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ABSTRACT: The influence of the number-average molecular
weight (M,) on the blend film morphology and photovoltaic o
performance of all-polymer solar cells (APSCs) fabricated with
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i o pTPD3T
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the donor polymer poly[S-(2-hexyldodecyl)-1,3-thieno[3,4- 870_ B Y P
c]pyrrole-4,6-dione-alt-5,5-(2,5-bis(3-dodecylthiophen-2-yl)- e
thiophene)] (PTPD3T) and acceptor polymer poly{[N,N'- x 1
bis(2-octyldodecyl)naphthalene-1,4,5,8-bis(dicarboximide)- 2:50‘
2,6-diyl]-alt-5,5’-(2,2'-bithiophene)} (P(NDI20OD-T2); = 40188 © r
N2200) is systematically investigated. The M, effect analysis S 301 |
of both PTPD3T and N2200 is enabled by implementing a m 204 ]
Z 20 30 40 50 60

polymerization strategy which produces conjugated polymers
with tunable M;s. Experimental and coarse-grain modeling
results reveal that systematic M, variation greatly influences
both intrachain and interchain interactions and ultimately the degree of phase separation and morphology evolution. Specifically,
increasing M, for both polymers shrinks blend film domain sizes and enhances donor—acceptor polymer—polymer interfacial
areas, affording increased short-circuit current densities (J,.). However, the greater disorder and intermixed feature proliferation
accompanying increasing M, promotes charge carrier recombination, reducing cell fill factors (FF). The optimized photoactive
layers exhibit well-balanced exciton dissociation and charge transport characteristics, ultimately providing solar cells with a 2-fold
PCE enhancement versus devices with nonoptimal M;s. Overall, it is shown that proper and precise tuning of both donor and
acceptor polymer Ms is critical for optimizing APSC performance. In contrast to reports where maximum power conversion
efficiencies (PCEs) are achieved for the highest M, s, the present two-dimensional M,, optimization matrix strategy locates a PCE
“sweet spot” at intermediate M;s of both donor and acceptor polymers. This study provides synthetic methodologies to
predictably access conjugated polymers with desired M, and highlights the importance of optimizing M, for both polymer
components to realize the full potential of APSC performance.
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B INTRODUCTION

Extensive research efforts by the soft matter solar cell
community have afforded rapid advances in the performance
of polymer solar cells (PSCs).'~” Using conventional fullerene-
based acceptors, the rational design of polymer donor
structures with proper frontier molecular orbital (FMO)
energies and band gaps as well as substituents and processing

recent studies have focused on developing and understanding
alternative acceptors.”’”>’ Among these candidates, 7-con-
jugated electron-transporting polymers have been investigated
and achieved excellent PCEs > 7.5%.'"'%*® Relative to the
extensively studied polymer:fullerene cells, all-polymer solar
cells (APSCs) based on the all-polymer donor—acceptor
photoactive layers offer unique attractions to tune and match

have yielded significant breakthroughs in PSC power
conversion efficiencies (PCEs), now exceeding 11%.>* Despite
the success of the fullerene acceptors, they suffer from several
limitations which significantly constrain the development of
new donor materials; these include limited optical absorption,
costly production, and fixed band alignment.”~" Therefore,
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chemical and electronic properties of the blend components
and to explore very different film morphologies arising from the
unique mixing characteristics of the macromolecular constitu-
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Scheme 1. Macromolecular Structures and Device Architecture of APSCs Based on Active Layer Blends of PTPD3T and N2200
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ents. Thus, this blend architecture should provide new
opportunities for further enhancing PSC device metrics,
particularly by increasing the open-circuit voltage (V,.) and
the short-circuit current density (J.), as well as morphological
stability to thermal and mechanical stress.”

It is well known that the number-average molecular weight
(M,) of a polymer has a profound influence on macromolecular
ordering and microstructure and additionally on optoelectronic
and charge transport characteristics, thus making it one of the
key parameters governing the performance of fullerene-based
solar cells.”*™*® In such devices, donor polymers with higher
M,s typically have higher degrees of ordering, resulting in
enhanced light absorption and hole mobility, which contribute
to higher J,. and FF parameters, ultimately enhancing PCE.

APSCs have historically lagged behind polymer:fullerene
PSCs in performance metrics, principally due to energetically
favored polymer—polymer demixing,”” which results in large-
scale phase separation, limiting exciton diffusion and current
output.”® While controlling film processing parameters to
improve film morphology is a promising strategy,'">”*” such
approaches are highly empirical and system dependent, often
providing limited performance benefits. In contrast, systemati-
cally tuning APSC component polymer M,s should in principle
provide a more general device optimization strategy. To date,
this approach has received only limited attention, with the
highest PCEs achieved with the donor polymers having the
highest accessible polymer M, values."> However, to the best of
our knowledge, M, effects have been explored only for one of
the two component polymers, while the M, of the second
component was held constant. Note also that rational selection
of both donor and acceptor polymer M,s has been elusive,
mainly due to a poor understanding of polymer M, effects on
the resulting blend physical properties, polymer—polymer
interactions, and blend phase separation.’”*’ Thus, guides to
the simultaneous tuning of both donor and acceptor Ms have
yet to be established.

