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Abstract: Thiol-activated triplet-triplet annihilation (TTA) upconversion was studied with two
different approaches, i.e. with 2,4-dinitrobenzenenesulfonyl (DNBS) caged diiodoBodipy triplet
photosensitizers (perylene as the triplet acceptor/emitter of the upconversion), and DNBS-caged
Bodipy fluorophore as the triplet accepter/emitter (PATPTBP as the triplet photosensitizer,
TPTBP = tetraphenyltetrabenzoporphyrin). The photophysical processes were studied with
steady-state UV-vis absorption spectroscopy, fluorescence spectroscopy, electrochemical
characterization, nanosecond transient absorption spectroscopy and DFT/TDDFT computations.
DNBS caged triplet photosensitizer shows shorter triplet state lifetime (24.7 ps) than the uncaged
triplet photosensitizer (86.0 ps), the quenching effect is due to photoinduced electron transfer
(PET). TTA upconversion was enhanced upon cleavage of the DNBS moiety by thiols. On the
other hand, the DNBS caged Bodipy shows no fluorescence, but the uncaged fluorophore shows
strong fluorescence, thus TTA upconversion is able to be enhanced with the uncaged fluorophore
as the triplet energy acceptor/emitter. The results indicate that the DNBS moiety exerts
significant quenching effect on the singlet excited state of Bodipy, but the quenching on triplet
excited state is much weaker. Calculation of the Gibbs free energy changes of the photo-induced
electron transfer indicates that the singlet state gives large driving force for the PET process than
the triplet state does.

Keywords: Bodipy; Electron transfer; Quenching; Triplet state; Triplet—Triplet Annihilation

Upconversion

1. INTRODUCTION

Modulation of the excited states of chromophores is crucial for development of novel functional

10,11

. 1-9 .
molecular materials, such as fluorescent molecular probes, ~ molecular switches, and

12-18

external stimuli-responsive molecular devices. In this context, the methodologies of
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switching the singlet excited state have been well developed.! However, switching of the triplet
excited states is rarely reported.'*'*™*? Switching of the triplet excited states will be very useful

in the areas such as target activatable photodynamic therapy (PDT),”*** %’

molecular logic
gates,12 as well as for study of fundamental photochemistry of organic chromophores.28
Quenching of the triplet excited state may follow different principles as compared with that of
quenching the singlet excited states, even with the same quencher. But this fundamentally
important effect was rarely studied. For example, given that the quenching of the excited state is
due to photo-induced electron transfer (PET), the Gibbs free energy changes (AG°cs) of the PET
processes for quenching of the singlet and triplet excited state will be different, because the
driving forces, the Eyy values (the energy level of the excited state by which the PET is driven),
are substantially different, because the S; state and the T, state of typical fluorophores are
substantially different, i.e. the S,/T; state energy gap is usually large for polycyclic aromatic
hydrocarbons. In this case the singlet excited state will offer much /arger driving force for the
PET process than the triplet excited state of the same chromophore. However, investigations of
such different quenching effect on the triplet and singlet excited state was not reported.
Concerning switching of triplet excited state of organic chromophores, previously amino-
azaBodipy was prepared as acid activatable PDT reagents.”” The triplet state of the
iodoazaBodipy chromophore was presumably quenched by PET from the appended N atom to
the Bodipy chromophore. Protonation of the amino group will inhibit the PET, thus the triplet
excited state yield is increased.”’ Fluorescence-energy-resonance-transfer (FRET) was also used
for switching of the triplet state of a Bodipy dyad.'” In the presence of acid/base, one of the
components in the dyad will be protonated so that the energy levels will be changed. As a result,

a FRET process will be activated to compete with the intersystem crossing (ISC). On the other
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hand, photochromic chromophores, such as dithienylethene (DTE) was incorporated into the
molecular structure of Ru(Il) or Os(Ill) complexes to modulate the triplet excited states."
Recently, the singlet oxygen ('0,) production of Zn(II) porphyrin complex was switched by DTE,
via an photoswitchable intermolecular triplet energy transfer.”” Previously 2.4-
dinitrobenzenesulfonylamide (DNBS) moiety as electron trap to switch the triplet excited state of
transition metal complex to develop phosphorescent thiol probes or thiol-activatable PDT

30-32

reagents. For most of these studies, the switching of the triplet excited states was not studied

in detail, for example, with the nanosecond transient absorption spectroscopy.'*°

Recently we used DTE for preparation of a iodo-Bodipy-DTE triad, for which the triplet state
manifold is able to be photoswitched (in aspects of both triplet state lifetime and yield) by the
photochromism of the DTE unit.>> The switching effect was used for triplet-triplet-annihilation
(TTA) upconversion. We also used an intermolecular triplet-triplet-energy-transfer (TTET)
approach for switching the TTA upconversion with DTE as the photo responsive chromophore.**
Controlling the singlet oxygen ('O,) photosensitizing of iodoBodipy with acid was reported.”” In
order to switch the visible light-absorption property, as well as the triplet state property, we
prepared rhodamine-Ceo dyads for which the visible light-absorption and the triplet state can be
switched on by addition of acid.>® However, much room is left to develop new methodologies for
the triplet state switching, especially with chemical stimulates.

Herein we report a new strategy for switching of the triplet excited state property of an organic
chromophore, and its application in controllable TTA upconversion, with a chemical input. The
approach is exemplified with thiol-cleavable DNBS caged triplet photosensitizer (2,6-
diiodoBodipy, Scheme 1). Thiol compounds are important for keeping the intracellular redox

homeostasis, and thiol compounds have been the targets for many molecular probes.2 Herein our

method is based on the designing of a ‘caged’ triplet photosensitizer, in which the triplet state
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was quenched by the PET from the diiodo-Bodipy chromophore to the intra-molecular electron
acceptor, DNBS (C-1, Scheme 1).>**? Previously DNBS was used for controlling of the triplet

excited state of metal complexes or bromoBodipy,*®

although the switching effect was not
studied with nanosecond transient absorption spectroscopy. We envisage this modulation can be
conveyed to the triplet state manifold of organic chromophore for switching of the TTA
upconversion. The triplet state lifetime of C—1 will probably be shorter than that of the reference
compound 5 (Scheme 1). The TTA upconversion will be less efficient with C-1 as triplet
photosensitizer because the critical step involved in TTA upconversion, the intermolecular
triplet-triplet-energy-transfer (TTET) will be less efficient with shorter triplet state lifetime of the

37,38

photosensitizer. In the presence of thiols, the DNBS moiety will be cleaved off from C-1

(Scheme 2), as a result, the triplet state lifetime was extended as compared with that of Cc-1.%
Correspondingly the TTET will be enhanced.*®
On the other hand, previously DNBS was used as an electron trap for designing of fluorescent

molecular probes for detection of thiols.”***~*

The fluorescence of this kind of molecular probes
are usually quenched significantly with DNBS. In the presence of thiols analytes, such as cysteine,
the DNBS moiety will be cleaved off from the fluorophore, the fluorescence will be
enhanced.””*"* Inspired by these studies, herein we also studied a complementary approach for
switching of TTA upconversion, that is, to switch the emissive singlet excited state of Bodipy
chromophore (compound 2, Scheme 1). Compound 2 was used as triplet acceptor/emitter of TTA
upconversion, with Pd (II) tetraphenyltetrabenzoporphyrin (TPTBP) as triplet photosensitizer.

The results show that DNBS is more effective for quenching of the singlet excited state of Bodipy,

than quenching of the triplet excited state of the same Bodipy chromophore.
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The photophysical properties of the compounds were studied with steady state UV—vis
absorption and fluorescence emission spectra, nanosecond transient absorption spectroscopy,
electrochemical characterization (cyclic voltammetry) and DFT/TDDFT computations. We
demonstrated that the switching of the triplet state and singlet excited state with the thiol-
cleavable cage moiety can be used for switching of the TTA upconversion. These information are
useful for designing new switchable triplet photosensitizers and for application of these

compounds in activatable PDT and chemical stimuli-controlled TTA upconversion.

