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In this study we synthesized a series of solution-processable small molecules comprising 2,2’-bithiophene
(BTh), terthiophene (TTh), and thiobarbituric acid (TB) units as the central core, t-conjugated spacer, and
acceptor end-capping moieties, respectively, but with alkyl side-chains of different lengths presented
from their central BTh units (TBTThBTh-H, TBTThBTh-C4, TBTThBTh-C8, TBTThBTh-C12). We then
investigated the structure—property relationships of these compounds in terms of their packing
behaviors and bulk heterojunction (BHJ) photovoltaic properties. And we found that the packing of these
molecules in neat films is critically dependent of their side-chain lengths, as evidenced by the variations
in their lamellar structures determined with grazing-incidence wide-angle X-ray scattering (GIWAXS). The
power conversion efficiencies (PCEs) of the photovoltaic BHJ devices comprising these small molecules
and PCg;BM exhibited zigzag-shaped variations with respect to the alkyl side-chain lengths, with the PCE
of devices incorporating TBTThBTh-H and TBTThBTh-C8 being higher than those of devices
incorporating TBTThBTh-C4 and TBTThBTh-C12. Using GIWAXS to probe the molecular packing in the
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formation of crystallites in the BHJ films; the molecules with more uniform and shorter alkyl side-chain
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Introduction

Solution-processed organic photovoltaic (OPV) technology is a
promising approach for alternative energy production because
it offers the possibility of producing low-cost solar cells with
rapid printing production techniques, even on flexible
substrates.’” Efficient solution-processed organic solar cells
generally feature an active layer having a bulk heterojunction
(BHJ) architecture, consisting of a suitable p-type material (e.g.,
T-conjugated polymer or w-conjugated small molecule) and an
n-type fullerene derivative (e.g., PCsBM). Polymer-based
organic solar cells have attracted a great deal of attention over
the past decade because they are readily fabricated through
solution processing and because they display relatively high
performance. Several significant approaches toward developing
highly efficient solar cells have been established through
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advances in molecular design (e.g., optimizing electronic
properties*® and crystallinity’®), morphological control (e.g.,
use of solvent additives),'*** interfacial engineering’>"’ and
device engineering.'®*°

p-type small molecules have also received much attention
in photovoltaic applications because of their well-defined
structures, ready purification, and lower batch-to-batch vari-
ation when compared with that of polymers. Typically, a
photovoltaic device incorporating a polymer with higher
molecular weight results in a better performance than that
comprising a polymer with a lower molecular weight when the
molecular weights of the polymers are smaller than a
threshold molecular weight value as reported in the litera-
tures,*** because longer polymer chains can form a better
percolated charge-transport network with fewer charge-
trapping sites that arises from polymers' termini, within the
BH]J active layer. Indeed, in some respects, we can consider
small molecules as very low molecular weight polymers.
Consequently, the charge transport in the BH]J active layer
based on small molecules is highly dependent on the mole-
cules’ packing, crystallinity and their orientation.>*” Recently,
some highly efficient BH] devices have been prepared through
solution processing using newly developed solution-
processable molecules.”*** A PCE of 9.0% has been achieved

This journal is © The Royal Society of Chemistry 2015


http://crossmark.crossref.org/dialog/?doi=10.1039/c5ra12540e&domain=pdf&date_stamp=2015-08-06
http://dx.doi.org/10.1039/c5ra12540e
http://pubs.rsc.org/en/journals/journal/RA
http://pubs.rsc.org/en/journals/journal/RA?issueid=RA005083

Published on 07 August 2015. Downloaded by Deakin University on 12/08/2015 11:47:50.

Paper

for a solar cell incorporating solution-processed small mole-
cules,® virtually very close to the highest PCE (11.0%) pub-
lished to date for a polymer solar cell.** These advanced
molecules exhibit high crystallinity and appropriate phase
separation with fullerene derivatives after optimizing the
morphology of the BH]J layers.***” Most highly efficient small
molecules OPV, however, are still limited to molecules with
some specific functional groups. It is thus critical to properly
design the molecular structures that control a molecule's
crystalline nature and its miscibility with fullerenes when
developing efficient BHJ OPVs.?*??

