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ABSTRACT We synthesized a series of acceptor—donor—acceptor-type small ’ ; SIDPP-EE
molecules (SIDPP-EE, SIDPP-EQ, SIDPP-OE, and SIDPP-00) consisting of a dithienosilole o
(SI) electron-donating moiety and two diketopyrrolopyrrole (DPP) electron-withdrawing
moieties each bearing linear n-octyl (0) and/or branched 2-ethylhexyl (E) alkyl side chains.
X-ray diffraction patterns revealed that SIDPP-EE and SIDPP-EO films were highly crystalline
with pronounced edge-on orientation, whereas SIDPP-OE and SIDPP-00 films were less
crystalline with a radial distribution of molecular orientations. Near-edge X-ray absorption
fine structure spectroscopy disclosed an edge-on orientation with a molecular backbone tilt
angle of ~22° for both SIDPP-EE and SIDPP-EO. Qur analysis of the molecular packing o,
and orientation indicated that the shorter 2-ethylhexyl groups on the SI core promote tight 77—z stacking of the molecular backbone, whereas n-octyl

15

groups on the SI core hinder dose 7t—ur stacking to some degree. Conversely, the longer linear n-octyl groups on the DPP arms facilitate close
intermolecular packing via octyl—octyl interdigitation. Quantum mechanics/molecular mechanics molecular dynamics simulations determined the optimal
three-dimensional positions of the flexible alkyl side chains of the SI and DPP units, which elucidates the structural cause of the molecular packing and
orientation explicitly. The alkyl-chain-dependent molecular stacking significantly affected the electrical properties of the molecular films. The edge-on
oriented molecules showed high hole mobilities in organic field-effect transistors, while the radially oriented molecules exhibited high photovoltaic
properties in organic photovoltaic cells. These results demonstrate that appropriate positioning of alkyl side chains can modulate crystallinity and
molecular orientation in SIDPP films, which ultimately have a profound impact on carrier transport and photovoltaic performance.

KEYWORDS: organic semiconductors - conjugated small molecules - molecular self-assembly - molecular orientation - hole mobility -
power conversion efficiency - organic field-effect transistors - organic photovoltaic cells

rganic semiconductors are an im-
O portant class of materials for opto-

electronic applications, particularly
with regard to organic field-effect transis-
tors (OFETs) and organic photovoltaic cells
(OPVs).' > The design of new, promising
organic semiconductors requires careful
consideration of each part of the chemical
structure for the target application. In
OFETs, it is ideal that molecules in a channel
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have a well-ordered edge-on orientation
with respect to the gate dielectric to facil-
itate hole or electron transport through
intermolecular 7—m stacking.®™® Thus,
edge-on oriented highly crystalline mol-
ecules exhibit high carrier mobility with
low activation energy for carrier hopping.
Moreover, energy level alignment between
the molecular frontier orbital and the Fermi
level (Epermi) Of the contact metal is very
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Figure 1. Molecular structure of SIDPP molecules.

important in determining the primary transport carrier
type and the contact resistance.”'® For example, when
the highest occupied molecular orbital (HOMO) level
lies close to the Erermi Of the contact metal (e.g., Au),
hole transport dominates and the smaller energy offset
(Erermi — Evomo) gives a lower contact resistance."’

OPVs have stricter requirements because these de-
vices involve a bulk-heterojunction-type photoactive
layer consisting of electron-donor molecules and electron-
acceptor molecules, typically fullerene derivatives.'>'®
The electron-donor molecules must possess a broad
range of light absorption to capture solar energy and
must possess optimal energy-level alignment with re-
spect to the electron-acceptor molecules for efficient
charge separation. As with OFETs, high carrier transport
is essential; however, the carrier transport direction for
OPVs is normal to the electrode. Thus, a face-on orienta-
tion of the aromatic molecular backbone would pro-
mote hole and electron transport for efficient charge
collection.'”~%°

Recently, solution-processable low-band-gap small
molecules have attracted considerable attention as
OFETs and OPVs for several reasons: (1) synthesis and
purification are relatively simple; (2) molecular energy
levels can be tailored and closely predicted with
advanced theoretical calculations; (3) batch-to-batch
variation is minimal, yielding consistent electrical prop-
erties; and (4) promising molecules with high carrier
mobilities and power conversion efficiencies (PCEs)
have already been reported.?’*? Molecules are typically
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SIDPP-00

composed of electron-donating (D) units and electron-
withdrawing (A) units in a D-A-D or A-D-A pattern. While a
variety of D and A moieties have been developed, the
precise combination of these units dictates the electronic
band gap, molecular energy levels, and intermolecular
packing, as discussed previously.'®?*~? To fully realize
the intrinsic benefits of the chosen molecular units for
high device performance, it is essential to systematically
study the role of substituted alkyl side chains in determin-
ing electrical properties through their effect on molec-
ular packing and molecular orientation.

In this work, we synthesized and characterized four
alkyl side chain variants of the solution-processable
small molecule 6,6'-((4,4-dialkyl-4H-silolo[3,2-b:4,5-b']-
dithiophene-2,6-diyl)bis(thiophene-5,2-diyl))bis(2,5-alkyl-
3-(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-
1,4-dione) (SIDPP, Figure 1). The backbone of each
molecule consists of dithienosilole (SI) and diketo-
pyrrolopyrrole (DPP) moieties in a DPP-SI-DPP se-
quence. Sl and DPP were chosen among the known D
and A moieties for several reasons. SI moieties are a
good electron-donating moiety, yielding strong intra-
molecular charge transfer characteristics and there-
fore low-energy optical transitions.*** The four-
coordinated silicon atom allows for the incorporation of
two aliphatic side chains to modulate solubility charac-
teristics, and the long Si—C bond promotes molecular
linearity and facilitates molecular packing.?>3°~33 DppP
moieties are photochemically stable and highly light-
absorbing with strong electron-withdrawing properties.
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Because they can be chemically bound to a number
of electron-donating moieties to tailor electrical prop-
erties,® DPP units have frequently been incorporated
in both polymer***> and small-molecule OPVs.23%4%73¢
Here the DPP-SI-DPP backboned molecules were
found to be highly planar and promoted intramolecular
m-delocalization and intermolecular stacking, lowering
optical band gap and improving charge transport.

