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ABSTRACT: Recent remarkable developments on nonfullerene solar cells have reached a
photoelectric conversion efficiency (PCE) of 18% by tuning the band energy levels in small
molecular acceptors. In this regard, understanding the impact of small donor molecules on
nonpolymer solar cells is essential. Here, we systematically investigated mechanisms of solar
cell performance using diketopyrrolopyrrole (DPP)−tetrabenzoporphyrin (BP) conjugates of
C4-DPP−H2BP and C4-DPP−ZnBP, where C4 represents the butyl group substituted at the
DPP unit as small p-type molecules, while an acceptor of [6,6]-phenyl-C61-buthylic acid
methyl ester is employed. We clarified the microscopic origins of the photocarrier caused by
phonon-assisted one-dimensional (1D) electron−hole dissociations at the donor−acceptor
interface. Using a time-resolved electron paramagnetic resonance, we have characterized
controlled charge-recombination by manipulating disorders in π−π donor stacking. This ensures carrier transport through stacking
molecular conformations to suppress nonradiative voltage loss capturing specific interfacial radical pairs separated by 1.8 nm in bulk-
heterojunction solar cells. We show that, while disordered lattice motions by the π−π stackings via zinc ligation are essential to
enhance the entropy for charge dissociations at the interface, too much ordered crystallinity causes the backscattering phonon to
reduce the open-circuit voltage by geminate charge-recombination.
KEYWORDS: organic solar cell, voltage loss, charge-separation, charge-recombination, phonon-assisted dissociation, time-resolved EPR

■ INTRODUCTION
Organic thin-film solar cells are expected to become the next
generation of solar cells. Recently, their photoelectric
conversion efficiency (PCE) has reached 18% by tuning the
band energy levels in organic semiconductors.1−6 Since small-
molecule organic semiconductors can be purified, it is possible
to control the crystalline packing structure with substituents to
analyze the connection between thin-film structures and the
photoelectric conversion mechanism. In this respect, further
progress is expected in developments of small-molecule
electron donors for high-performance nonpolymer solar cells
because one can rationally manipulate the band energy level,
vibration motion, and film morphology by a metal complex-
ation or by introducing a substituent, as examples. The
conversion of light energy to electrical energy proceeds
through a five-step path.3,7 Step 1: Absorption of light by
donor and/or acceptor materials generates an exciton (a
Coulombically bound electron−hole (e−h) pair). Step 2: The
exciton diffuses into the interface of the donor and acceptor
materials. Step 3: The charges are separated from the exciton.
Step 4: The free charge carrier is transported toward the
electrodes. Step 5: The charge carrier is injected into the
electrodes. Optimization of each of the steps is important to
improve the PCE values. After the charge-separation from the
exciton to the hole−electron pair, the charge carriers should be

transported to electrodes as free charges before geminate
electron−hole recombination. An ideal active-layer compound
for bulk-heterojunction (BHJ) organic photovoltaic devices
(OPVs) forms the effective π−π stacking that facilitates
exciton-diffusion8,9 and charge-carrier transport.10,11 It is also
required to possess high-enough miscibility for forming
sufficient heterojunctions to ensure efficient charge-separa-
tion.12,13

These characteristics are often not compatible in organic
small-molecule semiconductors14,15 and thus are challengeable
in nonpolymer solar cells: compounds endowed with rich self-
π−π interaction capacity tend to be poor in miscibility or
maybe even insoluble in extreme cases. In particular, the lack
of polymer chains will significantly restrict the carrier transport
routes toward the electrodes, resulting in problematic
recombination.16 In 2017, Yamada et al. partially overcame
this issue using a series of diketopyrrolopyrrole (DPP)−
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tetrabenzoporphyrin (BP) conjugates named Cn-DPP−H2BP
(n = 4, 6, 8, or 10 depending on the length of alkyl groups on
the DPP unit) as a p-type material in BHJ OPVs in
combination with [6,6]-phenyl-C61-buthylic acid methyl ester
(PC61BM).17 They used a precursor approach to prepare thin
films of small-molecule organic semiconductors. For this,
soluble precursor compounds are solution-processed into the
thin-film form and then converted to target materials by
quantitative in situ chemical reactions. The comparative study
shows that the short-circuit current density (JSC) largely
depends on the length of alkyl substituents, ranging from 0.88
mA cm−2 (C10-DPP−H2BP:PC61BM) to 15.2 mA cm−2 (C4-
DPP−H2BP:PC61BM) with PCE values of 0.19 and 5.2%,
respectively. The introduction of shorter alkyl chains positively
affected the miscibility and molecular orientation in terms of
both the charge-carrier generation and transport efficiencies
owing to the preferable morphology and π−π-stacking
orientation in the BHJ layer. Ikoma et al.18 clarified the
electron−hole recombination and extraction for photocarriers
in Cn-DPP−H2BP:PC61BM through transient photocurrent
measurements. Cn-dependent JSC was interpreted in terms of
the orientation of Cn-DPP−H2BP and the morphology of
blend films.

Although several methods have been applied to elucidate the
elementary processes of charge carriers in BHJ-OSCs,
mechanistic details of nonradiative loss in the open-circuit
voltage (VOC) are poorly understood originating from
interfacial heterogeneous electron−hole pairs.19−24 A recent
time-resolved electron paramagnetic resonance (TREPR)
study suggested an impact of the recombination process
generating the triplet excitons in nonfullerene acceptor solar
cells,25 while geometries and motions of charge-separated (CS)
states were elucidated in details by electron spin polarization
(ESP).26−34 Furthermore, although effects of low-frequency
nuclear motions (phonon) on photocarrier generations have
been discussed in several studies,28,34−39 the microscopic role
of the phonon on OPV performance is unclear, including the
impact of the phonon assist on primary recombination
processes. Here, we combine microscopic and spectroscopic
methods to elucidate the origins of charge-generation and
recombination in BHJ-OSC with C4-DPP-benzoporphyrin
conjugates as the small-molecule donors. We identify
controlled lattice motion for improving the OPV performance.

For this, zinc porphyrin, C4-DPP−ZnBP, was newly
synthesized (Scheme 1) and is applied for the BHJ-OSCs
and for the spectroscopic measurements.

■ EXPERIMENTAL/METHODS

OPV Film and Device Fabrication

Thin films for the absorption and fluorescence measurements, the
photoelectron spectrometry, and the TREPR were prepared by spin-
coating of precursors on glass substrates, followed by heating at 200
°C for 10 min. Details are as follows (precursor: concentration of the
solution, solvent, spin rate, heating temperature, and duration): C4-
DPP−H2CP (4.8 mg mL−1, CHCl3 (10% CS2 v/v), 800 rpm for 40 s,
200 °C for 10 min) and C4-DPP−ZnCP (5.0 mg mL−1, CHCl3 (10%
CS2 v/v), 800 rpm for 40 s, 200 °C for 10 min). For the OPV devices
C4-DPP−(M)CP:PC61BM (p-type material 3 mM and n-type
material 4 mM (3.64 mg·mL−1), 1:1.3 (w/w)), C4-DPP-H2-CP
(4.8 mg·mL−1), and C4-DPP−ZnCP (5.0 mg·mL−1), 200 μL of the
BHJ layer in the premix solution of CHCl3, THF, and CS2 was spin-
coated at 800 rpm for 40 s, followed by thermal annealing at 200 °C
for 10 min on a hot plate in a glovebox. Finally, Ca (10 nm, 1 Å s−1)
and Al (90 nm, 10 Å s−1) were vapor-deposited at high vacuum
(∼10−5 Pa) through a shadow mask that defined an active area of 4.0
mm2. The typical OPV structure was [ITO/PEDOT: PSS (30 nm)/
C4-DPP−(M)BP: PC61BM/Ca (10 nm)/Al (90 nm)]. J−V curves
were measured using a Keithley 2400 source measurement unit under
AM 1.5G illumination at an intensity of 100 mW cm−2 using a solar
simulator (CEP-2000RP, Bunkoukeiki). The external quantum
efficiency (EQE) spectra were obtained under the illumination of
monochromatic light using the same system. The thickness of active
layers was measured using a surface profiler (Kosaka Laboratory,
ET200) after the OPV measurements. More details on the
preparations and characterizations are described in the Supporting
Information (SI).

