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ABSTRACT: The development of push−pull organic dyes utilizing the donor−(π-
conjugated bridge)−acceptor (D−π−A) motif has induced a paradigm shift in the
design of efficient nanocrystalline dye-sensitized solar cells (DSSCs), offering control
over the aesthetic properties and performance. Because of the large transient dipole
moment characterizing this type of dye upon photoexcitation, these molecules are
intrinsically subjected to significant lateral electronic interactions once adsorbed on a
solid surface, which can greatly affect the efficiency of the electron injection in DSSCs.
Here, we investigated the detailed intermolecular interactions upon photoexcitation of
D−π−A diketopyrrolopyrrole (DPP)-based dye molecules, denoted (E)-3-(5-(4-(4-
(5-(4-(bis(2′,4′-dibutoxy-[1,1′-biphenyl]-4-yl)amino)phenyl)thiophen-2-yl)-2,5-bis-
(2-ethylhexyl)-3,6-dioxo-2,3,5,6-tetrahydropyrrolo[3,4-c]pyrrol-1-yl)phenyl)furan-2-
yl)-2-cyanoacrylic acid (DPP_A) and commercially available under the name
“Dyenamo Blue”, using ultrafast transient absorption spectroscopy. A comparison of
the excited-state properties of the molecule with those of a similar dye lacking the
triarylamine donor moiety (DPP_R) revealed the critical role played by the donor in determining the mechanisms of
intermolecular interactions. The results showed that the intermolecular interactions between DPP_A molecules in solution
caused partial delocalization of excitons in a process involving the participation of the triarylamine moiety. Lateral charge
transfer (CT) between DPP_A molecules adsorbed on the redox-inactive surface of Al2O3 was observed upon photoexcitation
and yielded CT excitons between neighboring dyes. Furthermore, on the basis of the experimental evidence obtained from the
pump fluence-dependent transient absorption and excitation spectra, the DPP_R molecules adsorbed on the Al2O3 film
exhibited intermolecular π−π interactions, inducing the formation of excimer-like excited states. These results suggest that
lateral intermolecular electronic interactions between dye sensitizer molecules adsorbed on the surface of a semiconductor can
have a strong influence on the dynamics of electron injection in DSSCs and should thus be considered in the molecular design
of new efficient dyes.

1. INTRODUCTION
An important area of research is currently devoted to the
development of metal-free dyes for the preparation of dye-
sensitized solar cells (DSSCs) with high power conversion
efficiencies.1−3 Organic dye sensitizers possess many advan-
tages, such as high extinction coefficients, low cost, and good
tunability of the highest occupied molecular orbital and lowest
unoccupied molecular orbital orbital energy levels.4 In
particular, easy tuning of their absorption spectra can be
conducted through modification of the molecular design by
introducing different light-absorbing moieties.5 These dye
sensitizers are then used in molecular frameworks that typically
consist of donor−(π-conjugated bridge)−acceptor (D−π−A)
systems.6,7 D−π−A systems are associated with efficient
intramolecular charge transfer (CT) from the donor to the
acceptor during photoexcitation, and transient kinetic studies
have been conducted by varying the donor or acceptor
moieties in an attempt to correlate the kinetics with the device

performance.8−10 Despite the vast amount of research on and
general understanding of the D−π−A system in the context of
solar cells, the intermolecular interactions formed between
dyes are not yet fully understood. The intermolecular
electronic interactions formed between adsorbed dyes on the
surface of a solid oxide film are crucial in the electron transfer
processes of DSSCs because these interactions can facilitate
various processes, such as reductive quenching11,12 or dye
aggregate formation,13−15 that can affect the kinetics and
efficiency of interfacial CT upon photoexcitation.
Because the organic dyes in solar cell devices are tightly

packed on the metal oxide surface, in order to comprehensively
understand a D−π−A system, it is important to not only
investigate the kinetic traces of the interfacial dynamics but
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also the lateral interactions arising from the short intermo-
lecular distance. A recent attempt to investigate the latter can
be found in ref 16. The work in that report is focused mainly
on the charge separation product of the intermolecular
interactions occurring upon photoexcitation of organic dyes
adsorbed on inert Al2O3 films.16 Unfortunately, that study did
not consider the role of the donor, which is essential for
understanding the intermolecular interactions, as the presence
of the donor is strongly related to the formation of an exciton
that participates in the interaction, as we will show. Thus, to
fully understand the D−π−A characteristics of organic
sensitizers, further investigation is needed to explore the
structural effect on intermolecular photodynamics.
The promotion of lateral hole transfer by the triphenylamine

(TPA) electron donating group comprised in particular
heteroleptic Ru(II) polypyridyl complex sensitizers adsorbed
on the surface of solid oxides has been recently reviewed. The
kinetic interplay between intermolecular and intramolecular
electron transfer in TPA−π bridge−Ru(II) dye sensitizers
adsorbed on TiO2 was also discussed in detail.17

In the present work, to investigate the D−π−A character-
istics, we examine the detailed dynamics of an important
D−π−A sensitizer, (E)-3-(5-(4-(4-(5-(4-(bis(2′,4′-dibutoxy-
[1,1′-biphenyl]-4-yl)amino)phenyl)thiophen-2-yl)-2,5-bis(2-
ethylhexyl)-3,6-dioxo-2,3,5,6-tetrahydropyrrolo[3,4-c]pyrrol-1-
yl)phenyl)furan-2-yl)-2-cyanoacrylic acid (DPP_A), by com-
paring its characteristics with a similar molecule lacking the
donor moiety (DPP_R) both in solution and adsorbed on a
redox-inactive alumina substrate (Figure 1). DPP_A is an

interesting dye for use in DSSCs because of its combination of
an aesthetically attractive blue color and ability to efficiently
harvest the red and near-infrared (NIR) parts of the incident
solar spectrum.18

To observe the characteristics of the intermolecular
interactions, we performed steady-state and femtosecond
transient absorption spectroscopy (fs-TAS) measurements in
solution and on inert Al2O3 films with varying dye
concentrations. From the experimental results, we observe
that in the solution phase, partially delocalized excitons

participate in the intermolecular interactions of DPP_A
because of the presence of the TPA donor. We also find that
when the dyes are adsorbed on the Al2O3 surface, the lateral
intermolecular interactions upon photoexcitation are accel-
erated in DPP_A because of the formation of CT excitons
between neighboring dye molecules. On the other hand, the
solution-phase donorless DPP_R dye does not display the
participation of partially delocalized excitons in the inter-
molecular interactions, unlike DPP_A. Another very important
observation is that on the basis of experimental evidence from
the pump fluence-dependent transient absorption (TA) and
excitation spectra, an excimer-like excited state is involved in
the lateral intermolecular interactions between DPP_R dye
molecules adsorbed on the film. On the basis of thorough
investigation, we argue that the type of exciton that forms and
participates in lateral interactions on the film is determined by
the presence of the bulky donor group. This result sheds light
on another function of the D−π−A structure as a photo-
sensitizer because the characteristics of the exciton not only
has an impact on the efficiency of the lateral intermolecular
interactions but can also affect the CT mechanism that
determines the photovoltaic performance of DSSCs. The
influence of the intermolecular interactions on the CT
mechanism in DSSC devices will be investigated as a next
step in our follow-up work.19

2. METHODS
2.1. Sample Preparation. 2.1.1. Solution Samples. The

DPP_A (“Dyenamo Blue”) used in the study was purchased
from Dyenamo (Stockholm, Sweden). DPP_R was synthe-
sized according to the procedure detailed in the Supporting
Information (S1). DPP_A and DPP_R were dissolved in a 4-
tert-butanol/acetonitrile mixture (1:1 v/v)18 and 4-tert-
butanol, respectively.

