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Cyano substitution has been established as a

viable approach to optimize the performance
Interfacial charge:

of all-small-molecule organic solar cells. separation

However, the effect of cyano substitution on

the dynamics of photo-charge generation re-
mains largely unexplored. Here, we report R e
an ultrafast spectroscopic study showing TN
that electron transfer is markedly promoted

by enhanced intermolecular charge-transfer
. .. . Charge
interaction in all-small-molecule blends with recombinakion

cyanided donors. The delocalized excita-

tions, arising from intermolecular interaction

in the moiety of cyano-substituted donor, undergo ultrafast electron transfer with a lifetime
of ~3 ps in the blend. In contrast, some locally excited states, surviving in the film of donor
without cyano substitution, are not actively involved in the charge separation. These find-
ings well explain the performance improvement of devices with cyanided donors, suggesting
that manipulating intermolecular interaction is an efficient strategy for device optimization.
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I. INTRODUCTION well-defined molecular structures, OSCs using small
molecules as both electron donors and acceptors have
Organic solar cells (OSCs) have been regarded shown excellent batch-to-batch reproducibility for de-

as cost-effective renewable power suppliers for next- vice performance [11-17], which is essential for practical

generation flexible electronic devices [1-10. With applications. In the last few years, remarkable processes

have been achieved for these all-small-molecule (ASM)
OSCs with power-conversion efficiencies (PCEs) rais-

ing to ~15% benefiting from the rapid deployment of
TPart of Special Issue “John Z.H. Zhang Festschrift for celebrating

his 60th birthday”. . . .
* Author to whom correspondence should be addressed. E-mail: the performance of ASM devices still lags behind the

non-fullerene acceptors (NFAs) [18-21]. Nevertheless,
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devices using polymer donors and NFAs (with PCEs
>18%) [22, 23]. For device optimization, it is critical to
study the charge generation mechanism and elucidate
the performance-limited process in ASM blends.

In principle, charge separation of photoexcited ex-
citons primarily sets the upper efficiency limit of an
OSC [24-33]. In a polymer/NFA blend, the widely-
accepted model describes that a photoexcited exciton
diffuses to the donor-acceptor (D-A) interface, forming
an interfacial charge-transfer (xCT) state which fur-
ther dissociates into a charge-separated (CS) state of
free charges. For the polymer donors, most of them
are co-polymers bearing alternating electron donating
and accepting units. The charge-transfer interaction
as well as the dipole-dipole interaction results in form-
ing excited states with different degrees of CT char-
acter and wavefunction delocalization. Together with
the Frenkel excitons (i.e., the linear combinations of
electronic excitations of each chromophore in the ag-
gregates), some delocalized states are also excitable
with spatially-separated electrons and holes, quoted as
the excimer [34, 35], pseudo CT [36] or polaron pairs
states [37-41] in previous studies. These weakly bound
states with smaller binding energies may act as pre-
cursors for efficient charge separation. In the film of
NFA, the intermolecular interaction in the acceptor
moiety plays a similar role to that in the intermedi-
Similar to NFAs,
most high-performance small-molecule donors adopted
in the ASM OSCs exhibit acceptor-donor-acceptor (A-
D-A) structured architectures [45-48], where strongly

ate for charge separation [42-44].

electron-withdrawing end groups are attached to elec-
tron rich fused ring D unit. It remains elusive whether
the intermolecular interaction in the intra-moiety do-
mains affects charge generation in the ASM OSCs.

Il. EXPERIMENTS

In this work, we study the charge generation
dynamics in the blend films of ASM OSCs using
(TA)
To highlight the effect of intermolecular interac-

ultrafast transient absorption spectroscopy.
tion, we compare two blends consisting of the same
acceptor (IDIC: 2,2'-((22,2'Z)-((4,4,9,9-tetrahexyl-
4,9-dihydro-s-indaceno[1,2-b:5,6-b’]dithiophene-2,7-

diyl)bis(methanylylidene))bis(3-oxo-2,3-dihydro-1H-

indene-2,1-diylidene))dimalononitrile) but two different
small-molecule donors with and without cyano sub-
stituent on the ester groups (namely, SM and CN-SM)
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(FIG. 1).

character induced by the cyano group, intermolecular

With additional electron-withdrawing

charge-transfer interaction is enhanced in the donor
moiety of CN-SM. In the blend with CN-SM, efficient
ultrafast electron transfer from delocalized excited
states is characterized with a lifetime of ~3 ps. On the
contrary, we observe a loss channel of recombination
from locally excited (LE) states on a similar time scale
without involving in the charge separation process in
the blend with SM. These results indicate that the
excitation delocalization caused by the intermolecular
interaction in the moiety of cyanided donor significantly
promotes the efficiency of charge separation, which is
confirmed by quantum chemical computation. These
findings highlight the significance of intermolecular
interaction for optimizing the performance of ASM
OSCs which is valuable for future material synthesis
and device design.

