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a  b  s  t  r  a  c  t

The  photophysical  properties  of  three  bipolar  complexes,  Al(PHQ)3 (1), AlQ(PHQ)2 (2),  and  AlQ2(PHQ)
(3) (Q =  8-hydroxyquinoline,  PHQ  = 5-[(phenothiazine-9′-yl)methyl]-8-hydroxyquinoline)  were  studied
by UV–vis  absorption  and  fluorescent  spectra.  The  results  showed  that  both  energy  transfer  and  electron
transfer  from  phenothiazine  (Ptz)  group  to  Alq3-center  had  taken  place  in the photoluminescence  (PL)
process  of  the  bipolar  Al-complex.  Förster  non-radiative  energy  transfer  theory  together  with  fluorescent
eywords:
henothiazine
ris-(8-hydoxyquinoline)aluminum (Alq3)
uminescence
ipolar complex
nergy transfer

spectra  were  applied  to  investigate  the  energy  transfer  process  of  these  bipolar  Al-complexes.  Addition-
ally,  thermodynamic  analysis  validated  the  possibility  of the  photo-induce  electron  transfer  (PET)  process.
To further  confirm  the  PET  process,  Cu2+ ion  was  used  to  oxidize  aromatic  amine of  phenothiazine  group
to  observe  the  variation  of  both  the  absorption  and  emission  spectra  of  Al(PHQ)3.  Moreover,  dynamics  of
the PET  process  were  also  studied  by  dynamic  fluorescence,  and some  dynamic  constants  were  obtained.
lectron transfer

. Introduction

More recently, tris-(8-hydoxyquinoline)aluminum (Alq3) has
een widely used as the emissive and electron-transporting mate-
ial in organic light-emitting devices (OLEDs) [1–5] due to its
igh thermal stability, excellent electron-transporting properties
nd unique luminescent properties [6,7]. In order to improve
he solubility and luminescent properties, many derivatives of
-hydroxyquinoline were designed and the corresponding metal-
omplexes were obtained. 2, 5, and 7 positions of quinoline ring can
asily be replaced by electron-donating and electron-withdrawing
roups, such as halogen [8],  alkoxy and alkylamine groups [9],
uorene [10], carbazole [11–14] and 1,3,4-oxadiazole derivatives
15]. Generally, these substituted groups were attached to quino-
ine ring through alkyl, alkoxy or alkylamine groups. Due to
he introduction of these substituted groups, solubility, carrier-
ransporting and luminescent properties of the metalloquinolate

ave been improved. However, the effect of the conjugation or
yperconjugation of the substituted groups on the luminescence
f metalloquinolate has not been reported systematically so far.

∗ Corresponding author. Tel.: +86 020 85232978; fax: +86 020 85231119.
E-mail address: mglu@gic.ac.cn (M.  Lu).

010-6030/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2011.05.025
© 2011 Elsevier B.V. All rights reserved.

In the work, phenothiazine (Ptz) was attached to 8-
hydroxyquinoline and a series of bipolar Al-complexes were
obtained. The structures of the complexes are shown in Fig. 1,
which consist of an Alq3-center and different number of phenoth-
iazine groups. Phenothiazine is a rich-electron group, which has
been acted as good electron donor in long-distance hole/charge
transfer materials [16–19].  The intermolecular and intramolecu-
lar electron transfer interaction between phenothiazine and the
acceptor have been investigated extensively [20–24]. Therefore,
these bipolar Al-complexes containing phenothiazine group were
selected as research objective to study energy transfer and electron
transfer from the attached phenothiazine group to Alq3-center in
the PL process.

2. Experimental

2.1. Materials

Solvents and chemicals were obtained commercially. Some of
them were used as received, such as triethylaluminum (AlEt3) of

hexane solution and petroleum ether. Tetrahydrofuran (THF), ace-
tonitrile (ACN), and chloroform were dried and treated according
to standard methods before use. Perchlorate copper (Cu(ClO4)2)
was prepared by standard method. Al(HEMA-CH2-Q)3 [1] and

dx.doi.org/10.1016/j.jphotochem.2011.05.025
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:mglu@gic.ac.cn
dx.doi.org/10.1016/j.jphotochem.2011.05.025
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UV–vis absorption spectra of PHQ and the bipolar Al-complexes
are shown in Fig. 2. The characteristic absorption band of phe-
nothiazine group located around 315 nm (from 290 to 380 nm),
Fig. 1. Structures of the bip

-[(phenothiazine-9′-yl)methyl]-8-hydroxyquinoline (PHQ) [25]
ere prepared as described.