Like conjugated polymers, small molecules require certain
degrees of solubility in common solvents to afford solutions
having desirable rheological properties; attaching alkyl side
chains with various architectures, so-called side-chain engi-
neering, is the most usual approach.*>*! For polymeric systems,
side-chain engineering influences the degree of molecular
packing.**¢ For solution-processed small molecules, the posi-
tion*"* and also the length®*>* of the side chain on the mole-
cule can greatly impact its molecular crystallinity and the
performance of its corresponding devices. In spite of these
efforts, the studies of side-chain engineering for solution-
processed small molecules OPV are still limited.

In a previous report, we described the synthesis of a series
of solution-processed small molecules comprising an electron-
donating moiety as the central core, terthiophene (TTh) units
as m-conjugated spacers, and electron-accepting thio-
barbituric acid (TB) units as end-capping moieties; we also
investigated the impact of various core species on their
molecular crystallinity and photovoltaic behavior.”® Among
those molecules, TBTThBTh-H, featuring a 2,2’-bithiophene
(BTh) unit at its core, exhibited relatively poor solubility and
resulted in devices with moderate efficiencies. In this present
study, we instead investigated the effects of the side chains
architectures in term of alkyl chain lengths on the structure-
property relationships and photovoltaic properties of small
molecules with the same main chain structure. Accordingly,
we attached two additional alkyl chains with various lengths to
the central BTh unit to increase and to vary the solubility of
TBTThBTh molecules, thereby affording a series of molecules
with different side chain architectures (Fig. 1) for this present
study. The different side chain compositions of these mole-
cules lead to variations in their molecular packing and
photovoltaic properties.

CsHir  cgui;

TBTThBTh-H:R=H
TBTThBTh-C4 : R = C4Hg

Fig. 1 Structures of the tested TBTThBTh molecules.
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Results and discussions
Solubility and thermal properties

All of the tested molecules are soluble in hot-toluene and
CHCI;, with the solubilities in chloroform following the order
TBTThBTh-C12 > TBTThBTh-C8 > TBTThBTh-C4 > TBTThBTh-H
(Table 1). As expected, longer alkyl chains led to significant
increases in solubility. Nevertheless, all four of these molecules
exhibited limited solubility in other common processing
solvents (e.g.,, chlorobenzene, o-dichlorobenzene). Fig. 2
displays differential scanning calorimetry (DSC) thermograms
of these molecules; Table 1 lists their corresponding melting
temperatures (T,,) and crystallization temperatures (7.) that
were obtained in the scan loop, which was initiated after the
heat history of the samples had been erased. The values of both
Ty, and T, followed the sequence TBTThBTh-H > TBTThBTh-C4
> TBTThBTh-C8 > TBTThBTh-C12. Upon increasing the alkyl
chain length, the phase transition temperature decreased;
meanwhile, the peak shape broadened and became featureless.
We attribute these effects on thermal transitions to the longer
alkyl chains decreasing the molecular cohesive energy and
increasing the degree of disorder in the solid state. We also
probed the liquid-crystal properties of these molecules with
polarizing optical microscopy and found no such properties.>*

Optical and electrochemical properties

Fig. 3 presents normalized UV-vis absorption spectra of the
TBTThBTh molecules in CHCI; solutions and in the film state;
Table 2 summarizes the optical properties. The absorption
spectra of dilute solutions of the TBTThBTh molecules feature
similar absorption peaks near 445 and 565 nm. The features in
these spectra underwent broadening and red-shifting upon

Table 1 Phase transition temperatures and solubilities of TBTThBTh
molecules

Phase transition

temperature
Solubility in
Molecule T [°C] T. [°C] CHCI; (mg mL™")
TBTThBTh-H 227 174 6.3
TBTThBTh-C4 182, 203, 208 157, 169 10.2
TBTThBTh-C8 181 149, 163 12.5
TBTThBTh-C12 119, 163 139 14.6

