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triplet photosensitizers. However, designing a strong visible-light
harvesting heavy-atom-free triplet photosensitizer with efficient ISC
ability in various solvents is still challenging. Most of the SOCT-ISC
triplet photosensitizers exhibit efficient ISC only in solvent of
particular polarity. To address this challenge, herein, two triads
(BDP-AN-C-CZ and BDP-AN-N-CZ), composed of carbazole s 2
(CZ), anthracene (AN), and bodipy (BDP) moieties, were devised. ; o
In these triads, the distance, relative orientation, and position of CZ L —f
with respect to the AN moiety were varied to study its effect on
photophysical properties, especially on SOCT-ISC efhiciency.
Electrochemical studies, steady-state, and time-resolved spectroscopies confirmed a sequential photoinduced electron transfer
(PET) process in the triads. The fluorescence of the BDP moiety is quenched and a red-shifted CT emission band is observed in the
triads, due to the enhanced PET effect, compared to the reference BDP-AN dyad. We observed that the SOCT-ISC yield can be
enhanced taking advantage of sequential electron transfer. The triad BDP-AN-C-CZ, in which the CZ moiety was directly linked to
the AN moiety, shows an efficient ISC ability both in low-polarity and high-polarity solvents, and unity triplet quantum yield (@)
was observed in dichloromethane. Femtosecond transient absorption spectroscopy confirmed the fast charge separation process (1.8
ps) in BDP-AN-C-CZ as compared to the other triad BDP-AN-N-CZ (4.8 ps) and the reference BDP-AN dyad (7.7 ps). The triads
were used as triplet photosensitizers for triplet—triplet annihilation (TTA) upconversion, and high upconversion quantum yield
(@yc = 18%) was observed. Interestingly, long-lived (7p = 118 us) and solvent-dependent color-tunable TTA delayed fluorescence
was observed in the case of BDP-AN-C-CZ.
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1. INTRODUCTION

Tuning the excited-state properties of organic compounds
(triplet photosensitizers, PSs) is essential for designing novel
organic materials for applications such as photovoltaics,'
photodynamic therapy,”'® luminescence bioimaging,'"'
artificial photosynthesis,”> and triplet—triplet annihilation
upconversion (TTA)."*™*' The excited-state properties of
organic compounds can be tuned either by extending the 7-

organic chromophores such as heavy-atom effects (I, Br, Pt, Ir,
or Ru),”™* n—z < z—z* transition (El-Sayed rule),*
exciton coupling effect,”” ™ and the use of an electron spin
convertor.**™** All these methods suffer from some drawbacks,

% which limit their applications. Other alternative

46,47

metals,
approaches including symmetry breaking charge transfer,
radical enhanced intersystem crossing,"”*” and radical pair

45
46
47
48

2 for instance, the dark toxicity of heavy atoms and high cost of 49

S0
51
52

36 conjugation framework or by attaching the electron-donating/
37 withdrawing substituents.””*® In molecular systems having
38 weak to moderate electronic coupling between the donor and
39 acceptor, the intersystem crossing (ISC) properties can be
40 tuned through charge recombination (CR) in the case of
41 electron donor—acceptor systems or hyperfine coupling
42 interaction.”*™**

43 The formation of triplet states is essential for a triplet PS.
44 Different strategies have been used to tune the ISC ability of

—
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intersystem crossing (RP-ISC),”>"" but the required molecular s3
structures are usually synthetically demanding. For instance, 54
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Scheme 1. Synthesis of Anthracene-Bodipy Derivatives”
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“Key: (a) 2—4 Dimethylpyrrole, trifluoroacetic acid, DDQ, stirring for 4 h under N,, BF;Et,0, TEA, yield: 25%. (b) Br,, CHCl;, RT, overnight,
yield: 70%. (c) Phenylboronic acid, K,CO;, Pd(PPh,),, toluene/EtOH/H,0, reflux for 8 h, yield: 90%. (d) The reaction conditions are similar to
those in panel (a), yield: 25%. (e) The reaction conditions are similar to those in panel (a), yield: 26%. (f) 4-(9H-Carbozol-9-yl)phenylboronic
acid, K,CO;, Pd(PPh;),, toluene/EtOH/ H,0, reflux for 8 h, yield: 77%. (g) 9-Phenyl-9H-carbazol-3-ylboronic acid, K,CO3, Pd(PPh,),, toluene/

EtOH/H,0, reflux for 8 h, yield: 86%.
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RP-ISC requires weak coupling between the donor and
acceptor, which can only be achieved by connecting them
through long non-z-conjugated spacers.”” In these systems,
charge separation (CS) occurs upon photoexcitation, resulting
in radical cation and anion pair formation followed by a
population of a charge transfer triplet state (*CT) due to
hyperfine coupling interaction. The *CT decays to the lower-
lying locally excited triplet state (*LE), which makes the triplet-
state formation in such systems not very eflicient and long-
lived.>*™>*

Recently, a new promising approach for producing triplet
states via CR with high quantum yield (QY) has gained much
attention due to its various advantages over the conventional
RP-ISC. This mechanism, termed spin—orbit charge transfer
intersystem crossing (SOCT-ISC), can take place in compact
donor—acceptor systems where the electron donor and
acceptor are directly linked together without any spacer and
assume an orthogonal geometry, thus presenting a rather
strong electronic coupling.”>>>~>* As the donor and acceptor
are perpendicular to each other, the electron transfer and
subsequent charge recombination processes will cause an
orbital angular momentum change that compensates the spin
flipping angular momentum change associated with ISC, thus
resulting in efficient triplet-state formation.”” The SOCT-ISC
is a fast process, usually occurring on the picosecond timescale,
whereas RP-ISC is a relatively slow process, taking place on the
nanosecond timescale. Recently, a few examples of SOCT-ISC
s2 systems based on julolidine-anthracene,”” phenothiazine-
83 bodipy,”” phenothiazine-anthracene,”” naphthyl-acridine,*®
84 and anthracene-bodipy dyads have been studied.”*> Most of
85 these studies are based on simple donor—acceptor molecular
86 design involving direct electron transfer in a single step from
87 the donor to the acceptor moiety. The analysis of SOCT-ISC

0 =

—

—_

efficiency in systems involving a multistep or sequential
electron transfer process is still mostly unexplored.

Inspired by previous reports, herein, we investigate the
possibility to enhance the yield of triplet formation through
SOCT-ISC in compact electron donor—acceptor systems
involving sequential electron transfer processes. For this
study, we designed two new triads by selecting donor and
acceptor moieties of appropriate electronic strength and linked
in a series (D—D—A) to facilitate sequential electron transfer.
The newly synthesized compounds based on carbazole (CZ),
anthracene (AN) and bodipy (BDP) chromophores have been
characterized using different static and time-resolved spectro-
scopic techniques, demonstrating that careful modulation of 100
the electronic coupling, exerted through different geometrical 101
constrains in the triads, can effectively produce a notable 102
enhancement of triplet formation. Interestingly, we found 103
satisfactory enhancement in SOCT-ISC yield in triads as 104
compared to the previously reported BDP-AN donor—
acceptor system.”' To the best of our knowledge, this is the 106
first attempt to enhance the triplet yield formation through
SOCT-ISC using the sequential electron transfer approach 108
(Scheme 1).

