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Abstract 

Electron transfer photosensitized by a tin lipoporphyrin [Sn(IV) octakis((methoxycarb~,nyl)-methyl)-meso-tetrakis- 
( (( : icosanyloxy)carbonyl)  phenyl )-porphyrin (SnLipol r: ) I is investigated under various solution conditions using a donor-SnLipoP--meth- 
ylvi~logen ( MV 2 + ) ternary system, where the donor is trivthanolamine (TEA) or ethylenediaminetetraacetic acid (EDTA). The photoreaction 
of SnLipoP is compared with the photoreactions sensitized by common Sn porphyrins like tin protoporphyrin IX (SnPP) and octaethylpor- 
phydn (SnOEP). A constanl pholoreaction rate is obserccd in a water/organic solvent (hexane, benzene) two-phase system in which the 
porphyrin ( SnLipoP, SnOEP) is in the organic solvent aad MV 2' is in the aqueous phase. The rate is monitored by the change in the UV- 
visi:~le absorption spectra produced by' aqueous n/ethyl',iologen radical M V " .  In contrast with the t,a,o-phase system, macroscopically 
homogeneous solutions ( aqueous SnPP and micellar sOlUliOns of SnLipoP. SnPP and SnOEP) give pseudoqogarithmic rates. These electron- 
tran,fer processes are completely consislenl with redu~tixe prmmry electron mmsfer to the tin porphyrin and optical shielding effects. 
Difl crences in the rates for Snl,ipoP and the other Sn po~phyrins are explained by structural differences in lhe porphyrins. In particular, the 
stru.:ture of the porphyrin influences the phase in which th,: porphyrin resides, its location relative to interfacia[ regions, and the way it inleracls 
witl  itself and other system componelw,. ,~) 1998 El,crier Science S..\. 

Kev~ords." Electron transfer: Tin lipoporphyrin. Triethanolalnm, : I~lhyleiledianfinetelraacetic acid 

1. Introduct ion 

1here  is a last ing interest in photo induced redox ~eactions 
of lh ree-component  systems that contain a photoscnsi t izer ,  
an ;,'lectron donor,  and an electron acceptor  [ l-lb~ ], espe- 
cial ly those in which a meta l loporphyr in  acts as the photo-  
sen:dtizer. Depending on the redox potential  of  the exci ted 
mela l loporphyr in ,  the pr imary  process m the ternary system 
can be oxidat ive  ( e.g., zinc porphyr ins  [ 15,18 ] ) or reduct ive 
(e.{.,  tin porphyr ins  [ 13,14.16,19 ] ). These ternary systems 
have been extens ively  studied in aqueous solution [13,20] 
and organized media,  such as micel les  [21-251 .  vesicles 
[ 18,26,27 ], and microemuls ions  ] 1(),28-33 ]. In sovw cases,  
the) provide  useful models  of  b iological  t r ansmembranee lec -  
trot, transfer, and they are interest ing from the s landpoint  of  
s o k r  energy convers ion and storage. 
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Here, we invest igate  ternary phot{wedox sys tems for a new 
lype of  photosensi t iz ing meta l loporphyr in ,  one that can be 
incorporated into organized  supramolecula r  assembl ies  such 
as membranes ,  mice l la r  systerns, and thin films [ 341. [.lsing 
molecular  s imulat ions,  we des igned and subsequent ly  syn- 
thesized a l ipoporphyrin  with a polar  porphyrin  head group 
and four nonpolar  tails [35] .  The structure of the tin deriva-  
tive of the l ipoporphyrin ,  octakis(  ( m e t b o x y c a r b o n y l ) -  
methyl )-me.so-teirakis( ( ( eicosanyh~xy ) -carbonyl  ).. 
pheny l ) -porphyr in  ( L i p o P ) ,  is shown in Pig. l a. Sn l , ipoP 

