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Formation of Highly Efficient, Long-Lived Charge Separated

States in Star-Shaped Ferrocene-Diketopyrrolopyrrole-

Triphenylamine Donor-Acceptor-Donor Conjugates

Charu Popli,®* Youngwoo Jang,®* Yuvraj Patil,® Rajneesh Misra®” and Francis D’Souza®"

Abstract: The significance of multiple number of donor-acceptor
entities on a central electron donor in a star-shaped molecular system
in improving light energy harvesting ability is reported. For this, donor-
acceptor-donor type conjugates comprised up to three entities
ferrocenyl  (Fc)-diketopyrrolopyrrole (DPP) onto a central
triphenylamine (TPA), (4-6) by the Pd-catalyzed Sonogashira cross—
coupling reactions have been newly synthesized and characterized.
Donor-acceptor conjugates possessing diketopyrrolopyrrole (1 to 3
entities) onto the central triphenylamine, (1-3) served as reference
dyads while monomeric DPP and Fc-DPP served as control
compounds. Both DPP and Fc-DPP carrying conjugates exhibited
red-shifted absorption compared to their respective control
compounds revealing existence of ground state interactions.
Furthermore, DPP fluorescence in 4-6 was found to be quantitatively
quenched while for 1-3, this property varied between 73-65%
suggesting occurrence moderate amounts of excited state events.
The electrochemical investigations exhibited an additional low
potential oxidation in the case of Fc-DPP-TPA based derivatives (4-

In recent years, the field of organic electronics has drawn great
deal of attention of scientific community.["? In this regard, organic
small molecule derived donor—acceptor (D—A) frameworks with
extensive TT—conjugation have been studied for their wide range
of optoelectronic applications including photovoltaics,®! nonlinear
optical (NLO) switches, sensors, fluorescent near-infrared (NIR)
probes, and data storage devices.*% Further, the optoelectronic
properties of D-1—A type framework can be geared towards
better performance by designing D-mm—=A—11-D or A-TT—-D—T1-A,
type multi-molecular systems.®71 Although a number of D—Tr-A
type simple systems have been synthesized and studied in
literature, multi-modular systems n-connected to higher numbers
donor and acceptors revealing better performance of light induced
events have been scarce due to synthetic and property evaluation
challenges.

Diketopyrrolopyrrole (DPP) is a TT—conjugated bicyclic di—
lactam moiety and is one of the widely used organic dyes due to
its relatively simple synthesis.®® DPP derivatives exhibit poor
solubility in organic solvents due to strong TT—1T and H-bonding
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6) owing to the presence of ferrocene unit(s). This was in addition to
DPP and TPA redox peaks. Using spectral, electrochemical and
computational studies, Gibbs free-energy calculations were
performed to visualize excited state charge separation (AGcs) in these
donor-acceptor conjugates as a function of different number of Fc-
DPP entities. Formation of Fc*-DPP-TPA charge separated states
(CSS) in the case of 4-6 was evident. Using spectroelectrochemical
studies, spectrum of CSS was deduced. Finally, femtosecond
transient absorption spectral studies were performed to gather
information on excited state charge separation. Increasing the number
of Fc-DPP entities in 4-6 improved charge separation rates.
Surprisingly, lifetime of the charge separated state, Fc*-DPP"-TPA
was found to persist longer with an increase in the number of Fc-DPP
entities in 4-6 as compared to Fc-DPP-control and simple DPP
derived donor-acceptor conjugates in literature. This unprecedented
result has been attributed to subtle changes in AGcs and AGcrand the
associated electron coupling between different entities.

interactions but the N-alkylation enhances their solubility in
common organic solvents.['®"! DPPs possesses features like
relatively strong electron accepting property, excellent thermal
stability, macrocycle rigid-planarity and high fluorescence
quantum yields.['>'3 Further, covalently linked thiophene-DPP
(i.e., dithienyl DPP) led to small organic molecules extending their
absorption well into the visible region. A literature survey reveals
that DPP coupled with a variety of donors have been explored as
small organic molecule based bulk heterojunction (BHJ) solar cell
applications.['>'% Among the various donors, ferrocene is one of
the widely used donors due to its excellent thermal and
photochemical stability as well as strong NLO response. !5
Ferrocene also undergoes facile oxidation, consequently, it has
been widely used in building donor-acceptor systems for charge
separation and stabilization.!'5¢4

