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Abstract. The molecular hyperpolarizability y(—o; 0.,
—@) of a supramolecule, zinc 4,4',4" 4" -tetrasulfonato-
phthalocyanine/N-butyl-N'-methylanthraquinone-4,4'-bipy-
ridinum dibromide assembly (ZnTsPc-V-AQ), was observed
to be enhanced by ten times when the sample was optically
pumped by a 355 nm pump beam. The enhancement of the
nonlinearity was found to be due predominantly to the charge
transfer between the two monomers of the supramolecule after
optical excitation.

PACS: 42.65.-k, 42.70.-h

Nonlinear optics is expected to play a major role in the technol-
ogy of photonics. Recent progress in the field of high-speed
optoelectronics and information technology has encouraged
the search for materials with a large, fast nonlinear optical
(NLO) response and for new ways to enhance this response[1].
ALF. Garito and colleagues have found a new way to achieve
large 7 through excited-state population [2], and the en-
hanced NLO process related to electronic excited states has
been observed in some conjugated organic materials [3,4).
Then, the subject is turned to find those kinds of excit-
ed states which can effectively and intensively enhance the
nonlinearities of the materials. It is well known that some
compounds with an intramolecular charge transfer have large
optical nonlinearities. For example, the metal - ligand bonding
in organometallics gives rise to large molecular hyperpolar-
izabilities due to the transfer of electron density between the
metal atom and conjugated ligand systems {3, 6]. Therefore, if
an excited state with an intramolecular charge transfer can be
formed by optical excitation, we believe that when this excited
state is populated, nonlinearities of the material will probably
be enhanced.

It has been shown that the stacked and bridged por-
phyrin [7] or phthalocyanine [8] assemblies can exhibit
unusual charge-transfer properties after optical excita-
tion owing to the strong 7 —7 interactions between the
two macrocycles and the formation of exciton coupling
in the sandwich complexes. An example that includes

a supramolecular configuration of a linked photosensitizer-
electron acceptor(1)-electron acceptor(2), S—A;—A,, has
been reported recently [9]. In this system an effective charge
separation of the photoproducts (ST —A;~AJ) was obtained
through photoexcitation of the sensitizer component (Fig. 1).
Thus, this kind of supramolecular system can be used to
investigate the influence of charge transfer caused by laser
excitation on molecular hyperpolarizabilities.

In this paper, we report our studies on the nonlin-
earity of the light-induced charge separated (CS) state of
the supramolecule, zinc 4,4',4"” 4" -tetrasulfonato-phthalo-
cyanine/N-butyl-N’-methylanthraquinone-4,4’-bipyridinium
dibromide assembly (ZnTsPc-V-AQ). An increase in the
degenerate-four-wave-mixing (DFWM) signal as large as two
orders of magnitude was observed when the population of the
CS state was saturated by a 355 nm pump beam. Our experi-
ments indicate also that the nonlinearity of the CS state is
predominantly electronic in origin.

1 Experimental

The supramolecular assembly consisting of electrostatically
paired ZnTsPc-V-AQ is formed in the liquid phase by pair-
ing one ZnTsPc* with two VZ+-AQ. It is prepared by mixing
ZnTsPc with V-AQ in a molar ratio of 1 : 2 in dimethylform-
amide (DMF), in which all of the ZnTsPc molecules can be
almost assembled. ZnTsPc-V-AQ has two absorption bands
that are similar to the absorption bands of ZnTsPc: the Q band
(Amax = 680nm) and the B band (Amax = 340 nm). ZnTsPc
monomer fluoresces strongly; with the presence of the linked
electron acceptors V-AQ, the fluorescence is quenched, indi-
cating the existence of a very efficient electron transfer from

' T -
S—A—A;, — | STI—A,—A,

Fig.1. Schematic vectorial electron transfer process in a linked
photosensitizer- electron acceptor(1)-electron acceptor(2) molecular assem-
bly
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the ZnTsPc to the V-AQ. On the action of 355 nm pumpbeam,
the sensitizer ZnTsPc in the ZnTsPc-V-AQ assembly is excit-
ed optically from the ground state to the second excited singlet
state. It then relaxes very rapidly (0.1-10 ps) [7] to the CS state
either directly or through the first excited singlet state. This
charge-separation process is achieved by an electron transfer
trom the sensitizer ZnTsPc to the acceptor(2) Q through the
acceptor(1) V. Molecules in the CS state with a short lifetime
(0.1-1ns) [7] will come back to the ground state by charge
recombination.

