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Photo-induced electron
transfer study of rhenium(I)
bipyridyl complexes with

covalently linked
phenothiazine donor through

different bridge

Shiguo SUN (✉)1, Lei SHI1, Fengyu LIU1,2,3,

Jiangli FAN1 and Xiaojun PENG (✉)1

A novel rhenium(I) bipyridyl complex 1a, [(4,4'-di-
COOEt-bpy)Re(CO)3(py-NHCO-PTZ)PF6] and a
model 1b, [(4,4'-di-COOEt-bpy)Re(CO)3(py-PTZ)PF6]
(bpy is 2, 2'-bipyridine, py-NHCO-PTZ is
phenothiazine-(10-carbonyl amide) pyridine and py-
PTZ is 10-(4-picolyl) phenothiazine) were synthesized.
Their photo-induced electron transfer (ET) reaction
with electron acceptor methyl viologen (MV2+) in
acetonitrile was studied by nanosecond laser flash
photolysis at room temperature. Photoexcitation of 1 in
the presence of MV2+ led to ET from the Re moiety to
MV2+ generating Re(II) and methyl viologen radical
(MV�+). Then Re(II) was reduced either by the charge
recombination with MV�+ or by intramolecular ET
from the attached PTZ, regenerating the photosensiti-
zer Re(I) and forming the PTZ radical at 510 nm. In the
case of 1b, the absorption for PTZ radical can be
observed distinctly accompanied intermolecular ET,
whereas not much difference at 510 nm can be detected
for 1a on the time scale of the experiments. This
demonstrates that the linking bridge plays a key role on
the intramolecular ET in complex 1.

Keywords rhenium(I) bipyridyl complex, intermolecular
electron transfer, intramolecular electron transfer, phe-
nothiazine, acceptor

1 Introduction

Photo-induced electron transfer (ET) plays an important role
in a variety of chemical, biologic, and physical processes; a
number of models have been constructed to study the ET
pathway and mechanism.

One of the simplest representative models is a dyad or triad
system that consists of electron donor and electron acceptor;
usually, a tyrosine or manganese complex covalently linked
with a ruthenium(II) bipyridyl complex is used as electron
donor and methyl viologen (MV2+) as electron acceptor [1–
7]. Unfortunately, the absorption of tyrosine radical is very
weak (lmax = 410 nm, ε = 3000 L$mol–1$cm–1) [8–10] and
overlapped with that of the MV2+ radical (MV�+) (lmax =
398 nm, ε = 42000 L$mol–1∙cm–1, lmax = 600 nm, ε =
13900 L$mol–1$cm–1). Therefore, some special techniques,
for example, electron paramagnetic resonance (EPR), etc.,
must be utilized for its characterization. It is also the case for
the manganese complexes’ characterization [1–7]. It is noted
that the absorption of the phenothiazine (PTZ) radical (lmax =
510 nm, ε = 10000 L$mol–1$cm–1) is far away from that of the
MV�+ , which can be conveniently monitored by spectrometry
measurements. In addition, PTZ has a higher outer sphere
one-electron oxidation potential and hence it was a suitable
electron donor [11–15]. On the other hand, the Re(II/I)
oxidation potentials are significantly positive, which could
provide a larger ET driving force than the ruthenium(II)
bipyridyl complexes [16]. All these features suggest that PTZ
and Re(II/I) could form a good pair of partners for ET process.
Moreover, it would be interesting to examine the ET process
in PTZ-rhenium(I) pair in comparison with the donor-acceptor
interaction in tyrosine or manganese complex-ruthenium(II)
bipyridyl complex in the above mentioned model system.