has the folh)wing desired propert ies:  ,: 1 ) solvent accessibi l i ty  
{~1 the porphyrin  head groups at the surface of  aque{}us 
micel les  and Langmui r -B lodge t t  { l_.t:l ~ films, (2} the lack of  
aggregat ion of individual  l ipoporphyr in  molecules ,  and (3)  
photochemical  activity.  The firsl trot} of  these pr{}perties were 
examined  in previous  works  135.301. Here. we report  the 
photochemical  propert ies  of  the tin der ivat ive of LipoP. It is 
expected that SnLipoP  will haxe al tered photochemical  
behavior  compared  with comnloTi Sn porphyrins.  This  is 
partly hecause of  its unique structure in which the porphyrin  
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Fig. 1. Molecular structures of tin octakis(( methoxycarbonyl)-methyl)-  
meso-tetrakis ( ( ( eicosanyloxy ) carbonyl ) phen yl ) -porphyrin, S nLipoP ( a ), 
tin protoporphyrin, SnPP (b),  and tin octaethylporphyrin, SnOEP ( c )  

moiety provides the polar head of the lipid, and partly because 
of the strong nonplanar distortion of the porphyrin [ 37]. 

Photoreaction rates for production of reduced methyl viol  
ogen are measured for SnLipoP in micelles and in a water/ 
hexane two-phase system. For comparison under the same 
conditions, electron-transfer reactions photo:~en sitized by two 
other porphyrins (shown in Fig. 1 ) are also studied in water, 
micelles, and in the water/organic solvent two-phase systen~. 
Tin protoporphyrin IX (SnPP) is water-~oluble, and tin 
octaethylporphyrin (SnOEP) is water-insc, h,ble. Thus, the 
two porphyrins reside within different phases in the two- 
phase system and at different locations in the micelles. The 
effect of surfactant charge on the electron-transfer process is 
also investigated by using calionic and anionic surfactants, 
cetyltrimethylammonium bromide ICTAB) and sodium 
dodecyl sulfate (SDS), respectively. Methylviologen 
(MV 2-)  is the electron acceptor, providing a blue color in 
its reduced form (MV "+) that is easily monitored by UV- 
visible absorption spectroscopy. Ethylenediaminetetraacetic 
acid (EDTA) and triethanolamine (TEA) are charged and 
neutral, respectively. The solubilities of these donors in water, 
benzene, and hexane are well known, allowing their respec- 
tive locations in various phases of the photochemical systems 
to be predicted. The differences in photomactivity of the 
porphyrins can be explained in terms of the differences in 
porphyrin structure, optical-shielding effetts, the distribu- 
tions of the porphyrin and other components among the 
phases, and the effects of surfactant charge. 

2. Experimental details 

2. 1. MateriaL~" 

The synthesis of SnLipoP was described previously [ 35 ]. 
SnPP and SnOEP were purchased from Porphyrin Products, 
Methylviologen (MV 2+ ), SDS, TEA, CTAB, and the tetra- 
sodium salt of EDTA were purchased from Aldrich and used 
without further purification. 

2.2. Photoreaction rate measurements and UFCvisible 
absorption spectroscol)y 

All the solutions for photoreaction were prepared in low 
light and kept in the clark before reaction. The photoreaction 
solutions tbr donor-porph,,rin-acceptor ternary systems in 
m~celles were prepared by adding known amounts of each 
component into water and st,nicating for several minutes until 
a clear solution was obtained. The photoreaction solutions 
for donor-SnPP-MV 2 system in water were prepared by 
adding weighed amounts of methylviologen and EDTA (or 
TEA ) to a pre-prepared SnPP aqueous solution at pH 12 The 
water/organic solvent two+phase reaction system consisted 
of separated organic solvent and water solutions with the 
aqueous phase at the bottom of the cell. Hexane and benzene 
are used as the organic ~lvent for SnLipoP and SnOEP. 
respectively. The photoreaction was driven by irradiation 
with white light from a 25--W tungsten (Tensor) lamp J'rom 
one direction of a covered limr-window absorption cell. The 
photoreaction was monitored in the direction perpendicular 
to irradiation as illustrated m Fig. 2a and b using a HP8452A 
diode array spectrophoton:eler (Hewlett-Packard). l!pon 
irradiation of the ternary system, MV "+ is rapidly built up in 
the aqueous phase. UV-vlsible absorption spectra of the 
aqueous phase were taken ~t 15-s intervals at the beginning 
of reaction, and at longer inlervals at later times. The concen- 
tration of MV "-+ was calculated from the maximum absorb+ 
ancea t602nm(~6o2= l .0  I(l ~M ~cm ~) [13}.Theinitial 
reaction rate was obtained fl'om the [MV "* ]-time slope 
obtained from the linear leasl-squares fit of the first live exper- 
imental points taken within the first 1.5 rain. 

