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Abstract

Four covalent BODIPY hetero-dimers, formed by dif& linking positions at (2,2’),
(2,8), (3,8) and (8,8) respectively, were destgnand synthesized to compare their
ability for excited triplet state ) and singlet oxygen generation. In contrast to
BODIPY monomers that show negligible photosensigzability, the four dimers are
very efficient for | and singlet oxygen formation depending on theviddial linking
style and solvent polarity. Laser flash photolysisme-resolved/steady state
fluorescence, quantum chemical calculation andnibdynamic analysis revealed
that the mechanism of triplet state formation is different from the traditional
intersystem crossing mechanism. Thef@mation is due to charge recombination of
the twisted charge separation state (TCSS), whie TCSS is generated by
photoinduced intramolecular charge transfer (PQ®djnf one BODIPY monomer
moiety to another within the dimer. The PCT baskdtpsensitizers are also medium
polarity sensitive which may be very useful in desng and synthesizing of
photosensitizers for photodynamic therapy of tumpginpotobiology and organic

photochemistry.

Keywords: singlet oxygen; BODIPY dimer; excited triplet t&tatwisted charge

transfer state; laser flash photolysis



1. Introduction

BODIPY (abbreviation for boron-dipyrromethene, tbiicial IUPAC name is
4,4-difluoro-4-bora-3a,4a-diaza-s-indacene) compsurhnave been advocated as
photosensitizers (PSs) in generating excited triptate and singlet oxygen.[1-3]
BODIPYs have high molar absorption coefficientse @nvironment insensitive,
exhibit good resistance to photobleaching, and shigier light—dark toxicity ratios
than other PDT agents, these features make theahtaeact as good photosensitizers
for PDT.[1-3] Among them, bisBODIPYs (Scheme 1) éabeen undergoing
extensive investigations due to their halogen- aedvy metal-free nature.[4-11]
halogen- and heavy metal- contained drugs are aesirable due to the potential
harmful side effect. The type of BODIPY dimer PSainhique because they are able
to significantly increase the quantum vyields ofgh oxygen formation®, up to
0.90) whereas the corresponding BODIPY monomer oomgs show little
photosensitizing ability d,<0.10).[5, 9] In addition, the BisBODIPY PSs can be
structurally tailored to get high medium polaritglectivity which is a desirable

feature for activable PSs in photodynamic therdgymors.[7][9]
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Fig. 1.The chemical structures of BODIPY monomers and dsnrethis study.



The bisBODIPY PSs reported are mainly formed by thonomers directly
linked at the position (2, 8’), such as d-2-8 skmow Scheme 1. However, a
bisBODIPY compound can be synthesized by linking tmonomeric BODIPY units
at different positions, e.g. 2-2’, 2-8', 3-8, aBd8’, as shown in Scheme 1.[12] It is
still not clear whether and how the linking pogitioan affect the photosensitizing
capability of a bisBODIPY. Although a few types BODIPY dimers have been
examined by us and other authors, each type of tvamstudied separately from
other types and has not been compared under the gamdition.[4-11] In this report
we compare these different types of BODIPY dimevsunderstand how their

efficiency and mechanism are influenced by theitigkpositions.

2. Experimental Section
2.1. General

Reagents and solvents for synthesis were usedcawed from commercial
suppliers unless stated otherwise. All reactionsewgerformed in oven-dried or
flame-dried glassware unless otherwise stated,veer@ monitored by TLC using
0.25 mm silica gel plates with UV indicator (60F435'H and**C NMR are obtained
on a 600 MHz Bruker Top Spin NMR spectrometer amaemperature. Chemical
shifts §) are given in ppm relative to CDL[7.26 ppm for'H and 77 ppm fot°C) or
to internal TMS (0 ppm fofH). High-resolution mass spectra were obtained on a
Thermo Fisher mass spectrometer using APCI-TOF $F iB positive mode. IR

spectra were recorded at room temperature on aa@zimFTIR-8900 spectrometer.



UV-visible spectra were recorded on an Agilent 84péctrophotometer using 1 cm
matched quartz cuvettes. Fluorescence was meassmed Edinburgh Instruments
FLS920 spectrometer.

All solvents for spectrum, photophysics and DPBIetpkensitized oxidation
are dried and redistilled according to standardcedares. Details on the
measurements for photophysics and singlet oxygen garen in the supporting

information.

2.2. Computational simulation

The calculations were carried out using densitycfiomal theory (DFT) method
as implemented in the Gaussian 09 package. The B3EkXchange-correlation
functional was chosen together with a 6-31G(d)sast for structural optimization.
The solvent effect was modeled using the Polargzdbbntinuum Model (CPCM)
method. In all the cases frequency analysis wasenafier geometry optimization to

ensure the convergence to an energy minimum.