2. RESULTS AND DISCUSSIONS

2.1. Molecular Designing Rationales. Previously it was shown that DNBS moiety is an strong
electron acceptor for quenching of fluorescence.*'** This property was used in designing of thiol-
selective fluorescent molecular probes. With DFT calculation we show that the S; state of the
chromophore was modulated with the attachment and the cleavage of the DNBS moiety.**** The
S, state of the caged fluorophore is a dark state, whereas the uncaged fluorophore gives S; state
as emissive state.’’** However, the quenching effect of DNBS on the singlet excited state and
triplet excited state of the same chromophore was not compared.

Herein we designed compound C—1 (Scheme 1), in which the Bodipy moiety was iodinated at
the 2,6-position for triplet formation. Bodipy was selected as the chromophore, due to its
satisfactory photophysical properties.” > We envisaged that the triplet excited state of 2,6-
diiodoBodipy may be quenched by the DNBS moiety (in both aspects of lifetime and yield),
whereas cleavage of the DNBS moiety may lead to the recovery of the triplet excited state of the
2,6-diiodoBodipy. In order to study the mechanism of the triplet state switching, we prepared

C-2 (Scheme 1), in which the styryl diiodo-Bodipy shows much lower triplet state energy level
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than the 2,6-diiodoBodipy unit in C—1. The preparation of the compounds is based on routine
synthetic methods. The compounds were obtained in moderate to satisfactory yields.
Scheme 1. Preparation of the DNBS Caged Triplet Photosensitizer C-1 and C-2, as well as

the DNBS Caged Fluorophore Compound 2 *

BODIPY

“ Key: (I) dry CH,Cl,, TEA, 2,4-dinitrobenzenesulfonyl chloride, 50 °C, 10 h, yield: 59.7%.
(II) dry CH,Cl,, NIS, 5 h, 30 °C, yield 70%. (IIl) dry CH,Cl,, NIS, 5 h, 30 °C, yield: 72.6%.
(IV) Hy0,, yield: 43%. (V) dry toluene, piperidine, acetic acid and p-hydroxybenzaldehyde, 10
min, yield: 12%. (VI) dry CH,Cl,, TEA, 2.4-dinitrobenzenesulfonyl, 50 °C, 10 h, yield: 51%.
(VII) dry CHCIl; and TEA, yield: 65%. (VIII) dry CH,Cl, and TEA, 50 °C, 10 h, yield: 54%.

As a complementary study, we investigated the quenching effect of DNBS moiety on the
singlet excited state of Bodipy, i.e. the fluorescence, with compounds 1 and 2 (Scheme 1). The

fluorescence emission of 1 and 2 were compared. The quenching effect of DNBS on the singlet
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excited state of Bodipy (fluorescence) is more significant than that on the triplet excited state.

Quenching of singlet excited state of Bodipy was also used for switching of TTA upconversion.

Scheme 2. Cleavage Mechanism of the DNBS Moiety in C-1 by Thiols
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2.2 UV-vis Absorption and Fluorescence Emission Spectroscopies. Firstly the UV—-vis
absorption of the compounds were studied (Figure 1). The dyad C-1 and the reference
compounds 5 and 6 show similar UV—vis absorption spectra. This result indicates that there is no
significant electronic interaction between the chromophores in C-1 at the ground state.*! For
C-2, however, different UV—vis absorption spectrum was observed as compared to the reference
compound 7. This result is reasonable since the DNBS moiety is directly attached on the n-

conjugation framework in C-2, which is different from the molecular structural profile of C-1.

The fluorescence of the compounds was studied (Figure 1b and 1d). Reference compounds 5
and 6 show similar emission property (note optically matched solutions were used in the
comparison of the fluorescence of the compounds). For C-1, however, much weaker
fluorescence was observed as compared with that of compounds 5 and 6. This result indicates
that the fluorescence of the diiodo-Bodipy part in C—1 was quenched, most likely by the PET

process.*™*' Similar results were found for C—2 and the reference compound 7 (Figure 1d). The
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fluorescence emission of C—2 is much weaker than the reference compound 7. It should be noted
that the switching effect of DNBS moiety on the fluorescence of the un-iodinated Bodipy
compounds is more significant.**** Generally the singlet excited state lifetimes of C—1 and C-2
are much shorter than the un-iodinated compounds, thus it is more difficult for the electron

transfer to compete with the fast radiative decay of the singlet excited state of C—1 and C-2.”"
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Figure 1. (a) UV—vis absorption spectra of C—1, 5 and 6. (b) Fluorescence emission spectra of
C-1, 5 and 6 (Aex = 480 nm. Optically matched solution was used). (¢c) UV—vis absorption
spectra of 7 and C-2. (d) Fluorescence emission spectra of 7 and C-2 (Aex = 530 nm. Optically

matched solutions were used). For the absorption spectra, ¢ = 1.0 x 10~ M in CH3CN. 20 °C.

The UV—vis absorption and the fluorescence emission spectral changes of C—1 and C-2 in the
presence of thiol compound (2-mercapitoethanol) were studied (Figure 2). For C—1, the UV-vis
absorption spectrum did not show significant change upon addition of thiol.**** For C-2,

however, the absorbance decreased upon addition of 2-mercapitoethanol. Fluorescence
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enhancement was observed for both C—1 and C-2 in the presence of 2-mercapitoethanol (Figure

2c¢ and 2d). This result is in agreement with the previously studied fluorescent thiol molecular

40-42
probes.
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Figure 2. UV—vis absorption spectra of (a) C—1 and (b) C-2 before and after thiol added.
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Fluorescence emission of (¢) C—1 ( dex = 470 nm) and (d) C-2 ( Aex = 530 nm) before and after

thiol added. Optically matched solutions were used. For UV—vis absorption spectra, ¢ = 1.0 X
10~ M. For fluorescence emission, ¢ [C-1 or C-2] : ¢ [thiol] = 1 : 200 and the thiol used in the

study is mercaptoethanol. In CH3CN. 20 °C.

The UV-vis absorption and fluorescence properties of compounds 1 and 2 were also studied

(Figure 3). The two compounds show similar absorption, with maximum absorption at 503 nm

and 506 nm for 1 and 2, respectively (Figure 3a). The two compounds show drastically different

fluorescence property (Figure 3b), compared to compound 1, the fluorescence of compound 2

was completely quenched. The fluorescence of compound 1 was compared with the unsubstituted

ACS Paragon Plus Environment



Page 11 of 44 The Journal of Organic Chemistry

1

2

2 Bodipy (Figure 3c, with optically matched solution). Compound 1 gives lower fluorescence
5

6 emission (O = 50 %) than unsubstituted Bodipy (O = 90 %).

-
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23

gg Figure 3. (a) UV-vis absorption spectra of compounds 1 and 2. ¢ = 1.0 x 107 M. (b)
26 .. . .

27 Fluorescence emission of compound 1 and 2. A« = 470 nm. Optically matched solutions were
28

29 used. (c) Fluorescence emission of 1 and Bodipy. Acx =470 nm. Optically matched solutions were
30

31 o

32 used. In toluene. 20 °C.

33

34 . a

35 Table 1. Photophysical Parameters of the Compounds

36

37 Aabs e Aem @5/ % ¢ w ¢ /ns o’/ us /%"
38

39 1° 503 9.04 515 50.0 4.28 - -

40

j; 2" 506 9.26 519 0.6 1.67 = =

ji 5 529 8.92 547 4.1 0.18 171.3 92.5

jg 7 590 8.91 624 23.6 1.53 4.4 64.7

piA c-1 533 9.10 556 1.7 0.10 247 88.6

B C-1¢ 528 8.86 550 1.9 0.15 86.0 -

g; C-2 576 8.88 594 3.4 0.37 2.7 57.6

53

54 Cc-2¢ 580 6.60 596 8.9 0.50 3.1 -

55

56 “In CH5CN (1.0 x 10~ M). * In toluene. © Molar absorption coefficient. & 10* M~ cm™. ¢
g; Fluorescence quantum yields. Bodipy (®r = 90.0 % in toluene) was used as standard for 1 and 2.
59

60
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6 (Op =2.7 % in CH3CN) was used as standard for 5, C—1 and C-1 after cleavage of the DNBS
moiety by thiols. 14 (Op = 9.5 % in toluene) was used as standard for 7, C-2 and C-2 after
cleavage of the DNBS moiety by thiols. ¢ Fluorescence lifetimes. 4 Triplet state lifetimes,
measured by transient absorptions. ¢ After cleavage of the DNBS moiety by thiols.” Triplet state
quantum yield, with Rose Bengal as stand (@1 = 0.9 in methanol).

