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Abstract 

The electron transfer reaction between phenothiazine (PTH) and maleic anhydride (MA) as well as the related chemically induced dynamic 
electron polarization (CIDEP) effect has been investigated by time-resolved electron spin resonance (TRESR). The CIDEP spectra assigned 
to the anion radical ( M A " )  of maleic anhydride reveal that the reaction takes place in the excited triplet state of PTH. The electron transfer 
rate constant kEX and the spin-lattice relaxation time 3z~ of the excited triplet state of PTH are 3 × 10 s M-J s ~ and 10 -7 s, as obtained from 
our TRESR experiment. © 1997 Elsevier Science S.A. 
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1. Introduction 

It is well known that the phenothiazine drugs now play a 
very important role in chemotherapy. Their biological activ- 
ities may be due to charge transfer processes. The photo- 
chemical oxidation of  phenothiazine and its derivatives, 
especially the light-induced formation of  stable and transient 
radicals of phenothiazine and its derivatives attract attention 
continuously [ 1-3].  The conventional method for detection 
and identification of  such transient radicals is the spin-trap- 
ping technique that involves trapping of  a reactive free radical 
via an addition reaction to produce a more stable radical 
detectable by electron spin resonance (ESR) whose hyper- 
fine splitting parameters permit the identification of  the initial 
radical trapped [4-12] .  Unfortunately, the usual spin-trap- 
ping technique is not time-resolved, so it cannot give transient 
information about the dynamic process of  light-induced elec- 
tron transfer reactions. However, the time-resolved electron 
spin resonance (TRESR) technique has been shown to be an 
effective and direct method to detect and identify transient 
radicals with short lifetime and low concentration [ 13,14]. 

In the present paper, the TRESR method has been 
employed to study the mechanism of photo-induced electron 
transfer between the electron donor phenothiazine (PTH) 
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and the electron acceptor maleic anhydride (MA)  as well as 
the related chemically induced dynamic electron polarization 
(CIDEP) effect. 

2. Experimental 

2.1. Chemical reagents 

Ethylene glycol (RH) was distilled several times. Anthra- 
cene (AN) was sublimated several times. Acridine, pheno- 
thiazine (PTH) and maleic anhydride (MA)  were 
recrystallized from ethanol and benzene several times 
respectively. 

2.2. The detection of CIDEP signals 

The X-band TRESR spectrometer with a time resolution 
of  200 ns was described elsewhere [ 15]. The experimental 
arrangement comprised a Nd:YAG laser (355 nm, 20ns  
pulse width, ~ 10 mJ pulse energy), a boxcar integrator (EG 
and G 4400-1) and a digital oscilloscope (HP5460).  The 
transient ESR signals obtained without field modulation were 
transferred to the boxcar integrator for spectrum measure- 
ments and to the digital oscilloscope for CIDEP time profiles. 
After deoxygenation with bubbling pure nitrogen gas, the 
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sample solutions were exposed to laser irradiation while flow- 
ing through a flat quartz cell (0.3 mm optical path length) 
within the ESR cavity with a flow rate of 9 ml min -  1. All 
TRESR measurements were carried out at room temperature. 

2.3. Triplet quantum yield measurements 

The pulsed laser photoacoustic calorimeter has been 
described previously [ 16,17]. It comprised the above men- 
tioned Nd:YAG laser, a home-made photoacoustic trans- 
ducer, an amplifier, and a digital oscilloscope (HP5460) 
connected to a microcomputer (486-50) through a RS232 
interface. The laser energy was kept below 100 lad per pulse 
to avoid any nonlinear effects in the illuminated sample solu- 
tions. Absorbance A of  samples or reference compounds was 
determined by using a Hitachi-340 spectrometer. The fluo- 
rescence spectrum and fluorescence quantum yield qbf were 
determined by using a Hitachi-MPF-4 fluorescence spec- 
trometer. Rhodamine 6G ( qbf= 0.95) was used as reference 
to determine qbf of  phenothiazine [ 18]. 