Two-Dimensional Grazing-Incidence Wide-Angle X-ray
Diffractometry (2D-GIWAXD)

The GIWAXD experiments were conducted at beamline BL19B2 in
SPring-8 (Hyogo, Japan). The X-ray beam was monochromatized by
a double-crystal Si(111) monochromator, and the X-ray energy was
12.398 keV (λ = 1 Å). The incident angle was set to 0.12° with a
Huber diffractometer, and the sample-to-detector distance was about
174 mm. Diffracted X-ray from samples was recorded by an X-ray
photon counting pixel detector (PILATUS 300 K, Dectris) for 30 s at
room temperature.

Scheme 1. P-type Semiconductors Prepared by the Thermal Precursor Approach
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Fluorescence Spectroscopy
The steady-state fluorescence spectra and the fluorescence decays
were measured using a sample-scanning inverted confocal microscope
(IX-71, Olympus) in combination with a ps-pulsed laser excitation at
470 nm (10.0 MHz, 90 ps FWHM, PicoQuant). The laser beam was
introduced to the inverted microscope and focused on the sample by
an objective lens (40×, NA 0.75, Olympus). The fluorescence from
the sample was collected by the same objective lens and passed
through a confocal pinhole (100 μm) and a long-pass filter (LP02-
514RU, Semrock) to remove the excitation laser. Subsequently, half of
the fluorescence was detected by a spectrometer (SpectraPro2358,
Acton Research Corporation) equipped with a cooled CCD camera
(PIXIS400B, Princeton Instruments) to measure the fluorescence
spectra. The remaining half of the fluorescence was detected by an
avalanche single-photon counting module (APD: SPCM-AQR-14,
PerkinElmer). The signal from the APD was connected to a time-
correlated single-photon counting (TCSPC) PC board (SPC630,
Becker & Hickl) to measure the fluorescence decays.

Femtosecond Transient Absorption (TA) Spectroscopy
The excitation laser source was obtained from a Ti:sapphire
regenerative amplifier, which generates a 100 fs pulse with a center
wavelength of 800 nm. The output was split into two, which were
used for optical excitation of the sample and white-light generation for
the probe and reference pulses, respectively. A 400 nm pump pulse
was generated in a 1 mm-thick BBO crystal. For probe pulses, we use
a white-light continuum generated by focusing 800 nm pulse into a 4
mm-thick CaF2 crystal. Time delays between pump and probe pulses
were controlled by a motorized optical delay line. Spectra of both
pump and reference pulses were measured by a prism-based
polychromator and NMOS linear image sensors (S3901-256Q;
Hamamatsu). More details are described in the Supporting
Information.

TREPR Measurement
TREPR spectra were measured using a Bruker EMX X-band
continuous-wave (CW) EPR spectrometer without magnetic field
modulation at 80 K. The second harmonics of (532 nm) of a Nd:YAG
laser (Continuum Minilite II, FWHM = 5 ns) were used for the light
excitations. A laser depolarizer (SIGMA KOKI, DEQ. 1N) was placed
between the laser exit and the microwave cavity. Temperature was
controlled by a cryostat system (Oxford, ESR900) using liquid
nitrogen as the cryogen. For the Q-band TREPR measurements, we
employed a Q-band microwave bridge (Bruker ER051Q, 35 GHz)
with a Q-band resonator (ER5106QT-W) equipped with the Bruker
EMX system.

Computation of TREPR Data
Spin-polarized EPR spectra of the excited triplet states were
numerically calculated based on the stochastic-Liouville equation
(SLE) on the spin states of the CS states using MATLAB (The
MathWorks) codes. Theoretical details are described in the
Supporting Information.

■ RESULTS

Solar Cell Performance

C4-DPP−ZnCP and C4-DPP−H2CP were prepared following
the reported procedure via the thermal precursor approach
(Scheme 1).17 Thermogravimetric analysis showed that the
thermally induced retro-Diels−Alder reactions from C4-DPP−
ZnCP to C4-DPP−ZnBP would start around 120−170 °C
(Figure S1). The highest occupied molecular orbital (HOMO)
levels of C4-DPP−BPs were determined by photoelectron
spectrometry as −5.0 eV (Figure S2). The optical absorption
spectra of C4-DPP−ZnBP and C4-DPP−H2BP thin films are
shown in Figure S3. The optical band gaps (Eg,opt) are almost
identical for these donors.

Solution-processed BHJ OPVs with a general device
structure of [ITO/PEDOT:PSS/C4-DPP−ZnBP:PC61BM/
Ca/Al] were fabricated by the thermal precursor approach
using C4-DPP−ZnCP as the precursor of C4-DPP−ZnBP,
according to the procedure reported in the literature.17 The
detail of the procedure is shown in the SI. As a reference,
[ITO/PEDOT:PSS/C4-DPP−H2BP:PC61BM/Ca/Al] was
also prepared in the same way.

The current density−voltage (J−V) curves and external
quantum efficiency (EQE) spectra of typical cells are shown in
Figure 1, and averaged performance data are summarized in

Table 1. Photovoltaic parameters of the best results are
summarized in Figure S4, showing PCEs of 3.3% for C4-DPP−
ZnBP:PC61BM and C4-DPP−H2BP:PC61BM. The calculated
JSC from the EQE spectra in Figure 1b are 12.3 and 12.8 mA
cm− 2 for C4-DPP−ZnBP:PC 6 1 BM and C4-DPP−
H2BP:PC61BM, respectively. These roughly coincide with
JSCs in Figure 1.
Film Morphology, Crystallinity, and Disorder
Atomic force microscope (AFM) images of C4-DPP−
ZnBP:PC61BM and C4-DPP−H2BP:PC61BM films are shown
in Figure S5, exhibiting restricted film roughness values of 1.79
and 2.05 nm, respectively.

The molecular arrangement in the C4-DPP−ZnBP neat film
and the C4-DPP−ZnBP:PC61BM blend film was analyzed by
2D-GIWAXD, in comparison with the corresponding C4-
DPP−H2BP neat film and the C4-DPP−H2BP:PC61BM blend
film.17 The 2D-GIWAXD images and their in-plane (a, c) and
out-of-plane (b, d) profiles are shown in Figures 2 and 3,
respectively. The neat film of C4-DPP−ZnBP shows

Figure 1. (a) Typical J−V curves of C4-DPP−H2BP:PC61BM (black
lines) and C4-DPP−ZnBP:PC61BM (red lines). Solid lines: in the
light; dashed lines: in the dark. (b) EQE spectra of C4-DPP−
H2BP:PC61BM (black lines) and C4-DPP−ZnBP:PC61BM (red
lines).

Table 1. Averaged Values of Photovoltaic Parameters of C4-
DPP−H2BP:PC61BM and C4-DPP−ZnBP:PC61BM OPVsa

p-type materials
JSC

(mA cm−2)c
VOC
(V)c

fill
factorc

PCE
(%)c

ΔVOC
(V)d

C4-DPP−H2BPb 10.8 0.62 0.41 2.7 1.03
C4-DPP−ZnBPb 11.0 0.60 0.43 2.8 0.86
aObtained under AM 1.5G illumination at 100 mW cm−2. bActive-
layer thicknesses are 73 and 98 nm, respectively. cThe respective
standard deviations are as follows: δJSC = ±1.3 mA cm−2, δVOC =
±0.02 V, δFF = ±0.06, and δPCE = ±0.3% for C4-DPP−H2BP
obtained by 26 cells. δJSC = ±0.7 mA cm−2, δVOC = ±0.01 V, δFF =
±0.03, and δPCE = ±0.3% by 23 cells. dVoltage loss estimated by
ECT/q − VOC in eq 3.
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combinations of a low-wavenumber diffraction in the in-plane
direction (qxy = 0.49 Å−1, d = 13.0 Å) and a high-wavenumber
diffraction in the out-of-plane direction (qz = 1.76 Å−1, d =
3.57 Å). The former diffraction corresponds to the edge-to-
edge dimension of the BP framework and the latter to the π−π
stacking distance, similar to the C4-DPP−H2BP neat film
(Figure 2b).17 The π−π stacking distance (3.57 Å) of C4-
DPP−ZnBP was longer than that of C4-DPP−H2BP (3.51 Å).
In addition, the broader peaks (see arrows in Figure 3b) of the
C4-DPP−ZnBP film than those of C4-DPP−H2BP suggest
smaller crystallite sizes in C4-DPP−ZnBP than those in C4-
DPP−H2BP toward the out-of-plane directions.40,41 Using the

Scherrer equation,41 the mean crystallite sizes were estimated
to be rππ = 1.4, 2.5 nm (Table 2), and 5.8 nm from the peak
widths for the π-stacking directions in C4-DPP−ZnBP, C4-
DPP−H2BP, and C10-DPP−H2BP,17 respectively. The
diffraction pattern of the C4-DPP−ZnBP:PC61BM blend film
is also similar to that of the C4-DPP−H2BP:PC61BM blend.

