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poorly designed materials. Therefore, the 
optimization of the material design and 
understanding the structure–property rela-
tionship are burning issues in materials 
sciences.[14–16]

Nowadays, among the most popular 
donor materials for organic solar cells 
(OSCs) are push–pull small molecules 
(SMs).[7,10,17–23] Optimized devices based 
on SMs have already broken the 10% 
threshold in power conversion effi-
ciency with a great potential for further 
improvement.[7,19,24,25] The best results 
of >10% efficiency for solution-processed 
OSCs were achieved using relatively 
complex and difficult to synthetize SMs 
as donors.[24,25] Alternatively, triple-
layer vacuum-processed OSCs based on 

relatively simple SMs demonstrate outstanding efficiencies  
of >11%.[26]

The efficiency of OSCs is determined by three parameters:[27] 
the open-circuit voltage (VOC), the short-circuit current (JSC) 
and the fill factor (FF), which have to be maximized to achieve 
the best device performance. Short-circuit current is typically 
improved by maximizing the amount of collected photons, and 
maximal FF requires elaborate device engineering to reduce 
the recombination processes.[28] To maximize the VOC, energy 
losses have to be minimized by, e.g., matching at best the 
energy levels of the donor and acceptor materials,[29] lowering 
the exciton binding energy,[30] increasing state delocalization,[5] 
reducing energy disorder of the materials,[31] minimizing the 
recombination via interfacial CT states,[32] etc.[33]

Recently, it was shown that simple SMs with a star-shaped 
architecture (SSMs) fulfil most requirements for high-effi-
ciency solar cells, with efficiencies >5% demonstrated.[13] The 
donor core and acceptor end groups ensure broad absorption 
in the visible region, which results in JSC of >8 mA cm−2, while 
the star-shaped structure assists column-like self-assembling 
in the films, thereby enhancing charge transport proper-
ties and leading to FF >50%.[1,4,14,34–39] Finally, SSMs-based 
OSCs demonstrate high VOC of >0.9 V[2,14] in mixture with 
[70]PCBM, the reason of which is not yet understood. To put 
it in the perspective, VOC of archetypical P3HT:[70]PCBM 
OSCs hardly exceeds 0.6 V[40–42] even though the SSMs have 
similar highest occupied molecular orbital (HOMO) level 

In the rapidly developing field of organic photovoltaics, the material design 
and device engineering are key factors that eventually determine the device 
efficiency. Design of the active layer material and intermolecular interac-
tions largely determine the efficiency of organic solar cells. In this study, the 
authors discuss ultrafast photophysics of four star-shaped molecules (SSMs) 
as benchmark materials with time-resolved photoinduced absorption and 
photoluminescence spectroscopy as experimental tools. The authors show 
that efficient exciton-to-charge conversion occurs in SSM films even without 
an external acceptor. This results in the lowering of the Coulomb binding 
between intermolecular electron–hole polaron pairs which, in turn, can lead 
to an increased open-circuit voltage. The findings suggest that promoting 
intermolecular interactions in films of small organic molecules is one of the 
pathways to highly efficient organic solar cells.

1. Introduction

The efficiency of organic optoelectronic devices essentially 
depends on two main factors: the photophysical and chemical 
properties of the materials[1–9] and the optimization of the 
device structure.[7,10–13] Even though both factors are of high 
importance, the properties of the materials might be considered 
as prevailing: it is impossible to make an efficient device out of 
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with P3HT (≈5.2–5.3 eV). Therefore, VOC losses (calculated as 
(ELUMO

[70]PCBM – EHOMO
Donor)/e-VOC, where LUMO stands for 

lowest unoccupied molecular orbital) amounts to <0.5 V in the 
OSCs based on the SSMs studied (with the energy level posi-
tions taken from Refs. [2,14]), while in P3HT-based OSCs they 
exceed 0.8 V. Altogether, high JSC and VOC make SSMs perfect 
benchmark materials for understanding the relations between 
fundamental photophysics of SM-based OSCs with their 
performance.