2. EXPERIMENTAL SECTION
2.1. General Methods. All chemicals used in the synthesis

of compounds were analytical grade and used as received. 111
UV—vis absorption spectra were measured on a UV-2550
UV—vis spectrophotometer (Shimadzu Ltd., Japan). Fluo- 113
rescence spectra were obtained on an RF-5301PC spectro- 114
fluorometer (Shimadzu Ltd., Japan). Fluorescence quantum 115
yields of the compounds were measured using BDP as a
standard (®@g = 72% in tetrahydrofuran (THF)).

—
—_
(=}

https://dx.doi.org/10.1021/acs.jpcc.9b11687
J. Phys. Chem. C XXXX, XXX, XXX—=XXX


https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.9b11687?ref=pdf

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

s 2.2. Synthesis of Compounds. The details of the
119 synthesis and characterization of compounds 2, 3, 4, BDP-
120 AN, BDP-AN-PH, and AN-C-CZ are given in the Supporting
121 Information.

122 2.3. Synthesis of the Compound BDP-AN-C-CZ. Under
123 a N, atmosphere, compound 4 (80 mg, 0.16 mmol), 9-phenyl-
124 9H-carbazol-3-ylboronic acid (92 mg, 0.32 mmol), and K,CO,
125 (100 mg, 0.72 mmol) were dissolved in 25 mL of a mixture of
126 PhCH,/EtOH/H,0 (4/2/1, v/v). Then Pd(PPh;), (20 mg, S
127 mol %) was added after complete deoxygenation of the above
128 reaction mixture with N, bubbling for 20 min. The reaction
120 mixture was allowed to reflux for 8 h under a nitrogen
130 atmosphere. After completion of reaction, the reaction mixture
131 was cooled to room temperature, extracted with CH,Cl, (30
132 mL), washed with water (2 X 100 mL), and dried over
133 anhydrous sodium sulfate. After evaporation of the solvent
134 under reduced pressure, the crude product was purified with
135 column chromatography (silica gel, CH,Cl,/petroleum ether,
136 2/1, v/v) to give an orange solid (90 mg, yield: 86%). 'H
137 NMR (CDCl,, 400 MHz); 5 8.23 (s, 1H), 8.14 (d, 1H, ] = 8.0
138 Hz), 7.99 (d, 2H, ] = 8.0 Hz), 7.80 (d, 2H, J = 12.0 Hz), 7.73—
139 7.62 (m, SH), 7.55—7.40 (m, 6H), 7.36—7.29 (m, 3H), 5.97
1o (s, 1H), 5.94 (s, 1H), 2.65 (d, 6H, J = 4.0 Hz), 0.85 (s, 3H),
141 0.78 (s, 3H). *C NMR (100 MHz, CDCL,); § 155.8, 143.0,
142 141.4, 140.4, 140.2, 139.5, 137.6, 132.5, 130.6, 130.0, 129.7,
43 1294, 129.2, 127.9, 127.7, 1274, 127.2, 126.6, 126.3, 125.5,
144 1252, 123.5, 123.1, 121.2, 120.5, 120.2, 110.0, 109.6, 14.7,
14s 13.5, 13.4. MALDI-HRMS ([C,sH3,BF,N;]7) Caled: m/z =
146 665.2814. Found: m/z = 665.2809.

147 2.4. Synthesis of the Compound BDP-AN-N-CZ. BDP-
148 AN-N-CZ was prepared using compound 4 (80 mg, 0.16
149 mmol) and (4-(9-carbazolyl)benzeneboronic acid (92 mg, 0.32
150 mmol), following a similar method to the synthesis of
151 compound BDP-AN-C-CZ. A red solid product was obtained
152 (80 mg, yield: 77%). "H NMR (CDCl;, 400 MHz); & 8.22 (d,
153 2H, ] = 8.0 Hz), 8.03—8.01 (m, 2H), 7.86—7.83 (m, 4H), 7.73
154 (d, 2H, J = 8.0 Hz), 7.67 (d, 2H, J = 8.0 Hz), 7.54—7.46 (m,
155 6H), 7.38—7.35 (m, 2H), 5.95 (s, 2H), 2.66 (s, 6H), 0.78 (s,
156 6H). *C NMR (100 MHz, CDCL,); § 155.9, 142.9, 140.8,
157 139.1, 138.2, 137.4, 132.9, 132.5, 129.9, 129.4, 128.7, 126.9,
158 126.7, 126.01, 126.0, 125.4, 123.6, 121.3, 120.4, 120.2, 109.8,
159 14.7, 13.4. MALDI-HRMS ([C,sH;,BF,N,]") Calcd: m/z =
160 665.2814. Found: m/z = 665.2824.

161 2.5. X-ray Diffraction Analysis of Single Crystals.
162 Single crystals of the compounds were obtained by slow
163 evaporation of saturated solution in a chloroform—dichloro-
164 methane (DCM) mixture solvent at RT. Good quality crystals
165 with appropriate dimensions were used for X-ray analysis.
166 Crystallographic data obtained from X-ray analysis are
167 presented in the Supporting Information. All the measure-
168 ments were performed on a Burker AXS SMART APEX II
169 CCD spectrometer with a graphite-monochromatized Mo Ka
170 (A = 0.71073 A) radiation source. Analysis was performed at
171 RT, and data were acquired using SMART and SAINT
172 programs. The positions of non-hydrogen atoms were found
173 after successful refinement by full-matrix least-squares using
174 the SHELXL-2017 software. The hydrogen atoms of organic
175 frameworks were geometrically fixed at calculated positions
176 and refined by using a riding model. CCDC 1959135 (for
177 BDP-AN-C-CZ), CCDC 1959136 (for BDP-AN-N-CZ), and
178 CCDC 1959137 (for BDP-AN) contains the supplementary
179 crystallographic data for this paper. These data can be obtained
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free of charge from The Cambridge Crystallographic Data 1s0
Center via https://www.ccdc.cam.ac.uk. 181

2.6. Nanosecond Transient Absorption Spectroscopy. is2
The nanosecond transient absorption spectra were acquired on 183
an LP980 laser flash photolysis spectrometer (Edinburgh 1s4
Instruments, U.K.). The signal was digitized with a Tektronix 1ss
TDS 3012B oscilloscope. TTA delayed fluorescence of the 186
compounds was also measured on an LP980 laser flash 187
photolysis spectrometer using emission mode, excited with an 188
OpoletteTM 35SII + UV nanosecond pulsed laser (OPOTEK, 189
USA). The wavelength was tunable in the range of 210—2200 190
nm. The samples were deaerated with N, for 15 min prior to 191
investigations. The data were processed by LP900 software. 192