Ill. RESULTS AND DISCUSSION

In ASM OSCs, the active layers are aggregates of
A-D-A molecules. Owing to the dipole-dipole and in-
termolecular charge-transfer interactions, photo excita-
tions create excited states with different degrees of delo-
calization which may play different roles in charge gen-
eration and recombination (FIG. 1(a)) [44, 49-51]. The
structures of molecules studied in this work are shown in
FIG. 1(b). The molecules are slected as model systems
for the complementary absorption spectral coverage of
donors and acceptor (FIG. 1(c)), which allows to dis-
entangle the process of electron and hole transfer by
selective excitations. With pump at 470 nm or 710 nm,
the donor and acceptor are primarily excited to trigger
the channels of electron and hole transfer for charge sep-
aration. For TA spectroscopic measurements, the pump
fluence is ~3 pJ/cm? to minimize the effect of exciton-
exciton annihilation as confirmed by fluence-dependent
measurements (FIG. S1 in Supplementary materials).
The effect of cyano substituent of the donor molecules
on the device performance is significant. Using the same
acceptor IDIC, the PCE doubles from ~5% to over 10%
when the small-molecule donor SM is replaced by CN-
SM in ASM OSCs [52].

The electron-withdrawing ability of the cyano sub-
stituent is manifested with a markedly enhanced sol-
vent polarity effect of photoluminescence (PL) emission
(FIG. 1 (d) and (e)). With increasing the solvent polar-
ity, PL spectra show spectral redshifts while absorption

(©2021 Chinese Physical Society
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FIG. 1 (a) Schematic representation of the two channels involved in excitations with different degrees of delocalization in
A-D-A small molecular donors. (b) Molecular structures of the two donors (SM and CN-SM) and the acceptor (IDIC)
studied in this work. (c) The absorption spectra of the films of three samples. PL spectra of (d) SM and (e) CN-SM

dissolved in different solvents.

spectra of the acceptors are nearly unchanged (FIG. S2
in Supplementary materials). Redshift of PL emission
from CN-SM is more significant than that from SM,
which is a clear evidence of a higher degree of charge-
transfer character for primary excitations in CN-SM
induced by cyano substituent [53-56]. The enhanced
electron-withdrawing character may promote the inter-
molecular charge-transfer integral in the donor moiety,
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resulting in delocalization of excited states [57, 58].

The effect of cyano substituent on the primary exci-
tations in the donor films is characterized by TA spec-
troscopy. In FIG. 2, we compare the TA data recorded
from the neat films of SM and CN-SM. The TA spec-
tra for both samples exhibit similar spectral profiles for
primary excitation, including the bleach in the visiable
absorption band and excited-state absorption (ESA) in
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FIG. 2 TA spectra recorded at different time delays in the neat films of (a) SM and (b) CN-SM with pump at 470 nm,
respectively. Time-resolved kinetic curves at different probe wavelength of (¢) SM and (d) CN-SM, the addtional fast decay
shown in SM kinetic curves. The spectral features from global fitting of (¢) SM and (f) CN-SM.

the near-infrared band (FIG. 2 (a, b)). Nevertheless, bly related to the intersystem crossing as supported by
the dynamics shows markedly difference in the two sam- the triplet sensitization measurements (FIGs. S4—S6
ples especially for the signals at the early stages. The  in Supplementary materials). The different aspects for
ESA feature recorded from the SM film shows a slight the two relatively fast components can be explained by
blue shift with a fast decay component with lifetime of  considering the effect of excitation delocalization. The
~3 ps in the range of 900—1300 nm (FIG. 2 (a, ¢)).  components with lifetimes on the 10 s of ps are related
Such a spectral transfer component is not observed in to the recombination of delocalized excitations in the
the ESA signal of CN-SM (FIG. 2 (b, d)). To eluci-  film samples. The fastest component with the lifetime
date the dynamics difference between the two samples, of ~3 ps, only present in the film of SM, can be as-
global fitting has been performed to extract different cribed to the short-lived localized excitations. In the
decay components (FIG. 2 (e, f), FIG. S3 in Supple- CN-SM sample, the delocalized excitation dominates
mentary materials). The dynamics of excited states in with enhanced intermolecular charge-transfer interac-
the SM film can be fitted with three expential decay tion induced by the cyano substituent while local exci-

