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Abstract 

"llle photovoltaic properties and charge transfer process of the tailed porphyrin-Mn(lll) complex, meso.mono.lo-(4.diethylamino)o 
butyramidophenyl ! triphenyl porphyt'in-Mn { Iii ) ( MDBPTPPMn( III )CI), were investigated by surface photovoltage spectroscopy (SPS) 
and electric-field.induced surface photovoltage spectroscopy (EFISPS) techniques. The absorption spectra in the near-UV and near-iR regions 
were also assigned. 
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1. Introduction 

There is increasing interest among chemists and physicists 
in metalloporphyrins, because of the unique nature of the 
coordination chemistry of these materials, their optical char- 
acteristics, electron transfer processes and structures which 
can be used as biological models [ 1,21. Manganese(III) por- 
phyrina and iron(IV) porphyrins are isoelectronic; the latter 
is an important intermediate of haemoglobins during catalytic 
processes. A thorough understanding of Mn porphyrins 
would be useful in evaluating the closely related and biolog- 
ically important Fe system and to obtain a general understand- 
ing of metalloporphyrin spectra and structures. Although 
investigations of porphyrin complexes have been performed 
[ 3,41, due to their unusual electronic structure, Mn (III) por- 
phyrins show abnormal absorption bands in the near-IR and 
near-UV regions in addition to Soret and Q bands, and these 
bands have yet to be fully identified. It is very important to 
interpret these bands in order to understand the photocatalysis 
mechanism and charge transfer processes of porphyrins. Bou- 
cher [ 5 ] has emphasized their importance in his authoritative 
review. In this paper, we report our research on the photo- 
voltaic properties and photoconductive behaviour of meso- 
mono- [ o - ( 4 - diethylamino) butyramidophenyl ] tri phenyl 
porphyrin-Mn ( III ) (MDBPTPPMn (III) CI ) using surface 
photovoltage spectroscopy (SPS) and electric-field-induced 
surface photovoltage spectroscopy (EFISPS) and give a new 
assignment for the near-UV and near-IR bands. 
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2. Experimental details 

2.1. Preparation and characterization of samples 

The synthetic method and characterization of 
MDBPTPPMn(III)CI (Fig. i) have been reported in Ref. 
[ 6]. The UV-visible absorption spectra of the samples were 
recorded on a Shimadzu-3100 spectrometer. 

2.2. SPS and EFISPS 

The surface photovoltage (SPV) was measured with a 
home-built apparatus described in Ref. [7]. The electrode 
was made of optical glass coated with indium and tin oxides 
(ITO). The photovoltage cells consisted of an ITO/sam- 
pie (solid) /ITO sandwich structure. Sample thicknesses were 
about 10 #m. All experiments were carried out at room tem- 
perature (approximately 20 °C). The effects of the light 
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Fig, I. Structure of MDBVI'PPMn(III)CI. 
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source and ITO film were co~rected by computer program- 
ming. 

EFISPS is a technique which combines the field effect 
principle with SPS. With a d.c. electric field applied to the 
two sides of the sample, the mobile direction and diffusive 
distance of photogenerated charge carriers can be varied, and 
the buiR-in field of the sample surface also changes. Therefore 
the electric field affects the SPV response of the sample in 
two ways: ( ! ) in the dark, the directional motion of the free 
charge carriers and partially tied charges alters the charge 
density in the space-charge region and the electronic state of 
the atoms or molecules on the surface, and affects the absorp- 
tion of the sample; (2) on illumination, the direction (posi- 
tive or negative electric field) and intensity of the external 
electric lield control the mobile direction of the photogener. 
ated electrons and holes and the diffusion length of the charge 
caniers, pn~tucing a partial imbalance of charge. These two 
factors directly affect the response intensity of SPS and the 
photovoltaic characteristics. An external electric field affects 
free and localized photogenerated charge carriers in different 
ways. Thus, with the aid of EFISPS, the photoinduced charge 
transfer process can be detected clearly, and the spectral char- 
acteristics can be interpreted. 