At around 1.35 Å−1, a typical pattern of PC61BM is observed
(Figure 3c,d).42 In the out-of-plane direction, edge-to-edge
dimension of the BP framework (qxy = 0.50 Å−1, d = 12.6 Å) is
observed. The in-plane profiles of the blend films also show a
similar elongation of the π−π stacking distance and shortening
of the mean crystalline size by the zinc complexation (Figure
3c). The π−π stacking distances were estimated to be 3.61 and
3.57 Å for C4-DPP−ZnBP and C4-DPP−H2BP, respectively,
from the peaks of the in-plane profiles (around 1.7 Å−1) in
their blend films (Figure 3c). The mean crystallite sizes were
estimated to be rππ = 1.4 and 3.2 nm from the peak widths for
the π-staking directions in the blend films of C4-DPP−ZnBP
and C4-DPP−H2BP, respectively. Thus, the broadened profiles
in Figure 3d are not caused by disorders in the π−π
interactions by blending PC61BM but by the additional
diffractions from the PC61BM clusters.
Fluorescence Spectroscopy

The fluorescence spectrum of the C4-DPP−H2BP:PC61BM
blend film was measured (Figure 4a). Emission bands are
observed around 750 nm in the blend films and at 830 nm in
the neat film. In Figure 4a, the emission band is blue-shifted by
blending PC61BM. This would be caused by the hybridization
between the charge-transfer exciton (1CT*)43 and the S1
character before generating the trapped S1 exciton in the
donor domain by 470 nm excitations. The weak broad
emission band at 850 nm of DPP−ZnBP:PC61BM is also blue-
shifted from the S1 band of the neat film (Figure 4b). We
performed theoretical calculations of the excited states of 1:1
molecular complexes of DPP−H2BP:PC61BM and DPP−
ZnBP:PC61BM using a time-dependent density functional
theory (TDDFT) method (Figures S6 and S7). The 1CT*
state energies (ECT) were estimated to be 1.65 and 1.46 eV for
the DPP−H2BP:PC61BM and DPP−ZnBP:PC61BM com-
plexes, respectively. These are coincident with the CT
emission positions (752 and 849 nm) in respective red spectra
of Figure 4a,b in the blend materials. Time traces of the
fluorescence intensity are observed as shown in Figure 5. The
average fluorescence lifetime of the C10-DPP-H2BP neat film
is 0.34 ns, which is longer than the lifetimes of 0.30 ns of C4-
DPP-H2BP and C4-DPP-ZnBP. This is due to the larger
crystalline size by the π−π stacking of C10-DPP-H2BP than
that of C4-DPP-H2BP, as reported previously.17 From the neat
film spectra in Figure 4, insertion of a low-pass (or short-pass)
filter, which passes the fluorescence wavelength shorter than
760 nm, makes it possible to mainly obtain the 1CT* emission
decays (red traces in Figure 5).

The lifetime of 1CT* emission of the C10-DPP−
H2BP:PC61BM blend film is 0.38 ns, while those of C4-
DPP−H2BP:PC61BM and C4-DPP−ZnBP:PC61BM are 0.24
ns. As the 0.24 ns corresponds to the instrument response
function, the 1CT* generation and/or deactivation is faster
than 0.24 ns, as identified by the transient absorption (TA)
spectroscopy detailed below. The S1 emission is significantly
quenched in Figure 4 by blending PC61BM, resulting in the
predominant 1CT* with a hybridized character (Figure S6).
On the other hand, it is expected that these 1CT* formations

Figure 2. Two-dimensional GIWAXD images of (a) C4-DPP−ZnBP,
(b) C4-DPP−H2BP, (c) C4-DPP−ZnBP:PC61BM, and (d) C4-
DPP−H2BP:PC61BM.

Figure 3. In-plane (a, c) and out-of-plane (b, d) profiles of 2D-
GIWAXD images of (a, b) the C4-DPP−ZnBP (red) and C4-DPP−
H2BP (black) neat films and (c, d) the C4-DPP−ZnBP:PC61BM and
C4-DPP−H2BP:PC61BM (black) blend films.
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take a few of 10 ps due to the exciton-diffusions in the
crystalline regions. It is thus conceived that the picosecond
decays do not reflect the 1CT* deactivation time but the
waiting times for generating the 1CT* state. This is very
consistent with the longer decay time constant (0.38 ns in
Figure S8) in C10-DPP−H2BP:PC61BM than those (0.24 ns)
in C4-DPP−H2BP:PC61BM and C4-DPP−ZnBP:PC61BM; the
grain size17 of C10-DPP−H2BP is larger than those in C4-
DPP−H2BP and C4-DPP−ZnBP. Thus, the 1CT* generation
from S1 is slower than those of C4-DPP−H2BP:PC61BM and
C4-DPP−ZnBP:PC61BM due to the exciton-diffusion time
depending on the crystalline domain size. Overall, the intrinsic
deactivation including the charge-separation process from the

1CT* state would be quicker than the time constant of
generating the 1CT* state, resulting in very weak emission
bands.

To examine the 1CT* formation area in the blend films,
fluorescence imaging maps were observed in Figure S9. Strong
contrasts between the bright and dark spots of the micrometer
domain sizes in C10-DPP-H2BP:PC61BM (Figure S9a) suggest
existence of the large grains that inhibit the S1 quenching
processes. On the other hand, homogeneous distributions of
the weak CT emission intensities indicate improved donor/
acceptor (D/A) miscibility for the charge-separations in the
blend films of C4-DPP-H2BP:PC61BM and C4-DPP-
ZnBP:PC61BM.
Femtosecond Transient Absorption Spectroscopy

To obtain detailed information on the early-time CT
dynamics, we performed femtosecond TA measurements in
the visible region. We also measured the TA spectra of the neat
C4-DPP−H2BP and C4-DPP−ZnBP films for comparison
(Figure S10a,c). Figure 6a,b displays the temporal evolution of
the absorbance changes (ΔA) in the C4-DPP−H2BP:PC61BM
and C4-DPP−ZnBP:PC61BM blend films with 400 nm
excitation. In the neat films (Figure S10a,c), bleaching
components were predominantly observed in the TA spectra,
while strong positive absorption bands appeared only in the
blend films around 500 nm (and 650 nm), as indicated by the
solid arrows in Figure 6. Thanks to the intensity cancellation
between the positive TA by the S1 exciton and the negative
ground-state bleaching (GSB) around the 500 nm region
(Figure S10a,c), the signal intensities are very minor in the
neat films, as shown at the bottom (blue traces) of Figure 6c,d.