In this work, we used four SSMs[2,14] (Figure 1) to under-
stand the early-time photon-to-charge conversion processes in 
SM-based OCSs. These SSMs comprise different donor (triph-
enylamine [TPA] or tris(2-methoxyphenyl)amine) and acceptor 
(dicyanovinyl [DCV], methyldicyanovinyl, or rhodanine [Rh]) 
units (Figure 1) and, therefore, possess different chemical and 
photophysical properties.[2,14] Despite these major differences in 
chemical structures, all molecules demonstrate low VOC losses of 
<0.5 eV and JSC of >8 mA cm−2 in bulk heterojunctions (BHJs) 
with [70]PCBM.[2,14] Using time-resolved photoinduced absorp-
tion (PIA) and time-resolved photoluminescence (PL) spectros-
copies, we compare the photophysical properties of the mole-
cules diluted in a poly(methyl methacrylate) (PMMA) matrix and 
strongly interacting molecules in a solid film. We demonstrate 
that in solid films efficient exciton-to-polaron conversion occurs 
within the first 100 ps, which leads to the population of the SSM 
phase with quasi-free charges (polaron pairs). The polaron pairs 
have lower binding energy compared to excitons and do not 
fill interfacial charge transfer (CT) states at the donor–acceptor 
interface, which leads to improved charge collection and lower 
geminate recombination. Our findings demonstrate that pro-
moting a strong intermolecular coupling between molecules in 
films is a promising way to increase the OSC efficiency.

2. Experimental Results

2.1. Absorption Spectra

The absorption spectra of the SSMs studied in a PMMA matrix 
and solid films are shown in Figure 2. The low-energy absorp-
tion peak is mainly caused by an intramolecular CT[3,43] and 
its position depends strongly on the particular donor–acceptor 
combination used. In the PMMA matrices, where the inter-
molecular interactions are absent, the absorption peak posi-
tion varies from 499 nm (2.48 eV) for TPA–DCV to 526 nm 
(2.35 eV) for methoxy-triphenylamine (mTPA)–DCV. The peak 
for mTPA–Rh molecule lies between the peaks for mTPA–DCV 
and TPA–Rh. These differences are explained by the fact that 
the absorption peak reflects the transition energy to an intra-
molecular CT[3] and therefore depends not on the donor and 
acceptor units per se but on their combination. The high-energy 
absorption shoulder has a mixed π–π* and CT character[3] and 
also exhibits prominent dependence on the molecular struc-
ture. These trends in the absorption spectra are confirmed 
(even though to a smaller extent than observed experimentally) 
by the time-dependent (TD)–density functional theory (DFT) 
calculations (Figure 2, shaded contours).

For all molecules, the absorption spectra in films are red-
shifted and broadened compared to the spectra in the matrices. 
The shift varies from 0.12 eV for TPA–DCV to 0.20 eV for 
mTPA–DCV. As a result, in the films the absorption spectra for 
the different molecules peak almost at the same wavelength. 
The reason is twofold: first, in the solid films, the effect of local 
dielectric environment[44–47] is more prominent compared to 
the isolated molecules in PMMA matrix as evidenced from the 
increased peak widths (≈0.25 eV in PMMA matrix vs ≈0.3 eV in 
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Figure 1. Chemical structures and notations of the SSMs studied.[14] The notations reflect the donor and acceptor units used: triphenylamine (TPA) 
or tris(2-methoxyphenyl)amine (mTPA) as donor core and dicyanovinyl or methyldicyanovinyl (both denoted as DCV) or rhodanine (Rh) as acceptor 
end groups.
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films). Second, the close packing in the solid allows for inter-
molecular charge separation which also affects the absorption 
properties. Overall, the complex behavior of absorption spectra 
suggests the importance of both the specific molecular struc-
ture and intermolecular interactions on the photophysical prop-
erties of the materials.

2.2. Photoinduced Absorption Spectra

To examine the early-time photophysics of exciton/charge gen-
eration, we performed time-resolved PIA experiments. In these 

measurements, the samples are excited by an ultrashort visible 
light and the photoinduced response is probed by the delayed 
infrared (IR) probe pulse. The absorption of the probe pulse 
is proportional to the number of photogenerated species and 
therefore the photoinduced dynamics can be easily tracked with 
common pump-probe experiment.