2.1.2. Film Samples. We used homemade Al2O3 prepared
by following the previously reported method20,21 and
commercial TiO2 (Greatcell Solar, Queanbeyan, Australia)
pastes as mesoporous substrates. The average diameters of the
Al2O3 and TiO2 nanoparticles were, respectively, 20 and 18
nm, yielding porosities of 0.67 and 0.625. Films for
spectroscopic experiments were made using fluorine-doped
tin oxide (FTO)-coated glass substrates (Tec15, Pilkington).
The thickness of the metal oxide films, prepared by screen
printing on FTO-coated glass, was controlled at ∼4.5 μm.
These films were sintered for 30 min at 450 °C before being
dipped into a 50 μM solution of dye and were kept for less
than 3 h at room temperature. A coadsorbant, chenodeox-
ycholic acid (CDCA, Sigma-Aldrich), was also dissolved in the
dye solution to control the average intermolecular distance
when needed.22

The surface concentrations of the adsorbed dyes were
determined by measuring the absorbance of solutions
containing the dyes desorbed from Al2O3 by dipping the
dyed films into a solution of the organic base 1,8-
diazabicyclo(5.4.0)undec-7-ene.

2.2. Steady-State Measurements. Steady-state absorp-
tion spectra were obtained by using a UV−vis spectropho-
tometer (Varian, Cary 1E), and fluorescence spectra were
obtained by using a spectrofluorometer (PerkinElmer, LS 50).

2.3. Femtosecond Transient Absorption Spectrosco-
py. To record the TA spectra, a fs-TA spectrometer based on a
Ti/sapphire chirped-pulse amplifier system (Clark-MXR, CPA-
2001) was used. The laser provided pulses at a fundamental

Figure 1. Molecular structures of dyes DPP_A and DPP_R.
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wavelength of 778 nm with a 1 kHz repetition rate and a 150 fs
pulse duration. The laser output was split and used for two
purposes: as the pump after performing frequency doubling
through a nonlinear beta-barium borate crystal (389 nm) and
as the probe beam by sending it to a sapphire plate to produce
a broadband white light continuum (420−770 nm). The time
delay between the pump and probe beams was carefully
controlled by making the pump beam travel along a variable
optical delay with the use of a motorized translation stage
(Physik Instrumente, M531 PD). To obtain the time-resolved
transient absorbance difference signal (ΔA) at a specific time,
the pump pulses were chopped at 500 Hz, and absorption
spectra intensities were alternatingly saved with and without
the pump pulse. The probe beam was detected shot by shot
with two spectrographs (Andor Technology) equipped with
512 × 58 pixel back-thinned CCD cameras (Hamamatsu
S07030-0906). A satisfactory signal-to-noise ratio was obtained
by averaging over 2500 shots. The polarization angle between
the pump and the probe beams was set to the magic angle
(54.7°) using a Glan-laser polarizer with a half-wave retarder to

prevent polarization-dependent signals. A 500 μJ/cm2 pump
energy fluence was used on the solution samples, and the
energy fluences on the film samples were limited to a
maximum of 160 μJ/cm2. White light chirp correction was
conducted by the Kerr grating technique.

3. RESULTS

3.1. Steady-State Absorption and Fluorescence
Spectra. Figure 2 presents the stationary absorption and
fluorescence spectra of the DPP_A and DPP_R dyes loaded
on Al2O3 films with different concentrations. The amount of
adsorbed dye was controlled by changing the ratio of CDCA to
dye in the dye solution. Sintered Al2O3 films were dipped into
solutions having dye to CDCA ratios of 1:100, 1:50, and 1:0,
and the resulting samples are denoted “low”, “mid”, and “high”,
respectively, in which the label refers to the surface
concentration of dye. As listed in Table 1, the calculated dye
concentration is enhanced when the ratio of CDCA to dye
decreases.

Figure 2. Normalized steady-state absorption spectra of DPP_A (a) and DPP_R (b) dyes adsorbed on mesoporous Al2O3 at various surface
concentrations. Concentrations of CDCA 100 and 50 times larger than those of the dyes were added to the dye solution to prepare the “low” and
“mid” film samples, respectively. In the case of the “high” film, no CDCA was added to the dye solution. The fluorescence spectra of DPP_A (c)
and DPP_R (d) on Al2O3 with different dye concentrations were normalized to the fraction of absorbed photons at the excitation wavelength (390
nm). Insets: Additional absorption transitions appearing in the “mid” and “high” films obtained by subtracting the “low” spectrum from the “mid”
and “high” spectra.

Table 1. Steady-State Photophysical Parameters and Concentrations of DPP_A and DPP_R Loaded on Al2O3
a

DPP_A DPP_R

low mid high low mid high

concentration ratio (dye/CDCA) 1:100 1:50 1:0 1:100 1:50 1:0
c (μM/cm2)a 3.89 9.19 16.94 6.51 13.19 31.05
Γ (×10−25 mol/nm2)a 1.33 3.33 6.16 2.32 4.83 11.3
d (nm)a 3.54 2.24 1.64 2.67 1.86 1.21
Amax (nm) 562 565 572 522 522 523
Amax 0.15 0.27 0.49 0.17 0.33 0.63
Flmax (nm) 691 697 719 654 639 636
Stokes shift (cm−1) 3322 3352 3574 3867 3508 3397
Davydov splitting (eV) 0.62 0.71 0.37 0.42

ac represents the geometrical concentration of the dye on the Al2O3 porous layer. The dye coverage on the surface, Γ, and the intermolecular
distance d between dye molecules are derived from c (see the Supporting Information, Table S1).
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The average distance between neighboring DPP_A dye
molecules was derived by dividing the dye concentration by
the specific surface area of the Al2O3 nanoparticles constituting
the oxide film. The specific surface area was measured by
Brunauer−Emmett−Teller analysis, and the detailed calcu-
lation procedure is described in the Supporting Information
(S2). For example, in the case of the “high” DPP_A film, the
area covered by a single molecule on the surface was calculated
to be 2.69 nm2, corresponding to an intermolecular distance of
1.64 nm. The intermolecular distances of all cases are listed in
Table 1.
As shown in Figure 1a,b, the absorbance of DPP_A is red-

shifted compared to that of DPP_R, corresponding to a 0.17
eV reduction in the excitation energy. This red shift can clearly
be attributed to the enhanced transition dipole moment of
DPP_A induced by the inclusion of the TPA group on the
DPP core, which increases the effective π-conjugation length in
DPP_A. Upon increasing the loaded dye concentration, small
bathochromic shifts are observed in the absorption spectra of
DPP_A, whereas DPP_R does not display any spectral shifts.
The absorption spectrum of the concentrated dye film is
broader for DPP_A, showing the occurrence of additional
transitions on each side of the band at 572 nm, and the
intensities of these additional bands are weak in the case of the
“high” DPP_R film compared to those of the corresponding
DPP_A film. The occurrence of additional bands in the
absorption spectra of the “mid” and “high” films is observed, as
shown in the inset of Figure 2.
The emergence of the two additional bands may arise from

exciton splitting because of electronic coupling between
neighboring dyes, which allows H- and J-type optical
transitions that arise from face-to-face and head-to-tail
molecular stacking orientations, respectively.23,24 Indeed, the
change in the energy difference between the high-energy H-
band and the low-energy J-band, corresponding to Davydov

splitting (DS)25 with the increasing dye concentration
confirms the occurrence of exciton splitting. As listed in
Table 1, the DS values are positively correlated with the
magnitude of the transition dipole moment and negatively
correlated with the intermolecular distance.26 Moreover, the
DS values of DPP_R are 0.37 and 0.42 eV, which are in the
range of the DS values for other similar molecular structures
reported in an experimental study.23