In our experimental studies, a forward DFWM geometry
with an additional pump beam was used (4]. The 8ns, 1064 nm
pulses from a Q-switch Nd:YAG laser were first doubled and
then mixed in KD*P crystals to produce the third-harmonic
pulses at 355 nm, which served as the pump beam to excite the
system to the CS state. The remaining 1064 nm beam was split
into two beams, which served as the probe beams to perform
the DFWM experiment at the CS state. Two probe beams with
wave-vectors k; and k> were focused in coincidence on the
sample at a small angle of 1.5°. The pump beam was passed
through an attenuator to allow adjustment of the beam intensity
and was then also focused onto the interaction region in the
sample cell, whose thickness was 2 mm. The diameter of the
pump beam was ~ 0.6 mm: the probe beams had diameters of
~ 0.4 mm to ensure their overiap. The pump pulse and the two
probe pulses also had temporal overlap. The diffracted signal
in the 2k ;—k | direction was detected by a photomultiplier tube.
No evident absorption in ZnTsPc-V-AQ at 1064 nm with or
without the pump beam was observed.

2 Results and discussion

When ZnTsPc-V-AQ solution with a concentration of
3 x 103 M was pumped by the pump beam, enhancement of
the DFWM signal was observed. At a saturation pump inten-
sity, the signal was enhanced by two orders of magnitude. We
also observed that the signals, both with and without the pump
beamn. had a expected cubic dependence on the probe intensi-
ties, which confirms that the signals arise from the third-order
nonlinearity of the sample.

In general, third-order nonlinearities of the sample may be
due to both electronic and nuclear orientation factors. When
the polarization of the probe k; is changed from a parallel to
a perpendicular orientation with respect to the polarization of
the Frobe k,, the DFWM signal should drop by a factor of
(S /23 )F = 1/9 for purely electronic hyperpolarizability
and 9/16 for purely orientation nonlinearity [10]. By measur-
ing the ratio of the signals for the parallel and perpendicular
probe polarizations, one can estimate the ratio of the orienta-
tion and electronic contributions. Our measurements show that
for both cases of pump onand pump off, the signals for perpen-
dicular probe polarizations were about 1/9 of the signals for
paralle] probe polarizations, indicating that the DFWM sig-
nals originate entirely from the electronic, not the orientation
and thermal, effects.

The DFWM signal with the pump on was measured as
a function of the pump intensity for a ZnTsPc-V-AQ solution
with aconcentration of 1.23 x 1073 M, as shown in Fig. 2. The
signal shows a square pump-intensity dependence as expect-
ed, and shows evidence of saturation at high pump intensities.
Hence it is verified that the enhanced signal is related to the
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Fig. 2. Measured DFWM signal versus pumF laser energy for ZnTsPc-V-AQ
solution with a concentration of 1.23 x 10~ M. The solid line is a square fit
to the signal

population of an electronic excited state because the popula-
tion has a linear dependence on the pump intensity. However,
we cannot yet know whether the enhancement is due to pop-
ulation of the CS state or that of the second excited singlet
state.

In order to verify that the enhancement of the nonlin-
earity arises from the CS state of ZnTsPc-V-AQ, DFWM
signals of the samples with different molar ratios of V-AQ
to ZnTsPc were measured at a fixed ZnTsPc¢ concentration of
3.22 x 1074 M and a pump intensity of 4.5 x 10° W /cm?; the
results are shown in Fig. 3. With an increase in the molar ratio
Cv-AQ/Czatspe, the signal decreases at first and then increas-
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Fig. 3. DFWM signal versus the molar ratio of V-AQ to ZnTsPc measured
at a fixed ZnTsPc concentration of 3.22 x 107* M and a pump intensity of
4.5 x 105 W /em?




