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conjugate is proportional to the number of methoxy group.
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Abstract

To test the tunability of charge transfer (CT)-lmhd8ODIPY photosensitizers in
generating singlet oxygeﬁA(g), twelve meso-phenyl-BODIPY (donor-acceptor) type
compounds have been synthesized and fully charzeterin which the phenyl
moiety is modified with respective 0, 1, 2 and 3tmoay groups to increase its
electron-donating ability. The UV-Vis absorptionesfra, fluorescence emission
spectra, fluorescence quantum vyield, fluorescenfetinke, excited triplet state
formation, and singlet oxygen formation propertes® measured. DFT quantum
chemical computation is also carried out to expthm experiments. The occurrence
of intra-molecular CT is confirmed by UV-Vis abstgn, fluorescence properties and
guantum chemical computation. The triplet excitetesformation is evidenced by
laser flash photolysis technique. The quantitapletosensitized singlet oxygen
formation is demonstrated by DPBF (diphenylisobémzm) chemical trapping
method.

This type of BODIPY CT photosensitizers show goadability in generating
singlet oxygen 1@9). When the number of methoxy group on the donangseased
(so that CT is enhanced), the efficiency of singbeggen generation becomes higher
from 0.070 to 0.30. When solvent polarity is inaea (CT is also enhanced), the
efficiency of singlet oxygen generation is alsor@ased significantly. The increase in
singlet oxygen generation is accompanied by theedse in fluorescence quantum
yield and fluorescence lifetime values. These fahtsv that a higher CT efficiency in
a simple phenyl-BODIPY donor-acceptor conjugate tead to significant higher
guantum vyield of singlet oxygen generation. Thessults are useful in designing

novel CT-based heavy-atom-free photosensitizerptiotodynamic therapy of tumor.

Keywords: Charge transfer photosensitizer; singlet oxyd@DIPY; photodynamic
therapy



1.Introduction

Photosensitizers (PSs) that generate singlet oxy@A@ are the key of
photodynamic therapy of tumor (PDT) [1-5]. PDT hgeat potential for the
treatment of various cancers [6afld drug-resistant microbes [8,9], due to its many
advantages over the traditional chemotherapy [10ib2luding higher precision of
the targets, lower systemic damage, non-invasi@ysable and controllable
characteristics. PDT relies on three basic elemB&slight, and molecular oxygen. A
traditional PS molecule absorbs specific light Bedomes an excited singlet staie S
(S + hv - §), § then transforms to a triplet excited statewlith slightly lower
energy (2-Ti), T1 then gives its energy to a surrounding oxygen oube and
results in the formation of singlet oxygé®, [13,14]: T, + O, — So+ 'Ox('Ay).
Singlet oxygenO, (lAg) is considered to be the main reactive oxygeniespd®0S)
for the tissue ablation in PDT [15,16].

Charge transfer (CT)-based photosensitizers (CTR&s)new members of PS
family [17-21]. A traditional PS generates ffom its S state via the spin flipping of

the electron in the molecular LUMO,

S;:HOMO(1)LUMO(+) or HOMO(:)LUMO(1) — Ty: HOMO(1 )LUMO(1) or HOMO(i )LUMO(4).
However, this type of electron spin reversing {ro6some compounds is not efficient.
4,4-difluoro-4-bora-3a,4a-diazamndacene (BODIPY) derivatives are such examples.
Nonhalogenated BODIPYs show very low formation quantum yield because they
are highly fluorescence emissive. In recent yeB@BDIPYs have been proposed as
PSs for PDT due to their high molar extinction éoefnt, good photochemical
stability, chemically robustness and good solupiiit organic solvents [22,23]. To
this aim heavy atom effect have been attachedBORIPY to make them efficiently
generate 1 [24,25]. In recent studies, however, PCT (Phototedl CT) or PET
(Photoinduced electron transfer) are also founketeery efficient for causing;Tand
singlet oxygen formation, especially for BODIPY dy6-29]. The PCT/PET-based
PSs are advantageous because they are halogearteeasily tailored to act as

activable PSs. A donor-acceptor (D-A) type molecslaucture is a prerequisite for



this type of PSs. The mechanism aefgEneration for these PSs ig:d&nerates charge
separated state (CSS) via PET/PCT:

D-BODIPY(S,) — D*-BODIPY® (0<3<1),
and then charge recombination of CSS produges T