Branched 2-ethylhexyl (E) and linear n-octyl (O) alkyl
substituents were investigated on the DPP-SI-DPP
backbone, yielding four molecular variants, SIDPP-EE,
SIDPP-EQ, SIDPP-OE, and SIDPP-OO0, where EE denotes
2-ethylhexyl substitutions on both Sland DPP moieties,
EO denotes 2-ethylhexyl substitutions on the S| moiety
and n-octyl substitutions on the DPP moieties, and
so on. All alkyl side chains endowed the DPP-SI-DPP
backbone with solubility in organic solvent, while their
effect on crystallinity and molecular orientation dif-
fered significantly in cast films. X-ray diffraction pat-
terns indicated that the SIDPP-EE and SIDPP-EO
variants adopt a highly crystalline structure with a
predominantly edge-on orientation, whereas the
SIDPP-OE and SIDPP-QOO films are less crystalline with
a radial distribution of molecular orientations. Collec-
tive results of film characterization was well explained
by calculation of molecular geometries; that is, the
shorter 2-ethylhexyl groups on the SI core facilitate
well-matched molecular packing, whereas the slightly
longer n-octyl groups on the S| core prevent close
molecular packing, yielding molecular disorder in the
resulting films. The impact of molecular packing and
orientation was examined by fabricating OFET and OPV
devices. In OFET measurements high hole mobilities
were observed in the highly crystalline edge-on or-
iented SIDPP-EE and SIDPP-EO molecules, while the
highest PCE was observed by SIDPP-OE, which shows
significant face-on molecular packing. This work de-
monstrates that the position and branching of the alkyl
side chains dramatically alter carrier mobility and photo-
voltaic performance through the control of molecular
orientation and packing.

RESULTS/DISCUSSION

Synthesis and Characterization. Scheme S1 shows the
synthetic route and molecular structure of SIDPP-EE,
SIDPP-EQ, SIDPP-OE, and SIDPP-OO. Intermediate pro-
ducts 4, 6, and 8 were synthesized by reported litera-
ture procedures.?’” Final products were synthesized
by Stille cross-coupling.’®*® The SIDPP-EE, SIDPP-EO,
and SIDPP-OE molecules were highly soluble in com-
mon organic solvents, including dichloromethane,
chloroform, tetrahydrofuran, N,N-dimethylformamide,
and toluene, whereas the SIDPP-OO bearing n-octyl
side chains was less soluble.

Thermal Properties. Thermal properties of the
SIDPP molecules were measured by differential scann-
ing calorimetry (DSC) to determine crystallization
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Figure 2. DSC thermograms of SIDPP molecules during first
cooling and second heating scans (heating rate: 10 °C/min).

temperatures (T.) and melting temperatures (T,,)
(Figure 2). DSC thermograms indicated that a combi-
nation of linear and branched alkyl side chains drama-
tically influences the thermal properties for a given
molecular backbone. All molecules containing linear
n-octyl groups underwent clear melting transitions on
heating and crystallization transitions on cooling. Mol-
ecules bearing linear n-octyl side chains on the DPP
moiety showed considerably increased melting tem-
peratures as compared to molecules bearing 2-ethyl-
hexyl groups. The large difference in T, between
SIDPP-OO with all linear side chains (T,, = 232.5 °C)
and SIDPP-EE with all branched side chains (T,,, = 174.8 °C)
suggests that linear alkyl side chains on the DPP units
promote a stronger intermolecular interaction when
compared to branched alkyl side chains.>**° Interest-
ingly, SIDPP-EE, functionalized with branched alkyl side
chains, exhibits a cold crystallization at a lower tem-
perature (110.6 °C) and a broad (or dual) melting
transition with no crystallization on the cooling stage.
This observation may indicate the existence of two
n—am stacking distances, which is supported by X-ray
diffraction patterns (details were explained later).
SIDPP-EE was also the most temperature-responsive
of the series, resulting in a dramatic change in both
crystallinity and hole mobility (see below). SIDPP-OE
has the lowest T,, of 167.4 °C, indicating a lower
cohesive energy. This can be attributed to (i) less
favorable ;t— stacking caused by molecular crowding
of the n-octyl groups on the Sl core as compared to the
2-ethylhexyl groups and (ii) a weaker interaction be-
tween the 2-ethylhexyl groups on the DPP moiety
observed by X-ray diffraction. The DSC findings indicate
that the structure and position of the alkyl side chains are
integral to intermolecular forces between SIDPP back-
bone molecules, thereby modulating T, and T.*'~**
Optical and Electrochemical Properties. The optical prop-
erties of the SIDPP molecules were characterized by
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Figure 3. UV—uvisible absorption spectra of (a) SIDPP-EE, (b) SIDPP-EO, (c) SIDPP-OE, and (d) SIDPP-OO in solution phase
(chloroform) and cast as a thin film. The thin films were annealed at room temperature (as-cast) and 80, 110, and 150 °C for 10 min.

TABLE 1. Optical and Electrochemical Properties of the SIDPP Molecules
UV—visible absorption cydic voltammetry

solution 110 °C annealed film as-cast film

molecule  Apmay (M) Aonsee (M) g (M) Agngee (M) ESP (V) Eonee (V)" HOMO (eV)®  Fogee (V) LUMO (eV)'  EC (eV)°

SIDPP-EE 630 716 620 780 1.59 0.29 —5.09 —154 —3.26 1.83
SIDPP-EO 636 78 650 91 157 0.24 —5.04 —1.57 -3.3 181
SIDPP-OE 635 716 618 781 1.59 0.26 —5.06 —1.63 -3.17 1.89
SIDPP-00 630 719 613 785 1.58 0.29 —5.09 —1.62 —3.18 191

“The electrochemical oxidation onset potential in films with respect to the ferrocene/ferrocene . ® HOMO i calculated by —(Fonser + 4.8 €V). < The electrochemical reduction
onset potential in films with respect to the ferrocene/ferrocenium. ¢ HOMO is calculated by —(Egnser + 4.8 €V). ¢ Electrochemical band gap, i.e., LUMO—HOMO.

UV—visible absorption spectroscopy. Figure 3 shows solution phase to an annealed cast film. This suggests
UV—visible absorption spectra of each molecule in that the SIDPP-EO intermolecular interaction is quite
solution phase (chloroform) and cast as a thin film. intimate with less steric hindrance between the mol-
Table 1 summarizes the resulting optical properties. In ecules by positioning 2-ethylhexyl groups at the Sl core
the solution state, UV—visible absorption features were and n-octyl groups on the DPP side arms, as supported
nearly independent of the alkyl side chains for all SIDPP by X-ray diffraction patterns, which indicate tight 7—x
variants, and molecular extinction coefficients were stacking with a distance of 3.63 A and interdigitation
high (6.8 x 10% t0 8.0 x 10° M~" cm™"). In the solid ~ between n-octyl chains. It should be noted that the
state, the molecular films had high extinction coeffi- UV—visible absorption spectra of all the SIDPP mol-
cients (8.0 x 10*t0 9.4 x 10° M~ " cm™") and showed  ecules except SIDPP-EQ exhibited blue shifting at
red shifting of the absorption edge by approximately around 600 nm in the cast films as well, indicating
60—70 nm with a peak at ~720 nm, a typical signature partial H-aggregate formation in addition to the for-
for J-aggregate formation.””*>~*” Comparing the ab-  mation of J-aggregates.*’ ' Thermal annealing in-
sorption maxima of the molecules indicated that duced more pronounced H-aggregate formation, and
SIDPP-EO had the largest red shift on going from annealing the temperature-sensitive SIDPP-EE yielded
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Figure 4. (a) Energy levels (left) and frontier molecular orbitals of SIDPP-EE (right). (b) Absorption spectrum of SIDPP-EE (red),
which is based on the TD-DFT (B3LYP) calculations of the electronic transition energy and oscillator strength (blue). (c) Energy
minimum molecular geometry of SIDPP-EE with dihedral angles with a table summarizing numbered carbon-to-carbon

interdistances.