2.3. Yynthesis

2.3.1.m1 (4,4-difluoro-8-phenyl-1,3,5,7-tetramethyl-4-bor on-3a,4a-diaza-s-indacene)
ml was prepared according to the general procedursyusn aldehyde as a

precursor. 50 ml anhydrous dichlorometha@&i{Cl,) containing benzaldehyde (2.0

mmol) and 2,4-dimethyl-pyrrole (4.0 mmol) was gdrunder argon protection. After

15 min, one drop of trifluoroacetic acid (§FOOH) was added, and the solution was



stirred for 12 h at room temperature. Then 2.0 mofoDDQ (2,3-dichloro-5,6-
dicyano-1,4-benzoquinone) was added and the solutes stirred for 30 min. The
excess of boron trifluoride diethyl etherate {BFEtp, 4 ml) and triethylamine
(N(Et)3, 4 ml) was added and stirring was continued for 8. The intense
fluorescence of reaction mixture was observed at #tage. The formation of
intermediates and BODIPY products on every stage wanitored by UV-Vis
absorption spectra. After that the reaction mixtwas washed with water (100
mLx3), the organic layer was dried over anhydrous Mg3idered and evaporated.
The crude product was purified by silica gel chroogeaphy (eluent
CH.Cly/hexane=2:1 v/v) to afford pure samples. The prodsicdark red crystals.
Yield: 154 mg, 20 %. mp 127-13; IR (KBr)/cm'l: 723, 978, 1072, 1155, 1196,
1471, 1508, 1543)(BODIPY ring); 1508, 1543w B-F); 1308, 2854, 2924 (CH);
UV/vis (DCM) Ama/nm: 501;*H NMR (600 MHz, Chloroform-dp 7.54—7.47 (m,
3H), 7.31-7.28 (m, 2H), 6.00 (s, 2H), 2.58 (s, 6H39 (s, 6H).HRMS (APCI): m/z
calcd for GgH20BF2N, [M+H] *325.1682, found 325.1682; HRMS (APCI): m/z calcd

for C1oH16BFN, [M-F]*, 305.1625, found 305.1623.

2.3.2. m2 (4,4-difluoro-1,3,5,7-tetramethyl-4-bor on-3a,4a-diaza-s-indacene)

m2 was synthesized by modifying a literature procedid¢ 250 mL
1,2-dichloroethanevas deaerated by bubbling.N2,4-dimethyl pyrrole (1 mL, 11.37
mmol), triethylorthoformatg(0.95 mL, 5.69 mmol) and PO£0.58 mL, 6.25 mmol)

were added to the deaerated solvdaction was allowed to stir for 2 hours at room



temperature. Then 11.5 mL NEnd 11.5 mLBF;-etherate were added. After 1 hour
the reaction was washed with watexZ80 mL), the organidayer separated, dried on
anhydrous NaSgpand evaporated in vacuo. Column chromatographly @HCk as
the eluent yielded the pure product as reddisid §d00 mg, 28 %)+ NMR (600
MHz, Chloroforme) & 7.07 (s, 1H), 6.07 (s, 2H), 2.55 (s, 6H), 2.2). °C NMR

(151 MHz, Chloroformd) & 156.69, 133.35, 120.06, 118.99, 14.67, 11.29.

The dimerd2-2’, d2-8’, d3-8’, andd8-8 were prepared by the paths shown in

Scheme 1, and the detailed procedure for each aamaps given below.
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Scheme 1The synthetic reaction fal2-2’, d2-8’, d3-8’, andd8-8'.

2.3.3. d2-2’ synthesis
d2-2’ was synthesized by modifying the procedure inregfee.[15, 16] FeGl

6H,0 (245 mg, 0.90 mmol) was refluxed in SQQ@ mL) for 1 h. After SOGlwas
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evaporated under vacuum, dried £ (10 mL) containing monomet (130 mg,
0.40 mmol) was added, the resulted solution tuneeldand then purple immediately
from deep green. It was then stirred af@dor 30 min, MeOH (10 mL) was added to
guench the reaction. The solution was then addetkimnized water (100 mL) and
stirred for 2 hrs. The organic layer was separated washed by water three times
(3%150 mL), then dried by MgS(Cand filtered. The filtrate was evaporated to give
the solid, which was then purified by column chreogaaphy (CHCI,: petroleum
ether = 2: 1). Yield: 7 mg, 6%. IR (KBr)/cln 723, 983, 1084, 1161, 1188, 1357,
1402, 1465, 1514, 1539 BODIPY ring); 1305, 2854, 2924 (CHs); UV/vis (DCM)
AmaxfnM: 533; HRMS (APCI): m/z calcd forzgHs/BoFsN4 [M+H] * 647.3135, found
647.3134; HRMS (APCI): m/z calcd for a§3sBoF3N4 [M-F]* 627.3078, found
627.3078H NMR (600 MHz, Chloroform-dp 7.52 (ddd, 2H, J = 9.3, 4.5, 2.4 Hz),
7.49 — 7.47 (m, 3H), 7.33 (d, 2H, J = 7.5 Hz), 7(@7 3H, J = 4.3, 2.3 Hz), 6.01 (s,
2H), 2.58 (s, 6H), 2.37 (s, 6H), 1.39 (s, 6H), 1(4 6H).*C NMR (151 MHz,
Chloroform-d) 8 155.99, 154.68, 143.62, 141.68, 141.22, 135.04,753 131.24,

129.28, 129.14, 129.02, 127.95, 127.83, 124.7347214.68, 14.44, 13.34, 12.88.