D®-BODIPY® . D-BODIPY(Ty),
this is possible because; ®nergy > CSS energy >;Tenergy. The reported
PET/PCT-based BODIPY PSs are mainigso-aryl-BODIPY conjugates, where the
aryl moiety is a relatively large electron donoucls as pyrene, anthracene, and

naphthalene [27-29].
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Fig. 1. Structures of the methoxy-functionalized sensitize

In order to make the PCT/PET-based BODIPY PSs eas&n vivo, we show in
this report that even th@eso-phenyl-BODIPY can be easily modified to remarkably
increase the efficiency of BODIPY in, Bnd singlet oxygen formation. We therefore
have synthesized a library of one to threeso-methoxys modified phenyl-BODIPY
conjugates. The increase in the number of methoxthe phenyl makes the moiety a
better electron donor and enhances PCT/PET fronpkieayl to BODIPY, which
significantly promotes the generation of By changing the number and position of
methoxys on the phenyl, we expect to finely tune finglet oxygen generation

efficiency. Fig. 1 shows the structures of the ddBODIPYs. BODIPY2, 3and4



contain one methoxy group, BODIP23, 24, 26, 34 and 35 contain two methoxys,
while BODIPY 234, 345 and246 contain three methoxys on the phenyl. The starting
materials are cheap and commercially available)enthie preparation procedure for

the compounds is simple and only involves one gattion.

2. Experimental section

2.1. Reagents and Appar atus

All chemicals were purchased from Sigma-Aldrich,rés Organics, Merck or
Fluka at the highest commercial grade and were wéhaut further purification. All
solvents were dried and redistilled before use. BoWwents were prepared with
standard methods [30,31]. Merck 60 F254 silicapgetoated sheets (0.2 mm thick)
were used for analytical thin-layer chromatographiC). Silica gel (200-400mesh,
Merck) was used for flash column chromatograpghy.and **C NMR spectra were
recorded with a Bruker dmx NMR spectrometer (600 AMbr *H and 75 MHz for
3C). The spectra were recorded in CRGH NMR chemical shifts are reported in
parts per million relative to tetramethylsilan& £ 0.00 ppm), using the residual
solvent signal as the internal referenc€. NMR chemical shifts are reported in ppm
with CDCk (6 = 77.67 ppm) as the internal standard. Carbontispe@re broad band
decoupled and calibrated on the particular solgamtal. Chemical shift multiplicities
were indicated by s (singlet), d (doublet), t (&th g (quartet), m (multiplet) and br
(broad). The unit of the coupling constant is H@gz). Mass spectra were registered
by atmospheric pressure chemical injection (AP@l)ai LTQ Orbitrap XL TOF

spectrometer.

2.2. Synthesis

General Procedure for the Synthesis of BODIPYs: $ymhetic procedure for
BODIPY (Fig. 1) is analogous to that described in ref’-p9] An appropriate
aldehyde (1.0 mmol) and 2,4-dimethylpyrrole (0.20@gL mmol) were added to

absolute dichloromethane (20 mL). The color ofgbrition was turned into red after



the addition of one drop of trifluoroacetic acichéelreaction mixture was then quickly
stirred at room temperature for 18 hours. 2,3-dioyd,6-dichlorobenzoquinone
(0.227g, 1.0 mmol) was added, and stirring was icoatl for 120 min.
N,N-Diisopropylethylamine (5ml) and boron trifluorié¢herate (10ml) were added to
the solution sequentially. After stirring for 12urs, the reaction mixture was washed
with water. Organic layer was dried with anhydrddgSO;, filtered, and evaporated
under reduced pressure. The crude product wasigaurldy silica gel column
chromatographyusing 20 % dichloromethane in n-hexane as mobilas@h The
brightly fluorescent fraction containing the protu@s collected then the solvent was
removed under reduced pressure.

5,5-difluoro-10-(2-methoxyphenyl)-1,3,7,9-tetramdtBH-dipyrrolo[1,2-c:2',1'-
f][1,3,2]diazaborinin-4-ium-5-uide2j. Yield: 21%. Orange crystal¥4 NMR (CDCk,
600 MHz):8 7.44 (t, 1H, J=6.66), 7.14 (d, 1H, J=7.40), 7.0&H, J=7.38), 6.99 (d,
1H, J=8.34), 5.96 (s, 2H), 3.77 (s, 3H), 2.55 (3),6..43 (s, 6H)**C NMR (CDCE,
150 MHz):5 156.41, 154.92, 142.60, 138.96, 131.56, 130.68,52 123.81, 121.51,
120.85, 111.14, 55.62, 14.61, 13.84. HRMS (AP@t: 335.1714 [M-F| ([M-F]"
calcd. 335.1731).