3. Results and discussion 

3. !. Characteristics of  UV-visible absorption 

Mn(!!l) porphyrins show a striking exception to normal 
metailoporphyrin spectra, such as Fe(lll) porphyrins, which 
is probably related to the strong interaction of the metal d 
orbital with the porphyrin w orbital. For the Mn(lll) ion of 
D,t, symmetry, the e~(d~,d~..) orbital is of appropriate sym. 
merry to interact with the e~*(at) orbital of the porphyrin. 
The most favourable geometry for metaHigand w overlap 
occurs when the metal is in the plane of the porphyrin. Since 
Mn(lll) has a high.spin d 't configuration, the four lowest 
et~rgy d orbitals are singly occupied and the strongly anti- 
bonding bt~(d,=~:.>~) orbital remains empty. The energy of the 
at,(d:~) metal level will depend on the axial anion, whereas 
the b,.~fd~>.) level is non-bonding. Not only is the vr-~ w* 
spectrum altered, but a number of charge transfer bands are 
o b s e ~  in the s ~ t r u m  because of the metal-porphyrin :r 
mixing |5} ,  

The UV-visible absorption spectrum (full line) and SPV 
response (broken line) of MDBPTPPMn(IIi)CI are given in 
Fig. 2. The absorptiun is typical of Mn(lll) porphyrins, i.e. 
consistent with the absorption spectrum of the five-coordinate 
MnTPPCl complex [3], indicating that the Mn(lll) ion 
enters into the porphyrin ring and the tailed nitrilc base does 
not coordinate with the central Mn(lll) ion. Bouchcr [5 ! has 
a.~igncd some of the Mn(lll) porphyrin absorption bands: 
band I, between 550 and 620 rim, is the Q band corresponding 
to tim a~(w) ..-¢%*(w) transition, while band It at 460 nm 
is the Sorct band which is an ah~(ar) --'¢e~*(~) transition. 
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Fig. 2, UV~visibl¢ absorption spccltllill (full line) and SPV rt~spollSe (bro- 
ken line) of MDBPTPPMn( III)CI, 

The broad absorption band in the 300~,50 nm region was 
not given a definite assignment. 

3.2. Measuremem of SPS 

Mn(lll) porphyrins, as conjugated ,r systems, have obvi- 
ous organic semiconducting characteristics. The bonding 11" 
orbital is analogous to the valence band and the antibonding 
¢r orbital to the conduction band. Photogenerated charge car- 
riots in the ¢r system are non-h~alizcd; their motion is free 
within the energy band of the ~ system. Photogcncratcd holes 
move in the valcncc band, and photogcncrated electrons in 
the conduction band. For this kind of systcm, the band to 
band transition is characterized as a w--o w* transition exhib- 
iting chiefly Sorer and Q bands. The broken line in Fig. 2 
shows the photovoltagc responsc of MDB PTPPM n ( l ! l ) C! i n 
the 300~520 nm region; thc Sorct band manifests a strong 
positive photovoltagc response, while the Q band does not 
show an SPV response. 

The signal detected by SPS is equivalent to the change in 
the surface potential barrier on illumination: 6it= V', - V~ °. 
V'., and V~ ~ are the surface potcntial heights before and after 
illumination respectively. As far as band to band transitions 
an ~ concerned, a positive responsc of SPV (/~V> 0) means 
that the sample is characterized as a p-type semiconductor, 
whereas a negative response means that the samplc is an 
n-type semiconductor. The photoinduccd chargc transfer, 
electron-hole separation and change of V, in p-type 
MDBPTPPMn(IIi)CI arc shown in Fig. 3. E,., E,, and Ef arc 
the minimum energy of the conduction band, the maximum 
energy of the valcnc¢ band and thc Fcrmi cncrgy Icvcl respec- 
tively. E,~ is the occupied orbital (a) or cmpty orbital (b), 
and Es is the forbidden bandwidth. Fig. 3(a) illustrates the 
charge transfer process with positive SPV response. Band to 
band transitions occur when h v >t E~:; clcctrons arc excited to 
the conduction band. while holcs arc left in thc valcncc band. 
Under the action of the built-in ficld, holes in the valence 
band move towards thc bulk, while electrons in the conduc- 
tion band diffuse to the surface, resulting in a net positive 
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Fig, 3, Photoexcilation and photogenerated charge transfer processes in 
MDBPTPPMn(lll)CI: (a) response of SPV is positive; (b) response of 
SPV is negative, 

