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Diketopyrrolopyrrole (DPP) functionalised with an electron
donating unit acts as a donor-acceptor molecules that have
shown potential for application in dyes and photovoltaics.
These molecules offer broad absorption/emission properties
and structure-dependent dynamics. In this study, we used
femtosecond pump-probe spectroscopy to investigate the
photo-initiated dynamics of thiophene linked DPP derivatives.
The thio-DPPs are further functionalised by different electrons
withdrawing terminal groups, namely benzoxazole and
thiophene dicyanide. The benzoxazole derivative is strongly
emissive and directly relaxes directly to the ground state
chloroform solution. Thiophene dicyanide derivative exhibits

distinct spectral evolution in the first 10 ps, associated with
structural and vibronic process. Later, it crosses over to the
triplet state with a yield of 20%. In the solid-state (thin film), we
observed a signal that resembles singlet fission. However, upon
careful analysis of temperature-dependent steady state absorb-
ance spectra, we conclude that these features are due to laser-
induced thermal artifacts. We describe a simplified excited state
evolution in the thin film that does not include any additional
excited states. These findings have significant implications for
the analysis of triplet formation, which plays a major role in the
photophysics of many organic materials.

1. Introduction

Diketopyrrolopyrrole (DPP) molecules are considered as the
prototype of organic semiconductors and dyes due to their
excellent thermal and photo stability and high extinction
coefficients.[1] Their relatively simple synthesis with intense
colour have made it one of the most widely used dyes.[2]

Intriguing photophysical properties of these molecules make it
a subject of constant exploration in the fields of synthetic,
physical, and material chemistry. It’s donor-acceptor system
allows for an intramolecular charge transfer characteristics,
enabling much lower energy absorption (up to the near IR
region) than its individual moieties.[3] Thiophene, as a donor, is
favoured over phenyl group due to many reasons: improved

tendency of making planar molecule with its increased steric
hindrance, promoting molecular packing by π-π stacking, and
extending π conjugation.[4] The stacking can be further regu-
lated by engineering the alkylation in nitrogen centre of the
lactam ring or by the peripheral substitution which also alters
the photophysical properties in the aggregated medium.[4,5]

Various donor acceptor modified thiophene-linked diketopyrro-
lopyrroles (TDPP) molecules were studied, which changed the
molecular rigidity and altered the relative energy levels of the
singlet state.[3,6–10] The alteration of energy levels affect the
ionisation potential and electron affinity and the increased
molecular rigidity contributes to the reduced nonradiative
losses, which are crucial to the open circuit voltage in solar
cells.[11,12] Not only the singlet, understanding the photophysics
of the triplet state is crucial in the framework of organic
photovoltaics, triplet fusion (triplet-triplet annihilation), ther-
mally activated delayed fluorescence, singlet fission.[6,13–17] DPPs
are also explored due to its potential for singlet fission.[7,18–23]

The possibility of generating two excitons from a single photon
is appealing in the frame of increasing solar cell’s efficiency.
This process is exoenergetic in nature where two triplets are
formed from a singlet (ES1 > 2� ET1 ).

[20,24] This phenomena can
be strongly influenced by sample morphology.[18] On the other
hand, formation of triplet through inter system crossing is more
molecular in nature providing a direct structure-property
relationship.[25]

Though from the application perspective, photophysics of
solid-state thin film based devices are more appealing; never-
theless, it is often hindered by numerous close-range inter-
actions, making straightforward analysis challenging.[8] On the
other hand, solution spectroscopy provides answers that are

[a] Y. R. Panthi, M. A. Thottappali, Dr. J. Pfleger, Dr. M. Menšík, Dr. T. Khan
Department of Polymer for Electronics and Photonics
Institute of Macromolecular Chemistry, Czech Academy of Sciences
Heyrovského nám. 2, 162 06 Prague 6, Czech Republic
E-mail: khan@imc.cas.cz

[b] Y. R. Panthi, M. A. Thottappali
Faculty of Mathematics and Physics
Charles University
Ke Karlovu 3, 121 16 Prague 2, Czech Republic

[c] Dr. P. Horáková, Dr. L. Kubáč
Centre for Organic Chemistry
Rybitvi 296, 533 54 Rybitvi, Czech Republic

Supporting information for this article is available on the WWW under
https://doi.org/10.1002/cphc.202300872

© 2024 The Authors. ChemPhysChem published by Wiley-VCH GmbH. This is
an open access article under the terms of the Creative Commons Attribution
License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.