2.3.4. Synthesis of d2-8’

Compoundn3 was synthesized by the procedure in our previepsrt.[5] Under
ice bath, DMF (7.5 mL) in 100 mL three-necked roladtom flask was saturated by
N2 with bubbling the gas for 20 min, PQQ[7.5 mL) was added drop wise with
stirring in 5 min. Ice bath was then removed, amel resulted solution was stirred at
room temperature for 20 min. which resulted in ateviticky mixture. Monomem1
(194 mg, 0.6 mmol) in 1,2-CIGIEH,CI (70 mL) was added drop wise into the white

mixture, it was then stirred for 6 hrs. at 8D. After cooling down, the solution was



added drop wise into saturated NaH{C49. solution (400 mL) with stirring for 30
min. The organic layer was extracted by dichlordraee, washed by water (2x200
mL), dried by MgSQ@ and filtered. Red solid was obtained after evapugathe
fillrate under vacum. The crude compourd3 was purified by column
chromatography (eluent GBI,: n-hexane = 2: 1). Yield, 180 mg, 85%. Th#h8’
was prepared. Cil, (10 mL, redistilled and dried) containing compound (62 mg,
0.18 mmol) was saturated by Mith bubbling the gas for 30 min. Pyrrole (2 mL,
2.80 mmol) and trifluoro acetic acid (A, 0.12 mmol) were added, the resulted
solution was stirred at room temperature for 4 NesOH aqueous solution (0.2 M, 30
mL) was added to quench the reaction. The orgaayer|l was extracted by
dichloromethane, washed by water (2x200 mL), digdexcessive MgSOand
filtered. The filtrate was added by p-chloranil (®@, 0.24 mmol) and stirred for 1 h
at room temperature, then triethyl amine (1 mL2#4imol) was put in under ice bath.
After the disappearance of white smog,s®fherate (1 mL, 7.77 mmol) was added,
and the resulted solution was stirred at room teatpee for 3hrs. 100 mL water was
added, and the organic layer was extracted by atichiethane, washed by water
(2x200 mL), dried by MgS§) filtered, and evaporated by rotavapor. The crude
compound was purified by column chromatographygel CHCl,: n-hexane = 1: 1).
Dark red solid, yield: 10 mg, 11%. mp 220-223IR (KBr)/cm™: 721, 976, 1074,
1114, 1191, 1263, 1409, 1473, 1508, 1541BBODIPY ring); 1309, 2852, 2924/ (
CHs); UV/vis (DCM) Amay/nm: 506; HRMS (ESI): m/z calcd for,6H,4B2F4NsNa
[M+Na]* 537.2015, found 537.2011; HRMS (ESI): m/z calcd @H4BoFsN.4
[M-F]* 495.2134, found 495.2133H NMR (600 MHz, Chloroform-dp 8.10 (d, 1H,

J = 8.4 Hz), 7.81 (s, 1H), 7.63 — 7.47 (m, 3H)87(&, 3H), 7.10 (d, 1H, J = 4.4 Hz),

6.87 (d, 1H, J = 8.4 Hz), 6.68 (d, 1H, J = 4.5 H&D2 (d, 1H, J = 8.7 Hz), 1.60 (s,



6H), 1.28 (s, 6H)*C NMR (151 MHz, Chloroform-dp 155.87, 146.84, 142.64,
140.96, 140.07, 136.25, 135.70, 134.56, 133.56,4433133.27, 131.71, 131.37,

130.48, 129.33, 128.76, 121.51, 120.04, 15.29,614.6

2.3.5. Yynthesis of d3-8’

The first step is the synthesis w#. 1,3,5,7,8-tetramethyl-2,6-diethyl BODIPY
(64 mg, 0.2 mmol) in THF/BO (8/0.08 mL) was titrated drop wisely by THF (2 )nL
containing DDQ (180 mg, 0.8 mmol) under ice batk atirring. The mixture was
then stirred for 12 hrs at room temperature. WE86rmL) was added to quench the
reaction. The organic phase was extracted by dioitethane (80 mL), dried
(anhydrous Ng5Oy), and rotavapored. The crude product was puribgdcolumn
chromatography (300-400 mesh silica, PE/EA = 6v) afforded red solian4. Yield
30 mg, 45%.H NMR (300 MHz, CDCJ) 510.29 (s,1H), 2.76 (g, 2H, J=7.0 Hz),
2.72(s, 3H), 2.64 (s, 3H), 2.38 (g, 2H, J=7.5 2234 (s, 3H), 2. 27 (s, 3H), 1.19 (s, 3
H), 1.03 (s, 3H).