components with lifetime parameters of ~3 ps, ~46 ps, tations still contribute significantly in the SM sample.
and ~506 ps, respectively. Only two components with To verify the above assignments, we survey the inter-
lifetime parameters of ~34 ps and ~459 ps, similar to molecular charge-transfer interaction in these films by
the two slower componets in the SM sample, are re- quantum chemistry computation. Initially, the molec-

quired to reproduce the dynamics in the CN-SM film  ular packings in the CN-SM films are characterized
(FIG. 2(e)—(f)). The slowest components in both sam- by grazing-incidence wide-angle X-ray scattering (GI-
ples, also observable in the solution samples, are proba- ~ WAXS) method [59] (FIG. 3 (a) and (b)). In the in-
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FIG. 3 (a) Grazing-incidence wide-angle X-ray scattering image of CN-SM. (b) Line cuts of the GIWAXS images of the
neat film of CN-SM. (c) Calculated charge transfer integrals of the closest molecule in the film of CN-SM.

plane direction, the signal recorded from the CN-SM
film shows a pronounced peak (010) at 1.71 A=, corre-
sponding to a m—n stacking distance of 3.68 A~!. The
short intermolecular separation facilitates significant
spatial overlap between the highest occupied and the
lowest unoccupied molecular orbitals (HOMOs and LU-
MOs, respectively) on neighboring molecules [60, 61].
To quantify the intermolecular interaction, we calculate
the charge-transfer integral for the nearest molecules
in the films with optimized structures (FIGs. S7, S8
In the
CN-SM films, the values for electron transfer integral

and Table S1 in Supplementary materials).

(to) and hole transfer integral (¢,) are calculated to
be ~142 meV and ~103 meV, respectively. In the SM
film, the molecule separation distance is similar to that
of CN-SM (see FIG. S9, Table S2 and S3 in Supple-
mentary materials). Neverthless, the calculated values
of charge-transfer integrals (o of ~49 meV and t, of
~72 meV) are much smaller. The computation results
support that the electron withdrawing ability of the
cyano substituent promotes the intermolecular charge-

DOI:10.1063/1674-0068/cjcp2109179

transfer interaction, which can explain the differences
for the primary excitations for SM and CN-SM con-
sidering certain structure diversity in the film samples.
The large intermolecular interaction results in the pri-
mary channel of charge-transfer excitations in the CN-
SM films while some local excitations survive in the SM
films with relatively weak intermolecular interaction.

Next, we study the impact of the delocalized exci-
tation on the interfacial charge separation process in
the blends of active layers. In the ASM devices with
NFAs, both channels of electron transfer and hole trans-
fer contribute substantially to the charge generation.
The dynamics of hole transfer in the two blend films
with SM or CN-SM is shown in FIG. 4 by selectively
pumping the acceptor IDIC at 710 nm. The hole trans-
fer process is manifested with a speedup in the decay
of the excited dynamics of primary excitations in the
acceptor together with a rise of the signal of the excited
stats in the donor. The TA spectra after hole transfer
show spectral features similar to that at the CS state
as characterized by the photo-induced absorption (PIA)

(©2021 Chinese Physical Society
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FIG. 4 Hole transfer dynamics in the blend films.
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TA spectra recorded at different time delays in the blend films of

(a) SM/IDIC and (b) CN-SM/IDIC with optical pump at 710 nm compared with the PIA spectra at CS states upon weak
excitation, respectively. Time-resolved kinetic curves probed at 870 nm and 970 nm in the blend films of (¢) SM/IDIC and
(d) CN-SM/IDIC compared with the kinetic curve probed at 870 nm in the neat film of IDIC.

spectra upon weak continuous-wave excitation [62-64].
The hole transfer processes in the blend films with SM
and CN-SM show similar dynamic behaviors with the
fast decay component probed at 870 nm being short-
ened from ~18 ps in neat IDIC film to ~3 ps in both
blend films (FIG. 4(c, d) and FIG. S10 in Supplemen-
tary materials). On a same time scale, the ESA sig-
nals at 970 nm in both blends show rising behaviors
as charge separation from the channel of hole trans-
fer. The similar dynamics of hole transfer in the two
blends suggests that the donor/acceptor interfacial in-
teractions are similar in the blends with two different
donors [31].
plies that nanoscale morphologies and molecular stack-

The similar hole transfer dynamics im-

ing features at the donor/acceptor interfaces are similar
for interfacial charge dynamics in both samples [65-67],
which is consitent with the results by GIWAXS mea-
surements (FIG. S11 in Supplementary materials).