3. Results and discussions 

3.1. TRESR 

Before and after irradiation with the 355 nm laser beam, 
the solution of  phenothiazine or maleic anhydride in ethylene 
glycol showed no CIDEP signals. Before irradiation, the solu- 
tion of  phenothiazine and maleic anhydride in ethylene glycol 
showed no CIDEP signals either. But after irradiation, the 
phenothiazine-maleic anhydride system gave a TRESR spec- 
trum obtained by time integration between 2 and 2.299 p~s at 
[MA] = 200, 100, 50, 20 mM, as shown in Fig. 1. This spec- 
trum consisted of  an emissive (E) triplet with a hyperfine 
splitting constant of  0.57 mT and intensity ratio of  nearly 
1:2:1. The spectrum might arise from a transient radical hav- 
ing two equivalent protons. 

Firstly, from the measured UV-vis  absorption spectra it is 
known that maleic anhydride has no absorption at 355 nm, 
while phenothiazine can be excited at 355 nm to its first 
singlet state ~PTH. Then, ~PTH intersystem crosses to first 
excited triplet state 3pTH with a triplet quantum yield of  
qbT=0.86. The details of the quantum yield measurement 
will be stated in the next section. With the aid of  the following 
simplified Rehm-Weller  relation [ 19] : 

AG = 23.06[E(D/Dv "+ ) - E ( A / A ' -  ) ] - E(D*) kcal tool- 

( l )  

the Gibbs free energy change A G of  the electron transfer 
reaction of  IpTH or 3pTH with MA can be calculated, In the 
above equation, E ( D / D  "+) (V) and E ( A / A ' -  ) (V) are the 
oxidation and reduction potentials of the electron donor and 
acceptor respectively. E ( D * )  (kcal m o l - l )  is the energy of  
the electronically excited state of  the electron donor. Given 
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Fig. 1. The CIDEP spectra and the time profiles of the M t = 0 lines of 20 mM 
PTH with (a) 200mM (b) 100raM (c) 50mM (d) 20raM of MA in 
ethylene glycol after 355 nm laser irradiation. The door width of the boxcar 
was 299 ns; the delay time of the door opening after the laser flash was 2 txs. 

E ( P T H / P T H  "+ ) = 0 . 2 3  V (vs. SCE) [20],  E ( M A /  
M A ' - )  = - 0 . 8 8  V (vs. SCE) [20,21], E ( 1 P T H ) = 8 3 . 0 2  
kcal mol-1 and E(3PTH) = 62.03 kcal moil- 1 [22],  the cal- 
culated AG of the electron transfer reactions of ~PTH and 
3pTH with MA are - 57.42 and - 36.43 kcal m o l -  ~ respec- 
tively. Therefore, it would be thermodynamically allowed to 
produce radical M A ' -  and PTH "÷ from the electron transfer 
reaction between ~PTH or 3pTH and MA. According to the 
number and the hyperfine splitting constantt of  the hyperfine 
lines as shown in Fig. 1, the observed spectrum stems from 
M A ' - .  

Secondly, we will rationalize why the TRESR spectrum of 
radical M A ' -  shows emissive CIDEP signals as follows. 
Absorption of  a photon by the ground state PTH molecule 
yields an excited singlet state ~PTH which may intersystem 
cross to a triplet excited state 3pTH* whose Zeeman levels 
T+ 1, To and T_ ~ are non-degenerate in the., magnetic field of  
the ESR spectrometer. It is well known that the intersystem 
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crossing process is selective and creates spin polarization in 
triplet state molecule. If  the electron transfer from 3pTH* to 
MA (with a rate constant kET) is fast enough to compete with 
the triplet spin-lattice relaxation process with rate constant 
k-r~ = 1/3~'~ (where 3T~ is the triplet spin-lattice relaxation 
time of  3pTH * ), then the spin polarization of 3pTH * will be 
carried over by spin conservation to the radical M A ' - ,  where 
the spin polarization is frozen by its much slower spin-lattice 
relaxation rate. This kind of  spin polarization transfer only 
takes place when the electron transfer reaction is sufficiently 
fast. This is the so-called triplet mechanism (TM) of CIDEP 
as shown in the literature [ 13,14]. 