The fluorescence spectra of the DPP_A and DPP_R films
are displayed in Figure 2c,d. Significant quenching is observed
as the dye concentration increases when the fluorescence
intensities are normalized to the fraction of absorbed photons
at the excitation wavelength. Because the energy level of the
Al2O3 conduction band edge is too high, electrons cannot be
injected from the excited dye into the solid, meaning that
lateral intermolecular interactions rather than interfacial
electron transfer are responsible for the observed quench-
ing.27−29

3.2. Time-Resolved Transient Absorption Spectros-
copy. 3.2.1. Solution Studies. Figure 3 shows the fs-TA
spectra of DPP_A and DPP_R solutions with various dye
concentrations in the UV−visible to NIR region (420−770
nm). Concentrations of 15 and 130 μM for DPP_A and 24
and 140 μM for DPP_R were used to observe the
intermolecular behaviors in the solution phase. Both the dilute
(a) and concentrated (b) DPP_A solutions show ground-state
bleaching (GSB) with peaks at ca. 600 nm, which overlap with
the ground-state absorption spectra when inverted, suggesting
the occurrence of an S0 → S1 transition. Additionally, excited-
state absorptions (ESAs) are superimposed on each side of the
GSB bands, which are important when analyzing the
intermolecular interaction, as will be discussed later. DPP_R
(Figure 3c,d) exhibits similar behaviors as DPP_A, such as the
generation of GSB bands with peaks at ca. 530 nm, and these
GSB bands are again mixed with ESA bands on each side. The

Figure 3. TA spectra of DPP_A (a,b) and DPP_R (c,d) at different optical delays in a 4-tert-butanol/acetonitrile mixture (1:1 v/v) and 4-tert-
butanol, respectively. Each dye was dissolved in solvent at different concentrations. The concentrations of the solutions are 15 μM (a) and 130 μM
(b) for DPP_A and 24 μM (c) and 140 μM (d) for DPP_R. In the measurement, 390 nm light was used as the pump source, and the energy
fluence was 500 μJ/cm2. Inset: TA kinetic profiles of DPP_A at 720 nm and DPP_R at 630 nm. In contrast to the dilute solutions, both dyes
exhibit clear rising components in the concentrated solutions.
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DPP_R spectra are similar for both dye concentrations. While
the spectral features of DPP_A are sensitive to the dye
concentration, they show an undefined isosbestic point when
mixed with the red-side ESA band in the high-concentration
solution. Intermolecular interactions are observed in the high-
concentration solution at wavelengths corresponding to the
formation of new excited-state bands in the TA kinetic profiles,
which clearly show the growth of new components compared
to the dilute solutions.
In the highly concentrated solution, the average multi-

exponential fits to the transients of DPP_A and DPP_R
provide rising components of 2.3 and 80 ps, respectively,
followed by 25 and 580 ps decay components (Supporting
Information, Table S2). The reduction in the fitted time
components of DPP_A can be explained by the enhanced
intramolecular CT characteristic of the excited state, which
comes from the strongly electron donating TPA moiety.23

Moreover, the bulky donor group, which introduces flexibility
in the overall molecular structure in the solution phase, opens
up new deactivation channels, ultimately accelerating the decay
processes.30

3.2.2. Alumina Film Studies. Figure 4 shows selected TA
spectra from the investigation of the fs dynamics of DPP_A
and DPP_R adsorbed on Al2O3 with different CDCA ratios.
From “low” to “high”, additional positive bands are formed
above 700 nm in DPP_A and at ca. 630 nm in DPP_R.
In DPP_A, the intensity ratio of the new absorption band to

the GSB band at 580 nm, I710nm/I580nm, increases from 0.10 to
0.15 and 0.36 as the concentration increases. This trend is also
valid for DPP_R, whose intensity ratio of the new absorption

band to the GSB band, I630nm/I530nm, changes from 0 to 0.71
and 0.74. These representative wavelengths of DPP_A (710
nm) and DPP_R (630 nm) were chosen to minimize the
disturbance by the excited-state relaxations. The sensitivity of
these bands to the dye concentration reveals that lateral
intermolecular interactions, which are accelerated by the short
intermolecular distances, are responsible for the new bands.16

The conversion into new states disturbs the excited-state
relaxations, as shown by the quenching of the intrinsic excited
states, which is specifically observed at band intensities below
510 nm for DPP_A and above 670 nm for DPP_R.31−33 At a
representative wavelength of 470 nm, which is related to the
excited-state relaxation of DPP_A, the absorption ratio I470nm/
I580nm changes from 0.47 to 0.23 and 0.11 in the order from
“low” to “high”. This trend demonstrates that 51 and 77% of
the DPP_A molecules are quenched in the “mid” and “high”
films, respectively.
In the case of DPP_R, the quenching proportions cannot be

directly derived as they were in the case of DPP_A because all
the excited-state relaxation bands are superimposed with the
lateral intermolecular interaction bands in the observable
spectral region (650−770 nm). More specifically, the changes
in the absorption values above 650 nm are determined by the
influential process from two origins. For example, the I760nm/
I530nm value changes from 0.89 to 2.03 and 1.38 in the order
from “low” to “high”. The increase in the value from “low” to
“mid” indicates that the lateral intermolecular interactions have
a stronger effect on the emergence of the new band in this step
than excited-state quenching, while the decrease in value from
“mid” to “high” reflects the opposite relationship. This result

Figure 4. TA spectra of DPP_A (a−c) and DPP_R (d−f) on Al2O3 at different optical delays. “low” (dye/CDCA = 1:100), “mid” (dye/CDCA =
1:50), and “high” (dye/CDCA = 1:0) films were excited at 390 nm with 28 μJ/cm2.
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means that the lateral intermolecular interactions between
DPP_R dye molecules reach saturation in the “mid” film,
which is in line with many other observations. Specifically, the
“mid” and “high” films show similar fluorescence intensities,
TA intensity ratios (I630nm/IGSB), and rising time components
in the TA kinetics.
Figure 5 shows the kinetic traces at representative

wavelengths reflecting the lateral intermolecular interactions
in DPP_A (710 nm) and DPP_R (630 nm), where the rising
component becomes faster with the increasing dye concen-
tration (Table 2).

The fact that the rising components are faster in the “high”
film than in the “low” or “mid” film indicates that lateral
intermolecular interactions occur more effectively when the
intermolecular distance is shorter.16 Additionally, the similarity
in the rising components of the DPP_R traces in the “mid” (14
ps) and “high” (10 ps) films, which is not observed for the
DPP_A traces, provide additional evidence that the lateral
intermolecular interactions saturate faster in DPP_R than in
DPP_A. On the basis of these observations, Scheme 1
illustrates a schematic diagram of the energy relaxation
processes of DPP_A (black) and DPP_R (gray) in the
solution phase (a) and on Al2O3 (b).
After formation of the charge-separated state (CSS) through

the intermolecular interactions, relaxation from this state
occurs for several hundred picoseconds for both dye-coated
films. However, the kinetics of DPP_A are strongly affected by
the absence of CDCA, as the process is accelerated from 946
to 277 ps, while the DPP_R film shows similar relaxation time
constants of ca. 460 ps regardless of the presence of CDCA.