charge in the space-charge regio,i; band bending decreases 
and ,~JV, is positive, Comparing the two curves in Fig, 2, it 
can be seen that the broad absorption in the 31)0-450 nm 
regiun is divided into positive (Pul.) and negative (Pw.) 
photovoltage response bands, Boucller 151 deduced that 
band I!I could be attributed 1o mixing transitions of 
a,,(lr),a~,('n')--*%*(~r) and a~,,(Tr),b2,(~r) ~%(d~r);  
however, he did not identify this mixing transition and did 
not explain the positions corresponding to the two kinds of 
transition. The SPV result indicates that absorption band III 
is not due to mixing transitions; it should be assigned to two 
kinds of transition with independent and different mecha- 
nisms. The photovoltage response of Pro, is similar to that of 
Pu' which can be attributed to a ~'-~ ~r* transition. In view 
of its higher excitation energy, P,,, should be an a~,(rr) or 
b .%(~)~%*(~ ' )  transition, while Pw, is negative and 
involves a more complex process. According to the principles 
of SPS, a negative SPV response of p-type materials indicates 
that photoinduced transitions result in a net negative charge 
increase in the space-charge region or positive charge accu- 
mulation at the surface. The result can be attributed to the 
processes shown in Fig. 3(b). Since the E,, energy levels are 
localized, 11" electrons photoexcited to the empty orbitals of 
the metal (E,,) in porphyrins are tightly bound, while holes 
in the valence band are non-localized. Different diffusion 
velocities and directions of electrons and holes result in an 
increase in negative charge in the space-charge region. This 
is the so-called Dember effect 181. From the point of view 
of energetics, this transition can be assigned to a2,,(Tr) or 
at,(11") .-* b,~(d,=...~.2) which is called a ligand to metal charge 
transfer (LMCT) transition. 

Generally, the Sorer bands and Q bands of porphyrins and 
phthalocyanines show strong photovoltage or photovoltaic 
current, but the Q bands of Mn(llI) porphyrins do not exhibit 
a photovoltage response and show abnormal characteristics. 
A very rapid decay of the absorption in the 500-600 nm 
region following photocxcitation has been observed 19--I I l, 
with lifetimes of 17 ps for Mn(III)TPPCI and 55 ps for 
Mn(lll)mesoP(CI). 'lhe SPV spectrum is a type of action 
spectrum, its signal intensity being directly proportional to 
the optical absorption and lifetime of an excited state. Usu- 
ally, when the lifetime ofan excited state "ris more than 10-9 

s, obvious photovoltage can be observed. This confirms the 
results given in Refs. [9-I  1 ]. 

3.3. Measurement of EFISPS 

The SPV response with different external electric fields is 
given in Fig. 4. The response of P,. increases linearly with 
positive electric fields (see Fig. 4(a)) ,  which demonstrates 
that the external electric field is of the same sign as the built- 
in field, further indicating the p-type characteristics of the 
material. Comparing Figs. 4(a) and 4(b), we find that P,,, 
and Pn, exhibit a "simultaneous response" with a change in 
the positive or negative electric field intensity. The SPV 
response is positive in a positive electric field, but negative 
in a negative electric field. A simultaneous response to the 
electric field indicates that P~,v and P,v can both be assigned 
to ~r,~ ~'* transitions. However, the rate of variation of pro, 
and Pu' with an i,~crease in the positive or negative electric 
field intensity is noticeably different. A large positive increase 
in the SPV response with positive electric lield is observed 
Ibr P,u,, while Pu' exhibits a fast negative increase along the 
negative direction. Because the common upper energy level 
transition in the ~" system is e~*('n'), the difference stems 
from the lower energy levels. This phenomenon shows that 
the lower energy levels of these transitions are at different 
depths from the valence band, indicating different photoge- 
nerated hole diffusion lengths. It can also be seen in Fi~. 4 (a) 
that the response of the Q band is induced in a positive electric 
field. Consistent with the Sorer band, this is due to the fact 
that the external electric field reduces the recombination ,'ate 
of photogenerated charges and prolongs the lifetime of the 
excited state. Moreover, it can also be seen in Fig. 4 that P~v' 
almost disappears with increasing positive electric field and 
increases by an order of magnitude in a negative lield. With 
a positive electric field, the holes in the valence band diffuse 
towards the bulk, which increases the probability of recom- 
bination with localized electrons, resulting in a decrease in 
the SPV response. With a negative field, holes in the valence 
band are drawn to the surface, which reduces the recombi- 
nation rate of photogenerated electron-hole pairs, leading to 
negative charge in the space-charge region. This result con- 
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firms that P~, corresponds to an LMCT transition. In addi- 
tion, a new photovoltage response band appears in the 800- 
1000 nm region, which may belong to another type of tran- 
sition (see below). 