TBTThBTh-C8 :R = CgHj7

TBTThBTh-CI2 :R = CoHps
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Fig.2 DSC thermograms of TBTThBTh molecules. Upper line: heating
scan; lower line: cooling scan (heating rate: 5 °C min™3).

proceeding from dilute solutions to thin films, presumably
because of strong intermolecular interactions in the solid state.
We observed, however, different degrees of spectral change
among the tested molecules, with molecules featuring longer
alkyl chains exhibiting smaller changes between their spectra
recorded in solution and from a thin film. As a result,
TBTThBTh-C12 displayed the narrowest spectrum window and
a slightly wide bandgap, possibly because its longer alkyl chains
prevented intermolecular 7-7v interactions or disrupted its
backbone coplanarity in the solid state. We used cyclic vol-
tammetry (CV) to determine the energy levels of the highest
occupied molecular orbitals (HOMOs) of these molecules; Table
2 lists the pertinent numerical data. The variations in HOMO
energy levels among the four molecules were minor; in other
words, the length of the alkyl chains had negligible impact on
the energy levels in this study.

Molecular packing

To investigate the influence of our side-chain modifications on
molecular packing, we performed grazing-incidence wide-angle
X-ray scattering (GIWAXS) analyses on neat films of our mole-
cules. Fig. 4 displays the GIWAXS 2D-patterns of molecules, and
a 1D-patterns obtained by azimuthally integrating form 90-180°
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of 2D images. In the low-g range (2-5 nm™ '), the films of
TBTThBTh-C4 and TBTThBTh-C8 each featured two diffraction
peaks, whereas those of TBRTThBTh-H and TBTThBTh-C12 each
exhibited a broad peak that consisted of two peaks, as evi-
denced by comparing the 1D-patterns recorded out-of-plane
and in-plane (Fig. S31). Meanwhile, there are also two broad
reflection singles existed in the high-g range of 12-20 nm ™" for
our molecules. Table 3 lists the corresponding d-spacings of
these peaks for each molecule. Although the single crystal
structures of our molecules are unknown, lamellar stacking, a
typical stacking configuration for crystalline polymers, is the
most common crystal architecture for p-alkyl oligothio-
phenes.**” If our molecules underwent lamellar stacking, they
possibly adopted two kind of lamellar-type stacking configura-
tions within the films because of the d-spacings of Peaks I and II
for each molecule that cannot be classified into a set of plan,
and hence these two peaks (Peaks I and II) are the diffraction
peaks arose from different (100) plane.

Furthermore, the variations of d-spacings of these four small
molecules give us some interesting features about the alkyl
stacking. TBTThBTh-C4 and TBTThBTh-C8 have the shorter
d(100)-spacing on Peak I and II than the other two small mole-
cules, which implying that TBTThBTh-C4 and TBTThBTh-C8
could form relatively highly interdigitated lamellar structures
particularly for TBTThBTh-C8, which preferred to adopt such a
configuration, as evidenced by comparing the intensities of
Peaks I and II. Although we might predict that the spacing in the
film of TBTThBTh-C12 would be larger among four molecules,
because the former possessed the longest alkyl chains, the film
of TBTThBTh-H, which featured the common octane units as its
longest side chains, had the same spacing as that of TBTThBTh-
C12, rather than that of TBTThBTh-C8. The possible reason is
that TBTThBTh-H has less substituted positions of alkyl chain,
inducing weaker hydrophobic interactions. Because assembly
through lamellar stacking occurs through hydrophobic alkyl-
alkyl interactions, the chain length and the concentration of the
substituents should both affect the structure. When we
increased the length of the central alkyl chains, upon
proceeding from TBTThBTh-H to TBTThBTh-C8, we expected to
that increasing concentration of the substituents and equal-
izing side-chain length both enforce molecules on forming
more closed lamellar-stacking; hence, TBTThBTh-H formed a