.2. Characterization

The melting point of the sample was observed by SGW
-4 micro-melting point apparatus (Shanghai PSE Co. Ltd.).
H NMR  spectra were recorded on a DRX-400 MHz  (Bruker)
uperconducting-magnet NMR  spectrometer. FT-IR spectra were
arried out using a RFX-65A (Analects) Fourier Transform Infrared
pectrometer. Elemental analysis data were obtained from Vario
L elemental analyzer. UV–vis absorption spectrum was deter-
ined on a Shimadz spectrophotometer. The PL measurements
ere conducted in a Hitachi F-4600 florescence spectrophotome-

er. Fluorescence quantum yield of the complexes was  calculated
sing quinine sulfate in 0.5 M H2SO4 solution (ϕf = 0.55) as a
tandard [26]. Fluorescence lifetimes were measured by time-
orrelated single photo counting method (PLSP20 steady state
pectrophotometer) with excitation at 405 nm and the emission
as monitored at 530 nm.

.3. Synthesis of the bipolar Al-complexes

Al(PHQ)3 (Complex 1). PHQ (1.068 g, 0.003 mol) was  added into
 150 mL  three-necked flask equipped with a nitrogen inlet and
 magnetic stirrer and dissolved with 30 mL  anhydrous THF. Tri-
thylaluminum of hexane solution (1.0 mL,  0.001 mol), diluted with
0 mL  dry THF, was added dropwise and the reaction mixture was
tirred at room temperature for 1 day. After filtering through a G4
unnel to remove precipitate, a yellow solution was obtained and
recipitated by addition of petroleum ether (200 mL). The precip-

tate was purified by several solution–precipitation cycles using
inimum amount of THF to dissolve and plenty of petroleum

ther to precipitate. Yield: 76%; mp  > 300 ◦C. 1H NMR  (CDCl3, ı):
.87–8.48 (6H, m,  aromatic-H), 7.41–6.70 (33H, m, aromatic-H),
.28 (6H, s, –CH2–). FT-IR (KBr, cm−1): 3424 (–OH), 3058 (–CH2),
625, 1603 (pyridine ring), 1574, 1505, 1456 (aromatic), 1367,
325 (C–N), 1090 (C–O), 746, 560 (Al–O). Element Anal. Calcd. for
l(PHQ)3·5H2O (C66H55N6S3O8Al): C, 67.01; H, 4.65; N, 7.11. Found:
, 67.43; H, 4.41; N, 7.04.

AlQ(PHQ)2 (Complex 2). To a 150 mL  three-necked flask
quipped with a nitrogen inlet and a magnetic stirrer, triethyla-
uminum of hexane solution (1.0 mL,  0.001 mol) was  added via

yringe, and then 8-hydroxyquinoline (0.145 g, 0.001 mol) in anhy-
rous THF was added dropwise into the solution. After stirring
t room temperature for 1 day, PHQ (0.712 g, 0.002 mol) of THF
olutions was added and stirred for another 1 day. The mixture
l-complexes (AlQx(PHQ)y).

was filtered through a G4 funnel to remove precipitate. The fil-
trate was  added to petroleum ether (200 mL)  and the precipitate
was filtered off and washed by petroleum ether three times, and
then dried at 50 ◦C in vacuum. Yield: 69%. mp  > 300 ◦C. 1H NMR
(CDCl3, ı): 8.87–8.18 (6H, m,  aromatic-H), 7.47–6.70 (26H, m,
aromatic-H), 5.28 (4H, s, –CH2–). FT-IR (KBr, cm−1): 3423 (–OH),
3058 (–CH2), 1600 (pyridine ring), 1504, 1465 (aromatic), 1382,
1326 (C–N), 1101 (C–O), 748, 648, 546 (Al–O). Element Anal. Calcd.
for AlQ(PHQ)2·5H2O (C53H46N5S2O8Al): C, 65.50; H, 4.74; N, 7.21.
Found: C, 65.24; H, 4.91; N, 7.32.