In this study, we simultaneously investigate the influence of
the M, values of both donor and acceptor polymers on the
active layer film morphology, photophysics, and performance
metrics of solar cells fabricated with a high-performance
polymer—polymer blend system. From previous work, the
high-performance polymer poly[S-(2-hexyldodecyl)-1,3-thieno-
[3,4-c]pyrrole-4,6-dione-alt-5,5-(2,5-bis(3-dodecylthiophen-2-
yl)thiophene)] (PTPD3T) was selected as the donor semi-
conductor and poly{[N,N’-bis(2-octyldodecyl)-naphthalene-
1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-S,5’-(2,2-bithiophene) }
(P(NDI2OD-T2), N2200) as the acceptor semiconductor
(Scheme 1). N2200 has been widely used in APSCs (PCEs up
to 5.7%),"" and such polymers are the best-performing acceptor
polymers discovered to date (PCEs up to 7.7%)."" Broad
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control of the component polymer M,s is accomplished here
via a straightforward synthetic strategy based on the Carothers
equation, taking into account the comonomer ratios and extent
of polymerization. The product polymers are characterized by
an array of techniques, including high-temperature GPC,
optical spectroscopy, cyclic voltammetry (CV), ultraviolet
photoelectron spectroscopy (UPS), and differential scanning
calorimetry (DSC). In addition, the APSC blends are
characterized by transmission electron microscopy (TEM),
grazing incidence wide-angle X-ray scattering (GIWAXS), space
charge limited current (SCLC) mobility, photovoltaic response,
and variable light intensity measurements. The results show
that increasing both donor and acceptor polymer M, results in
higher degrees of polymer mixing in the blends. This effect is
reflected in inverted architecture APSC performance, where
PCEs vary by as much as 2-fold for devices based on different
M, polymer combinations. The observed trends are in good
agreement with the charge transport and light intensity studies
and reveal a performance “sweet spot” at intermediate Ms.
Finally, a universal coarse-grained model simulation of the
blend morphology provides valuable insights into physical
processes that occur during blend film formation and support
the experimental findings. The results obtained in this work
reveal important optoelectronic properties in all-polymer
blends and establish a general strategy for APSC efficiency
optimization.

B RESULTS AND DISCUSSION

Synthesis of Polymers with Predictable Molecular
Weights and Polymer Characterization. The conventional
preparation of semiconducting 7-conjugated in-chain donor—
acceptor polymers with variable M, has typically relied on
fractionation of the crude polycondensation product using
either Soxhlet extraction and preparative gel permeation
chromatography (GPC)* ™ or comonomer ratio varia-
tion.””** Although these approaches are relatively straightfor-
ward, they do not provide precise control of product polymer
M,. A more effective strategy to achieve controllable polymer
M, s for polycondensation reactions is to vary the stoichiometric
ratio r between reactant monomers’ "’ according to a
simplified Carothers model (eq 1), where M, is the repeat
unit molecular weight and N,, and Ny are quantities of
bifunctional monomers AA and BB, respectively.”””" Equation
1 can be derived from the standard Carothers equation (eq 2)

assuming complete (100%) limiting monomer conversion (p =
1.0).50%

M 1+ Nua
(1-r)

n

=M, ; where r = <1

(1)

NBB
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Figure 1. Synthesis of PTPD3T polymers with predictable number-average molecular weights, M,s. (a) Synthetic route to PTPD3T polymers
including structures of the comonomers 1 and 2 and the polymerization reaction conditions. (b) Correlation between PTPD3T M,s predicted using
eqs 1 (p = 1, red dots) and 2 (p < 1, green dots) versus those obtained from GPC analysis.

Table 1. Molecular Weight and Optoelectronic Properties of PTPD3T Polymers

polymer batch excess 1 (%) M, (kg/ ‘mol)? pDI?
8P 20 8.4 1.57
11P 15 11.0 1.96
15P 11 14.7 1.67
19P 8 18.6 1.89
25P 6 24.9 1.55
30pP 4 30.1 1.78
39P 3 39.3 2.16
45P 2 44.6 2.02
sop 1.7 50.1 2.18
59P 1 59.4 1.98
62P 0 61.8 1.87
64P 0" 64.5 1.87
67P 0° 67.0 1.86

A (nm)© E (V)¢ HOMO (eV)" LUMO (eV)’
488, 582/ 631 1.84 —5.21 —3.37
490, 582/ 630" 1.85 —5.20 -3.35
496, 580, 629" 1.84 524 —3.40
506, 582, 630" 1.84 -5.31 -347
522, 582, 629" 1.85 —5.27 —3.42
582, 629" 1.85 -5.26 —-341
580, 629" 1.84 -529 —345
583, 630" 1.84 —5.30 —3.46
582, 629" 1.86 -529 343
583, 629" 1.85 528 —343
582, 630 1.86 -527 —341
582, 630" 1.85 —5.27 —3.42
581, 630 1.84 529 345

“Unless otherwise noted, all polymerizations performed for 6 h. “Polymerization performed for 24 h. “Polymerization performed for 72 h.
“Determined by GPC at 150 °C in 1,2/4-trichlorobenzene. “Solution absorption spectra (0.015 mg/mL in CHCL). /Shoulder. £Optical gap
estimated from absorption edge of as-cast thin film (S mg/mL CHCl, solution). "Determined by UV photoemission spectroscopy (UPS) (see SI).