By careful inspection of  the spectrum of radical M A ' - *  in 
Fig. 1, we find that the intensity ratio of  the hyperfine lines 
deviate from 1:2:1, the low field line of  the triplet is more 
intense than the high field one. That is to say, the strong 
emissive pattern (E) of  spin polarization component IVM by 
the triplet mechanism (TM) is superimposed a weak emis- 
sive/absorptive ( E / A )  pattern of  spin polarization compo- 
nent 1RpM by the S-T mixing of radical pair mechanism 
(RPM) [ 13,14], which is usually observable in many pho- 
tochemical systems [23].  The definitions OflTM and IRVM are 
given in Fig. 1 (a),  where the intensity ratio of  the TM polar- 
ization of  each hyperfine line is - 1 : - 2: - 1 (negative sign 
means emission) from the low field to high field side and that 
of the RPM polarization of  each hyperfine line is - 1:0: + 1 
(positive sign means absorption). In addition, this kind of  
deviation and in turn, the ratio ITM/IRr ,  M depends on the 
concentration [MA].  Based on the above analysis, the rela- 
tionship of  ratio I'rM/IReM and [MA] may be expressed 
approximately by the equation [23]:  

ITM/IRr,  M = C exp[ --kvj/(kET[MA] ) ] (2) 

or  

--In(ITM/IRPM) = --ln C+kT1/(kET[MA]) (3) 

where C is a constant. 
The linear dependence of  --In(ITM/IRvM) on [ M A ] -  i 

shown in Fig. 2 supports the above prediction. The calculated 
kEv/kw as derived from the slope of the plots in Fig. 2 is kz-c/ 
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Fig. 2. The plots of the negative logarithm of ITM/IRPM against [MA] 

k-rj=29.41 M J. Because the electron t~ransfer reaction 
between 3PTH* and MA is diffusion controlled, kET is equal 
to the diffusion rate constant kD. The relationship between kD 
and temperature Tand viscosity -q is [24]:  

kD=2×IOST/~)(M-Js 1) (4) 

where T is in kelvins and r/ is in Poise. Substituting the 
viscosity r /=  0.2 Poise of  ethylene glycol [ 25; ] and the exper- 
imental temperature T = 2 9 8  K into Eq. (4),  the electron 
transfer rate constant kEx (----kD) and the triplet state spin- 
lattice relaxation time 3~. are calculated as 3 × 10 s M -  ~ s -  r 
and  10 -7 S respectively. 

From the above discussion, it is obvious that electron trans- 
fer as well as spin polarization transfer between 3pTH* and 
MA occurs simultaneously. The measured CIDEP signals 
originate from both TM and RPM, but the contribution of the 
former is larger than that of  the latter. The overall photo- 
induced reaction mechanism may be expressed as follows: 

hvex 

PTH ~ 1PTH 
klsc kTl 

IPTH -* 3pTH* -* JPTH 
kET 

3pTH* + M A  -~ ~PTH "+ M A ' -  * 
S-T mixing 

3PTH "+ M A ' -  * ~ 'PTH "+ + M A ' -  * 

1,3PTH" + MA" * ---) PTH "+ * + M A ' -  * 

PTH "+ * + M A ' -  * ~ Products 

In our experiment, a CIDEP signal of  radical PTH "+ * was 
not observed. This possibly is due to its too many hyperfine 
lines and the too fast a spin-lattice relaxation rate. But it is 
interesting to note that after the TRESR measurements men- 
tioned above, the stable ESR signal of  radical PTH "+ could 
be observed easily. In contrast, the stable ESR signal of  MA" 
was not obtained. This is consistent with the fact that MA" 
is unstable at room temperature [ 20,21 ]. 