A variety of linear and star-shaped DPP derived donor-
acceptor systems have been reported for optoelectronic
applications.[' For example, a series of star-shaped molecules
with fused aromatic ring 1,3,5-tri(thiophen-2-yl) benzene (TTB),
2,4,6-tri(thiophene-2-yl)-1,3,5-triazene (TTT) as core for organic
semiconductors have been reported.'8! Triphenylamine (TPA) is
widely used as an electron donor in the design of efficient D-A
based molecules. Many star—shaped small molecules based on
TPA as a central core have been widely studied for organic
photovoltaics.[' The special propeller structure of TPA is known
to form amorphous materials promoting close contact with the
acceptors leading to poor phase separation and charge
recombination, leading to enhanced charge dissociation
efficiency.['8-19]

In the present investigation, we have re-designed our
approach of constructing multi-modular donor-acceptor systems
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Figure 1. Chemical structures of the investigated DPP and ferrocenyl-DPP

functionalized TPA compounds, 1-6 along with the control compounds.
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Scheme 1. Synthesis of DPP and ferrocenyl-DPP functionalized TPA

compounds, 1-6. For complete structures of 1-6 see Figure 1.

wherein the central TPA is functionalized to carry 1 to 3 entities of
electron acceptor dithienyl-DPP entities (compounds 1-3 in Figure
1). Further, a much stronger electron donor ferrocene is
introduced onto the opposite side of dithienyl-DPP entity
(compounds 4-6 in Figure 1) to modulate the electrochemical and
photochemical properties. We demonstrate here that introduction
of ferrocene alters the photochemistry leading to efficient
formation of Fc*-DPP*-TPA CSS in the case of compounds 4-6
instead of relatively inefficient DPP-TPA™ CSS observed in the
case of compounds 1-3. Further, improved persistence of CSS
upon increasing the Fc-DPP entities, that is, long-lived CSS due
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to varied degree of electron coupling, is
demonstrated using transient
spectroscopic technique. It may be
mentioned here that long-lived chage
separated states in donor-acceptor
systems is one of the key determinants
for the photovoltaic performance of
dye-sensitized solar  cell and
photocatalytic applications.['9¢-]

The mono-, di- and tri- DPP
substituted TPA (1-3) were
synthesized by the palladium catalyzed
Sonogashira cross—coupling reaction
of compounds i, ii and iii with 1.0, 2.0
and 3.0 equivalents of monobromo
DPP (DPP-Br) in 75%, 60% and 65%
yields, respectively (Scheme 1).
Recently we have reported the
synthesis of 1 and we have taken it
here for the sake of comparison.[’¥ The
mono—, di— and tri— ferrocenyl-DPP
based derivatives with TPA as central
core (4-6) were synthesized by
palladium catalyzed Sonogashira
cross—coupling reactions of compounds i, ii and iii with 1.0, 2.0
and 3.0 equivalents of mono bromo ferrocenyl-DPP in 60%, 62%
and 65% yields, respectively (Scheme 1). The newly synthesized
compounds were purified by repeated silica gel column
chromatography and recrystallization techniques. All these
compounds were readily soluble in common organic solvents and
were fully characterized by common spectroscopic techniques ('H
NMR, 3C NMR, HRMS and MALDI, see Sl for additional synthetic
and spectral details).

Fc-DPP-control

Table 1. Optical absorption and emission peak maxima, fluorescence
lifetime, charge separation rate, and first reduction and first oxidation
potential of the investigated compounds in DCB.

Potential V vs.