Strikingly, electron transfer shows markedly differ-
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ence in the two blends with SM and CN-SM. FIG. 5
(a) and (b) show the TA data recorded from the two
blend films with optical pump at 470 nm which is se-
lected to avoid the major band of acceptor absorption.
Nevertheless, some direct optical excitation of the ac-
ceptor is also presented. As a result, the TA data are
entangled with signals from electron and hole trans-
fer processes. Fortunately, the signal in the spectral
range >1100 nm is not observed in either the signal
of photo-excitation in the neat IDIC film (FIG. S12 in
Supplementary materials) or the hole transfer process
from acceptor to donor (FIG. 4), which is solely con-
tributed by the excited states in the donors. The signals
in this wavelength range allow us to extract the dynam-
ics of interfacial electron transfer process triggered by
the excitations in the two donors. We compare the ki-
netics probed at the major ESA features at 1170 nm
in the neat donor films and the blend films with SM
(FIG. 5(c)) and CN-SM (FIG. 5(d)), respectively. In

(©2021 Chinese Physical Society
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FIG. 5 Electron transfer dynamics in the blend films. TA spectra recorded at different time delays in the blend films of
(a) SM/IDIC and (b) CN-SM/IDIC with optical pump at 470 nm, respectively. Time-resolved kinetic curves probed at
1170 nm in the blend films of (¢) SM/IDIC and (d) CN-SM/IDIC compared with the kinetics in the neat donor samples.

the blend film with CN-SM, the lifetime of early-stage
decay probed at 1170 nm is shortened from ~31 ps in
the neat donor film to about ~3 ps in the blend film,
indicating that over 90% of photo-excited excitons un-
dergo the ultrafast electron transfer channels of charge
separation. In contrast, the early-stage dynamics in the
blend with SM remains nearly unchanged from that in
the neat SM film, implying the electron transfer process
is much less efficient. As noted above, the differences
between the interfacial morphologies are not significant
in the blends with SM and CN-SM. The difference in
the electron transfer behavior is probably related to the
different forms of the excited states in the two blends.
Since the early-stage dynamics is primarily governed by
the local excitations in the film of SM, the absence of ul-
trafast electron transfer in the SM/IDIC blend suggests
that the local excitation states are not actively involved
in the interfacial charge separation of the ASM OSC
blends. These results suggest that the intermolecular

DOI:10.1063/1674-0068/cjcp2109179

charge-transfer interaction in the CN-SM films plays an
essential role for efficient charge separation.

The above results suggest that the delocalization of
the primary excited states in ASM OSCs is essential
for photocharge generation as that in the polymer/NFA
OSCs. In polymers, the delocalized excited states in-
herently arise from the intrachain and interchain in-
teraction between the conjugated units and the inter-
play between electronic and vibration degrees of free-
dom [34, 39-41, 68]. For small molecules, photo exci-
tations are generally localized at individual molecules.
Fourtunately, the degree of excitation delocalization in
a film of small molecules may be significantly enhanced
by the intermolecular interaction in the molecular ag-
gregates. Engineering the ending groups is an effective
approach to manipulate the charge-transfer interaction
between small molecules [69, 70], which is valuable for

future device optimization.

(©2021 Chinese Physical Society
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IV. CONCLUSION

We have used TA spectroscopy complemented by
quantum chemical computations to study the dynam-
ics of photo-charge generation in the ASM blends with
the donors of SM and CN-SM. The electron withdraw-
ing ability of the cyano substituent promotes the in-
termolecular charge-transfer interaction which signifi-
cantly suppresses the formation of localized excitations
in the donor aggregates. The delocalized excitations in
the blends with CN-SM donor and IDIC acceptor un-
dergo highly electron transfer process with lifetime of
~3 ps, which can well explain the improvement of de-
vice performance in comparison with the system with-
out cyano substituent. The experimental data suggest a
scenario similar to that in polymer solar cells where the
delocalized states act as precursors for interfacial charge
separation in the ASM devices. The finding in this work
suggests a strategy to optimize the device by manipu-
lating intermolecular interaction through molecule en-

gineering.

Supplementary materials: Experimental methods,
supporting spectral results and computation details are
available. Fluence-dependent measurements (FIG. S1),
absorption spectra of solution samples (FIG. S2),
global fitting data (FIG. S3), triplet sensitization
measurements (FIGs. S4—6), calculation structures
(FIGs. S7—S8), GIWAXS data of SM (FIG. S9), hole
transfer dynamics (FIG. S10), GIWAXS data of blends
(FIG. S11), TA spectra od IDIC (FIG. S12), calculated
crystal lattice parameters (Table S1), predicted struc-
tures of SM and CN-SM (Tables S2—3), as well as cal-
culated charge transfer integrals (Table S4) are given.
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