Table 2. Parameters of the Geometries and Kinetics of the Photoinduced CS States to Account for the Delay Time-
Dependences of the X-Band TREPR Spectra of the Triplet Excitonsa

blend materials D (mT) J (mT)
Euler angles (α, β, γ) of

PC61BM−• (degrees)c
dipolar angles

(θ, ϕ) (degrees)
kS (μs−1)
kT (μs−1)d

T23
(μs)

(T1X, T1Y, T1Z)
(μs)e

rππ
(nm)f

C4-DPP-H2BP:PC61BMb −0.45 (±0.05) 0.30 (±0.02) (20, 60, arbitrary) (20 ± 10, 0) 1.0 0.7 (6.0, 0.5, 0.7) 2.5
4.0

C4-DPP-ZnBP:PC61BMb −0.47 (±0.05) 0.53 (±0.02) (20, 20, arbitrary) (20 ± 10, 0) 2.0 3.0 (10, 0.9, 0.5) 1.4
5.0

aThe zero-field splitting (ZFS) parameters were employed as follows: DT = 0.0375 cm−1 and ET = 0.0093 cm−1 in C4-DPP-H2BP and DT = 0.0380
cm−1 and ET = 0.0098 cm−1 in C4-DPP-ZnBP. See Figure S21 for possible errors. bIn eq S26, anisotropic hyperfine couplings by four equivalent
nitrogen atoms (ax = 0.01 mT, ay = 0.01 mT, az = 0.12 mT) were considered. Isotropic hyperfine couplings by six equivalent protons (aiso = 0.1
mT) were considered for oxidized donors. Ak = 0 in PC61BM−•. These EPR parameters were estimated by the density functional theory (DFT)
calculations (see the Supporting Information in Figure S18). cX-convention with respect to the principal axis system (X, Y, Z) of the ZFS
interaction. The listed angles are representative parameter sets relevant to the spin polarization obtained by summing the several anisotropic Δg
contributions from the inhomogeneous conformation distributions. dT+ populations were considered as quantum yields (Φ+) of 0.10 and 0.02 via
the |S>-|+> mixings for C4-DPP-H2BP:PC61BM and C4-DPP-ZnBP:PC61BM, respectively. eAnisotropy in the spin−lattice relaxation time of triplet
exciton described in eq S24. fMean crystallite size for the π-stacking direction obtained from the peak broadness in Figure 3b.

Figure 4. Steady-state fluorescence spectra of neat (black) and blend
(red) films with PC61BM of (a) C4-DPP-H2BP and (b) C4-DPP-
ZnBP. The red arrows show CT band positions, ECT = 1.65 and 1.46
eV in (a) and (b), respectively, by the TDDFT methods (Figures S6
and S7).

Figure 5. Fluorescence decay curves of neat films (black lines), blend films with PC61BM (blue lines), and blend films with PC61BM employing a
low-pass filter (red lines) of (a) C10-DPP-H2BP, (b) C4-DPP-H2BP, and (c) C4-DPP-ZnBP. The bandpass filters cut the light over 760 nm to
select the decays by the 1CT* emission.
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Thus, the positive signal components in Figure 6a,b can be
assigned to the D/A interfacial excitons caused by blending
PC61BM, i.e., the fluorescent 1CT* in Figure 4a,b.

From the red traces in Figure 6c,d, the decay time constants
(ca. 30 ps) of the positive TAs are different from those
observed in the initial decays of the GSB (Figures S11 and
S12) in the neat films because of the intensity cancellation
between the initial GSB and the S1 exciton at 500 nm. In the
blend films, we excite not only the donor molecules but also
PC61BM molecules using the 400 nm pulse. Therefore, this TA
signal could have originated from PC61BM. Keiderling and co-
workers44 found a strong TA at 550 nm in the neat PC61BM
films, which was assigned to the negative charge of PC61BM
but is different from the present TA bands (500 nm) in the

blend films. Moreover, the band peak position (solid arrow in
Figure 6b) is red-shifted in the zinc porphyrin system with
respect to the corresponding peak in the blend with the free-
base porphyrin (Figure 6a). We thus conclude that these 500
nm bands originate from the interfacial 1CT* states, while
minor shoulder bands (dashed arrows in Figure 6) at 560 nm
would be attributable to PC61BM−•. It was difficult to identify
the GSB component contributed by 1CT* from the entire GSB
dynamics of the blend materials (see Figures S10 and S11, and
Tables S1 and S2.). This denotes that 1CT* is a minor species
with respect to the initial S1 and to the CS products, indicating
that the 1CT* state in Figure 6 is immediately converted to the
charge carriers, as discussed above. It is thus concluded that
the S1 exciton-diffusion corresponds to the 30 ps decays of the

Figure 6. Temporal evolution of transient absorption spectra of the blend films of (a) C4-DPP−H2BP:PC61BM and (b) C4-DPP−ZnBP:PC61BM.
Time profiles of the absorbance changes in (c) C4-DPP−H2BP:PC61BM blend (red) and C4-DPP−H2BP neat (blue) films averaged at the 498−
503 nm region and in (d) C4-DPP−ZnBP:PC61BM blend and C4-DPP−H2BP neat films averaged at the 497−502 nm region. Excitation fluences
were (a, c) 2.3 × 1015 photons/cm2 and (b, d) 3.2 × 1015 photons/cm2, respectively.

Figure 7. Delay time-dependences of the X-band TREPR spectra of (a) C4-DPP−H2BP:PC61BM and (b) C4-DPP−ZnBP:PC61BM blend films
observed by the 532 nm laser irradiations at 80 K. Simulated time-dependences of the triplet excitons are imposed by the red and blue lines,
respectively. The decays in the Z and Y signal components were explained by the quick anisotropic spin−lattice relaxation times of T1Z = 0.7 μs and
T1Y = 0.5 μs, respectively.
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1CT* bands and that the charge-separation with kCS > 1 ps−1

corresponds to the rise in the 1CT* bands, as detailed in
Figures S10−S13 with eq S1.1 Therefore, ΔA at t > 200 ps in
Figure 6c,d largely originates from the separated charge
carriers, as shown in Figure S10. This charge-carrier density
is proportional to the excitation fluence (Figure S14) and is
not significantly altered by the zinc substitution.
Time-Resolved EPR Spectroscopy

To explore the origins of the voltages (VOC) in Figure 1 in
connection to microscopic geometries of the interfacial
transient charge-separated (CS) states affecting the cell
performances of (a) C4-DPP−H2BP:PC61BM and (b) C4-
DPP−ZnBP:PC61BM, we observed the TREPR spectra at 80 K
of small cut films (Figure S15) in Figure 7. In Figure 7a,b, spin-
polarized EPR signals by microwave absorption (A) and
emission (E) are observed in the excited triplet states
exhibiting zero-field splitting (ZFS), as indicated by X, Y,
and Z. This splitting deviates from ZFS44 of the triplet
PC61BM and thus is originating from the triplet exciton of the
donors. The spin polarization exhibits A/E/E/A/A/E patterns
in the fine structures in (a) and (b) of Figure 7. This is not
explained by the spin−orbit coupling-induced recombination45

(SOC-CR in Figure 8) but by overpopulations of the T0
sublevel (Figure 8d) in the triplet excitons via charge-
recombination (CR)26,33,46,47 of radical pairs (RPs) in the
presence of the Zeeman interaction. The absence of SOC-CR
strongly supports the quick dissociation kinetics (kCS > 1 ps−1)
before the S-T spin-conversion in Figure 8a. Positive D values
(DT = 0.0375 cm−1 in C4-DPP−H2BP and DT = 0.0380 cm−1

in C4-DPP-ZnBP) in the ZFS parameters are conclusive from
the polarization patterns and are consistent with the excitons
localized in porphyrin monomers.48 More details of the triplet
characters are described in the Supporting Information with
refs 47−49. Concerning the center field (340 mT) in Figure 7,
sharp signal contributions are also observed and are from the
charges by the interfacial charge-separations because g-value
components (g = 2.004) from the radical cation of C4-DPP−
H2BP (C4-DPP−ZnBP) and g = 2.000 from the PCBM radical
anion50 appear using the X-band and Q-band TREPR methods
(Figures S16−S18). In addition, the sharp contribution was
not obtained at delay times larger than 0.5 μs in the neat C4-
DPP−H2BP film that exhibited a very weak emissive EPR
signal only at 0.2 μs (Figure S19).

Notably, this sharp emissive spin polarization is minor in
Figure 7a with respect to the contribution by the triplet exciton
polarization at 0.5 μs. In contrast to this, a stronger sharp EPR
signal around 340 mT is obtained in Figure 7b, while the
triplet exciton signal is minor in the C4-DPP−ZnBP:PC61BM
blend film, suggesting that the charge-dissociation is more
dominant in the Zn-substituted blend than in the free-base
system at 80 K. This coincides with the lesser voltage loss
(ΔVOC) in Table 1 in the C4-DPP−ZnBP:PC61BM device
than in C4-DPP−H2BP:PC61BM, where ΔVOC represents the
potential difference between the 1CT* state and VOC, as
detailed in the following section. This suggests that the triplet-
recombination (kT) in Figure 8 is a cause of the voltage loss.