2.7. Femtosecond Transient Absorption Spectrosco- 193
py. The transient absorption measurements were carried out 194
using an apparatus based on a Ti:sapphire regenerative 195
amplifier (BMI Alpha 1000) system pumped by a Ti:sapphire 196
oscillator (Spectra Physical Tsunami). The system produces 197
100 fs pulses at 785 nm, with 1 kHz repetition rate and 450— 198
500 mW average power. Excitation pulses at 400 and 500 nm 199
were obtained by second harmonic generation of the 200
fundamental laser output or by pumping a homemade 201
noncollinear optical paramagnetic amplifier (NOPA) by a 202
portion of the fundamental 785 nm, respectively. The pump 203
beam polarization was set to the magic angle with respect to 204
the probe beam by rotating a A/2 plate. The probe pulses were 205
generated by focusing a small portion of the fundamental laser 206
output radiation on a 2 mm thick sapphire window. Pump- 207
probe delays were introduced by sending the probe beam 208
through a motorized stage. Multichannel detection was 209
achieved by sending the white-light continuum after passing 210
through the sample to a flat field monochromator coupled to a 211
homemade CCD detector. TAS measurements were carried 212
out in a quartz cell (2 mm thick) mounted on a movable stage 213
to avoid sample photodegradation and multiple-photon 214
excitation. The recorded kinetic traces and transient s;)ectra 215
were analyzed by using a global-analysis procedure.”” The 216
number of kinetic components was estimated by performing a 217
preliminary singular values decomposition (SVD) analysis.”® 21s
Global analysis was performed using the GLOTARAN package 219
(http://glotaran.org),”” employing a linear unidirectional 220
(“sequential”) model. 21

2.8. Theoretical Computations. The ground-state geo- 222
metries and spin densities of the compounds were optimized 223
using density functional theory (DFT) with the B3LYP 224
functional and 6-31G (d) basis set. Time-dependent DFT 225
(TDDFT) at the B3LYP/6-31G(d) basis set was performed to 226
estimate the excited-state energy and energy gaps between the 227
So state and the triplet excited states of the compounds based 228
on ground-state geometries. All the calculations were 229
performed on Gaussian 09W. 230

3. RESULTS AND DISCUSSION

3.1. Design and Synthesis of the Compounds. The 231
two triads BDP-AN-C-CZ and BDP-AN-N-CZ were devised 232
with the aim to enhance the SOCT-ISC by taking advantage of 233
sequential electron transfer. Although the BDP-AN donor— 234
acceptor system has been extensively studied, most of the 235
previous reports are based on simple molecular design 236
involving a one-step electron transfer process.”> Furthermore, 237
these donor—acceptor systems exhibit SOCT-ISC only in polar 238
solvents, whereas no triplet generation was observed in 239
nonpolar solvents. In order to improve the ISC capabilities 240
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of these systems, two new triads were synthesized by linking a
stronger donor moiety (CZ, HOMO energy level: —5.33 eV vs
a HOMO energy level of —5.23 eV for anthryl) to the BDP-
AN dyad from two different positions, that is, the N-position
using a phenyl spacer and the C-position without any spacer.
Due to the different geometric constraints, we expect different
molecular conformations in two triads leading to different
photophysical properties. Considering the donor—acceptor
properties of the employed dyes, we expect the occurrence of
sequential electron transfer in the triads, with an initial electron
transfer from the AN to the BDP moiety followed by a
secondary electron transfer from the CZ to the AN moiety.
3.2. X-ray Crystallography. The molecular structures of
the triads and the reference BDP-AN dyad were confirmed by
single-crystal X-ray diffraction analysis (Figure 1). BDP-AN-C-

Figure 1. ORTEP view of single-crystal structures of (a) BDP-AN-C-
CZ, (b) BDP-AN-N-CZ, and (c) BDP-AN with thermal ellipsoids.
Hydrogen atoms and solvent molecules are omitted for clarity.

CZ crystallized in the triclinic space group P-1, Z = 2,
containing two molecules per unit cell, with a unit cell volume
of 3898.1(4) A% Due to the large confirmation restriction of
methyl groups at the BDP moiety, the torsion angle between
the BDP and AN moieties is 91.3°, nearly orthogonal as
anticipated and in agreement with DFT calculations. The
centroid-to-centroid distance from AN to BDP is in the range
of 4.33—4.36 A, while the angle between the AN and CZ
moieties is in the range of 65.6—70.5° and the bond length
between two units is in the range of 7.02—7.05 A.

For BDP-AN-N-CZ, the crystal system and space group are
triclinic and P-1, Z = 2, respectively, containing one molecule
per unit cell. It was observed that, in BDP-AN-N-CZ, BDP and
AN moieties also take a nearly orthogonal conformation. The
torsion angle and distance between the two units are 79.0° and
4.35 A, respectively. The angle between the CZ and AN is
found to be 76.9°, showing slight deviation from DFT results.

BDP-AN crystallized as the monoclinic crystal in the space
group C2/¢, Z = 4, containing one molecule per unit cell. The
torsion and distance between the two moieties (AN and BDP)
are 81.4° and 4.30 A, respectively. Similar results were
obtained with DFT calculations. Significantly, each fluoride
atom in the BDP-AN molecule is engaged in intermolecular
hydrogen bonding (B—F---H) with the 7-conjugation system of
an anthracene of the neighbor molecule, forming a 2D porous
layer, which can be beneficial for the adsorption of specific
gases. This topic is out of scope of this paper and will be
investigated in future work. The B—F---H bond distance is 2.47
A (Figure 2).

Figure 2. Part of the crystal structure of the compound BDP-AN,
showing hydrogen bonding using the standard (“ball-and-stick”)
model.

3.3. UV-vis Absorption and Fluorescence Emission
Spectra. The absorption spectra of the triads along with

reference compounds were studied (Figure 3a). The
500
a — BDP-AN-N- b‘ —— BDP-AN-N-CZ
081 ~EopN.C.z 4001 " 5 ——sopancCr

—o— BDP-AN-PH

go06{ |- BDP-AN - 3001
5 0.4 S 2004
172 [

2 =
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Figure 3. (a) UV—vis absorption spectra of the compounds in
toluene, ¢ = 1.0 X 107> M. (b) Fluorescence emission spectra of the
compounds in toluene, 4., = 465 nm, absorbance of the samples at
excitation wavelength A = 0.11. Optically matched solutions were
used (each compound has the same absorbance at the excitation
wavelength), 20 °C.

absorption spectra of the triads (BDP-AN-C-CZ and BDP-
AN-N-CZ) resemble that of the reference BDP-AN dyad and
consist of the sum of the absorption profiles of their
independent components, and no CT absorption band was
observed.®> This result indicates that there is weak electronic
coupling between the donor and acceptor moieties at the
ground state.””’*® Negligible ground-state interaction is
reasonable as donor (AN) and acceptor (BDP) moieties are
orthogonal to each other, which inhibits 7z-conjugation.

The fluorescence emission of the compounds was studied
(Figure 3b). All the dyads and triads exhibit only one emission
band at ~520 nm in low-polarity solvent, toluene (TOL),
attributed to the locally excited-state (‘LE) emission of the
BDP moiety. In the BDP-AN-C-CZ, in which the CZ is
directly attached at the 3-position to the AN moiety, the
fluorescence is comparatively quenched as compared to all

288
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292
293
294
295
296
297
298
299
300
301
302
303

other derivatives. The fluorescence quantum yield (®g) of 304

BDP-AN-C-CZ is 50% in toluene, which is lower than the
reference BDP-AN dyad (@ = 84%). This result indicates that
electron transfer (PET) is more efficient in BDP-AN-C-CZ
than in other derivatives, even in low-polarity solvents such as
toluene.

The fluorescence emission spectra of the compounds were
also studied in polar solvents, such as dichloromethane and
acetonitrile (ACN) (Figure 4 and Supporting Information,
Figure S21). In dichloromethane, two emission bands were
observed in both triads; the band centered at a shorter
wavelength, ~520 nm, is assigned to the 'LE emission of the
BDP chromophore, while the emission band at a longer
wavelength, around 600 nm, is interpreted as a CT emission
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Figure 4. Normalized fluorescence emission spectra of compounds in
dichloromethane, 4., = 465 nm (A = 0.11). Optically matched
solutions were used (all the sample solutions have the same
absorbance at the excitation wavelength), 20 °C.