As shown in Scheme 1, [(4,4'-di-COOEt-bpy)Re(CO)3(py-
PTZ) PF6] (1b) can be considered as a good model complex,
and its intramolecular ET process has been studied by Meyer
et al. [11–15]. It is suggested that the initial excitation of the
metal-to-ligand charge transfer (MLCT) excited state was
followed by rapid intramolecular ET quenching to yield the
charge separated excited state [bpy�+-Re-PTZ�+]+ (PTZ
radical), which decayed to the ground state by backward
intramolecular ET mainly through space because the center to
center distance between (4,4'-di-COOEt-bpy�+) and PTZ�+

can vary from ~6 to ~9 Å. The PTZ donor can be adapted to a
much favorable configuration through the rotation around
–CH2– bridge due to its flexibility [11–15]. To further figure
out the real function for the flexible –CH2– bridge during the
ET process, a potential approach is to replace the –CH2–

bridge in 1b by the –CONH– bridge as shown in 1a. The
reason is that the amide bond is relative rigid and has a
considerable double bond property due to the lone pair
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electrons on nitrogen delocalizing into the carbonyl group,
which is often used as a neutral bridge to attach other structure
subunit and hence the conformation can be fixed to some
extent. As far as we know, no work has been done on the
photo-induced ET reaction of Re moiety and MV2+ system. In
the article, we reported the synthesis of 1a, and its photo-
induced ET reaction with electron acceptor MV2+ was
investigated in comparison with that of 1b by using
nanosecond laser flash photolysis. Here, we would like to
report some preliminary results concerning the ET processes.

2 Experimental

2.1 General

NMR spectra were obtained on a Varian INOVA 400MHz
spectrometer using TMS as internal standard. The electro-
spray ionization mass spectrometer (ESI-MS) experiments
were performed on a HP1100 LC/MSD. HRMS were detected
on a Q-Tof Micromass spectrometer (Manchester, England).
The absorption spectra were recorded on an HP 8453
spectrophotometer, and the emission spectra were recorded
using a PTI-C-700 fluorometer. The nanosecond laser flash
photolysis was detected on an Edinburgh Instruments Ltd.
LP920 Laser Flash Photolysis Spectrometer using a frequency
tripled Q-switched Nd:YAG laser, 355 nm wavelength, 8 ns
flashes, the average energy of the laser pulses was 1 mJ, and
the detecting method has been described [17].

2.2 Materials

4,4'-dimethyl-2,2'-bipyridine, Re(CO)5Cl, ammonium hexa-
fluorophosphate (NH4PF6), AgPF6, and phenothiazine-10-
carbonyl chloride were purchased from Aldrich. The MV
(PF6)2 was prepared by the reaction of 4,4'-bipyridine and
CH3I. Aqueous NH4PF6 solution was added to precipitate the
PF6 salt, and the product was purified by recrystallization
from C2H5OH. Intermediates 4,4'-dicarboxyl-2,2'-bipyridine

(3) and 4,4'-bis(ethoxycarbonyl)-2,2'-bipyridine (4) were
prepared according to Ref. [18]. The silica gel (200–
300 mesh) used for column chromatography was bought from
Qingdao Ocean Chemical Factory, China. Other chemicals
and solvents were all of reagent grade for synthesis and used
as received.

2.3 Phenothiazine-(10-carbonyl amide) pyridine
(py-NHCO-PTZ) (6)

As shown in Scheme 2, 2.1 mmol of phenothiazine-10-
carbonyl chloride, 2.0 mmol of 4-aminopyridine, and
4.3 mmol of triethyl amine were dissolved in 30 mL of dry
acetonitrile, and the solution was stirred for 10 h at room
temperature. Then, 20 mL of H2O was added to the solution,
and the solution was extracted with chloroform (20 mL) three
times. The organic phase was collected and evaporated to
dryness. The crude products were purified by column
chromatography on silica gel (CH3CH2OH∶CH2Cl2 = 1∶30),
and 312 mg white crystals were obtained. The yield for 6 was
49%. 1H NMR (d ppm, DMSO-d6): 7.30 (t, 2H, J = 7.6 Hz,
H9), 7.39 (t, 2H, J = 7.6 Hz, H8), 7.49 (d, 2H, J = 6.3 Hz, H2),
7.53 (dd, 2H, J = 7.6 Hz, 1.0 Hz, H10), 7.72 (dd, 2H, J =
8.1 Hz, 1.0 Hz, H7), 8.35 (d, 2H, J = 6.2 Hz, H1), 9.03 (s, 1H,
H4);