It should be noted that the nature of the photoinduced spe-
cies in the isolated molecules and in the films may be substan-
tially different. For well-separated molecules in a neutral matrix 
(e.g., PMMA), there are no intermolecular interactions. There-
fore, only intramolecular excited states (i.e., excitons and/or 
intramolecular CT excitons in push–pull molecules as consid-
ered herein) are formed upon photon absorption. In the films, 
the molecules are interacting and, hence, additional pathways 
for the charge separation become open—e.g., intermolecular 
formation of polaron pairs.[6,48,49] The optical signatures of 
intramolecular CT excitons and polarons are typically different 
and, therefore, the nature of the excited states can be spectrally 
identified.[6]

Figure 3a shows the PIA spectra of the SSMs in a PMMA 
matrix upon 510 nm excitation (i.e., near the absorption max-
imum). Since the molecules are well-separated, the spectra 
reflect the optical signatures of intramolecular excitations: due 
to the push–pull nature of the molecules, efficient intramolec-
ular charge separation occurs which causes the electron den-
sity to be shifted from the donor core to the acceptor units (see 
Figures S1–S4 in the Supporting Information).

For all molecules, the PIA spectra in the PMMA matrices 
consist of an extremely broad background, with a more resolved 
IR peak (with exception of mTPA–DCV). The broad back-
ground is assigned to the excited state absorption as many tran-
sitions S1–Sn are allowed from the first excited state to higher-
lying excited states while the peak is likely due to the presence 
of transition(s) with significantly higher oscillator strength(s) 
compared to the rest of the manifold.
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Figure 2. Absorption spectra of the SSMs measured in a PMMA matrix 
(lines) and in solid films (dashed lines) and calculated (shaded contours) 
at the TD–DFT level. The calculated spectra are systematically red-shifted 
by 0.3 eV to account for medium effects and/or the deficiencies of DFT 
when dealing with charge transfer states. Due to the strong difference in 
the amplitudes, the calculated intensities of the high-energy peaks were 
multiplied by 5 for representation purposes.
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Figure 3. a) PIA spectra of the SSMs studied in a PMMA matrix, b,c) solid films, and d) 1:1 blends with [70]PCBM acceptor upon a) 510 nm or  
b–d) 550 nm excitation. Symbols represent the experimental data points while solid lines are the best fits with asymmetrical Gaussian functions. The 
spectra are reconstructed from the PIA transients measured at different wavelengths. The time delays are a) 10 ps, b) 0.2 ps, c,d) 100 ps. Arrows in 
(c) and (d) show positions of the TD–DFT calculated polaron peaks, systematically red-shifted by 0.2 eV.
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Figure 3b,c shows the PIA spectra of the SSMs in solid films 
at early (0.2 ps) and late (100 ps) delay times. Surprisingly, the 
spectra are very different at the two delays, indicating a different 
nature of the photoexcited species. At 0.2 ps delay, the spectra 
in films resemble those in matrices, indicating photogeneration 
of intramolecular (CT-)excitons. At 100 ps, the spectra are blue-
shifted while the background is significantly reduced in com-
parison to the 0.2 ps spectra. This is assigned to the formation 
of the so-called polaron pairs[6,48,49] in the film. The electron and 
hole of the polaron pair are located on different SSMs (unlike 
intramolecular CT excitons, where the electron and hole belong 
to the same molecule), which leads to a reduced Coulomb 
attraction. On the other hand, the polaron pair is essentially dif-
ferent from the charges located in an interfacial CT state (also 
called interfacial CT exciton,[50] not to be confused with intramo-
lecular CT excitons), as in the case of the interfacial CT exciton 
the electron and hole reside on different materials, while the 
polaron pair is located in the SSM phase. It should be noted 
that even though no apparent driving force for charge separa-
tion is present in the SSM film, the intermolecular charge sepa-
ration between neighboring SMs is still possible[51,52] because 
of dense packing. If the donor unit of one molecule is in close 
proximity to the acceptor unit of the neighboring molecule, 
intermolecular CT becomes energetically favorable,[3,53] and a 
polaron pair is formed upon photoexcitation.

Even though the polaron pairs have similar spectroscopic 
signatures with isolated polarons (charges),[6] they cannot be 
considered as free charges because (i) the electron and hole still 
belong to same material and (ii) Coulomb attraction is still sig-
nificantly higher than kT. Spectroscopically, if the number of 
intermolecularly separated charges is high, the PIA response 
should follow the absorption spectra of polarons and not of the 
intramolecular (CT-)excitons.

