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Abstract:

In the past three years, our research project sponsored partially by AFOSR has been focused on
developing low bandgap semiconducting polymers as both the donor and acceptor materials for
BHJ solar cells. Research effort were also devoted to establish structure-property relationship
and develop approaches to optimize light harvest, charge separation and charge collection, thus
the overall power conversion efficiency (PCE). We have made very important contributions to
the field and developed a series of new semiconducting polymers for highly efficient ternary
polymer solar cells. We also discovered cooperative plasmonic effect of dual precious metal
nanoparticles in enhancing PCE of BHJ solar cells. Multiwall carbon nanowire were introduced
to significantly enhance the charge collection. These results have had significant impact to the
area. Several polymers developed in our lab are now widely investigated around world. Seven of
the papers published are highly cited as indicated by SCI.

Accomplishments:

In the past three years, we made significant progress in four research directions in OPV solar
cells.

1. Establishing structure property relationshipbetween Low Bandgap Polymers and Their
Organic Solar Cells Performance.

A key challenge of the development of organic photovoltaic devices is obtaining a predictive
understanding of the relationship between polymeric structure of the donor material and device
performance. Among the factors that may influence solar energy conversion, the nature of
electron donating and accepting materials and the morphology of the composites play the crucial
roles in determining the final performance of the devices. In recent years, fullerene derivatives
such as [6,6]-phenyl C71-butyric acid methyl ester (PC7:BM) have been widely adopted as
electron acceptors due to their low lying energy levels and relatively high electron affinity and
mobility. It was also found that addition of a small amount of high boiling point solvent,
generallyl,8-diiodooctane (DIO), can reliably improve the morphology of most of the composite
systems.*®2% Thus, we focus our main effort on understanding the structure/property correlation
of electron donor materials in order to develop innovative strategies for achieving high
performance solar cells.

In previous studies, a linear correlation of the calculated dipole moment change between the
ground and excited states Apge Of single repeating units in charge transfer polymers was
established, suggesting a larger local Apuge could defray a part of exciton binding energy, leading
to a higher power conversion efficiency (PCE). We further synthesized a new low bandgap
polymers incorporating an artificial sweetener derivatives, N-alkyl, 3-oxothieno[3,4-d]isothiazole
1,1-dioxide (TID). Semi-empirical calculations on the local dipole moment change between
ground and excited states (Apge) in the repeating units of the new polymer indicate that the
replacement of the carbonyl by a sulfonyl group leads to larger Apge values. The resulting
polymers exhibit diminished power conversion efficiency (PCE) from bulk heterojunction (BHJ)
solar cells with PC7:BM as acceptor, which extends the correlation between PCE and Apge Of



single repeating units in p-type polymers to a new regime. Detailed studies show that the
strongly electron withdrawing sulfonyl group is detrimental to charge separation in alternating
copolymers containing TID unit.

Semi-empirical calculations on the local dipole moment change between ground and excited
states (Apge) in the repeating units of the new polymer indicate that the replacement of the
carbonyl by a sulfonyl group leads to larger Apge values. The resulting polymers exhibit
diminished power conversion efficiency (PCE) from bulk heterojunction (BHJ) solar cells with
PC71BM as acceptor, which extends the correlation between PCE and Apge Of single repeating
units in p-type polymers to a new regime. Detailed studies show that the strongly electron
withdrawing sulfonyl group is detrimental to charge separation in alternating copolymers
containing TID unit.

1.1. Synthesis of polymers: The TID unit was prepared according to a modified literature
procedure.?® In order to anchor alkyl side chains on the original artificial sweetener unit, the
phase transfer catalyst 15-crown-5 was used to achieve a relatively high conversion yield. Two
different solublizing alkyl side chains were used, octyl and 2-ethylhexyl (used in PID1 and 2,
respectively). The final monomer TID was prepared via a modified bromination procedure in the
presence of strong Brgnsted acids (See Scheme S1 for synthetic details). The BDT and TPD
units were synthesized according to previous published procedures.”?’ Polymers were
synthesized via Stille polycondensation using Pd2(dba)s/P(o-tolyl)s catalyst in refluxing
chlorobenzene (CB) for 48 hrs.%?® For comparison, another known polymer with a relatively
large Apge value (PPB) was also synthesized and characterized in the same conditions as Scheme
1.

Scheme 1 Synthetic routes of Polymers.
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1.2 Optical and electrical properties of polymers

As shown by Gel permeation chromatography (GPC) measurements, these polymers exhibit
number-averaged molecular weights between 12.0 and 18.6 kg/mol with a dispersity index (D)
around 2 (Table S1). The structures of polymers were confirmed by *H NMR spectra (Figure S1-
S11) and elemental analyses (Table S2). Both the solution and thin-film optical absorption spectra
of the polymers are presented in Figure 1. All polymers showed similar absorption range from 320
to 700 nm, and the absorption edge was nearly identical. The absorption maximum of the PID
polymers was slightly blue-shifted compared to the PPB polymers. The cyclic voltammetry (CV)
(Figure S12) studies indicated that the HOMO energy levels of PID1 and PID2 were at -5.44 and
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-5.52 eV, approximately 0.1 eV lower than their corresponding PPBs; while the LUMO energy
levels were at -3.55 eV and -3.50 eV, respectively.

Figure 1. Normalized UV-vis absorption spectra of the polymers () in diluted chloroform
solution and b) in pristine polymer films.
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1.3 Current-Voltage (J-V) characteristics of the polymer solar cells

The  photovoltaic  properties  were  investigated in  the  device  structure
ITO/PEDOT:PSS/polymer:[6,6]-phenyl-C71-butyric acid methyl ester (PC71BM)/Ca/Al. Al
solar cell data used in comparison of physical properties were determined based on this device
structure. The active layers of ~100 nm were spin-coated from 10 mg/mL chlorobenzene (CB) and
DIO (v/v, 97:3) solutions. The corresponding J-V curves of the four polymer solar cells under AM
1.5G condition at 100 mW/cm? are presented in Figure 2a. Representative characteristics of solar
cells are summarized in Table 1. Devices fabricated from PID1, PID2, PPB1 and PPB2 showed
best PCE values at 3.28%, 3.05%, 5.97%, and 4.48%, respectively. Figure 2b depicts the external
quantum efficiency (EQE) curves of the four solar cells. The PPB1 showed highest EQE values
around 60% within the spectral range from 450 to 650 nm while PID2 showed the lowest EQE
values ca 30%. Changes in EQE curves are in good agreement with the observed Jsc values from
the four polymers. Hole mobility of all four polymers, measured using spacing charge limited
current (SCLC)? method, were ~2.42 x10*, 2.71x10™* 3.69x10* and 3.34x10™* cm? V1 st for
PID1, PID2, PPB1 and PPB2, respectively (Figure S13). Along with the EQE curves, the mobility
values match with the Jsc trend well. Although PIDs exhibits high open circuit voltage due to a low

HOMO energy level, small current density and low fill factor limit the overall solar cell
performance.



Figure 2. (a) Characteristic J-V curves of the four solar cells and (b) EQE curves of the four solar

cells.
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To ensure that the comparison of solar cell performance is meaningful, the morphologies of these
polymer films were optimized for the device performance by using organic additive in the film
fabrication.3® As shown in the transmission electron microscopy (TEM) images of blend films
with and without DIO in Figure S14, all four solar cells with DIO exhibit fine phase separations
while severe phase segregation was observed in the blend films without DIO, leading to almost
zero photovoltaic effect (Figure S15).

Table 1. Comparison of Photovoltaic Parameters of TID and TPD-containing Polymers in the
Blend with PC7:BM (CB/DIO, Polymer/PCBM = 1:1.5 Weight ratio).

Polymer [ HOMO* (eV) |[LUMO* (eV) [ Vo (V) | Js (MA/cm?) [ FF (%) | PCE (%)
PID1 5.44 3.55 0.85 7.06 547 | 3.28
PID2 552 3.40 0.88 5.94 58.6 | 3.05
PPB1 | 5.38 3.55 0.86 10.40 666 | 5.97
PPB2 | 5.40 3.55 0.88 8.23 62.2 | 4.48

Note: * From CV data.

1.4. Correlation of Apge change and solar cell performance

The results shown are those for the optimized solar cells and therefore it is believable to use them
to compare with other similarly optimized systems. The dipole moments of single repeating units
in PID1 and PPB1 were calculated using the procedure in our previous study.*® The results are
presented together with the optimized PCE values in Table 2 along with data for other polymers
previously reported. To simulate the randomized orientation of the asymmetric TID unit, the
average dipole moment for each polymer repeating unit was determined and used for the analysis
of dependence of PCE values on dipole changes. Both the ground and excited state dipole moments
were calculated for each polymer repeating unit in the series. The overall change Apge was
calculated by accounting for the changes of the dipole along each coordinate axis. Our previous
data indicated that a linear correlation between Apge and PCEs exists, where the PTB7 showed the
highest values of both PCE (7.4%) and Apge (3.92 D). Such a trend was explained as an indication
of local electron density gradient that defrays a part of the exciton binding energy, which enabled
the cation generation in these polymers via intra-chain charge transfer even in solution.®? However,
the results shown here indicate that further increasing Apge actually lowers PCE in the
corresponding solar cell. PPB1 has a larger Apge, but a lower PCE value of 5.97% than PTB7. The
most notable dipole moment change Apge comes from the TID-based polymer PID1 which is
almost twice as large as PTB7. However, it exhibits a PCE value only slightly above 3%, indicating
that the linear relationship of Apge vs PCE did not extend (Figure 3) into the larger Apige regime.

Table 2. Calculated Single Repeating Unit Dipole Moments and the Corresponding Optimized
PCE Values.



Polymer Hg (D) He (D) Age (D) PCE (%)
PTB2 3.60 6.37 2.96 5.10
PTB7 3.76 7.13 3.92 7.40
PTBF2 3.35 5.45 241 3.20
PBB3 0.61 0.82 0.47 2.04
PBIT1 4.46 4.80 0.34 1.96
PBIT3 6.99 6.83 -0.16 0.47
PBTZ1 0.88 241 1.52 3.46
PBTZ2 1.92 1.48 -0.44 0.29
PPB1 3.58 7.60 4.82 5.97
PID1 4.69 12.08 8.26 3.28

Figure 3. Correlation of PCE values with calculated dipolar changes of polymer repeating unit.
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To explain these trends, we can reason that a higher Apge implies a larger displacement of hole-
electron pair in an exciton, lower Coulombic interactions between charges, and hence a reduced
exciton binding energy. In addition, the introduction of strong electron withdrawing group
simultaneously enhances the polarizability of excitons and lowers the polymer LUMO energy level.
Ideally, the polarized exciton facilitates an electron transfer from the polymer blocks with lower
electron affinity to the adjacent blocks with higher electron affinity and then to fullerene. However,
the sulfonyl group exhibits strong electron accepting ability, leading to a much larger Apge (8.26
D) than PTB7 (3.92 D) and a highly polarized exciton with a larger effective separation of charges
within a polymer repeating unit and beyond. When Apge is too large, the polarized polymer
repeating units could also acts as trapping or recombination centers for electrons and compete with
the electron injection to the fullerene. This happens in the PPB and PID series of polymers,
particularly PID1, with LUMO energy nearly 0.24 eV lower than that of PTB7. Ultrafast
spectroscopic results, taken at 840 nm at which the cationic state absorption of the PID or PPB
polymer in blended films dominates, confirmed this hypothesis. Although the rising time of the
PID1 cation signal is still nearly 1 ps, the intramolecular charge separation (CS) dynamics in PID1
are slower than those of PTB7. The charge recombination (CR) of the cationic state, however, is
relatively fast for the PID1 polymer. The CR traces of the PID1 polymer were fit to a tri-
exponential decay of 2 ps, 60 ps, and > 2 ns. At 3 ns, the cationic signal of only <10% remains,
which is much smaller than those in PTB7 (Figure 4). The increased recombination rate is
attributed to the increased binding energy of the bound charge transfer state within the polymer,
which enhance the recombination probability. These results seem to indicate that the TID unit is
too strong in electron-withdrawing ability to be useful in heteropolymers used as donor materials.
An optimized polarizability in polymer repeating units is achieved with a Apge around 4 Debye.



Figure 4. The charge separation (rise) and recombination (decay) dynamics monitored at the
signals of the cationic state in the PID1 polymer. For comparison, the CS and CR of PTB7 are also
shown.
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1.5. Further synthetic effort was focused on the roles of quinoidal character and
regioregularity in determining the optoelectronic and photovoltaic properties of conjugated
copolymers.

An efficient synthetic method for creating ladder-type, oligomeric donor monomers with fused
thienobenzothiophene structures. These monomers are copolymerized with fluorinated thieno[3,4-
b]thiophene ester to form a series of polymers which were investigated as donor materials in
polymer/fullerene solar cells. Photophysical and electrochemical characterizations are used in
conjunction with quantum-chemical calculations to identify the interplay of quinoidal and charge
transfer character in the optical gaps of conjugated copolymers, providing broadly applicable
design rules for tuning the excitation character of conjugated copolymers. X-ray diffraction,
mobility measurements, and solar cell device characterization are used to analyze neat films and
bulk heterojunctions of these copolymers, demonstrating the importance of the spatial symmetry
of the donor and acceptor unit in determining the charge transport characteristics of conjugated
copolymers.

An issue in conjugated copolymers that is not often discussed, but is of vital importance, is the
regioregularity of these polymers. While this issue was at the forefront of polymer design in
previous generations of materials, notably P3HT,*** this topic has lost interest in recent studies
of novel copolymer materials, although some careful studies have examined these effects in donor-
acceptor polymers.® In recent work, we have computationally examined the effects of
conformational and structural dispersion in the optoelectronic properties of conjugated
copolymers®? and found that copolymers synthesized via non-selective cross coupling reactions
such as Stille Coupling, can exhibit dispersion in their optoelectronic properties when the co-
monomers do not possess the appropriate symmetry operations. The exact role of this energetic
dispersion in the charge transport properties of conjugated copolymers is unclear, though it is
known that the tail of the density of states primarily determines Voc,>® and that energetic disorder
localizes charge carrier wavefunctions, which should decrease Jsc. Consequently, the dispersion
of these properties that results from such structural and conformational isomerism is fundamental
to interpreting the bulk device properties of these materials, and could benefit from an
experimental study of charge transport characteristics in polymers that possess variable amounts
of structural dispersion.

Fused thienobenzothiophene polymers have demonstrated much success when employed in
conjugated polymer/fullerene based BHJs. The original design idea for the highest performing
fused thienobenzothiophene polymer, PTB7, was to create a low band gap polymer with enhanced
quinoidal structure resulting from the thienothiophene (TT) moiety, which would facilitate charge
delocalization and transport by increasing the [1-conjugation, as well as improved [J[1[] stacking
capability resulting from the introduction of the conjugated fused aromatic ring moiety,
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benzodithiophene. Furthermore, these types of conjugated copolymers have demonstrated high
versatility for fine-tuning energy levels as well as electronic properties via fluorination®* and side-
chain substitution effects. Given our experience with these materials, we can use these chemical
motifs as models for examining the general properties of conjugated copolymer chemistry and
physics. It is well known that materials with extended conjugation in structure were studied
extensively as candidates in organic field effect transistor when they showed appreciable charge
carrier mobility.>>>" Previous work on small oligomers has examined the effects of the
thienothiophene quinoidal character on optoelectronic functionality in these materials.>® However,
how the thienothiophene quinoidal character propagates in a periodically repeating polymer
system as a function of comonomer size and chemical identity represents a fundamental gap in the
knowledge base of these systems. Additionally, these chemical motifs present an excellent
opportunity for the examination of the previously mentioned dependencies on regioregularity by
simply altering the symmetry of the donor comonomer. By perturbing the original PTB7 chemical
structure, we are positioned to answer a variety of important questions in the physics and chemistry
of conjugated copolymers.