The 29 step is the synthesis af5. m4 (0.5 mmol) was dissolved in pyrrole (5
mL) under argon protection, one drop of trifluoretc acid was added, the resulted
solution was stirred at r. t. for 0.5 h, then wat2d mL) was added to it. Organic
phase was extracted by dichloromethanes(BmL), washed by water X80 mL),
dried by anhydrous N&O, and rotavapored. The crude product was purified by
column chromatography (300-400 mesh silica, PE/EA: ¥ v/v) afforded orange
solid m5. Yield 67 mg, 30%H NMR (300 MHz, CDCI3) 8.51 (s, 2H), 6.68 (s, 2H),

6.27 (s, 3H), 6.16 (s, 2H), 2.62 (s, 3H), 2.523(4), 2.44-2.39 (m, 2H), 2.36 (s, 3H),
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2.32 (d, 2H, J=7.5 Hz), 2. 27 (s, 3H),1.06 (t, 3H7.4 Hz), 0.50 (t, 3H, J=7.2 Hz).
13C NMR (75 MHz, CDCI3%153.4, 151.6, 140.8, 138.3, 137.7, 133.3, 132.3,113
131.1, 129.0, 116.9, 108.2, 106.6, 36.7, 30.3,, 1774, 14. 8, 14.5, 14.3, 13.5, 12.5.

HRMS (APCI) calcd. for @sHzBF2N4 [M+H]™: 449. 2683, found 449.2674.

The 3¢ step isd3-8' Synthesism5 (0.1 mmol) was dissolved in DCM (10 mL),
then DDQ (45 mg, 0.2 mmol) was added under ice.ld@ihmin later, triethyl amine
(0.8 mL) was added and reacted for 30 ming-Bfherate (1 mL) was injected and
stirred at r.t. for 4 h. Water (20 mL) was addedjtench the reaction. Organic phase
was extracted by dichloromethanex§® mL), washed by water X830 mL), dried by
anhydrous Nz50O, and rotavapored. The crude product was purifiedcoyumn
chromatography (300-400 mesh silica, n-hexane/BEEl1=~v/v) afforded orange solid
d3-8'. Yield 10 mg, 20%'H NMR (600 MHz, Chloroformd) § 7.92 (s, 2H), 6.89 (d,
2H,J = 4.1 Hz), 6.49 (dd, 2Hl = 4.2, 1.7 Hz), 2.46 (s, 3H), 2.42 (s, 3H), 2.403H),
2.32(q, 2HJ = 7.5 Hz), 1.27 (s, 3H), 1.03 (t, 3Bi= 7.6 Hz), 0.93 (t, 3H] = 7.5 Hz),
0.90 (t, 2H,J = 6.9 Hz).23C NMR (75 MHz, CDC}) § 159.6, 144.3, 141.5, 140.2,
138.4, 137.5, 136.3, 135.7, 133.4, 133.1, 131.8,413118.2, 17.4, 17.1, 15.5, 14.7,
14.5, 14.2, 13.0. HRMS (APCI) calcd. ford82eBoFsN, [M-F]*: 475.2452, found

475.2451.

2.3.6. Synthesis of d8-8’
To a mixture oim6 (40 mg, 0.16 mmol) and pyrrole (2 ml, 28 mmol)dHri,Cl,

(20 mL) trifluoroacetic acid (0.021 mL, 0.27 mmulas added under argon. After the
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reaction mixture was stirred at room temperature3fd min, 0.2 mol/L NaOH (30
mL) aqueous solution was added to quench the oeaciihe mixture was extracted
with CH,Cl, (3x25mL) and dried (anhydrous p&0). Column chromatography
(silica, CHCI,) afforded dipyrromethanes intermediate. A solut@inthe above
dipyrromethane in CyCl, (20 ml) was treated with DDQ (125 mg, 0.55 mmob) To
hr at room temperature, after the solution wastecbavith triethylamine (1 ml, 7.2
mmol) for 20 min, boron trifluoride etherate (3 M@B.9 mmol) was added and the
resulting solution was stirred for 2 hrs at roonmperature. The solvent was removed
and the reside was column chromatographed (sifieaane: ethyl acetate = 3:1) to
afforded a red solid (13 mg, 20%H NMR (600 MHz, Chloroform-dp 7.99 (s, 2H),
7.08 (d, 2H, J = 4.3 Hz), 6.84 (d, 2H, J = 4.3 Hz$5-6.51 (m, 2H), 6.28 (d, 2H, J =
4.2 Hz), 1.29 (s, 6H)3C NMR (151 MHz, Chloroform-dp 159.78, 158.38, 145.74,
134.42, 131.00, 129.73, 123.60, 121.98, 120.17,.921814.79. HRMS (APCI
positive): GgH16BoF3Ns [M-F]™ caled. 391.1513, found 391.1513508:17B2F4N4

[M+H] " calcd. 411.1575, found 411.1571.

3. Results and discussion

After the synthesis and purification, the UV-VisRMS, and NMR data were
collected, these data are well consistent withctiemical structures of the targeting
bis-BODIPYs. To understand the mechanism and tiignlg position effect on the
singlet oxygen formation ability, we carried out detailed study on their

photophysical properties in various solvents.
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3.1. UV-Vis absorption spectra

The linking position shows strong influence on Wé-vis absorption spectra
(Fig. 2). Compared to the monommad, all bis-BODIPYs exhibit either red-shifted
and broader spectra or a new red-shifted band eggpp@®-8’ and d8-8)), indicating

the J-type electronic coupling between the two comepts in each BODIPY dimer.