This characteristic also supports the fast saturation of
intermolecular interactions between DPP_R dye molecules
on the film.
To investigate the incoherent exciton recombination

processes occurring in the dyes on Al2O3, pump fluence-
dependent TAS was conducted. Figure 6 shows the decay
profiles probed at 710 nm for the DPP_A spectra and 630 nm
for the DPP_R spectra. While DPP_R reveals no power
dependency in the decay component, the TA decay profiles of
DPP_A are sensitive to the pump power. As the pump fluence
increases from 28 to 140 μJ/cm2, the portion of the relatively
fast τ1 (1.6 ps) component is enhanced to 44%, which is a
strong indication of exciton−exciton annihilation, or incoher-
ent collision between excitons (Table 3).30,34−38

4. DISCUSSION
4.1. Donor Effects on the Intermolecular Interactions

between DPP_A Dye Molecules in the Solution and
Solid Phases.We have revealed the effect of the donor on the
intermolecular interactions between DPP-based sensitizers in
solution by investigating the photophysical dynamics through
TA measurements. A gradual shift in the newly formed band to
shorter wavelengths occurs for only DPP_A, and an undefined
isosbestic point is observed (Figure 3) even though the TA
spectra of DPP_A and DPP_R both contain a new band
arising from intermolecular interactions in the high-concen-
tration solutions. This disturbance can be interpreted as the
contributions of various partially delocalized excitons to the

Figure 5. TA kinetic profiles of DPP_A (a) and DPP_R (b) on Al2O3 observed at 710 and 630 nm, respectively. All films were excited at 390 nm
with 28 μJ/cm2.

Table 2. TA Kinetic Parameters for DPP_A and DPP_R on
Al2O3 Observed at 710 and 630 nm, Respectivelya

DPP_A DPP_R

rise τave (ps) decay τave (ps) rise τave (ps) decay τave (ps)

low 54 long
mid 18 964 14 477
high 1.3 277 10 456

aThe probe wavelengths were selected at a point where the
intermolecular interaction dynamics are the least disturbed by the
excited-state relaxations. The relationship ΔA(t) = A1 exp(−t/τ1) +
A2 exp(−t/τ2) + A3 exp(−t/τ3), where ΔA(t) is the TA intensity, A
the amplitude, and τ the fitted decay time, was used to fit the data.
The average time constant of the fits was calculated by using the
relationship τave = ∑i=1

n Aiτi/∑i=1
n Ai.

Scheme 1. Electronic Excited Energy Relaxation Dynamics
of DPP_A (Black) and DPP_R (Gray) Loaded on Al2O3
Prepared by Dipping the Substrate into Solutions with 1:50
and 1:0 Ratios of Dye to CDCA
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intermolecular interactions. This explanation is supported by
the fact that the perturbed region nicely overlaps with the
point at which the intermolecular interactions between
DPP_R dye molecules appear and clear isosbestic points are
observed in the TA spectra of DPP_R regardless of the dye
concentration.
In more detail, the solution environment could promote the

generation of partially delocalized excitons. In the flexible
environment, the motion of the more complex DPP_A
structure facilitates deformation of the dye molecules into
distorted structures, such as crooked or bent ones, under
highly congested conditions, thereby easily introducing
localized excitons within a dye molecule. Additionally, the
asymmetric molecular structure of DPP_A induced by
PhDPPTh installation18,39 can also enhance the probability
of random distortion.
This interpretation is supported by the concentration-

dependent steady-state absorption spectra of DPP_A in the
solution phase (Supporting Information, Figure S2 and Table
S3). In the normalized absorption spectra, the intensity ratio of
the high-energy band (IH) in the UV region to the low-energy
band (IL) in the visible region increases from 0.2 to 0.54 when
the DPP_A concentration changes from 15 to 130 μM. The
increase in the portion of the high-energy band, which is
responsible for the transition into the partially delocalized
excited state,18,40 explains the growing contribution of partially
delocalized excitons in the excited state, which suggests the
presence of additional intermolecular interactions arising from
the localized excitons interacting with the delocalized ones
upon photoexcitation. In contrast to DPP_A, the intensity
ratio in the DPP_R absorption spectrum remains at a constant
value of 1.1 regardless of the dye concentration. This
observation is in line with the TA results, which show clear
isosbestic points for all dye concentrations. The additional

participation of partially delocalized DPP_A excitons in the
intermolecular interactions also explains why the rising time of
DPP_A (2.3 ps) is much faster than that of DPP_R (80 ps) in
the solution phase.
Intermolecular interactions are still observed for the dyes

adsorbed on the Al2O3 film, but some photophysical aspects
change according to the environment. In comparison to the
change in the TA spectra of DPP_A in solution, the band
arising from the lateral intermolecular interactions is less blue-
shifted when going from the “mid” to “high” films. This result
indicates that the localized excitons within DPP_A have minor
contributions in the lateral intermolecular interactions, unlike
the case in solution. This difference may arise because the
DPP_A dye molecules on the film adopt a regularly ordered
configuration. This ordered arrangement of DPP_A molecules
on the film is further supported by the steady-state absorption
spectra, whose intensity ratio between the bands in the UV and
visible regions remains constant at ca. 0.8 in all film samples
(Supporting Information, Figure S1, Table S3). This result
reveals that structural distortion is not accelerated in the
congested film environment unlike in the solution phase.
One explanation for the gradual decrease in random

structural disorder in the DPP_A film is the occurrence of
dipole−dipole interactions between neighboring dye mole-
cules. As the intermolecular distance becomes shorter, the
highly electron-rich TPA group interacts with the relatively
electron-poor DPP core in an adjacent dye molecule, naturally
resulting in an eclipsed configuration of the dye molecules on
the surface. The preference for the slanted molecular
arrangement is supported by the observation of an intense J-
aggregate band in the absorption spectrum of the high-
concentration DPP_A film, as shown in the inset of Figure 2a.
Because of this molecular configuration, CT excitons, wherein
an electron and a hole are localized on neighboring
molecules,41−44 can be readily introduced among the
DPP_A molecules upon photoexcitation. As supporting
evidence, Ren et al. showed through grazing-incidence X-ray
diffraction experiments that a well-ordered dye arrangement
significantly affected the generation of intermolecular donor−
acceptor interactions.45

Another reason for the less blue-shifted spectral feature in
the TA spectra of the high-concentration DPP_A film is the
Stark effect arising from the presence of charged species, which
are products of lateral intermolecular interactions, on the
surface.46,47 Cappel et al. suggested the possibility that charge
separation could occur through exciton formation as a result of

Figure 6. TA kinetic profiles of DPP_A (a) and DPP_R (b) on Al2O3 illustrating the pump power dependence. In the experiment, the pump
energy fluence was increased from 28 to 140 μJ/cm2. The probe wavelengths of DPP_A and DPP_R were 710 and 630 nm, respectively.

Table 3. TA Absorption Kinetic Parameters for DPP_A on
Al2O3

a

τ1 (ps) τ2 (ps) τ3 (ps)

28 μJ/cm2 42 (46%) 929 (54%)
90 μJ/cm2 1.6 (5%) 42 (47%) 929 (48%)
140 μJ/cm2 1.6 (44%) 42 (35%) 929 (21%)

aThe relationship ΔA(t) = A1 exp(−t/τ1) + A2 exp(−t/τ2) + A3
exp(−t/τ3), where ΔA(t) is the TA intensity, A is the amplitude, and
τ is the fitted decay time, was used to fit the data. The normalized
amplitude percentage, that is, [Ai/(A1 + A2 + A3)] × 100, is noted in
parenthesis.
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lateral interactions between the molecules of an organic dye,
D131, adsorbed on an Al2O3 film.16 Indeed, the TA spectra of
the DPP_A and DPP_R films fabricated without the
coadsorbent, CDCA, nicely overlap with the ones measured
on TiO2 (Supporting Information, Figure S3); the peaks that
grow with an increase in the amount of dye loaded on Al2O3
in the region above 700 nm and the peak at ca. 630 nm in the
case of DPP_A and DPP_R, respectivelymatch with the
long-lived bands in the TA spectra on TiO2 films. Therefore,
the peaks may originate from oxidized dye molecules formed
through lateral intermolecular interactions on Al2O3 and
interfacial electron transfer from the dye to TiO2.