The photophysical properties of the compounds were summarized in Table 1. The fluorescence
quantum yields of C—1, C-2 and the cleavaged products are low, which is due to the iodination
of the Bodipy chromophores.’** It is noted that the fluorescence lifetimes of C—1, C-2 and the
cleavage product are short, which are due to the influence of the DNBS electron acceptor (PET)
and the iodination of the Bodipy chromophore (ISC effect).”™> These results are drastically
different from the previously reported Bodipy-DNBS based fluorescent thiol probes, those probes
52-54

show fluorescence switching effect.

Table 2. Rate Constants for Singlet Energy Transfer °

®p(ref)/@pi(sen)’  kpp(s™)? 1w (ns)

C-1 24 7.83x10°  0.18/
Cc-2 6.9 3.88x10° 1.53¢
27 833 213x10'°  3.87"

“ In acetonitrile. ” In toluene. ¢ Ratio of the fluorescence quantum yields of the reference
compounds (5 and 7) and the corresponding DNBS caged photosensitizers (C—1 and C-2). d
Photoinduced intramolecular electron transfer rate constants. ¢ Fluorescence lifetime. /
Fluorescence lifetime for compound 5. ¢ Fluorescence lifetime for compound 7. " Fluorescence
lifetime for compound 1.

=~
|

()
Ry 11/ 7 (Eq. 1)

ET — Ref )

Sen

The photoinduced intramolecular electron transfer rate constants in the caged fluorophore and

56
1,

the triplet photosensitizers were calculated with Eq. when kg7 is the electron transfer rate
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1
2
2 constant, @g.r and Tger is the fluorescence quantum yield and the lifetime of the reference
5
6 compounds (5 or 7), and ®Dg, is the fluorescence lifetime of the corresponding caged
7
8 .. . . .
9 photosensitizers (C—1 or C-2). It was found the PET process in compound 2 is faster than that in
10
11 C-1 and C-2. This result can be used to rationalize the fully quenched fluorescence in C—1.
12
13
14
15 2.3. Nanosecond Transient Absorption Spectroscopy. In order to study the switching of the
16
g triplet excited state of the compounds upon caging with DNBS and cleavage of the DNBS moiety
19
20 by thiols, the nanosecond transient absorption spectroscopy of the compounds C—1 and C-2 in
21
gg the absence and in the presence of thiols were studied. Firstly non-polar solvent toluene was used
24
25 for study of the triplet state of C—1 (Figure 4). The TA spectra of C—1 in toluene were
26
27
28
29
30 0.04]
31 0.007=
32
33 a -0.04+
34 g-o.osf
35 1, =187.7 ps |
36 -0.121
37 016 1 o
38 300 400 500 600 700 800 O 200 400 600 800 1000
39 Wavelength / nm Time / us
40 0.05 ‘ —
C

41 0.00+ 0.0 4
42 ,
43 . -0.051 633.2 s .
44 8 499.9 :s 8'0'1
45 2 -0.10 e 13

N S - 4
46 -0.151 0ps " 02
47
48 -0.20 L -0.3 STV

300 400 500 600 700 800 0 200 400 600 800 1000

49 Wavelength / nm Time / us
50
51
gg Figure 4. (a) Nanosecond transient absorption spectra of C—1 and (b) the corresponding decay
54
55 trace at 533 nm. (c) Nanosecond transient absorption spectra of C—-1 upon addition of
56
g; mercaptoethanol and (d) the corresponding decay trace at 533 nm (Aex = 529 nm). ¢ [C-1] : ¢
59
60

13
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[mercaptoethanol] = 1 : 200. After the thiols added, the solution was standed for 30 min before

measurement of the spectra. ¢ [C—1]= 1.0 x 10~ M in toluene. 20 °C.

recorded (Figure 4a). Bleaching band at 538 nm was observed upon pulsed laser excitation,
which is due to the depletion of the ground state of the diiodoBodipy moiety upon photo-
excitation. Excited state absorption (ESA) in the region of 380 nm — 480 nm and 584 nm — 774
nm were observed, which are attributed to the absorption of the triplet state of 2,6-diiodoBodipy
moiety (spin-allowed T;—T, transitions).”>’ In toluene, the triplet state lifetime of C—1 was
determined as 187.7 us (Figure 4b). In the presence of thiol, the TA spectra hardly give any
changes (Figure 4c). The triplet state lifetime was determined as 189.9 us (Figure 4d), very close
to the caged triplet photosensitizer (C—1). The singlet oxygen ('0,) quantum yields (®,) of C—1
and the cleaved product were determined as 0.59 and 0.65 respectively (Table S1). Thus, we
conclude that there is no significant switching effect upon addition of thiol for C—1 in toluene. It
was well known that the PET of multi-chromophore compounds is unlikely to occur in non—polar

58-60

solvents such as toluene, thus we postulate that the there is no significant intra molecular

PET for C—-1 in toluene.

Similar results were observed in polar solvent such as dichloromethane (DCM), the triplet state
lifetimes of C—1 before and after cleavage with thiol is 166.6 us and 168.1 us, respectively
(Supporting Information, Figure S22). Note the triplet state lifetime of 5 in DCM and toluene is
151.4 ps and 183.4 pus, respectively (Supporting Information, Figure S23), which indicated that
the different triplet lifetime of C—1 in toluene and DCM is due to the diiodo-Bodipy moiety, not

any PET process between the diiodo-Bodipy and DNBS moiety.

14
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The TA spectra of C—1 in polar solvent, such as acetonitrile, were studied (Figure 5). Although
the bleaching and the transient positive absorption profiles of C—1 in the absence and in the
presence of thiols are similar (Figure 5a and 5c), the triplet state lifetime show substantial
difference (Figure 5b and 5d). The triplet state lifetime of C—1 in acetonitrile was determined as
24.7 ps, but the lifetime was significantly extended to 86.0 ps in the presence of thiols, i.e.
cleavage of the DNBS moiety. Thus we propose that the PET in C-1 is significant in polar
solvent such as acetonitrile. This is a known fact for intramolecular PET in multi-chromophore

58760 The ®, value of C—1 changed from 0.74 to 0.88 upon cleavage with thiol in

compounds.
CH;CN (Table S1). Thus, switching of the triplet excited state of C—1 is implemented with thiol

as an external chemical input. Previously we studied a thiol-selective phosphorescent molecular

probe, in which the DNBS moiety is an electron acceptor and Ru(Il) complex as the
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Figure 5. Nanosecond transient absorption of (a) C—1 and (b) the decay trace at 533 nm.

Nanosecond transient absorption of (c) C-1 after cleavage of the DNBS moiety by

15
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mercaptoethanol and (d) the decay trace at 533 nm, In all case, ¢ [C—1] : ¢ [thiol] =1 : 200. A =
529 nm. In CH3CN. After mercaptoethanol was added, the solution was standed for 30 min

before measurement of the spectra. ¢ [photosensitizers] = 1.0 x 107> M. 20 °C.

phosphorescent chromophore.’ In order to reveal the different triplet state life time of 5 and
C-1 after cleavage of the DNBS moiety by thiols, Stern-Volmer quenching plots of 5 in the
presence of compounds 10 and 13 (quenchers) was studied. Both of the compounds 10 and 13
have a strong quenching effect on the triplet state lifetime of 5 (see Supporting Information,

Figure S33-S35).