0.20

0.15

0.10

0.05

Absorbance (AU)

0.00 T r r T
350 400 450 500 550 600

Wavelength (nm)

Fig. 2: The normalized UV-vis absorption spectra of BODIP¥nomem1 and different dimers

in air saturated Cgbkolutions.

The UV-Vis ground state absorption spectra in défifie solvents for each dimer
are shown in Fig. 3. The solvent change (from lowhigh polarity) showed little
effect on the spectra of each bis-BODIPY, so tlmigd state molecular structures of
the bisBODIPYs are little affected by the solvealapity, i.e. ground state interaction
between the monomers in a bisBODIPY is not remdykabanged by the solvent

nature.
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1.0 d-3,8
—— c-hexane abs
084 ——benzene abs
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Fig. 3. The UV-Vis absorption spectra of BODIPY dimerglifferent solvents.

3.2. Fluorescence spectra

The fluorescence spectra of the dimers are display&ig. 4 and compared to
that of the monomamnl. m1 shows the typical spectrum of a BODIPY with thadba
maximum at ca. 510 nm which is only slightly moekfiby solvent polarity. In the
non polar hexane, all compounds show a single ése®nce band. However, a dimer
can exhibit dual fluorescence when the polaritaaolvent is sufficiently high (Fig.
4), for examplad-2,8" andd-8,8’ exhibit dual emission in DCM, i.e. a new broad and
structureless band appears. The short-wavelengith diathe dual fluorescence for a
dimer Mi-M, (M1 and M are two linked BODIPY monomers) matches the
fluorescence from the local excited state of theati(LE band, [M-M;] - [M1-M]
+ hv’). The second band of the dual emission (whictbrsad, structureless and
largely red-shifted) has the typical feature of IQitra-molecular charge transfer)
emission, suggesting the occurrence of followingcpss: M'%*-M,"> - Mi-M, +
hv”. An ICT state is formed by PCT (photoinducedrarholecular charge transfer)
process (ii) after the light absorption process (i)

(I) M1-Mso + v - M]_*-Mz or M]_-Mz*, then

14



(i) M1 -M, or Mi-M, O B5¢96T . My"%"-M,"% (8<1 for PCT,3=1 for PET).

If a whole electron is transferred, then it is aTP@hotoinduced electron transfer)

process.
n-hexane
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Fig. 4. Top: comparison of fluorescence spectra betweemomerml with each dimer. Middle
and Bottom: solvent effect on the fluorescence tspexf BODIPY dimers. Ex. Wavelength is 470

nm. The emission is normalized at the emission mari.

3.3. Fluorescence quantum yield, lifetime and PCT process within a bisBODIPY
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@; and1; were measured in different solvents (Table 1). ®hevalue of three
dimers ¢-2,8, d-3,8' and d-8,8’) shows the same behavior upon the increase of
solvent polarity. Dimer d-2,8’, for example, hagtniP; value in non polar n-hexane
(0.81) and c-hexane(0.70), but it decreases shamplyolar solvents, i.e. toluene
(0.078), DCM (0.0050), and acetonitrile (0.0033pisIstrong solvent polarity effect
on ®;indicates that fast photoinduced charge transfeurscwithin a dimer for three
dimers @-2,8', d-3,8' andd-8,8"): My -M, or My-M, O T = My "%-M,'%, (0<0<1).

The dimerd-2,2’, on the other hand, shows significantdecrease only in high polar
acetonitrile but not in non or low polar hexandyéme and DCM.

Table 1. Photophysical data

Solvent  Agps(NM)  Aem (NM) @ T (NS)

ml n-hexane 501 512 0.57 2.76.11 (51%)
c-hexane 503 513 0.48 2.65.24 (31%)
toluene 503 516 0.60 4.04
DCM 501 513 0.62 4.28
CH:CN 497 508 0.63 3.97

m2 c-hexane 508 514 0.96 5.85
benzene 510 517 0.90 5.17
CH:CN 501 508 1.00 5.70

d-2,2' n-hexane 534 575 0.29 3.79
c-hexane 536 576 0.25 3.40
toluene 536 519,575 0.31 3.21
DCM 533 516,575 0.21 3.69
CH:CN 528 512,566 0.017 0.293.71 (12%)

d-2,8' n-hexane 505 545 0.81 4.31
c-hexane 507,530 549 0.70 4.18
toluene 509 517,610 0.078 1.95
DCM 506 526, 740  0.0050 0.534.38 (4%)
CH:CN 503 517 0.0033 2.135.89 (56%)

d-3,8' c-hexane 515 594 0.34 4.24
benzene 516 552,645 0.045 1.52.97 (8%)
DCM 518 550 0.036 1.885.89 (87%)
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CH;CN 507 546 0.025 1.396.29 (90%)

d-8,8' c-hexane 523 597 0.80 13.5
benzene 524 530,674 0.080 6.08.59 (86%)
DCM 519 534 0.0045 2.366.10 (75%)
CH:CN 510 543 0.0051 4.277.45 (26%)