(b) —s— TBTThBTh-H
09 —e—TBTTHBTh-C4
—&— TBTThBTh-C8
—v—TBTThBTh-C12

Normalized absorbance

T T T T t
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‘Wavelength(nm)

Fig. 3 UV-vis absorption spectra of TBTThBTh molecules in the form of (a) solutions in CHCls and (b) as-cast films.
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Table 2 Optical and electrochemical properties of TB3tBT molecules

Optical properties

Solution? Film? Energy levels?
Molecule Amax [NM] Amax [NM] Aonset [NM] EgP [eV] HOMO [eV] LUMO [eV]
TB3tBT-H 447, 565 483, 620 781 1.59 —5.12 —3.59
TB3tBT-C4 445, 565 476, 620 779 1.59 —5.15 —3.63
TB3tBT-C8 455, 565 474, 616 768 1.61 —5.20 —3.54
TB3tBT-C12 445, 565 468, 606 765 1.62 —5.20 —3.62

“ Dilute solution in CHCl,. ? Spin-coated from CHCI; onto ITO/PEDOT substrates. © Optical band gaps calculated from E, = 1240/2yp5e¢ €V. d Energy
levels determined from onsets of the CV curves: energy levels = —(4.8 + Eopget) €V.

structure having the lowest degree of interdigitation. Addi-
tionally, we proposed hypothetical illustrations of lamellar
stacking base on concept of hydrophobic alkyl-alkyl interac-
tions for our molecules, and provided in the ESI.}

Photovoltaic properties

We use a conventional device structure to evaluate the photo-
voltaic properties of these molecules. We optimized the device
performance for each individual molecule in terms of the film
thickness by varying the solution concentration, the molecule-
to-fullerene ratio, and the annealing temperature; Table 4 lists
the averaged photovoltaic parameters obtained from 20 cells.
Thermal annealing was a critical step for improving the device
performance; devices in the pristine condition displayed
unsatisfactory efficiencies (PCE: <1%) because of the amor-
phous nature of the molecules in the as-cast blend films. The
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Table 3 d-Spacings of TBTThBTh-type small molecules

Alkyl chain stacking 7 stacking

d-Spacing (A) d-Spacing (A)

of (100) of (010)
Molecule Peak I Peak II Peak III Peak IV
TBTThBTh-H 26.2 20.9 4.7 3.7
TBTThBTh-C4 23.3 18.0 4.6 3.7
TBTThBTh-C8 25.1 18.0 4.6 3.8
TBTThBTh-C12 26.2 20.9 4.5 3.7

influence of the annealing conditions was consistent with the
phase transition temperatures of the individual molecules.
Among devices incorporating the molecule/PC4;BM blends, the
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Fig. 4 (a—d) 2D GIWAXS images of annealed neat films of (@) TBTThBTh-H, (b) TBTThBTh-C4, (c) TBTThBTh-C8, and (d) TBTThBTh-C12. (e)
One-dimensional powder diffraction traces generated by azimuthally integrating GIWAXS images.
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devices featuring TBTThBTh-H exhibited the best performance
and a moderate PCE of 3.7%, with an open-circuit voltage (Voc)
of 0.89 V, a short-circuit current density (Jsc) of 8.3 mA cm ™2,
and a fill factor (FF) of 50%. When PC,,BM replaced PC¢;BM in
the blend films with TBTThBTh-H, the PCE of the optimal
device improved to 4.3% as a result of increasing the value of Js¢
(from 8.3 to 9.4 mA cm ™ ?).

Fig. 5 displays the relative differences in performance,
compared with that of TBTThBTh-H, for the devices incorpo-
rating the small molecules featuring longer central side chains.
Although the overall efficiencies decreased, the variations in the
photovoltaic parameters among the four small molecules
zigzagged upon increasing the length of the central side chains.
The device performances of TBTThBTh-C4 and TBTThBTh-C12
exhibited obvious declines, whereas the devices incorporating
TBTThBTh-C8 functioned comparatively better. The correlation
between the photovoltaic parameters and the length of the
molecular side chain remains unclear.