0.02 " " " " 0.01

a b
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'r
. 0.00+ G-0.014
o 399.9 us (@)
C-0.014 333.3pus { <.0.021
-0.024 233.3 s | -0.03 =278
1YY ——) -0.04 : :
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@]
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-0.0064 1 -0. 7, =3.1us
-0.0094
: ‘ ‘ : -0.020+ ‘ : ‘ ‘ |
300 400 500 600 700 800 0 4 8 12 16 20

Wavelength / nm Time / us

Figure 6. Nanosecond transient absorption of (a) C—2 and (c) after cleavage of the DNBS moiety
by mercaptoethanol. Decay traces of (b) C-2 and (d) after cleavage of the DNBS moiety by
thiols at 586 nm, (c[C-2] : ¢ [thiol] = 1 : 200) excited with nanosecond pulsed laser (x = 589
nm). After the thiols added, the solution was standed for 30 min before measurement of the

spectra. ¢ [photosensitizers] = 1.0 x 107> M. In CH;CN. 20 °C.
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Similar studies were carried out for C-2 (Figure 6). Interestingly, no substantial triplet state

lifetime changes were observed for C-2 in the presence of thiol, even in polar solvent such as

©CoO~NOUTA,WNPE

acetonitrile. For example, the triplet state lifetime of C-2 is 2.7 us in acetonitrile in the absence
11 of thiol. In the presence of thiol, the triplet state lifetime was only slightly extended to 3.1 ps.
14 Similar triplet state lifetimes were also observed for C-2 in toluene and dichloromethane
16 (Supporting Information, Figure S24 and S25). The cleaved chromophore, i.e. compound 7,
shows similar triplet excited state lifetime (Supporting Information, Figure S26). In CH3CN, the

21 @, was determined as 0.20 for C-2, as well as for the cleaved product (Table S1).
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47 Figure 7. Nanosecond transient absorption of (a) PATPTBP and (b) the corresponding decay
49 trace at 440 nm. (c¢) Nanosecond transient absorption of PATPTBP in the presence of compound
50 2 and (d) the decay trace at 440 nm. ¢ [PATPTBP] = 5.0 x 10°M. ¢ [compound 2] = 2.0 X 10°°

54 M in toluene. Aex = 445 nm. 20 °C.
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Compounds 1 and 2 are devoid of any heavy atoms, thus no significant triplet state formation
was observed with the compounds. Instead, as triplet state accepter for the TTA upconversion,
quenching of the triplet state of PATPTBP with compounds 1 and 2 was studied (Figure 7). With
compound 2, substantial quenching effect on the triplet state of PATPTBP was observed (Figure
7¢ and 7d). For example, nanosecond transient absorption spectra of PATPTBP upon pulsed laser
excitation show two bleaching bands at 442 nm and 627 nm. These bleaching bands are due to
the depletion of the ground state of PATPTBP. The inherent triplet state lifetime of PATPTBP
was determined as 170.8 ps (Figure 7b). In the presence of compound 2 (2.0 x 10° M. 1:0.4
molar ratio for PATPTBP/compound 2), the triplet state lifetime was reduced to 101.6 ps (for

detail Stern-Volmer quenching plots, see later section Figure 14, Supporting Information Figure
S38 and S39).

Interestingly, no bleaching band of the Bodipy moiety of compound 2 (at ca. 500 nm) was
observed, this result indicates that Bodipy moiety in compound 2 is not the ultimate triplet energy
trap. We postulate the quenching of the triplet excited state of PATPTBP by the DNBS moiety is
due to intermolecular electron transfer.®!

2.4. Electrochemical Studies: Free Energy Changes of the Photoinduced Electron
Transfer (PET). The electrochemical properties of the complexes were studied by cyclic
voltammetry (Figure 8). For the reference compound 5, a reversible oxidation wave was observed
at +0.94 V and a reversible reduction wave was observed at —1.26 V. For reference compounds
10 and 13, irreversible reduction peaks at —1.31 V and —0.95 V were observed. The reversible
oxidation wave at +0.97 V of C-1 is attributed to the 2,6-diiodoBodipy moiety (electron donor).
The irreversible oxidation wave of C—1 at —0.93 V can be attributed to the electron acceptor
moiety (Table 3). For the reference compound 7, a reversible oxidation wave was observed
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which half-wave potential is +0.68 V and a reversible reduction wave can also be observed
which half-wave potential is —1.15 V. Due to poor solubility of C—2, no signal can be observed.

The free energy changes of the intramolecular electron transfer process, can be calculated with

©CoO~NOUTA,WNPE

11 the Rehm-Weller equation (Eq. 2 and Eq. 3).”

15 7 Fc'/Fe a; | Fc'/Fe b| 1 ¢

Fc'/Fc

Current
Current
Current

23 12 06 0.0 -06-12-18 12 06 0.0 06 -12-1.8 12 0.6_0.0 -0.6-1.2-1.8
Potential / V Potential /' V Potential / V

25 Ty Fle 1T f |

Fc'/Fc Fc'/Fe

Fc'/Fc

8
| Current |
Cyrrept |
C‘urre‘nt |

31 ] | —oc2 |

33 12 06 _00 -06-1.2-1.8 1.2 06_00 -0.6-1.2-1.8 12 06_00 -06-1.2-1.8
Potential / V Potential / V Potential / V

37 Figure 8. Cyclic voltammogram of the dyad photosensitizer 5, 7, 10, 13, C-1 and C-2.
39 Ferrocene (Fc) was used as internal reference. (a) compound 5, (b) compound 7, (¢) compound
10, (d) compound 13, (¢) compound C-1, (f) compound C-2. Due to poor solubility, no
44 satisfactory signal was observed for C—2. In deaerated CH;CN solutions containing 5.0 x 10°* M
photosensitizers, 0.10 M BusNPF¢ as supporting electrode, Ag/AgNO; reference electrode, Scan

49 rates: 0.1 V/s. 20 °C.
53 AG'cs = e[E,y — Epepl— Eyy + AG, (Eq. 2)

57 2 2
58 AGg =~ ¢ - : + ! L1
59 47[6'SEORCC 872'50 RD RA Y

19

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

The Journal of Organic Chemistry

(Eq. 3)
Where AGs is the static Coulombic energy which is described by eq.3. e = electronic charge, Eox
= half-wave potential for one-electron oxidation of the electron-donor unit, Ergp = half-

Table 3. Redox Potentials of Bodipy Photosensitizers for Study of the Potential

Intramolecular Electron transfer. Anodic and Cathodic Peak Potential Were Presented *

Eip(ox) (V) Ejp(red) (V)

1 0.82 ~1.53
2 0.87 —0.88
5 0.94 -1.26
7 0.68 -1.15
10 -? -1.31
13 -? -0.95
Cc-1 097 -0.93
c2 -° .

“ In deaerated CH3CN solutions containing 5.0 x 10°* M photosensitizers, 0.10 M BusN[PF¢] as
supporting electrode, Ag/AgNO; reference electrode, Scan rates: 0.1 V/s. 20 °C. b Not observed.

wave potential for one-electron reduction of the electron-acceptor unit, Epo = energy level
approximated with the intersection of fluorescence emission and UV—vis absorption after
Normalization (for the singlet excited state), & = static dielectric constant of the solvent, Rcc =
center-to-center separation distance between the electron donor (diiodoBodipy) and electron
acceptor (PBI), determined by DFT optimization of the geometry, Rcc (C—1) = 8.6 A, Rcc (C-2)
=13.8 A, Rp is the radius of the electron donor, Rp (C-1)=43 A, Rp (C-2)=284 A. Ry is the

radius of the electron acceptor, Ry (C-1) =4.9 A, Ra (C-2)=49 A. &er is the static dielectric
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constant of the solvent used for the electrochemical studies, & is permittivity of free space. The
solvents used in the calculation of Gibbs free energy of the electron transfer is toluene (& = 2.4),

CH,Cl; (& =9.1) and acetonitrile (g = 37.5).

Energy levels of the charge-separated states (Ecs) and charge recombination energy state

(AG(cry) can be calculated with the Eq. 4 and Eq. 5.” The data were collected in Table 3.

Eos = e[ Epy = Epgp 1+ AGy

AGCR = _(AGCS + Eoo)

Table 4. Free Energy Changes of Charge Separation (AGcs), Free Energy Changes of Charge
Recombination (AGcr) and Energy Levels of Charge Separation Energy States (Ecs) of

Compounds 2, C—1 and C-2.