The fluorescence lifetimerg of the dimers is also strongly affected by thévesat
polarity. The fluorescence decay curves are showrFig. 5, from which the
fluorescence lifetime values were calculatée?,8’, d-3,8' andd-8,8' shows mono
exponential decay only in non polar solvent withvalue 4.18, 4.24, and 13.5 ns in
c-hexane, respectively. With the increase in sdlvaolarity, the decay becomes
biexponential in DCM and MeCN, the smaller onelaf twoTt; values is due to the
local excited state M-M, or M;-M,, the larger one is due to the ICT state
M. "%-M,"%". Because PCT is enhanced by solvent of higheripglas value of the
local excited state in polar solver)(is significantly smaller than that in non polar
solvent ¢°), due to the intramolecular quenching of My M, or M, by M.
Therefore the fluorescence decay study supports ctirelusion from previous

section.
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diode laser), the emission was monitored at flumese peak maximum of LE state.

3.4. Geometry of the bisBODIPYs calculated from quantum chemical methods

We calculated their optimal geometry and show therfig. 6. Apparently,
these covalent dimers are all formed by the hedwetd linking of two planar
Tesystems, and belong to the J-type dimers accotdingplecular exciton theory.[17]
The dihedral angl® in the dimer is 675(d2-2"), 62.9 (d2-8"), 70.0 (d8-8’), and
73.2 (d3-8), respectively. The average is 68.4 (+5.5) ° indicating these

compounds have the similar orientation betweentétee BODIPY units within a

dimer.
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Fig. 6. optimized dimer structures that show the charfgien dihedral angle frord2-2’, d2-8’,
d3-8’ to d8-8’ (left to right), H atoms are hidden for clear viegt Structural optimization were
carried out by Gaussian 09 on DFT B3LYP/6-31G lenvith toluene as solvent (cpcm model).
The calculated dihedral angle in the dimers: 81dR-2"), 62.9 (d2-8), 73.2 (d3-8), 70.0

(d8-8"), respectively. Every BODIPY chromophore in a mmeo or dimer is strictly planar.

3.5. PCT based on quantum chemical calculation

For the optimal molecular structure calculated yu&sian09, the HOMO and
LUMO are obtained and shown in Fig. 7. For exampihe, HOMO ofd-2,8" is
located on thenl moiety, while the LUMO is mainly on th@2 unit, which means
that upon deexcitation of,State one electron will be transferred fror2 unit tom1
moiety. So are the cases 3,8 andd-8,8. However, both the HOMO and LUMO
of d-2,2’ are equally distributed on two moieties, indicgtthat PCT is very difficult
to occur, and ICT state is not formed, so thatidl very difficult to form. This

guantum chemical result is consistent with the jotev study.
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Fig. 7.HOMO, LUMO of d2-2’, d2-8'. d3-8’, andd8-8’ in acetonitrilefrom Left to Right , Top

to Bottom.

3.6. Identification of singlet oxygen from NIR luminescence

Fig. 8 shows the NIR luminescence spectra withtation at 505 nm. An
emission band at 1270 nm was observed for all teBODIPYs in air saturated
solutions, their signal intensity is much higheartithat oim1. The emission decay at
1270 nm after the excitation pulse was used toiolte lifetime which has the value
59 ms.[18] The spectral shape and the lifetimeevale consistent with that of singlet
oxygen (Ag) reported in literature, this result and the hgignal intensity indicate
that the four dimers have good ability to producglet oxygen. Apparentig-2,8’
andd-8,8" have much higher intensity thar3,8’ andd-2,2’, suggesting the linking
position has a strong effect on the photosensgizepability of a bisBODIPY. Even

the weakest P3I-2,2" still shows much stronger signal than the monomméy
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indicate that the covalent dimerization can vengngicantly increase the

photosensitizing capability of BODIPY compounds.

900000 -{
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300000 -{
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Fig. 8.NIR Luminescence band of singlet oxygen (1270 nrrdb‘arlAg emission) using
different BODIPY monomeml and dimers as photosensitizers in air saturateld &futions

with excitation at 505 nm (Absorbance is 0.18 & Bf).

3.7. ldentification of singlet oxygen by DPBF chemical trapping
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Fig. 9. The change of absorption spectrum upon irradiatiore in air saturated solution
containing20 uM DPBF and 5.M photosensitizer with irradiation at 505 nm. Batt&ight: the

linear plot of absorbance at 410 nm against irtadigime.

Fig. 9 shows the change of absorption spectra @M@iphenylisobenzofuran)
in the presence of BODIPY dimers as photosensgizeanir saturated solutions. The
absorption of DPBF decreases quickly with irradiattime, while the absorption
peak of the BODIPY photosensitizer showed littlarpe. DPBF is a specific trapper
of singlet oxygen, it decomposes upon the reactoth singlet oxygen. The
decomposition did not occur in the absence of eith@hotosensitizer or oxygen,
which confirms that BODIPY dimers can really acipastosensitizers.