To verify this assumption, we measured the PIA response 
of 1:1 BHJ films of the SSMs with the [70]PCBM electron 
acceptor, where complete charge separation is known to occur 
within first 100 ps (Figure 3d) and therefore the PIA response 

is caused solely by the positive hole polarons (the negative elec-
tron polarons on [70]PCBM do not produce a signal in near-IR). 
As there is a reasonable match between the two sets of spectra, 
one can conclude that the PIA response of the neat SSM films 
at long delays is mainly driven by polarons.

The positions of the polaron absorption peaks are different 
for the different SSMs: the Rh-based molecules exhibit red-
shifted absorption compared to the DCV-based SSMs. This can 
be explained by a longer conjugation length of the Rh-based 
molecules and, therefore, by a larger delocalization of the 
charge and a weaker degree of local geometric distortions. In 
contrast, the methoxy substituents on the mTPA core do not 
change the conjugation length with respect to TPA; therefore, 
the polaron peak positions are expected to be similar for the 
TPA and mTPA-based molecules. This is, however, not the 
case: the polaron peak positions for the mTPA-based SSMs 
are in fact blue-shifted compared to the TPA-based molecules. 
This is attributed to an increased localization of the positive 
charge around the core in mTPA-based molecules, due to the 
dominant electron-donating character of the methoxy groups. 
As a result, the spectrum for the mTPA–Rh molecule is inter-
mediate between the spectra for the TPA–Rh and mTPA–DCV 
molecules. This counterintuitive behavior is fully captured by 
the TD–DFT calculations (Figure 3c,d, vertical lines) and high-
lights the major influence of the particular donor–acceptor 
combination on the photophysical properties of the material.

2.3. Photoinduced Dynamics

To examine the exciton and polaron dynamics, we studied the 
time-dependent PIA and PL of SSMs in PMMA matrices and 
neat films. The PL dynamics of the SSM molecules in PMMA 
matrices are shown in Figure 4a by solid symbols. For all mole-
cules, the PL decays biexponentially: ≈20% of the initial PL 
decays at hundreds ps timescale, while the rest of PL decays 
at >2 ns time. The slow decay reflects the radiative lifetime of 
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Figure 4. a) PL and b) PIA dynamics and c) shift of the mean energy of the PIA spectra for SSMs in PMMA matrices (solid symbols) and films (open 
symbols). Experimental points are shown by symbols, solid lines are the best fits with (bi)exponential functions. Excitation wavelengths were 510 nm 
(matrices) and 550 nm (films), probe wavelengths were set to the maxima of the respective PIA responses (Figure 3a,c). The transients in (a,b) are 
normalized by their maxima. The numbers show the timescale of the respective processes. PL is integrated in 580–850 nm region (Figure S6, Sup-
porting Information).
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the intramolecular (CT-)excitons. The fast decay is ascribed to 
torsional deformation of the molecules upon photoexcitation.[53] 
For mTPA-based molecules, the decay is considerably faster 
compared to the TPA-based derivatives due to the higher flop-
piness imparted by the methoxy groups: the calculated differ-
ence in angle between benzene ring in the donor core and the 
plane of the molecule in ground and charged state is ≈6° for the 
mTPA-based molecules and only ≈1° for the TPA-based com-
pounds (Table S1, Supporting Information).

The PIA signals in all SSMs decay with a single exponen-
tial time of several nanoseconds: mTPA–DCV SSM produces 
the longest lifetime of 3.3 ns while the mTPA–Rh exhibits the 
shortest lifetime of 2 ns. Since the excited state lifetime depends 
on the transition energy and the transition dipole moment, it is 
not surprising that the lifetimes are different for different mole-
cules. Note that even though the torsional deformation leads to 
some PL quenching, the molecule remains in the excited state 
as no fast decay is observed in PIA measurements (Figure 4b, 
solid symbols).