es. It also shows evidence of saturation for ratios larger than 2,
indicating that the ZnTsPc molecules are almost all assembled
at this ratio. In the absence of V-AQ or ZnTsPc, no obvious
enhancement of the signals from both samples was observed.
When the pump beam was turned off, the signal remained al-
most constant for different ratios. These results imply that the
enhancement of the DFWM signal from ZnTsPc-V-AQ is due
predominately to population of the CS state produced by the
pump beam, not population of the second excited singlet state
of ZnTsPc. In add1t1on the data in Fig. 3 show that the CS-

state susceptibility lcs of ZnTsPc-V-AQ has an opposite sign
to that of the sum of the susceptibilities of the solvent and the
ground state of ZnTsPc, because a dip appears on the curve
at the beginning. The third-order NLO susceptlblhty 23 of
ZnTsPc-V-AQ was determined in comparison with the meas-
urements on a reference sample of CS; [11]. Accordingto the
above analysis, the electron-transfer process induced by the
pump beam can be approximately treated as a two-level sys-
tem, and the third-order NLO susceptibility with a pump beam
can be written as

X @ _Isolvem+F(M€7K+NCS}’CS), (1)

where 7). is the third-order NLO susceptibility of the sol-
vent, F is the local field factor, 8 and YCS are the molecular
hyperpolarizabilities of the ground state and the CS state,
respectively, and N, and Ncs are the number densities of
the ground state and the CS state, respectively. The ¥8 for
ZnTsPc-V-AQ was obtained from the measured values of )(g)
for several different concentration samples.

In order to determine ¥S the macroscopic ‘% as a func-
tion of concentration was measured. As an example, the value

of Ij(cm versus the concentration of the ZnTsPc-V-AQ solution
measured at a pump intensity of 4.5 x 10® W /cm? is shown in
Fig. 4. From (1), we know that the linear dependence of the

,(SJG on the concentration indicates that the pump pulse has
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Table 1. Molecular hyperpolarizability ¥y (—@: @, @, —@) of ZnTsPe-V-AQ

<}’:’u.v> <}/€fu> <7$\\‘> (: \\'S\'t>

237x 103 esu 246 x 1070 esu  7.06 x 107 esu

7.02x 107 esu

saturated the population of the CS state. Therefore, the lin-
ear dependence shown in Fig. 4 means that the measurement
was performed at a satumtlon pump intensity. Then a linear
fit can yxeld the value of yLm The value of y_‘.wx was also
obtained in a similar way. Table | gives the molecular hy-
perpolarizabilities of the ground state and the CS state for
parallel and perpendicular polarizations. Here we used the as-
sumption Ny = Ncs = Ny /2 (Ny is the total number density),
which is valid at the saturation pump intensity because the life-
time [7] of the CS state of supra-molecules with porphyrin or
phthyalocyanine is usually much shorter than the laser pulse
w1dth of 8 ns. In addition, the ground-state hyperpolarizabil-
ity, 7%, of ZnTsPc was determined to be 3.23 x 107! esu.
From Table 1, one can seen that the CS-state hyperpolarizabil-
ities of ZnTsPc-V-AQ ware an order of magnitude larger than
those of the ground state of ZnTsPc-V-AQ and the ground
state of ZnTsPc.

3 Conclusion

We have observed that the molecular hyperpolarizability of
a supra-molecule ZnTsPc-V-AQ was enhanced by ten times
when the sample was optically pumped. By comparing the
third-order NLO susceptibilities of assembled molecules with
that of unassembled molecules, and measuring the ratio of the
third-order NLO susceptibilities for parallel and perpendicu-
lar probe polarizations, we conclude that the enhancement
of the third-order NLO susceptibility is due predominant-
ly to population of the CS state with a large electronic
molecular hyperpolarizability. It is verified that an excited
state formed through charge transfer after optical excitation
possesses a large molecular hyperpolarizability.
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Photoinduced Intramolecular Electron Transfer

in an Oblique Zinc Phthalocyanine - Viologen Linked System

Hong Jian TIAN. Qing Fu ZHOU. Hui Jun XU*

Institute of Photographic Chemisiny . Academia Sinica. Betjing 100101

ABSTRACT: The spectroscopic properties and photoinduced electron transfer process have been
studied in zinc phthalocyvanine - viologen svstem with bisphenol A (ZnPcAV="). It was found that
the excited singlet state of  zinc phthalocyanine moiety is quenched and the fluorescence lifetime is
reduced by the linked viologen. Nanosecond laser photolysis studies showed that intramolecular
quenching of the excited triplet state of zinc phthalocvanine moiety by the attached viologen

occurred giving reduced  viologen radical ion (V™) that survived over 50 ps.