In addition, emissive spin polarization was observed both in
the triplet exciton and in the CS state in Figure 7a. These are
explained by additional populations in the upper triplet
sublevels (|+> and T+) in Figure 8d, suggesting that the
mixing between the |S> and |+> states may also occur in the
presence of a strong exchange coupling (2J ≈ gβB0) in Figure
8d.51 Because J is required to be comparable to the hyperfine
coupling to induce the populations in the |0> and T0 sublevels,
heterogeneity in J-coupling is concluded to be higher for the
interfacial CS states (Figure 8b) in the free-base donor systems
than in the Zn-substituted blends. The involvement of the
strong coupling of 2J = 340 mT in C4-DPP−H2BP:PC61BM
suggests that the averaged electronic coupling value by the CS
and CT states is stronger to cause the preferential CR
processes and thus is consistent with the stronger triplet
exciton signals in Figure 7a. From the Q-band TREPR
measurements at 80 K (Figure S20), the net emissive
polarization was not obtained in the triplet exciton, denoting
the absence of strong 2J exceeding 1.2 T in the CT state to
resonate with the |+> manifold at the high field. The
inhomogeneous J-coupling also results in coexistence of the
sharp CS-state signals and the broad T0-populated triplets,
particularly in Figure 7b, because the long-lived center signals
persist longer than 8 μs, while the T0-recombined triplet
product appeared immediately at 0.2 μs. The origins of these
inhomogeneities will be detailed in the Discussion section.

To determine geometries and J-couplings of the CS states
possibly leading to losses in JSC and VOC, the density matrix
formalism analysis33 of the transient EPR spectra (red and blue
fitting lines in Figure 7a,b) was performed, as shown in Figure
8d. We set tensor orientations of the principal axes of the g-

Figure 8. (a, b, c) Schematics of the photoinduced charge-separation and recombination causing losses in JSC and VOC. (d) Spin sublevel scheme
from the interfacial CS state (upper) by the charge-recombination to the triplet exciton (bottom) in (c), resulting in the populations in the T0 spins
in the presence of the external magnetic field. A minor T+ recombination loss is considered via the |S>-|+> mixing.
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tensors (gX = 2.0036, gY = 2.0049, and gZ = 2.0035) in oxidized
radical cations obtained by the density functional theory
(DFT) calculation of B3LYP with 6-31G(d,p) basis sets
(Figure S18) and in PC61BM−• (gX = 2.00085, gY = 2.00038,
and gZ = 1.99925)28 in the CS states with respect to the
principal axes (X, Y, and Z) of the ZFS interactions in the
triplet excitons (see Figure 9a and Table 2). In Figure 9a, the
orientation of the principal axes of gX and gY in the oxidized
species is assumed to be rotated by 30 degrees from the
orientation of the X−Y planes of the triplet excitons. This is
because the C�O bond direction in Figure S18 is anticipated
to be close to the principal axis for gY = 2.0049 due to the
spin−orbit coupling effect. The spin−spin dipolar couplings in
the RP also possess anisotropy, causing the field direction (B0)
dependence of the |S>-|0> conversion in Figure 8 because of
the |S>-|0> energy gap represented by ΔEST = 2d + 2J,52 where
d [=D(cos2 θD −1/3)/2] is the spin−spin dipolar coupling
with D < 0 as the dipolar coupling constant. θD is the angle
between B0 and the principal axis of the dipolar interaction, i.e.,
the interspin vector (d) in Figure 9a. From this, it is
anticipated that the T0 excitons are efficiently populated
when θD = 0 with J > 0 because the coherent |S>-|0>
conversions can occur due to the small ΔEST. This situation is
fulfilled when the B0 direction is parallel to the interspin vector.
Therefore, the strong outer A/E spin polarization in the Z-
transitions at 0.2 μs in Figure 7a denotes that the Z principal
axis of the ZFS directs to the interspin vector between C4-
DPP-H2BP+• and PC61BM−•. The very weak E/A polarization
for the X-transition indicates that θD is close to π/2, when B0 is
parallel to the short axis of X.

Based on the donor crystalline structures, the 1CT*
formations, and the quick charge-dissociation kinetics together
with the above anisotropic |S>-|0> conversions, we can assume
the geometry model of the interfacial CS states, as shown in
Figure 9a,c on the analysis of Table 2 by fitting the time-
dependent EPR spectra.

Figure 9b shows the mapping of the T0-yields for all possible
directions obtained from the red line at 0.2 μs in Figure 7a, in
which the Euler angles of the gPCBM principal axis system are
set to be (α, β, γ) = (20, 60°, arbitrary) together with (θ, ϕ) =
(20, 0°) for the dipolar orientation in the X−Y−Z system.
Because the quantum yield (ΦTd0

) of the T0 sublevel population
in Figure 8d is determined by the anisotropic |S>-|0>
conversion and the singlet and triplet-recombination rate
constants in the CS state,52 it is anticipated that ΦT d0

is
anisotropic, representing the anisotropic |S>-|0> conversion
efficiencies determined by the direction dependence of ΔEST
and of the |S>-|0> interaction to induce the spin-coherence by
the Larmor frequency difference (2Q−) between the radicals.
More details on the principle are described in the SI with eq
S26.33 This triplet yield map is very consistent with the
molecular conformation in Figure 9a, as detailed in the
Supporting Information. The CS conformations (Figure 9a,c)
are drawn based on the donor crystalline features with the π−π
stacking distances (0.35−0.36 nm from Figure 3b,d) and with
the 1:1 donor:PC61BM complex model (Figures S7 and S8).
The interspin center-to-center separations of rCC = 1.8 nm are
obtained from D = −0.45 and −0.47 mT in the RPs in Table 2
using the point dipole approximation. rCC < rππ (=2.5 nm in
Table 2) in the C4-DPP−H2BP:PC61BM blend indicates that
the hole is located in the crystalline environment as shown in

Figure 9. Geometries of the photoinduced CS states. (a, c): Settings of the g-tensor orientations of the principal axes in C4-DPP−H2BP+• (C4-
DPP−ZnBP+•) and in PC61BM−•. The axes of X, Y, and Z are the principal axes of the ZFS interactions of the triplet excitons. Vertical blue arrows
in (a) represent collective intermolecular motions (phonon) by the ordered crystalline packing, causing |S>-|0> dephasing during the charge-
separations. Disorder of π−π stacking in (c) results in charge dissociations. (b, d) Mapping of the T0-sublevel yields (ΦT d0

) obtained by the density
matrix formalism analysis at 0.2 μs, verifying the geometries of the distant CS state resulting in the T0-recombination.
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Figure 9a. On the other hand, rCC > rππ (=1.4 nm) denotes that
the hole is situated in the disordered environment (Figure 9c)
caused by zinc complexation.

Interestingly, the E/A signals became stronger at 0.5 μs than
at 0.2 μs at the X-positions as shown by the red arrows in
Figure 7a,b, while the outermost A/E polarized Z-transition
intensities were unchanged by the delay times. These are
explained by |S>-|0> population relaxations29,53 in the presence
of J-couplings of 0.3 mT (0.5 mT) for the X directions with the
relaxation time constant of T23 = 0.7 μs (3.0 μs) in C4-DPP−
H2BP:PC61BM (C4-DPP−ZnBP:PC61BM). This demonstrates
that the J-couplings are fluctuating54 to result in spin
decoherences; the population of the eigenstate of |b> =
cos μ|S> + sin μ|0> becomes the same as that of |c> = −sin μ|
S> + cosμ|0>, strongly indicating that the low-frequency
phonon modes play a role in spin relaxation under the
cryogenic condition,27,29,55 as shown by the vertical blue
arrows in Figure 9a.