a drastic change of absorption characteristics. Optical
band gaps were determined from the 110 °C-annealed
SIDPP molecular films and were estimated to be
~785 nm (1.58 eV) from the absorption edges.
Quantum mechanical calculations using density
functional theory (DFT) and time-dependent DFT
(TD-DFT) were employed to further examine the elec-
tronic structure, electronic transitions, and molecular
geometries of the SIDPP molecular series. Details of the
calculation can be found in the Supporting Informa-
tion. The energy levels of frontier orbitals, electronic
transition, and geometry of the SIDPP molecules were
found to be nearly independent of alkyl side chain
structure. Representative data and molecular models
are presented for SIDPP-EE in Figure 4, and other
molecular data sets can be found in Figures S1—S3.
The HOMO and LUMO surface plots of SIDPP-EE display
orbital delocalization throughout the molecular back-
bone with no contribution from alkyl side chain or-
bitals, as expected. This is consistent with the observed
independence of frontier orbital energies on the
alkyl side chains. Energy minimum geometries yield
single-bond dihedral angles of less than 20° along the
molecular backbone. Low dihedral angles ensure back-
bone planarity and effective overlap of z-orbitals.>
The TD-DFT predictions agreed well with UV—visible
spectral features of the SIDPP molecules. By comparing
UV—visible absorption spectra to the TD-DFT calcula-
tions it becomes apparent that the HOMO-2 to
LUMO, HOMO—1 to LUMO+1, and HOMO to LUMO+-2

JUNG ET AL.

transitions are responsible for the absorption maxi-
mum at around 430 nm, while the HOMO to LUMO
transition, which shows high oscillator strength, is re-
sponsible for the absorption maximum around 630 nm.

The electrochemical properties of the SIDPP mol-
ecules were examined by cyclic voltammetry (CV,
Figure S4). Frontier molecular energy levels were de-
termined from the onsets of the oxidation and reduc-
tion curves, and the HOMO and LUMO levels were
located around —5.07 and —3.21 eV, respectively, for
all SIDPP molecules. Thus, their electrochemical band
gaps were ~1.86 eV. Note that high-lying HOMO levels
imply that SIDPP molecules would be p-type in OFET
devices®'" and high-lying LUMO levels ensure effi-
cient exciton splitting at the interface between SIDPP
molecules and phenyl-C61-butyric acid methyl ester
molecules (PCBM) in OPV devices.'>"*

X-ray Diffraction. The microstructure and morphol-
ogy of the SIDPP molecular films were assessed by
X-ray diffraction (XRD) and grazing incidence X-ray
diffraction (GIXD).>>*>~% Figure 5 displays XRD spectra
of SIDPP-EE and SIDPP-EQ films as a function of anneal-
ing at room temperature (as-cast) and 80, 110, and
150 °C (XRD spectra of SIDPP-OE and SIDPP-OO films
are shown in Figure S5). The as-cast films for all SIDPP
molecules except SIDPP-EO displayed no diffraction
peaks. Upon annealing, SIDPP-EE and SIDPP-EO films
become highly crystalline, and SIDPP-EE, in particular,
shows strong crystalline (100), (200), and (300) diffrac-
tion peaks. Note that single crystals could not be
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Figure 5. XRD patterns of (a) SIDPP-EE and (b) SIDPP-EO thin films as a function of annealing temperature.
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Figure 6. GIXD images of 110 °C-annealed (a) SIDPP-EE, (b) SIDPP-EO, (c) SIDPP-OE, and (d) SIDPP-OO thin films.

obtained; hence, conventional peak assignments were
adopted for conjugated polymer peak assignments, as
previously reported.?>>7*® With increasing annealing
temperature, both crystallinity and dnoo spacing in-
creased gradually from g = 0371 A~' (d = 16.9 A) at
80°Ctog=0369A " (d=17.0A)at110°C,and to g =
0366 A" (d=17.2 A) at 150 °C. The crystalline domain
size also increased gradually from 48.7 nm at 80 °C to
50.3 nm at 150 °C, as calculated using the Scherrer
equation: D = 0.94/(8 cos 0), where 1 is the X-ray
wavelength, 3 is the full width at half-maximum in
radians (26), and 6 is the scattering angle.*" In SIDPP-
EO films, the crystalline domain size increased similarly
from 42.2 nm at room temperature to 46.7 nm at
150 °C.

Considering that the diqo spacing (17.0 A) at 110 °C
is very close to the theoretical molecular width
(18.82 &) (assuming that the alkyl side chains are fully
elongated), we conjecture that the molecular back-
bone is parallel to the substrate and that the alkyl side

JUNG ET AL.

chains are oriented upward and downward as illu-
strated for SIDPP-EE in the side view of Figure 4c. This
molecular orientation is supported by the GIXD and
near-edge X-ray absorption fine structure (NEXAFS)
data presented below. After annealing, the dyqo spac-
ing of SIDPP-EE films increased, indicating increasing
crystallinity and an edge-on orientation (Figures 5a, 63,
and S6a). Similarly, SIDPP-EO showed increasing inten-
sity and therefore crystallinity for (100) and (200) peaks
at higher annealing temperatures. However, these
peak positions were independent of annealing tem-
perature with g = 0331 A™" (dhoo = 19.0 A). This
indicates that the as-cast SIDPP-EO films are highly
crystalline, inherent to the molecules with high cohe-
sive energy.

Further insight into molecular packing and orienta-
tion in the SIDPP molecular films was obtained from
GIXD experiments. Figures 6 and S6 show GIXD images
of 110 °C-annealed and as-cast SIDPP molecular
films, respectively. The 110 °C-annealed SIDPP-EE and
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Figure 7. (a and b) Line-cut profiles in the out-of-plane (g,) and in-plane (q,) directions, respectively, in the GIXD images

of 110 °C-annealed SIDPP molecular films.

SIDPP-EO films exhibited strong (100) peaks with
high-order peaks in the out-of-plane (g,) direction
(Figure 6a,b), consistent with XRD results. Additional
peaks including a (010) signal in the in-plane (qg,)
direction were observed by increasing the inten-
sity of the incident X-ray beam. Interestingly, the
110 °C-annealed SIDPP-EE films featured two (010)
peaks atg= 1618 A~' (d=3.88A)and g=1.725 A"
(d = 3.62 A), both of which correspond to intermole-
cular 7—u distances. There are two possible explana-
tions for the observed peaks. First, the (010) peaks may
occur from both H-aggregates (lower g value) and
J-aggregates (higher g value) present in the SIDPP-EE
films. This is supported by (1) the UV—visible spectra,
indicating H- and J-aggregate formation, which would
have different molecular packing phases, (2) T, peak
broadening and shoulder formation, and (3) the higher
g value being nearly identical to the (010) peak found
atg=1.733 A" (d = 3.63 A) in SIDPP-EO films, which
forms predominantly J-aggregates. The second expla-
nation is that the two peaks may correspond to two
intermolecular 7—z distances between different aro-
matic rings in the molecular backbone. Very short 71—
distances close to the observed higher g value have
been reported for di(ethylhexyl) S| moieties.3*>” A clear
understanding will require further experimental and
theoretical work in molecular film states.