13C NMR (d ppm, DMSO-d6):113.59 (C2), 126.38 (C7),
126.50 (C9), 127.42 (C8), 127.81 (C10), 131.95 (C11), 138.29
(C6), 146.36 (C1), 151.42 (C5); ESI-MS Positive: [M+ H]+

(m/z 320.1).

Scheme 1 The structure of [(4,4'-di-COOEt-bpy)Re(CO)3(py-NHCO-PTZ)PF6] (1a) and [(4,4'-di-COOEt-bpy)Re(CO)3(py-PTZ) PF6]
(1b).

Scheme 2 Synthetic route for the intermediate 6.
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2.4 10-(4-picolyl)phenothiazine (py-PTZ) (7)

Compound 7 was prepared according to Ref. [13]. ESI-MS
Positive: [M+ H]+ (m/z 291.1).

2.5 Synthesis of 1a

Complex 1a was prepared according to a modification of the
method described by Schanze et al. [19]. As shown in Scheme
3, 1 mmol of Re(CO)5Cl and 1 mmol of 4 were dissolved in
150 mL of toluene. The solution was refluxed for 1 h, and then
the solvent was evaporated under a vacuum. An orange solid
residue of crude 5 was obtained. It was redissolved in ethanol
(20 mL) without purification, and 1.5 mmol of AgPF6 together
with 1.5 mmol of 6 were added. The mixture was refluxed for
1 h, and then ethanol was evaporated. The residue were
redissolved in 50 mL of CH2Cl2 and then filtrated. The solvent
was evaporated to dryness. Purification was made using
column chromatography on silica gel using CH2Cl2:
CH3COCH3 (50∶1) as eluent. The yield of 1a was 91%. 1H
NMR (d ppm, Acetone-d6): 1.43 (t, 6H, J = 7.1 Hz,
–OCH2CH3), 4.51 (q, 4H, J = 7.1 Hz, –OCH2CH3), 7.29 (t,
2H, J = 7.6 Hz, H14, H14'), 7.37 (t, 2H, J = 7.6 Hz, H13, H13'),
7.48 (d, 2H, J = 5.8 Hz, H8, H8'), 7.50 (d, 2H, J = 7.6 Hz, H15,
H15'), 7.71 (dd, 2H, J = 8.0 Hz, 1.0 Hz, H12, H12'), 8.23 (d, 2H,
J = 5.8 Hz, H7, H7'), 8.39 (dd, 2H, J = 5.6 Hz, 1.5 Hz, H5, H5'),
9.22 (s, 2H, H3, H3'), 9.66 (d, 2H, J = 5.6 Hz, H6, H6');

13C
NMR (d ppm, Acetone-d6): 14.35 (–OCH2CH3), 63.66
(–OCH2CH3), 116.28 (C8, C8'), 125.35 (C3, C3'), 127.66 (C12,
C12'), 128.07 (C14, C14'), 128.57 (C13, C13'), 128.94 (C15,
C15'), 129.01 (C5, C5'), 133.90 (C16, C16'), 138.85 (C11, C11'),
142.89 (C4, C4'), 150.54 (C9), 151.65 (C10), 153.02 (C7, C7'),
156.08 (C6, C6'), 157.57 (C2, C2'), 163.73 (–COO–), 187.89
(CO), 191.79 (CO), 196.31 (CO); ESI-MS Positive: [M-PF6]

+

(m/z 890.1); HRMS calcd. for C37H29N5O8ReS 890.1294
found 890.1308.

