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a  b  s  t  r  a  c  t

The  splitting  quantum  yields  of the  dimer  by  tethered  chromophores  exhibited  different  solvent  effects.
To  further  explore  mechanism  of  the  solvent  effects,  three  covalently  linked  phenothiazine–dimer  model
compounds  with  a short  linker,  1a–1c,  were  prepared.  It  was  observed  that  solvent  effect  on  dimer-
splitting  efficiency  for phenothiazine–dimer  systems  is  contrary  to  that  of  the other  chromophore–dimer
systems.  Calculated  results  based  on  the  Marcus  theory  showed  that  phenothiazine  systems  with  a
lower  driving  force  induced  by a  lower  value  of  Eox have  a longer  donor–acceptor  distance  between
phenothiazine  moiety  and  dimer  unit,  then  gives  a higher  �s.  Thus,  back  electron  transfer  would
lie  in  the  Marcus  normal  region  for phenothiazine–dimer  models,  in  which  dimer-splitting  is more
yclobutane pyrimidine dimer
arcus theory

olvent effect

efficient  in  higher  polarity  solvents.  The  value  of  redox  potential  between  a donor  and  an  acceptor
should  be  a key  leading  to back  electron  transfer  lying  in the  different  Marcus  regions  and  following
two  reverse  solvent  effects.  Moreover,  fluorescence  spectra  showed  that the  dual  fluorescence  gives
a hint  of  charge-transfer  complexes,  and  partial charge  transfer  would  lead  to  lower  splitting  effi-
ciency.  However,  some  new  insights  into  mechanisms  of  DNA  photoreactivation  mediated  by  photolyases
were  gained.
. Introduction

There is great interest in the repair of damage to DNA caused by
xposure to UV radiation. The UVB- or UVC-induced cyclobutane
yrimidine dimers (CPDs) are well known lesions in photobiol-
gy [1],  whereas recent studies showed that CPDs can also be
ormed by UVA irradiation via a direct photochemical mecha-
isms due to the base pairing in DNA [2].  DNA photolyases can
fficiently repair these photolesions by converting the dimerized
yrimidines to their monomeric form with the energy of visible

ight (Fig. 1). Experimental [3,4] and theoretical [5] investigations
ave provided evidence for the mechanisms of CPD photolyases.
he enzymes transfer light energy, initially absorbed by an auxiliary
hromophore, to a reduced flavin adenine dinucleotide (FADH−)
oenzyme. The excited FADH− donates an electron to the CPD to
orm the dimer radical anion, which cleaves spontaneously and
hen back electron transfer restores the original bases and the func-

ional form of flavin ready for a new cycle of catalysis.

To unravel the mechanisms above in detail, several model
ompounds were used to mimic  the virtually intramolecular

∗ Corresponding author. Tel.: +86 551 5161115; fax: +86 551 5161115.
E-mail address: tangwjster@gmail.com (W.-J. Tang).

010-6030/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.jphotochem.2012.07.014
© 2012 Elsevier B.V. All rights reserved.

electron transfer from the enzyme-bound sensitizer to the
enzyme-bound dimer, such as a chromophore attached to a pyrim-
idine dimer unit. These model systems have offered useful insights
into electron transfer and bond-breaking processes involved in
photosensitized dimer splitting [6–11]. In the covalently linked
chromophore–dimer model systems, the dimer splitting exhibited
two reverse solvent effects on splitting efficiency. One is more
efficient splitting in lower polarity solvents, which has been
interpreted in terms of a possible slowing of the highly exothermic
back electron transfer due to Marcus inverted behavior. The model
systems with a short linker [8] showed such solvent dependence.
Another is an increase in higher polarity solvents for model
systems with a flexible and long liker [9].

In a previous work, we prepared five indole–dimer model com-
pounds with different-length linkers [10] to investigate the origin
of solvent dependence of the dimer-splitting effects on the length
of the linkers. The length of linker plays an important role in
the two reverse solvent effects on the quantum yield of dimer-
splitting. For the model systems with a short linker, the increase
in splitting efficiency in lower polarity solvents is fully identical

to Rose et al.’s observations and interpretation. In the model sys-
tems with a long and flexible linker, the distance between a donor
and an acceptor would become much less from a spreading to a U-
shaped conformation with increasing solvent polarity because of

dx.doi.org/10.1016/j.jphotochem.2012.07.014
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:tangwjster@gmail.com
dx.doi.org/10.1016/j.jphotochem.2012.07.014
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ig. 1. UV-induced CPD photoproducts in DNA and their photorepair by DNA pho-
olyases.

heir hydrophobic interaction and the specific structure of dimer.
nd calculated results in terms of the Marcus theory also showed

hat the rate of back electron transfer would be slowed down with
ncreasing solvent polarity, giving a more efficient splitting.