Characterization data for eleven other compounds given in supporting

information.

2.3. Photophysical characterization
Details of the photophysical properties of BODIPYs¢luding absorption,
fluorescence spectra, singlet oxygen and fluorescequantum yields, and

fluorescence lifetime are given in our previous Imaion [28-29].

2.3.1. Absorption Measurements
Ground-state UV-visible absorption of BODIPYs weeeorded on a Vary 8454
spectrometer from Agilent Technologies in a quasdit of 1 cm path length at 20.0 £

0.5°C.



2.3.2. Fluorescence Measurements

Fluorescence excitation and emission spectra, deg@nce quantum yields, the
fluorescence and excited singlet state lifetimesewacquired on a FLS 920
Fluorescence Spectrometer from Edinburgh Instrusnant20 °C. 1 cm pathlength
cuvettes were used, and the slit width was 2.5 onbéth excitation and emission.
All spectra were corrected for the sensitivity dfetphotomultiplier tube. All
measurements, both absorbance and emission, weueext within 2 h of solution
preparation at room temperature (20-25 °C),

(1). Fluorescence quantum yield¢) of the BODIPYs was determined by the

comparative method using equation (1).
2
D, =P d:i [ﬁ”_; (1)
I:O As n0

F is the area under the fluorescence emission caive the areas of the emission
spectra were integrated in the range of 480 - #0Arepresents the optical density
at which the sample was excited. The refractivacesl (n) of the solvents were
employed in calculating the fluorescence quantueidgi in different solvents. The
subscript 0 stands for a reference compound, aedresents samples. Fluorescein in
0.1 M NaOH was used as the refererib@< 0.92) [32]. The excitation wavelength is
475 nm. The absorbance of the sample and refersolcgions at the excitation
wavelength ranged between 0.08 and 0.10. All smistiwere air saturated fdy
measurements.

(2). Fluorescence lifetime was measured by Edinburdg-LS920
spectrophotometer via the time-correlated singletqm counting (TCSPC) method
with excitation at 509 nm by a diode laser (50ypkrh). The emission was monitored
at the wavelength of emission maximum. The lifetvadues were computed by the

F900 software supplied by Edinburgh Instruments Ltd

2.3.3. Snglet oxygen quantumyield
The quantum yield of singlet oxygen production wagermined by the chemical
trapping method using diphenylisobenzofuran (DPBIRe absorbance of the studied

7



BODIPYs was adjusted around 1.0 at 509 nm (irrazhatvavelength) in 1 cm path
length quartz cells (2 mL). The absorbance of DRBE adjusted around 1.0 at 410
nm in order to avoid BODIPY aggregation. Singletygan causes a remarkable
degradation of DPBF at 410 nm, where the DPBF &lasme decrease was measured
at fixed time intervals, as defined for each expent. The quantum yields of singlet
oxygen generation were calculated by comparing this of the reference compound

8-methylthio-2,6-diiodoBODIPY according to Equati(®)

ref

k I
ref

ke 1,

®, = 2)

Where @7 is the singlet oxygen quantum vyield for the staddar

(8-methylthio-2,6-diiodoBODIPY®,"=0.85, practically independent of the solvent)
for excitation at 505 nmk andks represent the DPBF photobleaching rate constants
in the presence of the respective samples and athnokspectively, ant, and,™
stand for the number of photons absorbed by thsitsmsr and the standard at the
irradiation wavelength of 509 nm, respectively. iflratio can be obtained by the

following equation:

I 1-107"

&)
I 1-10"

In which, A and A is the absorbance of a BODIPY and the referencepoond

8-methylthio-2,6-diiodoBODIPY at excitation wavetgh 505 nm, respectively.

2.4. Computational simulation

The calculations were carried out using densitycfiomal theory (DFT) method
as implemented in the Gaussian 09 package. The B3&Xchange-correlation
functional was chosen together with a 6-311G bsastsfor structural optimization.
The solvent effect was modeled using the Polare&bntinuum Model (CPCM)
method. In all the cases frequency analysis wasenafiér geometry optimization to

ensure the convergence to an energy minimum.