AlQ2(PHQ) (Complex 3). The procedure followed was same
as that of AlQ(PHQ)2. Triethylaluminum of hexane solution
(1.0 mL,  0.001 mol), 8-hydroxyquinoline (0.29 g, 0.002 mol) and
PHQ (0.356 g, 0.001 mol) were used. Yield: 71%. mp > 300 ◦C. 1H
NMR  (CDCl3, ı): 8.84–8.18 (6H, m,  aromatic-H), 7.49–6.73 (19H, m,
aromatic-H), 5.29 (2H, s, –CH2–). FT-IR (KBr, cm−1): 3413 (–OH),
3056 (–CH2), 1602 (pyridine ring), 1502, 1467 (aromatic), 1384,
1326 (C–N), 1112 (C–O), 750, 648, 546 (Al–O). Element Anal. Calcd.
for AlQ2(PHQ)·6H2O (C40H39N4SO9Al): C, 61.70; H, 5.01; N, 7.20.
Found: C, 61.50; H, 5.12; N, 7.13.

3. Results and discussion

3.1. Photophysical properties
Fig. 2. UV–vis absorption spectra of the bipolar Al-complexes (AlQx(PHQ)y) in chlo-
roform (concentration: 2.5 × 10−5 M).
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Table 1
UV–vis absorption and emission data of these complexes in chloroform.

Complexes �abs/εa (nm/×104 M−1 cm−1) �em/Ib (nm/a.u.) ϕf
c (%) �1/˛1 (ns/%) �2/˛2 (ns/%) 〈�〉d (ns) ket

e (×108 s−1) ϕet
f

Al(PHQ)3 398/1.64 532/12.06 5.90 1.96 (88%) 3.88 (12%) 2.37 3.66 0.98
AlQ(PHQ)2 390/1.42 526/20.26 7.01 2.55 (91%) 6.92 (9%) 3.48 2.32 0.97
AlQ2(PHQ) 386/0.92 523/43.86 7.24 2.83 (81%) 10.60 (19%) 6.46 0.99 0.94

a Absorption maxima and the corresponding extinction coefficients of the complexes in chloroform solution (concentration: 2.5 × 10−5 mol/L).
b Emission maxima of the complexes in chloroform solution (concentration: 1 × 10−4 mol/L, excitation wavelength �ex = 375 nm).
c Fluorescence quantum yields determined by relative method [26].
d Average lifetime calculated by Eq. (7).
e Average rate constant of electron transfer calculated by Eq. (8).
f Quantum efficiency of electron transfer calculated by Eq. (9).
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ig. 3. PL emission spectra of the bipolar Al-complexes (AlQx(PHQ)y) in chloroform
concentration: 10−4 M).

nd the absorption of quinoline at 325 nm was covered. Compared
ith the absorption of PHQ, Alq3’s characteristic absorption peak
as observed around 390 nm in the absorption spectra of the Al-

omplexes. Depending on the number of phenothiazine moieties,
he characteristic peak showed slight red shift. Upon going from
lQ2(PHQ) to Al(PHQ)3 the characteristic absorption peak of Alq3
hifted from 386 to 398 nm with an increase in the extinction coeffi-
ient. Absorption maxima and extinction coefficients together with
mission data are listed in Table 1.