Previous work has shown that a polymer made from five-ring heteroacene donor units exhibits a
similar PCE as PTB7 in a simple solar cell device.>® To investigate the effect of the electron
delocalization, a generic method was developed to synthesize oligo-heteroacenes with varied
number of fused rings (Scheme 1). The key building block is the compound 1, 1,4-dibromo-2,5-
dialkoxy-3,6-bis(methylsulfinyl)benzene (S1). Pd-mediated coupling reaction between compound
1 and compound 2 in 1:2 ratio yielded precursor 3, which was cyclized by a ring closing reaction
to form R5. Lithiation of R5 followed by stannylation generates monomer 1, which has five fused
rings. Similar coupling reaction between compounds 1 and 2 in 1:1 ratio yielded compound 4 that
can be further coupled with compound 5 to yield precursor 6. Identical cyclization and stannylation
reactions lead to monomer 2. When compounds 1 was coupled with 2 equivalent of compound 5,
the precursor 7 was formed, which can be cyclized to fused nine rings (R9) and then be stannylated
to form monomer 3.

Scheme 2: Synthesis of monomers
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Among these conversions, the key step is the ring-closing reaction, which is an intramolecular
electrophilic substitution by using trifluoroactetic acid (TFA) and P2Os as the reagent, followed by
elimination reaction in pyridine. The triisopropylsilyl (TIPS) group played a vital role, since it not
only enriched the electron density of the aromatic system, favoring the electrophilic addition, but
also prevented the active alpha position of thiophene unit from intermolecular side reactions.
Interestingly, the TIPS group attaching to the BDT unit had been mostly removed during ring-
closing step, while that on the thiophene unit remained intact, until TBAF was added as observed
in the synthesis of R7.

Scheme 3 Synthesis of polymers and the structure of PC71BM
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The resulting monomers were polymerized with F-substituted dibromo-thienothiophene ester
monomer via the Stille polycondensation (Scheme 3). GPC measurements showed sizable
molecular weights for these polymers (Table 3). NMR spectra and elemental analysis support the
structure as proposed. It was found that PTR5a polymer, with 2-ethylhexyloxy (O-EH) side chains
was barely soluble in common organic solvents like THF, chloroform and chlorobenzene, and was
not further studied. When the side chains were changed to bulkier 2-butyloctyloxy (O-BO) groups,
the resulting polymer PTR5b exhibited good solubility. Both PTR7 and PTR9 show good
solubility in organic solvents with both the EH and BO side chains, simply because R7 (4 side
chains/7 rings) and R9 (6 side chains/9 rings) bear more side chains than the R5 (2 side chains/5
rings).®%6! The TGA studies indicated that the polymers are stable up to around 310 °C at which
weight losses of 5% were observed (SI).

Table 3: Molecular weight and UV-vis absorption properties of polymers
Mn(kg 5, Apeak  Ronset Egomt
/mol) (nm) (nm) (eV)
PTR5b 356 215 659 747  1.66
PTR7a 126 157 595,627 703 1.77
PTR7b 123 154 586,624 696 1.78
PTR9a 11.0 2.62 580,620 675 1.84
PTR9b 147 282 580,625 678 1.83

Polymers

2. Optical and electrochemical properties

The optical absorption spectra of PTR5, PTR7, and PTR9 were recorded in both chlorobenzene
solution and the neat film, the results of which are similar, as in the case of PTB7, which is
suggestive of solution-phase aggregation. Those for the neat film are summarized in Table 3. By
looking at the red edge of the neat film absorption spectra for PTR5, PTR7, and PTR9 (Figure
5a), an apparent blue-shift is observed in the optical absorption as the length of the donor unit is
increased from PTR5 to PTR9. The electronic band gaps of these polymers were measured with
cyclic voltammetry (CV), using thin films coated on a glass carbon electrode with a scan rate of
50 mV/s and electrolyte BusNPFs in CH3CN solution (0.10 M). The measured electronic band
gaps (Figure 5b) demonstrated a similar overall blue shift in going from PTR5 to PTR9. However,
this trend is in contrast with the absorption spectra of donor monomers, which showed a red-shift
from R5 to R9 (Figure 5c¢).
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Figure 5 (a) UV-vis absorption spectra of polymers in films gained from spin-coating of their
chlorobenzene solution to clean glass. (b) Energy level diagram of polymers. (¢) UV-vis absorption
spectra of donor monomers in dilute chloroform solution.

The observed shift in the optical gap of polymers and donor monomers seems to be counterintuitive
that increasing the size and rigidity of the pi-electron system does not reduce the optical gap of
conjugated polymers. However, it is important to pay close attention to the nature of the molecular
units along the backbone, as many potential mechanisms for lowering the optical gap of conjugated
polymers exist.2 All polymers studied here consist of copolymers of the highly quinoidal
thienothiophene unit®3% and the highly aromatic fused benzodithiophene donor units. As the
number of fused benzodithiophene units of the donor grows, the energy penalty becomes too large
to be overcome by the quinoidal character of the thienothiophene unit. As a result, the longer donor
moieties prefer fused aromatic rings to the quinoidal form, thus preventing the band gap from
further narrowing. In the extreme limit of infinite donor length, the optical absorption should reach
the limit of the donor monomer unit. Consequently, by increasing the size of the fused
benzodithiophene donor units in an attempt to enhance pi-stacking and decrease the optical gap, it
appears that we have fundamentally altered the nature of the optical excitation by changing the
quinoidal/aromatic character of the backbone

3. Computational work

Ground and excited-state density functional theory (DFT) calculations were performed to support
the above hypothesis. An oligomer of each repeat unit was chosen (SI), and a ground-state
geometry optimization was performed at the EDF1/6-31G* level of theory. In these calculations,
all alkoxy groups were simplified to methoxy groups. These ground-state oligomer structures were
then used as input to ground-state DFT and excited-state time-dependent DFT (TDDFT)
calculations at the OT-BNL/6-31G* level of theory.%® These results are summarized in Table 4.
Excitations on ground-state vacuum structures should not match up quantitatively with the
absorption edge, due to polarization and flattening effects in the film.%® However, the OT-BNL
method has been used to accurately determine the excitation energies in studies on similar
materials.®” While the absolute values of our computed optical gaps are shifted from experimental
results, the relative blue-shift of each structure was accurately predicted, and compares favorably
with the experimental spectrum, confirming that the blue-shift is indeed due to the changes in
chemical structure, and not solely the result of differential polymer aggregation in the film.

Table 4 Calculated energy levels and gaps for polymers
HOMO LUMO Eg™

Polymers (eV) V) (eV)
PTB7 -5.09 -1.06 214
PTR5 -5.03 -1.01 212
PTR7 -5.14 -094 225
PTR9 -5.12 -0.82 232
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In order to quantify this further, DFT calculations (OT-BNL/6-311G**) were performed to
determine the energy level alignment of the donor and acceptor units used in these copolymers. It
was determined that indeed the band gaps of the donor monomers become narrow as they become
longer, which is consistent with the optical absorption spectra of monomers as present in Figure
1c. However, when comparing with the acceptor monomer thienothiophene, it is clear that as the
conjugation of the donor unit increases above the 5-ring (PTR5), the lowest unoccupied molecular
orbital (LUMO) level of the donor drops below the LUMO of thienothiophene (Figure 6).
Consequently, the conjugation in the resulting polymers (PTR7 and PTR9) between the donor
monomer and acceptor monomer becomes less efficient, decreasing the charge transfer nature of
the excitation, resulting in a less quinoidal structure, and the blue shift of the polymers relative to
PTB7.

A
0.69 eV
Lumo .27 eV
0.13eV 927
— Lumo -0.09 eV
—_— 2029 eV
>_ LUMO
QL
X %
2 5.78 eV
=J. e
in -6.02 eV —
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HOMO
-7.56 eV
HOMO

. ¥a¥a. Ta¥al
FIT BDT(R3) RS R7 R9

Figure 6. Calculated energy levels of monomers. Geometry was optimized at EDF1/6-31G* and
energy levels were calculated at OT-BNL/6-31G*.

4. X-Ray Diffraction

The blend films of polymers show uniform and fine features according to TEM studies (SlI). The
GIWAXS studies (Figure 7) indicate that neat and blend PTRS5, PTR7, and PTR9 films all exhibit
scattering between g = 0.32-0.38 A1 which relates to d-spacings of 20 A — 17 A corresponding to
PTR lamellar stacked regions and is determined by the type and orientation of the alkyl side
chains. This scattering can be divided into two distinct regions: an arc growing from gxy = 0.32-
0.36 At and a more localized peak at g, = 0.33-0.38 A™. In general, features along the horizontal,
Qxy, axis describe the in-plane structure while features along the vertical, g, axis roughly describe
the out-of-plane structure,®® so the presence of lamellar stacking in both the horizontal and vertical
suggest that two different orientations and crystal packing are present in the PTR thin films. The
out-of-plane lamellar stacking indicates an edge-on orientation of the polymer and a smaller d-
spacing, while the in-plane lamellar stacking indicates a face-on orientation of the polymer and a
larger d-spacing. For neat films of PTR9a and PTR9b, in addition to the lamella scattering peaks,
an out-of-plane scattering peak appears at q = 0.54 A (1.1 nm) and q = 0.49 A? (1.2 nm),
respectively, consistent with the change to larger side chains in PTR9b. We attribute this peak to
different polymorphs of the edge-on lamellar stacking in PTR9 which can be attributed to different
side chain orientations. While it is possible these polymorphs exist in the PTR5 and PTR7
polymers, we suggest that they are more highly ordered in the PTR9 polymers due to the increased
backbone rigidity. These polymers also exhibited q = 1.61~1.65 A corresponding to a n-r d-
spacing around 3.8-3.9 A. Note that the n-m stacking is only present in the vertical direction, so
while edge-on lamellar stacked domains are present, the edge-on domains do not create 3-
dimensional -7 stacked crystals. In the neat films, a broad isotropic scattering peak at q = 1.0-1.3
Al is attributed to amorphous scattering, while in blend films, the isotropic ring at q = 1.4 A is
due to the PCBM structure
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Figure 7: (a) 2D GIWAX images for neat polymer films (upper) and polymer/PCBM blend films
(lower). (b) Linecut of GIWAX images of neat polymer films on horizontal (left) and vertical
(right) direction. (c) Linecut of GIWAX images of polymer/PCBM blend films on horizontal (left)
and vertical (right) direction.

Scherrer analysis is used to measure trends in the crystalline domain size of the lamellar stacked
domains and the n-n stacked domains. Neat PTR5 and PTR7 films exhibit small face-on lamellar
crystalline domains of 4-6 nm while both PTR9 films contain domains of 8-10 nm. The n-x stacked
domain size follows a similar trend (Table 5) and we attribute the increased domain sizes in PTR9
to its increased backbone rigidity, leading to more ordered polymer domains. In blend films, the
reverse trend is observed and the face-on lamellar domain size is smaller for PTR9 (~4 nm) than
for PTR7 (5.6-7 nm) and PTR5 (~8 nm). The n-rn stacked domain size cannot be confidently
calculated due to its low intensity and overlap with the PCBM peak. After forming blend film with
PCBM, all of polymer domains are homogenized to 2-5 nm, indicating that the polymer phase
separation is ideal for exciton migration.

Table 5: Lamellar and n-= d-spacing and domain size for both neat and blend films of polymers

Lamellar N -1 N
A) Domain size (A) A) Domain size (A)

Polymers
neat neat blend neat neat blend
PTR5b 19.91 65 84 3.83 18 23
PTR7a 17.60 42 56 3.80 41 33
PTR7b 18.14 49 72 3.83 12 32
PTR9a 17.78 102 40 3.84 49 50
PTR9b 19.13 83 45 3.88 46 31
5. Hole mobility

The hole mobilities of polymers were measured according to the Space Charge Limited Current
(SCLC) model, and the results were plotted in Figure 4, from which hole mobilities of 5.02x10%,
2.50x10, 5.56x10°, 1.32x10*, 1.11x10* cm?/V-s were observed for PTR5b, PTR7a, PTR7b,
PTR9a and PTR9b, respectively (Figure 8). PTR5b exhibits similar mobility with PTB7. A
significant decrease occurred when the polymer’s donor moiety changed to larger conjugated
system. The hole mobility of PTR9 dropped to about 1/5~1/4 of that of PTR5, and that of PTR7
was even 2 orders of magnitude smaller than that of PTR5. While one would expect increased
conjugation and rigidity of the donor moiety to favor for charge carrier transport, the decrease in
mobilities appears to correlate with the side-chain to fused ring ratio of PTR5 through PTR9. As
the fused ring system is made longer, the ratio of side-chains to fused rings grows. More alkyl
side-chains would disrupt n-n stacking, and decrease charge transport by lowering intermolecular
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charge transfer couplings. While this explanation is capable of explaining the general trend of
decreasing polymer mobility as the length of the donor unit grows, it is not capable of explaining
the drastic decrease in the mobility observed for PTR7. Upon examination, it becomes clear that
PTRY7 differs from PTR5 and PTR9 in that it exhibits only C1 symmetry. As shown in recent
work,>? whether or not the donor and acceptor units possess appropriate symmetry in a Stille
condensation process determines the width of the distribution of structural and conformational
isomers. While most copolymers in the literature consist of symmetric donor and a symmetric or
asymmetric acceptor, PTR7 consists of asymmetric donor and an asymmetric acceptor. The
backbone of the copolymer then will exhibit 2" (where n is the length of the copolymer) more
potential regioisomers than the corresponding PTR5 and PTR9. Given the similarity of the XRD
data regarding these materials, it is likely that the increase in disorder of the backbone’s electronic
system resulting from this regioirregularity is leading to localization of the wave function, and
decreasing the mobility of charge carriers, in agreement with the observed mobilities. With the
same backbone, a slight decrease of hole mobility was observed after introducing bulky side chains
if we compare that of PTR9a and PTR9b due to the increase in the steric hindrance for
intermolecular packing. GIWAXS studies (Figure 7) indeed showed that the lamellar d-spacing
for PTR9b was larger than that of PTR9a.
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Figure 8: J%°vs V plots for the polymer films.