The X-ray structure of the reaction center (RC) of photosynthetic bacterium in 1984' has
initiated intense research in the design and syntheses of artificial synthetic model, to mimic the
primary photoinduced processes in the RC. Particulariy interesting is the question related to the
influence of mutual orientation of the chromophores on the photoinduced electron transfer and
charge separation processes™. Recently, oblique bisporph_vfins with 1.10-phenanthroline spacer
group analogy with the mutual arrangements of various chromophores found in the RC have been
~ synthesized to demonstrate the rapid photoinduced processes resemble the natural photosynthetic
systems’. Previously, we synthesized a series of zinc phthalocyanine-viologen compounds covalently
linked by a flexible alkoxy chain to study the effect of chain length on photoinduced electron transfer
processes °. In this letter, we report the investigation of photoinduced intramolecular electron transfer
process in an oblique zinc phthalocyanine-viologen system using bisphenol A as the spacer in
attempting to understand the effect of mutual orientation of the donor-acceptor on the photoinduced
process.

The structure of viologen-linked zinc phthalocyanine (ZnPcAV™") are shown in Fig.1. The
synthesis of the compound will be reported elsewhere.

The absorption spectrum of ZnPcAV** and zinc phthalocyanine(ZnPcA) are similar. They

showed very strong Q bands (681nm) with associated vibrational overtime(614nm) and strong B

109



932

bands(333nm). characteristic of the spectra of metal phthalocyanine. The parameters of electronic
absorption spectra of  the two compounds are given in Table 1. The results indicated the absence of

any ground - state electronic interaction between the phthalocyanine moiety and the attached

viologen.

OQI(CHY):

.’—_:\‘

N/ Cliy cH

NFN SN //\‘
AR /\,/\’—0 /
‘ N-Zn N =
’\\"'j’f\\', h Pt
{CH31CHO N NN R

7

: 5

N

OCHCH;)

) 25 -/ 4 =+ _
ZnPeAN™ R=(CH,);—N N /N—(CH,),CH,-ZBr

ZnPcA R=(CH))3ClI3

_ Figure 1. The structure of ZnPcAV*" and ZnPcA

Table 1. Parameter of absorption of ZnPcAV*" and ZnPcA in DMF

Compound Ama/NM (log)e
ZnPcAV* 681(5.27) 614(4.62)  355(4.96)
ZnPcA 681(5.30) 614(4.64) 355(4.97)

The fluorescence spectra of viologen-linked zinc phthalocyanine(ZnPcAV?") and zinc
phthalocyanine (ZnPcA) are shown in Fig.2. Although the shapes of the fluorescence spectra of these
compound are almost the same, the fluorescence intensity of phthalocyanine are strongly affected by
the viologen. In these experiments the concentration of the sample solution was adjusted is order to
keep the absorbance at excited wavelength (605nm) .consta'nt for all sample solutions. The relative
fluorescence intensity of ZnPcAV*" is much lower compared with that a ZnPcA indicating that the

photoexcited singlet state of phthalocyanine is quenched by the bonded viologen in ZnPcAV*. It
| indicates that upon excitation the fluorescence of zinc phthalocyanine is appreciably quenched by the
attached viologen. The total fluorescence quenching efficiency is estimated according to the

following equation:
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®, = (1 -0/ (1)
Here. @, and ®°; are relative fluorescence quantum yields of ZnPc in ZnPcAV?* and ZnPcA
respectively.

The fluorescence lifetimes of ZnPc moiety in ZnPcAV™" and ZnPcA are listed in Table 2. The
lifetime of ZnPc in ZnPcAV™ is shorter than that of ZnPcin ZnPcA. The fluorescence quenching
efficiency  can also be found from fluorescence life-time according to equation(2):

Op=(1 - 1/1%) 2
Here, 1 and t° is the fluorescence lifetimes of ZnPcAV™* and ZnPcA respectively.

b

gy

relative intensity

-
-
-

- -

i . 4&_ .
é60 700 740 780(nm)

Fig.2 Flugrescence spectra of ZnPcAV?* ( == )and ZnPcA( - - -) in DMF (Aex=615nm)

Table 2. Photophysical properties of phthalocyanine linked viologen compound (ZnPcAV?")

and phthalocyanine (ZnPcA) in DMF solution

Compound D, e (ns) D, @, k. (x 107)
ZnPcA 0.32 3.2
ZnPcAV* 0.18 2.7 0.56 0.16 5.8

It is indicated that the fluorescence quenching efficiency from fluorescence quantum yield
measurements are more than three-fold larger than those calculated from fluorescence life-time
determinations. The observed difference in Q values is suggested to come from static quenching’.
The quenching efficiency calculated from lifetime measurements is dynamic in nature responsible for
electron transfer.