3. Results and discussion

A meso-(OCHg)xphenyl-BODIPY (x=1, 2, 3) forms an intro-molecular
donor-acceptor (D-A) entity which act as the PC3dahphotosensitizer in this study.
meso-(methoxy}phenyl is the donor moiety, while the BODIPY is theceptor.
Keeping the BODIPY unit unchanged, adding more etk onto the phenyl at
different positions, the charge transfer intensiityn D to A is then affected by three
factors: the number of methoxys, the position & thethoxys, and solvent polarity.
By changing any one of the three factors, we cae the efficiency of singlet oxygen
formation if the D-A entity is really a CT-basedgtbsensitizer. To this purpose,
twelve meso-aryl BODIPYs have been synthesized by a faciledfstep one-pot
procedure (Fig. 1)2B-29] These BODIPYs have been structurally identifigd'H
NMR, *C NMR, HRMS and UV-Vis absorption spectra. All thgectrum results are
consistent with the desired structures. These NM®& ldRMS spectra are presented
in supplementary information.

Due to the presence of methoxy and the phenyl grothyese BODIPYs are all
well soluble in organic solvents, such ashexane, benzene, toluene, DCM,
chloroform, THF, ethyl acetate, acetone, ethanadthanol, acetonitrile, DMF and
DMSO. Seven solvents ranging from nonpolar, lowapolo high polar ones
(n-hexane, ethyl acetate, THF, pinacolone, acetorahanol and acetonitrile) have
been used to measure their photophysical propeatiéssinglet oxygen generation

ability.

3.1. Singlet oxygen formation tuned by methoxy andolvent polarity

The singlet oxygen formed by the BODIPY photoseéraiton was identified by
chemical trapping method using 1,3-diphenylisobé&umam (DPBF). DPBF is a well
known specific chemical trapper of singlet oxygéﬁgx [33]. As shown in Fig. 2,
with light irradiation at 510 nm in air saturatedetonitrile (at which the light is
absorbed only by the BODIPY PS) DPBF absorptiomakpe 410 nm) decreases with

time while the absorption of the BODIPY shows narfpe. In the absence of any one



of oxygen (purged by bubbling argon), light irratha, or a BODIPY PS, the
absorbance decrease of DPBF at 410 nm did not .otbese results mean that the

singlet oxygen formation is indeed due to photosigasion of the BODIPY.
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Fig. 2. Left: Evolution of DPBF (60umol/L) absorption spectra in air saturated acetibit
containing BODIPY 246 (20 umol/L) with light excitation at 510 nmRight: Absorbance

decrease of DPBF at 410 nm with time (data extdafrtan spectra of Fig. 2 left)

The quantum yield of singlet-oxygen formatiab,f was obtained by measuring
the photooxidation kinetics of DPBF. The DPBF absoce at 410 nm is plotted
against time (Fig. 2 right). A good linear relatibetween them indicates that the
reaction kinetics is zero order: c(t) = ¢(0) - katwhich k is the reaction rate constant,
t is time, and c(t) is the concentration of DPBRiate t. Singlet oxygen quantum
yields @,) of the studied BODIPYs were calculated accordingthe literature
[34,35]. The reference compound 8-methylthio-2j6abBODIPY has a singlet
oxygen quantum vyield of 0.80 under the conditiohthe study in all solvents [36].

Table 1 shows thé, values together with other photophysical pararsetaiso
see Table S1 of supporting information). Compaed®DIPY 1 that contains an
unsubstituted phenyl, the methoxy substitution seadhigherd, values. Fig. 3 plots
®, againste (solvent dielectric constant to represent polarand n (number of
methoxys), respectively. It shows th@f value increases with the increase in the
number of methoxy groups on the phenyl moiety, #nigl increase is more effective
in more polar solvent. The position of methoxysoaddfects®, values, but in a

complicated way as shown in Fig. 3 bottom. Thes®BXY's exhibit very significant

10



solvent effect: a highe®, value is observed in a more polar solvent. The dat

methanol for all compounds show deviation from tileed, likely because the strong

H-bonding G-H -+« F. In order to explain these results, UV-vis absorpspectra,

fluorescence emission spectra, fluorescence lietjmand transient absorption

properties were measured.
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Table 1.Photophysical properties of the BODIPY PSs inatéht solvents