Wiley VCH Freitag, 03.05.2024

2499 / 351036 [S. 1/11] 1

ChemPhysChem 2024, e202300872 (1 of 10) © 2024 The Authors. ChemPhysChem published by Wiley-VCH GmbH

ChemPhysChem

www.chemphyschem.org

Research Article
doi.org/10.1002/cphc.202300872

http://orcid.org/0000-0003-0100-9018
http://orcid.org/0000-0002-3310-8005
http://orcid.org/0000-0001-9576-7551
http://orcid.org/0000-0002-2790-3002
https://doi.org/10.1002/cphc.202300872


inherent to the molecule (and its surrounding solvent) and
devoid of any morphological complexities.[26] Photophysics of
nonpolar DPP molecules remain independent of solvent polarity
but strong solvent dependency was observed in asymmetric
polar DPP molecule.[27] The H-bonding of the solvent opens an
additional non radiative path due to the intramolecular charge
transfer character of the molecule. Dimer of DPPs, forms polar
intermediate which was reported to be crucial for singlet
fission.[28,29] Conformational heterogeneity was also found to be
an important structural property which complicates the photo-
physical analysis.[30] Recently photophysics of DPP prototype
molecules were described in terms of two electronic states,
namely, a bright (1Bu) and dark (2Ag) excited states.[26,31] It was
shown that transfer from the bright to dark state is mediated by
a conical intersection which opens up the intersystem crossing
to the triplet state.

Although the aforementioned works cover a wide range of
molecules, it is evident that a wider pool of systems needs to
be explored, given their importance in photovoltaics. Absorp-
tion in the near IR region is desirable for photovoltaic
applications.[32] However, in DPPs, greater attention is paid to
their shorter form (UV-visible absorbing) due to its strong
emission and thermodynamic compatibility, with respect to
singlet fission.[20,24] These near IR absorbing molecules could
provide insight into the photophysical process occurring in
their macromolecular (polymer) form. Furthermore, near IR
absorbing small molecules are preferred over their polymeric
form due to well defined structure, purity and reproducibility.[33]

Conversely, the triplet states of the DPPs have not been
extensively studied due to low inter system crossing efficiency.
However, elucidating the undelying reasons for such process
will facilitate the design of more effective systems.

In this work, we choose two monomeric TDPP of different
electron withdrawing abilities: one containing a benzoxazole
group and the other continuing the thiophene linked dicyano
group (Figure 1).[10,11] The change in substitution could not only
alter the acceptor strength,[12] resulting in a spectral shift in the

near IR, but also providing a different rotational degree of
freedom. Such functionalisation is expected to alter the photo-
physical property of the parent TDPP molecule. We have
studied the photophysics in chloroform and in aggregated
media in the form of a thin film. We took help of steady state
absorption/emission to explore the electronic transition and
ultrafast transient absorption spectroscopy to figure out the
kinetic evolution of the spectra in the picosecond timescale.
Our research offers an insight into the role of end groups in
conformational-induced excited state relaxation processes, and
their application to achieve long-lived phenomena required in
photophysics.

2. Results and Discussion

2.1. Photophysics in Solution

2.1.1. Steady State Spectroscopy

The benzoxazole derivative of TDPP (R-BOX), in chloroform
solution, absorbs strongly in the visible region peaking at
620 nm with additional electronic bands in the UV region
(Figure 2A).[34] The 620 nm transition is due to the π-π* type
intramolecular charge transfer between the donor (thiophene)
and acceptor (DPP) moiety.[3,7] Key spectroscopic information
are summarised in Table 1. The absorption bands show well
resolved vibronic features with the lowest vibronic transition
being the strongest. It emits in the region 625–850 nm, with a
yield of 52%. The steady state spectroscopic properties are
typical of these kinds of conjugated TDPP derivatives.[4,8,9,35,36]

Similar to the absorption, the emission band displays a distinct
vibrational characteristics, where the 0–0 vibronic transition
shows the strongest intensity. A small Stokes shift (670 cm� 1)
with a close mirror image spectral profile indicates that the
directly excited state is the emitting state and the structure in

Figure 1. Chemical structure of the thiodiketopyrrolopyrrole derivatives R-
BOX and R-TCN.

Figure 2. Steady state absorption, emission, and excitation spectra of (A) R-
BOX and (B) R-TCN in chloroform solution.
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the ground state and first excited state are close to each
other.[9] The excitation spectrum matches with absorption
spectrum confirming the respective state are electronically
coupled. The fluorescence lifetime in solution was observed to
be 3.4 ns (Figure S1).