AGcsa AGca ECSa AGcsb AGcb ECSb AGCSC AGCC ECSC
(eV) (eV) (eV) (eV) (eV) (V) (V) (eV) (eV)

2 0277 -152 +1.52 —061¢ -1.17 +1.17 -0719 -1.71 +1.71
+0.63° +0.29°¢ +0.19°¢

C-1 +0.14" 242 +242 —030¢ -1.98 +1.98 —0.43? -1.85 +1.85
+0.90° +0.46 ¢ +0.33¢

Cc-2 -0.02¢ -2.10 +2.10 —0.40¢ -1.71 +1.71 -0.51¢ -1.61 +1.61
+0.79° +0.40° +0.30°

“ In toluene. © In CH,Cl,. ¢ In acetonitrile. d Eypo = energy level approximated with the
intersection of fluorescence emission and UV—vis absorption after Normalization at the singlet
excited state. © Ego = energy level approximated with the triplet state energy level by DFT
calculation. All the calculations (except C—2) are base on the first oxidation reduction potential.
For C-2, the calculation is base on the first oxidation reduction potential of compound 7 and 13.
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The Gibbs free energy changes of the electron transfer in C—1 and C-2 indicate that electron
transfer is inefficient in non-polar solvent, such as toluene. This conclusion derived from the
electrochemical data is in agreement with the nanosecond transient absorption spectra of C-1
(Figure 4 and 5). The driving force for PET in medium-polarity solvent is also small. The driving
force is large in polar solvent such as acetonitrile (Table 4). The Gibbs free energy changes of the
PET process of C—1 was calculated as —0.38 eV in acetonitrile. In less polar solvents, smaller
driving force for PET was observed (Table 4). Similar trend was observed for C-2. It should be
noted that the triplet state property of C—1, such as the lifetime, was not affected by PET, unless
the energy level of the charge-transfer-state (CST) is lower in energy level than that of the triplet

excited state (see later section).

Fc'/Fe a b

Fc'/Fc

Current
Current

12 06 00 06 -12 -1.8 16 08 00 -08 -16 -2.4
Potential / V Potential / V

Figure 9. Cyclic voltammogram of photosensitizers (a) 1 and (b) 2. Ferrocene (Fc) was used as
internal reference. In deaerated CH;CN solutions containing 5.0 x 10~* M photosensitizers with
the ferrocene, 0.10 M BuyNPF¢ as supporting electrode, Ag/AgNOs reference electrode, Scan

rates: 0.1 V/s. 20 °C.

In order to reveal the mechanism of the quenching of fluorescence with DNBS moiety in

compound 2, the electrochemical data of compounds 1 and 2 were also recorded (Figure 9).
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Following similar methods to that of compounds C-1 and C-2, the Gibbs free energy changes
for the PET process in compound 2 were calculated and the data were listed in Table 4. The
results show that for compound 2, the driving force for the PET process always exists, even for
non-polar solvent such as toluene, and in comparison the driving force for the PET in other
solvents are larger than that of compounds C—1 and C-2. Thus, we postulate that quenching of
the singlet excited state of Bodipy by DNBS moiety is more efficient than quenching of the
triplet excited state of Bodipy. The reason for this different quenching behavior is the different
energy level of the singlet and triplet excited state of Bodipy moiety. These results indicate that
designing triplet photosensitizers which show higher triplet state energy level is beneficial for
switching/activation with external stimulus.

2.5. DFT Calculations: Rationalization of the Photophysical Properties. DFT calculations

62-65 Rirst

were carried out for rationalization of the photophysical properties of the compounds.
the spin density surfaces of C—1 and C-2 were calculated (see Supporting Information, Figure
$43).9%7 The T, triplet excited states of both C—1 and C-2 are confined on the diiodo-Bodipy
moieties, which are in agreement with the nanosecond transient absorption spectra of the

compounds. For 2, the spin density surface is confined on the Bodipy moiety, not the DNBS

moiety. Thus the T, state of compound 2 is localized on Bodipy part, not DNBS part.

In order to study the photophysical processes such as the electron transfer, the ground-state
geometries of the compounds were optimized, and the UV—vis absorption and the virtual Sy —
T, excitations of the triplet photo-sensitizers were calculated based on the optimized ground-state
geometry with the TDDFT method (see Supporting Information, Figure S44 and Table S2). The
energy-minimized geometry of C—1 and C-2 at ground state indicated that the electron

withdrawing group (2,4-dinitrobenzene part) keeps away from electron-donating group (2,6-
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diiodoBodipy part). For C-1, the phenyl moiety connected to the Bodipy core takes a
perpendicular geometry against the n—core of the 2,6-diiodoBodipy moiety. For C-2, the styryl
moiety is almost coplanar with Bodipy n—core thus large n—conjugation was resulted.

The calculated UV—vis absorption bands for C—1 (Sp — S; and Sy — S)) are located at 575nm
and 468 nm and HOMO—LUMO and HOMO—LUMO+1 are the respective major components
of the transitions. For both process, the electron density transfer from electron-donating group
(2,6-diiodoBodipy part) to electron-withdrawing part (2,4-dinitrobenzenesulfunyl part).* The
oscillator strengths for both transitions are zero. Thus direct population of these states upon
photo-excitation is prohibited.68’69 The calculated UV—vis absorption band (Sp — S;) is located at
458 nm. HOMO — LUMO + 2 is the respective major components of the transition.

The electron density is still distributed on electron-donating group (2,6-diiodoBodipy part), and
the transition is not a charge transfer transition. These results are in agreement with the UV—vis
absorption experimental results.

The triplet excited states of the compounds were calculated with the TDDFT calculations (see
Supporting Information, Figure S27, S44, Table S2). For T, state, HOMO — LUMO+2 is the
main component of the transition. The MOs are localized on the Bodipy unit. T, state is a charge
transfer state, for which HOMO — LUMO transition is involved, indicating that the electron is
transferred from the electron-donating moiety (2,6-diiodoBodipy part) to electron withdrawing
moiety (2,4-dinitrobenzenesulfunyl part). Thus the triplet state of C—1 will not be quenched by
any charge transfer process. This conclusion is in agreement with the nanosecond transient
absorption spectra of C-1, indicated that the T, state is not completely quenched by PET
processes. Similar DFT/TDDFT calculation result was obtained for C-2 (see Supporting

Information, Figure S27 and Table S2)
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The fluorescence difference of compounds 1 and 2 were studied with DFT/TDDFT method
previously. The results indicated that the S; state of compound 2 is a dark state, due to the
electron transfer feature. The S; state of compound is an emissive state.*!

2.6. Jablonski Energy Diagram. The photophysical processes of the compound C-1 was
presented in Scheme 3. For C—1, there is a charge transfer state (CST) lying between the singlet
state (S; state) and the triplet state (T; state). TDDFT calculations indicate the CTS are an
electron transfer from the iodo-Bodipy unit to the DNBS unit in C—1 (Figure 8 and Table 4). The
energy level of the CTS derived from the electrochemical data is in full agreement with the
TDDFT calculations, and it is fully supported by the nanosecond transient absorption spectra
(Figure 5).

Scheme 3. Simplified Jablonski Diagram lllustrating the Photophysical Processes Involved
in (@) C—1 in the Absence of Meracptoethanol, (b) Compound 5 (the Cleaved Product of C-1

in the Presence of Meracptoethanol) *

1 1
a ICal (5]
= b -
NI 2.345eV| .
2BV o, T, TS
., A ISC *~, 3[5]
TC-1 ] 11.85eV —
£33 nm 1.52¢eV: c20 nm 1.52 eVg
815nm: 815nm:
S0 \ 4 ; ; So S0 v ; SO
I S

“ The energy levels of the excited states are designated based on spectral data, electrochemical
data and TDDFT calculations. The number of the superscript designated either the singlet or the
triplet excited state. In CH3CN.
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Thus the fluorescence of C—1 may be quenched by the electron transfer. Moreover, the energy
gap between CTS and T; state is small, thus thermal population of the CTS is possible from the
T, state. As a result, both mechanisms can quench the triplet state of C—1. However, the energy
level of the CTS is higher than the T; triplet excited state energy level, thus the T, state of the
Bodipy moiety in C—1 is not expected to be completely quenched by the PET process. This
postulation is in full agreement with the nanosecond transient absorption studies (Figure 5). We
studied the singlet oxygen ('O,) photosensitizing ability of C—1 in different solvent (see
Supporting Information, Table S1, Figure S29). The result shows that the triplet excited state of
C-1 is unable to be completely quenched in polar solvent such as acetonitrile (Similar results
were observed for C—2, Supporting Information, Table S1, Figure S28 and S30).