Fhe behavior of SnPP m aqueous solution and micelles 
((7TAB and SDS) from pH I to 13 was studied by UV- 
visible absorption spectroscopy. The SnPP solution was 
titrated starting at high pH with concentrated HCI. 

2.3. Molecular mechanic.~ 

Molecular energy-optimilation calculations are performed 
using Polygraf software (Molecular Simulations) and a 
hybrid force field based on the Dreiding force field [38]. 
Briefly, the Dreiding force field was modified to include atom 
lypes specific to the porphyrin macrocycle [ 39 ]. Force con- 
stants for the atom types of the macrocycle were obtained 
from normal coordinate analysis of nickel porphyrins [40- 
431. Equilibrium bond distances, bond angles, torsions, and 
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Fig. 2. Illustrations of the irradiation and detecti.m of the photore teflon in a 
macroscopically homogeneous solution ( water and micelles ) (a)  in at two- 

phast, hexane/water  system (b),  and the photoreaction mecha~n,,m in a 
macr ~scopically homogeneous solution ( c I. 

inversions were optimized to reproduce the crystal structure 
of the triclinic B form of NiOEP [44]. The force lield has 
been shown to accurately predict the crystal structure, of both 
planar and nonplanar metalloporphyrins [45-50] ,  especially 
afte: recent improvements [ 51 ]. 

3. Results and discussion 

+ l. 11 v) is higher than that of the e[ectron donors ( EDTA ÷ / 
EDTA, T E A + / T E A ,  +0 .82  v) [11,14,53-55],  the excited 
tin porphyrin accepts an electron from the donor. In addition, 
the redox potential of the tin-porphyrin anion (SnP/SnP-  , 
- 0 . 6 6  V) is lower than that of methylviologen (MY: + / 
MV +, - 0.45 v) ; thus, SnP-  reduces methylviologen. The 
net result of these photoinduced reactions is the transport of 

1.5 

--:- 1.0 i F 

o_. 

g 
. 0  

0.10 

~ - 0.08 

0.06 g -  

~ 0.04 

0.02 

r 

w" 

m 

0.00 . . . . . . . . . . .  
0 200 400 600 

Time (see) 

L 
300 400 500 600 700 800 

Wavelength (r!m) 

Fig. 3. UV-v~sible absorption spectra taken m the water phase a~ different 

times showing the photoreduction of methylviologen ( [MV 2 + ] = 0.020 M) 

to MV" ~ by triethanolamine ( [TEA] = 0.40 M) sensitized by SnLipoP 
i [ SnLipoP} = ~ 10 ~' M in hexane) for the two-phase hexane/water  sys- 
tem. The insert shows the linear dependence of M V ' -  concentration on 
irradiation time. 

3.1. Kinetic analysis 0.5 

Methylviologen cation radical, MV "+, the product of the 
pho~oreaction, is stable under our experimental conditions. 
Fig. 3 shows the change in the UV-visible absorptitm spec- 
trum of the aqueous phase during photoreduction of MV "+ 
sensitized by SnLipoP in the water/hexane two-phase system 
witl, TEA as the donor. The two-phase photoreaction :is illus- 
trated in Fig. 2b. For this two-phase system, a linear relation- 
ship between the MV "+ concentration and irradiation time is 
observed as shown in the inset of Fig. 3. In contrast, for 
macroscopically homogeneous I micellar and aqueot~s ) solu- 
tion, in which the reactants, photosensitizer, and products are 
in tt~e same phase, a pseudo-logarithmic relationship between 
[M'v ;'+ ] and irradiation time is observed. Fig. 4 shmvs this 
relalionship for the E D T A - S n P P - M V  :+ system in aqueous 
solution at pH 12. 

k well-known photoreaction mechanism based on a reduc- 
tive primary electron-transfer process quantitatively explains 
the observed kinetics [52]. Because the redox potential of 
tin porphyrins in the triplet excited state ( S n P " / S n P  - ,  
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Fig. 4. The dependence o f M V "  concentralion on irradiation time (circle,,) 
fi~r photo-reduction of methylviologen ([ \ , IV:- ]  = 5  raM) by EDTA 