318 band since it is structureless and solvent-polarity-depend-
319 ent.””*”%* The comparison of the normalized emission spectra
320 of triads and reference compounds shows that, in BDP-AN-C-
321 CZ, the LE emission is more quenched and weaker than CT
322 emission, while the reference compound BDP-AN shows only
323 LE emission. Moreover, the CT emission band in BDP-AN-C-
324 CZ is more red-shifted (645 nm) and strong as compared to
325 other derivatives (595 nm). These results are a further
326 indication of strong PET occurring in BDP-AN-C-CZ.

327 The BDP-AN-N-CZ triad instead exhibits similar spectral
328 features to the reference compound BDP-AN-PH; namely, in
329 both cases, the LE emission band is stronger than the CT
330 emission band. This implies that the CZ moiety has weak
331 excited-state electronic interaction in BDP-AN-N-CZ because
332 it is linked to the AN moiety through a phenyl spacer. The
333 fluorescence transition dipole moment (\CT — S;) and the
334 electronic coupling matrix at the CSS were calculated using eqs
335 1 and 2 and are reported in Table 1.°*% It was found that the

Table 1. Charge-Transfer-Related Photophysical Parameters
of the CT Band, Dipole Moments, and Electronic Coupling
Matrix Elements of the Compound

Uf(l;l:r b erTc KﬂgCT d Mﬂe VDAﬂf
compound (em™) (10° s7Y) (10° s71) (D) (eV)
BDP-AN-C- 15,060 1.74 4.3 0.74 0.07
CZ
BDP-AN-N- 15,432 2.73 3.0 0.93 0.09
CZ
BDP-AN-PH 15,503 2.86 3.5 0.95 0.08
BDP-AN 15,772 11.2 3.3 1.03 0.10

“In acetonitrile. ®The emission wavenumber of the CT band. “The
radiative rate constant of CT fluorescence. “The nonradiative rate
constant. “The transition dipole moment of the Sy < 'CT transition.
FThe electronic coupling between ground state and CT state.

@

336 radiative rate constant and transition dipole moment of BDP-
337 AN-C-CZ are lower than those of the other derivatives, which
338 is consistent with the fluorescence emission results.

) 3hk,
|Mﬂ| = ~ 4 -3
339 647" (ny) (1)
14 % 10T [
Voa = | — 2. CT
340 TR Yy (2)

341 The fluorescence decay curves of the triads along with the
342 reference compounds were measured both at LE and CT
343 emission bands (TCSPC detection method, Figure S and

BDP-AN-C-CZ s
0.2 ns (57.3%) 10
4.2 ns (42.7%)

BDP-AN-N-CZ b
5.2ns

Counts
Counts
81\:

BDP-AN-PH
50ns

40 60 80 100

Time / ns Time / ns

Figure S. Fluorescence emission decay traces of triads along with
their reference compounds: (a) BDP-AN-C-CZ and BDP-AN, (b)
BDP-AN-N-CZ and BDP-AN-PH, (4., = 510 nm), monitored at 520
nm. ¢ = 1.0 X 10~ M in dichloromethane, 20 °C.

Supporting Information, Figure $S23). In dichloromethane, the 344
fluorescence of BDP-AN-C-CZ decays following a biexponen- 345
tial kinetics, with a fast decay component (z; = 0.2 ns, 346
population ratio: 57.3%) and a slow component (7, = 4.2 ns, 347
population ratio: 42.7%), while in all other derivatives, the 34s
fluorescence decays with monoexponential kinetics. The 349
fluorescence lifetime of BDP-AN-C-CZ (3.3 ns) is much 350
shorter than that of the reference BDP-AN dyad (5.6 ns). This 351
quenched fluorescence lifetime in the BDP-AN-C-CZ triad is 352
assigned to an enhanced PET effect.°*®” On the other hand, 3s3
BDP-AN-N-CZ exhibits a fluorescence lifetime (5.2 ns) similar 354
to the reference dyad BDP-AN-PH (5.0 ns). The enhanced 3ss
PET in the BDP-AN-C-CZ triad as compared to the BDP-AN 356
dyad can be due to sequential electron transfer in the triad. 357
The fluorescence lifetimes of the compounds were also studied 3s8
in other solvents (Table 2 and Supporting Information, Figures 359 ©2
S22 and S23). It was observed that, in polar solvents, the LE 360
fluorescence of the triads decays faster than that in nonpolar 361
solvents, which is in agreement with the fluorescence emission 362
study. 363

The detailed photophysical properties of the compounds are 364
summarized in Table 2. The BDP-AN-C-CZ triad exhibits red- 365
shifted CT emission and low fluorescence quantum yield as 366
compared to the other derivatives, which is in agreement with 367
its enhanced PET. Due to the efficient PET in BDP-AN-C-CZ, 363
it is assumed that the charge separated state (CSS) becomes 369
lower in energy (confirmed in later section), thus enabling 370
efficient triplet population through CR, both in polar and 371
nonpolar solvents. To verify this assumption and confirm the 372
ISC ability of the compounds, singlet oxygen ('O,) quantum 373
yields (@, ) were measured in different solvents (Table 3). For 3743
BDP-AN-C-CZ, efficient 'O, generation was observed in the 37
low-polarity solvent toluene (®, = 0.48), and unity 'O, 376
quantum yield (@, = 1.0) was observed in dichloromethane. 377
However, in the case of other derivatives, negligible singlet 378
oxygen generation was observed in toluene. Furthermore, all 379
the derivatives show solvent-polarity-dependent 'O, produc- 3s0
tion, which supports the SOCT-ISC mechanism. The triplet 381
quantum yield (@) of the compounds in different solvents 3s2
was also calculated using the ground-state depletion method 383
(Table 3). 384

3.4. Electrochemical Study. In order to study the 3ss
feasibility of electron transfer and to determine the energy 3ss
levels of CSS of the compounds, electrochemical measure- 387
ments were carried out (Figure 6). For careful analysis and 3ss fs
proper assigning of oxidation and reduction wave potentials in 389
triads, the electrochemical properties of the reference dyads 390
were also studied. 391
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Table 2. Photophysical Parameters of Triads and Reference
Compounds

d
T
compound  solvent A" " Aem (o (ns)
BDP-AN-N- TOL 508/ 87/  S21 0.84 6.1
cz 375 1.8
THF  S05/ 82/ 518 0.30 62
373 1.8
DCM 505/ 80/ 518/  001/0.02 52
374 19 600
ACN 502/ 76/ 514/  0.001/ 2.1¢/
372 19 648 0.009 33
BDP-AN-C- TOL 507/ 83/ 521 0.50 6.8
cz 376 1.8
THF S04/ 78/ 516/  0.05 4.7
375 1.8 600
DCM 505/ 7.7/ 519/  0.006/0.01 3.3/3.9
375 1.8 643
ACN 502/ 7.2/ 513/ 0.0006/ 0.5%/
374 1.8 664 0.004 23
BDP-AN- TOL 508/ 82/  S21 0.78 6.0
PH 375 1.6
THF 505/ 80/  S17 0.28 62
373 1.6
DCM 505/ 80/  S18/  0.01/0.02 5.0°/
374 1.6 599 sV
ACN 502/ 7.5/ 514/  0.002/ 4.0°/
372 1.6 645 0.008 28"
BDP-AN TOL 507/ 85/  S21 0.83 5.8
366 1.4
THF 505/ 84/ 516 0.69 6.0
366 13
DCM 505/ 83/ 517 0.14 5.6
366 1.4
ACN 502/ 79/ 509/  0.01/0.01 48°/
365 1.4 634 3.0°
AN-C-CZ TOL 368 12 418 0.75 37
ACN# 437 0.46 36

“In different solvents (1.0 X 107> M). The wavelength is in nm.
“Molar absorption coefficient (10 M~' cm™). “Fluorescence
quantum yield, BDP as standard (@ = 0.72 in THF). 9Luminescence
lifetimes, A, = 510 nm (EPL picosecond pulsed laser). At shorter
wavelength. Tat longer wavelength. 1, and € were not measured.