The absorption spectrum of thiophene dicyano derivative of
TDPP (R-TCN), in chloroform solution, is significantly red-shifted
with respect to R-BOX, with 0–0 absorption maximum at
700 nm. Red-shift could be due to its longer conjugation length
and stabilisation of the acceptor moiety by the strong electron
withdrawing group.[9,10] With respect to R-BOX, there is a
significant loss of vibrational features. This may be an indication
of the charge transfer nature of the transition, which could lead
to a distribution of states after interactions with the polar
medium (chloroform). At the same time, the extension of the
conjugation by non-cyclic groups could create a distribution of
conformers (states) resulting in a broad spectral profile.[30] In
contrast to R-BOX, the lowest vibronic band is no longer the
strongest one. This is an indication that the excited state
potential energy curve is shifted with respect to the ground
state, which could increase the overlap between the potential
energy curves leading to an increased non-radiative rate. This
was also observed as a decrease in fluorescence quantum yield
with a shorter excited state lifetime of 0.6 ns (Figure S1).
Increased π-π conjugation could bring the dark state (2Ag)
closer to the emissive bright state (1Bu) significantly affecting its
emission.[31] Near IR absorbing DPPs are known to be weak
emitters compared to their blue-shifted derivatives.[9,35] The
Stokes shift for R-TCN is twice that of R-BOX (Table 1),
suggesting an additional of the excited state process.

In order to extract detailed photophysical information
especially in the ultrafast timescale, we used femtosecond
pump probe spectroscopy.

2.1.2. Femtosecond Pump-Probe Spectroscopy

The R-BOX, when excited at 625 nm, shows transient absorption
(TA) feature over the entire probe range (440–820 nm). The TA
spectrum, at 1 ps delay, consisted of a positive feature in 440–
510 nm and 780–840 nm region corresponding to excited state
absorption and a negative feature in the range of 510–780 nm
with overall peak at 635 nm (Figure 3A). The fact that the
negative feature extends beyond its absorption spectra con-
firms that a major contribution is from stimulated emission. To
have a closer look, we plotted the normalised absorption and

stimulated emission spectra (steady state fluorescence × λ4)[38]

together with the TA spectra (Figure 3). We notice that the
shoulder at 575 nm closely matches of its absorption spectrum
confirming that it originates from the bleach. Similarly, the
shoulder at 705 nm corresponds well to the stimulated emission
feature. Though neither of the absorption and emission spectra
has a peak at 635 nm, it is clear from the plot that the TA peak
is, in fact, a weighted sum of bleach and stimulated emission.[26]

The spectral feature remains almost unchanged in the entire
window of 5 ns with a small red shift of the bands in the early
times in the stimulated emission region (Figure S2).

The TA spectra of R-TCN closely follow the trend of the
steady state absorption spectra, such as a large red shift and
the broadening of the bands. At 1 ps delay, the TA spectra has
a negative feature (except for a small region at 480–550 nm).
The negative profile in 430–750 nm is due to bleaching and in
the near IR region it is due to stimulated emission. As with R-
BOX, the peak in the negative signal is due to the weighted
sum of bleach and stimulated emission. Unlike in R-BOX, we
observed prominent spectral evolution for the first 10–15 ps
(Figure 4, Figure S2). At a delay of 0.3 ps, the spectral peak was
located at 720 nm, which evolved continuously (dynamic Stokes
shift) for the next 10 ps, reaching at 750 nm (Δν=550 cm� 1). At
longer time delay (>2 ns), a new long-lived signal emerged. It
is noteworthy that the spectral evolution is only present in the

Table 1. Spectroscopic parameters of the TDPPs in chloroform solution.

Compound labs lems ɛ Stokes’ shift[a] QY tf tTA

R-BOX 620 nm 645 nm 45000 M� 1cm� 1 670 cm� 1 52% 3.4 ns 4.6 ps, 3.5 ns

R-TCN 700 nm [b] 755 nm 61000 M� 1cm� 1 1400 cm� 1 <20% 0.6 ns 5 ps, 0.7 ns, inf.

labs =absorption peak; lems = emission peak; ɛ=absorption coefficient at the maxima; QY= fluorescence quantum yield; tf = fluorescence lifetime from
TCSPC; tTA = lifetime from transient absorption (TA); inf.=non-decaying lifetime (infinite). [a] Calculated after converting the spectra to its transition dipole
moment representation[37]; [b] Lowest energy vibrational shoulder.