Recently, two reverse solvent effects were also observed in
wo classes of model compounds, covalently linked dimer– or
xetane–carbazole compounds, with a dimethylene or trimethy-
ene group as a linker [11], however, in two model systems with
he same linker and electron donor, the key difference is the
ne-electron reduction potential (Ered) of an acceptor (the dimer,
2.2 V, the oxetane, −1.8 to −2.0 V (SCE)). 0.2–0.4 V lower value
f −�Gbet for oxetane-model systems would give a smaller driv-
ng force within the charge-separated species between the donor
nd the acceptor. This indicates that the oxetane systems have a
onger donor–acceptor distance than the corresponding dimer sys-
ems, which would give a higher solvent-reorganization-energy
�s). Thus, a lower −�Gbet and a higher �s would lead back elec-
ron transfer to lie in the Marcus normal region for oxetane-model
ystems. Therefore, the value of redox potential between electron
onor (chromophore moiety) and acceptor (dimer/oxetane) is a
actor of determining the rate of back electron transfer.

In this work, we have prepared three covalently linked
henothiazine–dimer model compounds with a short linker
a–1c (Chart 1), and investigated the solvent dependence of
imer-splitting efficiency in various solvents. Although the
rimethylene-bridged dimer enforces an almost planar ring, which
s different to that of the unbridged dimer, the bridged dimer

ith cis–syn configure is easily prepared [8c]. Comparing with
he carbazole–dimer model compounds 2a and 2b,  experimen-
al results have been analyzed according to Marcus theory [12].
or model systems with a short linker, solvent effect of dimer
plitting in phenothiazine–dimer systems is contrary to that in
onphenothiazine–dimer systems. Furthermore, combining with

he fluorescence quenching and solvent effects on dimer splitting,
ome new insights into the intramolecular electron transfer process
n phenothiazine–dimer systems were gained.

1a  R = Cl, n = 1

1b  R = Cl, n = 2

1c  R = H, n = 2
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2. Materials and methods

2.1. General methods

Melting points were uncorrected. All materials were obtained
from commercial suppliers were used as received. Solvents of tech-
nical quality were distilled prior to use. Dimethylformamide (DMF)
was dried overnight with K2CO3 and distilled. Tetrahydrofuran
(THF) was dried with metal sodium and distilled before use, for the
photosplitting measurements of model compounds. Acetonitrile
and methanol were spectroscopic grade from commercial suppliers
and used without further purification.

2.2. Measurement of steady-state fluorescence emission

Fluorescence emission spectra were measured at room tem-
perature on a Shimadzu RF-spectrofluorophotomer. To determine
the extent of fluorescence quenching, Q, fluorescence intensities
(FPtz-D) of 1a–1c were compared to that (FPtz) of the correspond-
ing phenothiazine without a dimer attached respectively, that is
Q = 1 − FPtz-D/FPtz. The concentrations of phenothiazine moiety of
the phenothiazine–dimer models and the free phenothiazine, were
controlled within 0.05 for absorbance at the wavelength of excita-
tion 340 nm,  and fluorescence intensities were normalized with the
absorbance.

2.3. Measurement of splitting quantum yields of model
compounds

To measure the quantum yields of dimer splitting of the
model compounds, [( = (rate of dimer splitting)/(rate of photons
absorbed)], all sample solutions (∼5 × 10−5 M,  3 mL)  were prepared
in corresponding solvents and placed in quartz cuvettes with a
Teflon stopper, then irradiated with 340 nm light from a fluores-
cence spectrometer with a 10 nm slit. The absorbance at 273 nm
(A273) and 340 nm (A340) were recorded at certain intervals of time
after irradiation. The extent of dimer splitting was  measured by
monitoring the increase in the absorbance at 273 nm (A273) due
to the regeneration of the thymine bases. The A273 change ((A273)
of the solution depends on the splitting extent of the model com-
pounds. The plot of (A273 against the irradiation time (t, min) is
well fitted as a straight line, where the slope of the straight line B
reflected a splitting rate of the model compound. The intensity of
the excitation light beam (I0, unit: Einstein min−1) was  measured by
ferrioxalate actinometry [13]. The intensity of light absorbed (Ia) by
solution was calculated in term of Beer’s law, Ia = I0(1 − 10A340 ). The
change in mole extinction coefficients (((273) was obtained from UV
absorption spectra of the model compounds and the fully splitting
products. Above these values allowed the calculation of the quan-
tum yield, ( = BV0/((273Ia, wherein V0 was  the volume of irradiation
solution, 3 × 10−3 L, the experimental error within 2%.