For BDP-AN, one reversible reduction wave at —1.67 V and
one reversible oxidation wave at +0.78 V were recorded, which
is assigned to the BDP moiety (Figure 6, Table 4). One
irreversible oxidation wave at +1.06 V was also observed, which
belongs to the AN moiety. In the case of the other reference
dyad AN-C-CZ, two irreversible oxidation waves at +0.63 and
+0.93 V were observed, which can be assigned to CZ and AN,
respectively. The cyclic voltammogram of BDP-AN-C-CZ
exhibits one reduction wave at —1.67 V, similar to that of the
reference BDP-AN dyad and belongs to the BDP moiety. One

pubs.acs.org/JPCC
3 31 L% ——BDP-AN-N-CZ
o N/ —sopanccz | © | Y L BDP-AN-PH
—— BDP-AN
----- AN-C-CZ
10 1 2 10 a2
Potential / V Potential / V

Figure 6. Cyclic voltammogram of the compounds: (a) BDP-AN-C-
CZ, BDP-AN, and AN-C-CZ; (b) BDP-AN-N-CZ and BDP-AN-PH.
In deaerated dichloromethane containing 0.10 M Bu,NPF, as the
supporting electrolyte, ferrocene (Fc) was used as the internal
reference. Scan rates: 50 mV/s. ¢ = 1 X 107 M, 20 °C.

Table 4. Electrochemical Redox Potentials of the
Compounds”

compounds E(ox) (V) E(red) (V)
BDP-AN-C-CZ +0.56, +0.77, +0.97 ~1.67
BDP-AN-N-CZ +0.58, +0.82, +1.04 —1.66
BDP-AN +0.78, +1.06 —1.67
BDP-AN-PH +0.78, +1.07, +1.20 —1.66
AN-C-CZ" +0.63, +0.93

“Cyclic voltammetry in N,-saturated DCM containing a 0.10 M
Bu,NPF,. The counter electrode is the Pt electrode, the working
electrode is the glassy carbon electrode, and the Ag/AgNO; couple is
the reference electrolyte. bE(red) was not observed.

irreversible oxidation wave at +0.56 V and two reversible
oxidation waves at +0.77 and +0.97 V were also recorded,
which belong to CZ, BDP, and AN moieties, respectively.
Similarly, BDP-AN-N-CZ shows one reduction wave at —1.66
V and three oxidation waves at +0.58, +0.82, and +1.04 V,
respectively.

The thermodynamic feasibility values for PET between
donor units (AN and/or CZ) and acceptor unit (BDP) in
dyads and triads were calculated using the Rehm—Weller
equation (see the Supporting Information for details).**” The
free energy changes of electron transfer in dyads and triads
from AN to BDP upon excitation of BDP are listed in Table S.
In the case of BDP-AN, a 0.08 eV AG’s value was observed
for PET from the AN unit to the BDP moiety in toluene,
which indicates that PET is not a favorable process in low-
polarity solvents. For BDP-AN-C-CZ, favorable AG¢g values
of —0.006 and —0.26 eV for PET in toluene from AN to BDP
and from CZ to BDP moieties were observed, respectively,
which indicates that PET is a thermodynamically allowed
process in the BDP-AN-C-CZ triad even in low-polarity

Table 3. Triplet Excited State Kinetic Parameters of Compounds

BDP-AN-N-CZ BDP-AN-C-CZ BDP-AN-PH BDP-AN

solvent 7 oM D,° 7 oM D,° 7" o ®D,° 7 @." ®D,°
TOL 248 0.04 0.07 197 0.46 0.48 291 0.06 0.08 314 0.03 0.04
THF 4 _— 0.42 —d —d 0.53 —d —d 0.40 —d — 0.24
DCM 95 0.90 0.94 98 1.00 0.99 98 0.90 091 87 0.86 0.84
ACN 67 0.99 091 75 0.80 0.72 83 0.92 0.88 64 0.90 0.86

“Triplet-state lifetime, measured by a nanosecond transient absorption spectrometer in deaerated solvents (1.0 X 10~ M) and in us. bTriplet
quantum yield measured by the ground-state depletion method using 2,6-diodobodipy as standard (®; = 0.88 in toluene). “Singlet oxygen
quantum yield measured with 2,6-diiodobodipy as standard (@, = 0.87 in DCM). “Not measured.

F
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Table 5. Driving Forces of Charge Recombination (AG’cy) and Charge Separation (AG’cs) and the Energy of Charge
Separated State (CSS) for Dyads/Triads in Different Solvents”

AGocs (eV) AGOCR (eV) Ecss (ev)
compound TOL DCM ACN TOL DCM ACN TOL DCM ACN
BDP-AN-C-CZ —0.006 —0.16 —-0.20 —-2.42 —2.26 —-2.22 242 2.26 222
BDP-AN-N-CZ 0.0S —0.10 -0.15 —2.48 -2.33 —-2.28 2.48 2.33 2.28
BDP-AN 0.08 —0.07 —0.11 —-2.51 -2.36 —-2.32 2.51 2.36 2.32
BDP-AN-PH 0.07 —0.07 —0.12 —2.50 -2.3§ -2.31 2.50 2.35 2.31

“Ego = 2.43 €V was used for dyads and triads. Ey, is the approximated energy level with the cross point of UV—vis absorption and fluorescence

emission after normalization at the singlet excited state.

422 solvents. These results are in agreement with low @ and high
423 @, of BDP-AN-C-CZ in toluene as compared to other
424 derivatives.

425 PET is not favorable for BDP-AN-N-CZ in toluene as
426 AGg values for PET from AN to BDP and CZ to BDP are
427 0.05 and 0.15 eV, respectively. We found that the CT-state
428 energy levels decrease in polar solvents (Table 5), and AGcg
429 values indicate that the CS is thermodynamically allowed for
430 all dyads/triads in polar solvents, which is in agreement with
431 other experimental observations (Table 2). This prediction

432 was also confirmed by the fluorescence quenching of
433 compounds in polar solvents.
434 3.5. Nanosecond Transient Absorption Study. To

435
436
437

study the triplet-state population of the triads, nanosecond
transient absorption spectra were measured. All the derivatives
show identical transient absorption profiles (Figure 7 and

0.0
a 974.9 s
d 949.9 ps
C 0.1
249 ps
Ous
a
0.2 06
400 500 600 700 800 0 200 400 600 800 1000
Wavelength / nm Time / ps
0.0
0.0
. 974.9 ps 0.2
a a
o .| [ o
< 0N < 04
-0.2] 0.61

0 200 400 600 800 1000
Time / ps

400 500 600 700 800
Wavelength / nm

Figure 7. Nanosecond transient absorption spectra of compounds:

(a) BDP-AN-C-CZ and (c) BDP-AN, upon ns pulsed laser excitation

(Aex = 502 nm). Panels (b) and (d) are their respective decay curves
at 505 nm, ¢ = 1.0 X 10~ M in dichloromethane, 20 °C.

