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Dalton Transactions

OF CHEMISTRY

Modulating Absorption and Charge Transfer in Bodipy-Carbazole
Donor-Acceptor Dyads through Molecular Design

John Strahan?, Bhooshan C. Popere®¢, Piyachai Khomein®, Craig Pointer®, Shea Martin¢, Amanda N.
OldacreS, S. Thayumanavan®*, Elizabeth R. Young®*

Three Bodipy-based (BDP = 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene) donor-acceptor dyads were designed and
synthesized, and their ground-state and photophysical properties were systematically characterized. The electronic coupling
between the BDP chromophore and an electron-donating carbazole (Carb) moiety was tuned by attachment via the meso
and the beta positions on the BDP core, and through the use of various chemical linkers (phenyl and alkynyl) to afford
mesoBDP-Carb, mesoBDP-phen-Carb, and betaBDP-alk-Carb. Meso-substituted dyads were found to retain ground-state
absorption features of the unsubstituted BDP. However, variation of the linkage between the donor and acceptor moieties
modulated the photophysical behavior of excited-state deactivation by controlling the rate of photoinduced internal charge
transfer (ICT). The beta-substituted dyad dramatically tuned (red shifted) the absorption spectrum, while retaining desired
features of the BDP, specifically stability and high extinction coefficients, however the ICT kinetics were accelerated
compared to the meso-substituted dyads. Density functional theory (DFT) and time-dependent DFT (TDDFT) were carried
out on the six potential dyads formed between BDP and Carb (attachment using the beta and meso positions for all three
connections: direct, phenyl and alkynyl) to support the experimental observations. DFT and TDDFT showed molecular orbital
density spread across the HOMO level only when attachment occurred through the beta position of BDP. In the meso-
substituted BDP-Carb dyads, the molecular orbitals resembled those of the unsubstituted BDP. This work reveals several
possible synthetic paradigms to tune photophysical properties with directed synthetic modifications and provides a
mechanistic understanding of the ground- and excited- state behavior in these small-molecule donor-acceptor dyads.

synthesized and purified, (ii) they can be chemically tailored to
modulate their electrochemical and optical properties, and (iii)

Small-molecule donor-acceptor (D-A) constructs have
received much attention over the last several decades as a
compelling paradigm for solar energy harvesting and charge
separation for energy-conversion reactions relevant to solar
that directly produce electricity and to

photoelectrochemical cells that drive chemical reactions to

cells

generate solar fuels.! To design useful systems for solar energy

conversion, several design features must be considered
and photo-stability,

coefficients, and the ability to chemically modify photo-physical

including chemical- high extinction

properties via synthetic alteration. Small-molecule organics and
D-A systems are attractive candidates in this regard owing to
several inherent advantages: (i) they can be reproducibly
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they can be interfaced with, and incorporated into, a variety of
device constructs aimed at a host of applications.?34 A wide
range of molecular building blocks have been employed to
construct D-A systems including porphyrins, perylene, pyrene,
perylene diimides, triarylamines and many others.>"10 However,
it is necessary to expand available building blocks for D-A
systems with an eye towards the critical design features noted
above.

Bodipy (BDP)-based (BDP = 4,4-difluoro-4-bora-3a,4a-diaza-
s-indacene) dyes comprise an important class of molecular
building blocks for D-A systems. BDP dyes have been extensively
studied, since their first report in 19681 owing to their strong
molecular absorption in the visible region, high fluorescence
quantum yields, excellent stability and rich redox chemistry.12
Molecular structure in BDP-based moieties can be varied in
several ways, including via attachment to the BDP core at
various sites on the macrocycle, such as the meso- or beta-
positions.1314 BDP moieties have been incorporated into
molecular constructs in which they have served as facile charge
generation components?’>24 as well as a host of other D-A
systems for both charge and energy transfer25-30,

Efforts to increase the utility of these molecular building
blocks are critical. In D-A systems, the influence of molecular
structure should be understood in the context of how it controls
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charge separation and recombination and the rates at which
these processes occur. D-A interactions are known to occur
through a wide range of bridges that join the donor and
acceptor moieties. Direct-, alkynyl-, and phenylene-linkages, as
well as many others, have been utilized to link molecular donor-
acceptor systems.831-37 The nature of the bridge controls the
coupling between the donor and acceptor moiety, impacting
any charge transfer process expected between the two
moieties.3¥43 This electronic coupling has been shown to
depend on, among other things, the electronic density on
bridges connecting donor and acceptor systems, as well as the
cant angle between the bridge units and the donor and acceptor
moieties.

Directed programming of molecular characteristics can be
further explored to elucidate strategies for tuning desired

mesoBDP-Carb

mesoBDP-phen-Carb

betaBDP-alk-Carb
Figure 1. Structures of BODIPY (BDP)-Carbazole (Carb) dyads.

properties such as the absorption spectrum. For example, a
great deal of interest has been directed at tuning the absorption
spectra of desirable chromophores into redder regions of the
spectrum. Tuning absorption to the red is important both for
applications like solar energy conversion (where the solar flux is
higher and much of the Sun’s spectrum can be absorbed) as well
as biomedical applications such as photodynamic therapy,
which requires absorption in redder regions of 650 — 850 nm
within the therapeutic window.

Enhancing the ability of BDP-based molecules to absorb in
the low energy region is achieved by manipulating the frontier
orbitals.2313 An extended, red-shifted spectrum may be
achieved through creation of intramolecular D-A interactions
between BDP and another molecular building block that is
either electron rich or electron poor relative to the BDP
moiety.** Further, attaching the molecular building block at
different locations on the BDP macrocycle (specifically at the
beta positions) enhances electronic communication between
BDP and the adjoining moiety that furnishes additional red
shifts to the spectrum. Lower lying LUMO levels formed from
these types of interactions modulate the electrochemical redox

2| J. Name., 2012, 00, 1-3

potentials of the dyads and generate red-shifted absorption.*>
The lessons learned from these fundamental studies bring
researchers much needed information in designing the next
generation of molecules critical to society.

In this work, BDP serves as the foundation for creating
several D-A dyads that are used to gain intuition about the
influences of chemical substitution on excited-state properties.
Several sites on the BDP core can be accessed synthetically to
explore the influence of various chemical attachments. Of
primary interest in this work is the attachment of an electron-
donating carbazole (Carb) moiety onto either the beta or the
meso positon of BDP.