Compound A, ,nm A ,nm T ons kys ! Ag/AgCl
E E

red [

DPP- 545 586 612 3.98 -1.04 1.03
control

FCDPP oe) 628 -~ - - 098 0.74
control

1 559 594 628 672 248 152x10° -1.02  1.00

2 559 594 627 672 231 182x10° 097 1.02

3 562 600 631 675 1.90 2.75x 10 092 1.07

4 592 636 S - - -0.99 076

5 592 636 — - - -0.95 0.74

6 592 636 J— - - 091 0.73

Figure 2a shows solution color of compounds 1-6 in series.
Compounds 1-3 revealed magenta-red color while 4-6 revealed
cyanine—blue, suggesting different degrees of ground state
interactions in these two series of compounds. This is further
confirmed by absorption spectra of 1-6 along with control
compounds shown in Figure 2b while the optical data are
summarized in Table 1. DPP-control revealed peaks at 545 and
586 nm, and these peaks were red-shifted by up to 18 nm in the



case of 1-3. The red-shift gradually increased with an increase in
the number of dithienyl-DPP entities on TPA. Appending a
ferrocenyl entity on DPP in Fc-DPP-control caused additional red-
shift with peak maxima to 582 and 628 nm. In the case of 4-6,
these two peaks were further red-shfited by ~8 nm indicating
different degrees of interactions between dithienyl-DPP entitites
with cental TPA and terminal ferrocene entities.
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Figure 2. (a) Picture of solution color of compounds 1-6 in series at ambient
light, (b) normalized absorption and (c) fluoresence spectra of the investigated
compounds in DCB. The compounds were excited at the low energy visible
band maxima (see Table 1). For compounds 4-6 and Fc-DPP control,
fluorescence peak intensity was too low to report.

The fluorescence peak maxima for TPA-control and DPP-
control were located at 395 and 612 nm, respectively. For
compounds 1-3, the DPP emission was found to be red-shifted up
to 16 nm with about 27-35% quenching suggesting moderate level
of excited state interactions (Figure 2c). The degree of quenching
followed the order: 3 > 2 > 1. This was also the case in the
measured fluoresence lifetimes determined using time correlated
single photon counting technique (TCSPC). A lifetime of 3.98 ns
was recorded for DPP-control, while for 1-3, respective lifetimes
of 3.78, 2.48 and 2.31 ns (all monoexponential decays) were
obtained. Assuming the quenching is due to electron transfer
(vide infra), the rate constants for charge separation (kcs) for
compounds 1-3 were calculated from the lifetime data and are
also listed in Table 1. Although the trends in kcs followed that of
the steady-state fluorescence quenching, the magnitude of such
values suggest relatively slower charge separation process.
Interestingly, introducing ferrocenyl entity on terminal position of

WILEY-VCH

thienyl-DPP caused quantitative quenching in the case of 4-6
suggesting occurrence of efficient excited state events.
Electrochemical studies using cyclic and differential pulse
voltammetry (DPV) were subsequently performed. Figures 3a
and b show DPVs of the investigated compounds in DCB
containing 0.1 M (TBA)CIO4. The reduction of the dithienyl-DPP
entity appeared in the potential range of -0.91 - -1.02 V vs.
Ag/AgCl while the TPA oxidation appeared in the range of 1.00 —
1.10 V, and ferrocene oxidation in compounds 4-6 was in the
range of 0.73 — 0.76 V vs. Ag/AgCI. Electrochemical reversibility
of these electrode processes were confirmed by cyclic
voltammetry. Gradual anodic shift of DPP reduction, and cathodic
shift of TPA and Fc oxidations upon gradual increase in their
number was witnessed. The net result of this anodic and cathodic
shifts of reduction and oxidation processes is lowering the
electrochemical HOMO-LUMO gap. For example, the HOMO-
LUMO gap for 1 was 2.02 V that shrunk to 1.99 V for 3, while this
gap was 1.75 V for 4 that shrunk to 1.62 eV for 6. This trend
agreed well with the earlier discussed absorption and
fluorescence spectral trends, where systematic red-shift of peak
maxima as a result of lowered HOMO-LUMO gap was witnessed.
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Potential, V vs. Ag/AgCl

Figure 3. Differential pulse voltammograms (DPVs) of (a) 1-3 and (b) 4-6 in
DCB containing containing 0.1 M (TBA)CIOa.
separated state generated from averaging the differential absorption spectrum

(c) Spectrum of the charge

of the first oxidized and first reduced species of 4.