Figure 3. Bleach peak normalised TA spectra of (A) R-BOX and (B) R-TCN at
1 ps in chloroform solution. Steady state absorption and stimulated emission
spectra (normalised to 0.5) are shown for the comparison.
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stimulated emission region confirming that it is solely excited
state process. Continuous spectral evolution is a signature of
excited state process such as solvation, vibration relaxations, or
structural evolution.[39] Due to the symmetric molecular struc-
ture, we do not expect a strong polarity dependence and thus
the role of solvation should be negligible.[27,40] It is clear from
the absorption spectra (Figure 2B) and the choice of pump
wavelength (625 nm) that an excess of vibrational energy is
supplied during excitation. Since it is well known that vibra-
tional process occurs within the ps timescale, it is reasonable to
assume that vibronic processes should be responsible for the
spectral evolution.[41] To have a better look into this vibrational
contribution, we pumped at the red edge of the absorption
spectra (725 nm). After 0.3 ps, the peak is observed at 735 nm
and it shifts continuously to 750 nm (Δν=270 cm� 1) during the
next 10 ps (Figure S2). At this excitation wavelength, it is fair to
assume that the dissipated vibration energy is minimum.

Continuous spectral shift even at this condition confirms
additional process. A marginal spectral evolution was observed
in R-BOX, when excited at 625 nm (Figure S2). To disentangle
vibrational processes, we excited R-BOX also at blue edge
(540 nm), thus providing excess energy. Here the spectra
evolved from 630 nm to 638 nm (Δν=250 cm� 1) in a timescale
of 10 ps, with clear rise in signal at 640 nm and 707 nm
confirming the role of excess energy (Figure S2). In order to
justify the continuous spectral evolution in 725 nm pumped R-
TCN, we look into the chemical structure (Figure 1). Unlike R-
BOX which consists only of cyclic units in the end groups with
high steric hindrance, R-TCN has functional groups which are
rather free to move/rotate. Thus, when a molecule is excited, it
initially attains an unrelaxed state and over the course of time,
it relaxes to its more stable configuration as reflected in the
spectra. Due to the presence of rather flexible groups in R-TCN,
it has more contribution of structural evolution and affected
more by excess energy excitation than R-BOX.

2.1.3. Global Analysis

We analysed the R-BOX data using an irreversible sequential
two component model (Figure 5, Figures S3).[7,27] This provided
a short lifetime of 4.6 ps, and a long lifetime of 3.5 ns. The long
lifetime component closely matches the fluorescence lifetime
indicating to be the emissive state (Table 1). The resulting
spectra from the global analysis are called evolution associated
difference spectra (EADS). The EADS of the picosecond
component (4.6 ps) is close to that of the long lifetime
component (3.5 ns). However, there is a crucial difference in the
stimulated emission region, namely the 4.6 ps component is
blue shifted. Its short lifetime and spectral shift indicates that it
is an unrelaxed state.[27] Thus, the short ps component can be
primarily attributed to the combination of hot excited state and

Figure 4. Spectral evolution of R-TCN in chloroform solution (625 nm
excitation).

Figure 5. Evolution associated difference spectra (EADS) (left panel) and kinetics at selected probe wavelength (right panel) of R-BOX (top panel) and T-TCN
(bottom panel) in chloroform solution after pumping at 625 nm.
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the structural evolution of the emitting state. As the vibrational/
structural relaxations concern solely excited state phenomena,
the signal in the bleach region remained essentially constant
over this time scale (Figure 5, Figure S2).

In contrast to R-BOX, R-TCN data could not be fitted with
two components, so a three-component model had to be
employed (Figure 5, Figure S3). Based on the previous discus-
sion, the 5 ps component can be comfortably assigned to the
unrelaxed state. As expected from transitions involving only
excited states, no change in bleach signal was observed
between the corresponding EADS of 5 ps and 700 ps. The long-
lived 700 ps component is consistent with the fluorescence
lifetime and can be considered as the relaxed state. The final
component does not decay in the time window of our
experiment (5 ns).

2.1.4. Triplet Signal in Solution

In R-BOX, there is no long-lived signal, whereas in R-TCN we
observe a signal that remains unchanged throughout the
experimental time window. This signal is similar to the triplet
state of heavy metal coordinated DPP derivatives.[42,43] This
observation is noteworthy because the yield of triplet states in
non-heavy metal coordinated DPPs is typically low due to low
intersystem crossing efficiency (ISC).[42] No concentration de-
pendence was observed, hence we ruled out any excimer
contribution (Figure S4). In a degassed chloroform solution, this
particular triplet state decays with a single exponential lifetime
of 2.8 μs (Figure S5) which is similar to iridium complexed DPP
derivatives.[42] The lifetime quenches by more than 4 times
when no degassing was performed. Since it is well known that
triplet states are strongly quenched by molecular oxygen, we
assign this to be of triplet origin.[43,44] Using singlet depletion
method,[45] we determined the triplet yield to be 20% (Fig-
ure S6). Conversely, in R-BOX, no long-lived signal at 100 ns was
observed under the same experimental condition. Although the
singlet energy is strongly dependent on the functional groups,
its triplet state is relatively unaffected by them.[6] Consequently,
a decrease in the singlet energy leads to a decrease in the
singlet-triplet energy gap, facilitating ISC. At the same time,
increased π-π conjugation could bring the dark state closer to
the bright state enabling an effective inter system crossing
through conical intersection.[26] Further, structural distortions
associated with larger, flexible molecules like R-TCN may
facilitate ISC by mixing the singlet and triplet spin states.[25]