( [ E D T A ] = 0 . 2  M) sensitized by SnPP , I S n P P ] = 5 . 8 6  /a,M) in water 
( p H =  12), and the cur,,e-fitting results, !squares) with equation 
[MV "~ ] = a l n (  1 + b t l .  
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an electron from the donor to methylviotogen as illustrated 
in Fig. 2c. The complete reaction scheme is given in Eqs. 
( I ) - ( 6 ) .  This mechanism takes into consideration the 
absorption of light by methylviologen cation radical and the 
deactivation of porphyrin and methylviologen-cat ion-radi-  
cal excited states. 

k I 

P + h u - + P *  (1 

,q,  

P* + EDTA --+ P" + EDTA" ~ ( 2 

k~ 

P" + M V  e + ~ P + M V  "+ (3 

k4 

P * + S ~ P + S  (4 

k5  

MV "~ +hu--+ MV "-~' 15 

k (, 

MV "+ *+S ---, MV "~ + S  (6 

With this reaction scheme, at steady state the rate for MV" 
production is, 

d [ M V  "~ ] 
- K [ P ] I  ...... ~, ( 7 

dt 

since the solvent concentration is constant, as is the electron 
donor concentration, which is in great exces < In Eq. (7) ,  the 
constant 

k I k2[EDTA] 
K =  

k 2 [ E D T A ] + k 4 [ S I  

In the two-phase reaction, the light intensil3 I,,,.,~ absorbed 
by the photosensitizer molecules is constant, and since the 
porphyrin concentration is also constant, integration of EcI. 
(7)  gives, 

[MV" ~ ]=K[Pl l , ,~ t , j t .  i 8) 

Thus, the MV" + concentration increases linearly with irra- 
diation time as shown in Fig. 3. 

For the macroscopically homogeneous sol !,ilion s, however, 
the light intensity 1 seen by porphyrin nn,lccules at / cm 
depends on the absorption of light by both tt,e porphyrin and 
the methylviologen cation radical, since they occupy the same 
phase. This produces a ~hie ld ing  effect of MV" ~ on the 
absorption of light by the porphyrin. Speciiically, the light 
intensity after passing a depth cm is, 

l = l . e  ; ~ ' / I P l e  ~ . , , ~ \ . , , ' I M V ' : I  ( 9 1  

If the photoreaction cell is thin, we can us,e the light inter> 
sity at the half width ( 1 = ½ k ) of the cell as the average inten- 
sity over the cell thickness L. In this case, after the integration 
of Eq. (7)  we get, 

[ M V  "~ l=a ln(l+bt) (1(1) 

where a = l / e M v . + l a n d b = e r , a v . + l K l . [ P ] ~  ~:.,qpl Thus, 
[ MV "~ ] has a pseudo-logarithmic dependence on irradiation 

time. Using Eq. (10) to lit the experimental data shown in 
Fig. 4, the fit to the data i~ almost exact. In summary, the 
mechanism quantitativel 3 explains the differenl observed 
kinetic behaviors for photoreaction of  the ternary systems in 
macmscopical ly homogencous ( micellar and aqueous) solu- 
tions and the water-organic solvent two-phase system. 

When t = 0. the initial reaclion rate is, 

d t  = g / . I P l e  .. ,,,'1Pt ( 1 1 1  
(I 

Fig. 5 shows the dependence of initial photoreaction rate on 
porphyrin concentration lot the EDTA-SnPP-MV- '  ~ ternary 
system in aqueous solution at pH 12. Again, the kinetic treat- 
ment based on reactions ( I ) to (6)  gives an almost exact lit 
to the experimental data using Eq. ( 11 ). (Further, the extinc- 
tion coefficient of  SnPP, ,.'p, obtained from fitting [ 1.48. I()  4 

M * cm ' ] is also in accordance with ourexperimental  value 
1158'10 "~M 'cm ~1). 