Use of a high-intensity X-ray beam disclosed fea-
tures in the SIDPP-OE and SIDPP-OO films (Figure 6¢,d).
GIXD images revealed a radial distribution of the (100)
diffraction peak and weak (010) peaks. Out-of-plane
peaks were observed at g=0.352 A~" (d=17.9 A) and
g =0333 A" (d = 189 A), and intermolecular 7—x
stacking peaks were observed at g = 1.636 A" (d =
3.84 A)and g=1.654 A" (d =3.80 A) for SIDPP-OE and

SIDPP-0OO films, respectively. The slightly longer m—x
stacking distances in these molecules than those in the
SIDPP-EE and SIDPP-EO films indicate that intermole-
cular packing would be less favored in molecules with
n-octyl attached to the Sl core as opposed to 2-ethyl-
hexyl substituents.

Line-cut profiles in the g, and g, directions indicate
dramatic directional dependence in the intensities of
the (100) and (010) peaks (Figure 7). SIDPP-EE and
SIDPP-EO films show high contrast between (100) peak
intensities in both directions, whereas SIDPP-OE and
SIDPP-OO films display slightly higher (100) peak in-
tensities in the g, direction than in the g, direction. The
ratio of out-of-plane intensity (/,op) to in-pane intensity
(lip) of (100) peaks was estimated to be 1230, 3022, 2.5,
and 7.5 for SIDPP-EE, SIDPP-EO, SIDPP-OE, and SIDPP-
00, respectively. These values indicate that the SIDPP-
EE and SIDPP-EO molecules predominantly adopt an
edge-on orientation, as illustrated in Figure 8a; SIDPP-
OE and SIDPP-OO molecules also prefer an edge-on
orientation, though they are mainly radially oriented,
as shown in Figure 8c.

NEXAFS Spectroscopy. NEXAFS spectroscopy was used
to confirm the orientation of the SIDPP backbone in
thin films. NEXAFS spectroscopy is an element-specific,
bond-sensitive technique that measures resonant ex-
citations from carbon 1s core states to antibonding
molecular orbitals such as * and ¢*. In total electron
yield mode, the probing depth is approximately
6 nm,>® thereby examining molecular orientations in
both surface and bulk of films. NEXAFS peak intensity is
proportional to the degree of overlap between the
direction of an incident electric field and the molecule's
orbital resonance excitation vector, i.e., transition di-
pole moment (TDM). Figure S7 shows a schematic
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Figure 8. Schematic illustration of molecular orientation with respect to the substrate: (a) edge-on orientation, (b) face-on
orientation, and (c) disordered orientation with a high portion of edge-on orientation.
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Figure 9. Carbon K-edge NEXAFS spectra for 110 °C-annealed (a) SIDPP-EE, (b) SIDPP-EO, (c) SIDPP-OE, and SIDPP-0O films
with the incident angles and peak assignments. Insets depict the linear fit of the intensities of carbon—carbon 1s — 7*

resonant excitation peaks.

illustration of the NEXFAS technique detailing the
incident electric field vector (E), dichroic ratio (R), tilt
angle (y) of the TDM for the carbon—carbon 1s — 7*
resonant excitation of the s-conjugated molecular
backbone, and tilt angle (o) of the molecular backbone.
The average orientation of the zz-conjugated molecular
backbone in thin films can be determined by the angle
dependence of the excitation intensity.>>%°~%2 SIDPP
molecules are quite planar, so analysis of the lowest
energy peaks arising from the 1s — z* transition of
m-conjugated molecular backbone carbon atoms was
used to determine the molecular orientation. Since the
peaks associated with carbon 1s — o* are superim-
posed, this technique was not used to determine the
orientation of the alkyl side chains.

Figure 9 shows the NEXAFS spectra of the SIDPP
molecules. The lowest energy NEXAFS peak at 285.3 eV

JUNG ET AL.

corresponds to the carbon—carbon 1s — z* resonant
excitation of the carbon double bonds in the molecular
backbone. The peak at 287.7 eV corresponds to both
carbon—hydrogen 1s — ¢* and carbon—sulfur 1s — o*
resonant excitations, and the peaks above 291 eV
correspond to carbon—carbon 1s — o* resonant
excitations.”>®° The intensities of the carbon—carbon
1s — * peak at 285.3 eV in the SIDPP-EE and SIDPP-EO
films increase significantly with increasing incident
angles, while those in the SIDPP-OE and SIDPP-OO
films increase with a lower slope. R, y, and o values
were calculated from the NEXAFS data as follows: (1)
The intensities at 8 = 90°, /(90), and 6 = 0°, /(0), were
estimated (Figure 9 insets) and used to calculate the R
values of SIDPP-EE, SIDPP-EO, SIDPP-OE, and SIDPP-
00, which were found to be 0.363, 0.365, 0.167, and
0.210, respectively. (2) y values of 68.5°, 67.1°, 60.1°,

VOL.8 = NO.6 = 5988-6003 = 2014 @%

®

N\

)

WWww.acsnano.org

5995



(a) SIDPP-EE
s ¢

(b) SIDPP-EO

Figure 10. Top views of (a) SIDPP-EE, (b) SIDPP-EO, (c) SIDPP-OE, and (d) SIDPP-OO molecules showing the effective volumes
of alkyl chains in three dimensions. The arrows indicate the farthest calculated distances that alkyl chains can extend from the

molecular backbone planes.
and 61.5° for SIDPP-EE, SIDPP-EO, SIDPP-OE, and
SIDPP-OO0, respectively, were calculated from eq 1:

R =

B P(1 — 3(cos?y)) M
T 2(1 —{cos2y)) + P(3{cos2y)y —1)

where P is the fractional polarization of the X-ray
beam (0.85).°"%2 (3) The tilt angle (o = 90 — ) of the
molecular backbone was then calculated to be 21.5°,
22.9°,29.9°, and 28.5° for SIDPP-EE, SIDPP-EQ, SIDPP-
OE, and SIDPP-OO, respectively. The SIDPP-EE and
SIDPP-EO films rendered more positive R values and
lower a values, consistent with the dominantly edge-
on molecular orientation indicated by GIXD. On the
other hand, the SIDPP-OE and SIDPP-OO films had less
positive R values, which is a result of the more dis-
ordered orientation with lower crystallinity as ob-
served by GIXD. (It should be noted that tilt angles
(or lower R values) estimated from NEXAFS data do not
necessarily reflect real tile angles but may indicate
averaged tilt angles of the radially oriented molecules.
The SIDPP-EE and SIDPP-EO molecules are quite crys-
talline with long-range ordering, so that the measured
tiltangles present real tilt angles. In contrast, the SIDPP-
OE and SIDPP-OO molecules are much less crystalline,
so that the measured tile angles present averaged tilt
angles.) Therefore, NEXAFS confirmed that the SIDPP-
EE and SIDPP-EO molecules displayed less tilt than
SIDPP-OE and SIDPP-OO molecules while adopting
edge-on orientations.