It should be noted that in toluene, the energy level of the CTS state is much higher (2.42 eV,
Table 4), thus neither the fluorescence nor the triplet state of C—1 are quenched (Figure 4). This
theoretical prediction is in agreement with the fluorescence studies. In the presence of thiols, the
DNBS moiety was cleaved off the Bodipy moiety, as a result, the CTS is eliminated, thus the
triplet state lifetime of the diiodoBodipy moiety was recovered and the lifetime was
extended.”™’

2.7. Switching of the Triplet-Triplet Annihilation Upconversion. In recent years, new triplet

38,70-74
d.

photosensitizers for TTA upconversion were develope TTA upconversion has been also

used for luminescence bioimaging,” and to enhance the photovoltaics.””” However, switching
of the TTA upconversion is rarely reported. Herein the chemical-activated TTA upconversion
with C-1 as triplet photosensitizer was studied (Figure 10 and Table 6). The upconversion
emission was compared with the samples before and after addition of mercaptoethanol. For C-1

in the absence of thiol, the upconversion fluorescence emission in the range 550 — 551 nm was
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observed (with perylene as the triplet acceptor). This result is reasonable because C—1 show
triplet excited state (Figure 5). In the presence of thiol, the DNBS moiety of C—1 was cleaved,
the upconversion was intensified (Figure 10), the upconversion quantum yield increased from
0.2 % to 0.5 %. The upconversion with compound 5 as triplet photosensitizer was also studied

and the upconversion quantum yield is 5.9 % (see Table 6 and Supporting Information, Figure

S31).

150
——C-1
120+ o C-1 + Thiol
HE!
> R
s 907 i
C o A
2 I
£ 60+ i
I\
304 i A \\\
N\

400 500 600 700 800
Wavelength / nm

Figure 10. TTA upconversion with C—1 as triplet photosensitizer, before and after cleavage of
the DNBS moiety by mercaptoethanol. Excited with 532 nm CW laser (5 mW, power density: 28
mW cm ?). ¢[C—1] = 1.0 x 10~> M. The optimized perylene concentrations were used c[perylene]
= 1.1 x 10°*M for C-1 and ¢[perylene] = 9.5 x 10~ M after cleavage of the DNBS moiety by

mercaptoethanol. In CH;CN. 20 °C.

TTA upconversion with compounds 1 and 2 as triplet acceptor and PATPTBP as triplet
photosensitizer were studied (Figure 11, Table 6 and Figure S32). With compound 1,
upconversion emission at 528 nm was observed. With compound 2, however, no upconversion

can be observed. Due to the significant quenching effect of the cleavage side product, the
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switching of the TTA upconversion with compound 2 in the presence of thiol was failed (Figure
11d). In order to study the lack of TTA upconversion with compound 2 in the presence of thiol,
the quenching of the triplet state of PATPTBP with compound 13 was studied (Figure 14b,
supporting information, Figure S40 and S41). The results show that the phosphorescence of
PATPTBP was significantly quenched by compound 13. Therefore no upconversion was

observed with compound 2 in the presence of mercaptoethanol.

600

4501 compound 1 a |
- 8x10"
'ZBOO 6x10"
51507 1x10°

0

0_
500 600 700 800 900
Wavelength / nm

600 w ‘ y 600
C 2 and thiols d
450 compound 2 1 450 |
> 8x 10" > 8x 10"
@ 6x10* | & 6x10"
£ 00
£ 1x10° IS 1x10°
150 Jj ] 150+ J\O X

0 : ; ; 0 : ‘ ==
500 600 700 800 900 500 600 700 800 900
Wavelength / nm Wavelength / nm

Figure 11. TTA upconversion with PATPTBP as triplet photosensitizer and compounds 1 or 2 as
the triplet acceptor/emitter with (a) increasing amount of compound 1. (b) Photograph of TTA
upconversion. (I) without any triplet accepter; (II) with compound 1 as triplet accepter; (III) with
compound 2 as triplet accepter; (IV) with compound 2 after cleavage of the DNBS moiety by
mercaptoethanol as triplet accepter. The upconversion spectra with (c) 2 as triplet accepter and
(d) 2 upon cleavage by mercaptoethanol . Excited with 635 nm CW laser (5 mW, power density:

28 mW cm™). c[photosensitizer] = 5.0 x 10°°M in toluene. 20 °C.
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2.8. The Mechanism of the Thiol-Switched TTA Upconversion. Quenching of the triplet
state lifetime of the photosensitizer by triplet energy acceptor (perylene) was studied to reveal the
origin of different TTA upconversion quantum yields (Figure 12). With perylene as the triplet
acceptor (quencher), quenching constant (Ksy) of 1.6 x 10° M™" was observed for compound 5
(triplet energy donor), which is much higher than that of C—1 (Ksy = 2.0 x 10> M"). The
different quenching constant is due to the different triplet state lifetimes of compound S (tr =

171.3 pus) and C—1 (tr = 24.7 us).”' Longer triplet state lifetime is beneficial for the TTET

process, thus higher TTA upconversion quantum yield was observed with compound 5 (®yc =
5.9%) than that of C—1 (®yc = 0.2%) (for more detail, see Figure 14, Table 6 and supporting
information Figure S36 and Figure S37).

The quenching efficiency was studied (Eq. 6), where & is the diffusion-controlled bimolecular

quenching rating constants, can be calculated with the Smoluchowski equation (Eq. 7).”!

fo=k,/ k, (Eq. 6)
60 16
a

45 O g2
™ 304 © 8
£ >
L

15 4

0 01

0.0  1.0x10° 2.0x10° 3.0x10° 00 4.0x10°  8.0x10°
c[quencher]/M c[quencher]/M

Figure 12. Stern-Volmer plots for quenching of the triplet lifetime of photosensitizers with

triplet energy acceptor. (a) Perylene as the triplet acceptor, S and C-1 as triplet photosensitizers.
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c[photosensitizers] = 1.0 x 10~ M. In CH3CN. (b) Compounds 1, 2, 10 and 13 as the triplet

acceptor, PATPTBP as photosensitizers. The triplet excited-state lifetimes were measured with

transient absorption spectrum. c[photosensitizers] = 5.0 x 107° M in toluene. 20 °C.

Table 5. Triplet Excited State Lifetimes (1), Stern-Volmer Quenching Constant (K,), and

Bimolecular Quenching Constants (k) of the Dyads a4

wps) K 10°M7)  k(10°M7'sT) @uc% ’  p/A0°M'em e
5 1713 16 0.93 5.9 4.8
C-1 24.7 0.2 0.81 0.2 0.1
C-17 86.0 -¢ -¢ 0.5 04

“ Photosensitizer concentration at 1.0 x 10~ M. In deaerated CHj;CN, 20 °C. b Excited with 532
nm laser, with the prompt fluorescence of compound 6 as the standard. © Overall upconversion
capability, 7 = ¢ x @y, where ¢ is the molar extinction coefficient of the triplet photosensitizer
at the excitation wavelength and ®yc is the upconversion quantum yield. In M™' cm™. ¢ after
cleavage of the DNBS moiety by thiols. (¢ [C—1] : ¢ [thiol] = 1 : 200). “ Not determined.