6. Photovoltaic properties

Photovoltaic properties of polymers were investigated in a device structure of
ITO/PEDOTS:PSS/polymer :PC7:BM (1:1.5, wt ratio)/Ca/Al. The active layer was prepared by
spin-coating polymer solution in mixed solvent of CB/DIO (97/3, v/v). Figure 9a showed the J-V
response of polymer solar cells under AM 1.5 condition at 100 mW/cm?. Representative
characteristics were summarized in Table4. The cell made from PTR5b gave a PCE of about 5%
with moderate Jsc (12.2 mA/cm™2) and Voc (0.65 V). The PTR9 polymers exhibited slightly higher
Voc (0.71 V), which might be due to their deeper HOMO, but showed inferior efficiency because
of the lower Jsc and fill factor. The corresponding EQE spectrum in Figure 9b indicate that PTR5b
had a higher EQE value with over 40% in the 400 nm to 700 nm range than that of PTR9, which
was consistent with their J-V performance. However, the performance of polymer solar cells can
be improved by modifying the side chain attached to the backbone. For example, replacement of
the dialkoxy benzodithiophene (2-ethylhexyloxy, O-EH) in the PTB7 with alkyl analogue
(CH2EH), generated a new polymer PTB10 (Scheme 3), which showed slightly higher Voc, but
slightly lower Jsc, and overall, almost the same PCE (7.3%) as PTB7 (7.4%). But for PTDBD, it
triumphed over PTR5b in all aspects and the PCE increased from about 5% to 7.6%. The same
trend is observed for PTR9c, which had an efficiency of 5.5%, doubled that of the other two PTR9
polymers. It is not surprising that even though the structure of PTR7 polymers is very similar to
those of PTR5 or PTRY, their solar cell performances are extremely low with nearly 0%
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efficiency. As discussed above, the asymmetric nature of donor monomer leads to the
regioirregularity of PTR7 polymer, which should account for their low charge carrier mobilities,
and thus poor performance in OPV cells is predicted
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Figure 9: (a) J-V characteristics of polymer solar cells under AM 1.5 condition (100 mW/cm?),
(b) EQE of polymer/PC7:BM device. No result was obtained for PTR7 polymers because of the
low current of devices.

Table 6. J-V characteristics of polymer solar cells
Jsc Voc FF PCE

Polymers — marem?)  (v) () (%)
PTB72 14.5 0.74 69.0 7.4
PTR5b 12.2 0.65 63.0 5.0
PTR7a 0.28 0.20 25.0 0.014
PTR7b 0.96 0.30 28.8 0.083
PTR9a 7.23 0.71 54.6 2.8
PTR9b 5.22 0.71 54.0 2.0
PTB10 13.6 0.77 69.1 7.3
PTDBDP 13.0 0.89 65.3 7.6
PTR9c 11.2 0.72 67.9 55

a: ref [*°]; b: ref [*)

Scheme 5. Structures of polymers after modification
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2. Enhance light harvest via cooperative plasmonic effect of dual precious metal
nanoparticles: The major achievement in the past year in Yu’s lab is the demonstration of a
cooperative plasmonic effect on improving the performance of polymer bulk heterojunction (BHJ)
solar cells. When mixed Ag and Au nanoparticles are incorporated into the anode buffer layer,
dual nanoparticles show superior behavior on enhancing light absorption in comparison with single
nanoparticles, which led to the realization of a polymer solar cell with a power conversion
efficiency of 8.67%, accounting for a 20% enhancement from that without nanoparticles. The
cooperative plasmonic effect aroused from dual resonance enhancement of two different NPs. The
idea was further unraveled by comparing Au nanorods with mixed nanoparticles for solar cell
application. A similar enhancement of nanorods mixture with that of mixed Au and Ag
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nanoparticles was observed because the
plasmonic absorption spectra of gold nanorods
also exhibit dual peaks in the visible region.
Detailed studies shed light into the influence of
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Ternary blend PSCs with two donor materials =t “‘f; | el =R N
and one fullerene acceptor are emerging as an S vomgew) Wavelength (nm)

attractive strategy to overcome the PCE
bottleneck for binary devices while maintaining | Figure 10, aand c. J-V curves of solar cells.
the simplicity of processing condition as for b and d. UV/vis spectra of solar cells without
single active layer compared to tandem cells. | top electrodes.

Recently, dye sensitizers®®2?,  polymer
sensitizers?>26, small molecular sensitizers?” and quantum dot sensitizers?®2® have been utilized as
the additional donor material in ternary blend solar cells to extend the absorption of solar spectrum.
However, most of these systems are based on P3HT as the dominating donor polymer and still
exhibit poor performance compared with the state of the art binary counterparts. Not to mention
the even reduced device performance in some cases with the third component acting as
recombination centers or defects within the active layer®®3l, In addition, although it has been
reported that adding PCPDTBT into P3HT:PCBM blend would lead to decreased crystallinity of
PCBM?? or smooth surface morphology®, no experimental evidence of positive changes in bulk
morphology inside the ternary blend system after the incorporation of the third component has
been reported.

In this work, we demonstrate for the first time, efficient ternary blend BHJ solar cells with PCEs
larger than 8% by incorporating poly-3-oxothieno[3,4-d]isothiazole 1,1-dioxide/benzodithiophene
(PID2) as the additional donor material into polythieno[3,4-b]-thiophene/benzodithiophene
(PTB7) : [6,6]-Phenyl C71 butyric acid methyl ester (PC7:BM) host binary blend. Unlike common
ternary blend systems, where the enhancement in PCE mainly comes from extended light
harvesting in solar spectrum by the third component?*2°28:34 \we show for the first time that a high
efficient ternary blend solar cell could also be developed with the third component not only
improving photon absorption range but more importantly, facilitating charge separation and
transport while suppressing charge recombination through a combination of cascade energy levels
and optimized device morphology.

Chemical structures of PTB7, PID2 and PC7:BM are shown in Figure 11a. The synthesis and
characterization of PID2 will be published elsewhere. The highest occupied molecular orbital
(HOMO) energy level and lowest unoccupied molecular orbital (LUMO) of PID2 are -5.52 eV
and -3.50 eV, determined from cyclic voltammetry curve. PID2 used in this work has a molecular
weight at 32 kg/mol. The cascade energy levels of the three components are shown in Figure 1b.
Solar cells used in this work have a simple structure that we always used to evaluate the material’s
properties: ITO/poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS)/PTB7:PID2:PC71BM /Ca/Al (Figure 11c).
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Figure 11: | Material properties and device structure. a, Chemical structures of PTB7, PID2,
PC71BM. b, energy levels of electrodes and active layer materials used in ternary blend solar
cells. c, device structure of solar cells used in this work. d, UV-vis absorption spectra of ternary
PTB7:PID2:PC7:BM blend with different ratios of PTB7:PID2.

We first measured the UV-vis absorption of the ternary blends with different PID2 contents to
study the changes in absorption upon incorporation of the third component. Figure 11d indicates
that increasing the content of PID2 in PTB7:PC7:BM host blend gradually enhanced the absorption
from 450 nm to 650 nm while simultaneously decreased the absorption from 650 nm to 750 nm,
consistent with the fact that the PID2 showed maximum absorption at 610 nm and the absorption
maximum of PTB7 was at 683 nm.

The overall polymer to PC7:BM ratio was kept at 1:1.5 in this work. Figure 12a shows the
corresponding current density versus voltage (J-V) characteristics of ternary blend solar cells with
different PID2 contents under AM 1.5 G illumination at 100 mW/cm?. Table 7 summarizes the
photovoltaic parameters for those devices. The PTB7:PC7:BM used as a reference device gave a
PCE of 7.25% with an open circuit voltage (Voc) at 0.72 V, a short circuit current density (Jsc) at
15.0 mA/cm? and a fill factor (FF) at 67.1%. It is clear from Figure 12a that Jsc was enhanced
significantly after the incorporation of a small amount of PID2 (10% or 30%) into the host blend
and decreased later when PID2 became the dominating donor polymer in the system. The
decreased performance at high PID2 content should be ascribed to the poor performance of PID2,
which only gave a PCE of 2.01% when mixed with PC7:.BM. Meanwhile, Vo of the ternary blend
solar cells was pinned to the smaller Vo of PTB7:PC7:BM host blend at all PID2 contents. This is
attributed to the fact that Voc is mainly determined by the smallest difference between HOMO
energy levels of donor materials and LUMO energy level of PC71.BM?4. The HOMO energy levels
of PTB7 and PID2 are -5.15 eV and -5.52 eV, respectively (Figure 11b). In particular, with a 9:1
ratio between PTB7 and PID2, we achieved a Vo at 0.72 V, a Js at 16.8 mA/cm? and a FF at
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68.7%, resulted in a very promising PCE of 8.22%. An average PCE of 8.01% was attained over
10 identical devices under this condition with a mean Vo at 0.71 = 0.01 V, a Jsc at 16.7 + 0.36
mA/cm? and a FF at 67.9 + 0.70%. To the best of our knowledge, this is the highest PCE reported
for ternary blend PSCs so far. When the content of PID2 was increased to 30%, Jsc of the device
was improved to 16.3 mA/cm?, yielding a PCE of 7.88%. Solar cell with 50% of PID2 showed
comparable PCE compared to the reference device. Further increasing the content of PID2 beyond
50% resulted in decreased solar cell performance due to inferior Jsc and FF compared to
PTB7:PC7:BM reference device. Since incorporation of 10% and 30% PID2 showed better solar
cell performance than the reference device, the two conditions are used in the following
measurements to unravel the mechanism for the increase in Jsc and FF in our ternary blend system.
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Table 7 | Summary of solar cell parameters of ternary PTB7:PID2:PC71BM blend with
different ratios of PTB7:PID2.

PTB7:PID2:PC,, BM J.(mA/em?) V, (V) FF(%)  PCE (%)

1:0:1.5 15.0 0.72 67.1 7.25
0.9:0.1:1.5 16.8 0.72 68.7 8.22
0.7:0.3:1.5 16.3 0.71 68.0 7.88
0.5:0.5:1.5 14.5 0.72 68.3 7.10
0.3:0.7:1.5 12.9 0.71 66.1 6.04
0.1:0.9:1.5 7.56 0.70 59.5 3.12

0:1:1.5 5.27 0.86 44.4 2.01

To study changes in Js, external quantum efficiency (EQE) of the ternary blend devices was
measured and the results are illustrated in Figure 12b. Ternary systems with up to 30% PID2
incorporation showed similar thicknesses (around 130 nm) to PTB7:PC71:BM binary device. Thus
direct comparison between the EQE results is meaningful. Unlike the trend we observed in the
UV-vis absorption spectra, incorporation of 10% PID2 into PTB7:PC7:BM blend led to increased
EQE values over the whole wavelength region. The EQE values were enhanced most in the region
between 400 nm to 550 nm where PC7:BM exhibits high absorption. Since incorporation of 10%
PID2 only led to better absorption from 500 nm to 620 nm in Figure 1d, the increase in EQE
between 400 nm to 550 nm at low PID2 content should not result from additional absorption
enhancement of PID2. Instead, this result indicated that the small amount of PIB2 played the role
of hole relay between PC7:BM and PTB7 via its HOMO orbital. The energy diagram clearly
showed that the HOMO energy level difference between PC7:BM and PTB7 is about 0.95 eV, too
large for an effective hole transfer. The HOMO energy level of PID2 is almost positioned in the
middle of the PTB7 and PC71BM, forming the cascade HOMO energy levels for more effective
extraction of holes from PC;1BM (Figure 11b)®. To prove this, we measured film
photoluminescence (PL) of PID2, PTB7 and PTB7:PID2 (both 0.9:0.1 and 0.7:0.3 ratios) excited
at 610 nm (maximum absorption for PID2). The results are shown in Figure S7a. Generally, if
energy transfer between PID2 and PTB?7 exists, one would expect increased PL emission for PTB7
with decreased PL emission for PID2 assuming that the quantum yields of the two polymers are
similar. On the other hand, if photoinduced electron transfer from HOMO energy level of PTB7
to HOMO energy level of excited PID2 exists (hole transfer from PID2 to PTB7) (Figure S7Db),
emission of PID2 would be quenched without increase of PTB7 PL signal. PID2 was showed a
strong emission with a maximum at 680nm while PTB7 exhibited a weak PL emission signal with
a peak at 760 nm. PL of PID2 was completely quenched while PL of PTB7 remained almost the
same in PTB7:PID2 blends (both 0.9:0.1 and 0.7:0.3). The results confirmed that photoinduced
electron transfer from PTB7 to PID2 (hole transfer from PID2 to PTB7) existed other than energy
transfer between PID2 and PTB7. Since hole transfer from PC71BM to PID2 was already
demonstrated by 2.01% device performance for PID2:PC7:BM, we could conclude that holes could
transfer from PC7:BM to PID2 and finally to PTB7. In addition, we fabricated a solar cell using
PTB7 and PID2 at 1 to 1 ratio only and achieved a PCE at 0.051%, with a Vo at 0.65 V, a J at
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0.192 mA/cm? and a FF at 40.8%. Although the PCE was poor due to the fact that PID2 was
designed as a donor material instead of an acceptor, it again proved that charge separation and
transport between PTB7 and PID2 happened at their interfaces. This point is further reinforced by
an improved EQE values from 400 nm to 650 nm while remained similar values from 650 nm to
750 nm when PIB2 content was increased to 30%. The integrated Jsc values from EQE spectrum
for PTB7:PC71BM (1.0:1.5), PTB7:PID2:PC7:BM (0.9:0.1:1.5), PTB7:PID2:PC7:.BM (0.7:0.3:1.5)
devices were 15.1 mA/cm?, 16.3 mA/cm?, 15.8 mA/cm?, respectively. This is within 3% difference
from measured Jsc values, indicating that J-V measurements in this work are reliable. In addition,
since devices with low PID2 content (10% and 30%) showed higher or comparable EQE values
from 650 nm to 750 nm compared to PTB7:PC7:BM while higher PID2 content (>30%) led to
lower EQE values from 400 nm to 650 nm, we can again conclude that changes in light absorption
is not the only cause for Jsc changes in our ternary blend system, the cascade energy levels is also
important to PCE changes.

Figure 13 | TEM characterization. TEM images of a, PTB7:PC7:.BM (1:1.5). b,
PTB7:PID2:PC7:BM (0.9:0.1:1.5). ¢, PTB7:PID2:PC7:BM (0.7:0.3:1.5). d, PID2:PC7:BM
(1:1.5).

To gain more insight into light absorption and exciton dissociation process, we determined the
saturation current density (Jsa) and charge dissociation probabilities P(E,T) of PTB7:PC7:BM
(1:1.5), PTB7:PID2:PC7:BM (0.9:0.1:1.5), PTB7:PID2:PC7:.BM (0.7:0.3:1.5) devices. Figure 12c
reveals photocurrent density (Jpn) versus effective voltage (Vesr) curves for solar cells used in this

work. Here Jpn is defined asJ,, =J, —Jp, where J. and Jp are the photocurrent densities under

illumination and in the dark, respectively. Ves is defined asVy; =V, =V, , where Vy is the voltage
where Jpn equals zero and Va is the applied bias voltage®®. If we assume that all the photogenerated

19



excitons are dissociated into free charge carriers and collected by electrodes at a high Ves (i.e. Vest
= 2 V), saturation current density (Jsat) will only be limited by total amount of absorbed incident
photons. The Jsat values for the three devices were 169 A m (0% PID2 content), 180 A m(10%
PID2 content) and 169 A m (30% PI1D2 content), respectively. Further increasing the content of
PID2 showed dramatic decrease in Jsat Values (Figure S8). The larger Jsat value of device with 10%
PID2 content would suggest enlarged overall exciton generation while the unchanged Jsat value of
device with 30% PID2 content suggested the same overall exciton generation compared to the
control device®™=5, It should be pointed out that even though Jsat increased at 10% PID2 content
by 6.5%, the increased Jsat was still not enough to account for the overall enhancement in Jsc (12%).
Since both 10% and 30% contents of PID2 showed much larger Jsc values than the control device,
the Jpn results further confirmed the assertion that both absorption change and energy cascade
contributed to the change in current density in this work. The P(E, T) is determined by normalizing

Jph With Jsat (J 1, / I )¥". The P(E, T) values under Jsc condition for the three devices were 88.0%,

90.2%, 91.2%, respectively, while the P(E, T) value for PID2:PC7:BM device was only 65.6%.
The results showed that incorporation of PIB2 at low contents facilitated charge dissociation in
ternary devices.