48−50 This
result suggests that the charged species formed from the lateral
intermolecular interactions on Al2O3 cause the Stark effect, and
that the resulting spectral red shift counteracts the blue shift
caused by the lateral intermolecular interactions between
localized excitons. This spectral shift cancelation is evident in
Figure 4b,c; at ca. 510 nm, which corresponds to a point at
which the absorbance is not disturbed by the lateral
interactions, the gradual red shift caused by the Stark effect
is clearly observed.
With this prominent red shift in the TA spectra, the fast

rising component (1.3 ps) in the TA kinetics of the DPP_A
film implies that the driving force for the formation of lateral
intermolecular interactions is larger for DPP_A than for
DPP_R. This analysis is supported by the observation that the
absorbance of the H- and J-type aggregates in the concentrated
films is more intense for DPP_A than for DPP_R. Because H-
and J-type aggregates are attributed to exciton splitting, which
concurrently produces raised and lowered energy levels, their
formation increases the energetic disorder.25,26 Given that the
local energy differences between the loaded dyes are assumed
to be the main reason for the lateral intermolecular
interactions,16 lateral interactions are more easily induced in
DPP_A than in DPP_R.
On the basis of comparison of the dynamics in each phase,

we reached the conclusion that the role of the electron-rich
TPA donor of DPP_A in forming the intermolecular
interactions changes with the environment; the donor
enhances the participation of partially delocalized excitons in
the solution phase, while it introduces CT excitons in the solid
phase through the formation of a highly organized packing
configuration.
4.2. Excitonic State Dynamics of the DPP_R Film.

Upon photoexcitation, fewer CT excitons are generated in the

DPP_R film than in the DPP_A film because of the absence of
a strong donor group in the former. The absence of the bulky
donor moiety enables a relatively planar molecular geometry to
be adopted, increasing the packing density through the
formation of intermolecular π−π interactions between
neighboring dye molecules.51 This π−π interaction leads to
the formation of excimer-like excited states,52,53 in which a pair
of DPP_R molecules have a much shorter intermolecular
distance in the excited state than in the ground state.54 The
presence of excimer-like excited states is demonstrated by
pump fluence-dependent TA measurements, which show the
absence of an exciton−exciton annihilation process (Figure 6).
One of the factors deciding the occurrence of an annihilation
process is the number of excitons.30,36,55 In the DPP_R film,
the number of excitons generated per unit area is reduced
because the strong intermolecular π−π interactions delocalize
the excitons over neighboring dye molecules rather than the
excitons being localized on a single molecule. This
delocalization prevents the occurrence of the incoherent
annihilation process. On the other hand, the bulky donor
group on DPP_A inhibits the formation of π−π interactions
between neighboring DPP cores in the excited state.51

Additionally, the complex molecular structure can facilitate
the participation of several localized excitons, which accelerates
the annihilation process. Ultimately, a relatively large number
of excitons is generated from a high density of photons in the
DPP_A film, and this large number enhances the probability of
incoherent recombination between excitons, in contrast to the
situation in the DPP_R film. The process is observed as a
substantial contribution of the fast deactivation kinetics (1.6
ps) at a high pump fluence.
Moreover, as shown in Figure 7, the significant red shift

observed in the excitation spectrum of the DPP_R film
provides additional evidence of excimer-like excited-state
formation. As the solution becomes more concentrated, both
dyes show a gradual red shift that can be perceived as the
formation of traces corresponding to a newly formed excited
state arising from intermolecular interactions.25,26,56 Interest-
ingly, the “high” film of DPP_R shows fluorescence in the
excitation spectrum at much longer wavelengths than the
concentrated solution, whereas the “high” film of DPP_A does
not display any significant spectral shift. The red-shifted
absorption threshold of the adsorbed dye molecules compared
to their spectra in solution is generally explained by the
enhanced planarity of the molecules. Intermolecular inter-

Figure 7. Normalized excitation spectra of DPP_A (a) and DPP_R (b) in solutions with different dye concentrations. The emission was recorded
at 770 and 720 nm, respectively. The spectra of the “high” films, which have a 1:0 ratio of dye to CDCA, were also recorded for both dyes by
observing the 770 nm emission. All spectra were normalized with respect to the low-energy band.
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actions can, however, also be the cause of the additional
decrease in the excitation energy.23,57 Thus, the substantial
change in the DPP_R film absorption suggests that excitons on
neighboring DPP cores are fused through strong π−π
intermolecular interactions, thereby substantially lowering the
absorption threshold energy.
Interestingly, there is evidence of the involvement of an

excimer-like excited state in the lateral intermolecular
interactions between DPP_R dye molecules. Figure 5 shows
that fast saturation of the rising component at 630 nm is
observed in the kinetic profiles. In more detail, the excimer-like
excited state generates a stack-like configuration that fuses
independent excitons together, thus causing the amount of
adsorbed dye to become insignificant after a certain
concentration. Therefore, if the excimer-like excited state
participates in the lateral intermolecular interactions, the
reaction should also display saturation after a certain
concentration. Indeed, this relationship is clearly visible in
Figure 4, where the “mid” and “high” DPP_R films show
similar rising components at 630 nm, together with similar TA
spectra. In short, this fast saturation characteristic demon-
strates that the excimer-like excited state is associated with the
lateral intermolecular interactions. Additionally, the fast
saturation observed in the DPP_R film naturally supports
the hypothesis that lateral interactions occur less efficiently in
the highly concentrated DPP_R film than in the DPP_A film.
Certainly, this inefficiency is revealed in the spectrum of the
“high” DPP_R film, where a spectral red shift arising from the
Stark effect is not clearly observed, unlike the results for the
DPP_A film. This absence of the Stark effect means that the
charge carrier density generated by the lateral intermolecular
interactions is low. Therefore, we argue that the relatively
inefficient lateral intermolecular interactions between DPP_R
dye molecules originate from the characteristics of an excimer-
like excited state, which is also responsible for the weak local
energy disorder that acts as a driving force.
Scheme 2 illustrates the exciton characteristics of each dye

involved in the lateral intermolecular interactions. Even though

the metal oxide has a mesoporous morphology, considering the
small calculated area occupied by a single molecule (2.69 nm2,
Supporting Information Table S1) with respect to the average
surface area of a single nanoparticle (1256 nm2), Scheme 2 can
be valid for a real device. Additionally, the high porosity of the
mesoporous film (0.67) reduces the chance for dyes to become

superimposed on each other, as they are adsorbed on different
nanoparticles.
Together with the intramolecular CT strength, the type of

exciton formed in the dye can be one of the crucial factors that
affect the solar cell efficiency. Especially, the CT excitons that
form on the donor-containing DPP_A sensitizers can improve
the efficiency of the solar cell through the free carrier products
generated after the CT excitons, as CT excitons are considered
an intermediate stage of charge separation into free
carriers.52,58 By contrast, the excimer-like excited state of
DPP_R acts as a trap site for excitons or charge carriers59−61

and may delay charge transport, thereby deteriorating the solar
cell efficiency. This understanding is beneficial for elucidating
the advantages of the D−π−A motif as an efficient dye
sensitizer structure, not only for DPP-based dyes but also for
other metal-free organic dyes.