3.2. Effe( ' t  q f  p o r p h y r i n  s t r t f c ture  on  pho toreac t iopz  ra te  ~ 

[he structural properties of the porpbyrin determine its 
location in the reaction system, and this largely determines 
the photoreaction rates. Fig. 6 shows the structure of SnLipoP 
obtained from molecular mechanics calculations. This por- 
phyrin consists of a hydrophilic porphyrin head group and 
four hmg hydrophobic alkyl tails. The carboxylic acid ester 
groups surrounding the porphyrin head group make it highly 
hydrophilic. When the porphyrin in hexane solution is added 
to a water surface, the porphyrin resides at the hexane/water  
interface [ 35 ]. The porphy~ i n head groups lie flat on the water 
phase, and the four hydrophobic tails are directed toward the 
hexane phase. Some SnLipoP is also dissolved in the bulk 
hexane phase, and there i;, likely to be constant dynamic 
exchange between the interlacial molecules and those in the 
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Fig. 5. The dependence of initial photoreaction rate on Dwphyrin (SnPP) 
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organic solvent. When lipoporphyrin is dissolved in micelles, 
the porphyrin head groups will likely, locate at the surface 
with the four tails inside the micelle, leaving one sidc of the 

ma~rocycle exposed to water as illustrated in Fig. 7. 

Octaethylporphyrin and protoporphyrin have very differ- 
ent nydrophilicities. SnOEP i.~ hydrophobic and can be dis- 

solx ed in organic solvents, but not in water. When in aqueous 
micellar solutions, SnOEP will be located inside the hydro- 

phoific interior of the micelle as illustrated in Fig. 8. SnPP is 

aml,hiphilic due to the hydrophilic carboxylale groups and 

the iudrophobic porphyrin macrocyclv. When dissoI x.cd in a 

mic:llar solution, the hydrophobic macrocycle of SnPP will 

resi, le among the hydrophobic tails of inicelles, with Ihe two 

carboxylate groups at the surface of the micel les. 

One large difference in the photoreaction rates ol Table 1 

is noted by comparing SnLipoP and SnOEP in tht water/ 

hexame two-phase systems. The inolar rate for Snl~ip~t' (0.24 

s ~ i is significantly faster than for Snt)EP (0.016 s ~). For 
Snl_ ipoP, its lipid properties help prolong the resident time 
of t ie  porphyrin head group at the water organic solvent 

interface. In fact, at any time. about 4% of the SnLipoP 
mol,ecules occupy a monolayer at thc interface. "lhus, the 

lipid nature of SnLipoP provides an enhancemen! me=:hanism 
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Table 1 
The initial reaction rates of  MV e + reduction photosensifized by tin porph~rins in water, micelles ~' and at wa te r /o rgan ic  ~olvent interface~ 

Porphyrin Solution type TEA EDTA 

Rate~ 0 ' M  ~s ~) Molar  r a t e ( s  t R a t e ( 1 0  ~M i s  J) M o l a r r a t e l s  ~) 

SnLipoP Hexane/H2(Y'  2.4 + 0 3 ~ 0.24 Very small 

CTAI3 micelles ~ 0.65 ± q !  ] ~ 0.065 0.41 ± 0.1 

SDS micelles' 1.8 _-I__ ( /2 ~ 0.18 0.59 ± 0.1 

SnOEP Benzene/ t t : ,O a 1. } ±11 ] ().() [ (~ _+ 0.02 Very small 

CTAB micellcs '~ t I _+ 1 0.16 + 001  9.6 + I 

SDS micelles 'r 26 k 3  0.37 ± 0 0 4  12 + 1 

SnPP H e O I p t l  12)~ 14+1  0 . 1 2 ± 0 . 0 1  2 0 + 2  

CTAB micellcs ~ 22 ± 2 [). I 9 + 0.02 21 + 2 

SDS micelles '  21 ± 2 0.18 _~ 0.02 15 + 2 

Very small 

~ 0.041 

0 .059 

Very small 

0 . 1 4 _ 0 . 0 1  

0 . 1 7 ± 0 . 0 1  

0.17_+0.02 

0.18 ± 0.02 

0.13_+0.02 

Reaction conditions: ~Micellar concentrat ion : 60 CM(" I CTAB C M C  = 0.92 raM. SIIS CMC = 8.3 raM).  

h [MV:  ] = 0 . 0 2 0 M , [ S n L i p o P ]  : - I p ,  M , [ T E A ] -  { E D T A ] = 0 . 4 0 M .  

" I M V ~ ' + ] = 0 . 0 4 0 M ,  [SnLipoP]  . . . . .  I / ,M, ITEAI  [ F D T A ] = 0 . 8 0 M .  

'*[MV -~ 1 = 0 . 0 2 0 M , [ S n O E P I - 7 . ( I b t M , [ T E A I = [ E I ) T A ]  0 . 4 0 M .  