In addition to light absorption and exciton dissociation, we also measured Jsc as a function of
illumination intensities for the three devices to monitor the changes in recombination kinetics.

Quantitatively, Jsc follows a power-law dependence on light intensity (J,, o P|i2ht)38'39- In general,

linear scaling of photocurrent with Piigne would suggest weak bimolecular recombination while
sublinear scaling of photocurrent with Piignt indicates partial loss of charge carriers during charge
transport process due to bimolecular recombination. As shown in Figure 12d, the exponential
factors of PTB7:PC7;1BM (1:1.5), PTB7:PID2:PC7:BM (0.9:0.1:1.5), PTB7:PID2:PC7:BM
(0.7:0.3:1.5) devices were 0.84, 0.99, 0.91, respectively. Thus, bimolecular recombination was
weakest in devices with 10% of PID2. Compared to PTB7:PC7:BM, device with 30% of PID2 also
showed decreased bimolecular recombination. Changes in bimolecular recombination help to
explain the increased Jsc and FF in the ternary blend system. This is in good agreement with hole
mobility data of these devices, measured with the structure ITO/ PEDOT:PSS/ PTB7:PID2/ Al
using space-charge-limited current (SCLC) model*°. As shown in Figure S9, hole mobility
increased from 5.42x10 cm? V! s (PTB7) to 7.75x10* cm? V! st (PTB7:PID2 /0.9:0.1) and
8.72x10* cm? V1 s{(PTB7:PID2 /0.7:0.3), while hole mobility of PID2 was only 2.71x10™* cm?
V1 st The improved charge transport property is the result of the cascade energy levels in the
ternary system and improved morphology as discussed below®.

Transmission electron microscopy (TEM) was first used to probe morphology of the ternary blend
(Figure 13). Both PTB7:PID2:PC7:BM (0.9:0.1:1.5) and PTB7:PID2:PC7:BM (0.7:0.3:1.5) films
showed fibrous features while no such structure was observed in PTB7:PC7.BM or PID2:PC7:BM
devices. This seems to indicate that the PID2 plays the role of template for the formation of fibrous
structure in PTB7. The fine dispersed fibrils were previously found beneficial to exciton separation
and charge transport*>#2, Tapping mode atomic force microscopy (AFM) height and phase images
of the ternary system showed that the root-mean-squared (RMS) roughness of the four devices
based on PTB7:PC1.BM (1:1.5), PTB7:PID2:PC71BM (0.9:0.1:1.5), PTB7:PID2:PC7:BM
(0.7:0.3:1.5) and PID2:PC7:BM (1:1.5) was 0.87 nm, 1.06 nm, 1.02 nm and 2.31 nm, respectively.
Although PID2 showed higher roughness than PTB7 when mixed with PC71:BM, blending PID2
into PTB7:PC7:BM up to 30% did not cause any significant change of surface roughness of the
host blend. X-ray scattering techniques helped to understand changes in molecular packing,
structure ordering and domain sizes in our devices. Shown in Figure 4 and 5 are the 2D grazing
incidence wide-angle X-ray scattering (GIWAXS) patterns and resonant soft X-ray scattering
(RS0oXS) profiles of the ternary PTB7:PID2:PC7:BM blend films with different PID2 content. In
the 2D GIWAXS pattern of PTB7:PC7.BM (1:1.5) blend film (Figure 14a), a broad arc-like
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scattering arising from the Bragg diffraction of periodic PTB7 layers was observed at gy ~ 0.36 A-
! suggesting the preferential face-on conformation, whereas the 2D GIWAXS pattern of
PID2:PC7:BM (1:1.5) blend film (Figure 14f) exhibited a ring-like layering peak at g, ~ 0.34 A*
and two off-axis scattering spots located at (+0.27, 0.38) A, indicating the formation of PID2
bilayer ordering with a preferential edge-on orientation similar to that observed in PCDTBT®,
Since the full width at half maximum (FWHMs) of scattering peak, Aq, correlates to the
nanocrystallite size via Scherrer equation®**%, the narrower Aq of PID2 layering peak indicated
that PID2 could form larger nanocrystallite sizes in the blend film than PTB7. Further RSoXS
studies provided access to the spatial dimensions of phase-separated domains*“®. The RS0XS
profile of the PTB7:PC7:BM blend film showed a diffuse scattering at g ~ 0.006 A%, while that of
the PID2:PC7:BM blend film exhibited a well-defined peak centered at a larger q value of ~0.003
At (Figure 5). This illustrates that the phase-separated domains in PID2:PC7:BM blend film were
larger than those in PTB7:PC7:.BM blend film. However, upon incorporating a small amount of
PID2 copolymers into PTB7:PC7:BM blend film (PTB7:PID2:PC7:BM (0.9:0.1:1.5)), PID2
copolymers showed little influence on the crystalline structures of both conjugated polymers and
PC7:BM while induced the formation of smaller phase separated domains. These smaller domains
would increase the area of interfaces between polymer donors and fullerene acceptors, thus
facilitating exciton dissociation and lead to an improved performance. This is in accordance with
our exciton dissociation results. Further increasing the amount of PID2 copolymers, PID2:PC7:BM
blends gradually phase separated out of the PTB7:PC7:BM blends and formed individual blend
region in the films. Both larger conjugated polymer nanocrystallites and phase-separated domains
formed in the ternary blend films and low PID2 mobility resulted in decreased device efficiency
at high PID2 content. Taken together, these observations of morphological changes in the ternary
blend films support our hypothesis that the incorporation of PID2 at low contents could facilitate
charge dissociation and transport. This also helps to explain the tendency of performance change
as a function of the PID2 contents in our device.
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Figure 14 | 2D GIWAX patterns of ternary films on PEDOT:PSS-modified Si substrates. a,
PTB7:PC7:BM (1:1.5). b, PTB7:PID2:PC7:.BM (0.9:0.1:1.5). ¢, PTB7:PID2:PC71:.BM
(0.7:0.3:1.5). d, PTB7:PID2:PC7:BM (0.5:0.5:1.5). e, PTB7:PID2:PC7:BM (0.3:0.7:1.5). f,
PID2:PC71BM (1:1.5).
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Figure 15 | RSoXS profiles of the ternary films.
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Abstract:

In the past three years, our research project sponsored partially by AFOSR has been focused
on developing low bandgap semiconducting polymers as both the donor and acceptor materials
for BHJ solar cells. Research effort were also devoted to establish structure-property
relationship and develop approaches to optimize light harvest, charge separation and charge
collection, thus the overall power conversion efficiency (PCE). We have made very important
contributions to the field and developed a series of new semiconducting polymers for highly
efficient ternary polymer solar cells. We also discovered cooperative plasmonic effect of dual
precious metal nanoparticles in enhancing PCE of BHJ solar cells. Multiwall carbon nanowire
were introduced to significantly enhance the charge collection. These results have had significant
impact to the area. Several polymers developed in our lab are now widely investigated around
world. Seven of the papers published are highly cited as indicated by SCI.

Accomplishments:

In the past three years, we made significant progress in four research directions in OPV solar
cells.
1. Establishing structure property relationshipbetween Low Bandgap Polymers and Their
Organic Solar Cells Performance.

A key challenge of the development of organic photovoltaic devices is obtaining a
predictive understanding of the relationship between polymeric structure of the donor material
and device performance. Among the factors that may influence solar energy conversion, the
nature of electron donating and accepting materials and the morphology of the composites play
the crucial roles in determining the final performance of the devices. In recent years, fullerene
derivatives such as [6,6]-phenyl C71-butyric acid methyl ester (PC7:.BM) have been widely
adopted as electron acceptors due to their low lying energy levels and relatively high electron
affinity and mobility. It was also found that addition of a small amount of high boiling point
solvent, generallyl,8-diiodooctane (D10), can reliably improve the morphology of most of the
composite systems.®2?° Thus, we focus our main effort on understanding the structure/property
correlation of electron donor materials in order to develop innovative strategies for achieving
high performance solar cells.

In previous studies, a linear correlation of the calculated dipole moment change between
the ground and excited states Apge Of single repeating units in charge transfer polymers was
established, suggesting a larger local Apuge could defray a part of exciton binding energy, leading
to a higher power conversion efficiency (PCE). We further synthesized a new low bandgap
polymers incorporating an artificial sweetener derivatives, N-alkyl, 3-oxothieno[3,4-d]isothiazole
1,1-dioxide (TID). Semi-empirical calculations on the local dipole moment change between
ground and excited states (Apge) in the repeating units of the new polymer indicate that the
replacement of the carbonyl by a sulfonyl group leads to larger Apge values. The resulting
polymers exhibit diminished power conversion efficiency (PCE) from bulk heterojunction (BHJ)
solar cells with PC7:BM as acceptor, which extends the correlation between PCE and Apge Of



single repeating units in p-type polymers to a new regime. Detailed studies show that the
strongly electron withdrawing sulfonyl group is detrimental to charge separation in alternating
copolymers containing TID unit.

Semi-empirical calculations on the local dipole moment change between ground and
excited states (Apge) in the repeating units of the new polymer indicate that the replacement of
the carbonyl by a sulfonyl group leads to larger Apge values. The resulting polymers exhibit
diminished power conversion efficiency (PCE) from bulk heterojunction (BHJ) solar cells with
PC71BM as acceptor, which extends the correlation between PCE and Apge Of single repeating
units in p-type polymers to a new regime. Detailed studies show that the strongly electron
withdrawing sulfonyl group is detrimental to charge separation in alternating copolymers
containing TID unit.

1.1. Synthesis of polymers: The TID unit was prepared according to a modified
literature procedure.?® In order to anchor alkyl side chains on the original artificial sweetener
unit, the phase transfer catalyst 15-crown-5 was used to achieve a relatively high conversion
yield. Two different solublizing alkyl side chains were used, octyl and 2-ethylhexy! (used in
PID1 and 2, respectively). The final monomer TID was prepared via a modified bromination
procedure in the presence of strong Brgnsted acids (See Scheme S1 for synthetic details). The
BDT and TPD units were synthesized according to previous published procedures.”?’ Polymers
were synthesized via Stille polycondensation using Pdz(dba)a/P(o-tolyl)s catalyst in refluxing
chlorobenzene (CB) for 48 hrs.%?® For comparison, another known polymer with a relatively
large Apge Value (PPB) was also synthesized and characterized in the same conditions as Scheme
1.

Scheme 1 Synthetic routes of Polymers.
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1.2 Optical and electrical properties of polymers

As shown by Gel permeation chromatography (GPC) measurements, these polymers
exhibit number-averaged molecular weights between 12.0 and 18.6 kg/mol with a dispersity index
(D) around 2 (Table S1). The structures of polymers were confirmed by *H NMR spectra (Figure
S1-S11) and elemental analyses (Table S2). Both the solution and thin-film optical absorption
spectra of the polymers are presented in Figure 1. All polymers showed similar absorption range
from 320 to 700 nm, and the absorption edge was nearly identical. The absorption maximum of
the PID polymers was slightly blue-shifted compared to the PPB polymers. The cyclic
voltammetry (CV) (Figure S12) studies indicated that the HOMO energy levels of PID1 and PID2
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were at -5.44 and -5.52 eV, approximately 0.1 eV lower than their corresponding PPBs;
while the LUMO energy levels were at -3.55 eV and -3.50 eV, respectively.

Figure 1. Normalized UV-vis absorption spectra of the polymers () in diluted chloroform
solution and b) in pristine polymer films.
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1.3 Current-Voltage (J-V) characteristics of the polymer solar cells

The photovoltaic properties were investigated in the device structure
ITO/PEDOT:PSS/polymer:[6,6]-phenyl-C71-butyric acid methyl ester (PC71:BM)/Ca/Al.
All solar cell data used in comparison of physical properties were determined based on this
device structure. The active layers of ~100 nm were spin-coated from 10 mg/mL
chlorobenzene (CB) and DIO (v/v, 97:3) solutions. The corresponding J-V curves of the
four polymer solar cells under AM 1.5G condition at 100 mW/cm? are presented in Figure
2a. Representative characteristics of solar cells are summarized in Table 1. Devices
fabricated from PID1, PID2, PPB1 and PPB2 showed best PCE values at 3.28%, 3.05%,
5.97%, and 4.48%, respectively. Figure 2b depicts the external quantum efficiency (EQE)
curves of the four solar cells. The PPB1 showed highest EQE values around 60% within
the spectral range from 450 to 650 nm while PID2 showed the lowest EQE values ca 30%.
Changes in EQE curves are in good agreement with the observed Jsc values from the four
polymers. Hole mobility of all four polymers, measured using spacing charge limited
current (SCLC)? method, were ~2.42 x10#, 2.71x10* 3.69x10*and 3.34x10* cm? V1 s
! for PID1, PID2, PPB1 and PPB2, respectively (Figure S13). Along with the EQE curves,
the mobility values match with the Jsc trend well. Although P1Ds exhibits high open circuit
voltage due to a low HOMO energy level, small current density and low fill factor limit
the overall solar cell performance.



Figure 2. (a) Characteristic J-V curves of the four solar cells and (b) EQE curves of the four solar
cells.
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To ensure that the comparison of solar cell performance is meaningful, the morphologies
of these polymer films were optimized for the device performance by using organic additive in
the film fabrication.3® As shown in the transmission electron microscopy (TEM) images of blend
films with and without DIO in Figure S14, all four solar cells with DIO exhibit fine phase
separations while severe phase segregation was observed in the blend films without DIO, leading
to almost zero photovoltaic effect (Figure S15).

Table 1. Comparison of Photovoltaic Parameters of TID and TPD-containing Polymers in the
Blend with PC7:BM (CB/DIO, Polymer/PCBM = 1:1.5 Weight ratio).

Polymer [ HOMO* (eV) |[LUMO* (eV) [ Vo (V) | Js (MA/cm?) [ FF (%) | PCE (%)
PID1 5.44 3.55 0.85 7.06 547 | 3.28
PID2 552 3.40 0.88 5.94 58.6 | 3.05
PPB1 | 5.38 3.55 0.86 10.40 666 | 5.97
PPB2 | 5.40 3.55 0.88 8.23 62.2 | 4.48

Note: * From CV data.

1.4. Correlation of Apge change and solar cell performance

The results shown are those for the optimized solar cells and therefore it is believable to use them
to compare with other similarly optimized systems. The dipole moments of single repeating units
in PID1 and PPB1 were calculated using the procedure in our previous study.*® The results are
presented together with the optimized PCE values in Table 2 along with data for other polymers
previously reported. To simulate the randomized orientation of the asymmetric TID unit, the
average dipole moment for each polymer repeating unit was determined and used for the analysis
of dependence of PCE values on dipole changes. Both the ground and excited state dipole moments
were calculated for each polymer repeating unit in the series. The overall change Apge was
calculated by accounting for the changes of the dipole along each coordinate axis. Our previous
data indicated that a linear correlation between Apge and PCEs exists, where the PTB7 showed the
highest values of both PCE (7.4%) and Apge (3.92 D). Such a trend was explained as an indication
of local electron density gradient that defrays a part of the exciton binding energy, which enabled
the cation generation in these polymers via intra-chain charge transfer even in solution.®? However,
the results shown here indicate that further increasing Apge actually lowers PCE in the
corresponding solar cell. PPB1 has a larger Apge, but a lower PCE value of 5.97% than PTB7. The
most notable dipole moment change Apge comes from the TID-based polymer PID1 which is
almost twice as large as PTB7. However, it exhibits a PCE value only slightly above 3%, indicating
that the linear relationship of Apge vs PCE did not extend (Figure 3) into the larger Apige regime.

