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Bis(2,4,6-trihydroxyphenyl)squaraine (Sq) has been shown to exist in three distinct protonation equilibria (pK, = 3.5,7.0, 
and 9.5) in methanol/water solutions. The spectral properties of these different ionic species have been studied, and it has 
been observed that only the singly deprotonated Sq- has a measurable fluorescence yield (9 = 0.02 in methanol). Addition 
of poly(4-vinylpyridine) to methanolic solutions of Sq- brings about a red shift in the absorption band, which is accompanied 
by a substantial enhancement in the fluorescence yield. These effects have been attributed to specific hydrogen bonding 
interactions of the singly deprotonated Sq- with poly(4-vinylpyridine). 

htroductioa 
The luminescence properties of dye molecules which exhibit 

intramolecular chargetransfer transitions are usually very sensitive 
to both system viscosity and the free volume available for rotation 
of the chromophoric groups.’ In addition, the ability of some of 
these dyes to form soluttsolvent complexes cam their emission 
properties to be very sensitive to their microenvironment. Such 
dyes have therefore been very useful as probes for following po- 
lymerization reactions, as well as for assessing the micratructures 
of polymers.4 Various aspects of photochemical and photophysical 
processes in polymers have been discussed in earlier 

The charge-transfer character and solute-solvent complex 
formation of bis[4-(dimethylamino)phenyI]squaraine and its 
derivatives, which form a class of donor-acccptdonor molecules, 
have been reported by Law.e12 The molecular interactions be- 
tween bis[4-(dimethylamino)phenyl]squaraine dye and poly(vi- 
nylbutyral) in solution and films have been modeled by studying 
the fluorescence emission of the dye in solutions containing 
poly(vinylbutyral)? Subtle changes in the fluorescence profile 
suggested a compkx formation of the dye with the hydroxyl groups 
of the polymer. These studies indicate that squaraine dyes may 
be suitable as fluorescent probes in polymer systems. 

Although the technological applications of squaraine dyes in 
imaging13J4 and organic so1ar15J6 cells are well investigated, the 
photochemistry of this class of dyes is not well explored. Our 
continuing studies on the photochemistry of squaraine dyes’’J8 
and the photosensitization of large band-gap semiconductors by 
sq~araines’~ led to some interesting observations on the effect of 
poly(4-~inylpyridine)(P4VP) on the absorption and emission 
properties of bis(2,4,6-trihydroxyphenyl)squaraine (Sq) (Chart 
1). 

The results on the excited-state behavior of Sq and its inter- 
action with P4VP are presented here. 

ExperimeatdSectlon 
Sq, synthesized from uaric acid and lI3,5-trihydroxybe”e 

by a reported p rdur?O was recrystallized twice from glacial 
acetic acid and dried in vacuum at 368 K for 4 h to remove the 
acetic acid of crystallization. P4VP (A& = 3.25 X lo5) and 
poly(2-vinylpyridine) (P2VP) (M,, = 2.98 X lo5) were prepared 
via polymerization of 4vinylpyridine and 2-vinylpyridine, re- 
spcctivel , using azoisobutyronitrile as a free radical initiator. 
P4vP (A!,, = 73 OOO) obtained from Polyscienccs was also utilized 
in some of our studies. All of these polymers were purified by 
repeatedly dissolving them in methanol and reprecipitating them 
with distilled water, followed by thorough washing with distilled 
water and drying in vacuum at 333 K. All concentrations of 
polymers are expressed in monomer units. 
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CHART I 

sq 

Absorption spectra were recorded on a Shimadzu-2100 spec- 
trophotometer. The emission spectra were measured on a 
Spex-Fluorolog-F112X spectrofluorimeter. Quantum yields were 
measured by the relative methods using optically dilute solutions 
with Cresyl violet (t#q = 0.52),2’ in methanol as a reference. An 
Elico pH meter was used for the pH measurements. NaOH, 
NH,OH, or H2S04 was used to vary the pH of the solutions. All 
solutions were deaerated with high purity nitrogen, and the ex- 
periments were carried out at room temperature (296 i 1 K). 