" [ M V  e ' = 0 . 0 2 0  M, I SnPP[  - I 1.8 pM,  [TEA] = I EI)'I"A I :=0.40 M 

similar to that obtained by incorporation ~,1" SnOEP into 
micelles. 

The initial rates for SnOEP in micelles are 10-25 times 
faster than in the two-phase system becaus,~ of a residence- 
time enhancement tnechanism. Fo, SnOEP, the rate is 
enhanced in the micellar system because Sr~OEP anion does 
not have to diffuse to the water interface, i..~., the porphyrin 
interracial residence time and access to lhe acceptor is 
enhanced [21 251. Also. notice that no cnhancelnenl is 
observed for SnLipoP when comparing the two-phase system 
with the micellar systents. This is because the residence-time 
enhancement is already present for SngipoP in the t,a,o-phase 
system. For SnPP. a smaller micellar enhancemenl is 
observed in comparing the aqueous (0.12 s ' ) and micellar 
( 0.18 and 0.19 s i ) rates. 

Another special structural teature of the lipoporphyrin is 
its highly nonplanar structure caused by the ,,leric constraints 
of  the 12 bulky peripheral substituents. The nonplanarily and 
presence of bulky subslituents of LipoP eflectively prevent 
any porphyrin aggregation [35,36]. In conlrast, planar p o f  
phyrins like proloporphyrin lypically lorm st ong 7r-~r aggte- 
gates in aqueous environments [35,56[. Allitough planar Sn 
porphyrins generally do nol strongly associa e because of the 
strongly bound axial ligands, some Sn porpt'yrins do weakly 
associate [57,581. 

For SnPP, aggregation in aqueous soluti~,n is highly pH- 
dependent [ 351. In Fig. 9, Ihc pH dependence of the UV- 
visible absorption spectra of SnPP in CTAB micelles (A/ ,  
in water (B) and in SDS micelles (C) are sho,,~n. At high 
pH in water (B),  the Sorel band is narrow indicating that lhe 
porphyrin is nol aggregated. As the pH decreases, the Sorel 
band becomes weaker, and at pH 6, a broad blue-shifted Sorer 
peak appears. A tail also appears at the long-wavelength side 
of the weakened Sorer hand. extending out It~ 500 nm. The 
red tail probably indicates exciton coupling: resulting from 
some type of aggregation [ 5c~] This pH tranqtion could also 

be associated with protonation of at least one hydroxide axial 
ligand. The weakly bound water molecule apparently does 
not block aggregation. Further decreases in pH result in the 
gradual disappearance ot' tile blue-shifted peak and greater 
intensity of the long-wavelength tail as aggregation increases. 
Thus, for SnPP, the axial ligands do not completely block 
aggregatitm, while the nonplanar structure of SnLipoP effec- 
tively eliminates aggregali~m. 

o 

pH = 12 

P"Y i 
" ' J I  + 

p H = 2  

300 350 400 450 500 550 600 

Wavelength (cm 4) 

Fig  9. pH-dependem t lV-x is ib lc  absorption spectra of SnPP in CTAB 

micelles (A) ,  it] ~xater i B),  or ic. S I)S micelles (C) .  The pH v, as adjusted 

in iJ~terxals I pH unit by adding HCI. 
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In the micellar systems, the macrocycle of SnPP is in a 
non-aggregating hydrophobic environment as indicated by 
the absence of  a long-wavelength red tail in the absorption 
spectra in Fig. 9A and C. The absorption data also suggest 
that the depth of macrocycle insertion into the micel lar inte- 
rior is influenced by the structure of the porphyrin and the 
charge of  the surfactant. The absorption peak near 1385 nm 
for SnPP in SDS micelles is associated with a change in axial 
ligation. This peak is strongest at pH 7, indicating that a 
hydroxide ion of  SnPP is sensitive to pH and therefo~ e acces- 
sible, to water. In contrast, for SnPP in CTAB micelles, this 
peal,, is absent in the pH range, indicating that the central 
metal ion is inaccessible to water. These results suggest that 
the macrocycle of SnPP is entirely located in the hydr~phobic 
environment in CTAB micelles, whereas in SDS micelles, 
less of the macrocycle is in the hydrophobic envir,:mment. 
These differences in the location of the porphyrin in the 
micelle are illustrated in Fig. 10 and can be undep, tood in 
terms of the charge of the micelle. The positively charged 
head groups of  CTAB attract the negatively charged carbox- 
ylates of SnPP to the surface of the micelle, leaxing the 
macrocycle in the hydrophobic interior. On the oth,:r hand, 
the negatively charged head group of SDS repels the carbox- 
ylatcs of SnPP, forcing the carboxylates further out of the 
micellar surface, leading to g.'eater exposure to the aqueous 
environment. However, in the SDS micelles, there i~ no evi- 
dence of aggregation of  SnPP, as occurs in aqueous solution. 