2.6 Synthesis of 1b

Complex 1b was prepared according to the same procedure as
1a, except that 7 was used as ligand to replace 6. Purification
was made by column chromatography on silica gel using
CH2Cl2∶CH3COCH3 (70∶1) as eluent. The yield for 1b was
90%. 1H NMR (d ppm, CDCl3): 1.49 (t, 6H, J = 7.2 Hz,
–OCH2CH3), 4.55 (q, 4H, J = 7.2 Hz, –OCH2CH3), 5.00 (s,
2H, H10), 6.52 (d, 2H, J = 8.2 Hz, H12, H12'), 6.88 (t, 2H, J =
7.6 Hz, H14, H14'), 6.99 (dd, 2H, J = 7.6 Hz, 1.2 Hz, H13, H13'),
7.10 (dd, 2H, J = 7.6 Hz, 1.2 Hz, H15, H15'), 7.41 (d, 2H, J =
6.2 Hz, H8, H8'), 8.02 (d, 2H, J = 6.2 Hz, H7, H7'), 8.27 (dd,
2H, J = 5.6 Hz, 1.2 Hz, H5, H5'), 8.93 (s, 2H, H3, H3'), 9.22 (d,
2H, J = 5.6 Hz, H6, H6');

13C NMR (d ppm, CDCl3):14.30
(–OCH2CH3), 50.57 (C10), 63.70 (–OCH2CH3), 115.73 (C12,
C12'), 123.38 (C14, C14'), 124.58 (C16, C16'), 125.08 (C3, C3'),
126.11 (C8, C8'), 127.52(C15, C15'), 127.86 (C13, C13'), 128.66
(C5, C5'), 142.61 (C4, C4'), 144.06 (C11, C11'), 151.54 (C7, C7'),
152.59 (C9), 153.77 (C6, C6'), 156.48 (C2, C2'), 162.53
(–COO–), 195.29 (CO), 198.43 (CO), 198.93 (CO); ESI-MS
Positive: [M-PF6]

+ (m/z 861.1); HRMS calcd. for
C37H30N4O7ReS 861.1393 found 861.1378.

3 Results and discussion

3.1 Synthesis of 1a and 1b

The synthesis of complex 1 was accomplished by using a
modified literature procedure [19]. Oxidation of 4,4'-
dimethyl-2,2'-bipyridine 2 afforded the diacids 3 in 92%
yield, which was then cleanly converted to 4 in 93% yield
with absolute ethanol. After refluxing a mixture of Re(CO)5Cl
and 4 in toluene for 1 h, the rhenium complex 5 was obtained
as an orange solid. Without further purification, 5 was reacted
directly with different PTZ ligands 6 or 7 in ethanol, resulting
in the corresponding complex 1a and 1b in good yield.

Scheme 3 Synthetic route for the complex 1a and 1b.
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3.2 Absorption and emission

Normalized absorption and emission spectra of 10 µmol$L–1

1a and 1b are shown in Figure 1. Both 1a and 1b showed
typical absorption patterns for the rhenium(I) bipyridyl
complex [3]. In comparison with 1b, 1a exhibited a red
shift of 7 nm and 40 nm in MLCT absorption maximum and
emission maximum, and a red shift of 37 nm for the bipyridine
based πL ! πL

� absorption maximum, respectively. At room
temperature, the emission intensity of 1a was much weaker
than that of 1b. The emission lifetime measurement by time
correlated single photon counting showed a biexponential
process with two time constants of 0.3 ns (83.5%) and 20 ns
(16.5%) for 1a, 1.2 ns (92.4%) and 121 ns (7.6%) for 1b, and
the radiative decay rate constants kr (determined from the ratio
of the emission quantum yield and lifetime, kr = Фem/tem) for
the faster component was 3.3 � 105 s–1 for 1a and 1.2 �
105 s–1 for 1b, respectively, indicating a faster quenching of
the rhenium-based 3MLCT excited state owing to the

delocalization of the lone pair electrons on nitrogen and the
extended p-conjugation provided by the –CONH– bridge.