Laser Fhsb Photolysis M e a s “ &  Nanosecond laser flash 
photolysis experiments were performed with laser pulses from a 
Quanta-Ray CDR-1 Nd:YAG system (-6-ns pulse width). The 
photomultiplier output was digitized with a Tektronix 7912 AD 
programmable digitizer. A typical experiment consisted of a series 
of three to six replicate shots per single measurcmcnt. The average 
signal was processed with an LSI-11 microprocessor interfaced 
with a VAX-370 computer. The details of the experimental setup 
are described elsewhere.22 

Picosecond laser flash photolysis experiments were performed 
with 532-nm laser pulses from a modalocked, Qswitched Quantel 

width, - 18 ps). The white continuum probe pulse was generated 
by passing the fundamental output through a DzO/H20 solution. 
The excitation and the probe pulses were incident on the sample 
cell at right angles. The output was fed to a spectrograph (HR- 
320, ISDA Instruments, Inc.) with fiber optic cables and was 
analyzed with a dual diode array detector (Princeton Instruments, 
Inc.), interfaced with an IBM-AT computer. The details of the 
experimental setup and its operation are described elsewhere.z3 
Time zero in these experiments corresponds to the end of the 
excitation pulse. All the lifetimes and rate constants reported in 
this study are within the experimental error of *5%. 

ReSultB 
Acid-Base E&Kbria of Sq. F w e  1 shows absorption spectra 

of Sq at different pH in solutions of 30% (v/v) methanol in water. 
Methanol was neoessary to dissolve the neutral and acidic forms 
of Sq in water. This dependence of absorption characteristics on 
pH indicates that four distinct species exist in protonation 
equilibria (Scheme I). The pK,’s for these species as “red 
from the changes in the absorption were 3.5,7.0, and 9.5. Above 

YG-501 DP NdYAG laser System (Output, 2-3 ml/pulSe, pulse 
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Figure 1. Absorption spectra of Sq in 30% (v/v) methanol/water solu- 
tions: (a) pH 3.1; (b) pH 5.5; (c) pH 9.0. 
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TABLE I: Akorptioa and E h i m  chlracteristics of the Various 
Ionic Form of in 30% (v/v) Metind/Water sdutiona 

s s H +  s q  Sq- sq2- 
(OH 2.0) (DH 5.0) (DH 8.2) (DH 11.0) 

a b .  max, nm 561 508 588 543 
t, lo5 M-l cm-’ 1.32 0.49 1.47 0.52 
emission max, nm 60 1 
@f <0.001 <0.001 0.01 <0.001 
T f  

‘In 1:l ACN:H20 solutions. 

- 30 240 230 

pH 12, the dye is unstable and undergm an irreversible chemical 
change. 

Several possible resonance structures can be drawn for each 

of the various protonated forms of Sq in 30% (v/v) methanol/ 
water solution are summarized in Table I. In the pH range of 
4-7, the neutral form of the dye shows a broad absorption band 
with an absorption maximum around 512 nm and a shoulder at 
539 nm (spectnun b in Figure 1). A broad absorption band with 
an absorption maximum at 480 nm is also observed in neutral 
acctontitrile solutions. The red shift of the absorption band in 
methanol/water as compared to acetonitrile solutions could be 
attributed to the hydrogen bonding of Sq with the solvent 
methanol/water. Similar interaction between a model squaraine 
dye and various solvents has been investigated in detail by Law.*O 

The absorption band of the protonated form, SqH+, is blue- 
shifted (A, = 561 nm), as compared to the neutral form 
(spectrum a in Figure 1). The absorption band of Sq- has a 
maximum at 588 nm as evident from the absorption spectra 
(spectrum b in Figure 2). At pH >9, doubly deprotonated species 
Sq” dominates with a blueshifted absorption (k- - 543 nm) . 
§q-, which exists in the pH range of 7.5-9, is the only species that 
has a measurable yield of fluorescence. The quantum yield of 
fluoresccnce of Sq- was found to be 0.01 in the methanol/water 
mixture (30% (v/v)) and 0.02 in neat methanol. 
Intcnctioa of Sq witb P4VP in Neutral Methanol Solutions. 