TEM images of small molecule/PCq;,BM blends

We used transmission electron microscopy (TEM) to examine
the influence of the side chain composition of the molecules on
the BHJ morphologies (Fig. 6). All of the annealed films featured
rod-like crystalline domains distributed in the matrix, with
fibrils penetrating into the fullerene-rich region to increase the
interfacial area between the organic molecules and the fuller-
enes. We would expect this type of morphology to assist not only
exciton separation but also charge transport; hence, the
annealing process ensured reasonable PCEs for all of the
devices. We observed another interesting feature in that the
phase separation of the small molecules and fullerenes became
more complicated and clear upon increasing the alkyl chain
length on the central unit. The films of TBTThBTh-H showed
most ideal phase separation, leading best efficiency. Then, the
films of TBTThBTh-C8 and TBTThBTh-C12 contained relatively
large domains of molecular aggregation (white regions); as a
result, the values of Jsc and FF of their devices decreased
because of the lower interfacial area and consequently lower
degrees of charge separation. This phenomenon is consistent
with the results of previous studies®®® increasing the alkyl
chain length of a conjugated material tends to decrease its
miscibility with PCg;BM.

Crystallization in small molecule/PC4;BM blends

To further investigate the morphologies of the four active layers,
we employed GIWAXS to inspect crystallization behaviors of our
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Fig. 5 Relative differences in photovoltaic parameters of solar cells
incorporating the four small molecules, compared with those obtained
using TBTThBTh-H.

molecules in the blend films. Fig. 7 displays the 2D patterns of
the blend films together with the profiles of their out-of-plane
(g.) integrations. All samples exhibited strong diffraction in
the out-of-plane region, implying that the small molecules
favored an edge-on orientation in the active layer. However, the
case of TBTThBTh-H showed that the crystallites adopt
comparatively random orientation, as evident by a ring-typed
diffraction pattern appeared in images, and such random
orientation is slightly undesirable for charge transport.'” Then
we focus on the discussion on the effect of the size and stacking
order of the molecular crystallites in the BH]J films on the
photovoltaic performances of the devices incorporating these
films. We found that the X-ray diffraction curves (Fig. 7(e)) of all
molecules except TBTThBTh-C12 present highly ordered peaks,
implying TBTThBTh-C12 molecule possessed more amorphous
characteristics than that of other molecules. Furthermore, we
used the primary X-ray diffraction peaks with Scherrer equation
for calculating the crystallite correlation lengths (CCL) for our
molecules, and the corresponding correlation lengths were
given in Table 5.°* It is interesting that the trend in the values of
CCL varies substantially, indicating the different alkyl side-chain
lengths induce the different CCL values. The CCL trend—
CCL(TBTThBTh-H) > CCL(TBTThBTh-C8) > CCL(TBTThBTh-C4)
> CCL(TBTThBTh-12)—was the same as that of the trend of Jsc
and FF. We thus suspect that more uniform alkyl side-chain
lengths, in this case there are octyl chains on the thiophene as
well, and shorter alkyl side-chain lengths, which provide

Table 4 Photovoltaic properties of OPVs incorporating TBTThBTh-type small molecule/PCBM blends

Small molecule Fullerene Annealing (temp., time) Voc (V) Jsc (mA ecm™?) FF (%) PCE (%)
TBTThBTh-H PCsBM 150 °C, 15 min 0.89 8.3 50 3.7
PC,,BM 0.89 9.4 51 4.3
TBTThBTh-C4 PCsBM 120 °C, 10 min 0.83 6.3 45 2.4
TBTThBTh-C8 PC¢:BM 120 °C, 10 min 0.95 7.0 48 3.2
TBTThBTh-C12 PCy,BM 100 °C, 10 min 0.81 5.1 33 1.4
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Fig. 6 TEM images of annealed active layers of (a) TBTThBTh-H/PCgBM, (b) TBTThBTh-C4/PCgBM, (c) TBTThBTh-C8/PCgBM, and

(d) TBTThBTh-C12/PCe BM.

stronger intermolecular interactions, are more favorable for the
crystallization of these molecules.