■ DISCUSSION

Origins of Interfacial Charge-Separations in Nonpolymer
Solar Cells

From the difference between the vertically separated electron−
hole at rCC = 1.8 nm in Figure 9 and the 1CT* in Figure 8a
(Figures S7b and S8b), it is evident that the electron−phonon
(EP) coupling by the lattice motions between the π-stacking
molecules induces separated charges, as shown by the vertical
arrows in Figure 9a. Such a crystalline feature with the distance
of d = 0.35 nm between the donor molecules is confirmed by
the 2D-GIWAXD of the blend materials (Figure 3d), showing
the face-on structures.

The present fluctuations are very consistent with the
vibronic roles on the charge-dissociation from the 1CT*
state: the entropy enhancement occurs via the EP coupling
between the orbital distribution and the low-frequency
vibrations, overcoming the electrostatic stabilization in the
1CT* state at the efficient electron−hole dissociation.28,34,38

Furthermore, quicker signal decays for the Y and Z-transitions
than the decay at the X position are observed at delay times
longer than 1 μs in Figure 7a,b. This is explained by the
anisotropy in the spin−lattice relaxations in the triplet excitons
as shown by the fitting lines with T1X = 6.0 μs, T1Y = 0.5 μs,
and T1Z = 0.7 μs, and thus, the combinations of (T23, T1X, T1Y,
T1Z) are obtained from the delay time-dependences of the
triplet EPR spectrum shapes for t ≥ 0.5 μs in Figure 7. Such
quick anisotropic relaxation is distinguished from the
anisotropic T1-S0 intersystem crossing on eq S24,56,57

indicating that the subtle fluctuations between the Y and Z
principal axes are due to disordered rotational librations (red
arrow at the X axis of Figure 9a) about the short axis (X) in the
crystalline regions. This well coincides with the J-modulation
to cause |S>-|0> spin decoherence and thus is again consistent
with the hole-dissociation mechanism via EP couplings. The
present hole-dissociation mechanism via the phonon is clearly
distinguished from the hot exciton dissociation38,58 reported in
polymer solar cells, in which the high-frequency vibration
modes are involved in intrachain charge-dissociation. Control
of the phonon effect is thus crucial for achieving high-
performance nonpolymer solar cells utilizing small organic
molecules. In addition, the present collective phonon’s role is
very consistent with kCS > 1 ps−1 in Figure 8a, which is quicker
than the exciton-diffusions. This is also supported by the
ultrafast carrier dynamics studied by terahertz spectrosco-
py.18,59

Gating of Triplet Charge-Recombination from
Heterogeneous CS States

To understand the uniqueness of the reported set of fitting
parameters (Table 2 and Figure 9) for the heterogeneities in J,
we examined whether a gating to capture the specific RP
occurs in the triplet exciton products. We first performed
calculations of the D−A separation distance (r) dependences
of triplet and singlet charge-recombination rate constants kT(r)
and kS(r) from the estimated electronic coupling of V(r) =
V0 exp(−β (r − d)/2) using the Marcus−Levich−Jortner
theory (Figure 10a)60

Figure 10. (a) Charge-recombination rate constants of kT(r) (solid lines and circles) and kS(r) (dashed lines and squares). β represents the
attenuation factor in the r-dependence of electronic coupling. (b) |S>-|0> electronic energy gap (2J). (c) Quantum yields of the triplet exciton
products via |S>-|0> conversion as a function of the separation distance. Plots in (c) are obtained by the density matrix formalism analysis applying
(a) and (b) of the CS states of C4-DPP−H2BP+•:PC61BM−• (red) and of C4-DPP−ZnBP+•:PC61BM−• (blue) at t = 0.5 μs. Initial singlet RP
quantum yields are assumed to be 1 for all of the separations. (d) Corresponding geometry model of the separated geminate RP at N = 5 that
causes selective triplet-recombination by the gate effect during the hole migrations.
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with FCj = exp(−S)Sj/j!, where S = λV/hνvib with j = 0,1,2,···.
Here, λV and νvib represent the intramolecular reorganization
energy and the vibration frequency, respectively. λS represents
the solvent reorganization energy determined by the BHJ
environment with the low-frequency response. The total
reorganization energy (λ) is obtained by λ = λV + λS.
Accordingly, the |S>-|0> energy gap 2J(r) is also computed
using the configuration interaction model (Figure 10b), as
follows61

= | | + | |J r V r E V r E2 ( ) ( ) / ( ) /2
T

2
S (2)

where ΔET and ΔES represent vertical energy gaps (expressed
by ΔES,T = −ΔGS0,T − λ, where ΔGS0,T and λ are
corresponding driving forces and reorganization energies for
the singlet and triplet-recombination processes, respectively).
ΔGS0 = −1.63 and −1.44 eV are applied for the C4-DPP−
H2BP+•:PC61BM−• and C4-DPP−ZnBP+•:PC61BM−• systems,
respectively, and are assumed to be r-independent. From the
triplet state energies (ET = 1.33 eV and 1.36 eV),62 ΔGT =
ΔGS0+ ET = −0.30 and −0.08 eV are applied for the triplet-
recombination in the C4-DPP−H2BP+•:PC61BM−• and C4-
DPP−ZnBP+•:PC61BM−• systems, respectively. λS = 0.20 eV,
λV,T = 0.70 eV, and λV,S0 = 0.65 eV are applied for the C4-
DPP−H2BP+•:PC61BM−• system with νvib = 710 cm−1. In C4-
DPP−ZnBP+•:PC61BM−•, λS,T = 0.16 eV, λS,S0 = 0.23 eV, λV,T
= 0.39 eV, and λV,S0 = 0.46 eV are applied with νvib = 710 cm−1.
These energies are parameterized to reproduce the values of
kT, kS, and J in Table 2 at r = 1.8 nm. However, the other
parameter sets are plausible to explain the experimental results
because of several uncertain reorganization parameters
incorporated in eqs 1 and 2. Validities of the above λ values
are demonstrated in the following subsection.

When β = 9.8 nm−1 (8.8 nm−1 in blue lines for C4-DPP−
ZnBP+• − PC61BM−•, Figure 10) is employed in V(r) with V0
= 660 cm−1 (610 cm−1) at d = 0.35 nm, 106 < kS,T < 107 (s−1)
is obtained for r = 1.8 nm satisfying kT > kS, which is consistent
with the rises in the triplet products, as the rate-determining
processes of the gating when hole migrations are quick. The V0
values are compatible with the electronic coupling reported in
the CT complexes by Farid and co-workers.63 We next
computed the quantum yield of the excited triplet state at 0.5
μs in eq S2 (Figure 10c) for the exciton product by the density
matrix formalism analysis applying Figure 10a,b under the
assumption that the singlet RPs are evenly distributed for all of
the D−A separations. Despite this simple assumption, Figure
10c demonstrates the gate effect of the specific RPs at 1.8 nm
from the widths of the peaks. Furthermore, charge-separation
distances are thought to be stepwise when the hole is localized
in a DPP−BP molecule as shown in Figure 9. Thus, from the
crystalline structure with d = 0.357 and 0.361 nm in C4-DPP−
H2BP and in C4-DPP−ZnBP, respectively, the triplet yields are
plotted from the contact RP (r = 0.35 nm, N = 1) to the highly
separated pairs (r = 2.5 nm, N = 7), as shown by the squares in
Figure 10b,c. From the ordering of the π−π stacking, the
electron−hole (e−h) separations at 1.8 nm are consistent with
the separated pair of N = 5 exhibiting highest triplet yields in

Figure 10d. Overall, the uniqueness of the geometries
originates from the gating that causes the capture of the
weakly coupled RP at r = 1.8 nm of N = 5. The residual
separated RPs that escape from this capture are observed at the
center field positions in Figures 7 and S16 and S17. More
details on the recombination dynamics are described in Figure
S22.
Connection between Cell Performance and Microscopic
Structure

From the charge-separation dominantly occurring from the
1CT* state, we estimated voltage losses (Table 1) from 1CT*
levels using the ECT values determined by the CT emissions,
considering that the band gaps are almost degenerated with the
1CT* energies (Figures 4 and S7), as follows19,24

=V E q V/OC CT OC (3)

where q represents the elementary charge. The voltage loss in
eq 3 includes the radiative loss (ΔVr) and the nonradiative loss
(ΔVnr).19 We characterized ultrafast efficient charge-separation
events with kCS > 1 ps−1 (Figure 6c,d), which is much larger
than the rate of the radiative process, and obtained the
nanosecond triplet-recombination process (Figure 8c). It is
thus anticipated that the nonradiative process largely affects
ΔVOC in Table 1.