5. CONCLUSIONS

The photodynamics of DPP chromophore-based D−π−A
sensitizers DPP_A and DPP_R in solution and adsorbed on
the surface of alumina were studied by steady-state and
ultrafast TA spectroscopies. The effect of the bulky donor
moiety on the intermolecular interactions was particularly
scrutinized. Compared with the dynamics in solution, the
strong electron-rich donor group present in the DPP_A
molecules facilitates the generation of CT excitons upon
photoexcitation and lateral electron transfer between neighbor-
ing dye molecules adsorbed on the solid film. The ordering of
molecules in the adsorbed layer and the tilting of the molecules
on the surface lead to the formation of H- and J-aggregates that
favor charge separation through efficient charge and energy
delocalization. Lateral intermolecular interactions were clearly
observed in the form of a Stark effect signal in the time-
resolved spectral measurements. On the other hand, the pump
fluence-dependent transient absorption and excitation spectra
showed that the formation of intermolecular π-π interactions
between DPP_R dye molecules on Al2O3 induces excimer-like
excited states that delocalize the exciton over more than one
dye molecule. As a consequence, weaker intermolecular
interactions occur in the highly concentrated DPP_R dye
film than in the highly concentrated DPP_A dye film.
Summarizing the investigation, we show that a highly

electron-rich donor plays an important role in deciding which
type of exciton is formed and then participates in lateral
intermolecular interactions between dye molecules adsorbed
on the surface of Al2O3. Electron donor moieties are
ubiquitous in the organic dye sensitizers used for solar energy
conversion applications, where they facilitate a decrease in the
excitation energy of the dyes and enable them to absorb
strongly in the red part of the solar spectrum. When designing
D−π−A type sensitizers for use in nanocrystalline DSSCs, it is
important to consider the effect of the enhanced lateral
intermolecular interactions that arise from these donor groups,
as they may affect the interfacial electron injection dynamics.
The effect of lateral intermolecular interactions on the electron
transfer mechanisms of DSSCs based on DPP_A and DPP_R
dye sensitizers adsorbed on the surface of TiO2 and in the
presence of a redox-active electrolyte will be addressed in a
separate paper.19

Scheme 2. Excitonic States Formed in the Concentrated
DPP_A (a) and DPP_R (b) Films upon Photoexcitationa

aThe TPA donor group, DPP core, and anchoring group are
represented by yellow, red, and blue blocks, respectively. A CT
exciton, mainly lying in the donor and neighboring DPP core, is
observed in DPP_A. On the other hand, an excimer-like excited state
(exciton) is induced in DPP_R through the formation of strong π−π
interactions between neighboring DPP cores.
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S1. Synthesis of the DPP_R dye 

 

Step1: methyl 3-oxo-3-(thiophen-2-yl)propanoate (2) 

 

 

KOtBu (9.24 g, 2.1 eq) and dimethylcarbonate (7.07 g, 2.0 eq) were mixed in dry toluene (50 

mL, 10 vol). The solution was heated at 100°C. Acetyl thiophene (5.0 g, 1.0 eq) was added 

over 3h using a syringe pump. The reaction mixture was then left O/N at 100°C. Reaction 

was cooled to RT and poured onto ice (67 g, 13 wt.). Layers were separated and aqueous 

phase was extracted with EtOAc (50 mL, 10 vol). Organic phases were combined, dried over 

MgSO4, filtered and evaporated to dryness to finally obtain the expected crude product 2 

(11.02 g, 83%) as a brown oil. This material was used without purification in the next step. 

1H NMR (400 MHz, Chloroform-d) δ 7.76 (dd, J = 3.8, 1.2 Hz, 1H), 7.72 (dd, J = 4.9, 1.1 Hz, 

1H), 7.17 (dd, J = 5.0, 3.8 Hz, 1H), 3.96 (s, 2H), 3.77 (s, 3H). 

 

Step 2: dimethyl 2-(thiophene-2-carbonyl)succinate (3) 

 

 

Crude methyl 3-oxo-3-(thiophen-2-yl)propanoate 2 (10.5g, 29.9 mmol, 1.0 eq) was dissolved 

in acetone (32 mL, 3vol) and DME (21 ml, 2 vol). K2CO3 (13.06 g, 1.07 eq) was added 

followed by drop-wise addition of methyl bromo acetate (9.35 g, 1.07 eq). Reaction was 

heated at 80°C O/N giving a brown suspension. Reaction mixture was cooled to RT and 

filtered over a sinter plate. The cake was washed with acetone (50 mL) and filtrate was 

evaporated to dryness yielding the expected crude product 3 (15.04 g, 103%) as a brown oil. 

1H-NMR showed this crude material contained some bis alkylated byproduct 3b (17% w/w 

according to 1H-NMR). This material was used without purification in the next step. 3: 1H 

NMR (400 MHz, Chloroform-d) δ 7.92 (dd, J =3.9, 1.1 Hz, 1H), 7.74 (dd, J = 4.9, 1.2 Hz, 

1H), 7.19 (dd, J = 5.0, 3.8 Hz, 1H), 4.73 (t, J = 7.2 Hz, 1H), 3.73 (s, 3H), 3.70 (s, 3H), 3.09 (d, 
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J = 7.2 Hz, 2H). 3b: 1H NMR (400 MHz, Chloroformd) δ 7.78 (d, J = 3.8 Hz, 1H), 7.66 (d, J 

= 4.9 Hz, 1H), 7.12 – 7.08 (m, 1H), 3.75 (s, 3H), 3.66 (s, 4H), 3.56 (s, 3H), 3.41 (s, 4H). 
 

Step 3: methyl 5-oxo-2-(thiophen-2-yl)-4,5-dihydro-1H-pyrrole-3-carboxylate (4) 

 

 

 

Crude dimethyl 2-(thiophene-2-carbonyl)succinate (3) (14.5g, 57 mmol, 1 eq) was dissolved 

in AcOH (45 mL, 3.2 vol). Ammonium acetate (43.1 g, 559 mmol, 9.8 eq) was added. 

Reaction mixture was refluxed for 3h. It was then cooled to RT and poured onto acetone (200 

mL). Suspension was filtered over a sinter plate. The cake was washed with MeOH (5x15 mL) 

and finally dried under vacuum yielding the pure expected product (4) 5.68g (44.7%) as a 

blue grey powder. 1H NMR (400 MHz, DMSO-d6) δ 10.85 (s, 1H), 7.88 (ddd, J = 10.1, 4.8, 

1.2 Hz, 2H), 7.20 (dd, J = 5.1, 3.8 Hz, 1H), 3.67 (s, 3H), 3.44 (s, 2H). 
 

Step 4: 3-(4-bromophenyl)-6-(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (5) 

 

 

FeCl3 (4 mg, 0.025 mmol, 0.001 eq) was dissolved in dry tert-amylalcohol (28 mL, 5vol). Na 

(1.44 g, 63 mmol, 2.5 eq) was added in portions and mixture was heated to reflux for 1h. 

methyl5-oxo-2-(thiophen-2-yl)-4,5-dihydro-1H-pyrrole-3-carboxylate (4) (5.5g, 25mmol, 1.0 

eq) was added in one portion followed by 4-bromobenzonitrile (4.50 g, 25 mmol, 1.0 eq). The 

purple reaction mixture was refluxed O/N and then cooled to RT. Mixture was diluted with 

MeOH (50 mL). AcOH (5.0 mL) was added. The thick purple suspension was filtered, the 

cake washed with MeOH (3x50mL) and dried under vacuum. Finally, the expected product 