Both factors, energy gap and state mixing, acting in synergy
may facilitate ISC.

2.2. Photophysics in the Thin Film

2.2.1. Steady State Spectroscopy

In temperature-annealed thin film, R-BOX shows broad but well
resolved absorption bands both in visible and UV regions
(Figure 6, Table 2). With respect to the chloroform solution,

there is a red shift, of the lowest vibronic band, by 40 nm
(950 cm� 1).[11] The red shift in an aggregated medium is an
indication of coupling between nearby molecules.[8] Contrary to
the vibrational bands in chloroform solution formed by the
intra-molecular modes, in thin film it is observed to be
superimposed within a broad band. This is typical in crystalline
films where the excited states can be delocalised. These
features are highly dependent on sample preparation and
hence the morphology.[18] Temperature annealing helps to
stabilize the various vibrational modes through close range
interactions. In the solid state, unlike solution, it emits weakly
and decays at a lifetime of 0.4 ns (Figure S7). Although the
emission appears to be strongly red-shifted with respect to the
solution, the slight overlap of the absorption and emission
bands, coupled with the relatively short lifetime, suggests that
the both states may have a common origin. The fluorescence
decays remain single exponential in nature (Figure S8) and
independent of emission wavelength confirming that the thin
film is spectroscopically homogenous. Although it is possible
that the emitting state has some excimer character. The
decrease in emission lifetime by almost an order of magnitude
indicates opening of efficient nonradiative channel. Absorption
spectrum of R-TCN is quite broad and significantly red shifted
(115 nm, 2010 cm� 1) in comparison to the solution phase
(Figure 6). Such a large red shift can, in principle, increase the
non radiative rate due to energy gap law.[46] The sharp low
energy band supports the formation of J-aggregate.[8] No
emission was observed in the spectral range we studied.

Figure 6. Absorption spectra of R-BOX and R-TCN in thin film (blue). Emission
spectrum of R-BOX is shown in red.

Table 2. Spectroscopic parameters of the TDPP thin films.

Compound Thickness labs tf tTA

R-BOX 120 nm 660 nm[a] 0.4 ns 0.36 ns, inf.

R-TCN 60 nm 815 nm ~ 4.5 ps, 53 ps, inf.

labs =absorption peak; tf = fluorescence lifetime from TCSPC; tTA =

lifetime from transient absorption (TA); inf.=non-decaying lifetime
(infinite) [a] Lowest energy vibrational peak.

Wiley VCH Freitag, 03.05.2024

2499 / 351036 [S. 5/11] 1

ChemPhysChem 2024, e202300872 (5 of 10) © 2024 The Authors. ChemPhysChem published by Wiley-VCH GmbH

ChemPhysChem
Research Article
doi.org/10.1002/cphc.202300872



2.2.2. Femtosecond Pump-Probe Spectroscopy

In pump probe spectroscopy of both materials, after
excitation at 625 nm, we observe a fast decay followed by a
weak non-decaying component (Figure S8). The kinetics were
fluence dependent, indicating singlet-singlet annihilation
(SSA). In R-BOX we observe (Figure 6 and Figure S8) a strong
overlap of the ESA spectrum (process S1 ! Sn) and the
emission (process S1 ! S0) and thus SSA is thermodynami-
cally feasible. In the supramolecular structure of thin films
the SSA can take place either by the Förster or diffusion
mechanism.[38,47] For R-BOX, the pump power was reduced as
much as possible (18 nJ/pulse, more in ESI Table S1) to
minimise SSA.[48,49] At 1 ps delay, R-BOX has a bleach peak at
570 nm with another sharp bleach signal at 670 nm (Fig-
ure S8). Both features are consistent with their steady state
absorption spectra. There is a strong excited-state absorption
at the blue and red edges of the bleach. The transient
absorption of R-TCN (46 nJ/pulse) was very broad, with the
bleach signal spanning the entire probe wavelength of 440–
840 nm (Figure S8). In accordance to its absorption spectra,
the bleach peak is located in the near IR region (830 nm).