"Calculated according to Ejypo = E™ + Eyomo-

M= M (1+7r)

= ————— s wherep <1
" ’(1 + r — 2rp) b

)

For the synthesis of PTPD3T polymers (Figure 1a), it is
found that the conversion p is <1 since the Ms calculated from
eq 1 are significantly greater than those obtained by GPC,**
indicating that the predictable control over M;s following eq 1
is limited (see also Table S1 and Figure S2 in the SI). Thus, to
synthesize PTPD3T polymers with predictable M;s, eq 2 which
takes into account incomplete conversion of a limiting
monomer (p < 1.0) was employed as a guide. The key
assumption here is that p remains constant for fixed
concentration, time, catalyst loading, and temperature, and
where mass-transfer issues are negligible. Since transmetalation
is typically the rate-determining step in Stille reactions,”* we
varied the amounts of comonomer 1 to maintain the
concentration and conversion (p) of distannane 2 constant
(Figure la). Comonomer reagents 1 and 2 were rigorously
purified, and all polymerization reactions were performed using
stock solutions of Pd/ligand precatalyst components and
carefully weighed reactants (+0.01 mg) to ensure reproduci-
bility. To estimate the conversion value p, the polymerization
was performed in the presence of 4.0 mol % excess comonomer
1, affording PTPD3T with M, = 30.1 kg/mol by high-
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temperature GPC (a batch abbreviated hereafter as 30P; where

the number indicates the rounded M, and P denotes p-type

donor polymer). According to eq 3 this corresponds to the

value of p = 0.9875 (stoichiometric ratio r = 0.9615; Table 1).
_ M, = M)(1 +7)
B 2M,r

(©)

Next, using polymerization conditions that conformed to the
constraints of eq 2, specifically 6 h reaction time, p =~ 0.9875 for
a broad r < 1 range, yielded PTPD3Ts with M,s ranging from
~8 to ~59 kg/mol (8P—59P; Table 1). The excellent linear
correlation (* = 0.996) between calculated M,s (M,“**C) and
those determined by GPC (M,°) corroborates the control
over PTPD3T M,s when eq 2 is followed (Figure 1b, green
dots and blue line). This correlation exhibits a far better fit to
the experimental GPC data than that based on eq 1 (Figure 1b,
red dots and black line), where much higher M;s would be
expected (see also SI Table S1). Note also a growing disparity
between the M, values predicted by the two different synthetic
approaches as the monomer imbalance decreases. Finally,
PTPD3T batches with even higher M;s = 62, 64, and 67 kg/
mol (62P, 64P, and 67P) were prepared using the
stoichiometric ratio of comonomers (r = 1.00) and extending
the reaction time from 6 to 24 and 72 h, respectively (Table 1

DOI: 10.1021/jacs.5b10735
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and S1). Note here that the M,s predicted with eq 2 for the
stoichiometric cases deviate from the experimental results,
likely due to problematic mass-transfer effects at higher
polymer M,s and viscosities.”

The n-type polymer N2200°°"*° batches with M,s in the
21-75 kg/mol range (21N—75N) were obtained from Polyera
Corp. In Table 2, N specifies n-type N2200 polymer, with the
preceding number denoting the M, in kg/mol rounded to the
nearest one.

Table 2. Molecular Weight and Optoelectronic Properties of
N2200 Polymers

polymer M, Armax E Pt HOMO LUMO
batch  (kg/mol)* PDI* (nm)® (eV)© (ev)? (ev)©
21N 20.7 2.70 385, 679 1.46 -5.37 -391
25N 25.1 2.98 386, 665 1.47 -5.38 -391
41N 41.0 2.48 387, 698 1.47 —-5.38 -391
75N 74.8 225 389, 701 1.46 -5.37 -391

showing red-shifted absorption maxima (4,,) presumably
reﬂectinﬁg increased m-conjugation lengths and chain aggrega-
tion.”” ™ Interestingly, larger solution-phase A,,,, variations are
observed for PTPD3T than for N2200. Specifically, lower-M,
PTPD3Ts (8P—25P) exhibit three absorption features with
Amax Values ranging from 488 to 522 nm and two shoulders
located at ~580 and ~630 nm. The former feature red shifts
gradually, becomes a shoulder in 30P—39P, and then
disappears in higher-M,, polymers, while the latter two features
gradually increase in intensity with increasing polymer M and
evolve into the absorption maxima and shoulder (580—583 nm,
629—630 nm) of the higher molecular weight PTPD3T
samples. In contrast, the thin film optical spectra of both
PTPD3T and N2200 exhibit minimal M, dependence
(PTPD3T: A, ~ 571-578 and Agouue ~ 612—618 nm;
N2200: A = 392 and Ay, & 696—701 nm). Going from the
solution to film spectra, high-M;, PTPD3T (>45P) and N2200
(>41N) batches exhibit minimal differences in optical

“Determined by GPC at 150 °C in 1,2,4-trichlorobenzene. bSolution
absorption spectra (0.02 mg/mL in CHCl;). “Optical energy gap
estimated from absorption edge of the as-cast thin film (S mg/mL
CHCl, solution). “Calculated according to Eyomo = Epumo — E™.
“Electrochemically determined vs Fc/Fc*; Ej yyo = —(Eed™™" + 4.88).

Polymer Optoelectronic and Thermal Properties. The
optical properties of the PTPD3T and N2200 polymer batches
were investigated by optical absorption spectroscopy both as
thin films and in solution (Figure 2a and 2b). Data are
summarized in Tables 1 and 2. Figure 2a and 2b indicates that
the solution absorption spectra exhibit a clear dependence on
the PTPD3T and N2200 M,s, with the higher-M, polymers

absorption profiles, suggesting extensive aggregation in solution
for M, > 40 kg/mol. Note that despite being visually
transparent to the eye, the PTPD3T solutions in chloroform
exhibit a certain degree of preaggregation, as evidenced by a
dark blue/purple to orange color change upon raising the
temperature. The sharp vibronic features in the PTPD3T
spectra imply ordered solid-state structures.”>** The optical
band gaps (E,®) of the PTPD3T and N2200 batches,
calculated from the film absorption onsets, are nearly identical
within each polymer series, ~1.84—1.86 eV for PTPD3T
(Table 1) and ~1.46—1.47 eV for N2200 (Table 2).