Next, spectroelectrochemical studies were performed to
spectrally characterize the oxidized and reduced species.
Individual spectral changes during oxidation and reduction
processes of the investigated compounds are shown in Figure
S16 in SI. To generate the spectrum of the charge separated
species, average of the differential absorption spectrum of the first
oxidized and first reduced species were utilized, as shown in
Figure 3c. This spectral manipulation resulted in two peaks at 606
and 685 nm, and depleted peaks at 470, 588 and 635 nm for the
charge separated species. Presence of such spectral features in
the transient absorption spectral recordings would provide
evidence of excited state charge separation in these donor-
acceptor conjugates.



Energy level diagrams were constructed to visualize excited
state events in compounds 1-3 (Figure S17) and 4-6 (Figure 4) by
using spectral, electrochemical and geometry parameters from
energy optimized structures (see Figure S18 in Sl for optimized
structures), according to Rehm-Weller approach.l?°2'1 Formation
of DPP"-TPA™ charge separated states upon excitation of
bithieyl-DPP entity in compounds 1-3 was thermodyanamically
feasible. The energy of the charge

WILEY-VCH

The results summarized above predicted several interesting
trends including, (i) efficient quenching in 4-6 compared to that in
1-3, and (i) variation in kcs and kcr in case of 4-6 as a result of
redox modulation with increasing number of Fc-DPP entities on
the central TPA. In order to experimentally demonstrate such
trends, femtosecond transient absorption (fs-TA) studies were
performed and the results are summarized below.

i 0.0094 (a c s 50075
separated states varied between (a) et a 00ef © 1 ps l
1.88 — 1.91 eV revealing their high 4 05 s o 1ope
i i 78.27 ps 0.02 4 5ps
pgtentlal status, however, the egrller 197 28 ps a1k
discussed steady-state and time- 0.003 4 N §§2§§§§ " o 2ns
. - <C
resolved  fluoresence  studies = s 207ns < 0.00
suggested such excited state charge 0.000 4 .
transfer being inefficient. - 0021
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different although they are primarily
derived from the Fc-DPP part of the
conjugates.??l Additionally, from the difference between the free
energy change of charge separation and recombination
processes (Figure 4), it is evident that the charge separation
process to belong to the normal region while
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Figure 4. Energy level diagram showing different photochemical events in Fc-
DPP-TPA derived star-shaped donor-acceptor conjugates.

the charge recombination to belong to inverted region of Marcus
parabola. The CSS could relax directly to the ground state or
populate the *dithenyl-DPP* state for which an energy of 1.1 eV
has been earlier reported.>¥ If the latter path is supposed to occur
then one would expect faster charge recombination.

Wavelength, nm

Time, ps

Figure 5. Fs-TA spectra at the indicated delay times of (a) DPP-control, (b) 1
and (c) 3 in DCB. The samples were excited at visible peak maxima (595-620
nm). Decay profiles of the singlet peak monitored at 797 nm is shown in figure
5d.

Table 2. Determined kcs and kcr from fs-TA data in DCB for the investigated
compounds.

Compound solvent kes X 10710 51 ker x 108 571
Fc-DPP control DCB 3.85 1.0
4 DCB 4.16 0.43
5 DCB 5.00 0.41
6 DCB 6.67 0.40

Figure 5a shows the fs-TA at the indicated delay times of
DPP-control in DCB. The Instantaneously formed 'DPP* revealed
positive peaks at 750 and 790 nm due to excited state absorption
(ESA) and negative peaks at 543, 591 and 653 nm.["®) The 543
nm peak was solely due to ground state bleach (GSB) while the
591 nm peak had contributions from GSB and stimulated
emission (SE). The 653 nm peak was due to SE. The decay of
ESA and recovery of the GSB and SE peaks were slow in
accordance with longer lifetime of 'DPP*-control being 3.98 ns.
Fs-TA spectra for 1 and 3 are shown in Figure 5b and c,
respectively (see Figure S19a for fs-TA spectra of 2). Gradual
red-shift of ESA in the near-IR region, GSB and SE peaks in the
visible region of 'DPP* was observed for all three compounds. As
predicted for slow CS process, no new peaks within the
monitoring time window was apparent. The time profile of the
near-IR ESA peak is shown in Figure 5d. In accordance with the



fluorescence lifetime data, the decay followed the trend: DPP
control <1 <2 < 3. Decay time constants of 2257, 2056 and 1520
ps, respectively, for 1, 2, and 3 were obtained that largely agreed
with the fluorescence lifetime values.