The Carb moiety has been used in conjunction with BDP in
past reports for a wide range of purposes?845-61, In this study,
Carb is selected as an electron-rich donor due to its lower
oxidation potential compared with the BDP core, thereby
ensuring sufficient driving force for photo-induced electron
transfer. Carb absorption, which occurs in the 300-400 nm
region, is well separated from BDP absorption, ensuring that
selective excitation of the BDP core can be achieved. Further,
the appended-carbazole systems produce carbazole-based
radical cations with spectral signatures over a wide wavelength
range (611 nm — 1000 nm) that are well-separated from
expected absorption of BDP-based radical anions, thereby
making them excellent handles for verifying charge transfer
reactions independently from the spectroscopic handles for the
BDP cation. Carb has been utilized in a range of donor-acceptor
systems and in optoelectronic applications.46:62,63

The Carb is attached either directly to the BDP core, or via a
phenyl or alkynyl spacer unit. An attempt was made to create a
suite of dyads, in which each attachment method (direct
linkage, phenyl spacer, and alkynyl spacer) was used to connect
Carb to the meso and beta positions. However, synthetic
challenges and molecular stability prevented the
accomplishment of this effort. The dyads shown in Figure 1
represent the sub-set of molecules that proved synthetically
accessible. This subset of D-A molecules provides several
important insights about the relationship between the structure
and photophysical properties of this class of BDP-Carb dyads.
UV-visible absorption and steady-state photoluminescence
collected as a function of solvent polarity are used, with the
results of transient absorption spectroscopy, to determine that
photoinduced intramolecular charge transfer (ICT) occurs
within these dyads, and that the nature of the ICT is heavily
modulated by the nature of the BDP-Carb attachment and
solvent polarity. Additionally, quantum yields are determined
for each dyad. Electrochemistry is used to measure oxidation
and reduction potentials of each dyad, and
spectroelectrochemistry is used to collect the absorption of the
radical anion of the BDP-based dyads that is used to verify the
formation of charge transfer products. Density functional
theory (DFT) and time-dependent DFT (TDDFT) calculations are
used to explain experimentally-determined trends. Time-
resolved photoluminescence and transient absorption (TA)
spectroscopy are used to characterize the photophysical
properties of the BDP-Carb dyads.

This journal is © The Royal Society of Chemistry 20xx
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Scheme 1. Synthesis of BDP, Carb and betaBDP-alk-Carb
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Experimental

Materials. Acetonitrile (ACN) and toluene used in steady-
state spectroscopic studies were dispensed from a solvent
system and used in ambient conditions for sample preparation.
Solvents for electrochemistry and time-resolved spectroscopy
were dispensed from the solvent system using air-free
techniques and transferred to an inert glovebox, where sample
preparation was undertaken. All reagents and starting materials
were obtained from Sigma-Aldrich and used as received unless
noted otherwise.

Synthesis. The synthetic routes to all the molecules are
outlined in Schemes 1 and 2. As shown in Scheme 1, meso-
methyl BDP (1) was synthesized in decent yield by the
condensation of 2,4-dimethylpyrrole with acetyl chloride. The
condensation product was then treated with BF3-OEt; to
assemble the final BDP core. This core was then selectively
iodinated using N-iodosuccinimide to afford the mono-iodo
BDP, 2, in 70% vyield, followed by a Pd(0) and Cu(l)-mediated
with
acetylene. The trimethylsilyl group was deprotected using TBAF
to afford the mono-ethynyl BDP (3), which was subsequently

Sonogashira cross-coupling reaction trimethylsilyl

reacted with 3-bromocarbazole (4) via the Sonogashira coupling
reaction to afford betaBDP-alk-Carb.

Analogously, meso-substituted BDP derivatives were obtained
via the condensation reaction of the pyrrole with the
corresponding aldehydes. Specifically, Scheme 2 shows a direct
condensation reaction between 2,4-dimethylpyrrole and
carbazole-3-carbaldehyde (6) afforded mesoBDP-Carb in 20%
yields with the crystal structure shown in Figure S1. Similarly,
mesoBDP-phen-Carb was synthesized by a Pd(ll)-mediated
Suzuki cross-coupling reaction between the bromophenyl-
substituted BDP (7) and the carbazole boronate ester (5) in

This journal is © The Royal Society of Chemistry 20xx
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modest yield. The detailed synthetic protocol can be found in
the Supporting Information.

Steady-state UV-visible and emission spectroscopy. UV-visible
absorption spectra were obtained on a Perkin-ElImer Lambda 9
spectrometer with a Lambda 19 upgrade. Aliquots of 4 nmol of
each moiety were reconstituted in 2 mL of solvent and used for
UV-visible spectroscopy. Samples were prepared under
ambient conditions at approximately 2 uM such that the optical
density of each sample was kept below 1 AU for each UV-visible
spectrum in a 1-cm cuvette. Fluorescence spectra were
obtained on an ISS Chronos BH fluorescence lifetime
spectrometer with a steady-state upgrade at an excitation
wavelength of 450 nm.

Quantum yields were calculated using fluorescein as a
reference  fluorophore wherein, all quantum vyield
measurements were carried out at low concentration (optical
density less than 0.075 AU in a 1-cm cuvette, ~0.1 uM) to limit
reabsorption of emitted light. UV-visible spectra for quantum
yield calculations were acquired on a Cary 5000 UV-vis
spectrometer. Quantum vyields were calculated using the
following equation:

2
IsampleAreferenceMsample

(psample -

N A ) (preferencer
referenceAsampleMreference

where | is the integrated fluorescence intensity, A is the optical
density at the wavelength used for excitation (470 nm for the
reported values), and 77 is the index of refraction of the solvent.
All experiments were performed in a 1-cm quartz cuvette. The
fluorescein standard was prepared in 0.10 M NaOH, in which
fluorescein has a QY of 0.91 + 0.05.%4 Quantum yields represent
the average of three trials in both acetonitrile and toluene.