The changer, in the absorption spectrum, observed upon addition 

of the merent species in equilibrium. The spectral characteristics 

0.15 1 

Wavelength, nm 
Figure 2. Effect of P4VP on the absorption spectrum of 2 X 10” M Sq 
in methanol: (a) [P4VP] = 0.0 M; (b) [P4VP] = 9.5 X M. 
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Figure 3. Dependence of fluoresccnce quantum yield of Sq on the con- 
centration of P4VP (a) neutral methanol; (b) basic methanol ([KOH] 
= 3.0 X lo-’ M). The excitation wavelength was 540 nm, and the 
absorption at this wavelength was adjusted to 0.1. 

of P4VP to neutral methanolic solutions of Sq, are shown in Figure 
2. In methanol, the absorption spectrum corresponds predomi- 
nantly to its neutral form, Sq (A- = 508 nm). Existence of small 
amounts of the singly deprotonated form, §q-, is also evident from 
the shoulder absorption at 590 nm. Upon addition of P4VP, a 
slight decrease in the absorption at 508 nm is observed with a 
concomitant increase in the absorption at 602 nm. Although the 
addition of P4VP can bring about a shift in the acid-base equi- 
librium of Sq/Sq- in favor of §q-, such a PVP-induced depro- 
tonation is unlikely. This is because Sq- has an absorption 
maximum at 588 nm. Hence, we attribute the appearance of this 
long-wavelength band at 602 nm to specific interactions of the 
dye with P4VP and not due to shift in the acid-base equilibrium. 

The fluorescence yield also increases with increasing concen- 
tration of P4VP, as shown in curve a of Figure 3. At the highest 
concentration of P4VP studied, the yield of fluorescence was 
comparable to that of a basic methanol solution of the dye (qjf 
= 0.02). The absorption spectrum (Figure 2) shows that, even 
at these concentrations of P4VP, Sq is present predominantly in 
its neutral form. This further supports our argument that the 
changes in the absorption and emission spectra of Sq in neutral 
methanol solutions, observed upon addition of P4VP, are due to 
specific interactions of the dye with P4VP. 

Interaction of Sq- with P4VP in Methanol. The dye in basic 
methanol shows the characteristic absorption spectrum of §q- with 
a maximum at 588 nm. Addition of P4W to the basic dye solution 
in methanol brings about a gradual shift in A- from 588 to 602 
nm, indicating thereby a gradual change in the micrccnvironment 
of §q- with increasing P4VP concentrations. The addition of P4VP 
does not cause the absorption peak to change directly from one 
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TABLE II: Excited Siuglet State Ropertiea of Sq a d  Sq- in 
Methanol rad P4VP Solutions 

sq" Sq/PVP sq-' sq-/PVPd 
a b .  max, nm 510 510,602 588 602 
ext coeff, M-I cm-l 53000 140000 
emission max, nm 597 610 60 1 615 
SI-S, a b .  max, nm 415 e 420,490 425,495 

(0.001 0.02 0.02 0.2 +f 
Tf? ps S3V - 1 W  185 

'In neat methanol. methanol containing 0.01M P4VP. CIn 
methanol containing 3 mM KOH. methanol containing 3 mM 
KOH and 0.01 M P4VP. CThe transient absorption is too weak to 
determine the maximum precisely. 

2000 

400 450 500 550 600 650 
Wavelength, nm 

4. Difference absorption spectra of (a) ISq* in neat methanol and 
(b) ISq-* in methanol containing 3 mM KOH. The spectra were re- 
corded immediately (Af = 0 ps) after 355-nm laser pulse (pulse width, 
18 ps) excitation of 20 mM dye in methanol. 

form to the other; instead with increasing concentrations of P4VP, 
the absorption maximum slowly shifts toward the red, while 
maintaining the shape of the absorption band. No further change 
in the absorption band of Sq- was observed when the concentration 
of P4VP was in& beyond 1C2 M. Addition of P4VP to basic 
methanolic solutions of Sq also leads to a substantial increase in 
the quantum yield of fluorescence along with a gradual shift of 
A- of the emission maximum. The effect of base and P4VP on 
the absorption and emission properties of Sq in methanol are 
summarized in Table 11. 