Correlation between Chemical Structure and Molecular Pack-
ing and Orientation in SIDPP Molecules. The chemical struc-
ture of the alkyl side chains has a profound effect on
the molecular stacking and orientation of SIDPP

JUNG ET AL.

molecules in annealed thin films in three ways. First,
the structure of the alkyl side chains attached to the
Sl core significantly influences molecular packing.
SIDPP-EE and SIDPP-EO molecules have much higher
crystallinity and shorter 7—s stacking distances than
SIDPP-OE and SIDPP-OO molecules. To further probe
the structural cause of these differences, quantum
mechanics/molecular mechanics molecular dynamics
(QM/MM MD) simulations were used to determine the
optimal three-dimensional (3-D) positions of the flex-
ible alkyl side chains of the SI and DPP units. To our
knowledge, the present study provides the first re-
ported estimate of effective distance and volume
occupied by flexible motions of alkyl side chains on
the SIDPP backbone. The flexible motions of alkyl side
chains cannot be reflected in the optimized molecular
structure calculated by the DFT method. However, it
can be expected that thermal energy induces the
rotation of single bonds in the alkyl side chains to
allow higher energy conformations even at room
temperature.®® Thus, we considered an effective dis-
tance and volume occupied by the alkyl side chains,
which corresponds to the effective van der Waals
volume. Figure 10 shows top views of the SIDPP
molecules exhibiting alkyl side chain positions in 3-D
(front views and side views are also shown in Figures S8
and S9). The arrows show the farthest distance that
alkyl side chains can extend from the molecular back-
bone. 2-Ethylhexyl chains on the SI core occupy a
smaller volume than do n-octyl chains. The farthest
calculated distances were ~8 A for molecules that bear
2-ethylhexyl chains on the S| core and ~10 A for
molecules that bear n-octyl chains on the Sl core. Note
that this agrees well with the optimized molecular
geometries (Figure 4 and Figures S1—S3) that were
calculated by the DFT method. Both molecular
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Figure 11. (a) Representative transfer characteristics at a constant Vp = —60 V for OFET devices based on the 110 °C-annealed
SIDPP films. (b) Representative output characteristics for an OFET device based on the 110 °C-annealed SIDPP-EO film
(Vg = +60 to —80 V, step size: —20 V). (c) Hole mobility versus annealing temperature plot.

geometry calculations indicate that the smaller effec-
tive volume and shorter distance of the 2-ethylhexyl
groups more effectively facilitate intermolecular pack-
ing, leading to increased crystallinity and tighter mo-
lecular stacking. By contrast, longer n-octyl groups on
the Sl core prevent close molecular packing to some
degree, resulting in molecular disorder within the thin
film. It should also be noted that the two alkyl chains
are appended at the Si atom and lie in both directions
perpendicular to the molecular stacking plane, which
make a greater impact on the molecular packing than
does the alkyl chain on the DPP arms.

Second, the effective size of the alkyl side chains on
the Sl core affected the overall molecular orientation.
The SIDPP molecules tended to be randomly oriented
and nearly amorphous (Figure S6) immediately follow-
ing spin-coating. This is because during this fast drying
process there were a lack of external stimulations
for molecules to self-organize, typically resulting in
molecules near the substrate adopting a face-on or-
ientation by cofacial van der Waals interactions.®*~¢°
Annealing allows molecules to move more freely and
to pack more closely due to strong intermolecular 7—x
interactions.”>>”%” SIDPP-EE and SIDPP-EO molecules
containing smaller 2-ethylhexyl groups on the SI core
can pack more tightly, leading to predominantly edge-
on orientations. Conversely, SIDPP-OE and SIDPP-OO
molecules with bulkier n-octyl groups on the Sl core are
less likely to self-assemble, thereby adopting more
random orientations.

This dependence of molecular orientation on the
kind of substituted alkyl chains on the SI core can be
explained as follows: Molecular orientation is affected
by several factors including molecule—substrate inter-
actions at the bottom of the film, molecule—molecule
interactions in the bulk, molecular solubility, and the
conditions under which the films were formed.' 20646
Molecular reorganization during annealing tends to
yield linear flat aromatic molecules (like SIDPP-EE and
SIDPP-EQ) in an edge-on orientation, since the edge-on
oriented molecular assembly is more thermodynami-
cally favored.®* On the other hand, aromatic molecules

JUNG ET AL.

having bulky substituents (like SIDPP-OE and SIDPP-
00) tend to adopt a more face-on orientation because
cofacial van der Waals interactions between the
m-conjugated backbone and substrate surface prevail
energetically.'92%¢7

Third, alkyl side chains on the DPP moieties sig-
nificantly influenced molecular stacking in the out-of-
plane direction, as determined by comparing the out-
of-plane spacings (d,) found by X-ray diffraction and
molecular widths (d,_,, Figure 4 and Figures S1—S3)
obtained from DFT-optimized molecular geometries
for each of the SIDPP molecules. The (d,, d,_,) values
were calculated to be (17.1, 18.82 A), (19.0, 22.64 A),
(17.9,18.45 A), and (18.9, 24.43 A) for SIDPP-EE, SIDPP-
EO, SIDPP-OE, and SIDPP-OO, respectively. The differ-
ences between the d; and d,_, values are small for
SIDPP-EE and SIDPP-OE molecules (1.72 and 0.55 A,
respectively), bearing the 2-ethylhexyl groups on the
DPP side arms, but much greater for SIDPP-EO and
SIDPP-O0 (3.64 and 550 A, respectively), bearing
n-octyl groups. The larger (d,_, — d) differences in
the SIDPP-EO and SIDPP-OO films suggest that there is
some degree of interdigitation between the n-octyl
chains on the DPP side arms, causing them to prefer-
entially lie in the out-of-plane direction. In this manner,
SIDPP-EO and SIDPP-OO display increased intermole-
cular attraction, consistent with the observed increase
in Ty In short, 2-ethylhexyl groups on the DPP side
arms induce weak interactions between molecules in
the vertical direction, whereas n-octyl groups created
interdigitations with increased intermolecular interac-
tions. Furthermore, these molecular stackings and
orientations directly influence the electrical properties
of OFET and OPV devices.