The formation quantum yield of singlet oxygebn) was determined for each
compound in three solvents and thesues are listed in Table 2. In toluene, three
dimers with 8-linkage can generate singlet oxygehigh quantum yieldd, is 0.63,
0.81, and 0.87 fod-3,8’, d-2,8’, andd-8,8’), but thed, values decreased in solvents
with lower polarity, while®, of d-2,2’ is relatively low in all three solventi
contrast, the monomers show negligible ability todoice singlet oxygenbis from
0.023 to 0.083). In most cases, a solvent with drigbolarity increase®,. Also
noticed is thatb, (d-8,8") > d, (d-2,8") > d, (d-3,8") > D, (d-2,2), which clearly
indicates the linking position effect dp.

Table 2. The formation quantum yield of singlet oxgen

Toluene CCl, n-Hexane
d-2,22 0.053 0.047 0.040
d-2,8 0.81 0.31 0.19
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d-3,8 0.63 0.076 0.38

d-8,8°  0.87 0.29 0.23
ml 0.065 0.023 0.052
m2 0.083 0.080 0.041

Solvent polarity shows little effect on the absmmptspectra of a BisBODIPY
(Fig. 3), but has large influence on the formatafiiciency of singlet oxygen (Table
2). It can then be concluded that the large soledfgict on®, value is due to the
excited state interaction between the monomers ihisBODIPY. The exciton
coupling is not the major factor for enhancing &hdity in singlet oxygen formation,
becausal-2,2' has the strongest exciton coupling (accordingstéargest spectral red
shift in Fig. 2) but it has the lowest ability temerate singlet oxygen. It is apparent
that @; correlates withd,, i.e. with the increase in solvent polarith; is decreased
but®, is increased. Since polar solvent enhances PCmugt conclude that;5tate
is generated from charge separation staté® M, — M(T1)-M, or My-My(T2),

(0<3<1).

3.8. Triplet excited state generation by the BODIPY dimers

To confirm that'O, is truly generated by the photosensitization efdimers, we
identified their excited triplet state {)Tby laser flash photolysis (LFP). LFP was
carried out with excitation at 355 nm (4 ns puiseargon and air saturated solutions,
respectively. The transient absorption spectra (JT&& shown in Fig. 10.

BODIPY m1 andm2 did not yield well detectable (TAS) withims to /s range,
i.e. the formation yield of excited triplet stata the BODIPY monomers is too low

to be recorded, i.e. ISC (intersystem crossingnf& to T, for the monomers are not
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efficient. On the other hand, the dimers all showllwesolved transient absorption
spectra in argon-saturated solution, which aregassi to triplet—triplet (FTp)

absorption as described below.
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Fig. 10. Transient absorption specttzeft) and the decay of positive transient absorbaRagh()

in argon purged 2AM solution, excitation wavelength is 355 nmn&Nd:YAG pulsed laser).
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All spectra show a positive peak and a negativé [fEay. 10), and the negative
absorption of a dimer matches its ground staterabiea. With the decrease in the
positive signal (T decay), the negative signal increases f@mation), and the
positive bands are separated from the ground dtieching with well defined
isosbestic points. The presence of isosbestic pamdicates only two states are
involved in the transformation (). These are all the typical spectral behavior of
the T-T,, absorption. TAS of the bis-BODIPYs differs by thpeak position, due to
their difference in the absorption of ground si@tigy. 2). The shape and position of
the TAS are similar to the,IT,, spectra of the BODIPY dyes in previous report.[9]
This similarity suggests that the positive sigrifakalso due to FT, absorption.

The decay of the positive signal, and the risehefriegative signal, can be well
fit by mono exponential function (Fig. 10 righthetrise time and the corresponding
decay time are the same, indicating that only omestent species (triplet state) Ts
present in the solutions. The triplet lifetimg)(was computed to be 4is for d-2,2’,
23 ps for d-2,8', 45us for both d-3,8 and d-8,8’, which are all longoegh for
photosensitizing the production of singlet oxygen.

In air saturated solution, the value is shortened dramatically. For exampie,
of d-8,8" was decreased from 45 to 0.@5, 11 of d-2,8 was decreased from 23 to
0.23 s, but the TAS spectral shape and position wereaheted by the presence of
oxygen. The rate constant of triplet quenching kygen can be then evaluated to be
2.0x10° and 2.x10°M™ s?, respectively, which is close to the 1/9 of diftus rate

constant. This effective oxygen quenching also estgythat the positive bands are
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indeed due to T, absorption. Since TA spectra were not changed hbguénching,
the oxygen quenching to, Tnust be a physical process, i.e.TO, — S + 'O,. In
summary, LFP study evidences the fbrmation for the bis-BODIPYs and the

enhancement of;formation by the covalent dimerization.