Intramolecular electron transfer rate constant(k,) was calculated by the equation (3). The result

is also included in Table 2.
ko= 1/1-1/7° . 3)

The transient absorption spectra of ZnPcAV?* are shown in Figure 4. The broad transient

‘absorption band in 440nm-600nm region is assigned to the excited triplet state of ZnPcA moiety. A
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new absorption peak at 410nm which is observed in 3-20ps after excitation is attributed to the
reduced viologen radical (V*)". The triplet state decayed and mostly disappeared in 20us after laser
excitation. however, the absorption duc to V™ still remained observable in 50us after excitation.

hu

ZnPcAV™ > 1ZnPc*AVS > ZnPcA*V™ > ZnPcA'V™ (4)

100ns
s . SUs
10ps
20us
50 us

AA

A

2 1 i e )
400 450 500 550 600 650(nm)

Fig.> Transient absorption spectra observed on pulsed laser
excitation of ZnPcAV®* at 355nm in DMF
It is conceivable that there may be some extent of charge separation from an excited singlet state
reaction, but our experimental limitation precluded its observation. It is noted that in this ZnPcAV*
system the V™ survived over 50us duration which is shorter than that in the ZnPcC,V*" system( ~
100us )°. It is believed that the distance between the ZnPc moiety and V¥ linked to bisphenol A is
very close to each other compared with that linked by a flexible alkoxy chain. A greater proximity
between the two components involyed in the electron transfer process in ZnPcAV? that enhances the

* reverse electron transfer and charge recombination.
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Fig.1 Electronic absorption spectra Fig.2 Electronic absorption spectra
of TTP, H,Pc 1:1 mixture(1) of TTP, H,Pc 1:1 mixture(1)
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Fig.3 The fluorescence spectra of TTP and
Pr-Pc in benzene or DMF
1) Pr-Pc in benzene; 2} Pr-Pc in DMF; 3)
TTP in benzene; 4) TTP in DMF
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{535, Ti7E DMF &, HEMRNES, RIIKRAFFELENAYELE. BREREE Sear
WA I TFAR () 8. R £ M Fa SFBIRMA SR 00 TS ERMEZERZOE
WER. Op, O DHRAKMBHRUFIHETE, m BREZENEBERNKICH 6.
5 oo BEEBRBUGKBTE P/ 0
SRR R T3 Fa/ @A+ Ip/®p
RER Q) . (3) TRHHE AR RE RK AR R by MBREE 2.
kq=15"(p/%pa — 1) (2)
#= ©)
Ko, Spa RTEHTREKMIOERT R, HAFBEEA TR 2 4. B BEET
DIE W, ZERPEEBESERERHE Sour BB KEE ¢, /b 10% EA, RAEFRE
SMEREETER FENEMENR, ENESBEREAYENREE. WR 2 PHBERER
DLE W, AR SR SR R REBAMEW. £ DMF &, BEMESHREEERE
REERR, Feor AN 6%, T 2 K 70.5% , RRUESFREEWHYTRLRE £ SHAL
RAVAS TRERIMHABRF 2B RETHTFRBRLN.

/
B 4 Pr-Pc & DMF ¥

Fig.4 The calculated conformation

of Pr-Pc in DMF
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Table 1 The photophysical constants of related compounds

compounds solvent fluorescence  spectra absorption spectra
¢ (R) T /ns A/nm(el/mol-cm™")

TTP benzene 0.15 L7 420(4.4 % 10%); 516(3.4x107)
DMF 0.14 1.7 420(4.2x 10°); 516(2.2x 10")

H,Pc benzene 0.6 6.8° 706(9.7 x10"); 670(8.1x10")
611(3.06x 107); 607(1.99x10")

DMF 0.55 6.0° 706(6.2x10%); 673(5.8x10")

644(2.2x10%); 612(1.5x 10%)