As well known, the optical transition responsible for photolu-
inescence in Alq3 is centered on the organic ligand, which is due

o �–�* charge transfer from the electron rich phenoxide ring to

he electron deficient pyridyl ring [27]. Moreover, in metalloqui-
olate system, the highest density HOMOs locates on phenoxide
ing, particularly on C5-position [28]. In the bipolar Al-complex,
he electron-donating group (phenothiazine) was attached at C5-

ig. 4. (a) PL emission spectra of Al(PHQ)3 excited with different excitation wavelength (s
hloroform solution with different concentration (�ex = 375 nm).
position of quinoline, which affects its electronic structure to some
extent due to hyperconjugation. Thus, the absorption and emission
maxima of these Al-complexes showed some change, red-shifting
with increasing of the number of phenothiazine groups, as shown in
Fig. 2 and Fig. 3 respectively. All complexes exhibited the character-
istic emission of Alq3-center around 530 nm,  and the emission band
of phenothiazine group from 400 nm to 450 nm was not observed.
In addition, the emission intensity of Al(PHQ)3 exhibited consid-
erable quenching compared with that of AlQ2(PHQ). Therefore,
fluorescence quantum yields of the complexes measured using the
relative method [26] decreased while increasing the number of
phenothiazine groups as shown in Table 1. Based on previous lit-
erature reports [21,22],  we attribute the PL emission quenching to
electron transfer from phenothiazine group to Alq3-center.

PL emission spectra of Al(PHQ)3 under different conditions are
shown in Fig. 4. Excitated with different wavelength (300–390 nm)
of UV light (Fig. 4(a)), which include the absorption band of both
phenothiazine group (300–380 nm)  and Alq3-center (300–450 nm),
the emission from phenothiazine (400-450 nm)  was suppressed
completely and only one broad band centered at 530 nm attributed
to the emission of Alq3-center was observed in chloroform solution
(concentration: 10−4 M),  indicating that there existed effective sin-
glet energy transfer between phenothiazine group and Alq3-center
[12]. The concentration dependence of the PL emission spectra of
Al(PHQ)3 is displayed in Fig. 4(b). As the concentration increased,
the PL emission of Alq3-center intensified in the beginning. There-
after, the emission intensity of Alq3-center decreased steadily due
to concentration quenching. However, the emission of phenoth-
iazine group decreased with increasing in concentration all the
time and disappeared completely in high concentration solution
(concentration > 10−4 M),  which is also the result of energy transfer.
The similarity in the emission spectra of Alq3 and the bipolar Al-

complex indicated that introducing phenothiazine into Alq3 does
not substantially affect the metal-quinoline chromophoric core.
However, the phenothiazine group acts as electron/energy donor
has great effect on the photoluminescence of the Alq3-center as

olvent: chloroform, concentration: 10−4 M);  (b) PL emission spectra of Al(PHQ)3 in
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ig. 5. Energy transfer and electron transfer in photoluminescence of Al(PHQ)3.

emonstrated in Fig. 5. Both energy transfer and electron transfer
an take place simultaneously in the photoluminescence process of
he bipolar Al-complex. Thereinafter, luminescent measurements
ogether with the theoretic assumption will be adopted to evaluate
nd quantitate these photophysical processes.

.2. Energy transfer

As shown in Fig. 6, there was an appropriate overlap between the
mission of phenothiazine (�ex = 375 nm)  and the absorption of the
lq3 (Model complex Al(HEMA-CH2-Q)3 was adopted to instead of
lq3), so singlet-singlet energy transfer from the excited state of
henothiazine group to Alq3-center would be favorable [12,29].

Based on the theory of Förster energy transfer [30–33],  the
fficiency of energy transfer (E) between a donor and acceptor is
elated to the average distance of separation (ra) and the critical
istance (R0) for 50% energy transfer by Eq. (1).  R0 is defined by Eq.
2), where �2 is the spatial orientation factor related to the geome-
ry of the donor-accepter of dipole; n is the average refracted index
f the medium in the wavelength range where spectral overlap is
ignificant; ϕD is the fluorescence quantum yield of the donor; and
 is the spectral overlap integral between the emission spectrum of
he donor and the absorption spectrum of the acceptor. The value
f J can be calculated by equation (3),  where F(�) is the corrected
mission intensity of the donor in the wavelength range from � to

able 2
nergy transfer data of the bipolar complex (Al(PHQ)3) at different concentration of chlor

Concentration (×10−4 M)  Ea (%) ra
b (nm) 

0.10 77.7 1.36 

0.25  89.9 1.17 

0.50  92.2 1.11 

1.00  99.3 0.74 

2.50  100 – 

a The efficiency of energy transfer calculated according to Eq. (4).
b The average distance of energy transfer calculated according to Eq. (1).
c The distance of intramolecular energy transfer calculated by Gauss soft [36,37].
d The distance of intermolecular energy transfer determined by concentration.

e The proportion of the two  energy transfer routes calculated according to the equation
Fig. 6. Overlap of the UV–vis absorption spectrum of Alq3 (model complex) (a)
with the emission spectrum of phenothiazine (b) in chloroform (�ex = 375 nm).
[Alq3] = [phenothiazine] = 10−5 M.