3,2. Quantum yield qb T of phenothiazine 

The experimentally measured photoacoustic signal Vpa is 
given by [ 16-18,26]: 

Vp.=k@.rEL( 1 - l0 -A) (5) 

or  

Vpa = kdp,~ELA (6) 

where k is a constant which depends on the geometry of  the 
experimental set-up and the thermoplastic quantities of the 
medium. Here EL is the incident laser pulse energy, qb,,r is the 
fraction of the laser energy absorbed by PTH[ released non- 
radiatively as the thermal energy within the response time of  
the detector of  the photoacoustic calorimeter. A is the absorb- 
ance (or optical density) of  the sample solution. For low 
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Fig. 3. Linear dependence of the Vp~ (a.u.) signal on the absorbance A tbr 
the optical path length L= 10 -2 cm for anthracene ( * ), acridine (¢~) and 
phenothiazine (A) solutions in ethylene glycol. 

Table 1 
@nr and qbx of phenothiazine determined by photoacoustic calorimetric 
measurement 

Compound @f hvf E'r (/)nr ~T 
(cm 1) (cm- 1) 

Anthracene 0.27 24900 14900 0.44 0.66 + 0.05 
Acridine 0.03 23250 15850 0.47 0.82+0.05 
Phenothiazine 0.24 22483 21503 0.192 0.86 + 0.06 

abso rbance ,  1 - 10 -A ~-A, in this  case,  the p h o t o a c o u s t i c  sig- 

nal  Wpa is p ropor t iona l  to A ra the r  than  to 1 - 10 -A . 

I f  Vp~ of  s amp le s  wi th  var ious  a b s o r b a n c e  is m e a s u r e d  at 

cons t an t  EL, then  the  plots  o f  Vpa vs. ( 1 - 10 - a )  or VS. A wil l  

y ie ld  a s t ra ight  l ine wi th  s lope = kqbnrEL. By m e a s u r i n g  Vpa 

u n d e r  ident ica l  cond i t ions  for  s ample  ( P T H )  and  re fe rence  

( a n t h r a c e n e  or  ac r id ine )  wi th  k n o w n  qb, r and  f rom the  rat io  

of  the  s lope o f  Vpa VS. A for  s ample  and  re fe rence  as s h o w n  

in Fig. 3, the qbnr(PTH) ob t a ined  f rom Eq. ( 7 )  is l i s ted  in 

Tab le  1. 

@.r ( P T H )  = slope ( P T H )  × qb, r ( reference)  / slope ( reference)  

( 7 )  

Fu r the rmore ,  we use  the  fo l lowing  w e l l - k n o w n  ene rgy  bal -  

ance  re la t ion  [ 2 6 , 2 7 ] :  

cIg = 1 - t~ fh  l~ f /  E L  - t l~TET/ E L  (8) 

where  the  t e rm t~fh p f / E  L r ep resen t s  the  f rac t ion  of  a b s o r b e d  

ene rgy  emi t t ed  in fo rm of  f luorescence  ( h v f  is the ave rage  

f luorescence  p h o t o n  e n e r g y )  and  the  t e rm CDTET/E L repre-  

sents  the  f rac t ion  o f  a b s o r b e d  ene rgy  s tored in the t r ip le t  state. 

Af te r  subs t i tu t ing  the  va lues  o f  q~,r, q~r and  h v f  d e t e r m i n e d  

for  p h e n o t h i a z i n e  in to  Eq.  ( 8 ) ,  the  q u a n t u m  yie ld  q~T o f  t r ip le t  

s tate  ( 3 p T H * )  f o r m a t i o n  de r ived  f rom p h o t o a c o u s t i c  calor-  

imet r ic  d e t e r m i n a t i o n  is ob t a ined  and  is l is ted in Tab le  1. 

The  large  va lue  o f  ~T  o f  P T H  revea ls  tha t  m o s t  of  the 

exc i ted  s ing le t  s tate ~PTH molecu l e s  i n t e r sys t em cross  to the 

exc i ted  t r ip le t  s tate 3pTH molecu le s ,  and  p rov ides  fu r ther  

conf i rma t ion  o f  the  T M  and  R P M  as ind ica ted  above .  
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