Electrochemistry. All electrochemical measurements were
recorded on a CH Instruments potentiostat/galvanostat. Cyclic
voltammetry (CV) and differential pulse voltammetry (DPV)
measurements were performed using a platinum disk (2-mm
diameter) working electrode, a platinum wire counter
electrode, and a silver wire quasi reference electrode, with

J. Name., 2013, 00, 1-3 | 3
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Scheme 2. Synthesis of mesoBDP-Carb and mesoBDP-phen-Carb

0.1 M tetrabutylammonium tetrafloroborate (TBABF4) as the
supporting electrolyte in acetonitrile. All experiments were
performed with an analyte concentration of 60 uM. Sample
preparation and electrochemical measurements were carried
outinaninert glovebox environment. After the experiment was
performed, ferrocene (Fc) was added as in internal standard. All
redox potentials are reported relative to the Fc/Fc* couple. The
scan rate for the CV experiments was 0.1 V/s. DPV was
performed with a pulse period of 0.5 s, a sample width of 0.167
s, and an amplitude of 0.5V, in increments of 0.004 V. Scans
were recorded between 1.5 and —-1.5 V.

Time-resolved
photoluminescence measurements were taken on an ISS
Chronos BH lifetime spectrometer using time-correlated single
photon counting. A 470 nm pulsed LED light source with a pulse
duration of ~20 ns was used to excite the sample. A 470 nm
bandpass filter was used to filter the excitation pulse, and a 500
nm longpass filter was used in the emission channel to remove
scattered LED light from the sample emission. The entire
emission spectrum was integrated to produce the emission
decay trace. The instrument response was collected without the
500 nm longpass filter using a scattering solution of coffee
creamer in water. Samples were prepared in an inert glovebox

Time-resolved fluorescence.

environment in a 1-cm quartz cuvette, and kept at low
concentration. The cuvettes were sealed to preserve an air-free
sample and removed from the glovebox for experiments.
Measurements were collected in acetonitrile and toluene.
Lifetimes were extracted by fitting a convolution of the

4| J. Name., 2012, 00, 1-3
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mesoBDP-phen-Carb

instrument response and a multiexponential decay to the data
using ISS Vinci2 software.

Spectroelectrochemistry. Spectroelectrochemical
measurements were recorded with a CH Instruments
potentiostat/galvanostat and a USB 2000+ Ocean Optics UV-
visible spectrometer. Samples were prepared at a
concentration of 30 uM in acetonitrile with a 0.1 M TBABF,
electrolyte concentration and transferred to a 2-mm quartz
cuvette. A platinum mesh working electrode, a silver wire
reference electrode, and a platinum wire counter electrode
were used. The spectroelectrochemistry cell was constructed in
the 2-mm glass cuvette using cleaned and polished electrodes.
The absorption spectrum was taken through the platinum mesh
working electrode of the sample prior to applying any potential,
then the spectrometer was blanked on the sample solution.
Bulk electrolysis was used to apply potentials in 200 mV steps in
order to generate the redox product. After the potential was
applied, the absorption spectra were recorded once steady
state was reached, usually in about 100 seconds. A series of
difference absorption spectra were recorded on the oxidized or
reduced sample. Fresh samples were used for each oxidative
and reductive run.

Transient absorption spectroscopy. Femtosecond transient
absorption spectroscopy was performed with an Ultrafast
Systems Helios spectrometer. One hundred fifty femtosecond
pulses of 800 nm laser light were generated with a Coherent
Libra amplified Ti:sapphire system at 1.2 W and 1 kHz repetition
rate. Approximately 80% of the 800 nm pulses was sent to a
Topas-C optical parametric amplifier to generate a 500 nm

This journal is © The Royal Society of Chemistry 20xx
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Figure 2. Normalized absorption and emission spectra for each BDP-Carb D-A dyad compared to the unmodified BDP moiety (in grey) recorded in
acetonitrile. Samples for absorption were approximately 2 uM and for fluorescence were 0.1 uM. Fluorescence samples were excited at 450 nm.

pump pulse. The pump pulse was sent through a depolarizer to
eliminate contributions to TA from orientational diffusion and
attenuated to between 0.5 mW and 1 mW to prevent
decomposition of the sample. The remainder (~20%) of the 800
nm light was sent through a sapphire crystal to generate a white
light continuum for use as the probe pulse. The probe pulse was
delayed on a delay stage to generate the time difference
between the pump and probe. An optical chopper was used to
remove every other pump pulse, and for each time delay, a
series of unpumped and pumped probe pulses were recorded
by the detector (a Hamamatsu S$10453-1024Q Si-based
detector). In each case, a reference probe pulse (that does not
go through the sample) was collected and processed to improve
the S/N while minimizing the number of scans needed to obtain
quality data. The transient absorption spectra were measured
over a 5 ns window. For each scan, 250 time points were
recorded and each sample was subjected to three scans. The
sample was stirred with a magnetic stir bar during every run.
Samples for transient absorption spectroscopy were prepared
in aninert glovebox environment in a 2-mm quartz high-vacuum
cuvette. The concentration of each compound was chosen in
order to have a peak optical density of about 0.4 AU. UV-visible
absorption spectra were recorded before and after each TA
experiment to verify that no decomposition had occurred.
Solvent responses were also recorded and subtracted from the
relevant spectra, and a chirp correction was applied to each
data set. Lifetimes were extracted by fitting a convolution of a
multiexponential decay and an instrument response function to
the decay at single wavelengths. Quality of the fitting was
assessed by examining the residuals and comparing the fitting
results at several different wavelengths.

Computation: Density functional theory (DFT) and time-
dependent density functional theory (TDDFT) were employed to
further the relationship between molecular
geometry, namely the manner in which molecular geometry

elucidate

impacts molecular orbital density, and the photophysical
properties of the prepared dyads. Models were generated in
GaussView 6 for all six permutations of the BDP-linker-Carb
system.55 Gaussian 09 was used to perform geometric and
energetic calculations.®® Calculations for DFT were performed
using the B3LYP functional®7.68.69.70 gnd a def2-TZVP basis set’!.
Calculations for TDDFT were performed using the 6-311g (d,p)
basis set.”2-75 All calculations were performed in pcm solvent
model for acetonitrile.”® Alkyl chains were replaced with methyl
groups for computational simplicity.