� + d�; ε(�) is the molar absorption coefficient in units of M−1 cm−1,
and � is the frequency in cm−1.

E = R6
0

R6
0 + r6

a

(1)

R6
0 = 8.78 × 10−25�2ϕDn−4J (2)

J =
∫

F(v)ε(v)v−4 dv∫
F(v)dv

(3)

Based on the significant fluorescence quenching of the phenoth-
iazine upon the attaching to Alq3, the efficiency of energy transfer
(E) is also given by Eq. (4),  where F and F0 are the emission inten-
sity of phenothiazine in the presence and absence of acceptor Alq3,
respectively.

E = 1 − F

F0
(4)

The value of J was  calculated according to Eq. (3) by computer as
8.32 × 10−15 cm3 L mol−1 [32]. The orientation factor, �2, was  taken
as 2/3 [30], and the refractive index, n, was the refractive index of
the solvent. The quantum yield, ϕD, was  determined by relative
method as 0.02 [26]. With use of the values of J, �2, n and ϕD, R0
value was  calculated according to Eq. (2) as 1.68 nm.  The efficiency
of energy transfer (E) and the average distance (ra) at different con-
centration were calculated according to the above equations and
summarized in Table 2.

Generally, both intramolecular and intermolecular energy

transfer can happen simultaneously in metal-complex [34,35]. In
Al(PHQ)3, three donors (phenothiazine) were attached to an Alq3-
center with methylene. The distance of intramolecular energy
transfer (rb), which approached to the distance between the center

oform solutions.

rb
c (nm) rc

d (nm) %Eb
e (%) %Ec

e (%)

0.473 54.9 100 0
0.473 40.5 100 0
0.473 32.1 100 0
0.473 25.5 100 0
– – – –

s %Eb = r6
c

r6
b

+r6
c

and %Ec = r6
b

r6
b

+r6
c

.
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Scheme 1. The oxidation of phenothiaz

f phenothiazine ring and the center of quinoline ring in the same
olecule, was calculated as about 0.473 nm according to Gaussian

oft [36,37].  The distance of intermolecular energy transfer (rc) is
pproach to the distance of two neighboring molecules, which can
e calculated by the concentration of the complex solution accord-

ng to the formula:

c = 3

√
1

NAc
× 108 nm

Supposed that every molecule occupy a cube). The value of rb
nd rc was used to evaluate the proportion of the two energy
ransfer routes, the results indicated that intramolecular energy
ransfer is dominant absolutely (nearly 100%). As shown in Table 2,
he efficiency of energy transfer increased, as the solutions get
hick, which is probably due to the fact that the average dis-
ance of energy transfer decreased slightly as the concentration
ncreased.

.3. Electron transfer

Phenothiazine bearing electron-rich sulfur and nitrogen atoms
s a strong electron-donating group due to its low oxidation poten-
ials [38]. Thus, phenothiazine as electron donor was used to
onstruct donor (D)–acceptor (A) systems capable of undergo-
ng photoinduced electron transfer (PET) reactions and generating
ong-lived charge separated (CS) states [20,21]. In these systems,
lectron transfer from the phenothiazine group to the excited
etal-complexes to generate the charge separated state ML+-Ptz•+.

imilarly, the photo-induced electron transfer (PET) process can
ake place in Al(PHQ)3, which has three donors (phenothiazine)
nd an acceptor (Alq3-center). As discussed above, both energy
ransfer and electron transfer can take place simultaneously in
he photoluminescence process of the bipolar Al-complex. Energy
ransfer from phenothiazine group to Alq3-center is favorable
or the photoluminescence of Alq3-center. In contrast, photo-
nduced electron transfer restrains the photoluminescence of
lq3-center. How and to what extent are the PL properties of the
ipolar Al-complex affected by electron transfer from phenoth-

azine?
Similarly as Ru(bpy)3

2+ complex [21], excitation of the Alq3
hromophore leaded to formation of excited state, which was
uenched by electron transfer from the phenothiazine group lead-

ng to the formation of Alq3 anion (abbreviated as Alq3
−) and

henothiazine radical cation (abbreviated as Ptz•+) as shown in Eq.
5).