Table 6. Stern-Volmer Quenching Constant (K,,), and Bimolecular Quenching Constants

(kq) of the Triplet Excited State of PdTPTBP Photosensitizers, With Compounds 1, 2, 10

and 13 as Quencher*

Ky kq Duc%’  k(10°M s/ fo 7
10°mM™! / M s /(10° M em™) ¢
1 5.7 % 10° 3.1 x 107 21.5 1.16/0.3% 5.0
2 6.9 x 10° 4.0 x 10° —d 1.11/36.4% _d
10 7.2 % 10° 43 x 107 —d 1.23/0.4% _d
13 9.3 x 10° 5.1x%10° —d 1.14/44.6% _d
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“ All the data were obtained with photosensitizer concentration at 5.0 x 10°° M. In deaerated
toluene. 20 °C. * Excited with 635 nm laser, with the prompt phosphorescence quantum yields
(16.7%) of PATPTBP as the standard. © Overall upconversion capability, 7 = & x ®yc, where &
is the molar extinction coefficient of the triplet photosensitizer at the excitation wavelength and
®yc is the upconversion quantum yield. ¢ Not applicable.

k, = 47RND/1000 = %’—O]X(Rf +R,)(D; +D,) (Eq.7)

D is the sum of the diffusion coefficients of the energy donor (D) and quencher (D), N is
Avogadro’s number. R is the collision radius, the sum of the molecule radii of the energy donor
(Ry) and the quencher (R,). Diffusion coefficients can be obtained from Stokes-Einstein equation

(Eq. 8):"!

D =kT/6znR Eq. )

k is Boltzmann’s constant, 7 is the solvent viscosity, R is the molecule radius. The molecule
radius of the energy donor (compound 5) is 5.7A and 4.8 A for the quencher (perylene).
According to equation 8, the diffusion coefficients of the energy donor (5) is 9.87 x 10® cm” s~
and 1.17 x 10 cm” s™' for quencher (perylene) (in acetonitrile at 15 °C). Thus k, was calculated
as 1.72 x 10" M ' s7". Since kq=9.3 x 10° M ' s7! (Table 4), thus the quenching efficiency was
calculated as 54.4 % according to Eq. 9, indicates that there is an efficient triplet state energy

transfer between compound 5 and perylene.

Based on the optimized ground state geometry of the compounds, the molecule radii of the

energy donor (C—1) is 5.1A and that of quencher (perylene) is 4.8 A. According to equation 11
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the diffusion coefficients of the energy donor (C-1) is 1.10 x 10° cm? s and that of quencher
(perylene) is 1.17 x 10 cm” s™' (in acetonitrile at 15 °C. Thus ko was calculated as 1.71 x 10"
M~ s7'. The quenching efficiency was calculated as 47.4 % according to Eq. 9, indicates that

there is an efficient triplet state energy transfer between C—1 and perylene in the mixture.

2.9. Conclusions. In summary, the different quenching effect of an electron acceptor on the
singlet and triplet excited states of Bodipy chromophore was studied. The triplet state formation
or fluorescence of Bodipy was caged with 2,4-dinitrobenzenenesulfonyl (DNBS), which can be
cleaved by thiols, such as mercaptoethanol. The photophysical properties of the compounds were
studied with steady state UV-vis absorption spectroscopy, fluorescence spectroscopy,
electrochemical characterization, Gibbs free energy changes, nanosecond transient absorption
spectroscopy and DFT/TDDFT computations. The DNBS caged triplet photosensitizer shows
shorter triplet state lifetime (tr = 24.7 ps, singlet oxygen quantum yield @, = 74%) than the
uncaged diiodoBodipy triplet photosensitizer (tr= 86.0 us, @, = 88%). On the other hand, the
DNBS caged fluorophore shows very weak fluorescence emission (fluorescence quantum yield
@ = 0.6%), but the uncaged fluorophore shows enhanced fluorescence (®r = 50.0%). These
studies indicate that the DNBS moiety exerts different quenching effect on the singlet excited
state and triplet excited state of the same chromophore. The quenching effect of the DNBS
moiety on the singlet excited state of Bodipy is more efficient than the quenching of the triplet
excited state. The reason was revealed with calculation of the Gibbs free energy changes of the
electron transfer, in that the singlet state, with higher energy level than the triplet excited state,
produce larger driving force for the PET process than the triplet excited state. As a proof of
concept, the thiol-activated triplet-triplet annihilation (TTA) upconversion was studied with

DNBS caged diiodoBodipy triplet photosensitizers (with perylene as the triplet acceptor/emitter
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of the upconversion), or DNBS caged Bodipy fluorophore (as triplet accepter/emitter, with
PATPTBP as the triplet photosensitizer). These information may be useful for designing efficient
external stimuli-activatable triplet photosensitizers and for application of these compounds in
stimuli-activatable photodynamic therapy, controllable TTA upconversion, as well as molecular
logic gates.

3. EXPERIMENTAL SECTION

3.1. General Methods. In Cyclic voltammogram measurements, Ferrocene (Fc) was used as
internal reference (E1/, = +0.64 V (Fc'/Fc) vs. standard hydrogen electrode). All the samples in
cyclic voltammogram experiments were deaerated with Ar for 15 min before measurement. In
deaerated CH3CN solutions containing 1.0 mM photosensitizers, or with the ferrocene, 0.10 M
BuwNPFs as supporting electrolyte, Ag/AgNO; reference electrode, Scan rates: 0.1 V/s. The
compounds 1 — 13 were prepared following the reported methods.> The 'H NMR data were
correct by TMS and *C NMR data were correct by the solvent residual peaks (TMS, etc).”®

3.2. Synthesis of Compound 2.*' Compound 1 (100 mg, 0.3mmol) was added into dry
CH,Cl, (10 ml at 25 °C). Then triethylamine (0.1 mmol) was added. The reaction mixture was
vigorously stirred for 5 min. After that, a solution of 2,4-dinitrobenzenesulfonyl chloride (235.0
mg, 0.9 mmol) in CH,Cl, was added dropwise at 0 °C. The reaction mixture was stirred for 2 h at
50 °C. Then the solvent was removed under reduced pressure and the crude product was
subjected to column chromatography (silica gel, DCM/petroleum ether, 1 : 2, v/v). Compound 2
was obtained as an orange-red solid (102 mg, 59.7%). Mp: 190.0-192.0 °C. '"H NMR (400 MHz,
CDCl) o 8.69 (s, 1H), 8.50 (d, 1H, J = 8.8 Hz), 8.21 (d, 1H, J = 8.8 Hz), 7.41 (d, 2H, J = 8.4
Hz), 7.36 (d, 2H, J = 8.4 Hz), 6.00 (s, 2H), 2.55 (s, 6H), 1.33 (s, 6H). MALDI-HRMS (TOF):
caled ([Ca5Hy BN4O7F,S]) m/z = 570.1192, found m/z = 570.1184.
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3.3. Synthesis of compound C—1. Compound 2 (285 mg, 0.5 mmol) and N-iodosuccinimide
(NIS) (450 mg, 2 mmol) were added into dry CH,Cl, (50 mL). Under N, atmosphere, the
solution was stirred for 5 h. The solvent was removed under reduced pressure. The crude product
was purified by column chromatography (silica gel; CH,Cly/petroleum ether, 1/2, v/v). Yield:
288 mg (70%). Mp > 250 °C. 'H NMR (500 MHz, CDCl;) § 8.71 (d, 1H, J = 2.0 Hz),
8.57-8.54 (m, 1H), 8.27 (d, 1H, J=13.0 Hz), 7.44 (d, 2H, J= 8.5 Hz), 7.34 (d, 2H, J= 8.5 Hz),
2.65 (s, 6H,), 1.36 (s, 6H). °C NMR (100 MHz, DMSO-dg) & 156.4, 151.6, 149.3, 148.2, 144.7,
139.7, 133.9, 130.6, 130.4, 130.0, 127.3, 123.3, 121.1, 87.2, 16.8, 15.8. MALDI-HRMS (TOF):
caled ([CasH9BN4O7F,S1,]") m/z = 821.9125, found m/z = 821.9139.

3.4. Synthesis of Compound 4.>* Synthesis method was similar to compound C—1. Yield: 263
mg (73 %). Mp > 250 °C. '"H NMR (400 MHz, CDCls) § 7.94 (d, 2H, J= 7.6 Hz), 7.27 (s, 1H),
7.25 (s, 1H), 2.64 (s, 6H), 1.40 (s, 12H), 1.37 (s, 6H). °C NMR (100 MHz, CDCl;) & 157.0,
145.6, 141.4, 137.6, 135.8, 131.2, 127.3, 85.8, 84.4, 25.1, 17.3, 16.2. MALDI-HRMS (TOF):
caled ([C25H28B2N202F212]+) m/z =702.0394, found m/z = 702.0372.