Results

Steady-state absorption and emission. The dependence of the
steady-state spectroscopic properties on the substitution
pattern and the solvent polarity was investigated for the suite
of BDP dyads. Figure 2 shows the absorption and emission
spectra of mesoBDP-Carb, mesoBDP-phen-Carb and betaBDP-
alk-Carb in acetonitrile overlaid with the emission and
absorption spectra of unsubstituted BDP. The absorption
wavelength maxima, Stokes shifts, and quantum yields of each
species are summarized in Table 1. The small Stokes shift of BDP
(7 nm, 0.0354 eV in ACN; 14 nm, 0.0675 eV in toluene) is
retained in the meso-substituted dyads, specifically mesoBDP-
Carb (7 nm, 0.0803 eV in ACN; 11 nm, 0.0527 eV in toluene) and
mesoBDP-phen-Carb (8 nm, 0.0395 eV in ACN; 11 nm, 0.0525 eV
in toluene). However, a significant Stokes shift is seen in
betaBDP-alk-Carb (41 nm, 0.173 eV in ACN; 57 nm, 0.226 eV in

Table 1. Summary of UV-visible Absorption and Emission Data

Acetonitrile Toluene
Molecule Abs/nm  PL/nm  Stokes/eV QY % Abs/nm PL/nm Stokes/eV QY %
BDP 492 499 0.0354 98(9) 500 514 0.0675 95(1)
mesoBDP-Carb 498 505 0.0803 2.3(0.1) 503 514 0.0527 90(11)
meso‘g’; phen- & 497 505 00395 0801 | 504 515 00525  50(9)
betaBDP-alk-Carb 522 563 0.173 1.6(0.3) 531 588 0.226 12(4)

This journal is © The Royal Society of Chemistry 20xx

J. Name., 2013, 00, 1-3 | 5



Dalton Transactions

mesoBDP-Carb == 100% TOL/0% ACN
80% TOL/20% ACN
300000 67% TOL/33% ACN
— 50% TOL/50% ACN
200000F 33% TOL/67% ACN
— 20% TOL/80% ACN
—— 0% TOL/100% ACN
100000
L 1 1
>
5 mesoBDP-phen-Carb
& 100000 100% toluene
= decreasing toluene/
increasing polarit
5 60000f gpoary
19}
R
€
w20 000F
15000F betaBDP-alk-Carb
10000 l
5000

500

550 600 650
Wavelength / nm

700 750

Figure 4. Solvent polarity dependence of emission spectra of each BDP-
Carb D-A moiety. Samples were 0.1 uM in the solvent ratio of
toluene/acetonitrile indicated in the legend (shifting from red as the
most non-polar to blue as the most polar in rainbow order). Samples
were excited at 450 nm.

toluene). In general, spectral features of the meso-substituted
molecules resemble those of the BDP, while those of the beta-
substituted molecule diverge significantly. Figure S2 shows
absorption spectra of each BDP-Carb dyad, as well as the
unsubstituted BDP and carbazole moieties, extended to the UV
region. Likewise, absorption in the UV region of the spectrum
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reveals that absorption attributed to the carbazole portion of
the dyads is modestly red shifted from the unsubstituted
carbazole in the meso-substituted derivatives. The spectral
shape of the beta-substituted dyad in the UV region is more
substantially perturbed, obscuring the origins of the broadened
peaks in that region.

Solvent polarity was found to have little effect on the
intensity and shape of the absorption spectra of the BDP-Carb
dyad (Figure S3), however the influence of solvent polarity on
the fluorescence quantum yield of these molecules is significant
(Figure 4). Increasing the solvent polarity reduces the quantum
yield significantly in the BDP-Carb dyads, while it has little effect
on the quantum yield of unsubstituted BDP (Table 1). The
emission spectra blue shift slightly with increasing polarity as
can be seen more clearly in normalized emission spectra shown
in Figure S4 in the Supporting Information. The same blue shift
is observed for the unsubstituted BDP (Figure S5). In the
mesoBDP-Carb dyad, a broad, weak second emission peak
appears at ~600 nm in the emission spectrum with increasing
solvent polarity (Figure S4). In the beta-substituted molecule,
the general shape of the fluorescence spectrum is retained in
polar solvents, and the spectrum appears blue shifted slightly in
the same fashion as the meso-substituted dyads, although low
signal obscures the exact nature of the change. In contrast, the
emission intensity of BDP alone increases with increasing
polarity (Figure S5).

Transient absorption spectroscopy and time-resolved
photoluminescence. Transient absorption and time-resolved
photoluminescence spectroscopy were performed on each
BDP-Carb dyad in both acetonitrile and toluene. Figure 4 shows
overlays of the absorption, emission, and TA spectra for the
three BDP dyads in acetonitrile and toluene. Corresponding

overlays of absorption, emission and TA spectra for
B) 0.46 FmesoBDP —133ps!
023 “©a® — 564psdp5
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Figure 3.0Overlay of transient absorption spectra with the steady-state absorption (black) and emission (orange) spectra for BDP-Carb D-A dyads in A)
acetonitrile and B) toluene. Samples for TA were prepared in an inert glovebox environment in a 2-mm quartz high-vacuum cuvette to have a peak
optical density of ~0.4 AU. Gaps in the spectra correspond to removal of scatter laser excitation light around 500 nm.
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Table 2. Lifetimes Obtained from Time-Resolved Emission and Transient Absorption Spectroscopy

Emission Transient Absorption
Acetonitrile t/ns 11 /ns (error) t2/ps (error)
BDP 572 6.6 (1.2)
mesoBDP-Carb 3.25 7.52 (0.14) 5.324 (0.054)
mesoBDP-phen-Carb 0.17 0.187 (0.011) 41.0 (4.9)
betaBDP-alk-Carb 0.31 0.2812 (0.0049) 1.1715 (0.0021)
Toluene t/ns 11 /ns (error) 12 /ps (error)
BDP 4.14 6.58 (0.29)
mesoBDP-Carb 3.50 4.001 (0.023) 85.1 (6.1)
mesoBDP-phen-Carb 2.58 2.935 (0.058) 87.7 (3.1)
betaBDP-alk-Carb 2.06 1.838 (0.010) 6.03 (0.15)

Emission lifetimes indicates the lifetime obtained from the time-resolved photoluminescence experiments. The TA global analysis lifetimes are

shown with the error in parenthesis, i.e. lifetime(error).

unsubstituted BDP are shown in Figures S6 and S7 in the
Supporting Information. In the meso-substituted dyads, the TA
main features include a bleach at 510 nm, and growths at 560
nm and 800 nm. The bleach at 510 nm can be assigned to the
ground-state bleach, whereas the peaks at 560 nm and 800 nm
grow in concurrently suggesting they represent a photo-
induced product, namely a charge transfer (CT) state.
Comparison with the spectroelectrochemistry (Figure 5)
suggests that the growth at 560 nm can be attributed to the
formation of a CT species owing to the correspondence of the
TA growth at 560 nm with the radical anion absorption peak
recorded upon reduction of the dyad. The main features of the
betaBDP-alk-Carb spectrum include a bleach at 520 nm, a
bleach at 680 nm, and a growth convolved with both bleaches
at 590 nm. Comparison with the steady-state absorption and
emission spectra suggests that the bleach at 520 nm can be
assigned to bleaching of the ground state, and the broad bleach
at 660 nm can be assigned to stimulated emission (vide supra).