The quantum yields of splitting did not significantly change
with and without N2 bubbling prior to irradiation within experi-
ment error of ±5%. Hence, the nondeaerated solution was employed
in all measurements of quantum yield. To limit competition of
absorption of irradiated light between model compounds and
photoproducts, the splitting extent of model compounds was con-
trolled within 10% in all the measurements of the quantum yield.

2.4. Characterization and synthesis of model compounds 1a–1c

Model compound 1a:  K2CO3 (500 mg, 3.60 mmol), 1,2-

dibromoethane (0.50 mL,  5.70 mmol) were added to a solution
of cis,  syn-thymine dimer 5 (184 mg,  0.60 mmol) in DMF  (5 mL),
and the reaction mixture was  stirred at room temperature
overnight. The 2-bromoethyl-dimer 6 was  purified by extraction
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nd flash chromatography and obtained as a white powder (210 mg,
5%). 6 (104 mg,  0.25 mmol) was refluxed in acetone (10 mL)  in
he presence of NaI (100 mg,  0.67 mmol) for 5 h. The mixture
as diluted with water and extracted with EtOAc twice. The

rganic layers were dried with Na2SO4, filtered, and concentrated
n vacuo.  The 2-iodoethyl-dimer product 7 was obtained as light
ellow powder (92 mg,  80%). Cs2CO3 (163 mg,  0.50 mmol) and 2-
hlorophenothiazine (70 mg,  0.30 mmol) were added to a solution
f 7 (92 mg,  0.20 mmol) in DMF  (2 mL)  and the reaction was  stirred
vernight at room temperature. The mixture was  diluted with
ater and extracted with EtOAc for 3 times. The organic layers were
ried with Na2SO4, filtered, and concentrated in vacuo. The residue
as subjected to flash chromatography (silica gel-H, petroleum

ther/EtOAc = 1/0→1/4). The product was recrystallized from
ethanol as a white powder (20 mg,  18%). M.p. 196.4–201.8 ◦C; 1H
MR (300 MHz, CDCl3): ı = 1.29 (s, 3H, CH3), 1.42 (s, 3H, CH3), 1.62

m,  1H), 2.38 (m,  1H), 2.87 (s, 3H, NCH3), 2.97 (m,  1H), 3.68 (d,
 = 7.0 Hz, 1H, CH), 3.92 (d, J = 7.2 Hz, 1H, CH), 3.89–4.36 (m,  7H),
.86–7.23 (m,  7H, Ar H); 13C NMR  (75 MHz, CDCl3): ı = 18.4 (CH3),
8.7 (CH3), 22.9, 36.4, 41.7, 41.8, 43.1, 45.2, 50.8 (C), 51.7 (C), 60.0
CH), 60.7 (CH), 116.1, 116.2, 123.4, 124.0, 124.2, 125.4, 128.1, 128.3,
28.7, 134.0, 144.2, 146.5, 151.9, 152.0, 170.2 (2C); HRMS (ESI-TOF)
alculated for C28H29ClN5O4S [M+H]+ 566.1623, found 566.1617.

Model compound 1b:  2-Chlorophenothiazine (500 mg,
.2 mmol) and 1,3-dibromopropane (4 mL,  39 mmol) were added
o a suspension of 50% NaOH solution (5 mL), TBAB (0.15 g,
.47 mmol) and toluene (5 mL), and the reaction was stirred at
oom temperature for 3.5 h. The mixture was diluted with water
nd extracted with EtOAc. The organic layers were dried with
a2SO4, filtered and concentrated in vacuo.  The residue was
urified by flash chromatography to obtain 1-(3-bromopropyl)-
-chlorophenothiazine as light yellow oil (160 mg,  21%). Sodium
-butoxide (40 mg,  0.4 mmol) was added to the solution of cis,
yn-thymine dimer 5 (62 mg,  0.20 mmol) in DMF  (3 mL)  and the
eaction was stirred at room temperature for 30 min. The above oil
160 mg,  0.45 mmol) was added, and then the stirring was resumed
vernight at room temperature. The mixture was  diluted with
ater and extracted with EtOAc. The organic layers were dried with
a2SO4, filtered, and concentrated in vacuo.  The crude residue was