Mo A AA T
Solvent e @ ®, 2
(nm) (nm)  (nm) (ns)
CH:CN 36.6 052 0.068 497 508 11 3.81 1.00
Acetone 20.7 0.46 0.050 498 509 11 3.65 1.24
Pinacolone 128 055 0.11 499 511 12 3.39 1.18
EtOAc 6.02 058 0.057 498 510 12 3.98 1.18
THF 7.52 056 0.033 500 512 12 3.73 112
n-hexane 2.02 056 0.038 501 511 10 337  1.27
MeOH 33 058 0.031 498 510 12 3.9 1.22

** @y fluorescence quantum yield,: quantum yield for singlet oxygen formatiody: UV-vis

absorption maximum,...

em

lifetime, x% chi squared value fdluorescence decay that obtaining

11

fluorescence emission maximund,: the Stokes shift;: fluorescence



)\abs )\em AA T

Solvent € O (U X
(nm)  (nm) (nm) (ns)
CHLCN 36.6 057 0.18 499 512 13 - -
Acetone 20.7 0.78 0.17 501 513 12 - -
Pinacolone 128 0.74 0.078 502 514 12 - -
EtOAC 6.02 0.76 0.057 502 514 12 - -
THF 7.52 0.87 0.061 503 516 13 6.42 1.19
n-hexane 2.02 098 0.029 504 516 12 578 1.11
MeOH 33 0.69 0.021 500 514 14
Solvent € o ®, Aaps  Aem O L T 2
(nm) (hm) (nm) (ns) (ns)

CH;CN 36.6 054 0.18 500 513 13 - - -
Acetone 20.7 0.72 0.082 503 516 13 - - -
Pinacolone 12.8 0.64 0.081 505 520 15 - - -
EtOAc 6.02 0.47 0.073 504 520 16 - - -

THF 752 0.64 0.051 506 520 14 5.77 1.38(.12).08
26 n-hexane 2.02 0.71 0.040 507 519 12 6.26 - 1.09
MeOH 33 058 0.036 503 518 15 - --
solvent I N Aas - Aen A o v X
(nm) (nm)  (nm) (ns) (ns)
CH3CN 36.6 055 0.31 501 513 12 - - -
Acetone 20.7 0.80 0.11 503 515 12 - - -
Pinacolone 128 0.69 0.16 505 517 12 - - -
EtOAc 6.02 0.64 0.063 503 511 8 - - -
THF 752 0.78 0.059 506 517 11 5.70 1.35(.08).14
n-hexane 2.02 0.95 0.024 505 520 15 6.35 - 1.10
MeOH 33 0.68 0.074 503 515 12 - - -

3.2. UV-Vis absorption spectra and intra-molecular donor-acceptor charge transfer

The UV/vis absorption and fluorescence propertiésttese BODIPYs in
different solvents are also included in Table 1d(afeble S1 of supporting
information). Fig. 4 shows the spectra of compo@n#a6 and246. Most compounds
display the typical UV-Vis absorption spectra of BIBY type (supporting
information)®’ a main band at about 500 nm with a shoulder ad#a.nm, and a
weak band at ca. 360 nm. For compo@tdand 246, however, an additional weak

band occurs at ca. 525 nm. This new band is reftedhielative to the usual main

12



band, and the intensity of the new band is semsitovthe solvent polarity. These
characters suggest the new bands are due to Chgéctransfer) absorption. The CT
absorption occurs only for compou and246, likely because the two methoxys at
position 2 and 6 of the phenyl are the closesh¢oBODIPY unit and better facilitates
charge transfer compared to other methoxys.

As is evident from Table 1, the main absorption dbdor each compound is
centered between 497 and 507 nm and the peak maxisimot sensitive to either
solvent polarity or the number and position of noethgroup, because the methoxy is
not directly attached to the BODIPY chromophore touthe phenyl (which is nearly
orthogonal to the BODIPY).
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Fig. 4. Top Normalized UV-Vis absorption spectra 8f 26, and 246 in different
solvents.Bottom: Normalized fluorescence emission spectra2,0P6, and 246 in

different solvents (excitation at 475 nm, conceidgraca. 5uM).

3.3. Fluorescence Sudies

The presence of the methoxys cause the changeuareficence spectrum,
fluorescence quantum yield, and lifetime reflebis intensity of photoinduced charge
transfer from the donor to the acceptor. Fig. 4awshthe fluorescence spectra of the
BODIPY donor-acceptor conjugates in different satge These compounds exhibit

fluorescence in the range 500-550 nm, which igythieal emission characteristics of

13



BODIPY fluorophores [38]. For compourtb and 246, however, a new band occurs
at about 530 nm. This red shifted and weak emissimmws the characteristics of CT

emission. The associated photophysical proceseeg\an below.