In both materials, we observe long-time sharp spectral
feature, typically identified as a triplet state.[7,18,19,21] When R-
BOX was excited at 625 nm with a pump energy of 18 nJ/
pulse, it produced a triplet yield of around 110%. However,
the yield was found to be dependent on pump wavelength
and pump fluence. When the pump power was increased by
6-times, the triplet yield doubled. On the other hand, when
the film was excited in the UV region (340 nm, 400 nm), but
at the same fluence, the yield increased by 3–4 times.
Furthermore, a similar trend was observed for several TDPP
derivatives (not reported here). The pump dependent yield
and the fact that the calculated value was well above the
theoretical limit suggest that the supplied energy plays an
undesirable role here.

2.2.3. Triplet State and Contribution from Heat

At high pump densities, the occurrence of SSA should reduce
the yield of other competing channels such as triplet gener-
ation. Additionally, it remains uncertain how excitation to
higher electronic levels can promote triplet formation (singlet
fission), given the ultrashort lifetime of the excited state.
However, presence of conical intersection could accelerate this
process. In both scenarios, an unintended side effect may occur,
namely the possibility of heat generation caused due to
excitation by excess energy via direct (higher vibronic and
electronic level) and indirect (singlet-singlet annihilation)
means.[50–54] In pump-probe measurements, data is recorded as
the difference between pumped (possibility of heat generation)
and unpumped (room temperature) spectra. Consequently,
heat dissipated in the sample after pump-pulse absorption is a
recurring issue in laser spectroscopy.[51–53] To address this, we
recorded temperature-dependent absorption spectra of R-BOX
in the range of 20–35 °C (Figure S9). Even though no clear

change is observed in the raw spectra, subtraction against each
other reveals a derivative like feature (Figure 7). The change in
signal amplitude per unit temperature is linear within the
temperature range. These features, after normalisation, are
quite similar to the long time TA spectra. It is noteworthy that
the long-time spectrum was observable even at very low pump
density of ~7×1017 photon.pulse� 1.cm� 3 (Figure S10A). A similar
effect was observed in several TDPP derivatives (only two of
them are reported here). We did not observe any additional
long-lived signal in the near IR region (up to 1000 nm probed)
that could indicate triplet formation (Figure S10B).[23,54]

To facilitate heat dissipation, we used sapphire as the
substrate material, which is known to have better thermal
conductivity than quartz.[50] Although no differences are
observed in the picosecond range, we observed marginally
faster signal recovery in the nanosecond time scale (Figure S11).
It suggests that the long-delay time signal observed here has a
large contribution from laser-induced heat and has the
potential to obscure the triplet signal from triplets or other
long-living species.

Furthermore, in thin film form, the fluorescence lifetime is
reduced by nearly ten times, leading to an expected quantum
yield of approximately 5%. Therefore, the remaining energy
could be released as heat. Thus, considering that all the
absorbed light was released as a heat,[7,55,56] and assuming a
heat capacity of R-BOX of ~800 J.mol� 1.K� 1 at 20 °C,[57] with a
pump power of 17 nJ/pulse it could raise the film temperature
in the probe region up to ~0.16 °C. We find that the
experimentally observed signal is same as the calculated signal
generated solely by heat (Figure S12). This confirms that the
experimentally observed derivative like signal is mostly due the
laser induced heat. Therefore, we are unable to quantitatively
determine either the triplet spectra or its related yield. This
observation reinforces the importance of considering the
impact of laser-induced heat when measuring long-lived
signals, such as those in singlet fission. Whilst the effect of
laser-induced heat can interfere with thin film measurements,

Figure 7. Difference in steady state absorption spectra of thin film of R-BOX
at different temperatures with respect to 20 °C (blue). The steady state
difference spectra are compared to TA spectrum after 5 ns delay (red; scaled
to the strongest signal).
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which is not the case in solution where the heat is released in a
much larger volume (~100 nm thin film vs 1–2 mm cuvette).

From an energetic point of view, it is even debatable
whether R-BOX fulfils the necessary thermodynamic condi-
tions to generate the triplet state by singlet fission. With a
band gap of 1.96 eV in solution (~1.8 eV in thin film) and a
possible triplet energy of 1.0–1.1 eV,[6] it may not meet the
energy requirement.