ubjected to flash chromatography (silica gel-H, EtOAc/petroleum
ther = 3/2→3/1). The product was recrystallized from methanol
s a white powder (83 mg,  72%). M.p. 157.4–159.6 ◦C; 1H NMR
300 MHz, CDCl3): ı = 0.78 (s, 3H, CH3), 1.31 (s, 3H, CH3), 1.55 (m,
H), 2.18 (m,  1H), 2.34 (m,  1H), 2.72 (m,  1H), 2.89 (s, 3H, NCH3),
.64 (d, J = 7.2 Hz, 1H, CH), 3.76 (d, J = 7.2 Hz, 1H, CH), 3.80–4.25 (m,
H), 6.89–7.28 (m,  7H, Ar H); 13C NMR  (75 MHz, CDCl3): ı = 17.6
CH3), 18.7 (CH3), 22.9, 24.7, 36.4, 41.5, 41.8, 43.4, 45.3, 50.6 (C),
0.7 (C), 60.2 (CH), 60.8 (CH), 117.1, 117.2, 123.5, 124.1, 124.8,
26.1, 128.1, 128.3, 128.6, 134.2, 144.7, 146.5, 151.8, 152.1, 170.1,
70.5; ESI-MS: [M+H]+ = 580.4; HRMS (ESI-TOF) calculated for
29H31ClN5O4S [M+H]+ 580.1780, found 580.1776.

Model compound 1c:  Compound 1-(3-bromopropyl)
henothiazine was synthesized in a similar procedure through
henothiazine instead of 2-chlorophenothiazine, and obtained
s light yellow oil (150 mg,  23%). Sodium t-butoxide (40 mg,
.4 mmol) was added to the solution of cis,  syn-thymine dimer 5
80 mg,  0.26 mmol) in DMF  (4 mL)  and the reaction was stirred at
oom temperature for 30 min. The above oil (150 mg,  0.47 mmol)
as added, and then the stirring was resumed overnight at room

emperature. The mixture was diluted with water and extracted
ith EtOAc. The organic layer was dried with Na2SO4, filtered,

nd concentrated in vacuo.  The residue was subjected to flash

hromatography with silica-H absorbent (CHCl3→EtOAc). The
roduct was recrystallized from methanol as a white powder
110 mg,  78%). M.p. 194.2–197.8 ◦C; 1H NMR  (300 MHz, CDCl3):

 = 0.70 (s, 3H, CH3), 1.30 (s, 3H, CH3), 1.54 (m,  1H), 2.05–2.43 (m,
Fig. 2. Photosensitized splitting reactions of dimer unit of model compounds under
irradiation with 340 nm light.

3H), 2.88 (s, 3H, NCH3), 2.76 (m,  1H), 3.65 (d, J = 7.0 Hz, 1H, CH),
3.82 (d, J = 7.2 Hz, 1H, CH), 3.83–4.18 (m,  7H), 6.91–7.29 (m,  8H,
Ar H); 13C NMR  (75 MHz, CDCl3): ı = 17.3 (CH3), 18.5 (CH3), 22.7,
24.6, 36.2, 41.7, 41.8, 45.7, 46.4, 50.4 (C), 50.5 (C), 59.9 (CH), 60.6
(CH), 116.8 (4C), 123.4 (2C), 126.3, 127.9 (4C), 146.5, 151.7, 152.0,
170.1, 170.4; HRMS (ESI-TOF) calculated for C29H32N5O4S [M+H]+

546.2168, found 546.2167.