438 Supporting Information, Figures S$25—S29). Upon photo-
439 excitation at 502 nm, the ground-state bleaching (GSB) band
440 centered at 500 nm and two excited-state absorption bands
441 (ESA) centered at 420 and 610 nm were observed, similar to
442 that observed for an isolated BDP chromophore. These
443 measurements confirm that ISC occurs in the triads and the
444 triplet state is localized on the BDP chromophore.”””’
445 Furthermore, the triplet-state lifetime is comparable in all

derivatives, although the quantum yield of triplet formation is
strongly enhanced in BDP-AN-C-CZ in nonpolar solvents (see
Table 3). In the case of BDP-AN-C-CZ, a long-lived triplet
excited state (248 us) was observed in toluene, but with
increasing solvent polarity, the lifetime becomes shorter (98
us). Similar results were observed in the other triad and
reference dyads (Supporting Information, Figures S25—S29).

3.6. Femtosecond Transient Absorption Study. To
verify the occurrence of cascade electron transfer processes in
the triads, we measured the transient absorption spectra of the
compounds in the 0.1 ps—1.5 ns time interval. The samples
were excited at 400 nm, a wavelength which is predominantly 457
exciting the AN moiety. To extract the time constants of the 4s8
photoinduced processes occurring in the samples, global
analysis of the transient absorption data was performed,
which consists of fitting simultaneously all the registered
kinetic traces with combinations of exponential functions.
Using a kinetic scheme based on a sequential decay, the fit
allows estimation of the kinetic constants describing the
dynamic evolution of the system and the associated spectral
components, called evolution associated difference spectra
(EADS). Figure 8 reports the EADS obtained by analyzing the

0.04 0.04+— T

0.00y7* 0.004

-0.04
B S .04

A

-0.08+
-0.08+

-0.124

450 525 600 675
Wavelength / nm

450 525 600 675
Wavelength / nm
Figure 8. Evolution associated difference spectra obtained from global

analysis of time-resolved data measured for (a) BDP-AN-C-CZ and
(b) BDP-AN-N-CZ in DCM. 4,, = 400 nm.

transient absorption data recorded for the two triads BDP-AN- 468
C-CZ and BDP-AN-N-CZ in dichloromethane. Based on the 469
rationale used in designing the triads, we expect a sequence of 470
events taking place upon excitation of the AN unit. The first
envisaged process is energy transfer toward the BDP,
populating a local excited (LE) state. From here, electron
transfer is expected to take place, initially producing the CZ-
AN"-BDP'~ radical pair, as already observed in different BDP-
AN dyads.”>”" In the following, the hole could be transferred
on the CZ moiety, forming CZ*-AN-BDP ™.

The initial spectral component obtained by analyzing the
transient absorption data for BDP-AN-C-CZ (black line,
Figure 8a) presents an intense negative band due to the
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bleaching of the BDP moiety and a broad positive feature
extending from 550 to 720 nm. In the previous literature, the
absorption band in the 570—590 nm range was assigned to the
characteristic signature of BDP anion formation, and the
appearance of a band in the 700 nm region was assigned to the
formation of the AN cation.”””" Although not well resolved at
early times, the appearance of the positive feature in the 550 to
720 nm region in the first EADS could indicate initial charge
separation, whose dynamics occurs on a timescale similar to
that of energy transfer. Upon 1.8 ps, a band centered at 580
nm, which can be assigned to BDP'~ (red EADS, Figure 8a),
can be clearly observed. At the same time, the signal intensity
in the 530—550 nm region increases, going from negative to
positive, and a broad band centered at about 640 nm develops.
In the following spectral evolution, occurring in about 2.8 ps,
the BDP™ band centered at 580 nm blue-shifts by 10 nm and
further increases in intensity (evolution from red to green
EADS). Finally, on the longer timescale, the overall transient
signal slightly decreases in intensity, although a substantial
excited-state population remains on the ns timescale, as
expected considering the high triplet yield observed for this
sample. The evolution is quite similar also in the case of BDP-
AN-N-CZ, with the only difference that the positive bands are
comparatively less intense and that both the change in sign in
the 530—550 nm region and the the development of the broad
band at 640 nm occur on a slower timescale of 4.8 ps. The
previous literature indicated that the CZ cation has an
absorption band centered at around 540 nm,”” which in our
sample could be covered due to superposition with the
bleaching signal of the BDP. However, the increase in intensity
in the 530—550 nm region could well signal the formation of
CZ™*. Furthermore, since the 640 nm band was not observed in
previous measurements executed for a BDP-AN dyad (see the
Supporting Information, Figure S31), we conclude that this
band is also attributable to the carbazole moiety.

In the case of the dyad, where the final CT state is BDP™-
AN, absorption bands at 570 nm due to BDP™ and 720 nm
due to AN were indeed observed (Figure 9a). Based on these

S 0.03
0.02{ 3  ——BDPAN
—e— BDP-AN-N-CZ
—a— BDP-AN-C-CZ 0.02
0.01 <
E < 0.1
0.00 0.00
550 600 650 700 0 10 20 30 40 50

Wavelength / nm Time / ps

Figure 9. (a) Comparison of the long-lived spectral component for
BDP-AN-C-CZ, BDP-AN-N-CZ, and BDP-AN; the signals have
been normalized on the BDP bleaching band.( b) Kinetic traces at
cation and anion characteristic absorption wavelengths for BDP-AN-
C-CZ in DCM.

spectral assignments, we identify the 1.8 ps component to be
associated with the initial PET in BDP-AN-C-CZ and the 2.8
ps component to be due to the formation of the secondary
radical pair. The kinetic traces at the maximum of the anion-
cation bands are reported in Figure 9b for BDP-AN-C-CZ.
The band at 640 nm is well visible in the case of BDP-AN-C-
CZ and less intense for BDP-AN-N-CZ. Furthermore, in
BDP-AN-N-CZ, both the signal inversion in the 530—550 nm

region and the rise of the broad absorption at 640 nm occur on
a slower timescale of 4.8 ps. We thus conclude that the
formation of the secondary radical pair is faster and more
efficient for the first dyad, in line with its higher triplet
quantum yield.