Table 2. Calculated Single Repeating Unit Dipole Moments and the Corresponding Optimized
PCE Values.



Polymer Hg (D) He (D) Age (D) PCE (%)
PTB2 3.60 6.37 2.96 5.10
PTB7 3.76 7.13 3.92 7.40
PTBF2 3.35 5.45 241 3.20
PBB3 0.61 0.82 0.47 2.04
PBIT1 4.46 4.80 0.34 1.96
PBIT3 6.99 6.83 -0.16 0.47
PBTZ1 0.88 241 1.52 3.46
PBTZ2 1.92 1.48 -0.44 0.29
PPB1 3.58 7.60 4.82 5.97
PID1 4.69 12.08 8.26 3.28

Figure 3. Correlation of PCE values with calculated dipolar changes of polymer repeating unit.
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To explain these trends, we can reason that a higher Auge implies a larger
displacement of hole-electron pair in an exciton, lower Coulombic interactions between
charges, and hence a reduced exciton binding energy. In addition, the introduction of strong
electron withdrawing group simultaneously enhances the polarizability of excitons and
lowers the polymer LUMO energy level. Ideally, the polarized exciton facilitates an
electron transfer from the polymer blocks with lower electron affinity to the adjacent blocks
with higher electron affinity and then to fullerene. However, the sulfonyl group exhibits
strong electron accepting ability, leading to a much larger Apge (8.26 D) than PTB7 (3.92
D) and a highly polarized exciton with a larger effective separation of charges within a
polymer repeating unit and beyond. When Apge is too large, the polarized polymer
repeating units could also acts as trapping or recombination centers for electrons and
compete with the electron injection to the fullerene. This happens in the PPB and PID series
of polymers, particularly PID1, with LUMO energy nearly 0.24 eV lower than that of PTB7.
Ultrafast spectroscopic results, taken at 840 nm at which the cationic state absorption of
the PID or PPB polymer in blended films dominates, confirmed this hypothesis. Although
the rising time of the PID1 cation signal is still nearly 1 ps, the intramolecular charge
separation (CS) dynamics in PID1 are slower than those of PTB7. The charge
recombination (CR) of the cationic state, however, is relatively fast for the PID1 polymer.
The CR traces of the PID1 polymer were fit to a tri-exponential decay of 2 ps, 60 ps, and >
2 ns. At 3 ns, the cationic signal of only <10% remains, which is much smaller than those
in PTB7 (Figure 4). The increased recombination rate is attributed to the increased binding
energy of the bound charge transfer state within the polymer, which enhance the
recombination probability. These results seem to indicate that the TID unit is too strong in
electron-withdrawing ability to be useful in heteropolymers used as donor materials. An
optimized polarizability in polymer repeating units is achieved with a Apge around 4 Debye.



Figure 4. The charge separation (rise) and recombination (decay) dynamics monitored at the
signals of the cationic state in the PID1 polymer. For comparison, the CS and CR of PTB7 are also
shown.
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1.5. Further synthetic effort was focused on the roles of quinoidal character and
regioregularity in determining the optoelectronic and photovoltaic properties of conjugated
copolymers.

An efficient synthetic method for creating ladder-type, oligomeric donor monomers with fused
thienobenzothiophene structures. These monomers are copolymerized with fluorinated thieno[3,4-
b]thiophene ester to form a series of polymers which were investigated as donor materials in
polymer/fullerene solar cells. Photophysical and electrochemical characterizations are used in
conjunction with quantum-chemical calculations to identify the interplay of quinoidal and charge
transfer character in the optical gaps of conjugated copolymers, providing broadly applicable
design rules for tuning the excitation character of conjugated copolymers. X-ray diffraction,
mobility measurements, and solar cell device characterization are used to analyze neat films and
bulk heterojunctions of these copolymers, demonstrating the importance of the spatial symmetry
of the donor and acceptor unit in determining the charge transport characteristics of conjugated
copolymers.

An issue in conjugated copolymers that is not often discussed, but is of vital importance, is the
regioregularity of these polymers. While this issue was at the forefront of polymer design in
previous generations of materials, notably P3HT,*** this topic has lost interest in recent studies
of novel copolymer materials, although some careful studies have examined these effects in donor-
acceptor polymers.® In recent work, we have computationally examined the effects of
conformational and structural dispersion in the optoelectronic properties of conjugated
copolymers®? and found that copolymers synthesized via non-selective cross coupling reactions
such as Stille Coupling, can exhibit dispersion in their optoelectronic properties when the co-
monomers do not possess the appropriate symmetry operations. The exact role of this energetic
dispersion in the charge transport properties of conjugated copolymers is unclear, though it is
known that the tail of the density of states primarily determines Voc,>® and that energetic disorder
localizes charge carrier wavefunctions, which should decrease Jsc. Consequently, the dispersion
of these properties that results from such structural and conformational isomerism is fundamental
to interpreting the bulk device properties of these materials, and could benefit from an
experimental study of charge transport characteristics in polymers that possess variable amounts
of structural dispersion.

Fused thienobenzothiophene polymers have demonstrated much success when employed in
conjugated polymer/fullerene based BHJs. The original design idea for the highest performing
fused thienobenzothiophene polymer, PTB7, was to create a low band gap polymer with enhanced
quinoidal structure resulting from the thienothiophene (TT) moiety, which would facilitate charge
delocalization and transport by increasing the [1-conjugation, as well as improved [J[1[] stacking
capability resulting from the introduction of the conjugated fused aromatic ring moiety,
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benzodithiophene. Furthermore, these types of conjugated copolymers have demonstrated high
versatility for fine-tuning energy levels as well as electronic properties via fluorination®* and side-
chain substitution effects. Given our experience with these materials, we can use these chemical
motifs as models for examining the general properties of conjugated copolymer chemistry and
physics. It is well known that materials with extended conjugation in structure were studied
extensively as candidates in organic field effect transistor when they showed appreciable charge
carrier mobility.>>>" Previous work on small oligomers has examined the effects of the
thienothiophene quinoidal character on optoelectronic functionality in these materials.>® However,
how the thienothiophene quinoidal character propagates in a periodically repeating polymer
system as a function of comonomer size and chemical identity represents a fundamental gap in the
knowledge base of these systems. Additionally, these chemical motifs present an excellent
opportunity for the examination of the previously mentioned dependencies on regioregularity by
simply altering the symmetry of the donor comonomer. By perturbing the original PTB7 chemical
structure, we are positioned to answer a variety of important questions in the physics and chemistry
of conjugated copolymers.

Previous work has shown that a polymer made from five-ring heteroacene donor units exhibits
a similar PCE as PTB7 in a simple solar cell device.>® To investigate the effect of the electron
delocalization, a generic method was developed to synthesize oligo-heteroacenes with varied
number of fused rings (Scheme 1). The key building block is the compound 1, 1,4-dibromo-2,5-
dialkoxy-3,6-bis(methylsulfinyl)benzene (S1). Pd-mediated coupling reaction between compound
1 and compound 2 in 1:2 ratio yielded precursor 3, which was cyclized by a ring closing reaction
to form R5. Lithiation of R5 followed by stannylation generates monomer 1, which has five fused
rings. Similar coupling reaction between compounds 1 and 2 in 1:1 ratio yielded compound 4 that
can be further coupled with compound 5 to yield precursor 6. Identical cyclization and stannylation
reactions lead to monomer 2. When compounds 1 was coupled with 2 equivalent of compound 5,
the precursor 7 was formed, which can be cyclized to fused nine rings (R9) and then be stannylated
to form monomer 3.
Scheme 2: Synthesis of monomers
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Among these conversions, the key step is the ring-closing reaction, which is an intramolecular
electrophilic substitution by using trifluoroactetic acid (TFA) and P2Os as the reagent, followed by
elimination reaction in pyridine. The triisopropylsilyl (TIPS) group played a vital role, since it not
only enriched the electron density of the aromatic system, favoring the electrophilic addition, but
also prevented the active alpha position of thiophene unit from intermolecular side reactions.
Interestingly, the TIPS group attaching to the BDT unit had been mostly removed during ring-
closing step, while that on the thiophene unit remained intact, until TBAF was added as observed
in the synthesis of R7.

Scheme 3 Synthesis of polymers and the structure of PC71BM
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The resulting monomers were polymerized with F-substituted dibromo-thienothiophene ester
monomer via the Stille polycondensation (Scheme 3). GPC measurements showed sizable
molecular weights for these polymers (Table 3). NMR spectra and elemental analysis support the
structure as proposed. It was found that PTR5a polymer, with 2-ethylhexyloxy (O-EH) side chains
was barely soluble in common organic solvents like THF, chloroform and chlorobenzene, and was
not further studied. When the side chains were changed to bulkier 2-butyloctyloxy (O-BO) groups,
the resulting polymer PTR5b exhibited good solubility. Both PTR7 and PTR9 show good
solubility in organic solvents with both the EH and BO side chains, simply because R7 (4 side
chains/7 rings) and R9 (6 side chains/9 rings) bear more side chains than the R5 (2 side chains/5
rings).®%6! The TGA studies indicated that the polymers are stable up to around 310 °C at which
weight losses of 5% were observed (SI).

Table 3: Molecular weight and UV-vis absorption properties of polymers
Mn(kg 5, Apeak  Ronset Egomt
/mol) (nm) (nm) (eV)
PTR5b 356 215 659 747  1.66
PTR7a 126 157 595,627 703 1.77
PTR7b 123 154 586,624 696 1.78
PTR9a 11.0 2.62 580,620 675 1.84
PTR9b 147 282 580,625 678 1.83

Polymers

2. Optical and electrochemical properties

The optical absorption spectra of PTR5, PTR7, and PTR9 were recorded in both chlorobenzene
solution and the neat film, the results of which are similar, as in the case of PTB7, which is
suggestive of solution-phase aggregation. Those for the neat film are summarized in Table 3. By
looking at the red edge of the neat film absorption spectra for PTR5, PTR7, and PTR9 (Figure
5a), an apparent blue-shift is observed in the optical absorption as the length of the donor unit is
increased from PTR5 to PTR9. The electronic band gaps of these polymers were measured with
cyclic voltammetry (CV), using thin films coated on a glass carbon electrode with a scan rate of
50 mV/s and electrolyte BusNPFs in CH3CN solution (0.10 M). The measured electronic band
gaps (Figure 5b) demonstrated a similar overall blue shift in going from PTR5 to PTR9. However,
this trend is in contrast with the absorption spectra of donor monomers, which showed a red-shift
from R5 to R9 (Figure 5c¢).
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Figure 5 (a) UV-vis absorption spectra of polymers in films gained from spin-coating of their
chlorobenzene solution to clean glass. (b) Energy level diagram of polymers. (¢) UV-vis absorption
spectra of donor monomers in dilute chloroform solution.

The observed shift in the optical gap of polymers and donor monomers seems to be
counterintuitive that increasing the size and rigidity of the pi-electron system does not reduce the
optical gap of conjugated polymers. However, it is important to pay close attention to the nature
of the molecular units along the backbone, as many potential mechanisms for lowering the optical
gap of conjugated polymers exist.5? All polymers studied here consist of copolymers of the highly
quinoidal thienothiophene unit®®% and the highly aromatic fused benzodithiophene donor units.
As the number of fused benzodithiophene units of the donor grows, the energy penalty becomes
too large to be overcome by the quinoidal character of the thienothiophene unit. As a result, the
longer donor moieties prefer fused aromatic rings to the quinoidal form, thus preventing the band
gap from further narrowing. In the extreme limit of infinite donor length, the optical absorption
should reach the limit of the donor monomer unit. Consequently, by increasing the size of the fused
benzodithiophene donor units in an attempt to enhance pi-stacking and decrease the optical gap, it
appears that we have fundamentally altered the nature of the optical excitation by changing the
quinoidal/aromatic character of the backbone

3. Computational work

Ground and excited-state density functional theory (DFT) calculations were performed to
support the above hypothesis. An oligomer of each repeat unit was chosen (Sl), and a ground-state
geometry optimization was performed at the EDF1/6-31G* level of theory. In these calculations,
all alkoxy groups were simplified to methoxy groups. These ground-state oligomer structures were
then used as input to ground-state DFT and excited-state time-dependent DFT (TDDFT)
calculations at the OT-BNL/6-31G* level of theory.%® These results are summarized in Table 4.
Excitations on ground-state vacuum structures should not match up quantitatively with the
absorption edge, due to polarization and flattening effects in the film.%¢ However, the OT-BNL
method has been used to accurately determine the excitation energies in studies on similar
materials.®” While the absolute values of our computed optical gaps are shifted from experimental
results, the relative blue-shift of each structure was accurately predicted, and compares favorably
with the experimental spectrum, confirming that the blue-shift is indeed due to the changes in
chemical structure, and not solely the result of differential polymer aggregation in the film.



Table 4 Calculated energy levels and gaps for polymers
HOMO LUMO Eg™

Polymers (eV) (&V) (eV)
PTB7 -5.09 -1.06 2.14
PTR5 -5.03 -1.01 212
PTRY7 -5.14 -094 225
PTR9 -5.12 -0.82 232

In order to quantify this further, DFT calculations (OT-BNL/6-311G**) were performed to
determine the energy level alignment of the donor and acceptor units used in these copolymers. It
was determined that indeed the band gaps of the donor monomers become narrow as they become
longer, which is consistent with the optical absorption spectra of monomers as present in Figure
1c. However, when comparing with the acceptor monomer thienothiophene, it is clear that as the
conjugation of the donor unit increases above the 5-ring (PTR5), the lowest unoccupied molecular
orbital (LUMO) level of the donor drops below the LUMO of thienothiophene (Figure 6).
Consequently, the conjugation in the resulting polymers (PTR7 and PTR9) between the donor
monomer and acceptor monomer becomes less efficient, decreasing the charge transfer nature of

the excitation, resulting in a less quinoidal structure, and the blue shift of the polymers relative to
PTB7.
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Figure 6. Calculated energy levels of monomers. Geometry was optimized at EDF1/6-31G* and
energy levels were calculated at OT-BNL/6-31G*.