,?.3. Effect of the electron-donor solubility on t)hotoreaction 

Tim difference in the structure makes the porphyrins 
occupy different positions with respect to the components of 
the photochemical systems. Further, since the donors, EDTA 
and TEA, have different solubilities, their access to the pho- 
tosensitizer molecules differs. For example, for SnPP in 
water, the initial photoreaction rate with TEA is slower than 
with EDTA. However, for all three Sn porphyrins. TEA gives 
a fat.,ter rate than EDTA for the water/organic solvent two- 
phase systems (Table 1 ). 

The differences in rates for the t,~.o donors can be under- 
stood in terms of  the donor distributions in the phases of the 
ternary reaction mixtures predicted by their relative solubil- 
ities in organic and aqueous media. For the aqueous solution, 
both donor and acceptor molecules have free access to lhe 
pholosensitizer (SnPP).  The photoreaction with TEA is 
intriasically slightly slower than ,aith EI)TA possibly 
because TEA is neutral, while EDTA is negatively ::hargcd 
like SnPP. 

Tile two donors distribute diflerentl} between hydrophilic 
and hydrophobic environments in the two-phase reacl ion sys- 
tem',. This is best illustrated by the water/hexane t~,o-phase 
reaction for SnLipoP illustrated in Fig. 1 I. Water-insoluble 
SnLipoP is in the hexane phase and methylviologen is in the 
aqueous phase. TEA is soluble in both phases, most impor- 
tantly, TEA is with the pholosensilizer in hexane, i~nd thus 

CTAB SDS 

L n 
m/ 

(a) 

e 
, • 

l ,  • 

m m  m mlm 
m m 

(b) 
Fig. 10. The  photoreactJons  sensilJzeti by Snl:'; ) m C T A B  (left  pane l )  or  in 

SI)S ( right panel  ) mice l les  wilh "lb]A (a )  ,>J \, ith t".I)TA ( b ) as the c lccl ron 

dOl}Ol', 

hexane 

water 

(a) 

hexane 

water 

(b) 
I:E~. I I .  The  photoreact ions  sensit ized h 5 Snl+ipoP at the h e x a n e ' w a t e r  

interface ,,~,ilh T[a]A ( a )  or  with H ) ' t ' A  (b )  t, the e lect ron donor.  

excitation and reduction of the porphyrin are fast. The rate- 
determining slow step (3) is at the interface, where the por- 
phyrin anion in hexanc must deliven the electron across the 
interface to methylviologen in waler. In contrast, EI)TA is 
not soluble in hexane; thus, it must deliver an electron across 
|he interface to excited SnLipoP Therefore, reduction of 
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SnLipoP and MV 2- is both slow because they must occur 
across the interface, restllting in a much h)wer overall rate 
(Table I ). The same phem)mena also occur at the water/ 
benzene interface for SheEP.  Finally, donor solubility is 
more important for reactions at water/organic solvent inter- 
faces than for micellar solutions, because the small size of 
the micelles insures greater access of the donor and accepter 
to the excited porphyrin and porphyrin anion 

3.4. M i c e l l a r  e f f ec t s  on  r e a c l i o n  ra t e s  

attracts EDTA to the surface, speeding up reduction of  the 
porphyrin. Since the charges of  EDTA and methylviologen 
are opposite, the charged surface of a micelle will influence 
the reaction rates of step ( 12 ) and step (3) in opposite ways 
(as illustrated in Fig. 7b, 8b and 10b). Thus. for SnLipoP or 
SheEP,  the observed initial reaction rates are not much dif- 
ferent in CTAB and SDS micelles (Table 1 ). For SnPP, the 
observed rate is considerahly slower in SDS than in CTAB 
micelles due to the different locations of the porphyrin. 