531

The introduction of the CZ moiety increases the yield of s32

charge separation also in nonpolar solvents, particularly in the

case of BDP-AN-C-CZ. Figure 10 shows the EADS obtained
0.07+
0.00{
0.00 ™
< .07 < -0.04
-0.14 -0.081
-0.214 -0.124

450 525 600 675
Wavelength / nm

450 525 600 675
Wavelength / nm
Figure 10. Evolution associated difference spectra obtained from

global analysis of time-resolved data measured for (a) BDP-AN-C-CZ
and (b) BDP-AN-N-CZ in toluene. 4,, = 400 nm.

by analyzing the transient absorption data recorded upon 400
nm excitation for BDP-AN-C-CZ and BDP-AN-N-CZ in
toluene. The characteristic BDP™ band is observed to rise for
BDP-AN-C-CZ, together with a broad band extending up to
700 nm, which we assign to the CZ unit. In the case of BDP-
AN-N-CZ, charge separation appears less eflicient, as
evidenced by the comparatively lower intensity of the anion

533
534 f10

538

and cation bands. Furthermore, for both triads, the kinetics of s42

photoinduced electron transfer is slower than in dichloro-
methane. Indeed, in this case, energy transfer from the AN to
the BDP moiety, occurring in about 0.5 ps in both samples
(evolution from black to red EADS) and evidenced by the
increase of the BDP bleaching signal, can be clearly
distinguished from PET. The positive signals due to anion

543
544
548
546
547
548

and cation formation increase for both dyads on a timescale of s49

the order of 17—20 ps. Finally, it is worth noticing that, in all
cases, direct excitation into the BDP at 500 nm reduces the
yield of charge separation, particularly when nonpolar solvents
are used (Supporting Information, Figures $40—S43).

3.7. Theoretical Computations. In order to rationalize

the photophysical properties, the ground-sate geometries of sss

triads and reference dyads were optimized with the DFT
method (Figure 11 and Supporting Information, Figure $S48).

Figure 11. Optimized conformations of ground state and the dihedral
angles (degree) of triads: (a) BDP-AN-C-CZ and (b) BDP-AN-N-
CZ. Calculated at the DFT (B3LYP/6-31G (d)) level with Gaussian
09W.

For BDP-AN-C-CZ, the AN and BDP moieties take the

556
557 f11

558

orthogonal conformation (90°) due to the steric hindrance of sso

methyl groups on the BDP moiety, while the angle between
AN and CZ moiety is 87°, which is also nearly orthogonal
(Figure 11). These results are in agreement with the single-
crystal X-ray structure; only slight deviation in angles was
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se4 observed. In the case of BDP-AN-N-CZ, the angle between
s6s BDP and AN was also found to be orthogonal. However, CZ
seé6 and AN moieties are with 36.8° dihedral angles between the
s67 two planes. The non-orthogonal conformation of AN and CZ
s68 moieties in BDP-AN-N-CZ is due to a minor conformation
s69 restriction as there is an intervening phenyl spacer between the
570 two moieties. The angle of the intervening phenyl spacer with
571 the AN moiety is 95°, while the angle between the phenyl and
s72 CZ moiety is 57°.

573 The frontier molecular orbitals show that, in all compounds,
s74 the highest occupied molecular orbital (HOMO) is localized
575 on the AN moiety, while the lowest unoccupied molecular
576 orbital (LUMO) is localized on the BDP chromophore
577 (Supporting Information, Figure S48). This result confirms
578 that, in both triads and dyads, AN is more likely to be the
579 electron donor and BDP acts as the acceptor, and there is a
sso possibility of electron transfer in the compounds upon
ss1 photoexcitation. Moreover, the separation of HOMO and
ss2 LUMO orbitals and the computed dihedral angles indicate that
s83 there is weak electronic interaction at the ground state, which
ss4 is in agreement with UV—vis absorption spectra of the
sss compounds (Figure 3b).

s8¢  Furthermore, the frontier molecular orbital study also
sg7 supports the sequential electron transfer process in BDP-
588 AN-C-CZ. The localization of the HOMO on AN and LUMO
589 on the BDP supports the occurrence of the first electron
s90 transfer from AN to BDP. The localization of the HOMO—2
so1 orbital on the CZ moiety supports that, at the later stage, the
592 hole migrates toward CZ, in agreement with the experimental
593 study. The separation of HOMO and LUMO orbitals also
so4 facilitates the SOCT-ISC process, which is in line with efficient
595 ISC and high triplet yield of triads.

s96  To further support our results, the electron spin density
s97 surfaces of the radical anion and radical cation of compounds
so8 were also calculated (Figure 12). The spin density distribution
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Figure 12. Spin density distribution of the triads, anions (charge =
—1) and cations (charge = +1) obtained by computation with DFT
theory at the (UB3LYP/6-31G (d)) level using Gaussian 09W.

599 of radical cations and anions gives the information of the
600 presence of holes and electrons of the CT state. The result
601 shows that, in both triads, the hole is confined equally on the
602 AN and CZ moieties while the electron is localized on the
603 BDP chromophore, which indicates that BDP acts more likely
604 as an acceptor while both AN and CZ act as electron donors in
605 the triads. The equal distribution of holes on AN and CZ
606 indicates that both moieties take part in the PET process, thus
607 supporting the sequential electron transfer process in triads.

608 In order to study the delocalization of the triplet state of
609 compounds, the spin densities of triads and dyads were
610 calculated (Figure 13). In all compounds, the spin density is
611 localized on the BDP, in agreement with the nanosecond

=t

transient absorption study (Figure 7, Supporting Information, 4,
Figures $25—529). 613
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Figure 13. Spin density distribution of the triplet states of the triads
and reference dyad obtained by computation with DFT theory at the
(B3LYP/6-31G (d)) level using Gaussian 09W.

3.8. Triplet—Triplet Annihilation Upconversion. The ¢14
strong visible-light absorption and high triplet yield of the 615
devised triads make these compounds ideal triplet photo- 616
sensitizers. To confirm their potential application, the triads 617
based on CR-induced ISC were utilized in TTA upconversion. 618

On the basis of the triplet excited-state energy level (T;) of 619
the triads (1.58 eV), we selected perylene (triplet state energy: 620
1.53 eV) as the triplet acceptor/emitter for upconversion. By 621
using a suitable concentration of triplet acceptor perylene, the 622
triads showed high upconversion quantum yield (®yc) in 623
dichloromethane, upon photoexcitation with a 510 nm pulsed 624
laser. BDP-AN-C-CZ shows high ®yc of 18% in dichloro- 625
methane (Figure 14), which is about 2 times that of the BDP- 626 f14

0.9

9004 UC Emission a
—— BDP-AN-C-CZ
—— BDP-AN-C-CZ + Pery
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BDP-AN-C-CZ
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Figure 14. (a) TTA upconversion with BDP-AN-C-CZ as the
photosensitizer and perylene (Pery) as the acceptor. Excited with a
510 nm cw laser (50 mW cm™). c[perylene] = 2.0 X 107° M, in
deaerated dichloromethane, 20 °C. Inset: photographs of BDP-AN-
C-CZ alone and the upconversion. (b) CIE diagram.