4. X-Ray Diffraction

The blend films of polymers show uniform and fine features according to TEM studies (SI). The
GIWAXS studies (Figure 7) indicate that neat and blend PTR5, PTR7, and PTR9 films all exhibit
scattering between g = 0.32-0.38 A1 which relates to d-spacings of 20 A — 17 A corresponding to
PTR lamellar stacked regions and is determined by the type and orientation of the alkyl side
chains. This scattering can be divided into two distinct regions: an arc growing from gxy = 0.32-
0.36 A* and a more localized peak at g, = 0.33-0.38 AL, In general, features along the horizontal,
Qxy, axis describe the in-plane structure while features along the vertical, g, axis roughly describe
the out-of-plane structure,®® so the presence of lamellar stacking in both the horizontal and vertical
suggest that two different orientations and crystal packing are present in the PTR thin films. The
out-of-plane lamellar stacking indicates an edge-on orientation of the polymer and a smaller d-
spacing, while the in-plane lamellar stacking indicates a face-on orientation of the polymer and a
larger d-spacing. For neat films of PTR9a and PTR9Db, in addition to the lamella scattering peaks,
an out-of-plane scattering peak appears at q = 0.54 A (1.1 nm) and q = 0.49 A (1.2 nm),
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respectively, consistent with the change to larger side chains in PTR9b. We attribute this peak to
different polymorphs of the edge-on lamellar stacking in PTR9 which can be attributed to different
side chain orientations. While it is possible these polymorphs exist in the PTR5 and PTR7
polymers, we suggest that they are more highly ordered in the PTR9 polymers due to the increased
backbone rigidity. These polymers also exhibited q = 1.61~1.65 A corresponding to a -r d-
spacing around 3.8-3.9 A. Note that the n-r stacking is only present in the vertical direction, so
while edge-on lamellar stacked domains are present, the edge-on domains do not create 3-
dimensional n-w stacked crystals. In the neat films, a broad isotropic scattering peak at q = 1.0-1.3
At is attributed to amorphous scattering, while in blend films, the isotropic ring at q = 1.4 A is
due to the PCBM structure
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Figure 7: (a) 2D GIWAX images for neat polymer films (upper) and polymer/PCBM blend films
(lower). (b) Linecut of GIWAX images of neat polymer films on horizontal (left) and vertical
(right) direction. (c) Linecut of GIWAX images of polymer/PCBM blend films on horizontal (left)
and vertical (right) direction.
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Scherrer analysis is used to measure trends in the crystalline domain size of the lamellar stacked
domains and the n-n stacked domains. Neat PTR5 and PTR7 films exhibit small face-on lamellar
crystalline domains of 4-6 nm while both PTR9 films contain domains of 8-10 nm. The n-x stacked
domain size follows a similar trend (Table 5) and we attribute the increased domain sizes in PTR9
to its increased backbone rigidity, leading to more ordered polymer domains. In blend films, the
reverse trend is observed and the face-on lamellar domain size is smaller for PTR9 (~4 nm) than
for PTR7 (5.6-7 nm) and PTR5 (~8 nm). The n-n stacked domain size cannot be confidently
calculated due to its low intensity and overlap with the PCBM peak. After forming blend film with
PCBM, all of polymer domains are homogenized to 2-5 nm, indicating that the polymer phase
separation is ideal for exciton migration.

Table 5: Lamellar and n-= d-spacing and domain size for both neat and blend films of polymers

Lamellar L -1 L
A) Domain size (A) A) Domain size (A)

Polymers
neat neat blend neat neat blend
PTR5b 19.91 65 84 3.83 18 23
PTR7a 17.60 42 56 3.80 41 33
PTR7b 18.14 49 72 3.83 12 32
PTR9a 17.78 102 40 3.84 49 50
PTR9b 19.13 83 45 3.88 46 31
5. Hole mobility
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The hole mobilities of polymers were measured according to the Space Charge Limited Current
(SCLC) model, and the results were plotted in Figure 4, from which hole mobilities of 5.02x10%,
2.50x10%, 5.56x10°, 1.32x10%, 1.11x10* cm?/V-s were observed for PTR5b, PTR7a, PTR7b,
PTR9a and PTR9b, respectively (Figure 8). PTR5b exhibits similar mobility with PTB7. A
significant decrease occurred when the polymer’s donor moiety changed to larger conjugated
system. The hole mobility of PTR9 dropped to about 1/5~1/4 of that of PTR5, and that of PTR7
was even 2 orders of magnitude smaller than that of PTR5. While one would expect increased
conjugation and rigidity of the donor moiety to favor for charge carrier transport, the decrease in
mobilities appears to correlate with the side-chain to fused ring ratio of PTR5 through PTR9. As
the fused ring system is made longer, the ratio of side-chains to fused rings grows. More alkyl
side-chains would disrupt ©- stacking, and decrease charge transport by lowering intermolecular
charge transfer couplings. While this explanation is capable of explaining the general trend of
decreasing polymer mobility as the length of the donor unit grows, it is not capable of explaining
the drastic decrease in the mobility observed for PTR7. Upon examination, it becomes clear that
PTRY7 differs from PTR5 and PTR9 in that it exhibits only C1 symmetry. As shown in recent
work,%? whether or not the donor and acceptor units possess appropriate symmetry in a Stille
condensation process determines the width of the distribution of structural and conformational
isomers. While most copolymers in the literature consist of symmetric donor and a symmetric or
asymmetric acceptor, PTR7 consists of asymmetric donor and an asymmetric acceptor. The
backbone of the copolymer then will exhibit 2" (where n is the length of the copolymer) more
potential regioisomers than the corresponding PTR5 and PTR9. Given the similarity of the XRD
data regarding these materials, it is likely that the increase in disorder of the backbone’s electronic
system resulting from this regioirregularity is leading to localization of the wave function, and
decreasing the mobility of charge carriers, in agreement with the observed mobilities. With the
same backbone, a slight decrease of hole mobility was observed after introducing bulky side chains
if we compare that of PTR9a and PTR9b due to the increase in the steric hindrance for
intermolecular packing. GIWAXS studies (Figure 7) indeed showed that the lamellar d-spacing
for PTR9b was larger than that of PTR9a.
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Figure 8: J°Svs V plots for the polymer films.

6. Photovoltaic properties

Photovoltaic properties of polymers were investigated in a device structure of
ITO/PEDOTS:PSS/polymer :PC71.BM (1:1.5, wt ratio)/Ca/Al. The active layer was prepared by
spin-coating polymer solution in mixed solvent of CB/DIO (97/3, v/v). Figure 9a showed the J-V
response of polymer solar cells under AM 1.5 condition at 100 mW/cm?. Representative
characteristics were summarized in Table4. The cell made from PTR5b gave a PCE of about 5%
with moderate Jsc (12.2 mA/cm2) and Voc (0.65 V). The PTR9 polymers exhibited slightly higher
Voc (0.71 V), which might be due to their deeper HOMO, but showed inferior efficiency because
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of the lower Jsc and fill factor. The corresponding EQE spectrum in Figure 9b indicate that PTR5b
had a higher EQE value with over 40% in the 400 nm to 700 nm range than that of PTR9, which
was consistent with their J-V performance. However, the performance of polymer solar cells can
be improved by modifying the side chain attached to the backbone. For example, replacement of
the dialkoxy benzodithiophene (2-ethylhexyloxy, O-EH) in the PTB7 with alkyl analogue
(CH2EH), generated a new polymer PTB10 (Scheme 3), which showed slightly higher Voc, but
slightly lower Jsc, and overall, almost the same PCE (7.3%) as PTB7 (7.4%). But for PTDBD, it
triumphed over PTR5b in all aspects and the PCE increased from about 5% to 7.6%. The same
trend is observed for PTR9c, which had an efficiency of 5.5%, doubled that of the other two PTR9
polymers. It is not surprising that even though the structure of PTR7 polymers is very similar to
those of PTR5 or PTRY, their solar cell performances are extremely low with nearly 0%
efficiency. As discussed above, the asymmetric nature of donor monomer leads to the
regioirregularity of PTR7 polymer, which should account for their low charge carrier mobilities,
and thus poor performance in OPV cells is predicted
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Figure 9: (a) J-V characteristics of polymer solar cells under AM 1.5 condition (100 mW/cm?),
(b) EQE of polymer/PC7:BM device. No result was obtained for PTR7 polymers because of the
low current of devices.

Table 6. J-V characteristics of polymer solar cells

Polymers Jsc Voc FF PCE

(MAem?) (V) (%) (%)
PTB72 145 074 690 74
PTRS5b 122 065 630 50
PTR7a 028 020 250 0.014
PTR7b 096 030 288 0.083
PTR9a 723 071 546 28
PTR9b 522 071 540 20
PTB10 136 077 691 73
PTDBD® 130 089 653 7.6
PTRYC 112 072 679 55

a: ref [*°]; b: ref [*]

Scheme 5. Structures of polymers after modification
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nanorods with mixed nanoparticles for solar
cell application. A similar enhancement of nanorods mixture with that of mixed Au and Ag
nanoparticles was observed because the plasmonic absorption spectra of gold nanorods also exhibit
dual peaks in the visible region. Detailed studies shed light into the influence of plasmonic
nanostructures on exciton generation, dissociation and charge recombination and transport inside
thin film devices. We believe that the results of our study offer an effective approach to enhance
the efficiency of organic BHJ solar cells.

3. Facilitate charge separation via Ternary Blend Polymer Solar Cells

Ternary blend PSCs with two donor materials and one fullerene acceptor are emerging as an
attractive strategy to overcome the PCE bottleneck for binary devices while maintaining the
simplicity of processing condition as for single active layer compared to tandem cells. Recently,
dye sensitizers?®??, polymer sensitizers®*-5, small molecular sensitizers?” and quantum dot
sensitizers?®2° have been utilized as the additional donor material in ternary blend solar cells to
extend the absorption of solar spectrum. However, most of these systems are based on P3HT as
the dominating donor polymer and still exhibit poor performance compared with the state of the
art binary counterparts. Not to mention the even reduced device performance in some cases with
the third component acting as recombination centers or defects within the active layer3®, In
addition, although it has been reported that adding PCPDTBT into P3HT:PCBM blend would lead
to decreased crystallinity of PCBM?®? or smooth surface morphology®3, no experimental evidence
of positive changes in bulk morphology inside the ternary blend system after the incorporation of
the third component has been reported.

In this work, we demonstrate for the first time, efficient ternary blend BHJ solar cells with
PCEs larger than 8% by incorporating poly-3-oxothieno[3,4-d]isothiazole 1,1-
dioxide/benzodithiophene (PID2) as the additional donor material into polythieno[3,4-b]-
thiophene/benzodithiophene (PTB7) : [6,6]-Phenyl C71 butyric acid methyl ester (PC71:BM) host
binary blend. Unlike common ternary blend systems, where the enhancement in PCE mainly
comes from extended light harvesting in solar spectrum by the third component?4252:34 e show
for the first time that a high efficient ternary blend solar cell could also be developed with the third
component not only improving photon absorption range but more importantly, facilitating charge
separation and transport while suppressing charge recombination through a combination of
cascade energy levels and optimized device morphology.
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Chemical structures of PTB7, PID2 and PC71:BM are shown in Figure 11a. The synthesis and
characterization of PID2 will be published elsewhere. The highest occupied molecular orbital
(HOMO) energy level and lowest unoccupied molecular orbital (LUMO) of PID2 are -5.52 eV
and -3.50 eV, determined from cyclic voltammetry curve. PID2 used in this work has a molecular
weight at 32 kg/mol. The cascade energy levels of the three components are shown in Figure 1b.
Solar cells used in this work have a simple structure that we always used to evaluate the material’s

properties: ITO/poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS)/PTB7:PID2:PC71BM /Ca/Al (Figure 11c).
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Figure 11: | Material properties and device structure. a, Chemical structures of PTB7,
PID2, PC7:BM. b, energy levels of electrodes and active layer materials used in ternary blend
solar cells. c, device structure of solar cells used in this work. d, UV-vis absorption spectra of
ternary PTB7:PID2:PC7:BM blend with different ratios of PTB7:PI1D2.

We first measured the UV-vis absorption of the ternary blends with different PID2 contents to
study the changes in absorption upon incorporation of the third component. Figure 11d indicates
that increasing the content of PID2 in PTB7:PC7:BM host blend gradually enhanced the absorption
from 450 nm to 650 nm while simultaneously decreased the absorption from 650 nm to 750 nm,
consistent with the fact that the PID2 showed maximum absorption at 610 nm and the absorption
maximum of PTB7 was at 683 nm.

The overall polymer to PC7:BM ratio was kept at 1:1.5 in this work. Figure 12a shows the
corresponding current density versus voltage (J-V) characteristics of ternary blend solar cells with
different PID2 contents under AM 1.5 G illumination at 100 mW/cm?. Table 7 summarizes the
photovoltaic parameters for those devices. The PTB7:PC7:BM used as a reference device gave a
PCE of 7.25% with an open circuit voltage (Voc) at 0.72 V, a short circuit current density (Jsc) at
15.0 mA/cm? and a fill factor (FF) at 67.1%. It is clear from Figure 12a that Jsc was enhanced
significantly after the incorporation of a small amount of PID2 (10% or 30%) into the host blend
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and decreased later when PID2 became the dominating donor polymer in the system. The
decreased performance at high PID2 content should be ascribed to the poor performance of PID2,
which only gave a PCE of 2.01% when mixed with PC7:BM. Meanwhile, Vo of the ternary blend
solar cells was pinned to the smaller Voc of PTB7:PC7:BM host blend at all PID2 contents. This is
attributed to the fact that Voc is mainly determined by the smallest difference between HOMO
energy levels of donor materials and LUMO energy level of PC71.BM?4. The HOMO energy levels
of PTB7 and PID2 are -5.15 eV and -5.52 eV, respectively (Figure 11b). In particular, with a 9:1
ratio between PTB7 and PID2, we achieved a Vo at 0.72 V, a Jsc at 16.8 mA/cm? and a FF at
68.7%, resulted in a very promising PCE of 8.22%. An average PCE of 8.01% was attained over
10 identical devices under this condition with a mean Vo at 0.71 £ 0.01 V, a Jsc at 16.7 + 0.36
mA/cm? and a FF at 67.9 + 0.70%. To the best of our knowledge, this is the highest PCE reported
for ternary blend PSCs so far. When the content of PID2 was increased to 30%, Jsc of the device
was improved to 16.3 mA/cm?, yielding a PCE of 7.88%. Solar cell with 50% of PID2 showed
comparable PCE compared to the reference device. Further increasing the content of PID2 beyond
50% resulted in decreased solar cell performance due to inferior Jsc and FF compared to
PTB7:PC7:BM reference device. Since incorporation of 10% and 30% PID2 showed better solar
cell performance than the reference device, the two conditions are used in the following
measurements to unravel the mechanism for the increase in Jsc and FF in our ternary blend system.
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Figure 12 | Photovoltaic performance. a, Current-voltage characteristics of ternary solar
cells with different polymer mixture ratios. b, EQE curves of ternary PTB7:PID2:PC7:BM blend
different PID2 contents. ¢, Photocurrent density (Jpn) versus effective voltage (Vef)
characteristics. d, Dependence of Jsc on light intensity of ternary system with different polymer
ratios.
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Table 7 | Summary of solar cell parameters of ternary PTB7:PID2:PC71BM blend with
different ratios of PTB7:PID2.