3. Results and discussion

3.1. Synthesis of the model compounds 1a–1c

Three model compounds were synthesized from the cis–syn
thymine dimer [10] via the routes depicted in Scheme 1. The
N-alkylation of cis–syn thymine dimer 5 was reacted with 1,2-
dibromoethane in DMF  to yield 2-bromoethyl-dimer 6, which was
converted to 2-iodoethyl-dimer 7 as light yellow powder by the
Finkelstein reaction. The model compound 1a was obtained by
the reaction of 7 with 2-chlorophenothiazine in the presence of
cesium carbonate. The model compounds 1b and 1c were prepared
from cis–syn thymine dimer 5 alkylated with the corresponding 1-
(3-bromopropyl)-2-chloro-phenothiazine and 1-(3-bromopropyl)
phenothiazine in 72% and 78% yield respectively. The N-alkylation
of phenothiazine (or 2-chlorophenthiazine) with excessive 1,3-
dibromopropane was  carried out through tetrabutyl ammonium
bromide (TBAB) as phase-transfer catalyst in toluene/water sol-
vent. The synthesis of compounds 4a,  4b and 3c is presented in
Supporting Information.

3.2. Photosplitting properties of the model compounds

The model compounds 1a–1c in methanol solution was irradi-
ated with a 340 nm light beam from a fluorescence spectrometer
with a 125 W Xe lamp passed through a monochromator. Analysis
of the photolysis mixture by reverse-phase HPLC confirmed that
the model compounds react cleanly to give 3a,  3b and 3c from 1a,
1b and 1c respectively (Fig. 2).

Furthermore, the expected photoproduct 3c was synthesized
and identified by NMR  and HPLC co-injection. A representative
set of HPLC chromatograms showing the simultaneous splitting
of model 1c into 3c was depicted in Fig. 3. Obviously, the split-
ting reaction of model 1c,  with retention time of 5.2 min, to the
photosplitting product 3c,  with retention time of 5.7 min, is clean
conversion as no other products could be detected.

3.3. Fluorescence emission spectra
Fig. 4 showed the fluorescence emission spectra of mod-
els 1a–1c and the free phenothiazine (either N-methyl-
2-chlorophenothiazine 4a or N-methyl-phenothiazine 4b)  in
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18 reverse-phase column, methanol:water (85:15), detection at 273 nm.  Retention
imes: 5.2 min  (model 1c), 5.7 min  (photoproduct 3c).

eCN/H2O (40:60) and methanol at room temperature. A dual
uorescence emission was observed in the proximity of 390 and
60 nm and the ratio of the intensities of the “blue” and “red”
mission bands varied not only with substituent but also with sol-
ent polarity. The red-shift fluorescence may  be an emission of the
harge-transfer complexes [14], and the model compounds display
ifferent dual fluorescence. Comparing to the dual fluorescence of

he free phenothiazine 4a (or 4b), the dual fluorescence intensities
f model 1b became both weaker, whereas those of models 1a and
c exhibited different changes, the blue emission increasing and
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the red one decreasing, which implied that more charge-transfer
in models 1a and 1c occurs. Therefore, fluorescence quenching
was mainly observed for model 1b,  while both charge transfer and
fluorescence quenching existed for models 1a and 1c.

The fluorescence quenching of phenothiazine moiety is not
a result of absorption of exciting light by the dimer, because
dimer has no absorption above 300 nm.  Additionally, there is
no overlap between emission spectra of the free phenothiazine
and absorption spectra of the thymine dimer (not shown),
thus, singlet–singlet energy transfer is an improbable pathway
of fluorescence quenching in the model compounds. Hence, an
intramolecular electron transfer from the excited phenothiazine
moiety to the dimer unit should be reliable pathway of fluores-
cence quenching, and the degree of fluorescence quenching for
model 1b can reflect the efficiency (Q) of forward electron transfer
reaction [8c,9e].

According to the Rehm–Weller equation (Eq. (1)) [15], free
energy change (�Gfet) for the proposed electron-transfer reactions
from the excited phenothiazine moiety to the dimer unit can be
estimated.

�Gfet(eV) = Eox(D) − Ered(A) + �Ecoul − �E0,0 (1)

�Ecoul(eV) = e

4�ε0a

(
1
ε

− 2
37.5

)
(2)

where Eox and Ered are potentials for one-electron oxidation of
for 4a due to the near values of chlorpromazine (0.78 V) and pro-
mazine (0.71 V) with a same 10-substituent) [16] and one-electron
reduction of an acceptor (dimer, −2.20 V (SCE) [17]), respectively.
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Table  1
Free energy change (�Gfet, eV) of forward electron transfer reactions for different model systems in three solvents.