On the hand, we calculated the corresponding d-spacing for
each diffraction pattern in the g-region of 2-12 nm™'. The
corresponding d-spacings of each peak were labeled in Fig. 7(e).
These d-spacings suggest that TBRTThBTh-H and TBTThBTh-C8

(a) TBTThBTh-H /PC,4,BM
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mainly adopted lamellar structures of Peak II in their active
layers, while TBTThBTh-C4 and TBTThBTh-C12 could be char-
acterized as having the structures of Peak I. Furthermore, it is
interesting that the variations in d-spacings are very similar to
those for the values of V. From the Shockley equation for the
current-voltage (J-V) characteristics of a solar cell under
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Fig. 7 (a—d) 2D GIWAXS images of annealed active layers of (a) TBTThBTh-H/PCgBM, (b) TBTThBTh-C4/PCgBM, (c) TBTThBTh-C8/PCg;BM,
and (d) TBTThBTh-C12/PCg:BM. (e) Out-of-plane scans of GIWAXS images.

This journal is © The Royal Society of Chemistry 2015
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Table 5 FWHM and crystallites correlation lengths of primary peaks
from 1D out-of-plane GIWAXS profiles

Molecules FWHM (nm™ ") CCL (nm)
TBTThBTh-H 0.47 12.03
TBTThBTh-C4 0.66 8.44
TBTThBTh-C8 0.54 10.56
TBTThBTh-C12 0.80 7.01

illumination, Voc®* can be written as the voltage V measured

at the condition at zero current (J = 0),
EVOC = nkBTln(Jsc/J() + 1) (1)

where Jsc denotes the short circuit current, J, is the reverse
saturation current, n is the ideality factor, and kg is Boltzmann's
constant. Then the J, can be further expressed as:

Jo= Jso exp(—AE/nkBT) (2)

By combining equations of (1) and (2), the Voc can be
rewritten as:

eVOC ~ AE — nkBTln(Jso/Jsc) (3)

where AE is the energy offset between LUMO level of n-typed
materials and HOMO level of p-typed materials, and the Jso is
related to the reorganization energy and intermolecular overlap
at the D/A interface that determine the carrier generation/
recombination rate, independent of AE. Eqn (3) implies that
Voc is determined by AFE and the interaction of p—n junctions.
Based on the analysis the values of molecular d-spacing, our
molecules have different packing structures within the BH]
layers, and thus this different packing might cause different
interfacial energy of D/A interfaces, giving different values of
Voc.** And we found in this study that a molecule with higher
degree of interdigitation, referring more ideal lamellar, have
higher value of Voc.

Conclusions

After synthesizing a series of TBTThBTh-based solution-
processable small molecules having side chains of different
lengths on their central BT units, we investigated their crystal-
lization characteristics as well as their BH]J photovoltaic prop-
erties when blended with fullerenes. Upon increasing the length
of the central side chain, the small molecules became increas-
ingly soluble, while their phase transition temperatures (Ty,, Tc)
decreased accordingly. Nevertheless, films of these small
molecules displayed two diffraction peaks of the (100) plane in
their GIWAXS patterns, indicating polymorphism. Interestingly,
the relative intensity of these two peaks changed when we
modified the length of the central side chain, suggesting that it
also affected the preferred stacking of the small molecules.
The photovoltaic properties were affected significantly by the
side-chain modifications. TEM analysis revealed that the small

67724 | RSC Adv., 2015, 5, 67718-67726
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molecules featuring longer alkyl chains were less miscible with
PC¢:BM, and the case of TBTThBTh-H/PCs;BM showed most
ideal phase separation and highest efficiency. As for the others,
the values of Jsc and FF decreased because of the unfavorable
morphology for charge separation. Through GIWAXS analyses
of the molecular packing in the active layers, we found that the
alkyl chain architectures of the small molecules had impact on
the formation of crystallites in the BHJ films as well as the
photovoltaic performances of devices incorporating them.
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