PTB7:PID2:PC,, BM J.(mA/em?) V, (V) FF(%)  PCE (%)

1:0:1.5 15.0 0.72 67.1 7.25
0.9:0.1:1.5 16.8 0.72 68.7 8.22
0.7:0.3:1.5 16.3 0.71 68.0 7.88
0.5:0.5:1.5 14.5 0.72 68.3 7.10
0.3:0.7:1.5 12.9 0.71 66.1 6.04
0.1:0.9:1.5 7.56 0.70 59.5 3.12

0:1:1.5 5.27 0.86 44.4 2.01

To study changes in Js, external quantum efficiency (EQE) of the ternary blend devices was
measured and the results are illustrated in Figure 12b. Ternary systems with up to 30% PID2
incorporation showed similar thicknesses (around 130 nm) to PTB7:PC71:BM binary device. Thus
direct comparison between the EQE results is meaningful. Unlike the trend we observed in the
UV-vis absorption spectra, incorporation of 10% PID2 into PTB7:PC7:BM blend led to increased
EQE values over the whole wavelength region. The EQE values were enhanced most in the region
between 400 nm to 550 nm where PC7:BM exhibits high absorption. Since incorporation of 10%
PID2 only led to better absorption from 500 nm to 620 nm in Figure 1d, the increase in EQE
between 400 nm to 550 nm at low PID2 content should not result from additional absorption
enhancement of PID2. Instead, this result indicated that the small amount of PIB2 played the role
of hole relay between PC7:BM and PTB7 via its HOMO orbital. The energy diagram clearly
showed that the HOMO energy level difference between PC7:BM and PTB7 is about 0.95 eV, too
large for an effective hole transfer. The HOMO energy level of PID2 is almost positioned in the
middle of the PTB7 and PC71BM, forming the cascade HOMO energy levels for more effective
extraction of holes from PC;1BM (Figure 11b)®. To prove this, we measured film
photoluminescence (PL) of PID2, PTB7 and PTB7:PID2 (both 0.9:0.1 and 0.7:0.3 ratios) excited
at 610 nm (maximum absorption for PID2). The results are shown in Figure S7a. Generally, if
energy transfer between PID2 and PTB?7 exists, one would expect increased PL emission for PTB7
with decreased PL emission for PID2 assuming that the quantum yields of the two polymers are
similar. On the other hand, if photoinduced electron transfer from HOMO energy level of PTB7
to HOMO energy level of excited PID2 exists (hole transfer from PID2 to PTB7) (Figure S7Db),
emission of PID2 would be quenched without increase of PTB7 PL signal. PID2 was showed a
strong emission with a maximum at 680nm while PTB7 exhibited a weak PL emission signal with
a peak at 760 nm. PL of PID2 was completely quenched while PL of PTB7 remained almost the
same in PTB7:PID2 blends (both 0.9:0.1 and 0.7:0.3). The results confirmed that photoinduced
electron transfer from PTB7 to PID2 (hole transfer from PID2 to PTB7) existed other than energy
transfer between PID2 and PTB7. Since hole transfer from PC71BM to PID2 was already
demonstrated by 2.01% device performance for PID2:PC7:BM, we could conclude that holes could
transfer from PC7:BM to PID2 and finally to PTB7. In addition, we fabricated a solar cell using
PTB7 and PID2 at 1 to 1 ratio only and achieved a PCE at 0.051%, with a Vo at 0.65 V, a J at
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0.192 mA/cm? and a FF at 40.8%. Although the PCE was poor due to the fact that PID2 was
designed as a donor material instead of an acceptor, it again proved that charge separation and
transport between PTB7 and PID2 happened at their interfaces. This point is further reinforced by
an improved EQE values from 400 nm to 650 nm while remained similar values from 650 nm to
750 nm when PIB2 content was increased to 30%. The integrated Jsc values from EQE spectrum
for PTB7:PC71BM (1.0:1.5), PTB7:PID2:PC7:BM (0.9:0.1:1.5), PTB7:PID2:PC7:.BM (0.7:0.3:1.5)
devices were 15.1 mA/cm?, 16.3 mA/cm?, 15.8 mA/cm?, respectively. This is within 3% difference
from measured Jsc values, indicating that J-V measurements in this work are reliable. In addition,
since devices with low PID2 content (10% and 30%) showed higher or comparable EQE values
from 650 nm to 750 nm compared to PTB7:PC7:BM while higher PID2 content (>30%) led to
lower EQE values from 400 nm to 650 nm, we can again conclude that changes in light absorption
is not the only cause for Jsc changes in our ternary blend system, the cascade energy levels is also
important to PCE changes.

Figure 13 | TEM characterization. TEM images of a, PTB7:PC7:.BM (1:1.5). b,
PTB7:PID2:PC7:BM (0.9:0.1:1.5). ¢, PTB7:PID2:PC7:BM (0.7:0.3:1.5). d, PID2:PC7:BM
(1:1.5).

To gain more insight into light absorption and exciton dissociation process, we determined the
saturation current density (Jsa) and charge dissociation probabilities P(E,T) of PTB7:PC7:BM
(1:1.5), PTB7:PID2:PC7:BM (0.9:0.1:1.5), PTB7:PID2:PC7:.BM (0.7:0.3:1.5) devices. Figure 12c
reveals photocurrent density (Jpn) versus effective voltage (Vesr) curves for solar cells used in this

work. Here Jpn is defined asJ,, =J, —Jp, where J. and Jp are the photocurrent densities under

illumination and in the dark, respectively. Ves is defined asVy; =V, =V, , where Vy is the voltage
where Jpn equals zero and Va is the applied bias voltage®®. If we assume that all the photogenerated
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excitons are dissociated into free charge carriers and collected by electrodes at a high Ves (i.e. Vest
= 2 V), saturation current density (Jsat) will only be limited by total amount of absorbed incident
photons. The Jsat values for the three devices were 169 A m (0% PID2 content), 180 A m(10%
PID2 content) and 169 A m (30% PI1D2 content), respectively. Further increasing the content of
PID2 showed dramatic decrease in Jsat Values (Figure S8). The larger Jsat value of device with 10%
PID2 content would suggest enlarged overall exciton generation while the unchanged Jsat value of
device with 30% PID2 content suggested the same overall exciton generation compared to the
control device®™=5, It should be pointed out that even though Jsat increased at 10% PID2 content
by 6.5%, the increased Jsat was still not enough to account for the overall enhancement in Jsc (12%).
Since both 10% and 30% contents of PID2 showed much larger Jsc values than the control device,
the Jpn results further confirmed the assertion that both absorption change and energy cascade
contributed to the change in current density in this work. The P(E, T) is determined by normalizing

Jph With Jsat (J 1, / I )¥". The P(E, T) values under Jsc condition for the three devices were 88.0%,

90.2%, 91.2%, respectively, while the P(E, T) value for PID2:PC7:BM device was only 65.6%.
The results showed that incorporation of PIB2 at low contents facilitated charge dissociation in
ternary devices.

In addition to light absorption and exciton dissociation, we also measured Jsc as a function of
illumination intensities for the three devices to monitor the changes in recombination kinetics.

Quantitatively, Jsc follows a power-law dependence on light intensity (J,, o P|i2ht)38'39- In general,

linear scaling of photocurrent with Piigne would suggest weak bimolecular recombination while
sublinear scaling of photocurrent with Piignt indicates partial loss of charge carriers during charge
transport process due to bimolecular recombination. As shown in Figure 12d, the exponential
factors of PTB7:PC7;1BM (1:1.5), PTB7:PID2:PC7:BM (0.9:0.1:1.5), PTB7:PID2:PC7:BM
(0.7:0.3:1.5) devices were 0.84, 0.99, 0.91, respectively. Thus, bimolecular recombination was
weakest in devices with 10% of PID2. Compared to PTB7:PC7:BM, device with 30% of PID2 also
showed decreased bimolecular recombination. Changes in bimolecular recombination help to
explain the increased Jsc and FF in the ternary blend system. This is in good agreement with hole
mobility data of these devices, measured with the structure ITO/ PEDOT:PSS/ PTB7:PID2/ Al
using space-charge-limited current (SCLC) model*°. As shown in Figure S9, hole mobility
increased from 5.42x10 cm? V! s (PTB7) to 7.75x10* cm? V! st (PTB7:PID2 /0.9:0.1) and
8.72x10* cm? V1 s{(PTB7:PID2 /0.7:0.3), while hole mobility of PID2 was only 2.71x10™* cm?
V1 st The improved charge transport property is the result of the cascade energy levels in the
ternary system and improved morphology as discussed below®.

Transmission electron microscopy (TEM) was first used to probe morphology of the ternary
blend (Figure 13). Both PTB7:PID2:PC7:BM (0.9:0.1:1.5) and PTB7:PID2:PC7:.BM (0.7:0.3:1.5)
films showed fibrous features while no such structure was observed in PTB7:PC7:BM or
PID2:PC7:BM devices. This seems to indicate that the PID2 plays the role of template for the
formation of fibrous structure in PTB7. The fine dispersed fibrils were previously found beneficial
to exciton separation and charge transport*'#2, Tapping mode atomic force microscopy (AFM)
height and phase images of the ternary system showed that the root-mean-squared (RMS)
roughness of the four devices based on PTB7:PC7:BM (1:1.5), PTB7:PID2:PC7:BM (0.9:0.1:1.5),
PTB7:PID2:PC71.BM (0.7:0.3:1.5) and PID2:PC71BM (1:1.5) was 0.87 nm, 1.06 nm, 1.02 nm and
2.31 nm, respectively. Although PID2 showed higher roughness than PTB7 when mixed with
PC7:BM, blending PID2 into PTB7:PC7:BM up to 30% did not cause any significant change of
surface roughness of the host blend. X-ray scattering techniques helped to understand changes in
molecular packing, structure ordering and domain sizes in our devices. Shown in Figure 4 and 5
are the 2D grazing incidence wide-angle X-ray scattering (GIWAXS) patterns and resonant soft
X-ray scattering (RSoXS) profiles of the ternary PTB7:PID2:PC7:BM blend films with different
PID2 content. In the 2D GIWAXS pattern of PTB7:PC71.BM (1:1.5) blend film (Figure 14a), a
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broad arc-like scattering arising from the Bragg diffraction of periodic PTB7 layers was observed
at gy ~ 0.36 A, suggesting the preferential face-on conformation, whereas the 2D GIWAXS
pattern of PID2:PC7:BM (1:1.5) blend film (Figure 14f) exhibited a ring-like layering peak at g, ~
0.34 At and two off-axis scattering spots located at (+0.27, 0.38) A, indicating the formation of
PID2 bilayer ordering with a preferential edge-on orientation similar to that observed in
PCDTBT®. Since the full width at half maximum (FWHM:s) of scattering peak, Aq, correlates to
the nanocrystallite size via Scherrer equation**®, the narrower Aq of PID2 layering peak indicated
that PID2 could form larger nanocrystallite sizes in the blend film than PTB7. Further RSoXS
studies provided access to the spatial dimensions of phase-separated domains*“®. The RS0XS
profile of the PTB7:PC7:BM blend film showed a diffuse scattering at g ~ 0.006 A%, while that of
the PID2:PC7:BM blend film exhibited a well-defined peak centered at a larger q value of ~0.003
At (Figure 5). This illustrates that the phase-separated domains in PID2:PC7:BM blend film were
larger than those in PTB7:PC7:.BM blend film. However, upon incorporating a small amount of
PID2 copolymers into PTB7:PC7:BM blend film (PTB7:PID2:PC7:BM (0.9:0.1:1.5)), PID2
copolymers showed little influence on the crystalline structures of both conjugated polymers and
PC7:BM while induced the formation of smaller phase separated domains. These smaller domains
would increase the area of interfaces between polymer donors and fullerene acceptors, thus
facilitating exciton dissociation and lead to an improved performance. This is in accordance with
our exciton dissociation results. Further increasing the amount of PID2 copolymers, PID2:PC7:BM
blends gradually phase separated out of the PTB7:PC7:BM blends and formed individual blend
region in the films. Both larger conjugated polymer nanocrystallites and phase-separated domains
formed in the ternary blend films and low PID2 mobility resulted in decreased device efficiency
at high PID2 content. Taken together, these observations of morphological changes in the ternary
blend films support our hypothesis that the incorporation of PID2 at low contents could facilitate
charge dissociation and transport. This also helps to explain the tendency of performance change
as a function of the PID2 contents in our device.
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Figure 14 | 2D GIWAX patterns of ternary films on PEDOT:PSS-modified Si
substrates. a, PTB7:PC71BM (1:1.5). b, PTB7:PID2:PC71BM (0.9:0.1:1.5). c,

PTB7:PID2:PC71BM (0.7:0.3:1.5). d, PTB7:PID2:PC7:BM (0.5:0.5:1.5). e, PTB7:PID2:PC71BM

(0.3:0.7:1.5). f, PID2:PC71BM (1:1.5).
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Figure 15 | RSoXS profiles of the ternary films.
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Final Report for
Dr. Charles Lee
AFOSR 2015.
Grant number: FA9550-12-1-0061

Yue Wu, School of Chemical Engineering, Purdue University, 480 Stadium Mall Drive, West Lafayette,
IN 47907-2100

Under the support of AFOSR, we have made a revolutionary experimental and theoretical breakthrough in
developing nanocomposite-based thermoelectric materials. We have successfully achieved the large-scale
production of ultrathin thermoelectric nanowires at up to tens of grams level with superior properties
compared to conventional bulk materials, mainly due to enhanced phonon scattering to lower the thermal
conductivity and the improvement of power factor by blocking the minority carriers or low energy charge
carriers. We also invented the direct coating of advanced thermoelectric nanomaterials onto flexible fibers
for integrated flexible thermoelectric. Even without complicated process and high temperature annealing,
our flexible thermoelectric systems have demonstrated a great potential for device application with
performance comparable or better than the complicated, expensive, and rigid conventional devices. In the
three-year period, 14 research papers have been published or accepted for publication on high-impact
journals including 3 invited reviews/opinions, 20 conference/symposium presentations including 5 invited
presentations, and 12 invited colloquium/seminar series presentations at top tier universities. Prof. Wu was
also selected as “2014 Emerging Investigators” by Journal of Materials Chemistry A (Royal Society of
Chemistry) to recognize the very best work from materials chemists in the early stages of their independent
career.

Summary of Research Progress:

(1) Developing the mass production capability of producing ultrathin nanowires - in this research, we have
developed a low-temperature low-cost atmosphere-pressure solution-phase production of ultrathin
thermoelectric nanowires with diameter around or below 10nm with narrow size distribution. Unlike
all the previous research in the field of nanowires where only milligrams of nanowires can be produced
in one batch of synthesis, now we can continuously produce tens of grams of these nanowires within
two hours and these nanowires show better performance compared to the bulk material (Publications
#10 and #11).

(2) Developing experimental approach and theoretical modeling to understand electrical and thermal
conductivity in one-dimensional material — by design and incorporating secondary-phase nano-
inclusions through the nanowire heterostructure approach, we have achieved a rational control to
fabricate nanocomposite with predictable electrical and thermal properties. Especially by using the
secondary-phase to scatter the phonons to lower thermal conductivity and using energy filtering and
minority carrier blocking to improve power factor and block the unwanted bipolar transport, we have
demonstrated a key step forward towards low-cost solution-processable nanomaterials without heavy
doping level for high-performance thermoelectric energy harvesting (Publications #1, #3, #9, 312,
#14).
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(3) Fiber-based flexible thermoelectric materials and devices — fibers can be produced in a continuous,
fully automatic, cheap, and scalable way. They can also conform to curved surfaces to form energy
harvesting devices for waste heat recovery. We have developed the method, through the collaboration
with Wright-Patterson Air Force Research Lab to investigate the thermal conductivity in the axial
direction of glass fibers coated with lead telluride (PbTe) nanocrystals using the self-heated 3 method
particularly at low frequency. We also developed the effective doping method to achieve n-type PbTe
nanocrystal and proof-of-concept thin-film thermoelectric modules have also been fabricated using
both p-type and n-type PbTe nanocrystals for the conversion of thermal energy into electrical energy.
More importantly, through the careful investigation of the surface-bound molecules, we have come up
with the theory that we can use these molecules to enhance the power factor and lower the thermal
conductivity to achieve significant improvement in performance to surpass the existing bulk materials
for thermoelectric devices operating at low temperature (Publications #5 and #7).
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of thermal conductivity of PbTe nanocrystal coated glass fibers by the 3w method.
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Fang, Haiyu; Wu, Yue* “Telluride Nanowire and Nanowire Heterostructure-
based Thermoelectric Energy Harvesting”, Invited Feature Article for 2014
Emerging Investigators Themed Issue, Journal of Materials Chemistry A (Impact
Factor 6.101), 2014, 2, 6004-6014.