Light absorption: D-A(§ + hv - D-A(Sy), (1)

Fluorescence: D-A - hv'+ D-A(S), (i)
Charge transfer: D-A¢p - D*-A?, (iii)
CT emission: B-A% = hv'+ D-A(S), (iv)
Charge recombination:®bA% — heat+ D-A(S), (v)

Since CT state B-A% easily undergoes fast reverse thermal chargefénaimspolar
solvents to form ground state (process v), CT daomsis observed only in hexane.
The CT emission band occurs only for compow@@and 246 because the two
methoxys at position 2 and 6 of the phenyl areetlds the BODIPY unit than other
methoxys, which better facilitates charge transfer.

Except for that o6 and246 in hexane, the fluorescence emission spectrum of
each BODIPY is the mirror image of the correspogdimain absorption band, which
implies that the emission is due tpd&cay of the BODIPY unit [39]. The Stoke shifts
of the BODIPYs are in the range 10-17 nm. The sr8adlke shift is typical for
BODIPY compounds, indicating that thg 8f BODIPY unit has similar nuclear
configurations to its ground state. All these BOD$Fshare the same fluorophore and
therefore exhibit very similar emission shape iffedént solvents except hexane.
Increasing the solvent polarity for each compouadses only a slight shift in the
emission maximum to longer wavelength (~2-6 nm)levithe shape of emission
spectra is not changed (exc&f and 246 in hexane). These results show that the
remarkable solvent dependence @f values does not result from the interaction
between the solvent and the BODIPY (eithgepS state).

The fluorescence quantum yields] values of each BODIPY in different
solvents are also listed in Table 1 (and Table S4upporting information). Fig. 5
shows how the substitution pattern and solventrigglé&represented byg) affect the
®; value of a BODIPY conjugate. It is known that

D¢ = kil (Kr+kisctkic+Ker), (4)

14



in which k is the fluorescence rate constant: is the intersystem crossing rate
constant for Tformation, k is the internal conversion rate constant for helgasing,

and ket is the charge transfer rate constant.

® 2-0Me E 1
a 1.0
A 3.0Me \ R
0) 4-OMe i
054 v 0.8 ® 0.8
) v (
0.64 A 0.6+ L] ° 064
.................................... t @

@® 2,3-diOMe
2,4-diOMe
V¥ 2,6-diOMe

@ 2,3,4-tri0OMe
024 2,4,6-triOMe
v 3,4,5-triOMe v

@
0.4+
v\bl_'

T T T T T T T T
0 5 10 15 20 25 30 35 40
€ € €

Fig. 5. Solvent polarity (represented by dielectric consta effect on®;. Left: mono
substituted BODIPY2, 3, and 4. Middle: di substituted BODIPY23, 24, and 26.

Right: tri substituted BODIPY234, 246, and345. The dashed line in each plot is for
unsubstituted BODIPY.

Several conclusions can be drawn from Fig. 5 deviehg. The®; value of each
compound shows clear decrease trends with theaser@& solvent polarity except the
slight positive deviation of a few solvent. Thiscoease trend is consistent with the
effect of solvent polarity on photoinduced chargesfer or electron transfer. Since
kcr of PCT/PET becomes larger in more polar solvemtintramolecular PCT/PET
partially quenches emission process and lead$awexr ®s value according to eq. (4).
This change is opposite to the effect of solveraity on ®, value, which implies
that singlet oxygen production is positively coated to the intensity of PCT or PET.
Since singlet oxygen originates from thedf a photosensitizer, we conclude that T
formation is positively correlated to PCT or PET.

Triplet formation from CT state: DA% — D-A(Ty), (vi)

'0, generation from T D-A(Ty) + O, - D-A(Sp) + '0.. (vii)

Based on the processes (i) to (vii), we can easitjerstand Fig. 3 which shows how
solvent polarity and methoxy number affedh value. Higher solvent polarity
enhances charge transfer process (iii) and lean®te CT state formation, then more
CT state favors process (vi) and causes mer®rimation, which further gives more

singlet oxygen through process (vii). The increimsthe number of methoxy on the
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phenyl enhances the electron donating ability @& pmenyl moiety, which favors
better charge transfer, and then leads to highervalue. ®, value is mainly
determined by & value for these BODIPYs, sincgeks negligible for BODIPYs and
not affected by the number and position of methgroup.