OFET Properties. Bottom-gate top-contact organic
field-effect transistors were employed to evaluate the
electrical properties of the SIDPP films annealed at 25,
110, and 150 °C. Figure 11a shows the representative
drain current (Ip) versus gate voltage (V) plots at a
drain voltage (Vp) of —60 V for OFETs based on SIDPP
films annealed at 110 °C. The hole mobilities of the
devices were calculated in their respective saturation
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TABLE 2. Electrical Parameters of the OFET Devices Based on the SIDPP Molecular Films

as-cast film 110 °C-annealed film 150 °C-annealed film
molecule i (®N ' s7Y) on/off ratio Von (V) tp (N7 7Y on/off ratio Von (V) tp (e?N ' s7Y) on/off ratio Von (V)
SIDPP-EE 20 x 107 22 % 10° —6 11x 1072 25 x 10* 32 09 x 1072 25 x 10* 34
SIDPP-EQ 18 x 1072 8.0 x 10* 0 32 % 1072 7.1 x 10° 56 31 %1072 5.7 % 10* 50
SIDPP-OF 54 %107 19 x 10 —4 76 x 107 17 x 10° 20 97 x 107 79 x 10° 2%
$IDPP-00 15%x 107 15 x 10° 30 43 x 107 14 x 10° —4 42 %107 3.2 x 10* —6
35
(a) 110°C annealed /| (b) [—=—siDPP-EE:PCBM 110°C annealed
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Figure 12. (a) Photocurrent density—voltage characteristics and (b) EQE spectra of the 110 °C-annealed SIDPP:PCBM
(1:1, wt/wt)-based photovoltaic devices, measured under AM 1.5 G, 100 mW/cm?. The devices were postannealed at 110 °C.

regimes according to the relationship Ip = CuW(Vg —
Vin)?/2L, where W and L are the channel width (800 um)
and length (100 um), respectively, C; is the specific
capacitance of the gate dielectric (11 nF/cm?), Vy, is
the threshold voltage, and u is the hole mobility.
Figure 11b shows the representative output character-
istics (Ip versus Vp) at eight different Vg's for OFETs
based on SIDPP-EO, which displayed well-behaved
p-type transistor characteristics, including a linear re-
gime and a saturation regime. The hole mobilities of
the OFETSs based on the SIDPP films are summarized in
Figure 11c and Table 2. All of the OFETs based on as-
cast SIDPP films exhibited hole mobilities on the order
of 107*ecm? V™" s, except for the device based on
SIDPP-EO films. This is possibly because of the lack of
crystallinity and molecular orientational consistency
(see Figure S6). The as-cast SIDPP-EO film showed
the highest hole mobility of 1.8 x 1072cm? V™' s,
The superior performance of the latter film is likely due
to its highly crystalline structure even at the as-cast
condition. Thermal annealing of the SIDPP films gen-
erally increased the hole mobility, with the effect
depending strongly on the degree to which the crystal-
linity and molecular orientation were improved. A
dramatic increase in hole mobility was observed in
SIDPP-EE films, from 2.0 x 107 *cm? V 's "to 1.1 x
1072 cm? V' s upon annealing at 110 °C. By
contrast, SIDPP-OE and SIDPP-OO films exhibited mod-
erate increases consistent with the smaller observed
change in crystallinity upon annealing (Figure Séc,d
and Figure 6¢,d). The 110 °C-annealed SIDPP-EO films

JUNG ET AL.

TABLE 3. Summary of Photovoltaic Parameters and SCLC
Hole Mobilities of SIDPP:PCBM Devices

Voc Jse PCE Hn
material (V) (mA/am®) FF (%) (m?V~'s™")
SIDPP-EE:PCBM (1:1) as-cast 08 51 038 16 27x107°
110 °C-annealed 082 21 030 05 1.1 x 10°°
SIDPP-EQ:PCBM (1:1) as-cast 074 49 031 11 64x107°
110 °C-annealed 070 37 047 12 28 x 107°
SIDPP-OE:PCBM (1:1) as-cast 081 53 034 15 69x107°

110 °C-annealed 077 75 060 35 87 x 107*

showed the highest hole mobility of 32 x 1072
cm?V~" 577, which is among the highest hole mobilities
reported to date for DPP-based small molecules.>”8~7°
Overall, we demonstrate that the hole mobilities are
strongly correlated with the crystallinity and molecular
orientation in films.

Photovoltaic Properties. OPV devices based on the
SIDPPs were fabricated with the structure ITO/PEDOT:
PSS/SIDPP:PCBM (1:1, wt/wt)/Al, and their photovoltaic
properties were measured under AM 1.5 G, 1 sun
illumination. Figure 12 shows photocurrent density
(J) versus voltage (V) curves and external quantum
efficiency (EQE) spectra of the OPV devices, and
Table 3 summarizes their photovoltaic properties.
The SIDPP-OO0 films were excluded from the OPV study
because the solubility of SIDPP-OO was too low for
OPV fabrication. The as-cast SIDPP-EE, SIDPP-EO, and
SIDPP-OE devices exhibited similar PCEs in the range
1.1—1.6%. After annealing at 110 °C, the SIDPP-EE and
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SIDPP-EO devices showed nearly the same or poorer
PCEs. On the other hand, the PCEs of SIDPP-OE devices
increased significantly, from 1.5% to 3.5%. This PCE
increase was due mainly to a dramatic improvement in
the short-circuit current density (Jso), 7.5 mA cm ™2, and
the fill factor (FF), 0.60.

To better understand the photovoltaic properties,
we characterized the SIDPP:PCBM blend films. Figure 13
shows GIXD patterns of as-cast and 110 °C-annealed
SIDPP:PCBM blend films. SIDPP molecular domains in
the as-cast films were weakly crystalline, just as in the
unblended SIDPP films. When annealed at 110 °C, the
SIDPP-EE:PCBM and SIDPP-EO:PCBM films displayed
increased crystallinity, indicative of phase-separated
domains. The SIDPP-EE molecules, in particular, showed
multiple ordered peaks in the gy, plane with an increase
in the feature corresponding to crystalline PCBM at
around g = 1.4 A~". The two (010) peaks in the in-plane
(gy) direction correspond to peaks at the same posi-
tions in the GIXD pattern of the pure SIDPP-EE film. The
SIDPP-EO molecules in the blend films showed similar
behavior. Average out-of-plane spacings were esti-
mated to be d = 16.7 A and d = 183 A for the SIDPP-EE
and SIDPP-EQ in the blended films, respectively. These
values are close to but slightly smaller than those of the
110 °C-annealed pure SIDPP-EE and SIDPP-EO films.
These observations suggest that the SIDPP-EE and
SIDPP-EO molecules form well-ordered edge-on oriented
stacking between semicrystalline PCBM domains with

as-cast SIDPP-EE:PCBM

as-cast SIDPP-EO:PCBM

0 05 1 15
q, (A1)

slightly reduced crystallinity compared to the corre-
sponding unblended films. By contrast, the annealed
SIDPP-OE:PCBM film showed weak and slightly in-
creased crystallinity compared to the as-cast film. The
reduction in crystallinity presumably results from not
only the originally weaker molecular packing but also
interference by PCBM molecules. However, this sug-
gests that the high interfacial area between the SIDPP-
OE and PCBM molecules can be maintained while each
nanoscopic molecular domain forms, a beneficial char-
acteristic for high-performance OPVs.