Solvent Carbazole–dimera Phenothiazine–dimerb Phenothiazine–dimerc

THF +0.33 −0.07 +0.42
MeOH −0.13  −0.38 +0.18
Water −0.15  −0.42 +0.14

a From Ref. [8].
b Calculation with in various solvents and Eox = 0.73 V of N-methylphenothiazine.
c Calculation if the excitation wavelength is 460 nm.

Table 2
The splitting quantum yield (˚) of models 1a–1c and fluorescence quenching extent (Q) of model 1b in various solvents.

Solvents ˚a for compounds

1a 1b 1b (Q) 1c 2ac 2bc

THF b b 0.83 b b b

Acetonitrile 0.004 0.022 <0 0.006 b b

Methanol 0.018 0.013 0.47 0.018 0.101 0.089
MeCN/H2O (80:20) 0.013 0.048 0.23 0.013 0.089 0.088
MeCN/H2O (60:40) 0.028 0.056 0.28 0.016
MeCN/H2O (40:60) 0.029 0.090 0.40 0.023 0.074 0.084
MeCN/H2O (25:75) 0.029 0.105 0.53 0.047

�
e
o
c
s
a

c
�
r
c
i
a
1
o
v
m
M
s
c
o
e

r
s

a Average of two determinations; 10 nm bandwidth.
b No splitting detected.
c From Ref. [11]. Estimated error in  ̊ = ±10%.

Ecoul and �E0,0 are the Coulomb term and the energy level of the
xcited state, respectively. The latter can be obtained from the flu-
rescence peaks of phenothiazine–dimer model compounds in the
orresponding solvents. ε, a are the static dielectric constant of a
olvent and the center-to-center distance between a donor and an
cceptor, respectively, and ε0 = 8.854 × 10−12 C V−1 m−1.

If a = 6 Å for model 1b with a trimethylene, values of free energy
hanges (�Gfet) can be calculated, as listed in Table 1. The values of
Gfet in 460 nm band in all solvents are no more than zero. These

esults showed that forward electron transfer is thermodynami-
ally possible in the blue band in polar solvents, but impossible
n the red band in all solvents, and the �Gfet in THF is unfavor-
ble for the dimer splitting. The fluorescence quenching of model
b occurs in polar solvents. Comparing with fluorescence intensity
f the free phenothiazine in the blue band in corresponding sol-
ents, fluorescence quenching (Q) of the phenothiazine moiety for
odel 1b was obtained in various solvents, and listed in Table 2.
odel 1b has medium fluorescence quenching extents in polar

olvents, whereas, the Q values of models 1a and 1c cannot be cal-
ulated due to the change of dual fluorescence. In THF, the Q value
f model 1b cannot also be observed due to the similar fluorescence

mission to 1a.

The photophysical and photochemical processes of 1a–1c (rep-
esented as Ch–D) are illuminated with a simple mechanistic
cheme (Fig. 5). Upon irradiation with light, the phenothiazine

kf

Ch D

1Ch * D'
Ch D

kbet

kspl

M'+

kfet

Ch = Phenothiazine
D = dimer; M, M' = monomer

+

hv

1Ch * D

kic kf
' Ch M+

M'+Ch M

kCT

Fig. 5. Photophysical and photochemical processes of model compounds.
moiety absorbs a photon to produce the excited state 1Ch*–D. The
excited state has the following relaxation pathways: fluorescence
(kf or k′

f
), internal conversion (kic), charge transfer (kCT) to lower

excited state (1Ch*–D′) and electron transfer to a covalently linked
dimer (kfet). The charge-separated species (Ch•+–D•−) formed by
the electron transfer, undergoes two competitive processes: split-
ting (kspl) to produce M′ and Ch•+–M•− (it then becomes Ch–M by
charge combination) and back electron transfer (kbet) to return to
the starting substrate. In these processes, kfet and kspl contribute to
the observed splitting quantum yield (˚)  of dimer, while kbet, kf,
k′

f, kic and kCT reduce the quantum efficiency.

3.4. Splitting quantum yields of model compounds 1a–1c

To obtain the observed quantum yields (˚) of the model com-
pounds, all sample solutions were prepared in seven solvents, THF,
acetonitrile, methanol, acetonitrile/water (80:20), (60:40), (40:60),
(25:75) mixture, placed in cuvettes with a Teflon stopper, and then
irradiated with 340 nm light from a fluorescence spectrometer.
After certain time intervals, the absorption spectra of the irradiated
solution were recorded with a UV–vis spectrometer. The intensity
of the light beam was measured for three times during the sample
measurement, and the average value was employed. Based on the
results, the observed quantum yields of dimer splitting of model
compounds are calculated and listed in Table 2.