It is challenging to discuss whether the present distant CS
states trapped at 80 K correlate with the device performance.
However, the present vertically separated CS geometries with
(θ, ϕ) = (20, 0°) strongly denote that the phonon-assisted
hole-dissociations occur only via the one-dimensional (1D)
carrier-conductions64 and should be a characteristic of the
nonpolymer solar cells, as opposed to the three-dimensional
(3D) routes for carrier dissociations found in polymer solar
cells at cryogenic conditions.28,31 This difference indicates that
the present 1D carrier motions can readily cause recombina-
tion loss64 from the highly separated e−h pairs via the
assistance of phonons because backward e−h encounters are
more plausible to occur than in the 3D environments. This
well supports the time-resolved photocurrent observations that
demonstrated the nanosecond carrier recombination dynamics
by the first- and second-order processes.18 From Table 1,
ΔVOC is lower in the C4-DPP−ZnBP:PC61BM device than
that in C4-DPP−H2BP:PC61BM although the PCEs and the
EQEs are similar. To examine the correlation between the T0-
recombination effects and OSC performances, we performed
the mapping of the ΦTd0

populations at 0.2 μs for C4-DPP−
ZnBP:PC61BM (Figure 9d) from Table 2. Although the
mapping resembles the color maps of Figures 9b and S23, the
ΦTd0

values are much smaller in C4-DPP−ZnBP:PC61BM. This
is explained by the prohibited spin-conversion in the presence
of the stronger J-coupling to increase ΔEST in C4-DPP−
ZnBP:PC61BM (Table 2) with the reduced J-modulation by
the longer T23 (=3 μs). This indicates that the distant CS plays
a role in improving the voltage loss (ΔVOC = 0.86 V) in Table
1, particularly when the detrapped charges are undergoing 1D
diffusion during device operations. The stronger sharp CS-state
signal around 340 mT in Figure 7b strongly supports the lower
ΔVOC (=0.86 V) in the zinc substituent system compared to
ΔVOC = 1.03 V in free-base porphyrin due to suppression of
nonradiative recombination.23 The stronger J of the CS state in
Figure 9c is from the weaker attenuation in β to strengthen the
orbital overlap by C4-DPP−ZnBP+• than by C4-DPP−H2BP+•
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due to the smaller reorganization barrier, as detailed in the
following subsection.
Phonon Engineering for Cell Performance

In addition to T0 recombination, the T+ generation in Figure 8
should be problematic although the spin−orbit coupling-
induced recombination (SOC-CR in Figure 8) is absent. The
emissive ESP in Figure 7a is explained by introducing the T+
population with the quantum yield (Φ+) of 0.10. When the
separated singlet RP (|S>) is generated at N = 5 (Figure 10d)
via the hopping migration mediated by the phonon, the |+> in
the RP can also be populated via the quick migration
competing with kT(r). Based on this, it is notable that 2J
(=350 mT) in the separated pair at N = 3 in Figure 10b is
almost equal to the Zeeman energy (=340 mT) at the X-band
for β = 9.8 nm−1, as indicated by the red arrow in Figure 10b at
1.1 nm. This denotes that |S>-|+> conversion and subsequent
dissociation in |+> are possible during repetitive hole motions.
The emissive spin polarization in the center region (Figure 7a)
is the result of the dissociation after the |S>-|+> conversion.
This is very reasonable because such an emissive spin
polarization is absent in the Q-band TREPR measurement
(Figure S20); no |S>-|+> resonance occurs in the high-field
(1220 mT) experiment during the stepwise hole motions,
resulting in the absence of emissive polarization also for the
triplet product.

The reorganization energies (λ = 0.89 eV in C4-DPP−
H 2 B P + • : P C 6 1 B M − • a n d 0 . 5 5 e V i n C 4 - D P P −
ZnBP+•:PC61BM−•) are required to self-consistently explain
the gating effects for the different D:A systems and coincide
with the broad 1CT* emission bands in Figure 4. In addition, a
recent study on the hole transfer reaction in copper-
phthalocyanine crystalline films demonstrated that the
reorganization energy for the intermolecular hopping is 0.93
eV.65 These strong reorganizations imply that the hole is not
delocalized and undergoes quick hopping dissociation assisted
by the phonon. As for V(r) = V0 exp(−β(r − d)/2) of the
separated RPs, McConnell’s electron-tunneling model is
applicable in β, as follows66

= | |d E V(2/ )ln( / ) (4)

where ΔE and Vππ represent tunneling barrier height of the CS
state for the hole conduction and transfer integral between the
π−π stacking molecules, respectively. From this, ΔE = 0.48 eV
(0.37 eV) and |Vππ| = 660 cm−1 (610 cm−1) are estimated to
explain β = 9.8 nm−1 (8.8 nm−1) in Figure 10a. |V0| = |Vππ| =
660 cm−1 at d = 0.35 nm indicates that the strong transfer
integral by the π−π stacking is enhanced by the nuclear
motions between the molecules, according to the non-Condon
effect.38 From ΔE = 0.48 eV (0.37 eV) in eq 4, 2ΔE ≈ λ is the
manifestation that the electronic tunneling is determined by
the reorganization barrier height, as described by Beratan and
co-workers.67 This demonstrates the validity of the hopping
migrations causing the gate effect from the separated RPs at N
= 5. Overall, because the reorganization barrier is much larger
than the transfer integral (Vππ) in the present systems, the
localized holes by the one C4-DPP−BP+• unit compose the
separated RPs (Figure 10d) and are distinguished from the
delocalized hole50,68 in the CS states of the polymer solar cells
that exhibit weaker electronic attenuations (β < 2 nm−1).10,28

This is very consistent with applications of the point dipole
approximation for the separated radicals to determine rCC = 1.8
nm.

We thus propose that the separated pairs at N ≥ 3 are
produced through the vertical phonon mode causing the J-
modulation,69 as shown in Figure 9a; too much ordered lattice
motions39 may induce repetitive 1D-backscattering hole
motions coupled with the phonon from the geminately
separated e−h pairs in the nonpolymer solar cell, as shown
in Figure 8. The nongeminate process18,25,70 is excluded to
account for the present spin polarization, as follows. If the
nongeminate recombination from the spin statistical distribu-
tion by the e−h encounter was the source of the spin
polarization, T+ and T− populations should be preferential to
cause a totally different spin polarization from the present
result for the positive DT because the |S>-|0> mixing should
inhibit the T0 population when kS < kT. In the C4-DPP-
H2BP:PCBM solar cell, the geminate recombination effect was
dominant in the transient photocurrent decay profile, while the
nongeminate recombination was negligible in the submicro-
second regions.18 Given that ΔVOC is larger in the C4-DPP-
H2BP:PCBM solar cell than in the C4-DPP-ZnBP:PCBM
system, the impact of the nongeminate process is not the
reason for the ΔVOC difference in Table 1, although the
nongeminate processes might influence the voltages them-
selves.

From Table 2, the singlet−triplet dephasing time (T23) is
longer in the C4-DPP−ZnBP:PC61BM system than in the free-
base system that exhibited the T+ population, indicating that
the ordered acoustic motions39 in the donor domain are
insufficient to produce the separated pairs at N = 3. This
elongation in T23 is rationalized by the slightly longer d-
spacings for the π−π stacking (3.61 Å) in the Zn-substituted
systems than in the free-base systems in Figure 3, resulting in
the weaker π−π lattice interactions by introducing Zn2+ to the
BP moieties. The present weakened phonon motions are thus
explained by the slight geometrical disorders for N ≥ 5 in the
C4-DPP−ZnBP conformations in Figure 10d, reducing the
mean crystalline size to rππ = 1.4 nm derived from the broader
diffraction peaks in the red lines of Figure 3b,d. Overall, the
improved cell performances in the ZnBP system originate from
regulations of the phonon associated with the disordered π-
stackings to ensure charge-dissociation by entropy. It is
concluded that, while disordered motions in Figure 9c are
essential to enhance the entropy for charge dissociations,38 too
much ordered crystallinity causes the backscattering acoustic
phonon as a wrong phonon to reduce the OSC performances,
resulting in the loss of VOC.

