase with the length of the donor but
seem to converge toward a limit for systems donors containing
6-8 basic units. The performances of the cells based on the
polymers clearly represent a qualitative jump with an increase
of the maximum EQE from 40-45% for S6-S8 to =55% for P1
while the maximum EQE shifts bathochromically from 550 to

Table 2. Optimized OPV device parameters under AM 1.5 G illumina-
tion (100 mW cm™2) and hole-mobilities measured on OFETs.

Donor Vo Jsc FF PCE Hh

I\ [mA ecm™2] [%] [%] [em?V-TsT]
S2 0.97 2.97 27.8 0.80[0.76]%
S3 0.90 5.09 31.4 1.44[1.32] 2.19x10°¢
S4 0.82 5.53 32.6 1.48[1.41] 5.45x 107
S5 0.80 5.71 32.7 1.50[1.43] 3.85x107°
Sé 0.78 7.12 37.2 2.06[1.93] 1.07x107°
S7 0.78 7.34 40.2 2.30[2.24] 2.65%x 107
S8 0.74 7.22 43.9 2.35[2.26] 1.63x107°
P2 0.76 10.16 48.5 3.75[3.54] 4.56x107*
P1 0.74 11.41 52.3 4.41[4.33] 9.59x 107

AThe values in brackets indicate the average values of PCEs.
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Figure 11. Spectra of external quantum efficiency for BH) cells based on
the oligomers and polymers as donor and PC;;BM as acceptor.

630 nm. Comparison with the UV-Vis. absorption spectra of
thin films (Figure S3c, SI) confirms that for the cells based
on the longest oligomers and polymers, the maximum EQE is
observed in the spectral range where absorption of the aggre-
gated conjugated chains is predominant.

In order to complete these observations, the hole-mobility
(up) of thin films of oligomers and polymers has been deter-
mined on top-contact organic field-effect transistors (OFETS)
fabricated on n-doped silicon substrates with thermally grown
SiO, dielectric (see SI).

As shown in Table 2, while oligomers $2-S8 show py, values
in the range of 10°-10~ cm™ V! 57! with no clear correlation
with chain-length, polymers P2 and especially P1 show much
higher mobilities. These results suggest that the higher hole-
mobility of the polymers contributes to the higher PCE of the
polymer-based cells and in particular to the better FF values. In
fact, a strong effect of the increase of hole-mobility on PCE inde-
pendently of any other factors has been previously observed for
molecular donors of a same series.?l Thus, although the longest
oligomer S8 present a comparable molecular weight and even a
slightly longer ECL than the polymer in solution, optical, struc-
tural and photovoltaic data provide convergent evidences indi-
cating that in the solid-state, the stronger aggregation behavior
of the polydisperse polymer is a key factor that leads to higher
hole-mobility, bathochromically extended light-harvesting prop-
erties and thus higher PCE due to larger J,. and FF.3¥

These results thus pose the problem of the role of polydisper-
sity in the stronger ability of the polymer chains to aggregate.
A first explanation would invoke the presence in the polymer
of chains longer than the ECL of 7-8 units. Since the ECL is
reached, UV-Vis absorption and photoluminescence spectra
give no indication on this point, however, the GPC traces in
Figure S2 (SI), suggest that the stronger propensity of P1 to
aggregate is correlated with the presence of a large fraction of
chains longer than the ECL represented by the GPC trace of S8.
These longer chains, even if present in limited amounts, would
act as glue for shorter chains. They serve as the morphology
build framework, induce face-on orientation, reduce the n—x
stacking distance, and promote the photovoltaic performance.
However a contribution of shorter oligomers in the overall
aggregation process cannot be a priori excluded.

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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3. Conclusion

A series of well-defined hybrid donor-acceptor oligomers of
a tricyclic system involving a benzothiadiazole acceptor block
and two thiophene side units have been synthesized and the
chain-length dependence of their electronic properties have
been analyzed with reference to the corresponding polydis-
perse polymer. Optical data obtained in solution show that
chain extension produces a red shift of A,,,, and that highly
extended oligomers can reach a longer ECL than the polymer.
UV-Vis absorption and photoluminescence results provide
clear evidences for an increasing propensity for inter-chain
aggregation probably enhanced by the D-A structure of the
conjugated system. A chain length of 7-8 units, that is, 21-24
rings corresponds at the same time to the convergence limit
of the optical HOMO-LUMO gap and to a turning point
where the system evolves towards a polymer-like aggregation
behavior. In the solid-state, the band gap of oligomers rapidly
converges to the same value as the polymer. Electrochemical
results on solid films suggest that this process is related to the
rapid convergence of the valence band level due to inter-chain
interactions.

GIXD investigations on films have shown that short-chain
oligomers adopt an edge-on orientation evolving towards a
more face-on orientation as chain length increases while the
m—m stacking distance gradually decreases after S7. The results
obtained on BH] solar cells show that, besides an expected
decrease of V,, the lengthening of the donor chain leads to an
increase of PCE with a convergence limit for 6-8 basic units,
that is, the ECL of the system. However, the performances of
the cells based on the polymers clearly evidence a further sub-
stantial increase of efficiency. Experimental results show that
this phenomenon is due to the conjunction of several factors
associated with aggregation namely improved light-harvesting
properties, higher hole-mobility and better chain packing.

This work thus underlines the limits of the “classical” oli-
gomer model and of the control of the HOMO-LUMO gap for
the synthesis of OPV materials. This confirms that besides
molecular engineering of the electronic properties, the struc-
tural control of inter-chains interactions and aggregation is one
of the keys of the design of OPV materials based on linearly
m-conjugated systems. On this basis, a possible direction for
further work on monodisperse D-A oligomers as active OPV
materials could focus on the structural control of enhanced
intermolecular interactions of short-chain systems.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author. It contains experimental details of the synthesis of
oligomers and polymers, instruments, measurements, and fabrication
procedures and characterization details of the OPV and OFET devices.
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