Hole mobility in SIDPP:PCBM blend films was de-
termined by the space-charge-limited-current (SCLC)
method, where hole-only devices were fabricated with
the structure ITO/PEDOT:PSS/SIDPP:PCBM (1:1, wt/wt)/Au
and their current—voltage characteristics were measured
in the absence of light. Table 3 summarizes the hole
mobilities of the as-cast and 100 °C-annealed blend
films. After annealing the blend films at 110 °C, SIDPP-
EE:PCBM hole mobility decreased from 2 x 107> cm?
V7 's7't01.1 x 10" ®cm?V " s~ ". The SIDPP-EO:PCBM
film showed a slight increase from 64 x 107°
cam? V! 511028 x 107> cm? V' s, By contrast,
the SIDPP-OE:PCBM film showed a large increase from
69%x10°cm?V s 1087 x 107 *cm?V~ s, akey
factor contributing to high J,. values. The trend in the
hole mobility is strongly associated with the SIDPP
molecular orientation and SIDPP:PCBM blend mor-
phology in the films. GIXD (Figure 13d,e) revealed that

110 °C-annealed SIDPP-EE:PCBM

110 °C-annealed SIDPP-EO:PCBM

110 °C-annealed SIDPP-OE:PCBM

q, (A1)

Figure 13. GIXD images of as-cast (a) SIDPP-EE:PCBM, (b) SIDPP-EO:PCBM, and (c) SIDPP-OE:PCBM blend films. GIXD images of
110 °C-annealed (d) SIDPP-EE:PCBM, (e) SIDPP-EO:PCBM, and (f) SIDPP-OE:PCBM blend films.
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the SIDPP-EE and SIDPP-EO molecules assumed edge-
on molecular stacking between PCBM domains such
that hole mobility in the vertical direction improves
minimally for SIDPP-EO:PCBM blends and declines for
SIDPP-EE:PCBM blends. By contrast, SIDPP-OE mole-
cules showed improved hole mobility in the blend by
adopting a more radial molecular orientation with
increased molecular stacking after thermal annealing
(Figure 13f). Moreover, the continuous nanoscale con-
nections between SIDPP-OE molecules revealed by
morphology studies contributed to the efficient hole
transport. (The morphological features of the SIDPP:
PCBM blend films were thoroughly investigated
using TEM, AFM, and UV—visible spectroscopy and
discussed in the Supporting Information.) Therefore,
the photovoltaic properties are strongly correlated
with molecular orientation, morphology, and carrier
mobility, which was effectively controlled by the
mixed attachment of branched and linear alkyl
chains.

CONCLUSION

To investigate the effect of substituted alkyl side
chains on molecular packing, crystallinity, and orienta-
tion in SIDPP molecules, we synthesized and character-
ized four molecular variants bearing 2-ethylhexyl (E),
n-octyl (0), or both E and O side groups. X-ray diffrac-
tion and NEXAFS studies revealed that the crystallinity
and molecular orientation of the SIDPP molecular films

METHODS/EXPERIMENTAL SECTION

"H NMR spectra were taken on a 400 MHz Bruker advance
400 spectrometer. Molecular weights were measured by matrix-
assisted laser desorption/ionization time-of-flight mass spectro-
metry (MALDI-TOF MS) that was performed on a Bruker Autoflex
lilinstrument. Differential scanning calorimetry (DSC) data were
recorded on a PerkinElmer Pyris 1 DSC instrument at a heating
rate of 10 °C/min between 30 and 300 °C under nitrogen.
UV—visible absorption spectra were recorded on a PerkinElmer
Lambda 9 UV—vis spectrophotometer. Cyclic voltammograms
were performed on a CH Instruments electrochemical analyzer,
and degassed acetonitrile solutions containing 0.1 M tetrabu-
tylammonium hexafluorophosphate (TBAPFy) as the electrolyte
were used. The voltage scan rate was 50 mV/s. A Pt wire
electrode dip-coated with a thin film of the molecule was used
as the working electrode, another Pt wire was used as the
counter electrode, Ag wire (Ag/Ag*) was the reference elec-
trode, and ferrocene (Fc) was used as the internal standard for
energy calibration (Fc/Fct potential was assumed to be 4.8 eV).
X-ray diffraction data were recorded on a Bruker D8 Advance
X-ray diffractometer using Cu Ka radiation (4 = 0.1542 nm) at
room temperature. Grazing incidence X-ray diffraction patterns
were taken at the 9A beamline of the Pohang Light Source (PLS)
in Korea. The wavelength of X-rays was 0.1114 or 0.1101 nm,
and the incidence angle was 0.13°, the angle between the
critical angle of the sample and that of Si. A 2D CCD detector
(model: Rayonix 2D SX165) was used. Near-edge X-ray absorp-
tion fine structure spectroscopy was performed at the 10D XAS-
KIST beamline of the Pohang Light Source in the Pohang
Accelerator Laboratory with 3 GeV energy and 250 mA storage
ring current in top-up mode (constant current). NEXAFS mea-
surements were conducted at ultrahigh vacuum (107° Torr) at
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strongly depended on the type of alkyl side chains in
the molecules and annealing conditions. After thermal
annealing, SIDPP-EE and SIDPP-EO, which contain
2-ethylhexyl groups on the SI moiety, exclusively
adopted edge-on molecular orientations with high
crystallinity. By contrast, SIDPP-OE and SIDPP-OO,
which contain n-octyl substituents on the SI moiety,
preferred radial orientations. This indicates that
2-ethylhexyl groups on the SI core facilitate intimate
molecular packing, whereas the longer n-octyl groups
prevent close molecular packing to some degree,
resulting in greater molecular disordering in thin films.
Linear n-octyl substituents attached to DPP side arms
effectively facilitated molecular packing in the vertical
direction relative to the substrates via octyl—octyl
interdigitation. This molecular stacking directly im-
pacts the electrical properties of the cast films. Highly
edge-on oriented SIDPP-EO molecules exhibited the
highest hole mobility of the synthesized SIDPP variants
(3.2 x 107 2cm?V~" s~ 7). This is one of the highest hole
mobilities reported for solution-processable DPP-
based small molecules. SIDPP-OE molecules adopted
a radial distribution of molecular orientations in SIDPP-
OE:PCBM blend films with the greatest PCE value of
3.5%. Collectively, this work clearly shows the good
correlation between electrical properties and molecu-
lar packing and orientation, which was optimized by
altering the alkyl side chains attached to a molecular
backbone.