3.3 Nanosecond laser flash photolysis

The time-resolved transient absorption of 100 µmol$L–1

complex 1 with 150 equiv. of MV2+ as an electron acceptor
in dry acetonitrile after the irradiation of 355 nm laser pulse
(8 ns, 1 mJ/pulse) are shown in Figure 2.

The two peaks appeared at 398 and 600 nm are assigned to
the typical absorption of MV�+ radical [8–10], and the peak
appeared at 510 nm in 1b is assigned to the absorption of PTZ
radical [bpy�+-Re-PTZ�+]+ according to literature [11–15]. It
demonstrated that complex 1b absorbed light energy and
reached MLCT excited state [bpy-Re+-PTZ]*, which can
transfer an electron to MV2+ in a bimolecular reaction,
resulting in the formation of oxidized Re(II) and the MV�+

radical. The PTZ donor provided an electron to the oxidation
state Re2+ through an intramolecular ET process to form a

Figure 1 Normalized (a) absorption and (b) emission spectra of 10 µmol$L–11a and 1b in dry acetonitrile at room temperature.

Figure 2 Time-resolved absorption spectra of 100 µmol$L–1 1 ((a) 1a; (b) 1b) in the presence of 150 equiv. of MV2+ in dry acetonitrile
at room temperature; the spectra were recorded at delays of 100(n), 200(●), and 300(¨) ns following 355 nm excitation.
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PTZ radical, which was then returned to the ground-state
through charge recombination route II as shown in Scheme 4.

The MV�+ radical decayed via charge recombination with
both oxidized PTZ (route II) and rhenium species (route I)
and route II is a rate controlling (limiting step) process
because intramolecular ET rate is much faster than inter-
molecular charge recombination rate, and [bpy�+-Re-PTZ�+]+

in route II possesses a lower energy level than
[bpy-Re-PTZ]2+ in route I.

However, in the case of 1a, the PTZ radical’s absorption
can not be observed at 510 nm like that in 1b in Figure 2, so
the transient absorbance kinetics at 510 nm for 100 µmol$L–1

complex 1 with and without the presence of 150 equiv. of
MV2+ was studied in Figure 3. As reported [11–15], 1b alone
can be photo-induced to the MLCT excited state, followed by
rapid intramolecular ET quenching to give the charge
separated excited state PTZ radical [bpy�+-Re-PTZ�+]+, then
decayed to the ground state through backward intramolecular
ET. The kinetic decay at 510 nm was fitted well by a single
exponential process with a lifetime of 11 ns for 1b alone,
which is in good agreement with the literature’s data
[11–15].

An intense build up can be observed for 1a alone, which
originates from the formation and decay of the MLCT excited
state. The kinetic decay curve at 510 nm was fitted by a
biexponential process with two time constants (11 ns (4%)
and 13 ms (96%)). The faster recovery (4%) rate constant

agreed well with that of 1b, which is very likely due to the
MLCT excited state decay. The slower recovery (96%) rate
constant is from decay of the PTZ radical. According to
Meyer’s work [11–15], there were several processes leading
to the formation of the PTZ radical for 1b alone, such as
intramolecular quenching of the 3MLCT state, electron
transfer quenching of the 1MLCT state, photo ejection of an
electron from PTZ followed the laser power (1 mJ/pulse)
used, and so on. While for 1a alone, energy transfer
quenching and photo ejection of an electron from PTZ
could be the main route to generate the PTZ radical, because
the existing –CONH– bridge stabilized PTZ radical to some
extent due to the extended p-system conjugation, which may
contribute to the explanation of the above-mentioned intense
build up. After addition of MV2+ into the acetonitrile solution
of 1a, only the transient absorption of MV�+ radical can be
detected. It means that the photo excitation of 1a led to ET
from the Re moiety to MV2+, but the photo oxidized Re(II)
cannot be reduced by the attached PTZ intramolecularly, that
is, the –CONH– bridge inhibits intramolecular ET in 1a, so no
absorption can be observed at 510 nm in Figure 2. On the
contrary, an intense build up at 510 nm from PTZ radical can
be measured after MV2+ was added into the solution of 1b,
and the decay curve could not be exponentially fitted because
it was waved heavily, which proved that intramolecular ET
could take place concomitantly with intermolecular ET for 1b.