The UPS-derived HOMO energies of the PTPD3Ts lie from
~—5.28 to —5.22 eV and display little variation for the range of
M,s (8—67 kg/mol) investigated in this study. The PTPD3T
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Figure 3. APSC device metrics. (a) J=V and (b) EQE characteristics. (c) Light intensity dependence of V. for all-polymer devices based on
19P:21N, 30P:25N, 45P:41N, and 64P:75N blends. (d) Contour color-filled comparative maps of J, FF, and PCE for APSCs in the 4 X 4 M,
matrix. SCLC hole mobilities (;,) for “horizontal” (i.e., varying PTPD3T M, from 19 to 64 kg/mol) and “vertical” matrix directions (i.e., varying

N2200 M, from 21 to 75 kg/mol) are also presented.

LUMO energies compiled in Table 1 are derived from the film
optical band gaps (E,”) and HOMO levels, and are in the
range from —3.35 to —3.47 eV. The UPS/EgOPt-derived HOMO
and LUMO energies of the N2200 batches are —5.90 and
—4.30 eV, respectively, yielding sufficiently large LUMO-
LUMO and HOMO—-HOMO offsets, to ensure efficient
exciton dissociation.””®® The cyclic voltammetry-derived
HOMO and LUMO energies of PTPD3T (Table SS) and
N2200 (Table 2) not unexgectedly deviate within a reasonable
margin from the UPS data®”®® but remain fairly constant with
the variations in the polymer M;s.

Polymer thermal properties were investigated using differ-
ential scanning calorimetry (DSC) (Figure 2c and 2d).
PTPD3T batches 8P—67P have melting points within a fairly
narrow range of 283—286 °C (T,) and exhibit two close but
discrete endotherms®®” and one exotherm with peak maxima at
~261=268 °C (Tppp), ~269—277 °C (Tpyps), and ~238—250
°C (T,) (Figure S8, SI), thus indicating some degree of
crystallinity for these polymers.’ The melting points, T, of the
PTPD3T series, the highest temperature points on the melting
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endotherms,”” and the enthalpies of fusion, AHj increase with
increasing M, from the lowest molecular weight 8P and reach
maxima at 286 °C and 34.4 J/g, respectively, for 19P (Figure
2¢), which is attributable to enhanced crystallinity.”””"
However, further increases in M, from 19P to 67P lead to a
gradual decrease of T, to 281 °C and a relatively sharp decline
of AH; to ~22 J/g (Figure 2c), likely reflecting a synchronous
increase in viscosity and polymer chain entanglement during
melting.” Collectively, the above data indicate that the highest
degree of crystallinity is reached for PTPD3T batches with
intermediate molecular weights (15P—25P),”” while the lowest
crystallinity is achieved for very high molecular weight polymers
(50P—67P).

The N2200 polymers have two thermal transitions at 306—
317 °C (endo, T,,) and 279-295 °C (exo, T,,) (Figure 2d).
By increasing the M, from 21N to 41N T, increases from 315
to 321 °C, while the highest M, batch 75N exhibits a slightly
lower T,, (319 °C). In contrast to PTPD3T and in accord with
previous reports,”® the highest AH; and crystallinity are
observed for the lowest 21N molecular weights (Figure 2d),

DOI: 10.1021/jacs.5b10735
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which can be explained by reduced polymer chain entangle-
ment, resulting in enhanced 7—7 stacking interactions. On the
basis of the above data, maximum polymer—polymer mixing is
expected for the less crystalline, higher-M; polymers. This
result is confirmed both experimentally and in computational
studies (vide infra).

Polymer Solar Cell and Charge Transport Character-
istics. Four PTPD3T donor (19P, 19 kg/mol; 30P, 30 kg/
mol; 45P, 45 kg/mol; 64P, 64 kg/mol) and four N2200
acceptor (21N, 21 kg/mol; 25N, 25 kg/mol; 41N, 41 kg/mol;
75N, 75 kg/mol) polymer samples, covering a broad range of
molecular weights, were selected for study via a 4 X 4 APSC
characterization/performance optimization matrix. These
APSCs were fabricated using an inverted architecture,”””*
specifically, ITO/ZnO/active layer/MoO;/Ag (see more de-
tails in the Experimental Section). All active layers were
optimized to be ~70 nm thick, which also allows direct
comparison across a wide range of polymer M,s. Figure 3 and
Table 3 summarize the OPV performance metrics as a function
of donor and acceptor polymer M.

Table 3. Comparison of All-Polymer Solar Cell Device
Metrics with Varying Number-Average Molecular Weights of
PTPD3T and N2200

PTPD3T M, N2200 M, V. FF PCE

Jc

(kg/mol) (kg/mol) (V) (mAJem®) (%) (%)
19 21 0.86 3.29 56.8 1.61
25 0.87 3.85 52.9 1.77

41 0.88 4.06 50.2 1.79

75 0.88 4.83 39.1 1.66

30 21 0.85 3.88 53.5 1.76
25 0.86 3.93 53.1 1.79

41 0.88 4.51 51.8 2.06

75 0.87 4.96 46.5 2.01

45 21 0.85 S5.14 56.1 2.45
25 0.86 5.86 5583 2.79

41 0.87 6.75 54.8 322

75 0.84 6.89 49.6 2.87

64 21 0.86 4.15 57.5 2.05
25 0.87 4.62 56.4 227

41 0.88 5.03 54.8 243

75 0.88 5.28 512 2.38

Comparison of the APSC metrics obtained for all possible
combinations of donor and acceptor polymer Ms reveals
dramatic variations in PCE, ranging from 1.61% (19P + 21N)
to 3.22% (4SP + 41N). Note also that all devices display nearly
identical Vs ~ 0.84—0.88 V, consistent with the observed
similarity between polymer FMO energies (Tables 1 and 2);
thus, the observed M, effects on APSC performance are not
due to differences in polymer—polymer FMO alignments. The
observed J,. and FF trends indicate a substantial dependence on
the Ms of both polymers. These trends are exemplified by
comparing J,. and EQE of the “diagonal” series (19P:21N,
30P:25N, 45P:41N, and 64P:75N) (Figure 3a and 3b).