(5) (7.82 g, 84%) was isolated as a dark red solid. 1H NMR (400 MHz, DMSO-d6) δ 11.58 – 

11.04 (brs, 2H), 8.36 (d, J = 8.4 Hz, 2H), 8.31 (d, J = 3.9 Hz, 1H), 8.00 (d, J = 4.9 Hz, 1H), 

7.79 (d, J = 8.3 Hz, 2H), 7.33 (t, J = 4.4 Hz, 1H). 
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Step 5: 3-(4-bromophenyl)-2,5-bis(2-ethylhexyl)-6-(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-

c]pyrrole-1,4-dione (6) 
 

 

 

3-(4-bromophenyl)-6-(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (5) (7.5 g, 

20.1 mmol, 1.0 eq) was suspended in dry NMP (75 mL, 10 vol). KOtBu (4.51 g, 40.2 mmol, 

2.0 eq) was added and was vigorously stirred at 60°C for 30 min. The very thick red reaction 

mixture became dark blue. 1-bromo-2-ethylhexane (23.29 g, 120.6 mmol, 6.0 eq) was added 

dropwise at 60°C over 90 min. The reaction was stirred O/N at 60°C. It was cooled to RT, 

toluene (75 mL) was added. The mixture was filtered over a pad of silica (30 g). The pad was 

washed with toluene (5 x 75 mL). The filtrates were combined and washed with water (3 x 50 

mL) and brine (50 mL). The organic phase was evaporated to dryness yielding 23.8g (198%) 

of a dark red oil. This crude material was purified by flash chromatography (300g SiO2, 

DCM/hex 50:50). 2 main products were isolated. After evaporation of the first pool of 

fraction, a by product characterized as the N,O-alkylated product 6b (0.83g, 7%) was isolated 

as a red-purple solidifying oil. 1H NMR (400 MHz, Chloroform-d) δ 8.50 – 8.41 (m, 2H), 

8.30 (dd, J = 4.1, 1.1 Hz, 1H), 7.76 (dd, J = 5.2, 1.2 Hz, 1H), 7.65 – 7.55 (m, 2H), 7.30 – 7.24 

(m, 2H), 4.62 – 4.49 (m, 2H), 4.05 – 3.88 (m, 2H), 1.81 (dq, J = 12.3, 6.2 Hz, 2H), 1.56 – 

1.18 (m, 18H), 1.06 – 0.82 (m, 12H). 13C NMR (101 MHz, Chloroform-d) δ 165.83 , 162.31 , 

154.91 , 144.25 , 135.59 , 132.26 , 131.72 , 130.23 , 128.09 , 124.93 , 113.08 , 72.27 , 45.64 , 

39.33 , 39.09 , 30.75 , 30.25 , 29.09 , 28.35 , 24.10 , 23.58 , 23.05, 23.04, 14.09 , 14.03 , 

11.27 , 10.50. m/z calculated for C32H41BrN2O2S: 596.21, 598.21 found: 599.25 (M+H). The 

second pool of factions yielded the expected product 6 (2.17 g, 18%) as a dark orange 

solidifying oil. 1H NMR (400 MHz, Chloroform-d) δ 8.96 (dd, J = 3.9, 1.2 Hz, 1H), 7.72 – 

7.60 (m, 4H), 7.59 – 7.47 (m, 1H), 7.31 (dd, J = 5.1, 3.9 Hz, 2H), 3.97 (dt, J = 11.5, 6.0 Hz, 

1H), 3.88 – 3.70 (m, 2H), 1.84 (h, J = 6.5 Hz, 1H), 1.60 – 1.49 (m, 2H), 1.44 – 0.99 (m,16H), 

0.98 – 0.68 (m, 12H).13C NMR (101 MHz, Chloroform-d) δ 162.28 , 162.02 , 145.31 , 

142.58 , 135.91 , 132.15 , 131.98 , 131.23 , 130.22 , 130.09 , 129.64 , 128.89 (d, J = 17.4 Hz), 

128.61 , 128.52 , 127.53 , 125.17 , 109.95 (d, J = 6.2 Hz), 72.27 , 45.76 , 45.16 , 39.06 (d, J = 

1.1 Hz), 38.64 (d, J = 1.0 Hz), 30.64 , 30.30 (d, J = 1.4 Hz), 30.25 (d, J = 1.8 Hz), 28.40 , 

28.26 (d, J = 1.2 Hz), 23.71 , 23.59 , 23.16 – 22.94 (m), 22.86 (d, J = 3.3 Hz), 14.03 , 13.96 , 

10.49 , 10.43 . m/z calculated for C32H41BrN2O2S: 596.21, 598.21; found: 599.25 (M+H). 
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Step 6: 5-(4-(2,5-bis(2-ethylhexyl)-3,6-dioxo-4-(thiophen-2-yl)-2,3,5,6 

tetrahydropyrrolo[3,4-c]pyrrol-1-yl)phenyl)furan-2-carbaldehyde (7) 
 

 

 

3-(4-bromophenyl)-2,5-bis(2-ethylhexyl)-6-(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-

c]pyrrole-1,4-dione (6) (0.54 g, 0.903 mmol, 1.0 eq) was dissolved in THF (27 mL). Water 

(54 mL) and 

sodium carbonate (6.7 g) were added. The reaction mixture was degassed. (5-formylfuran-2-

yl)boronic acid (379 mg, 2.71 mmol, 3.0 eq) followed by Pd(PPh3)4 (105 mg, 0.0903mmol, 

0.1 eq) were added and reaction was stirred at reflux O/N. After cooling to RT, layers were 

separated. Aqueous phase was extracted with Et2O (2 x 100 mL). Organic layers were 

combined, washed with brine (50 mL), dried over MgSO4, filtered and evaporated to dryness. 

The crude product (7) (0.93 g, 168%) was isolated as a red oil. This material was purified by 

flash-chromatography (EtOAc/hex 20:80 rf = 0.22) to finally obtain the pure product (7) 

(0.51 g, 90%) as a dark red solid. 1H NMR (400 MHz, Chloroform-d) δ 9.73 (s, 1H), 8.98 

(dd, J = 3.9, 1.2 Hz, 1H), 7.99 (d, J = 8.5 Hz, 2H), 7.91 (d, J = 8.5 Hz, 2H), 7.69 (dd, J = 5.0, 

1.2 Hz, 1H), 7.41 – 7.28 (m, 2H), 6.98 (d, J = 3.7 Hz, 1H), 4.05 – 3.94 (m, 2H), 3.88 (dt, J = 

6.7, 3.1 Hz, 2H), 1.86 (q, J = 6.4 Hz, 1H), 1.60 (d, J = 13.2 Hz, 1H), 1.48 – 1.10 (m, 17H), 

0.97 – 0.71 (m, 12H). 13C NMR (101 MHz, Chloroform-d) δ 177.39 , 162.31 , 162.09 , 

158.21 , 152.47 , 145.41 , 142.63 , 136.00 , 131.29 , 130.67 , 129.64 , 129.59 , 129.25 , 

128.53 , 125.49 , 123.15 , 110.29 , 109.04 , 107.93 , 45.77 , 45.31 , 39.07 , 38.66 , 30.31 , 

30.24 , 28.39 , 28.24 , 23.69 , 23.60 , 23.06 , 22.86 , 14.03 , 13.94 , 10.50 , 10.41. m/z 

calculated for C37H44N2O4S: 612.30 (100.0%), 613.31 (40.0%); found 613.50 (M+H). 
 