In the solid films, both PL and PIA signals decay signifi-
cantly faster compared to the isolated molecules (Figure 4). 
70%–95% of PL decays within first 20–70 ps in the SSM films 
(Figure 4a, open symbols), indicating fast depletion of the 
exciton population either via decay to the ground state or dis-
sociation into polarons. In contrast, the PIA signals last much 
longer and demonstrate biexponential dynamics with the fast 
part decaying within tens of ps and the slow part decaying on 
the nanosecond timescale (Figure 4b, open symbols). The fast 
component of the PIA signal is generally slower as compared 
to the PL decay time. This indicates interconversion of the 
initially photogenerated excitons to the polaron pairs, which 
slows down the decay of the PIA signals probed at the polaron 
response maxima.

To verify this assumption, we measured the dynamical shift 
of the PIA spectra (Figure 4c): since the response of intramo-
lecular (CT-)excitons is red-shifted compared to the polaron 
response, a dynamical blue-shift of the spectrum is expected 
when the relative share of the polaron pairs increases. This is 
indeed the case: the PIA spectra gradually shift to higher ener-
gies in all studied films, and the shift is more prominent for 
the molecules where polaron and exciton responses are better 
separated (e.g., for TPA–DCV and mTPA–Rh). The spectral 
dynamics at the timescale of tens of ps perfectly match the PL 
decay times in films, which is in line with the assumption of 
exciton-to-polaron conversion. Note that the magnitude of spec-
tral diffusion is correlated with the PIA decay times probed at 
polaron absorption maxima: for the compounds with promi-
nent energy shift (i.e., TPA–DCV and mTPA–Rh) the PIA decay 
is considerably slower compared to the PL decay (Figure 4). This 
is due to the interplay between exciton and polaron responses 
in the PIA signal. As the exciton PIA response is red-shifted 
compared to the polaron response (Figure 3), at the early time-
scales the maximum of PIA spectra is blue-shifted relative to 
the probe wavelength, i.e., the probe wavelength is detuned 
from the precise resonance. At the later timescales, the exciton 
response decreases in amplitude, and the polaron response 
becomes prevailing. The maximum of the PIA spectrum 
shifts toward the probe wavelength making it on-resonance. 
Therefore, the decay times of PIA signal probed at the polaron 

maximum is determined by two factors: (i) depopulation of the 
excited state (be it polarons or excitons) and (ii) dynamical spec-
tral response due to the exciton-to-polaron conversion.

The exciton-to-polaron conversion is further supported by 
the fast decay of the photoinduced anisotropy in SSM films 
(Figure S5, Supporting Information) as the transition dipole 
moments of the polaron pairs are not necessary correlated with 
the polarization of the excitation light. Furthermore, in the 
solid films the excitation migrates within the material, herewith 
losing the correlation with the polarization of the incident light.

From the PL and PIA measurements, we conclude that after 
20–70 ps, the SSM films are populated mainly by polaron pairs 
and not by excitons. Moreover, high amplitude of fast PL decay 
and similarity of PIA spectra of neat films and BHJ blends 
suggest very high (>70%) exciton-to-polaron conversion effi-
ciency. This is beneficial for the OSC operation as the binding 
energy of intermolecular polaron pairs is lower compared to 
the exciton binding energy due to the larger separation of the 
electron and the hole. This echoes the previously proposed 
scenario that relies on the importance of wavefunction delo-
calization (to increase the electron–hole separation) for effi-
cient charge separation.[5] We further speculate that the forma-
tion of polaron pair instead of excitons likely leads to reduced 
filling of the interfacial CT states in the BHJs. In the case of 
an intermolecular polaron pair, the electron and hole belong to 
different donor molecules in the donor phase and, therefore, 
after electron transfer to an acceptor (e.g., [70]PCBM) the elec-
tron and hole are well-separated spatially. This effectively pre-
vents formation of interfacial CT excitons where electron and 
hole are located at the adjusting donor and acceptor molecules 
at the interface. Consequently, the high VOC (>0.5 eV) and JSC 
(>8 A cm−2) in SSM-based OSCs[14] may be attributed both to 
the decreased Coulomb attraction between electron and hole 
(and, therefore, increased charge collection) and reduced CT 
state recombination.