Lifetimes obtained from global analysis fitting are presented
in Table 2. The TA data were cropped below 540 nm to exclude
scattering from the excitation pulse that complicates global
analysis fitting. Therefore, the decay-associated difference
spectra (DADS) represent the contributing spectra only to the
red of 540 nm. The BDP-Carb dyad data were fit with two
principal components, the shorter-lifetime component
corresponding to formation of the charge transfer state and the
longer to its decay (vide infra). A single component was
satisfactory for fitting unsubstituted BDP. These fits resulted in
the lifetimes t;1and T, reported in Table 2.

The photoluminescence (PL) lifetime data are presented in
Table 2. Each sample was fit to a single lifetime producing a
good residual trace (Figure S8). The emission lifetime for each
dyad in each solvent corresponds to the longer TA lifetime of
that dyad, however the magnitudes do not match exactly. The
shorter TA lifetimes are well below the time resolution of the

This journal is © The Royal Society of Chemistry 20xx

instrument and could not have been resolved using that
technique.

Electrochemistry and Spectroelectrochemistry. The redox
properties of the BDP-Carb dyads were investigated in
acetonitrile using CV and DPV and the corresponding
voltammograms are shown in Figures S9 and S10 in the
Supporting Information. The CV half wave potentials are
summarized in Table 3. BDP and each BDP-Carb dyad shows a
quasi-reversible reduction event at ~—1.6 V, and all of the dyads
show an irreversible oxidation event at ~0.7 V. No reduction
peak was observed for Carb.

mesoBDP-Carb
ok~ L
-0.012- 44.2 ps TA
— Reductive
8 -0.026 |- Specechem
E IIIIIIIIIIIIIIIIIIII
g mesoBDP-phen-Carb
Ok=
67.3 ps TA
-0.071- — Reductive
Specechem
0142 = o o b s b e by
500 600 700 800
Wavelength / nm
Figure 5. Comparison of TA and spectroelectrochemistry.

Spectroelectrochemistry was performed using 30 uM samples of each
BDP-Carb dyad in 0.1 M TBA BF4 in acetonitrile using a platinum mesh
working electrode, a platinum counter electrode, and a silver wire
quasi-reference electrode.
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Table 3. Summary of Electrochemical Potentials

Molecule E12 (0X) E12 (red)
(V vs. Fc/Fc+) (V vs. FclFc+)
BDP 0.74 -1.65
Carbazole 0.81
mesoBDP-Carb 0.73 -1.58
mesoBDP-phen-
Carb 0.76 -1.56
betaBDP-alk-Carb 0.64 -1.64

Cyclic voltammetry was performed using 60 uM of the analyte in 0.1
M TBA BF, in acetonitrile with a platinum working electrode, a
platinum counter electrode, and a silver wire quasi reference
electrode. Voltammetry scans were recorded using an internal
ferrocene standard.

Spectroelectrochemistry was attempted for BDP, Carb and
each of the BDP-Carb dyads in acetonitrile with a 0.1 M TBABF,
electrolyte concentration. Reductive spectroelectrochemistry
spectra were recorded for meso-substituted BDP-Carb dyads
and are shown overlaid with TA spectra in Figure 5. In these
spectra, a clear bleach of the neutral species is seen at ~510 nm
convolved with the growth of a peak associated with the
reduced species at ~560 nm. Figure S11 shows the reductive
spectroelectrochemistry spectrum of BDP, which also reveals a
peak associated with the radical anion at ~555 nm, consistent
with previous reports??, confirming the assignment of the peak
at 560 nm in the meso-substituted BDP-Carb dyads. The
reductive spectroelectrochemical signature of the betaBDP-alk-
Carb remained elusive as the bleach of the neutral state was
observed, but no features corresponding to the reduced species
appeared. Further, oxidative spectroelectrochemistry aimed at
identifying the absorption peaks associated with the radical
cation of the BDP-Carb dyads did not furnish conclusive data.
However, in literature, radical cation absorption peaks of
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e ¢ ‘ ‘ 9 2.9 9 9
& ;‘ié;‘ s ? 5,
SERE Y
.
&h 9 9 29

J
mesoBDP-Carb

30008 wapanody

betaBDP-phen-Carb

betaBDP-Carb

mesoBDP-phen-Carb

o@ae ¢ og
-
PR e N 2R
“ e ¢ ®

bl 192
e ‘?3‘?,'“:,:

betaBDP-alk-Carb = @

S

mesoBDP-alk-Carb
Figure 6. DFT calculated HOMO orbitals for each possible bridging unit

(direct, alkynyl, phenyl) for the beta- and meso-substituted BDP-Carb
dyads.
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various substituted carbazole molecules have been identified
over a wide wavelength range (611 nm — 1000 nm).78-80 The
electrochemistry (CV alone, Figure S9) of the dyads reveals that
the oxidations of the BDP-Carb dyads was quite irreversible,
which may have contributed to the difficulty observing the
radical cation.