1q3–Ptz (A1(PHQ)3)
hv−→

∗
(A1q3)–Ptz

ET−→A1q3
−–Ptz•+ (5)

s reported previously [22], in the presence of excess Cu(ClO4)2
2–5 equiv.), phenothiazine derivatives were oxidized easily to
ication compound, which further react with traces of water

resent in ACN to give the phenothiazine-5-oxide, as shown in
cheme 1. Based on this reaction, Cu(ClO4)2 was  utilized for oxi-
ation of phenothiazine group in Al(PHQ)3. It was  added stepwise

nto the solution of Al(PHQ)3 (1 × 10−5 M)  in ACN and the emission
rivatives with Cu(ClO4)2 in acetonitrile.

spectrum experienced dramatic variation as shown in Fig. 7. Ini-
tially, the emission intensity decreased with addition of Cu2+. In this
case, traces of Cu2+ only acted as fluorescence quencher. When the
mole ratio of Cu2+ relative to the Al(PHQ)3 approached to 1 (Fig. 7c),
parts of phenothiazine group were oxidized and the peak located at
530 nm started to red-shift, the emission band turned to narrow and
the intensity decreased gradually. As [Cu2+]/[Al(PHQ)3] = 3.8 equiv.,
the Alq3’s characteristic peak red-shifted to 546 nm and a new
peak from the oxide (Al(POHQ)3) appeared at about 482 nm. Fur-
ther addition of Cu2+ caused the constantly enhancement of this
emission intensity. UV–vis absorption spectra were also used to
inspect the above process. As shown in Fig. 8, with addition of
Cu2+, all of absorption peaks red-shifted gradually and the inten-
sity of Alq3’s characteristic absorption increased. Moreover, a new
absorption due to Ptz•+ at about 520 nm appeared immediately
after mixing and disappeared with time [20]. All of these phe-
nomenons confirmed the occurrence of the oxidation reaction as
shown in Scheme 2, which also revealed the difference of the effect
of phenothiazine and its oxide (phenothiazine-5-oxide) on the pho-
toluminescence of the Alq3-center.

Both Alq3 and phenothiazine’s redox properties have been
extensively studied. In order to further ascertain the PET between
the photo-excited Alq3-center and the attached phenothiazine or
phenothiazine-5-oxide, redox potentials were used to calculate the
free energy change (�G0) for electron transfer using the Weller
equation (6).

�G0 = Eox − Ered − E0,0 − e2

εSd
(6)

where Eox is the oxidation potential of the donor and Ered is the
reduction potential of the acceptor, E0,0 is the energy of the excited
state of the acceptor, εS is the dielectric constant of the solvent and
d is the distance separating the donor and acceptor moieties. In
solvents such as ACN, the fourth term in Eq. (6) is very small and
hence neglected, E0,0 for the system was calculated from the onset
of the Alq3 emission.

The oxidation potential of Alq3 appeared at about 1.50 V (vs SCE)
and the reduction potential occurred at around −1.60 V (vs SCE)
[39], and while phenothiazine exhibited reduction peak at −2.20 V
(vs SCE) and oxidation peak at 0.73 V (vs SCE) [20]. Phenothiazine is
obviously easier to be oxidized than Alq3 according to their redox
potentials. PET from phenothiazine group to Alq3 is thermodynam-
ically favored, since its �G  is a negative value obtained by:

�GPET = E(PTZ/Ptz•+) − E(Alq3
•−/Alq3) − E0,0 = 0.73 − (−1.60)

− 2.76 = −0.43 eV.