In contrast, the photochemical events in Fc-DPP derived
compounds were rapid exhibiting peaks corresponding to the
formation of charge separated states. In of all these compounds,
the near-IR peak corresponding to 'DPP* ESA decayed within few
ps with new peaks expected for CSS from earlier discussed
spectroelectrochemical studies (Figure 6). For example, in the
case of Fc-DPP control, new peaks at 600 and 678 nm and
depleted peaks at 572 and 628 nm corresponding to the formation
of Fc*-DPP* CSS was observed (Figure 6a). Similar trends were
also observed for 4-6 (Figures 6b and c), however, peaks
corresponding CSS in the visible region were slightly red-shifted
(see Figure S19b for fs-TA spectra of 5). From the growth of the
CSS peak at ~680 nm, the kcs values were calculated (Table 2)
and these values followed the trend: Fc-DPP control <4 <5 < 6.

The decay profile of the ~680 nm peak corresponding to the
CSS was monitored to secure information on kcr values. Decay
profiles are shown in Figure 6d reveals unusually long-lived CSS.
By extrapolation of the decay curves, kcr values were estimated
as listed in Table 2. These kcr values were slower by 2-3 orders
of magnitude compared to kcs and some of the simpler DPP
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expected. It is likely that the recombination path does not
rigorously follow the predicted path of direct charge recombination
to the ground state but might involve different degrees of
electronic coupling in these star-shaped supramolecular systems
ultimately prolonging the lifetime of charge-separated states. The
current results nicely demonstrate how redox modulation in multi-
modular donor-acceptor conjugates direct the kinetics of excited
state electron transfer events.?!

In summary, the newly synthesized star-shaped, multi-
modular donor-acceptor-donor type conjugates revealed several
noteworthy findings. = First, the central TPA entity promoted
intramolecular interactions both in the ground and excited states
involving terminal DPP in the case of 1-3 and Fc-DPP in the case
of 4-6 compounds. Electrochemical studies revealed that the
reduction involving the DPP entity in these systems is perturbed
more than the oxidation potentials located on Fc and TPA entities.
Due to moderate level of quenching in 1-3, establishing charge
separated states from fs-TA studies was challenging, however, in
the case of 4-6, this was possible wherein the transient peaks
representing CSS agreed well with that predicted from
spectroelectrochemical results.  The charge recombination
process persisted longer than that reported earlier for simple
donor-acceptor conjugates involving DPP, suggesting that the
electron coupling between the Fc-DPP and TPA entities are likely
the cause for this unprecedented phenomenon. Further studies
to fully understand this unusual
phenomenon of charge stabilization in
star-shaped donor-acceptor-donor
multimodular systems are underway in

s 500fs our laboratories.
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Figure 6. Fs-TA spectra at the indicated delay times of (a) Fc-DPP control, (b)

4 and (c) 6, excited at visible peak maxima (620-635 nm) of a given compound.
Time profile of the CSS peak monitored at 680 nm is shown in figure 6d.

derived donor-acceptor systems reported in literature.l'sl This
trend could be attributed to the CR process that belongs to the
inverted region of Marcus parabola.’?'l Additionally the decay plots
also show relatively faster decay for the Fc-DPP control (green
trace) compared to the Fc-DPP-TPA derived systems following
the trend: Fc-DPP control > 4 > 5 > 6. If Marcus free-energy
relations were strictly followed, a reverse trend were to be
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Time, ps
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stabilization ¢ ultrafast transient spectroscopy
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