In the lower-polar solvent, THF, although the fluorescence
quenching was observed in the model compounds, the thermody-
namic data showed that �Gfet is unfavorable for dimer splitting,
thus no subsequent splitting reaction takes place. The data in
Table 2 show that the quantum yields of dimer splitting of 1a–1c are
strong solvent-dependent. The values of  ̊ decrease with solvent
polarity, range from 0.029 in MeCN H2O (25:75) to 0.004 in ace-
tonitrile for 1a,  0.105 in MeCN H2O (25:75) to 0.013 in methanol
for 1b,  and 0.047 in MeCN H2O (25:75) to 0.006 in acetonitrile for
1c.  Hence, the efficiencies of dimer splitting are enhanced in high
polarity solvents. In the previous chromophore–dimer model sys-

tems with a short linker, the splitting quantum yields of dimer unit
have exhibited an increase in lower polarity solvents. Therefore, in
the covalently linked chromophore–dimer model systems with a
short linker, two  reverse solvent effects have been observed. One
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s that the splitting quantum yield is a positive correlation with
olvent polarity for phenothiazine–dimer systems, which is more
fficient splitting in higher polarity solvents. Another is a negative
orrelation for the other chromophore–dimer systems with a short
inker.

In the covalently linked indole–dimer models with different-
ength linkers [10], we  have observed two reverse solvent effects
n the splitting efficiency and demonstrated that the two reverse
olvent effects derive from the difference in the conformational
hange between short- and long-linker compounds. Recently, Wu
nd Song [11] prepared two classes of covalently linked dimer–
r oxetane–carbazole model compounds and confirmed that the
everse solvent effects derive from back electron transfer in split-
ing process lying in the different Marcus regions, and back electron
ransfer lies in the Marcus inverted region for dimer-model systems
nd the normal region for oxetane-model systems.

In the dimer-containing model systems with a short linker
6–11], the phenothiazine–dimer models in this work revealed a
ontrary solvent effect to the other chromophore–dimer model
ystems. In the electron-transfer reaction process, back electron
ransfer, which is a key leading to decrease splitting efficien-
ies of model compounds, should be the key factor controlling
he two reverse solvent effects [18]. Comparing to the recently
eported carbazole–dimer systems (2a, 2b)  [11], we  would dis-
uss the observed contrary solvent effect in this work. According
o Marcus’ theory [12], the rate of electron transfer is expressed by,

bet = A′exp

[
−(�G + �s)2

4�skBT

]
(3)

The equation is allowed to evaluate the rate of back electron
ransfer in the photosensitized splitting reaction of model com-
ounds. The free energy of activation (G+) can be obtained from the
hange of free energy (�G) and the solvent reorganization energy
�s) for back electron transfer. The former is the energy level of
he charge-separated state (Ch•+–D•−), which can be estimated by
sing thermodynamic redox potentials. The free energy difference
etween the charge transfer state and the ground state is given by
q. (4),

Gbet = Eox − Ered + �Ecoul (4)

The solvent reorganization energy of back electron transfer (�s)
an be estimated using the equation [19] as follows,

s = e

4�ε0
[(2rD)−1 + (2rA)−1 − (RDA)−1](ε−1

op − ε−1
s ) (5)

here rD and rA are the ionic radii of the donor and the accep-
or, respectively, and RDA is the distance between a donor and an
cceptor, that is a in Eq. (2).  While εop and εs are the optical and
tatic dielectric constant of the solvent, respectively, with εop ≈ n2,

 being the solvent refractive index.
According to Marcus’ theory (Eqs. (3)–(5)),  the terms influenc-

ng the values of −�Gbet and �s are �Ecoul, RDA, and (ε−1
op − ε−1

S )
n different solvents. Among them, two key factors are dielectric
onstant of solvents and the center-to-center distance between a
onor and an acceptor, RDA (a). Because of the models 1b and 2b
ith the same linker, electron acceptor and similar tricyclic donors,

he center-to-center distance, RDA (a), is taken as a constant. The
onformation change of model compounds in different solvents
ould give different values of RDA (a), thus, we can estimate sol-

ent effects on �Ecoul and (�op
−1 − �s

−1) as well as −�Gbet and �s.
owever, the difference of the values of �Ecoul, (�op