3.5. Synthesis of Compound 5.”° A mixture of compound 4 (702 mg, 1 mmol), 30% H,0,
(0.5 mL), water (2.0 mL), and urea (7.6 mg, 0.1 mmol) was stirred at room temperature (RT).
After completion of the reaction (indicated by TLC), the reaction mixture was extracted with
DCM. The organic layer was dried with anhydrous sodium sulfate. The solvent was removed
under reduced pressure. The crude product was purified by column chromatography (silica gel.
Petroleum ether/ DCM = 1:1, v/v). Yield: 301 mg (43.0 %). Mp > 250 °C. 'H NMR (500 MHz,
DMSO-d¢) 6 9.95 (s, 1H), 7.16 (d, 2H, J = 8.5 Hz), 6.95 (d, 2H, J= 8.5 Hz), 2.53 (s, 6H), 1.43 (s,

6H,). >C NMR (125 MHz, DMSO-ds) § 158.6, 155.6, 145.0, 142.7, 131.3, 129.1, 124.0, 116.3,
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86.6, 16.7, 15.7. MALDI-HRMS (TOF): calcd ([C19H7BN,OF,1,]") m/z = 591.9491, found m/z
=591.9499.

3.6. Synthesis of Compound 7. Under N, atmosphere, a mixture of 6 (576 mg, 1 mmol), p-
hydroxy benzaldehyde (122 mg, 1 mmol), piperidine (three drops) and acetic acid (three drops)
were dissolved in dry toluene (100 mL). the reaction solution was reflux at 120 °C for 10 min.
Then the reaction solution was cooled to RT and the reaction was quenched by water. The
solution was extracted with CH,Cl,. The organic layers were dried with Na,SO,4. The organic
solution was concentrated under reduced pressure. The crude product was further purified using
column chromatography (silica gel, CH,Cl,) to give 7 as dark blue power. Yield: 82 mg (12%).
Mp > 250 °C. '"H NMR (400 MHz, CDCl3) & 8.12 (d, 1H, J = 16.8 Hz), 7.56-7.51 (m, 6H),
7.28-7.27 (t, 2H, J = 5.6 Hz), 6.87 (d, 2H, J = 8.8 Hz), 2.69 (s, 3H), 1.44 (s, 3H), 1.39 (s, 3H).
*C NMR (100 MHz, DMSO-dg) § 159.4, 155.7, 150.1, 145.9, 144.3, 140.2, 139.0, 134.1, 131.8,
131.3, 129.5, 129.0, 128.0, 127.0, 116.2, 114.9, 87.3, 83.6, 17.0, 16.5, 15.9. MALDI-HRMS
(TOF): caled for ([CasHaiBN,OF2I,]") m/z = 679.9804, found m/z = 679.9824.

3.7. Synthesis of Compound C-2.*' Compound 7 (34 mg, 0.05mmol) was added into dry
CH,CI, (10 ml at 25 °C). Then triethylamine (0.1 mmol) was added into the solution. The
reaction solution was vigorously stirred for 5 min. After that, a solution of 24-
dinitrobenzenesulfonyl chloride (40.0 mg, 0.15 mmol) in CH,Cl, was added dropwise at 0 °C.
The reaction solution was stirred for 2 h at 50 °C. the solvent was removed under reduced
pressure and the crude product was subjected to column chromatography (silica gel,
DCM/petroleum ether, 1 : 1, v/ v). C-2 was obtained as an dark-blue solid (26 mg, 57%). Mp >
250.0 °C. "H NMR (500 MHz, DMSO-ds) §9.13 (d, 1H, J = 2.5 Hz), 8.62-8.60 (m, 1H), 8.28

(d, 1H, J = 8.5 Hz), 7.98 (d, 1H, J = 16.5 Hz), 7.68 (s, 1H), 7.66 (s, 1H), 7.62-7.60 (m, 3H),
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7.45-7.43 (m, 3H), 7.30 (d, 2H, J = 9.0 Hz), 2.59 (s, 3H), 1.39 (s, 3H), 1.36 (s, 3H). No
satisfactory '*C NMR data were obtained due to the poor solubility of the compound.
MALDI-HRMS (TOF): calcd for ([C32H23BN407FZSIQ]+) m/z = 909.9438, found m/z =
909.9445.

3.8. Synthesis of Compound 10.* Mercaptoethanol (5.2 mmol) in 20 mL of dry CHCl; was
slowly added to a solution of 2,4-dinitrofluorobenzene (1 g, 5.2 mmol) in triethylamine (7 mL) at
room temperature. The reaction process was monitored by TLC. The mixture was extracted with
HCI (1 M), and then the organic layer was washed twice with water. The product was separated,
dried over magnesium sulfate (MgSOy), filtered and concentrated under vacuum. Crude products
were then recrystallized from CHCIl;, giving a bright yellow solid. Yield: 783 mg (65%). Mp
100.0-100.5 °C. 'H NMR (500 MHz, CDCl;) § 9.08 (d, 1 H, J = 2.5 Hz), 8.39-8.36 (m, 1H),
7.69 (d, 1H, J = 9.0 Hz), 4.05 (t, 2H, J = 12.0 Hz), 3.32 (t, 2H, J = 12.0 Hz). TOF HR MS EI":
calcd for ([CgHgN205$]+) m/z =244.0154, found m/z = 244.0163.

3.9. Synthesis of Compound 13.*" The synthesis method was similar as compound 2. Yield:
146 mg (54%). Mp: 112.8-113.5 °C. "H NMR (500 MHz, CDCls) & 8.65 (d, 1 H, J = 2.5 Hz),
8.49-8.46 (m, 1H), 8.19 (d, 1H, J = 9.0 Hz), 7.40-7.34 (m, 3H), 7.22-7.20 (m, 2H). TOF HR
MS EI': caled for ([C12H3N207S]+) m/z = 324.0052, found m/z = 324.0060

3.10. Cyclic Voltammetry. Cyclic voltammetry was performed using a CHI610D
electrochemical workstation (Shanghai, China). Cyclic voltammograms were recorded at scan
rates of 0.1 V/s. The electrolytic cell used was a three electrode cell. Electrochemical
measurements were performed at 20 °C using 0.1 M tetrabutylammonium hexafluorophosphate
(BusN[PF¢]) as supporting electrolyte. All the samples were deaerated with N, for 15 min before

measurement. The working electrode was a glassy carbon electrode, and the counter electrode
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was a platinum electrode. A non-aqueous Ag/AgNO; (0.1 M in acetonitrile) reference electrode
was contained in a separate compartment connected to the solution via semipermeable
membrane. DCM was used as the solvent. Ferrocene was added as the internal references.

3.112. Nanosecond Transient Absorption Spectra. The nanosecond transient absorption
spectra were measured on LP920 laser flash photolysis spectrometer and the signal was digitized
with an oscilloscope. The lifetime values of triplet state photosensitizers were obtained by
monitoring the decay trace of the transients with the LP900 software. All samples in flash
photolysis experiments were deaerated with N, for ca. 15 min before measurement, and the gas
flow was maintained during the measurement.

3.12. Triplet State Quantum Yield.*' Triplet state quantum yield (®r) was measured based on
singlet state depletion method, using LP920 nanosecond transient absorption laser flash
photolysis spectrometer. Triplet state quantum yield were calculated with Rose Bengal (RB) as
standard (@1 = 0.9 in methanol). Optically matched solutions of RB and the photosensitizers
were used (4 = 0.13 at 537 nm). The sample solution was degassed for at least 15 min with N, or
Ar, and the gas flow is kept during the measurement. Triplet state quantum yields (®t) were

calculated according to the following equation (Eq. 9):

e ref ! 1Sb0d
X

CDTbOd — cI)Tref >
Epua A (Eq.9)

where ¢is the molar absorption coefficients at of the compounds at ground state, A4 is the
optically density value at the bleaching band maximum. The superscript ‘bod’ indicates the

sample, and ‘ref” indicates the reference compound (Rose Bengal).

9 Supporting information
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Molecular structure characterization, transient absorption spectra, additional UV-vis
absorption and fluorescence spectra, and the optimized geometries. This material is available free

of charge via the Internet at http://pubs.acs.org.
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