3.4. Photovoltage response in near-iR region 

MDBPTPPMn(III)C! shows two weak absorption bands 
at 810 and 930 nm in the near-IR region. These bands are 
characteristic of Mn(III) porphyrins. The origin of these 
ben~ has been disputed for some time. Baker and Peruma- 
reddi [ 12] attributed these bands to did transitions of Mn ~ + 
ions, while Boucher [ I I ] assigned them to transitions from 
the ~r orbitals of the porphyrin to the d orbital of the metal: 
at,,a:.~es(d~r), However, the results of SIS in different 
electric fields suggest a different mechanism. The SPV 
response in the near.IR region is shown in Fig, 5. The pho- 
mvoltage response at 810 nm (P,) and 930 nm (P:) is called 
P.. Although the intensities of P~ and P2 are different, their 
responses to the external electric field are similar. This indi- 
cates that these transitions are identical. P~r is positive without 
an external electric field, increases with a positive external 
electric field and decreases with a negative external electric 
field. Comparing Figs. 5 and 4, it is found that the SPV 
response in the near-IR region is not only different from Pw 
and Pro', which show symmetrical reversal with positive or 
negative fie',ds, but also different from P:v, which exhibits a 
negative value. This indicates that PJr cannot be attributed to 
~r~ or* transitions or LMCT transitions. We can illustrate 
the photovoltaic process of Pt~ using Fig. 3(a). E,,, may be 
d:,  d~ and d~,, After illumination (by > E¢ - E,.), the elec. 
Irons in these energy levels are excited to the conduction band 
(¢r*) and localized positive charges are produced on Era. Due 
to the l~mber effect and the influence of the built-in field, 
electrons in the conduction band diffuse to the surface, result. 
ing in excess positive charge in the space-charge region and 
a positive SPV respond, With a positive electric field, the 
built-in field is enhanced, increasing the diffusion length of 
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Fig. 5. SPY eesp~se of  MDBPTIPPMn(Il i )CI in the near-lR region, 
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electrons in the conduction band, more electrons reach the 
surface and the response of Plr increases. With a negative 
electric field, electrons in the conduction band move towards 
the bulk, partly neutralizing the positive charge on Era, and 
therefore the SPV response decreases. Results of EFISPS and 
photovoltaic experiments indicate that P,r can be attributed to 
a transition from the d orbital of the Mn(IIl) ion to the or* 
orbital of the porphyrin. The transition is therefore a metal to 
ligand charge transfer (MLCT) transition. Energetically, 
peak P: corresponds to a d :  -~ %* (¢r) transition, while peak 
P: corresponds to a dx..d,~. -~ %*(¢r) transition. According to 
the above interpretation, the charge transfer processes and 
absorption bands of MDBPTPPMn(III)CI are illustrated in 
Fig. 6. 

4. Conclusions 

Studies on the surface photovoltaic properties of the tailed 
porphyrin-Mn(Ill) complex MDBPTPPMn(III)CI have 
provided new evidence for interpreting the electronic struc- 
ture oftbe porphydn as an organic semiconductor. The charge 
carriers in the porphyrin and their mobilities were also char- 
acterized with the help of EFISPS. 
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