2.2.4. Global Analysis

The R-BOX, when pumped at 625 nm with a low pump power
(18 nJ/pulse), can be comfortably fitted with two components
(Figure 8, Figure S3). The decaying component has a lifetime of
360 ps, similar to that observed for TCSPC decay (Figure S7). As
discussed in the previous section, the non-decaying component
is due to the laser induced heating artefact. The excited state
decay and ground state recovery are the same, highlighting
that the excited state directly decays to the ground state
without the involvement of any intermediate state. We thus
present a simplified evolution of the excited state in the thin
film in the femtosecond region. R-TCN decays faster in the thin
film (625 nm, 46 nJ/pulse) than R-BOX and needed 3 compo-
nents to obtain a satisfactory fit (Figure 8, Figure S3). Among
those two of them are decaying in nature. Based on the excess
energy provided during excitation and considering the flexible
nature of the molecule the 4.5 ps component can be assigned
to the unrelaxed state. The 4.5 ps component and the 53 ps
component have an EADS that is very similar to each other
(after normalisation). This implies that there is a decay path that
returns directly to the ground state. Singlet-singlet annihilation
is one such trivial decay path, which at the same time does not
follow an exponential behaviour. Due to the very weak TA

signal of R-TCN, a relatively high pump power was used (ESI
Table S1), which is almost 5 times higher than of R-BOX, and
therefore a contribution from SSA is likely. As SSA also leads to
the recovery of the ground state, we believe that SSA is a major
contributor to the 4.5 ps component. Similar to R-BOX, the
nondecaying component in R-TCN is assigned to the thermal
artefact (Figure S13). This assignment is further justified based
on the fact that R-TCN, which has a low band gap (1.7 eV in
solution), is not expected to satisfy the energetics necessary for
singlet fission. It is interesting that even in R-TCN we are unable
to observe triplet signal (Figure S10B) in its thin film form (via
inter system crossing). The fact that the singlet state decays an
order of magnitude faster indicates rate of ISC must be slower
than other pathways in solid state. Decreased lifetime in solid
state is usually attributed to excimer like phenomenon. Long
lived signal that could be attributed to excimer is missing in
both R-BOX and R-TCN. Thus, we propose that an enhanced
excitonic coupling is responsible for their rapid
deactivation.[58,59] However, the role of the dark state cannot be
ruled out.[31]

3. Conclusions

We studied two TDPP derivatives featuring an extended
conjugation and varying electron-withdrawing end groups.
While R-BOX absorbs in the visible region with strong emission,
R-TCN absorbs in the near IR region with a lower emission
efficiency. Employing the ultrafast electronic pump-probe
spectroscopy, we explained the photophysics in the picosecond
time range. Our observations indicate that the molecules
gradually evolve into a relaxed state for the first few pico-
seconds after being excited with excess (vibrational) energy. In
case of R-TCN, concurrent with vibrational relaxation, significant

Figure 8. Evolution associated difference spectra (EADS, left panel) and kinetics (right panel) of R-BOX (top) and R-TCN (bottom). The pump power of R-BOX
and R-TCN at 625 nm was 18 nJ/pulse and 46 nJ/pulse, respectively, averaged over 30×103 shots. Note: Data in panels A and B are not normalised.
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structural evolution was occurred simultaneously with vibra-
tional process. Notably, a strongly emissive R-BOX directly
returned to the ground singlet state, while R-TCN transitioned a
significant portion (20%) of the initially excited singlet states to
the triplet state. Therefore, we infer that in solution, the low
emissive and near IR absorbing R-TCN dye, exhibits an efficient
inter-system crossing due by its diminished energy gap
between the singlet and the triplet state with the assistance of
closely lying dark state. However, the excited states in the thin
film decayed nearly ten times faster than their solution counter-
parts. In R-BOX, we presented a simple excited state energy
levels which is free from any intermediate states. In contrast,
the femtosecond dynamics in R-TCN are affected by singlet-
singlet annihilation. Although a long time signal resembling
singlet fission was observed, after direct comparison with their
temperature-dependent steady state spectra led us to conclude
that these long-time features were rather a result of laser-
induced thermal artefacts. The identification of the triplet state
in the solution phase and its absence in the thin film provides
insight into the improved design of DPP molecules, particularly
for applications involving the triplet state.

Experimental Section

Synthesis

R-BOX and R-TCN were synthesised by multistep reaction through
Suzuki-Miyaura cross-coupling[34] and Knoevenagel condensation[10]

respectively. Detailed synthesis and characterisation are reported in
the supporting information (Scheme S1).