For emission quenching in Al(POHQ)3, we have to consider both
oxidative and reductive quenching mechanisms. For these calcula-
tions, redox potentials of phenothiazine-5-oxide (PO) moiety can
be obtained in previous report [22]. For the oxidative quenching,

Eox of Alq3 (=1.50 V vs SCE) and Ered of PO (=−1.27 V vs SCE) are
relevant and we  obtained �G0 = +0.01 eV. For reductive quench-
ing, Eox of PO (=1.28 V vs SCE) and Ered of Alq3 (=−1.60 V vs SCE)
are relevant and we obtained �G0 = +0.12 eV. �G0 values are posi-
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ig. 7. The variation of emission spectra of Al(PHQ)3 (concentration: 10−5 M)  with
n  the figure indicate the variation trend of all the emission peaks.

ive for both reactions and hence the emission of Alq3 core will not
e quenched by the attached phenothiazine-5-oxide (PO) moiety.
ased on the redox properties of these groups, electron can eas-

ly transfer from phenothiazine group to Alq3-center, but hardly
ransfer from phenothiazine-5-oxide to Alq3-center, which lead to
uorescence quenching and enhancement, respectively. The elec-
ron transfer in the photoluminescence process of the complexes
Al(PHQ)3 and Al(POHQ)3) is shown in Fig. 9.

The fluorescence decays were monitored at 530 nm with exci-
ation at 405 nm in chloroform. The emission of Alq3 decays single
xponential with lifetime of 18 ns in chloroform [40]. For all the
ipolar Al-complexes the decays were bi-exponential, which may
e due to different conformations of the phenothiazine group with

espect to Alq3-center or due to different electron transfer mecha-
ism [21]. The lifetime values and their contributions are shown in
able 1. The contribution of the short lifetime (�1) was above 80%,
nd the value of �1 and �2 decreased with the number of phenoth-

ig. 8. The variation of UV–vis absorption spectra of Al(PHQ)3 (concentration: 10−5 M) wi
hown  in the figure indicate the variation of the equivalent of Cu(ClO4)2.
on of different equivalents (0–11.0 equiv.) of Cu(ClO4)2 in ACN. The arrows shown

iazine groups. For all these complexes, average lifetimes 〈�〉 were
calculated according to Eq. (7) [41], and these values are listed in
Table 1.

〈�〉 =
∑

ai�
2
i∑

ai�i
(7)

It can be seen that the 〈�〉 values were smaller than that of Alq3
(18 ns), and also decreased while increasing in the number of phe-
nothiazine groups. The reduction in the lifetime is attributed to
electron transfer as shown in Eq. (5) and hence the average rate
constant (ket) for electron transfer can be calculated from the fluo-

rescent lifetime using Eq. (8).

ket = 1
〈�〉 − 1

〈�0〉 (8)

th addition of different equivalents (0–11.0 equiv.) of Cu(ClO4)2 in ACN. The arrows
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Scheme 2. The oxidation of the bipolar complex (Al(PHQ)3) with Cu(ClO4)2 in acetonitrile.
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Fig. 9. Electron transfer in the PL proces

et = ket

ket + 1/�0
(9)

he ket values thus calculated are also shown in Table 1, and
ncreased with number of phenothiazine groups. Using ket values
he quantum efficiency of electron transfer (ϕet) can be calculated
ccording to Eq. (9).  The values of ϕet are 0.98, 0.97 and 0.94
or Al(PHQ)3, AlQ(PHQ)2 and AlQ2(PHQ) respectively, which also
ncreased with the number of phenothiazine groups (Table 1).
. Conclusions

In this article, phenothiazine group was attached to Alq3-center
o obtain three bipolar Al-complexes. The attached phenothiazine
e complexes (Al(PHQ)3 and Al(POHQ)3).

group has great effects on the photoluminescence of the Alq3-
center due to energy and electron transfer from phenothiazine
to Alq3-center, which were studied through fluorescent spec-
tra and corresponding theory. It is found that energy transfer is
favorable for the photoluminescence of Alq3-center and electron
transfer is unfavorable for the photoluminescence of Alq3-center.
The paper provides an academic rule for designing perfect molecule
to improve luminescent properties.
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