4. Conclusions
We have synthesized and characterized four BODImYet linked at

different positions. We measured the triplet @and singlet oxygen formation
properties of the dimers. The tuning of the phatsg&ing properties by different
linkages are significant, sinaimer d-2,8' and d-8,8 can generate excited triplet
state and singlet oxygen with high quantum yield¢ai0.81 and 0.87, respectively,
while their corresponding monomer compounds are pbaotoactive. Based on
UV-Vis absorption spectra, we conclude thatfdrmation is from a twisted charge
separation state via charge recombination. We stioat the photosensitizing
efficiency can be tuned not only by the linkage blgo by solvent polarity. This
photosensitizing mechanism provides a novel styafeg designing efficient and
activable photosensitizers which are heavy metall amlogen free and
micro-environment sensitive. This type of PCT plsettsitizers may find important
applications in photodynamic therapy of tumor, pihadtlogy and organic

photochemistry.
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Details of Photophysical measurements
The absorption and fluorescence spectra, fluorescguantum yields and
excited singlet-state lifetimes, as well as tripgedbperties were investigated at room

temperature ca 22C. Steady-state fluorescence spectra were acqoirerl FLS 920
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instrument. All spectra were corrected for the gty of the photo-multiplier tube.

The fluorescence quantum yielthf was measured by using Eq. (1),[1]

2
o, =oP g felk, Eq. (1)
FE Agn

0

in which F is the integrated fluorescence intensAyijs the absorbance at excitation
wavelength, n is the refractive index of the sotvesed, the subscript 0O stands for a
reference compound and s represents samples. steamevas used as the reference
(®?=0.92 in 0.1 M NaOH ag. solution).[2, 3] Excitatiovavelengths of 475 nm
corresponding to the vibronic band qft8 S transitions were employed. The sample
and reference solutions were prepared with the sdoserbance (A at the excitation
wavelength (near 0.09 per cm). All solutions weresaturated foP; measurements.
Fluorescence lifetime of ;Swas measured by time-correlated single photon
counting method (Edinburgh FLS920 spectrophotometéh excitation at 509 nm
diode laser (169 ps FWHM) and emission was mordt@t emission maximum.

Fluorescein was used as the referenge4.16 ns in 0.1 M NaOH ag. solution).[2, 3]

Transient absorption spectra were recorded in degasolution (prepared by
bubbling with Argon for 20 min) with an EdinburghPR20 laser flash photolysis
system. An Nd:YAG laser (Brio, 355 nm and 4 ns FWHNas used as excitation
source. The analyzing lightas from a pulsed xenon lamp. The laser and amajyzi
light beams perpendicularly passed through a qeaitzvith an optical patlength of
1 cm. The signal was displayed and recorded ork&rdrex TDS 3012B oscilloscope

and an R928B detector. The laser energy incidetiteasample was attenuated to ca.
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10 mJ per pulse. Time profiles at a series of wengths from which point by-point
spectra were assembled were recorded with the fid &c controlled kinetic
absorption spectrometer. Since the observed trgilge lifetimes are dependent on
the concentration of a dimer due to the quenchiygite ground state, the
concentration was adjusted to @M, at which or lower concentratiory value is a
constant. Under this condition, absorbance at 3%bA3ss = 0.25 in a 10 mm
cuvettes.

NIR luminescence of singlet oxygen was measuredidigg InGaAs detector
(900-1700 nm) from Edinburgh Instruments with exiin at the absorption
maximum (absorbance is 1.0 in 1 cm cuvettes), lodtitation and emission are
corrected upon the detector response upon ligheleagth. Singlet oxygen quantum
yield (®,) determinations in different solvents were carreed using the chemical
trapping method.[4] Typically, a 3 ml portion ofethrespective PS solutions that
contained diphenylisobenzofuran (DPBF) was irradiat 540 nm in an air saturated

solvent.®, value was obtained by the relative method using?Hd]

ref
k I

—p ref
(DA _(DA ref !
ke I

Eqg. (2)

where @7 is the singlet oxygen quantum vyield for the staddar
(8-methylthio-2,6-diiodoBODIPY¢p,R*=0.85, practically independent of the solvent)
for excitation at 505 nm),[5] &nd K*' are the DPBF photo-bleaching rate constants in

the presence of the respective samples and staneapkctively; 4 and 1" are the
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rates of light absorption at the irradiation wawgjn of 540 nm by the samples and

standard, respectively. Their ratio can be obtametq. (3).

I’ 1-10%%
| 1-10%n '

a

Eq. (3)

To avoid chain reactions induced by DPBF in the gmes of singlet oxygen, the
concentration of DPBF was lowered f8x10° mol dmi®. A solution of sensitizer
(absorbance ~0.70 at the irradiation wavelength) tdontained DPBF was prepared
in the dark and irradiated in the Q-band regionBBRlegradation was monitored by
UV-vis absorption spectrum. The error in the deteation of ®, was ~10%

(determined from severdl, values).
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Highlights

Four types of bisBODIPYs with different linking positions between monomers were synthesized.

The ability for excited triplet state (T;) and singlet oxygen generation were compared.

Four dimers are efficient in T; and singlet oxygen formation, while their monomers are not.

The linking style and solvent polarity strongly affect the photosensitizing ability of the dimers.

T, formation is due to charge recombination of the photoinduced charge transfer state.