Fang, Haiyu; Finefrock, Scott W.; Wu, Yue* “Effects of Size and Doping on the
Power Factor of N-type Lead Telluride Nanocrystals”, Nano Letters (Impact
factor 13.025), 2014, 14, 1153-1157.

Finefrock, Scott W.; Zhang, Gengiang; Bahk, Je-Hyeong; Fang, Haiyu; Yang,
Haoran; Shakouri, Ali; Wu, Yue* “Structure and thermoelectric properties of
spark plasma sintered ultrathin PbTe nanowires”, Nano Letters (Impact Factor
13.025), 2014, 14, 3466-3473.

Fang, Haiyu; Yang, Haoran; Wu, Yue* “Thermoelectric Properties of Silver
Telluride-Bismuth Telluride Nanowire Heterostructure Synthesized by Site-
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Selective Conversion”, Chemistry of Materials (Impact Factor 8.238), 2014, 26,
3322-3327.

10. Finefrock, Scott W.; Fang, Haiyu; Yang, Haoran; Darsono, Henka; Wu, Yue*
“Large-scale solution-phase production of Bi,;Te; and PbTe nanowires using Te
nanowire templates”, Nanoscale (Impact factor 6.233), 2014, 6, 7872-7876. Cited
1 time.
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Ag2Te Nanowires with Tunable Electrical and Thermal Properties”, Nano Letters,
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AIChE Meeting, Pittsburgh, PA, October 2012.
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MRS Meeting, 2013 MRS Meeting, San Francisco, CA, April 2013.

(Poster) “Enhanced ZT due to Energy Filtering Effect in Thermoelectric Nano-composites Based
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MRS Meeting, 2013 MRS Meeting, San Francisco, CA, April 2013.

(Oral Presentation) “Complex Metal Oxide Nanowires for Thermoelectric and Battery
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applications”, 2013 ACS Meeting, Indianapolis, IN, September 2013.

(Oral Presentation) “PbTe nanocrystal coated glass fiber for thermoelectric energy harvesting”,
2013 ACS Meeting, Indianapolis, IN, September 2013.
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1.0 Summary

The objective of this project is to utilize photo-induced proton transfer as a general method
to develop different smart materials that alter their properties under irradiation. The photo-induced
proton transfer is controlled by a novel type of photoacid, i.e. metastable-state photoacid, which was

discovered by our group.

Metastable-state photoacid can reversibly produce large proton concentration under
moderate irradiation (sunshine, LED light etc.) and so far no other type of molecule can achieve this.
In this project, we showed that metastable-state photoacids can be generally designed by linking an
electron-accepting moiety and a nucleophilic moiety with a double bond, and the nucleophilic
moiety needs to have an active proton. Irradiation induces a trans-cis isomerization of the double
bond, which allows a nucleophilic cyclization reaction to occur between the two moieties and
releases the active proton. Over 40 metastable-state photoacids with different photo- and thermo-
activities have been synthesized during the project. Unprecedented change of proton concentration

(ApH ~ 5) under visible light has been achieved.

Visible light controlled proton transfer processes have been demonstrated by our group using
metastable-state photoacid as a bridge between photon and proton. In general, metastable-state
photoacids were added to acid or pH sensitive systems, and the properties, including chemical,
biological, catalytic, electronic, optic, geometric and mechanic properties, of the resulting systems
can be altered by turning on and off irradiation. In this project, photo-controlled acid-catalyzed
reactions, volume-change hydrogels, polymer conductivity, bacterial killing, fragrance release,
color, and phase change have been achieved.

In addition, several other groups have utilized the photoacids we reported in the development
of novel polymer sensor, molecular switch, microbial fuel cell and supramolecular gel, which shows
that photo-controlled proton transfer using metastable-state photoacids is indeed a useful approach

towards various photoresponsive systems.
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2.0 Introduction

Proton transfer is one of the most fundamental processes in nature and numerous chemical,
material, and biological process are driven by proton transfer. For example, biological systems use
proton gradient as an energy form to synthesize energetic chemicals for their biological functions;
many organic reactions are catalyzed by Bronsted acids; and many materials have pH-sensitive
properties. In fact, searching Scifinder Scholar data base with the key words “proton transfer”
resulted in more than 47000 references, and “pH sensitive” resulted in more than 15000 references.
This project is regarding a general method for controlling proton transfer processes with light, and

utilizing this method to develop smart materials that alter their properties under irradiation.

A photoacid that undergoes proton dissociation upon photo-irradaition can work as a bridge
between a photon and a proton, and thus allows photo-control of proton-transfer process. So far,
three types of photoacids have been reported, which are photoacid generator (PAG), excited-state
photoacid, and metastable-state photoacid discovered by our group. PAGs are irreversible and thus
can only initiate a proton transfer process but not stop or reverse it. Excited state photoacids,
although are reversible, cannot produce a large proton concentration, while most proton transfer
processes are driven by a high proton concentration. Only metastable-state photoacids can reversibly
produce a large proton concentration, and moderate visible light from e.g. sunshine or LED is
enough to induce the change. Incorporating metastable-state photoacids into pH or acid sensitive

systems will allow remote, temporal and spatial control of their properties with visible light

In this project, a general scheme for designing metastable-state photoacids was studied;
metastable-state photoacids with different structures were synthesized and their physicochemical

properties were studied; photoresponsive materials based on proton transfer were developed.
2.0 Methods, Assumptions and Procedures

Metastable-state photoacids can be generally designed by linking an electron-accepting
moiety and a nucleophilic moiety with a double bond, and the nucleophilic moiety needs to have an
active proton. (Scheme 1) Irradiation induces a trans-cis isomerization of the double bond, which
allows a nucleophilic cyclization reaction to occur between the two moieties and releases the active
proton. The high-acidity state resulted from irradiation is a metastable-state, which relaxes to the
ground state in the dark and takes back the proton. Specific structures of the photoacids developed

based on this scheme are given in the next section.
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Scheme 1. Design of metastable-state photoacids.

The photoacids are synthesized by Knoevenagel reactions between the corresponding
electron accepting moiety with a methyl group and the nucleophilic moiety with an aldehyde in
ethanol. Ammonium acetate was sometimes added as the catalyst. An example is shown in Scheme
2.

CN CN NC CN —
x 07 > X, EtOH — /@
NC)\H\ + w —> NC TN \f//
FaC CF3

Scheme 2. An example of the synthesis of a metastable-state photoacid.

Photoactivity was studied by monitoring the UV-Vis absorption change of a photoacid in
water, ethanol and DMSO under irradiation. Narrow bandwidth visible light LEDs with a photon
flux density of ~1000 pumol m2s* were used as the light sources in most cases. For those photoacids
with very fast reverse reaction, an OmniCure S1500 system was used. Quantum vyields were
calculated from the results. The reverse reaction was studied by monitoring the UV-Vis absorption
after the irradiation was turned off, and the data were fit to a second order kinetic equation to obtain
the rate constants. Change of proton concentration (pH) was evaluated by measuring pH of a
solution of a photoacids before and upon/after irradiation. Water is a preferred solvent when the
solubility of a photoacid in water is close to or higher than 1 mM. Small amount of DMSO or ethanol
was often mixed with water to improve the solubility. Cycles of UV-Vis absorption and pH change
were obtained by turning on and off the irradiation for several times and recording the absorbance

or pH values.

Photoresponsive systems were prepared by mixing or covalently linking metastable-state
photoacids with the targeting systems. The concentration of the photoacid was optimized so that the

proton concentration generated by irradiation is large enough to induce significant property change.
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A photoacid with a suitable reverse rate was selected for a certain system so that a desirable
switching rate can be achieved. For organic materials, a proton transfer moiety or additive was often
required to acheive a good performance. The photoresponsive systems developed in this project and
the corresponding property changes are described in the next section.

3.0 Results and Discussion
3.1 Metastable-state photoacids developed during the project

As described in the last section, metastable-state photoacids can be designed based on
Scheme 1. Different types of electron acceptor moieties and nucleophilic moieties have been
identified as suitable components for constructing metastable-state photoacids, which are listed in
Figure 1. Over 40 photoacids have been synthesized during this project. Although a systematic work
for fully understanding the structure-property relationship is still undergoing, useful information
have been obtained and photoacids with desirable properties have been identified.

S NuH
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PhOH 7-Indz 3-Indz BIMCF4

Figure 1. Electron acceptor moieties and nucleophilic moieties that have been used for constructing

metastable-state photoacids.

Among the different types of metastable-state photoacids, the Indo-PhOH type has been
extensively studied. In fact, the first metastable-state photoacid was a Indo-PhOH (1 in Table 1),
and all the photoresponsive systems based on metastable-state photoacids by far (See next section)
used this type photoacid. The Indo-PhOH photoacids synthesized during the project are listed in
Table 1. Study showed that electron donating groups including alkyl- and alkoxyl groups on either
PhOH or Indo moiety can lower the dark acidity and improve the stability of the molecules, and

thus should be used. On the contrary, electron withdrawing groups should be avoided unless

35



necessary. Functional groups on PhOH side that are electron donating to the bridging double bond
increase the reverse reaction rate significantly. Organic solvents or polymers with low hydrogen
bond donor (HBD) acidity (Taft—Kamlet a scale) slow down the reverse reaction. However, it was
found later that this rule is not true for other type of photoacids. Not all the Indo-PhOH molecules
designed are photoactive. Molecule 24 is not photoactive, which was attributed to a low-lying triplet
state, which deactivates the photo-induced trans-cis isomerization. None of the Indo-PhOH
photoacids can be used in basic condition including PBS buffer (pH 7.4) due to deprotonation
followed by thermo-induced cyclization in the dark.

Table 1. Indo-PhOH type photoacids synthesized

Re Rs

RSIMR4
N* HO Rs3
-03S
12 3 4 5 6 7 8 9 10 | 11 12 | 13 14 15 |16 | 17 18 19 20
Re |H|H H H H H H H |H H H H H OMe | H H H H H H
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Photoacid 1 in Table 1 was the first metastable-state photoacid discovered and has been
extensively studied. This photoacid possesses a high quantum yield of 0.37 and a moderate reverse
reaction rate of 73 M1 s tin water. It can reversibly change the proton concentration over 100 times
under blue light (400-500 nm). Most of the applications demonstrated by our group and other groups
used this photoacids. However, the reverse reaction of 1 in organic polymers is too slow for many
applications and it decomposes slowly in water. Photoacid 2 in Table 1 has a reverse reaction rate
~2 orders of magnitudes higher than that of 1 and is stable in water. Therefore, photoacid 2 is

considered as a better choice in many cases. Most of the Indo-PhOH can only work under blue light

36




while a longer activating wavelength is desirable of biological applications. Photoacid 23 absorbs
at longer wavelength (Amax 536 nm) than the others and can function under green light (525 nm).
As mentioned above, Indo-PhOH type photoacids cannot function under basic condition, which
substantially limits their applications in material and biological areas. Recently, we found that a
BTZ-7-Indz photoacid (inserted figure) worked well in PBS buffer and thus can be applied to
common biological systems. Indo-Indz (inserted figure) molecules are basic photoacids. They take
protons in the dark and release protons under light, which results in a very large change of proton
concentration. A pH change of 5 was recently demonstrated by our group.

3.2 Photoresponsive systems developed using metastable-state photoacids

The following photoresponsive

systems have been achieved by — —
‘ - SF//%\—/\ @ N/ W
our group: PP HN/—S P "

N ) N

Switching on and off an acid \
-035/

catalyzed  reaction.  Fisher | %

BTZ-7-Indz Indo-7-Indz Indo-3-Indz
Esterification reaction is a textbook reaction that is often catalyzed by strong acid such as sulfuric

acid. We have shown that when a metastable-state photoacid was added to a mixture of acetic acid
and ethanol, the esterification reaction can be turned on
by visible light and stopped by turning off the light. This
demonstration showed that metastable-state photoacids
can be applied to control acid-catalyzed reactions.

Visible-light  controlled odor release material.

Development of digital scent technology will add another

dimension to electronic industry. While significant
progress has been made in the area, the lack of a successful commercial product after half-century
of development indicates challenges of fulfilling the requirements for commercialization. We have
developed a material composed of a metastable-state photoacid and an acid-sensitive polymer. It
can release fragrant under visible light with selective wavelengths and quickly stop releasing after
the light is turned off. This material may be used for digital scent technology for quick switching

among different odors and reducing the size of the device.
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Highly tailorable photochromic material.  Although
photochromic compounds have been studied for decades,
they often show color changes between white and a color.
Changes between two colors, for example green to red,
are very difficult (if possible) using conventional

photochromic compounds. Combining metastable-state

photoacids with pH indicators make the design of Before Irradiation i A

photochromic material with various color changes simple. The color change and the stimulating
wavelength can be controlled by choosing different indicators and photoacids. Various color
changes, e.g. yellow to blue, green to red, etc. have been demonstrated in solutions and polymer
films under sunshine or LED light. Complicated visual effects such as multiple color changes can

be achieved as well. One of the potential applications is dynamic camouflage coating.

Photo-responsive hydrogel that changes volume and
mechanic strength under irradiation can be used to control
valves, cantilevers etc. in micro-devices, and as novel

biomedical materials. We demonstrated that combining a

pH sensitive hydrogel and metastable-state photoacids
resulted in a hydrogel that greatly changed its volume under visible light. Thin films of such material

have also been prepared and their volume and mechanical changes upon irradiation is under study.

Visible-light induced killing of bacterial mediated by [N

metastable-state photoacids has been demonstrated.
Experiments showed that a metastable-state photoacid
killed 99% of a multidrug-resistant bacteria under visible
light. Combining a metastable-state photoacid with

colistin, which is a highly effective but somewhat toxic

drug, significantly lowered the dose of colistin required for killing bacteria and thus increased its
safety. These results showed that metastable-state photoacids can function in biological system.
They may lead to sunlight-powered antibacterial coatings and novel phototherapeutic method.
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Photo-switchable conducting material has been
i iy Low
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limited to ~1 fold. Fundamental study shows that the metastable-state photoacids used for the
experiment, which were Indo-PhOH type photoacids, cannot function under the strong basic
condition of polyaniline. Indazole type photoacids described in the last section are currently

investigated due to their compatibility with basic conditions.

Photo-controlled ionic and hydrogen bonding between polymers. Controlling interactions between
polymers and molecules with light has great potential in development of smart materials. Polyacrylic
acid and polyvinyl pyridine form hydrogen bonding and ionic bonding between each other, which
crosslink the two polymers. We showed that the crosslinking can be turned off by light in the
presence of a metastable-state photoacid. A reversible phase change between solid suspension (in

the dark) and solution (under light) have been demonstrated. Controlling crosslinking allows

altering material properties with a fjﬁ o
- \ n
small loading of a photoacid and Ny N
e .. -G
thus is a promising approach for ) P - PAM™ |,
| ar |
development of photoresponsive l '-_ _0;8 OTO
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Recently, the metastable-state suspension

photoacids reported by our group have been utilized by other groups for different purposes. For
example, novel supramolecular gel (Maity et al. Angew. Chem. Int. Ed. 2015, 54, 998 —-1001),
polymer sensor (Johns et al. Anal Chem. 2014, 86, 6184-7.) molecular switch (Tatum et al. J. Am.
Chem. Soc. 2014, 136, 17438—17441), and microbial fuel cell (Bao et al. RSC Adv. 2014, 4, 27277-
27280) using photoacid 1 in Table 1 have been reported in the last couple of years, which shows
that photo-controlled proton transfer using metastable-state photoacids is indeed a useful approach

that can be generally applied to various systems.
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