Step7: 

(E)-3-(5-(4-(2,5-bis(2-ethylhexyl)-3,6-dioxo-4-(thiophen-2-yl)-2,3,5,6-tetrahydropyrrolo 

[3,4-c]pyrrol-1-yl)phenyl)furan-2-yl)-2-cyanoacrylic acid 
 

5-(4-(2,5-bis(2-ethylhexyl)-3,6-dioxo-4-(thiophen-2-yl)-2,3,5,6-tetrahydropyrrolo[3,4-

c]pyrrol-1-yl)phenyl)furan-2-carbaldehyde (7) (0.5 g, 0.82 mmol) was dissolved in THF (50 

mL). Piperidine (1.6 mL, 1.39 g, 16.3 mmol, 20 eq) and 2-cyanoacetic acid (694 mg, 8.15 

mmol, 10 eq) were added to the red solution. The mixture was refluxed 7h under argon 

atmosphere. After cooling to RT, the solvent was evaporated. The residue was taken in DCM 

(100 mL) and washed with aq. 1M HCl solution (50mL) and water (50 mL). Solvent was 

evaporated to dryness yielding the crude product 8 (0.72 g, 129%) of a red-purple solidifying 

7
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oil. This material was purified by flash chromatography (DCM100% to DCM/EtOH 85:15). 

Finally 360 mg (61%) of the expected compound were obtained as a red solidifying oil. 

 
 

 
 

1H NMR (400 MHz, DMSO-d6) δ 8.84 – 8.78 (m, 1H), 8.22 – 8.11 (m, 1H), 8.03 (ddd, J = 

34.4, 18.1, 0.6 Hz, 4H), 7.84 (s, 1H), 7.49 – 7.39 (m, 2H), 7.32 (d, J = 3.7 Hz, 1H), 3.89 (dd, J = 22.5, 
7.4 Hz, 4H), 1.72 (dt, J = 13.3, 7.0 Hz, 1H), 1.41 – 0.94 (m, 19H), 0.83 (qd, J = 8.0, 6.8, 4.6 Hz, 7H), 

0.75 – 0.63 (m, 6H). 13C NMR (101 MHz, DMSO) δ 163.82, 161.77, 161.62, 155.44, 149.85, 145.89, 

141.84, 135.51, 134.07, 133.81, 131.42, 129.77, 129.47, 129.03, 128.39, 124.81, 121.40, 119.31, 

111.34, 109.34, 107.46, 45.39, 44.74, 40.68, 40.63, 40.47, 40.42, 40.26, 40.21, 40.00, 39.79, 39.59, 

39.38, 38.89, 38.87, 38.40, 38.39, 30.21, 30.17, 30.13, 30.08, 28.24, 28.22, 28.08, 23.81, 23.70, 22.86, 

22.85, 22.60, 14.22, 14.13, 10.76, 10.72. m/z calculated for C40H45N3O5S: 679.31 (100.0%), 680.31 

(43.3%), 681.31 (9.1%); found 678.08 (MH).  
 

 

 

Mass spectrum of DPP_R (molecule 8) 
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S2. Surface concentration of sensitizer molecules 

 

Table S1. Calculated intermolecular distances between dye molecules adsorbed on Al2O3. c 

is the geometric molar concentration of dyes on alumina, Γ the molar surface density, and d 

the average intermolecular distance between adjacent adsorbed dye molecules. 

 

 

The average distance between neighboring DPP dyes adsorbed on the surface was derived 

from the dye surface density, Γ, in terms of mol per nm
2
 using the following calculation: 

Surface area, S was calculated by using S = Valumina [cm
3
] ×  ρ [g/cm

3
] × BETalumina [m

2
/g], 

where Valumina is the volume of Al2O3 substrate on glass (4.20 ×  10
-5

 cm
3
), ρ is the density of 

Al2O3 (3.95 g/cm
3
), BETalumina is the measured specific surface area of the mesoporous Al2O3 

film obtained from Brunauer–Emmett–Teller analysis (93.2269 m
2
/g). The volume of Al2O3 

nanoparticles was obtained by calculating Valumina = thickness ×  film area ×  (1 – porosity). 

Thus, in the case of ‘High’ DPP_A film where 9.58 ×  10
-9

 moles of dye were dissolved into 2 

mL 1,8-Diazabicyclo(5.4.0)undec-7-ene (DBU), Γ was derived as 6.16 ×  10
-25

 mol/nm
2
. Thus, 

the area covered by a single molecule on the surface was determined to 2.69 nm
2
. The square 

root of reciprocal number of the 2.69 nm
2 

yields a 1.64 nm intermolecular distance. All the 

calculated intermolecular distances of DPP_A and DPP_R are listed in the Table above. 

 

 

 

 

 

 

 

 

 

 

 

DPP_A DPP_R

Low Mid High Low Mid High

c [μM / cm2] 3.89 9.19 16.94 6.51 13.19 31.05

Γ [ 10-25 mol / nm2] 1.33 3.33 6.16 2.32 4.83 11.3

d [nm] 3.54 2.24 1.64 2.67 1.86 1.21
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S3. Kinetic parameters 

 

Table S2. Transient absorption kinetic parameters for DPP_A (probe at 710 nm) and DPP_R 

(probe at 630 nm) dissolved in 4-tert-butanol/acetonitrile mixture (1:1 v/v) and 4-tert-butanol. 

The probe wavelengths were chosen, where the intermolecular interaction dynamics are the 

least disturbed by excited state relaxations. The relationship ΔA(t) = A1 exp(-t/τ1) + A2 exp(-

t/τ2) + A3 exp(-t/τ3), where ΔA(t) is the transient absorption intensity, A the amplitude and τ 

the fitted decay time, is used for parameter fitting. The average time constant of the fits was 

calculated by using the relationship τave= ∑ A𝑖τ𝑖
𝑛
𝑖=1  / ∑ A𝑖

𝑛
𝑖=1 . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

DPP_A DPP_R 

Rise τave (ps) Decay τave (ps) Rise τave (ps) Decay τave (ps)

15 μM - - 24 μM - 878

130 μM 2.3 25 140 μM 80 580
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S4. Steady-state absorption spectra 

 

 

Figure S1. Normalized steady-state absorption spectra of DPP_A (a) and DPP_R (b) in film 

with different dye concentrations. “low” (dye/CDCA = 1:100), “mid” (dye/CDCA = 1:50), 

and “high” (dye/CDCA = 1:0) films were used.  
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Figure S2. Normalized steady-state absorption spectra of DPP_A (a) and DPP_R (b) in 

solution with different dye concentrations. The fluorescence spectra of DPP_A (c) and 

DPP_R (d) were normalized by fraction of absorbed photons at excitation wavelength 

(390 nm).  

 

 

 

 

Table S3. Intensity ratios of high energy band (IH) to low energy band (IL) measured from 

absorption spectra of DPP_A, DPP_R in solution. The intensity ratio obtained from spectra 

measured on Al2O3  are shown for comparison. 

 

 

DPP_A (IH / IL) DPP_R (IH / IL)

Solution on Al2O3 Solution on Al2O3

15 μM 0.20 Low 0.88 24 μM 1.12 Low 1.28

35 μM 0.42 Mid 0.85 47 μM 1.10 Mid 1.17

70 μM 0.50 High 0.90 117 μM 1.11 High 1.11

130 μM 0.54 140 μM 1.12
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S5. Transient absorption spectra 

 

 

 

Figure S3. TA spectra of DPP_A (a) and DPP_R (b) on Al2O3 without co-adsorbant, CDCA, 

and those on TiO2. Time delays at 500 ps on TiO2 and at 300 ps on Al2O3 were selected. All 

the spectra were excited at 390 nm with 30 μJ/cm
2
 energy fluence, and were normalized by 

the ΔA value at maximum ground state bleaching (GSB).  
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