3. Conclusions

In this work, we studied the early time charge photogenera-
tion in conjugated small molecules. As benchmark systems, 
four SSMs with two different donor cores: TPA and mTPA, 
and DCV or methyldicyanovinyl and Rh acceptor groups were 
selected. To separate the intrinsic properties of the molecules 
and the collective effects, the photophysical responses of mole-
cules isolated in a PMMA matrix and closely packed in solid 
films were compared.

The linear absorption of the separated molecules depends on 
the particular donor–acceptor combination used: the absorption 
peak position varies from 499 to 526 nm, which is rationalized 
by the TD–DFT calculations. In the solid films, however, the 
absorption properties of the different molecules are almost sim-
ilar and, therefore, are highly determined by collective effects.

For the isolated molecules, the excited state lifetime varies 
from 2 ns (mTPA–Rh-based molecule) to 3.5 ns (mTPA–DCV-
based molecule), which is mainly determined by the radiative 
lifetime of the excitons. In the films, the radiative lifetime 
shortens significantly due to dissociation of the excitons into 
polaron pairs. The formation of polaron pairs is beneficial for 
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the OSC operation as the Coulomb attraction between inter-
molecular electron–hole pair is significantly lower compared to 
the intramolecular exciton. In addition, as the electron and hole 
in the polaron pair are located at different molecules (although 
of the same donor phase), a reduced amount of interfacial CT 
excitons is expected to be formed after electron transfer to the 
acceptor. These lead to improved charge collection and reduced 
recombination in SMs-based solar cells. Therefore, enhancing 
the intermolecular interactions to promote exciton-to-polaron 
conversion appears to be a promising way towards efficiency 
optimization.

4. Experimental Section
Sample Preparation: The SSMs were synthesized as described 

previously in Ref. [2] for TPA–DCV, in Ref. [14] for TPA–Rh and 
m-TPA–Rh, and in Ref. [54] for m-TPA–DCV. All SSMs were separately 
dissolved in ortho-dichlorobenzene at a concentration of 10 g L−1, 
PMMA (Sigma-Aldrich, Mw = 120 000 g mol−1) was dissolved in ortho-
dichlorobenzene at a concentration of 150 g L−1. All solutions were 
stirred on a magnetic stirrer for at least 12 h at 50 °C. To prepare the 
separated SSMs in PMMA matrix, PMMA was mixed with the SSMs 
to achieve 1:50 SSM:PMMA molar ratio (1 SSM per 60 000 PMMA 
monomer units, ≈20 nm separation between SSMs). Matrix samples 
and neat films were prepared by drop casting of 150 µL of the solution 
on microscope cover glass slips. Preparation of the BHJ samples is 
described elsewhere.[14]

Optical: Absorption spectra were measured with a Lambda-900 
spectrometer. The PIA measurements were performed with a setup 
based on Spectra-Physics Hurricane Ti:Sapphire system and two light 
Ccnversion TOPAS optical parametric amplifiers, which were used to 
generate excitation and probe pulses. More detailed description of the 
PIA setup is given elsewhere.[3]

The isotropic PIA signal and photoinduced anisotropy were 
recalculated from parallel and perpendicular to the polarization of the 
excitation pulse PIA components as[55]

∆ =
∆ + × ∆ ⊥( )

( ) 2 ( )
3iso

||T t
T t T t

 
(1)

=
∆ − ∆

× ∆
⊥( )

( ) ( )
3

||

iso
r t

T t T t
T  

(2)

The angle α between polarization of excitation pulse and 
photoinduced dipole moment was calculated from the anisotropy value 
r[55]

α( )= −1 3
2

sin ( )0
2r r

 
(3)

Time-resolved PL was measured at a Hamamatsu C5680 streak-
camera. The excitation wavelengths of 510 and 550 nm were selected 
from the white light supercontinuum generated from a Mira Ti:sapphire 
laser output in a Newport SCG-800 hollow fiber.

Computational: The geometry of the neutral and singly positively 
charged molecules have been fully optimized at the DFT level using 
the B3LYP functional and a 6-31G** basis set. The optical transition 
energies have been computed at the TD–DFT level using the same 
basis set and the BHHLYP functional, which better accounts for charge-
transfer properties; the optical spectra have been simulated using a 
Gaussian broadening of the transition energies, with a full width at half 
maximum set at 0.2 eV.
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Supporting Information is available from the Wiley Online Library or 
from the author.
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