■ CONCLUSIONS
We comprehensively investigated the origins of photocarrier
generation and nonradiative deactivation using various
spectroscopic tools including the microscopic spatial and
orientational imaging methods to elucidate details of the
underlying dynamics of nonpolymer solar cells. The 1CT*
states (Figure 8a), whose energies are 1.46 eV (C4-DPP−
ZnBP:PC61BM) and 1.65 eV (C4-DPP−H2BP:PC61BM), are
generated via picosecond exciton-diffusions and cause efficient
photocarriers by quick charge-separations. However, the
voltage loss of ΔVOC = 0.86 V in C4-DPP−ZnBP:PC61BM
OSC is revealed to be lower than that of ΔVOC = 1.03 V in the
free-base porphyrin system.

From the TREPR analysis, we have obtained details of the
geometries of the distant CS state with rCC = 1.8 nm causing
voltage losses by quantum yield imaging maps of the T0-
sublevel recombination using electron spin polarizations of the
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triplet excitons (Figure 9). From the analysis of the distance
dependence of the anisotropic recombination dynamics, we
clarified the gating effect for T0-recombinations capturing the
separated geminate RP (N = 5) generated by hopping hole
migration from the 1CT* states. The EP coupling originating
from the crystalline packings was revealed to play a role in
producing the CS states from 1CT* by the lattice librations
between the π-stacking molecules in the donor domains, as
shown by the vertical arrows in Figure 9a. However, such
distant CS states cause problematic losses in the voltage due to
nanosecond triplet-recombination processes during the 1D-
backscattering charge motions in the ordered interface regions.
Importantly, such an acoustic phonon can be regulated by
controlling the d-spacings when employing the ZnBP donor to
ensure highly separated CS-state generations that lived more
than 10 μs. Introducing a slight disorder to weaken the π−π
lattice interactions is a key to enhancing the entropy (or
density of state) for the charge-dissociation processes reducing
the radiative and nonradiative voltage losses for future
development of small-molecule solar cells that employ 1D
dissociative charge-conductions, while such ordered phonons
can be useful for organic light-emitting diodes to enhance the
radiative recombination from separated e−h pairs.38
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(70) Privitera, A.; Grüne, J.; Karki, A.; Myers, W. K.; Dyakonov, V.;
Nguyen, T.-Q.; Riede, M. K.; Friend, R. H.; Sperlich, A.; Gillett, A. J.
Geminate and Nongeminate Pathways for Triplet Exciton Formation
in Organic Solar Cells. Adv. Energy Mater. 2022, 12, No. 2103944.

ACS Physical Chemistry Au pubs.acs.org/physchemau Article

https://doi.org/10.1021/acsphyschemau.2c00049
ACS Phys. Chem Au 2023, 3, 207−221

221

 Recommended by ACS

Engineering Isomeric AIEgens Containing
Tetraphenylpyrazine for Dual Memory Storage
Zicheng Liu, Ming Chen, et al.
JUNE 05, 2023
CHEMICAL & BIOMEDICAL IMAGING READ 

Efficient and Nonhalogenated Solvent-Processed Organic
Solar Cells Enabled by Conjugated Donor–Acceptor Block
Copolymers Containing the Same Benzodithiophene Unit
Tan Ngoc-Lan Phan, Bumjoon J. Kim, et al.
DECEMBER 14, 2022
ACS APPLIED MATERIALS & INTERFACES READ 

Porphyrin Acceptors Improve the Crystallization of Y6 and
the Exciton Dissociation in Ternary Organic Solar Cells
Zhenkun Lin, Xiaobin Peng, et al.
MARCH 21, 2023
ACS APPLIED ENERGY MATERIALS READ 

Molecular Orientation Control of Regioisomeric Small-
Molecule Acceptors for High-Performance Poly(3-
hexylthiophene)-Based Organic Solar Cells with 9.3% Effi...
Daehee Han, Bumjoon J. Kim, et al.
MAY 25, 2023
CHEMISTRY OF MATERIALS READ 

Get More Suggestions >

https://doi.org/10.1021/ja00097a028?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00097a028?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja303721j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja303721j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja303721j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/smll.202103897
https://doi.org/10.1002/smll.202103897
https://doi.org/10.1063/1.1731961
https://doi.org/10.1063/1.1731961
https://doi.org/10.1021/jp013387g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp013387g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cplett.2006.12.101
https://doi.org/10.1016/j.cplett.2006.12.101
https://doi.org/10.1016/j.cplett.2006.12.101
https://doi.org/10.1080/00268970050052079
https://doi.org/10.1080/00268970050052079
https://doi.org/10.1080/00268970050052079
https://doi.org/10.1080/00268970050052079
https://doi.org/10.1002/aenm.202103944
https://doi.org/10.1002/aenm.202103944
pubs.acs.org/physchemau?ref=pdf
https://doi.org/10.1021/acsphyschemau.2c00049?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/doi/10.1021/cbmi.3c00048?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/cbmi.3c00048?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/cbmi.3c00048?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/cbmi.3c00048?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/cbmi.3c00048?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/cbmi.3c00048?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/cbmi.3c00048?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/cbmi.3c00048?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/cbmi.3c00048?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/cbmi.3c00048?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/cbmi.3c00048?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/cbmi.3c00048?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/cbmi.3c00048?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/cbmi.3c00048?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/cbmi.3c00048?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/cbmi.3c00048?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/cbmi.3c00048?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/cbmi.3c00048?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acsami.2c16908?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acsami.2c16908?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acsami.2c16908?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acsami.2c16908?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acsami.2c16908?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acsami.2c16908?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acsami.2c16908?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acsami.2c16908?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acsami.2c16908?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acsami.2c16908?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acsami.2c16908?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acsami.2c16908?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acsami.2c16908?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acsami.2c16908?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acsami.2c16908?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acsami.2c16908?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acsami.2c16908?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acsami.2c16908?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acsami.2c16908?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acsami.2c16908?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acsami.2c16908?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acsami.2c16908?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acsami.2c16908?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acsami.2c16908?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acsami.2c16908?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acsami.2c16908?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acsami.2c16908?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acsami.2c16908?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acsami.2c16908?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acsami.2c16908?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acsami.2c16908?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acsami.2c16908?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acsami.2c16908?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acsami.2c16908?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acsami.2c16908?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acsami.2c16908?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acsami.2c16908?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acsami.2c16908?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acsami.2c16908?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acsaem.2c04123?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acsaem.2c04123?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acsaem.2c04123?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acsaem.2c04123?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acsaem.2c04123?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acsaem.2c04123?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acsaem.2c04123?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acsaem.2c04123?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acsaem.2c04123?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acsaem.2c04123?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acsaem.2c04123?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acsaem.2c04123?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acsaem.2c04123?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acsaem.2c04123?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acsaem.2c04123?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acsaem.2c04123?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acsaem.2c04123?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acsaem.2c04123?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acsaem.2c04123?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acsaem.2c04123?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acsaem.2c04123?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acsaem.2c04123?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acsaem.2c04123?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acsaem.2c04123?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acsaem.2c04123?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acsaem.2c04123?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acsaem.2c04123?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acsaem.2c04123?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acsaem.2c04123?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acsaem.2c04123?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acsaem.2c04123?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acsaem.2c04123?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00384?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00384?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00384?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00384?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00384?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00384?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00384?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00384?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00384?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00384?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00384?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00384?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00384?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00384?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00384?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00384?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00384?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00384?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00384?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00384?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00384?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00384?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00384?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00384?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00384?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00384?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00384?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00384?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00384?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00384?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00384?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00384?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00384?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00384?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00384?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00384?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00384?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00384?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00384?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00384?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00384?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00384?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00384?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00384?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00384?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c00384?utm_campaign=RRCC_apcach&utm_source=RRCC&utm_medium=pdf_stamp&originated=1695695391&referrer_DOI=10.1021%2Facsphyschemau.2c00049
https://preferences.acs.org/ai_alert?follow=1