Fig. 5 also indicates the effect of methoxy positam ®;. ®; value is influenced
by both k. and k- for these OCkImodified BODIPYSs, since the position of methoxy
changes k, while both the number and position of methoxyerak-t. For mono
OCH; compounds, compare2l shows higher®s than 1 (the dashed line) in each
solvent, but compound always exhibits lowe®; thanl in each solvent. This is due
to both steric and electronic effect. In additionts electronic effect, the OGHjroup
in compound? obstructs the rotation of the phenyl, which reduttee k value and
increases®;. Therefore 2’-OCH is dominated by steric effect over its electronic
effect. The OCH group in compound}, however, has no steric effect but exhibits
only electron donating effect which increases &nd decreased;. The OCH group
in compound3 is farther away than that in compoufdbut closer than that in
compound4 from the BODIPY unit, and therefore it displaysaker steric effect than
that of compoun@ but stronger steric effect than that of compodndhis explains
the ®; ranking2>3>4 in each solvent. Di- and tri-methoxy substituteQ@PYs are
some complicated due to the mutual influence daficsnd electronic effect of each
OCH; group at different positions. Nevertheless, theranking of trisubstituted
BODIPYs is246>234>345 in each solvent, becaugd6 contains two methoxys at
position 2 and 6 that both show strong steric effe@34 contains one 2-methoxy,
while 345 contains none.

The fluorescence lifetime &, 26 and246in hexane and THF were measured
to confirm the presence of PCT in polar solventg. B shows the emission decay
curves of these BODIPYs. F@6 and246, the decay in polar THF is faster than that
in non polar n-hexane. For compoudthe solvent effect on the emission decay is
not significant. In hexane, the fluorescence decagm be described by a
single-exponential fit, and the calculated lifetimes.78, 6.26, and 6.35 ns f2r26,
and 246 respectively. In THF, however, the decays of BODIE and246 become
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biexponential, the lifetime fo26 is 1.38 (12%) and 5.77 ns (88%), and the lifetime
for 246 is 1.37 (5%) and 5.70 ns (95%). Comparing thetitife value of the
short-lived component in THF with the lifetime irhexane, we see a very significant
decrease from 6.26 to 1.38 ns &8 and from 6.35 ns to 1.37 ns 46 This large
decrease in more polar solvent supports the presenintramolecular PCT/PET. By
using equation & = 1/i; — 1/°, the rate constant of PCT/PETc{kin THF can be
calculated as 0.5640° and 0.57210° s* for 26 and 246, respectively. In the mean
time, the emission rate constant £®/1; in hexane) can be calculated as 81
and 0.1%10° s* for 26 and246, respectively. Sod is much larger thankn THF,

i.e. PCT becomes the predominant process deay in THF.
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Fig. 6. The emission decay curves of the BODIRY26, and246 with excitation at

405 nm (50 ps pulsed laser).

3.4. CT from quantum chemical calculations

The molecular geometry of the D-A conjugates isroped either by DFT (for
ground state § or TD DFT (for excited state;pat the B3LYP 6-311g level. The
HOMO and LUMO of a compound are then obtained ftbmn calculated geometry.
The HOMO and LUMO electron density distributionweén the donor and acceptor
units provides the evidence of PCT occurrence wittlie D-A type conjugated
molecules. In Fig. 7, we compare the electron dgrdiange of frontier molecular
orbitals of compound, 24, and 246 upon the change of solvent and/or photo
excitation.

For compound46 (Fig. 7), in either vacuum or non polar solvenkdree, the
HOMO and LUMO of both §and S are mainly located on the BODIPY unit (Fig. 7

Top), indicating that ground state CT or photoireth€T must be weak in vacuum or
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non polar solvent hexane. In acetonitrile (ACN)wekwer, the HOMO of &is located
on both BODIPY and the phenyl unit, but the LUMO % is located only on
BODIPY unit, indicating that ground state CT caruc This result shows the strong
effect of solvent polarity. On the other hand, H@MO of S of 246in acetonitrile is
located only on the phenyl unit, but the LUMO qfiSlocated only on BODIPY unit,
suggesting that photoinduced electron transfer fdet@ charge transfer) occurs from
the trimethoxy phenyl unit to the BODIPY moiety, el causes the fluorescence
guenching and lowersb; and t; values. This result shows the strong effect of
photoexcitation on PCT/PET.