The subsequent recombination to generate the ground-state

Scheme 4 Schematic routes for the photo-induced ET process between 1b and MV2+.

Figure 3 Transient absorption kinetics detected at the PTZ�+ absorption maximum 510 nm for 100 µmol$L–1(a) 1a and (b) 1b with and
without the presence of 150 equiv. of MV2+ in dry acetonitrile, respectively. The red line is the exponential fitted result.
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reactants has also been studied by monitoring the decay of the
absorption of the formed MV�+ radical around 600 nm in
Figure 4.

An intense buildup of the MV�+ radical was observed after
the repeated flash. Although the kinetic decay in 1b cannot be
exponentially fitted because it was waved heavily, the decay
rate is obviously slower than that in 1a, which had a rate
constant of 1.6 � 106 s–1. The reason is that the MV�+ radical
decayed to the ground state through both route I and II in the
case of 1b, and route II was predominant, as mentioned
above, whereas only route I existed in the case of 1a due to the
absence of the PTZ radical.

3.4 Geometry-optimized structures

As suggested in literature [12–14], the intramolecular ET in
1b is mainly through space since the PTZ donor can be
adapted to a much favorable configuration for donor-acceptor
electronic coupling through rotation around the –CH2–

bridge. What makes such a big difference in 1a after –CH2–

is replaced by –CONH–? Has the configuration been changed
so much that intramolecular ET cannot be realized through
space? To further figure this out, the geometry-optimized
structures of complex 1 for the ground state were calculated
by using density functional theory (DFT) with LSDA function
and the LanL2DZ basis set [20]. All calculations were
performed with the Gaussian 09 program [21] without
symmetry restriction. The HOMO and LUMO orbitals are
illustrated in Figure 5.

As seen in the model of 1a (Figure 5, left), the introduction
of –CONH– bridge allows the PTZ fragment sited a little far
from the pyridine ring, the distance between Re and S is
10.78 Å, Re and N is 8.59 Å, and the Re–N–S angle is
130.03°; whereas in the model of 1b, the distance between Re
and S is 8.55 Å, Re and N is 7.15 Å, and the Re–N–S angle is
107.11°. Electron delocalization can be observed on the
pyridine ring in the HOMO orbital of 1a, whereas there is no
delocalization existing in the case of 1b. Furthermore, not
much difference can be observed for their LUMO orbitals,
that is, the configuration of 1a could facilitate ET through
space just like that of 1b. The conclusion is that

Figure 4 Transient absorption kinetics detected at the MV�+

absorption maximum 600 nm for 100 µmol$L–11a and 1b with the
presence of 150 equiv. of MV2+ in dry acetonitrile, respectively.
The red line is the exponentially fitted result.

Figure 5 HOMO and LUMO orbital of 1a (left) and 1b (right) with Re-, N-, O-, and S-atom in dark cyan, blue, red, and yellow color,
respectively.
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intramolecular ET depends heavily on the linking bridge in
complex 1. Much detailed investigation is still ongoing in our
laboratory.

4 Conclusions

Intramolecular ET depends mainly on the linking bridge in
complex 1, the Re+-PTZ+ MV2+ system can build a good
model for studying the ET process since PTZ radical is
relatively stable and can be easily observed by transient
absorption and time resolved absorption spectrometry. Our
result provides useful information on the designation of novel
ET system in the future.
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