Pr-Pc benzene 0.41{0.022%) 6.0° 702(6.0x10%); 669(4.5x 10")
515(3.22x 10%); 420(3.0x 10%)

DMF 0.064(0.032¢) 2.2° 703(4.48 x 10*); 515(2.02x 10)

420(2.5x 10°)
a) Excited wavelength (Agx )515nm; Emission wavelength{Agm ) 660nm

)
b) Excited wavelength (Agx)615nm; Emission wavelength(Aga) 710nm
c) Excited wavelength (Apx )515nm; Emission wavelength (Agnm) 710nm

d) The quantum yield of porphyrin of the heterodimer

2.3 ABFEFEBREITIR
AR I ROR BRY 4 AL R R O TT AT B 1 e i TR % SOV 89 B e RRAE L AV,
BIEIHE, MR TFA, BEEFE AR TREE ACO=-012eV0) ZBRAZAVFMIIY. &
fiTeh 615nm MFHAE =058, WEEEM DMF PRBFTHRUIECH 60, BERIWLN
(1) # (5) TTAH HB BB Ok B4 i FRBEEF Y ber IR FRBHE oo S0P 7
AT SRR R R A, ) AREHALS YR RO HF . SRVITER 3+
& 2 ZRMSHPHRESEMESK

Table 2 The energy transfer constants of the heterodimer

solvent . J*/mol™.cm™' R3/A Spar{%) $, (%) . kq(x10%)
benzene 1.6x107"% 58.2 75 §0.9 1.97
DM 1.13x107'? 52.3 6 70.5 2.8
a. Data from reference [3a]
kET‘:_l/Tf—I/TF (4)
Ppr = ker/(ker + 1/7) (5)
E I3 v B FRBWEEN
Table 3 The photoinduced electron transfer constants of the heterodimer
compound solvent T8 /ns Se1(%) kgr /s~
H2Pc benzene 6.8 - -
DMTF 6.0 - -
Pr-Pc benzene 6.0 11 1.9% 107
DMF 2.1 69.8 3.3x10°

a) Excited wavelength (Agx ) 615nm, Emission wavelength (Aem )710nm

M ERPIETUE Y, £ DMF H%ESE TFEBHESX 69.8%, JLBA7E DMF YREF#H
BEEREYENE HEMBRESEES. ARSEMBRIILIETS R LU B mkikes BY
EBEN TSR FERREEL, THETHIFS. RITANX RIREE A BN R E RN
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URERFE DMF HR2 AR B AR EBEUMAMER TR, RITH CPK 4 FERIMHLEWIEIT TH
1, 2R AR BT EA B AT T X AR (B 4 BE7R), B3R 0E PO BB R 3,56\
XFHR S, NRHBKT 2 E PR AR AN S, ERAESHITRRRTFEERY, X
TR T B RO 8B SRR Z 5B SR, HRE 2 HIE 3 HH Sear, er
M e ZMEIREMMUEE,  Spnr M Spr MNESET &, XF—KHEHAZ D, 0be
BIFOEH R EERAAFESHE FEBAYE ST SRR -

& F XK
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The Photophysical Process of A New Kind of Porohyrin-Phthalocyanine Heterodimer
1.1 Xiyou Tian Hongjian Zhou Qingfu Xu Huijun
(Institute of Potographic Chemistry, Academia Sinica., Beljing 100101)

Abstract Intramolecular energy-transfer and electron-transfer of porphyrin-phthalocyanine het-
erodimer, linked by piperazine, were investigated by absorption and fluorescence spectroscopy.
The efficiency of energy transfer(Pr,r) and electron transfer (@gt) were calculated. The resulis
indicate that: In benzene, the main photophysical process is excited singlet-singlet energy trans-
fer, while in DMF photoinduced electron transfer predominant . The &gt of this heterodimer in
DMF is bigger than that of porphyrin-phthalocyanine heterodimers linked by oxyg’en ‘or flexible
chains. This may be ascribed to the “boat-form” conformation of piperazine, According to the
CPK molecular model, porphyrin and phthalocyanine are held together in a face to face way, and
the center to center distance between two macrorings is about 3.56A. Tt is suggested that confor-
mational changes from “chair form” to “boat form” occurred subseduent 1o optical excitation in

DMF,

Keywords: Piperazine, Heterodimer, Intramolecular energy transfer, Phctoinduced electron

transfer
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