For compound4 (Fig. 7 bottom left), photoinduced CT occurs ondy § state
in acetonitrile, because the HOMO of iS located on both BODIPY and the phenyl
unit, while the LUMO of $is located only on BODIPY unit. In other cases, @T
PCT is not significant since both HOMO and LUMO arainly on the BODIPY unit.

For compouna (Fig. 7 bottom right), no significant CT or PCT caccur since
both HOMO and LUMO are always mainly on the BODIBMNt. Based on Fig. 7, it
is obvious that the intensity of CT or PCT is rashly 246>24>>2, which confirms

that the number of methoxy group shows large etiac€T and PCT.

246 s.LUMO So LUMO/hex Sy LUMO/ACN ~ S; LUMO  S; LUMO/ACN
a ,

_ﬁ

Sy HOMO So HOMO/]
b :

24 Sy LUMO Sy LUMO/ACN S, LUMO S) LUMO/ACN
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2 Sy LUMO Sy LUMO/ACN $; LUMO §; LUMO/ACN
Q

&;,
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Fig. 7. The HOMO/LUMO of § and § state of compoun@, 24, and 246 calculated by DFT
method using B3LYP exchange-correlation functiotuether with a 6-311G basis set. The
solvent effect was modeled using the Polarizablent@oum Model (CPCM) method.

o 8 g
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ACN=CH;CN, hex = n-hexane.

3.5. Triplet excited state identification

Nanosecond laser flash photolysis (LFP) was usexmdirm the ability to form
excited triplet state {Tfor the donor-BODIPY conjugate. Usirgl6 as an example,
the BODIPY moiety is excited at 510 nm (4 ns pulkes®r with energy of 4 mJ) in
nitrogen saturated GEN solution. Fig. 8 shows the transient absorptpectra
(TAS) and the triplet decay curves. The positiveaaption bands were observed at
435 nm. No significant TAS signal was detectedcmmpoundl. The band shape and
positions are similar to the reported triplet-tep{T;-T,) absorption of other BODIPY
analogues® *" The negative signal matches the images of grotame sbsorption
spectra. From the spectra in Fig. 8, we can sddlihadecay of the positive signal is
accompanied by the rise of negative signal (foromabf S state), during which an
isobestic point exists. The decay lifetime of tlusipve signal is the same as that of
the rise lifetime of the negative signal (Fig. 8ddie). Further more, the decay
lifetime is 0.35us in air saturated CJEN for 246, but it becomes much longer as 6.4
ps in Np saturated CECN (Fig. 8 right). These results show that excttgalet state is
indeed formed by the (OMgphenyl substituted BODIPY upon light excitation.
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Fig. 8. Left: the transient absorption spectra2#6 (20 uM) in nitrogen saturated
CH3CN solution.Middle: the triplet decay curve of 435 nm and the grostate

recovery at 465 nm in nitrogen saturatedsCN solution.Right: the triplet decay of
420 nm in air saturated GEN solution. The BODIPY moiety is excited at 510 (¥n

ns pulsed laser with energy of 4 mJ).

19



4. Conclusions

We have synthesized and characterized twelve mgthbgnyl-BODIPY
donor-acceptor type new CT photosensitizers. Thésorption and fluorescence
properties were measured in different solventsmfrehich intramolecular CT is
evidenced and CT intensity is shown to depend enntimber of methoxys on the
phenyl. The singlet oxygen formation quantum yieids seven solvents were
measured, from which it is established thatis positively related to CT intensity.
The excited triplet state was identified by lasdasH photolysis. The results show that
®, values are affected by the number and positiom&thoxys and solvent polarity.
With the increase in solvent polarity, tthe andt; values of these BODIPYs decrease
but ®, values increase. In short, a simple phenyl-BODIg1 be tailed easily to
donor-acceptor type halogen free CT photosensstizaurther studies are in progress
to improve the water solubility of these PET-baB&DIPY photosensitizers and to
develop their potential applications in destroytngior cells through photodynamic

therapy.
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Highlights

Eight new charge transfer (CT)-based BODIPY photosensitizers are synthesized.
The CT efficiency is adjusted by adding 0 to 4 methoxys on meso-phenyl.

The increase in either the number of methoxys or solvent polarity enhances ‘O,
formation.

Higher CT efficiency favors higher singlet oxygen generation quantum yield.