From photophysical studies, we observe a strong dependence
of the Vs on incident light intensity in this four device series
(Figure 3c). The lowest molecular weight polymer blend
(19P:21N) has the strongest dependence of V. on light
intensity, and this dependence lessens with increasing polymer
M, reaching the weakest correlation for the 45P:41N blend.
Note also that the highest APSC performance is obtained for
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this blend. Finally, the light intensity dependence increases
again for the highest M, blend (64P:75N). These data clearly
indicate that carrier recombination in the APSC active layer
blends is strongly dependent on the M,s of both component
polymers. For the best-performing APSCs, the observed
weakest dependence of V,. on light intensity suggests a
closer-to-ideal diode-type behavior and with bimolecular
recombination as the dominant recombination mechanism,
whereas in the other blends, recombination mechanisms other
than bimolecular (i.e., tail-state and trap-assisted) are
operative.73’74

From the performance of the 4 X 4 device matrix (Table 3,
Figure 3d), it can be seen for a given PTPD3T sample that J,
monotonically increases with increasing N2200 M, while the
FF falls. For example, using 19P as the donor and increasing
N2200 M, from 21 to 75 kg/mol results in a gradual increase of
J from 3.29 to 4.83 mA/cm? while the FF falls from 56.8% to
39.1%, implying a higher degree of recombination for the 75N-
based cells. Thus, concerning PCE, the observed increase in
is counterbalanced by the concomitant decline in FF. Slightly
different trends are observed for PTPD3T M, variations
(Figure 3d). Specifically, both J,. and FF parameters rise with
increasing M, from 19 to 4S5 kg/mol. Increasing M, further to
64P leads to marginally enhanced FFs; however, the J . values
decline sharply. Interestingly, the optimal “sweet-spot” device
metrics are achieved in blends of medium-M, polymers 45P
and 4IN (Figure 3d). Note also that in the case of 45P,
variation of N2200 M, increases J,. from 5.14 to 6.89 mA/cm?
but depresses FF from 56.1% to 49.6% (Figure 3d).

Space-charge limited current (SCLC) measurements are
important probes of charge transport in the direction
perpendicular to the substrate.”” Here both hole and electron
mobilities were investigated in the polymer blends by first
varying N2200 M, (4SP:21N, 4SP:25N, 45P:4IN, and
45P:75N) and then by varying PTPD3T M, (19P:41N,
30P:41N, 45P:41N, and 64P:4IN) (Table S7). Note that
increasing the M, of N2200 results in a large monotonic
increase of the SCLC electron mobility (¢,) from 5.2 X 10~* to
1.1 X 1072 cm*/(V s). However, with increasing PTPD3T M,),
the SCLC hole mobility (u,) increases from 3.5 X 10™* cm?/(V
s) in 19P:41N to its peak value of 8.7 X 107* cm?/(V s) in
45P:41N and then declines in 64P:41N. In agreement with the
DSC results discussed above (Figure 2c and 2d), an increasing
degree of chain entanglement is expected to hinder 7—7 stack
ordering and to promote charge trapping in intermolecular
charge transport, thus reducing SCLC hole mobilities for the
blends employing high-M, polymers (Figure 3d). Since well-
balanced hole and electron carrier transport can reduce the
buildup of space charges and positively contribute to APSC
FFs,'"' note that the increase in N2200 M, leads to greater
discrepancies between py, versus . and thus agrees well with
the observed fall in FFs in this series.">’® Additionally, when
using 41N while varying PTPD3T M, the best-performing
APSC combination (45P:41N) again exhibits relatively bal-
anced py, and . and the highest FF. Overall, the above data
demonstrate that polymer blend charge transport characteristics
can be optimized using the proper combination of polymer
M,s.

Polymer—Polymer Blend Film Morphology. To better
understand all-polymer blend optoelectronic properties, active
layer morphologies were investigated using TEM. Figure 4
shows the top-down TEM images of the polymer—polymer
blend film 4 X 4 matrix. All image sizes are 500 nm X 500 nm.
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PTPD3T M», kg/mol
19

N2200 M., kg/mol

Figure 4. TEM images of the 4 X 4 matrix of all-polymer blend
morphologies for different M;, PTPD3T and N2200 polymers.
Diagonal direction TEMs are highlighted in red. Scale bars are 100 nm.

Despite a relatively weak contrast between the two polymers,
scanning TEM images in both horizontal (ie. varying
PTPD3T M, from 19 to 64 kg/mol) and vertical matrix
directions (i.e,, varying N2200 M, from 21 to 75 kg/mol)
reveals a reduction in domain sizes and polymer crystallinities.
Note that in the case of thin films employing lower M,, N2200,
a combination of both short-chain polymers and some fraction
of long-chain polymers are present, as indicated by the PDI
values (Table 2). Focusing on the diagonal direction and
starting from the lowest M,s of both polymers (19P:21N), the
TEM images exhibit strongly phase-separated regions with
clearly defined, large fibril-like polymer microstructures. Such
morphologies are known to introduce large grain boundaries
with poorly connected polymer networks, suppressing charge
carrier transport.””””® For medium M,s of both polymers

(45P:41N), the film morphologies begin to exhibit more
intermixed features, which should enable more efficient exciton
scission, all other factors being equal. This is accompanied by
relatively continuous polymer domains, which can be critical for
efficient charge transport. Finally, using the highest M,
polymers (64P:75N), the blend films display the most
intermixed and highly disordered characteristics, with the
semicrystalline polymer domains the least discernible.