300 K with a beamline resolution of about 600 meV at carbon
K-edge energy. Carbon K-edge collection was performed in
total-electron-yield mode with a sample current measurement.
Spectra collected at six incidence angles with respect to the
surface plane, i.e,, 15°, 30°, 45°, 60°, 75°, and 90°, were normal-
ized by subtracting the spectra at 280 eV and normalizing with
respect to carbon concentration by their intensity at 330 eV. The
surface morphology of the samples was investigated by tapping
mode atomic force microscopy (AFM) (D3100 Nanoscope V,
Veeco) and transmission electron microscopy (TEM) (PhilipsCM-30).

Simulations of the Effective Volume with Quantum Mechanics/
Molecular Mechanics Molecular Dynamics Simulation). Molecular dy-
namics simulations were performed to measure the solvent-
accessible surface of alkyl side chains attached to the SIDPP
backbone. As shown in DFT-optimized structures, SIDPP has
mostly planar structure due to the s-conjugation along the
backbone consisting of SI and DPP units. Classical MD simula-
tion cannot properly describe the rigidity of conjugated systems
and allows rotation along the double bond with a relatively
small activation energy. To overcome this, we chose the MD
simulation with AM1 potential using the semiempirical quan-
tum method based on the Hartree—Fock formalism. Even
though semiempirical methods give us a good balance be-
tween computational accuracy and cost, it is still not enough to
correctly consider highly conjugated systems. To improve the
rotational potential along the bond between SI and the DPP
unit, the potential energy surface was obtained through the
scan coordinate methods implemented in Gaussian 09. Here,
the dihedral angle between Sl and the DPP unit was scanned
with a step size of 10°. At each dihedral angle, the structure was
optimized through DFT calculations using B3LYP with a valence
double-¢ polarized basis set, 6-311G(d,p), and the energy was
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calculated. With the resulting potential energy surface, we
obtained the rotational energy barrier gap between the DFT
and AM1 methods as described in Figures S13 and S14. As a
result, we could describe the SIDPP backbone as if we used
quantum mechanical methods with a high basis set by perform-
ing the MD simulation with AM1 methods. This approach gave
us the advantage of saving time and increasing accuracy
simultaneously. The MD simulation with the AM1 method was
supported in the Amber 12 molecular dynamics program.

Occupancies of each different alkyl side chain on the SIDPP
backbone can be represented as a three-dimensional grid of
values by using UCSF Chimera. Before getting the occupancy
we defined a reference set of atoms to hold steady to keep these
atoms in the same place as much as possible, and then the
trajectory frames were transformed. In this case, we selected
three atoms on each backbone anchored to the alkyl chains.
To estimate and represent the effective volume involved in
the intermolecular interaction, it was necessary to offer a new
parameter. Thus, we set the planes composed of backbone
units and the points to the greatest point (green ball) on the
volume. With this, we offered a mean effective distance as
the parameter by measuring the distance from the planes to the
points.

Fabrication of Organic Field-Effect Transistors. OFET devices were
fabricated on a highly doped n-type Si wafer with a thermally
grown 300 nm thick oxide layer. The doped n-type Si wafer
served as the gate electrode, and a thermally grown 300 nm
thick SiO, layer acted as a gate insulator. The wafer was cleaned
in piranha solution for 30 min at 100 °C and washed with
distilled water. Then, the SiO; layer was treated with octadecyl-
trichlorosilane (ODTS, Gelest, Inc.) to remove the hydrophilic
silanol groups on SiO,. A 40 nm thick layer of the SIDPP
molecules was spin-coated from a 0.5 wt % chloroform solution
onto the ODTS-treated substrates. After spin-coating, the sam-
ples were dried in a vacuum chamber for 24 h. The molecular
films were thermally annealed for 30 min in a vacuum chamber
at three temperatures, RT (as-cast), 110 °C, and 150 °C. The
50 nm thick Au was vacuum-deposited through a shadow mask
on the molecular film to form source/drain electrodes with
channel lengths and widths of 50 and 800 um, respectively.
Current—voltage characteristics of the resulting OFET devices
were measured using Keithley 2400 and 236 source/measure
units under vacuum conditions (10~° Torr) in a dark environ-
ment at room temperature.

Fabrication of Hole-Only Devices. Hole mobilities were measured
on hole-only devices with a structure of ITO/PEDOT:PSS/SIDPP:
PCBM (1:1 wt/wt) blend film/Au. Current density versus voltage
characteristics were recorded under dark on a Keithley model
2400 source measuring unit. Hole mobilities were determined
using the SCLC method, based on the following equation:

2

J = gsreouh% M
where &, is the permittivity of free space, &, is the dielectric
constant of the blend film (assumed to be 3), uy is the
hole mobility, V = V55 — Vi — Va (Vappr the applied bias; Vy;,
the built-in potential due to the difference in electrical contact
work function; V,, the voltage drop due to contact resistance
and series resistance across the electrodes), and L is the thick-
ness of a photoactive layer.

Fabrication of Organic Solar Cells. OPV cells were fabricated
using a photoactive layer of SIDPP (SIDPP-EE, SIDPP-EO,
SIDPP-OE, or SIDPP-O0):PCBM blend film. Prior to device fabri-
cation, the ITO-coated glass substrates (15 €2/sq, 2.5 x 2.5 cm?)
were cleaned ultrasonically in isopropyl alcohol, acetone, and
isopropyl alcohol, for 10 min each. The ITO glass substrates were
then treated with UV/O3 for 15 min. The clean ITO substrate
was coated with a 30 nm thick layer of poly(3,4-ethylene-
dioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) at 80 °C
for 10 min. On top of the PEDOT:PSS layer photoactive layers
were formed by spin-coating using a chloroform solution
(12 mg/mL) containing an SIDPP molecule and PCBMs at various
ratios of 7:3, 1:2, 1:1, and 3:7 (w/w). The thickness of the
photoactive layer was ~90 nm. Lastly, a 100 nm thick Al layer
was thermally evaporated through a shadow mask at a pressure
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of less than 2 x 107° Torr with a deposition rate of ~5 A/s. The
active area was 0.12 cm?. After the Al deposition, OPV devices
were annealed at 80, 110, and 150 °C for 10 min. The 1:1 (w/w)
ratio and 110 °C thermal annealing were optimal for photo-
voltaic performance. Photocurrent density versus voltage (J—V)
characteristics were recorded on a Keithley model 2400 source
measuring unit. A class-A solar simulator with a 1000 W xenon
lamp (Yamashita Denso) equipped with a KG-5 filter was used to
measure photovoltaic performance. Its light intensity was ad-
justed to 100 mW/cm? with AM 1.5 G 1 sun light using an NREL-
calibrated mono Si solar cell. EQE spectra were taken as a
function of wavelength from 300 to 800 nm on an incident
photon-to-current conversion equipment (PV Measurement
Inc.). Calibration was performed using a G425 silicon photo-
diode, which is NIST-calibrated as a standard.
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