Computation. DFT calculations were used to visualize the
degree of electronic coupling between the BDP and Carb
moieties in the ground state and to rationalize the
experimentally observed spectroscopic trends. Figure S12 and
S13 show the DFT calculated HOMO-2, HOMO-1, HOMO, LUMO,
LUMO+1, and LUMO+2 orbitals and tabulated and plotted
orbital energy levels of synthesized betaBDP-alk-Carb and the
meso-substituted dyads as well as those dyads that were not
successfully isolated. Figure 6 shows the calculated HOMO
orbital density for each of the six BDP-Carb dyads. The HOMOs
of the meso-substituted dyads are localized entirely on either
the BDP (mesoBDP-Carb and mesoBDP-alk-Carb) or Carb
(mesoBDP-phen-Carb) moiety. The HOMO-1 molecular orbitals
of the meso-substituted dyads reside on the other moiety of
dyad than the HOMO. In contrast, the HOMO and the HOMO-1
molecular orbitals of the beta-substituted dyads are delocalized
across both the BDP and Carb moieties. These results are
consistent with the experimentally observed trend that the
absorption and emission spectra are broader and red shifted in
betaBDP-alk-Carb compared to the meso-substituted dyads and
suggest that these trends may be followed for the BDP-Carb
dyads that were not isolated. In general, the LUMO orbitals of
each computed BDP-Carb dyad are similar to each other
(localized on the BDP portion of the dyad). The orbitals of the
LUMO+1 energy level for the BDP-Carb dyads reside on the Carb
moiety in each case.

Discussion

Using computational results to interpret modulation of
absorption spectra. The calculated molecular orbitals for the
meso-substituted BDP-Carb dyads show very little electronic
coupling between the BDP and Carb moieties in the frontier
molecular orbitals, which is expected because no electronic
density resides on the meso position of unsubstituted BDP
moiety. These results support the experimental observation
that the UV-visible absorption spectra of the mesoBDP-Carb and
mesoBDP-phen-Carb dyads very closely resemble that of the
unsubstituted BDP. TDDFT predicts that the mesoBDP-Carb and
mesoBDP-phen-Carb dyads undergo transitions
orbitals localized primarily on the BDP or Carb moiety in their
lowest-energy electronic transitions (HOMO-1 - LUMO for
mesoBDP-Carb and HOMO - LUMO for mesoBDP-phen-Carb)
with low oscillator strengths, indicating negligible overlap
between orbital densities of the two states. Further, TDDFT
predicts that mesoBDP-alk-Carb, one of the dyads that was
unable to be synthetically prepared, would have an absorption
spectrum that resembles those of mesoBDP-Carb and
mesoBDP-phen-Carb with respect to the peak positions.

between

However, the absorption spectrum may be broadened in

This journal is © The Royal Society of Chemistry 20xx
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Figure 7. Predicted transitions from TDDFT, overlaid on experimental
absorption spectra.

mesoBDP-alk-Carb because the BDP and Carb moieties are
more planar when separated by the alkynyl spacer and the
orbitals associated with the lowest-energy transition (HOMO-1
and LUMO) are more delocalized, leading to a substantially
higher calculated oscillator strength.

The experimentally-observed absorption spectrum of the
synthetically prepared betaBDP-alk-Carb, on the other hand,
differs dramatically from that of the unsubstituted BDP. The
HOMO-2, HOMO-1 and HOMO molecular orbitals of betaBDP-
alk-Carb are delocalized over the BDP and Carb moieties. This
increased conjugation is expected because the BDP and Carb
moieties are more planar as a result of the significant orbital
density on the beta position of unsubstituted BDP. The
significant extension of the & system in the HOMO and HOMO-
1 orbitals of the betaBDP-alk-Carb dyad results in the observed
red shifting and broadening of the low-energy feature in its UV-
visible absorbance spectrum (522 nm). TDDFT forecasts this
shift, predicting the lowest-energy transition (HOMO - LUMO)
of betaBDP-alk-Carb to occur at 542 nm. This red shifting,
however, is not predicted by TDDFT for betaBDP-Carb or
betaBDP-phen-Carb. The BDP and Carb moieties in the
betaBDP-Carb or betaBDP-phen-Carb are not planar with
dihedral angles of 56.1° for betaBDP-Carb and 91.1° for
betaBDP-phen-Carb. Accordingly, the predicted lowest-energy
transitions between HOMO and LUMO occur at 490 nm for
betaBDP-Carb and 486 nm for betaBDP-phen-Carb. Peak
broadening cannot be confirmed for betaBDP-Carb or betaBDP-
phen-Carb, but is expected based on the delocalized HOMOs
and caculated oscillator strengths.

This journal is © The Royal Society of Chemistry 20xx

Dalton Transactions

In general, the results from DFT and TDDFT provide insight
into the trends observed across the absorption spectra of BDP
and the BDP-Carb dyads, which allows for greater predictability
and tunability in this class of compounds.

Spectroelectrochemistry to identify spectral signatures of
CT products. Cyclic voltammetry clearly reveals that most redox
events are irreversible. It is therefore more reliable to use
pulse voltammetry to determine the
potentials of each dyad. All BDP-Carb dyads show an irreversible
reduction event at around —1.6 V vs Fc/Fc* as shown in Figure
S9. Since Carb has no reductive event in this potential window,
this reduction likely corresponds to the addition of an electron
to the BDP portion of the dyad. Both BDP and Carb have an
irreversible oxidation at 0.74 V and 0.882 V vs Fc/Fct,
respectively and therefore the origin of the oxidation is not
immediately clear. We can gain further insight into the
electrochemical origins of the redox peaks from inspection of
the Kohn-Sham orbitals obtained from DFT (Figure S12).
Oxidation corresponds to removing an electron from the
HOMO, and therefore, reflects the energy of the HOMO. In the
beta-substituted dyad, the HOMO is delocalized across the
entire molecule, so the resulting radical cation corresponds to
neither the BDP nor Carb radical cations since the positive
charge is delocalized across the entire molecule. For the meso-
substituted dyads, since the HOMO is localized on the BDP
moiety, oxidation of these molecules can plausibly correspond
to the formation of a BDP radical cation. Since only the
reductive redox event can be conclusively assigned to one
component of the dyad, reductive spectroelectrochemistry is
used to identify the spectral signatures of a CT state involving a
reduced BDP.

differential redox

Excited-state formation and deactivation. The solvent-
dependent steady-state absorption and emission spectra of
each dyad were recorded in toluene, acetonitrile, and mixtures
of the two solvents. The absorption spectra are largely invariant
with solvent polarity, while the intensity of the emission spectra
vary significantly. The different solvent dependencies likely
signify that emission is quenched as the ICT pathway is turned
on in more polar solvents. Analysis of the solvent-dependent
emission spectra in Figure 4, Figure S4 and Figure S5 reveals that
while the emission peak corresponding to the local excited state
(at ~505 nm in acetonitrile and ~515 nm in toluene) decreases
in intensity, a clear emission peak corresponding to a new state,
such as a charge transfer (CT) state is not observed, since
emission from a CT state would be expected to appear to the
red of the local excited-state emission. In the case of mesoBDP-
Carb, a very small, broad and red-shifted peak can be discerned
at ~625 nm, however this peak does not contribute significantly
to the experimental spectra. Further, were an internal CT state
to emit, the emission peak would be expected to red shift with
increasing solvent polarity. The observed primary emission
peak, however, does not shift to a great extent, and what shift
does occur is small and blue shifted with increasing solvent
polarity. In fact, the unsubstituted BDP emission (Figure S5)
shows a similar, small blue shift with increasing solvent polarity.
These data suggest by way of comparison and with insight from
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the Lippert equation®! that the change in dipole moment
between the emissive state and the ground state is small and
further imply that the observed emission occurs from the S;
state and not the CT state.