Since. TEM has limitations in resolving the differences
between blended polymers, grazing incidence wide-angle X-ray
scattering (GIWAXS) measurements were also employed. Note
that GIWAXS can closely define morphological properties such
as domain size and local crystallinity and thus is highly
informative for examining blend polymer molecular weight
effects. Selected 2D GIWAXS images of the spun-cast blend
films on Si/SiO, substrates examining the blends 19P:21N,
30P:25N, 45P:41N, and 64P:75N; hence simultaneous,
diagonal M, variation for both polymers, are shown in Figure
Sa. The spectra for other combinations (vertical and horizontal
p- or n-type polymer M, variations) and neat films of 30P, 65P,
41N, and 75N are provided in Figure S10. All blend films were
examined with identical exposure times at an incidence angle of
0.18°. Since neat PTPD3T exhibits preferential z-face-on
domain orientation while N2200 exhibits a preference for edge-
on domains (Figures Sb—e), it is possible to view d spacings
and correlation lengths dominated by each of the separate
species in the blend films by examining the (100) peaks of the
different orientations separately. While the blend peaks are
shifted in comparison to their neat counterparts due to some
isotropy in blend domains, the line cut analysis demonstrates
that the in-plane (100) peak is closer to the neat PTPD3T
(100) peak, while the out-of-plane (100) peak is more similar
to the N2200 (100) peak. This is shown in Figure S12. The d
spacings are derived from the peak position and correlation
lengths calculated using a modified Scherrer analysis.”” With
the films examined, there are three specific groups yielding
different trends. First, there is the diagonal group where the
molecular weights of both polymers in each film are increased,
going from low—low 19P:21N to high—high 64P:75N

€
Dot -
E] k=)
s § " /\‘q
£ 9 D
s &
'2 g 4=~ Edge-on (100) vs N type MW|
- k — ° = Face-on (100) vs P type MW
8058 45 2 0051 15 2 020 030 040 © 20 30 40 50 60 70
qu (A7) qa, (A7) Molecular Weight (kg/mol)
: d g
2x10 516-\’/
E] =)
s § 12
14 i
%‘ .E ‘Vertical' Face-on (100)
g ® ~m- 'Vertical' Edge-on (100)
- © 41{-m- "Horizontal' Face-on (100)
e 43 £ 0 E —#- 'Horizontal' Edge-on (100)
005 1Aj15 2 0051 115 2 0.20 0.30 0.40 2 20 30 40 50 60 70
3 % .
qu( ) qu (A7) Gy (A7) Molecular Weight (kg/mol)

Figure 5. GIWAXS characteristics of APSC films. (a) 2D GIWAXS images of diagonal blends having the indicated M,s. (b—e) (100) peak
information from GIWAXS: (b) edge-on and (d) face-on (100) peaks of neat polymers. Correlation lengths of edge-on and face-on domains in (c)
diagonal series 19P:21N, 30P:25N, 45P:41N, and 64P:75N blend films having the indicated M,s and (e) horizontal and vertical series with 41N
held constant as the p-type M, is varied and with 4SP held constant as the n-type M, is varied.
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Figure 6. MD simulations of all-polymer blend morphology. (a) Polymer—polymer blend film morphology from coarse-grained MD simulations.
The n-type polymer is represented by red beads and p-type polymer by gray beads. Snapshots were generated with the Visual Molecular Dynamics
(VMD) package® and rendered with Tachyon ray-tracer.*® (b) Left (right): Number of monomers of p (n) type at a certain distance from monomer
of n (p) type averaged among all monomers of p (n) type. The distance between a monomer of p (n) type to its nearest neighboring monomer of

type n (p) is measured.

combination (Figure Sc). The other two groups were selected
by keeping either the N2200 or PTPD3T M, constant at the
highest performance 41N (horizontal case) or 45P (vertical
case), respectively, while varying M, of the other component
(Figure Se).

Examining the blend lamellar (100) peaks reveals very little
variation in d spacing (Figure S13, Table S8 in SI), which is
expected since the stacking distance between molecules is more
likely to be governed by side chains than by the number of
repeat units (Figure 5a). However, examining correlation
lengths in the diagonal case (Figure Sc), with increasing M,s,
reveals a contraction in domain size in the in-plane (100)
domains dominated by PTPD3T and a more complicated
trend for the N2200-dominated out-of-plane (100) domains,
where the correlation length increases sharply from 19P:21N
to 30P:2SN and then declines. Interestingly, this trend in
correlation lengths (Figure Sc) for different M, combinations
generally agrees with the DSC results discussed above, showing
overall a decreasing crystallinity with higher M, for both p- and
n-type polymers. This argues that increasing M,, values lead to
increased chain entanglement and result in reduced crystallinity
through a disruption of the 7—7 stacking interaction. However,
when one of the polymers is held at a medium M, either at
4SP or 41N as shown in Figure Se, very little change in domain
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size in either the out-of-plane or the in-plane directions is
observed as the other polymer M, values are varied. This
constant domain size when one of the polymers has medium
M, values indicates that the morphological properties of the
two polymers are intertwined. Thus, even though the lower M,
neat polymers have larger ordered crystallites, they do not
maintain their large domains in blends with the medium-M,
polymers. Therefore, optimum photovoltaic performance is
achieved in blends of two medium-M, polymers where the
favorable characteristics of one are not compromised by
morphological directing by the other component.

Collectively, the above TEM and GIWAXS data establish
important trends in blend film morphology with varying
polymer molecular weight. Clearly, increasing M, of either
PTPD3T or N2200 reduces the degree of crystallinity, thereby
resulting in more pronounced mixing of the two polymers. This
result explains why higher M, s promote higher device ] values
due to the increased donor—acceptor interfacial area. The same
effect increases recombination, which is responsible for the
concomitant fall in FF.