AN dyad under the same conditions (dichloromethane, ¢ = 1.0 627
X 1075 M, and 50 mW cm™> power density).” The 62
upconverted emission is visible to the naked eye, and 629
coordinates of the CIE diagram are also in agreement with 630
photographs (Figure 14b). In the case of BDP-AN-N-CZ, 15% 631
@y was observed (Supporting Information, Figure S44), 632
while the reference BDP-AN dyad shows only 10% @y in 633
dichloromethane. Moreover, BDP-AN-C-CZ also shows a 6% 634
@y in toluene, while in the case of the other triad and dyads, 635
no upconversion was observed in toluene (Supporting 636
Information, Figure S46). 637

3.9. Delayed Fluorescence. Previously, we reported that 638
BDP-AN shows delayed fluorescence by using the nanosecond 639
transient absorption spectrometer in the emission mode.”* 640
Herein, we report for the first time the observation of solvent- 641
dependent color-tunable delayed fluorescence. In toluene, the 642
triad BDP-AN-C-CZ shows delayed fluorescence at wave- 643
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lengths similar to the BDP-AN dyad upon photoexcitation
with a ns pulsed laser (1.8 mJ/pulse, pulse duration: S ns,
Figure 15). Interestingly, long-lived delayed fluorescence was
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Figure 15. Delayed fluorescence of BDP-AN-C-CZ upon nanosecond
pulsed laser excitation (4, = S0S nm, 1.8 mJ/pulse, pulse duration: 5
ns). (a) Nanosecond transient emission spectra of BDP-AN-C-CZ in
deaerated toluene. (b) Decay traces at 525 nm in deaerated toluene.
(c) Nanosecond transient emission spectra of BDP-AN-C-CZ in
deaerated dichloromethane. (d) Decay traces at 637 nm in deaerated
dichloromethane 20 °C.

observed with triad BDP-AN-C-CZ in toluene, with a lifetime
of 118 us, which is 4 times longer than the lifetime of the
delayed fluorescence observed with the BDP-AN dyad in
dichloromethane® and about 17,000 times longer than the
prompt fluorescence lifetime of BDP-AN-C-CZ (6.8 ns). The
dyad BDP-AN did not show any delayed fluorescence in
toluene.

Surprisingly, the triad BDP-AN-C-CZ shows a red-shifted
delayed fluorescence at wavelengths similar to the charge
transfer emission in dichloromethane (Figure 15). This is the
first obvious report of solvent-dependent color-tunable delayed
fluorescence. These results confirmed that, in dichloro-
methane, the charge transfer process in triad BDP-AN-C-CZ
is very efficient. The observation of delayed fluorescence at the
LE emission band in the nonpolar solvent and at the CT
emission band in polar solvents can be explained considering
that the PET process is more efficient in polar solvents, making
the CS channel faster than the LE decay. Also, in the case of
BDP-AN-N-CZ, the long-lived delayed fluorescence (7 = 53
us) was also observed in dichloromethane (Supporting
Information, Figure $S47).

Two different mechanisms can lead to delayed fluorescence
in organic compounds, namely, reverse intersystem crossing T
— S, (thermally activated delayed fluorescence, also called E-
type delayed fluorescence)”>™"> and TTA (which is also
known as P-type delayed fluorescence).”” The delayed
fluorescence observed in the triads is P-type as previously
reported for BDP-AN dyad because P-type delayed fluo-
rescence is more sensitive to excitation power than E-type
delayed fluorescence. In the case of triads, delayed fluorescence
was not observed upon excitation with a picosecond pulsed
laser (5 X 1077 mJ/pulse, pulse duration 120 ps), used in

fluorescence measurements with TCSPC, but observed upon
excitation with a strong nanosecond pulsed laser. From these
results, we attribute the long-lived fluorescence observed in the
triads to P-type delayed fluorescence that occurred via the
TTA upconversion mechanism.

The overall photophysical process involved in the BDP-AN-
C-CZ triad can be summarized through the Jablonski diagram
(Scheme 2). Upon photoexcitation of the triad, its singlet

Scheme 2. Supposed Photophysical Process of BDP-AN-C-
Car”

TOL
DCM
(C-A-"B¥) (C-A"*-B~) ACN
1 8 ps 242eV s
......... CcT
240 eV 2.26 eV =28 ps 234eV
222 eV LG .
1.95 eV .
1.89 eV =—"AN 1816V
515 nm 3
== BDP 4 58 ev
£ =3.3ns
T = 98 us
So I I R I ———

“The energy levels of the excited singlet states are derived from the
spectroscopic data; the energy level of charge transfer state is obtained
from electrochemical data, also confirmed by the CT emission band.
The triplet energy levels are estimated by the TD-DFT method. The
superscripted numbers indicate the spin multiplicity. C stands for the
carbazole unit, A stands for anthracene, and BDP stands for the
bodipy unit. The superscripted number designates the spin multi-
plicity.

excited state is populated, which rapidly evolves to the first CS
state through electron transfer from the AN to the BDP
chromophore (1.8 ps). Successively, a secondary electron
transfer takes place from the electron-rich CZ moiety to the
electron-deficient AN moiety forming the second CS state (2.8
ps). On a slower timescale, charge recombination takes place,
and the triplet state of BDP chromophore populates.
Afterward, delayed fluorescence is produced following the
TTA pathway. In the nonpolar solvent, DF is observed at the
LE emission band, while in the polar solvent, it is observed at
the CT emission band due to the faster PET channel.

In the case of the other triad BDP-AN-N-CZ, a similar
photophysical process was observed in polar solvents
(Supporting Information, Scheme S1), while in the nonpolar
solvent toluene, PET is not a thermodynamically feasible
process as CSS lies above the singlet excited state, which is in
agreement with the fluorescence study (Figure 3b, Table 2). In
the dyads, upon photoexcitation, the singlet excited state is
populated, which leads to formation of CSS, and afterward, the
triplet state is populated following the SOCT-ISC pathway
(Supporting Information, Scheme S2).

4. CONCLUSIONS

In summary, we have demonstrated that spin—orbit charge
transfer intersystem crossing (SOCT-ISC) efficiency can be
improved by utilizing a sequential electron transfer approach.
For this study, we devised two new triads (BDP-AN-C-CZ and

679

711

BDP-AN-N-CZ) by selecting donor and acceptor moieties of 712

appropriate electronic strength and linked in a series (D—D—
A) to facilitate a sequential electron transfer process. The
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715 molecular conformation was varied by changing the position of
716 attachment and relative orientation of the carbazole with the
717 anthracene moiety to study its effect on the photophysical
718 properties. The sequential photoinduced electron transfer
719 processes in these triads were confirmed by electrochemical
720 studies, steady-state, and time-resolved spectroscopies. Effi-
721 cient and fast charge separation (1.8 ps) in BDP-AN-C-CZ
722 was revealed by femtosecond transient absorption spectrosco-
723 py, while for the reference BDP-AN dyad, comparatively
724 slower charge separation (7.7 ps) was observed. The enhanced
725 PET process in BDP-AN-C-CZ compared to the reference
726 BDP-AN dyad is an indication of sequential electron transfer.
727 These results are consistent with the high triplet yield (@1 =
728 1.0) of BDP-AN-C-CZ. Notably, BDP-AN-C-CZ exhibits a
729 high singlet oxygen generation ability in solvents of variable
730 polarity (nonpolar to polar), which makes BDP-AN-C-CZ a
731 potent triplet photosensitizer and unique from previously
732 reported structure profiles. Long-lived triplet—triplet annihila-
733 tion (TTA) delayed fluorescence was observed in these triads.
734 Interestingly, we found that TTA delayed fluorescence is
735 dependent on solvent polarity and that color-tunable (green—
736 red, 525—648 nm) delayed fluorescence was observed in BDP-
737 AN-C-CZ. Moreover, both triads were used as triplet
738 photosensitizers for the TTA upconversion with perylene as
739 the triplet acceptor/emitter, and high upconversion quantum
740 yield was observed. These studies can be helpful in designing
741 new efficient heavy-atom-free triplet photosensitizers based on
742 the donor—acceptor system. The current research work will
743 also be useful for photovoltaics, photocatalytic organic
744 reactions, artificial photosynthesis, bioimaging, and triplet—
745 triplet annihilation upconversion.
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