Thin Film Preparation

Thin films were prepared on quartz (Präzisions Glas & Optik,
Germany) or sapphire (S2005A1, Ossila, Netherlands) substrate via
physical vapor deposition of powder material from quartz crucible
using Minilab 060 evaporator (Moorfield Nanotechnology, UK)
under vacuum, pressure 3×10� 7 mbar, at the deposition rate of 0.4–
0.5 Å/s. A very low deposition rate was maintained to achieve a
homogenous film of very low surface roughness. The substrate
holder was rotated at 10 rpm during the deposition. Before the
deposition, the material was housed in a high vacuum chamber for
at least 20 h. The deposition rate and thickness were controlled
using quartz-crystal microbalance. Later the films were annealed in
a vacuum oven under pressure of 100 millibar at 150 °C for 4 h. The
film thicknesses were measured by a surface profilometer (Tencor
P-17, KLA, USA).

Steady State and Fluorescence Lifetime Measurements

UV-Vis absorption spectra were measured in thin film, and chloro-
form (Uvasol, Sigma-Aldrich, USA) using commercial spectropho-
tometer, Lambda 950 (PerkinElmer, USA). A water-cooled Peltier
(PTP1, PerkinElmer, USA) was used to measure the temperature
dependent spectra. Fluorescence spectra were acquired using FS5
fluorimeter (Edinburgh Instruments, UK). The quantum yield was
measured with direct method using an integrating sphere (SC-30,
Edinburgh Instruments, UK), keeping the absorbance ~0.05 at the
peak (1 cm cuvette).

Fluorescence lifetime was measured using time-correlated single
photon counting (TCSPC) technique with FluoTime 300 (PicoQuant,
Germany) connected to Solea excitation source (PicoQuant,
Germany) with excitation wavelength set to 625 nm. Full width at
half maximum of the instrument response function was ~200 ps.
The typical absorbance at the peak in a 1 cm cuvette were around
0.2 for steady state and TCSPC measurements.

Femtosecond Pump Probe Spectroscopy

Femtosecond pump probe measurements were performed using
Helios spectrometer (Ultrafast Systems, USA) equipped with Mantis
(Coherent, USA) seeded regenerative amplifier (Legend Elite,
Coherent, USA) producing 2.1 W power at 1 kHz repetition rate
centred at 800 nm.[18] The pump wavelengths were generated by a
commercial optical parametric amplifier (TOPAS C, Light Conver-
sion, Lithuania). A broadband probe light (450-800 nm) was
generated using 800 nm as the seed and a sapphire crystal (3 mm)
as the nonlinear medium. To measure spectra in the UV (full range
350–800 nm), we used a translating CaF2 crystal (3 mm) instead.
Residual seed light (800 nm) was minimised by placing a KG3
colour filter (03FCG167, Melles Griot, Netherlands) before the
sample. When necessary, we extended the white light continuum in
the near IR region (500-1000 nm, sapphire) by using the “signal”
(1250 nm) output of the TOPAS as the seed, while using the 2nd

harmonic of “signal” (625 nm) as the pump. The spectra were
calibrated with multi band filter BG36 (FGB67, Thorlabs, USA).[60]

Finally, the probe beam was split into two and detected with a pair
of fiber optics coupled grating based CMOS detectors. A magic
angle (54.7°) polarisation was always maintained between the
pump and probe to eliminate any rotational contributions. The
diameter (1/e2) of the Gaussian pump was ~780 μm. The probed
beam was elliptically shaped with diameters of ~210 μm and
~330 μm. The instrument response function of our setup at this
experimental configuration was ~150 fs. The solution phase meas-
urements were performed in a continuously stirred 2 mm cuvette
keeping the pump power around 140 nJ/pulse (fluence
1.5×1014 photon.pulse� 1.cm� 2 at 625 nm). The absorbance at the
peak were usually below 0.2 for R-BOX and below 0.4 for R-TCN in
2 mm cuvette. Much lower pump power was used (indicated in the
appropriate section) for the measurements of the thin films to
minimise fluence dependent processes such as singlet-singlet
annihilation. The films were continuously translated in a rectangular
area with a speed of 1 mm/s to minimise photodegradation. We
did not observe any photodegradation of any samples during
femtosecond pump probe measurements. All samples were meas-
ured in ambient conditions. The raw transient absorption data were
background subtracted and chirp corrected with Surface Xplorer 4
(Ultrafast Systems, USA) and finally analysed using Glotaran
software package.[61]

Nanosecond Flash Photolysis

For the nanosecond flash photolysis, the samples were excited at
532 nm generated by Nd:YAG laser (Surrelite SL I-10, Continuum,
USA) operating at a repetition rate of 10 Hz. Broadband probe light
(sapphire, 3 mm) was generated from the electronically syncronised
output of femtosecond amplifier (800 nm, Legend Elite, Coherent,
USA) operating at 20 Hz.
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artifact.
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