Coarse-Grained Modeling of Polymer—Polymer Blend
Film Morphology. Investigating polymer—polymer blend film
morphology using a simplified physical model provides a

different and complementary perspective, independent of the
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experimental results, for better understanding of the physical
processes that occur during blend film formation.*”®" Here,
considering that the phase separation feature sizes are a few
tens of nanometers, which is prohibitively large in full atomistic
simulations, large-scale molecular dynamics (MD) simulations
were employed on a general coarse-grained model of blends of
the two polymers. This model provides an excellent platform to
analyze the morphological characteristics of the polymer—
polymer blends. In this model, each monomer unit is coarse-
grained into a single bead of size 6, connected via a bond

potential, U, 4(r) = %kbond(r — 1) and an angle potential,

Upngle(0) = %kangle(ﬁ — )* to a nearby monomer unit. The

bond rest length r, is arbitrarily set at 0.84¢ to avoid bond
crossings. Interactions for nonbonded beads are modeled by a
shifted Lennard—Jones potential, which is written as

12 6
UL_](rlj) = 4€|:(f) - (rz) ] - ULJ(rcut) for r < Teut (rcut =

i i

3.00) and Uyy(r;) = 0 for r > r. 6 & 1.6 nm specifies the unit
of length, and the Lennard—Jones potential wells for the
description of monomer interactions are €5, = 0.5&y, €55 =
0.3gy, and &g = 0.1&,, where g, ~ 0.38 kcal mol™" represents
the unit of energy in our simulations. The condition of epp <
&ap is used as epg > €, will drive the polymer blend to phase
separate. Constraints in kyong = 330€, and kynge = 20€, describe
reasonable rigidity for such worm-like chains. An extra layer of
fixed beads acting as a boundary condition for the bottom of
the simulation box is included to model the film substrate. The
model presented here can provide general insights into OPV
polymer selection beyond the specific n- and p-type polymers
employed in this work.

Figure 6a presents snapshots of simulated polymer—polymer
blend film morphologies with varying p- and n-type polymer
M,s. From Figure 6a, using the lowest M, combination, with
both p- and n-type M,s = 20 kg/mol (20P:20N), the simulated
morphology shows highly rigid, short fibril-like structures,
which leads to relatively large polymer domain sizes and small
donor—acceptor interfaces. Increasing M, (40P:40N blend)
renders the polymers less crystalline, leading to a higher degree
of miscibility with more intertwined polymer structures.
Further increase in the length of both polymer chains to
60P:60N with both M;s = 60 kg/mol yields an even higher
degree of miscibility and exhibiting a morphology with the most
amorphous polymer features. These results are in excellent
agreement with the experimental observations in Figure 4.

Finally, with the modeling results in hand, it is possible to
extract physical constants of the morphology that can provide
quantitative insights into the effect of molecular weight on
morphology. Here, the nearest neighbor distance distribution is
investigated (Figure 6b), which represents the distance between
a monomer of p- (n-) type to its nearest neighboring monomer
of n- (p-) type. Note that “dispersed polymers”, which only
account for 0—5% of the total polymer chains in the three
simulated blend systems, are excluded from this calculation.
Using this method, several important morphology features can
be extracted mathematically from these plots. First, the height
of the first peak at the distance 1.12 corresponds to the area of
the donor—acceptor p/n interface or the interface-to-volume
ratio as the volume is held constant. As an index of the exciton
dissociation efficiency, higher p/n interface-to-volume ratios are
desirable. Second, the maximum distance that the distribution
reaches is relevant to the polymer bundle diameter. Ideally,
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uniform and medium-sized bundle networks contribute
positively to high polymer conductivity. Lastly, a larger number
of periodic peaks imply higher local polymer crystallinity. Thus,
regions of the p-type polymer, the dominant polymer type, are
highly ordered, while regions of the n-type polymer are
relatively amorphous. On the basis of these results, the blend
films composed of longer polymer chains are expected to have a
higher interface-to-volume ratio and form fine bundle networks.
Additionally, slower annealing would degrade the morphology
and consequently the electrical conductivities.

Overall, the present coarse-grained model correctly predicts
polymer—polymer blend morphologies that closely resemble
the experimental observations. Most importantly, since this
model does not target specific polymer structures, it can
potentially be applied to a broad range of semicrystalline
polymeric semiconductors, which represent promising candi-
dates for all-polymer solar cells.

B CONCLUSIONS

In this investigation of all-polymer OPVs, the effects of varying
the number-average molecular weight (M,) of both p-type
PTPD3T and n-type N2200 polymers on active layer
photovoltaic performance, charge transport, and blend
morphology are characterized. A straightforward and general-
izable synthetic methodology to expeditiously access the
required conjugated in-chain donor—acceptor polymers with
controllable/predictable M,s was developed based on the
“extended” Carothers equation, and properties of the resulting
p- and n-type polymers with varied M,s were systematically
investigated via a 4 X 4 all-polymer solar cell matrix of donor
and acceptor polymers. It is found that increasing the M,, values
of both the p- and the n-type component polymers
simultaneously transforms the polymer domains in the low-
M, polymer—polymer blends from relatively ordered and highly
crystalline, with largely phase-separated features, into relatively
disordered, amorphous, and miscible structures in the high-M;
blends. Consistent with the morphology characteristics, the all-
polymer solar cell performance exhibits a steady increase in J
but a reduction in FF with increasing polymer M,. The ]
enhancement is explained by increased interfacial area between
the donor and the acceptor polymers, resulting in enhanced
exciton dissociation, while the random, disordered blend
morphology contributes to a high degree of recombination
and lower FF. As a result, the highest PCEs are achieved for
devices based on intermediary molecular weight for both
polymers, where the opposing charge generation and transport
processes become well balanced. The above findings are further
supported by charge transport measurements and coarse-
grained modeling results. Note that the optimal devices exhibit
PCEs that are increased up to 2-fold versus devices based on
polymers with nonoptimal M;s. The present work highlights
the importance of molecular weight tuning of both polymer
components and establishes a promising strategy and relevant
synthetic tools for optimizing future efficiencies of all-polymer
solar cells. We anticipate that further PCE increases for many
all-polymer solar cells can be achieved by utilizing the present
polymer molecular weight optimization matrix approach,
thereby advancing toward practical photovoltaic technologies.