−1 − �s
−1) or

s in an identical solvent for models 1b and 2b are neglected, the

ey difference in dimer-containing model systems is one-electron
xidation potential of the donor. A higher value of Eox would give a
arger value of −�Gbet, when −�Gbet > �s, as the polarity of the sol-
ent decreases, the back electron transfer would lie in the so-called
hotobiology A: Chemistry 246 (2012) 60– 66 65

Marcus inverted region, in which back electron transfer in low-
polar media would become so exothermic as slow the back electron
transfer and lead to an efficient splitting, i.e., the splitting efficiency
increases with decreasing solvent polarity. With the value of Eox

decreasing, a smaller value of −Gbet would lead −�Gbet < �s, then
back electron transfer lies in the Marcus normal region, and a con-
trary varying trend to the situation above is expected. Therefore,
back electron transfer lying in two Marcus regions would reveal
two reverse solvent effects on the splitting quantum yield.

Based on the probability of back electron transfer lying in
different Marcus regions, we would explain the two reverse sol-
vent effects observed in the chromophore–dimer model systems.
The one-electron oxidation potential of the donor, Eox, of N-
ethylcarbazole and N-alkyl-2-chlorophenothiazine is 1.12 V and
0.73 V vs saturated calomel electrode (SCE), respectively. The value
of Eox for phenothiazine–dimer systems is lower by 0.39 V than
that for carbazole–dimer systems. Additionally, phenothiazine sys-
tems with a larger driving force of forward electron transfer (�Gfet,
lie in Marcus normal region) have a lower value of Q than car-
bazole systems. This indicates that phenothiazine systems have a
longer donor–acceptor distance than carbazole systems, then gives
a higher �s. Hence, combining 0.39 V lower value of −�Gbet and a
higher �s indicates that it is possible that back electron transfer
would lie in the Marcus normal region for phenothiazine sys-
tems, and the inverted region for carbazole systems. Whether in
dimer– and oxetane–carbazole systems with the same linker and
electron donor or in chromophore-containing dimer systems with
the same linker and electron acceptor, a lower redox potential is a
key leading to back electron transfer lying in the different Marcus
regions and following two reverse solvent effects.

However, the splitting quantum yields of model 1a with a
dimethylene linker were much lower than those of model 1b with
a trimethylene linker in an identical solvent, which is different to
the other dimer-containing models, e.g. 2a and 2b (Table 2). The
splitting efficiency of model 1c was also lower than that of model
1b with the same linker. The charge-transfer complexes (kCT), as
one of the relaxation pathways of the excited state in Fig. 5, could
lead to less electron transfer to a covalently linked dimer (kfet) and
lower splitting efficiency. The larger change of dual fluorescence
of models 1a and 1c showed more charge-transfer complexes and
less forward electron transfer. Therefore, lower splitting efficiency
of models 1a and 1c may  be the result of partial charge-transfer
that exists in the excited state only shifts the emission but does not
automatically yields dimer splitting.

4. Conclusions

In summary, two  reverse solvent effects have been observed
from the splitting quantum yields of the chromophore–dimer
model systems with a short linker, and it has been rationalized
based on Marcus theory. One solvent effect is an increase in the
splitting efficiency in higher polarity solvents for models 1a–1c,
and another is more efficient splitting in solvents of lower polarity
for model compounds, the dimer by the attached other chro-
mophore, such as carbazole, indole, arylamine, etc. Due to the
larger difference in values of Eox of electron donors between phe-
nothiazine systems and non-phenothiazine systems, back electron
transfer in splitting process would lie in the different Marcus
regions. Back electron transfer lies in the Marcus normal region for
phenothiazine–dimer models with much lower value of Eox and the
Marcus inverted region for non-phenothiazine models. Moreover,

fluorescence spectra showed that the red-shift fluorescence may
be an emission of the charge-transfer complexes and partial charge
transfer would lead to the lower splitting quantum yields of models
1a and 1c.
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It can be deduced that in enzyme–substrate complex the flavin
ing binds CPD lesions in the polar pocket by a short distance
o increase the efficiency of catalytic repair [20], and the redox
otentials of flavoproteins may  be tuned by the polarity of binding
ocket, FAD conformation and hydrogen bonding, e.g. the active
avin accommodates butterfly-like ring buckle as the electron in
nd out of FADH [21].
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