Transient absorption spectroscopy to characterize CT
formation. TA was used to determine the presence and
evaluate the dynamics of transiently formed species after
photoexcitation of the BDP-Carb dyads. Figure 4 (and S6 and S7)
shows TA spectra and Figure 8 (and S13) shows the results of
global analysis fitting of the BDP-Carb dyads (and unsubstituted
BDP) in acetonitrile and toluene.

Transient absorption spectra. In acetonitrile, the TA spectra
bleach at
depopulation. Further, the meso-substituted dyads show a
growth at 560 nm that overlaps with the reductive
spectroelectrochemistry peak corresponding to the BDP radical
anion and leads to the assignment of this TA peak as the growth
of the CT state. In betaBDP-alk-Carb, a ground-state bleach is
observed in the TA spectra at 570 nm and a stimulated emission
bleach is observed in a broad peak ~700 nm. A positive going
signal, convolved with the broad bleach peaks is observed at

~515 nm corresponds to the ground state

580 nm and assigned to the formation of a CT state in the
betaBDP-alk-Carb dyad.

In toluene, similar features were observed for betaBDP-alk-
Carb, however, the 570 nm and 700 nm bleach peaks were
narrower and the CT peak is much less prominent. The meso-
substituted dyads in toluene also show a smaller TA signal at
570 nm compared to the meso-substituted dyads in
acetonitrile. Based on the TA spectra, it is unclear if CT occurs at
all for the meso-substituted dyads in toluene. These
observations are consistent with the assignment of the peaks at

~570 nm to a CT state. Indeed, while the CT peaks are observed
in more polar solvent, the peaks are smaller or even disappear
in the less polar solvents that disfavour charge transfer.

Global Analysis Fitting. To further understand the nature of
the excited-state deactivation, global analysis was performed.
Figure 8 and Figure S14 show the results of global analysis fitting.
Unsubstituted BDP contains only one contributing component
resulting in a single DADS, namely the ground-state bleach
recovery (Figure S14). The ground-state bleach recovery
occurred on the order of ~6.7 ns in both acetonitrile (6.6 ns)
and toluene (6.85 ns).

The global analysis fitting of the BDP-Carb dyads reveals
differing photophysical processes in the two solvents. In
acetonitrile, DADS indicate that a photo-induced CT state is
formed. The fitting of the BDP-Carb dyads TA spectral data
identified two contributing DADS, with one corresponding to
the formation of a CT state and the other corresponding to the
disappearance of that state (i.e. recovery of the ground state).
In acetonitrile, each shorter-lifetime DADS (red, dashed) shows
distinct negative-going features at ~560 and ~780 nm (the
feature at ~780 nm is likely red shifted and cut off for the beta-
substituted dyad), that represent the formation of the CT state.
The longer-lifetime DADS (green, solid) appears as a mirror
image of the shorter-lifetime DADS, indicating that the longer-
lifetime DADS is formed from the shorter-lifetime DADS and
therefore represents the decay of the CT state back to the
ground state. The large negative-going signal at 560 nm in the
shorter-lifetime DADS corresponds to the formation of the BDP
radical anion, supported by the results obtained with
spectroelectrochemistry of the meso-substituted dyads (vide
supra). While definitive spectral confirmation of the radical

anion for betaBDP-alk-Carb was not obtained with
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Figure 8. Global analysis DADS of transient absorption measurements for BDP-Carb D-A dyads in A) acetonitrile and B) toluene.
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spectroelectrochemistry, assignment of the peak is founded on
the following: (i) BDP (Figure S11) and the meso-substituted
dyads reveal a radical anion peak slightly red shifted from the
BDP-based ground-state absorption peak, and (ii) the 580 nm
TA growth (Figure 4) appears red shifted and broader in a similar
fashion to that of the steady-state betaBDP-alk-Carb
absorption. Thus, the proposal that each of the negative-going
features in the shorter-lifetime DADS at ~560 nm (at 560 nm for
the meso-substituted dyads and at 580 nm for betaBDP-alk-
Carb) is the CT peak represents a highly plausible assignment.
The negative-going signal in the shorter-lifetime DADS at 780
nm likely corresponds to the formation of the Carb radical
cation. As mentioned above, literature reports of the carbazole
radical cation peak have been reported over a wide wavelength
range (611 nm — 1000 nm) and observation of the feature at 780
nm is consistent with this assignment.?8-80

In contrast, the global analysis DADS in toluene do not
conclusively indicate that a photo-induced CT state is formed.
The DADS features associated with the radical anion and cation
are less intense or not observed at all in the shorter-lifetimes
DADS in toluene compared to the shorter-lifetime DADS
produced by fitting the acetonitrile data. For example, for
betaBDP-alk-Carb, the negative-going peak in the shorter-
lifetime DADS near 560 nm corresponding to the BDP radical
anion is less prominent. The feature corresponding to the Carb
radical cation is, however, likely obscured for the same reason
it is not observed in the acetonitrile DADS (red shifting of the
peak in the more highly-conjugated dyad). As is the case for the
DADS produced for the acetonitrile data, the longer-lifetime
DADS for betaBDP-alk-Carb in toluene is roughly a mirror image
of the shorter-lifetime DADS (specifically the positive-going
feature at ~560 nm), thereby representing the decay of the
lower-yielded CT state. Because the radical anion and cation
features are significantly less intense in toluene, the longer-
lifetime DADS resembles the unsubstitued BDP DADS shown in
Figure S14.