B EXPERIMENTAL SECTION

Materials Synthesis. All materials were synthesized and
characterized according to modified literature procedures. The details
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of the synthesis and characterization are provided in the Supporting
Information.

APSC Device Fabrication and Characterization. Prepatterned
indium tin oxide (ITO)-coated glass wafers (Thin Film Devices, Inc.)
with a thickness of ~280 nm and sheet resistance of ~10 Q/sq were
used as substrates. ITO electrodes were cleaned by sequential
sonication in hexane, deionized (DI) water, methanol, isopropanol,
and acetone and finally UV/ozone treatment (Jelight Co.) for 30 min.
The cathode interfacial layer, ZnO, was deposited from a precursor
solution prepared from 0.5 M zinc acetate dehydrate in 0.5 M
monoethanolamine and 2-methoxy ethanol, spun cast at 5000 rpm for
30 s, and annealed at 170 °C. For optimal performance, active layer
solutions were prepared with 1:1 PTPD3T:N2200 weight ratios in
chloroform:1-chloronaphthalene (99:1 v/v) at a PTPD3T concen-
tration ~3—5 mg mL™". Chloronaphthalene was used as a solvent
additive to disrupt the self-aggregation tendency of N2200.° Active
layer solutions were spin coated in an N,-filled glovebox at 3000—6000
rpm to obtain a thickness of 70 nm. Thin layers of 7.5 nm MoO; and
120 nm of Ag were then thermally evaporated through a shadow mask
at ~107% Torr. Device I-V characteristics were measured under
AML.5G light (100 mW cm™) using the Xe arc lamp of a Spectra-
Nova Class A solar simulator. The light intensity was calibrated using
an NREL-certified monocrystalline Si diode coupled to a KG3 filter to
bring the spectral mismatch to unity. Four-point contact measure-
ments were performed, and electrical characterizations were measured
with a Keithley 2400 unit. The area of all devices was 6 mm? and a 6
mm? aperture was used on top of cells during measurements. EQEs
were acquired using an Oriel model QE-PV-SI instrument equipped
with a NIST-certified Si diode. Monochromatic light was generated
with an Oriel 300 W lamp source.

SCLC Mobility Measurements. Hole-only diodes were fabricated
on ITO-coated glass with a PEDOT:PSS bottom contact and a
MoO;/Au top contact, whereas electron-only diodes were fabricated
on ITO-coated glass with a ZnO bottom contact and a Cs,CO;/Al (1
nm/100 nm) top contact. The top contact was the injecting electrode
in both cases. The semiconducting layer was either neat polymer or
polymer blend (as used in the optimal solar cell devices). Device areas
(A) were 200 X 200 ym>

TEM. TEM measurements were performed with a JEOL JEM-
2100F instrument, with samples prepared directly from films prepared
under identical conditions as actual devices on PEDOT:PSS. The
substrates were immersed in DI water, and the floated active layer thin
films are subsequently transferred to a lacey carbon TEM grid (Ted
Pella, inc.)

GIWAXS. GIWAXS measurements were performed at Beamline
8ID-E at the Advanced Photon Source at Argonne National
Laboratory. The sample was irradiated at an incidence angle of
0.18° in air at 7.35 keV for S summed exposures of S s (totaling 25 s of
exposure), and the scattering was recorded on a Pilatus 1 M detector
located 204 mm from the sample. The background was subtracted by
fitting the curves to an exponential decay, and peaks were fit using a
multipeak Gaussian fitting program in Igor Pro. The correlation length
was calculated using a modified Scherrer analysis which accounts for
instrument resolution using the standard shape factor (K) = 0.866 for
lamellar polymer aggregates. The (100) peak was fit to determine the
lamellar correlation length. The correlation length for the z-stacking
(010) peak was not calculated due to the overlap of PTPD3T and
N2200 7-stacking peaks. All correlation lengths are a minimum value
since they do not account for broadening of the peaks due to
crystalline disorder.

Coarse-Grained Simulation. With the current model, molecular
dynamics simulations were performed on the HOOMD-blue pack-
age®™* in the constant pressure and temperature ensemble (NPT)
with the temperature controlled via the Nosé—Hoover thermostat.*>*¢
Simulations are performed with periodic boundary conditions in the x
and y directions with constant pressure set at P = 1.0. Note that
periodicity in the z direction is unnecessary due to the layer of
substrate beads. During the simulation, the system is first heated to T
= 5.0 for 5§ X 10° time steps (each time step equals to 0.28 ps) to
randomize the polymer blend. Then the blend is annealed and
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stabilized at T = 1.9, followed by a quick annealing process from T =
19 to T = 1.55 during 2.6 X 10° time steps. Holding the pressure
constant, the simulation box is allowed to shrink in the z direction
during the annealing from ~110 to ~90 nm. Systems sized at 160 nm
X 160 nm on x—y dimension were studied, each composed of 466 000
monomers. A typical simulation of such a large scale system takes
about 2 days on a single Tesla K40m graphic card.
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