Studies on the effects of micelles on reactions photosen- 
sitized by porphyrins [ 21-25 I have shown that micelles can 
promote the photoproduction of M V "  by preventing the 
lbrmation of a porphyrin-methylvioh>gen complex, and by 
providing a barrier to back electron transfer. The region of 
the micellar solution occupied by the donor also affects the 
photoreaction rate. In parlicultLr, since TEA is soluble in bolh 
hydrophilic and hydrophobic phases, it reacts with lhe Sn 
porphyrin in the micelle more rapidly f Table I ) than EDTA, 
which cannot penetrate the hydrophobic interior. Our resuh~ 
show some support for these mechanisms in the enhauced 
rates for SnPP in miccllar solutions when Tt';A is tile douor 
(Table I). In addition, different initial rates for CTAB and 
SDS n]icelles are observed under/he sanw ,~olution condi- 
/ions. The rale differeuces in Table 1 can be explained by 
conlbining the effecl of surfactant charges with the differ- 
ences in charge and location of the donor aild porphyrin. 

TEA is neutral and distributes both outsMe and inside the 
micelles. Thus, surfactanl charges inlhlencc the reduction of 
MV e ~, but not ihe reduction of the porphyrb.  Iflhe porphyrin 
is uncharged (SnLipoP and SnOEP), then the positively 
charged surface (CTAB) repels MV -'+ and slm~,s the reac'- 
\ion with the porphyrin. In contrast, a neFatively charged 
surface (SDS) attracts ]k/IV'' and accelerates the reacliou. 
Consequently, lhe photoreacfions sensitized by SnLipoP and 
SnOEP are faster in S[ )S  nlicelles than ill C I'AB n]icelle< 
These conditions arc illustrated in Fig. 7a amiga, showing the 
closer approacll of MV :~ * 1o lhe porpl]yrin Ior SI)S. 

For SnPP, lhe rates lbr (:'TAB and SDS micelles (wilh 
TEA as electron donor) are ahnost the san]c (Table I ). ]'his 
results from opposing faclors, including the surl'aclanl charge. 
the negatively charged carboxvlates of the p~.rphyrin, and the 
relative positions of the porphyrin in CI 'AB and SDS 
nlicelles. As discussed earlier, the SnPP reaction is promoled 
in both CTAB and SDS micelles. Howevel. lhe reaction is 
promoted less for SI)S l]-lau l])r CTAB becailsc SnPP is n]ore 
exposed in SDS thai] in CTAB ( see Fig. I 0it), pos~,ibly ;,tllo\,~- 
ins unproductive metl:lylvioh~gen-SnPI ) c(:,nlplex to form. 
The location of the porphxrin in the n]icell,> differs duc 1o 
eleciroslatic interaclion between the surf at]ant charges and 
the carboxylates of the i)orphyrin. 

EDTA is anionic and is only soluble in the water outside 
ol: the micelles. A negatively charged micellar surface pre- 
vents EDTA fronl approaching the porphyri, n and slows the 
formation of porphyrin anion. A positively charged surface 

4, Summary and conclusions 

The photoreactions of E[)]  A /TEA.  porplurin, and rneth- 
ylviologen at a water--orgai:iic soh,'enl interface have a dilTer- 
elll kinetic behavior [rOll/thai ill homogeneous aqueous and 
mmellar solutions. In gctwral, the photoreaclioll rates are 
inllucnced by the structural properties el porphyrins, the 
charge and solubility of the electron donors, aud tile nlicellar 
environnients. The tin lipoporphyrin shows l]ove] ratc- 
euhailcemenl behavior in lhe aqueous/organic solvent tw ~- 
phase s y s l e n l .  This is rationalized in telIllS of the amphiphilic 
properties of  SnLipoP, which results in long residence limes 
at the water-organic soh'cnl interface. In addition, evidence 
of n]icelhu" enhancelnenl ,~i reaction rates by prevention of 
porphyrin-methylviologeil complex, and suppression of back 
elcclron Iransfer are foul/tl for all 1)orphyrins investigated, 
Purlhelnlore, lifts erlhancelnenl is influenced by porpll).rin 
slluclure-dependenl e x p o , , u r e  tO the aqueons environnlet31 
and the ulicelhn surface charge. 
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