For the meso-substituted dyads in toluene, both the radical
anion and cation features are less intense in the short-lifetime
component leading to uncertainty in assigning this DADS to
formation of the CT state. Of note is that the longer-lifetime
DADS for the BDP-Carb dyads (~2-4 ns) in toluene is quenched
compared to unsubstituted BDP DADS (~6.6 ns) indicating
either that some amount of CT may in fact be contributing to
depletion of the excited state or that rotation of the appended
Carb group facilitates faster non-radiative decay of the BDP
moiety. The meso-substituted BDP-Carb dyads DADS
corresponding to the CT states (the shorter-lifetime DADS) have
similarly shaped DADS to one another in the same solvent.
However, in toluene, the lifetime that corresponds to the
potential CT state formation is longer at > 80 ps compared to
the DADS of the same dyad in acetonitrile, which produced a CT
state formation lifetime of < 45 ps. The same observation is true
for the beta-substituted BDP-Carb dyads in which the lifetime
of DADS corresponding to formation of the CT state in
acetonitrile is 5 times shorter than toluene.

This journal is © The Royal Society of Chemistry 20xx
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In acetonitrile, the amplitudes of the CT-state DADS are
significantly more intense than those in toluene, suggesting that
CT occurs with a higher yield in acetonitrile than in toluene. This
result is expected as ET is anticipated to be faster and occur with
greater yield in the more polar solvent, acetonitrile, compared
to the less polar solvent, toluene. Furthermore, the beta-
substituted dyads show a greater yield than the meso-
substituted dyads in the same solvent, suggesting that the beta-
substituted dyads, with their increased electronic coupling, lead
to more significant formation of CT state compared to the meso-
substituted dyads.

Nature of the Excited State. The results of the solvent-
dependent and spectroelectrochemistry, in
conjunction with the TA data, suggest that a photoinduced,
non-emissive ICT state is formed in these BDP-Carb dyads rather
than a directly excited CT state. The CT state is formed more
readily in polar solvents than in non-polar solvents, as would be
expected for photo-induced CT. This assighment arises from the
observation that the absorption and emission spectra do not
shift significantly as a function of solvent polarity, while the
emission spectra are highly quenched with increasing solvent
polarity. These observations are indicative of formation of a
state that is not directly excited. Further, TA spectroscopy
shows a peak assigned to the CT state that grows in on fast
times scales and then decays as the ground state is recovered.
Taken together, the assignment of photoinduced ICT in these
BDP-Carb dyads is a reasonable one.

emission

Tuning photophysics through chemical modification. The
chemical and photophysical nature of the dyads are tuned
through the use of various chemical attachments (direct, phenyl
spacer, alkynyl spacer) at different positions on the BDP
macrocycle. Several observations may be formulated from
these results. First, significant perturbation of the frontier
molecular orbitals can be achieved to tune the ground-state
properties, particularly the absorption spectrum. The beta-
alkynyl-substituted dyad possesses a dramatically red-shifted
and broader ground-state absorption than the parent BDP
moiety. DFT was used to identify that the observed spectral
features derive from changes to the HOMO and HOMO-1
molecular orbitals, both of which showed electron density
delocalized over both the BDP and Carb moieties. However,
based on DFT, a direct or phenyl linkage via the beta positon
would not be predicted to cause significant red-shifting,
although broadening of the peak is predicted. In contrast, the
meso-substituted dyads retain ground-state properties similar
to those of the parent BDP molecule. The lack of orbital density
on the meso position of unsubstituted BDP was retained in both
meso-substituted dyads. The addition of the phenyl spacer did
not extend the molecular orbitals calculated via DFT from the
BDP moiety towards the Carb moiety.

Comparison of the directly-linked and phenyl-linked meso-
substituted BDP-Carb dyads reveal that ICT was ~8 times faster
in the directly-linked dyad than in the phenyl-spaced dyad in
acetonitrile. The ICT state was longer-lived in the directly-linked
mesoBDP-Carb dyad than in mesoBDP-phen-Carb. The angle
between the BDP and Carb slows the back charge transfer rate for
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the directly-linked dyad. In contrast, rotation of phenyl group in
mesoBDP-phen-Carb may have changed in the ICT state compared to
the ground state of that dyad, resulting in faster back electron
transfer. The differences between the DADS-produced lifetimes for
the meso-substituted BDP-Carb dyads was less pronounced in
toluene, further indication that this process may not be due to
ICT.

ICT was clearly tuned as a function of attachment positions
(meso or beta) and spacer used (direcly-connected, phenyl
spacer, or alkynyl spacer). These conclusions are made via
observation of the ICT rates in each dyad and yields as the
solvent polarity is modulated from the more polar solvent,
acetonitrile, to the less polar solvent, toluene (vide supra).
These conclusions are: (1) CT is more facile (faster and higher
yielding) when BDP and Carb are attached via the beta position,
and (2) ICT is more facile in more polar solvents as would be
expected because the polar solvent more effectively
accommodates the CT sate. Based on DFT calculations and
literature precedent, we would expect the trend in spacer
contribution to persist, namely that the alkynyl spacer would be
more efficient, followed by the phenyl spacer, and then the
direct linkage.

Conclusions

The electronic coupling between a BDP chromophore and a
covalently attached electron-donating Carb moiety was tuned
through attachment at different positions on the BDP core,
specifically the meso and beta positions, and through the use of
various chemical linkers (direct, phenyl spacer, alkynyl spacer).
Utilization of the meso position for covalent attachment allows
several features of the unsubstituted BDP to be retained and
supports the consensus in the literature that variation of the
linkage between the donor and acceptor moieties can be
integral to modulating the photophysical behavior of excited-
state deactivation, specifically it can play a role in tuning the
rate of charge transfer and eventual recombination. When,
however, the beta position is used for attachment, more
significant modulation of the BDP properties are observed. The
beta-substituted dyad presents an opportunity to dramatically
tune (red shifting) the absorption spectra, while retaining many
interesting and desired features of the BDP, specifically stability
and high extinction coefficients. However, care must be taken
in the design of molecular D-A dyads, in that increasing the
conjugation to achieve absorption spectrum tuning can also
resultin faster CT dynamics. This work provides viable strategies
for red shifting absorption of BDP and shows there is a fine
balance to be struck in molecular design that motivates future
work in this field.
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Bodipy-based donor-acceptor dyads were evaluated using transient absorption spectroscopy to reveal
the influence of beta vs meso substitution on excited-state dynamics.
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