Addition of w(cc98 pyridine (- 1C2 M) does not show any effect 
on the absorption and emission properties of Sq in neutral and 
methanolic solutions. More interestingly, addition of poly(2- 
vinylpyridine) also does not bring about any change in the a b  
sorption and emission properties of Sq in neutral and methanolic 
solutions. 
Excited Singkt of Sq md Sq-. The excited singlets of Sq and 

Sq- can be generated by direct excitation of the dye with 355- 
or 532-nm laser pulse. The difference absorption spectra, recorded 
immediately after laser pulse excitation of Sq and Sq- in methanol, 
arc shown in FQWC 4. The absorption maxima and the lifetimes 
of the singlet excited states of the dye are summarized in Table 
11. In neat methanol, %q-* exhibits an absorption maximum 
around 41 5 nm. The bleaching of the dye observed in the 460- 
560-nm region closely matches its ground-state absorption. This 
transient has a very short lifetime of 530 ps. R&e analysis of 
this transient was limited by its weak absorption and short lifetime. 
Upon introduction of P4VP into the Sq solution in methanol, the 
lifetime of Sq* increased to - 100 ps. 

The transient absorption spectra recorded in basic methanol 
solutions exhibit absorption maxima at 420 and 490 nm, re- 
spectively. A small red shift in the difference absorption maxima 
of *Sq-* was sccn when P4VP was present (Figure 5 ) .  The 
transient decays at 490 nm arc also shown in the insert of Figure 
5. The effect of P4VP in stabilizing the singlet excited state of 
4- was clearly evident as the lifetime increased from 270 to 2000 
ps in polymeric solutions. 
Excited "riplet of Sq. Direct excitation of the dye at various 

pH did not yield any detectable transients which could be at- 
tributed to the triplet excited state. This is indicative of the fact 

Wavelength, nm 
Figure 5. Effect of P4VP on the properties of ISq-*. Difference ab- 
sorption spectra of ISq-* were recorded (a) in the absence and (b) in the 
presence of 0.1 M P4VP. The spectra were recorded immediately (At 
= 0 ps) after 355-nm laser pulse (pulse width, 18 ps) excitation of Sq- 
in methanol containing 3 mM KOH. Inset shows the decay of ISq-* at 
490 nm: (a) in the absence and (b) in the presence of P4VP. 

I I 
b 0.030 

Wavelength, nm 
Figure 6. Triplet energy transfer from excited anthracene-9-carboxylic 
acid to Sq. Difference absorption spectra were recorded (a) immdiately 
and (b) 40 after 355-nm laser pulse excitation of 0.1 mM anthra- 
cene-9-carboxylic acid and 75 pM Sq in methanol. 

that all the four protonation forms of the squaraine dye exhibit 
poor intersystem crossing efficiency. Similar poor intersystem 
crossing efficiency has also been observed for several other 
squaraine dye~.~'- '~ A triplet-triplet energy-transfer method was 
employed to generate 3Sq* in methanol in the laser flash photolysis 
experiments (reaction 1, Sens = sensitizer). 

(1) 
Anthracene-9-carboxylic acid and pyrene aldehyde were used 

as sensitizers to generate the triplet excited dye. The transient 
absorption spectra recorded after 355-nm laser pulse excitation 
of anthracene-9-carboxylic acid in methanol are shown in Figure 
6. The transient spectrum recorded immediately after the 355-nm 
laser pulse excitation corresponds to the triplet excited anthra- 
cene-9-carboxylic acid. The difference absorption spectrum re- 
corded after 40 ccs (Le. after the decay of the sensitizer triplet) 
corresponds to the T-T absorption of Sq. 3Sq* exhibits absorption 
maxima at 405 nm and bleaching in the region of 430-590 nm. 
The maximum absorbance values of 'Sens' and 'Sq* were used 
to determine the extinction coefficients as per the method of 
Cannichael and The maximum extinction coefficient of 
3Sq* determined by this method was 24 600 M-I s-' at 405 nm. 

Discussion 
The spectral changes, observed upon addition of P4VP to 

methanolic solutions of Sq, are attributed to the dye entrapped 
in an altered environment. With increasing concentrations of 
P4VP, a polymer microcage is formed around the dye molecules, 
displacing the solvent molecules from the solvation sphere. On 
the basis of the observed interactions of the squaraine dye with 
P4VP, it appears that the anionic form of the dye (Sq-) interacts 
more strongly with P4VP than the neutral form (Sq). Thus, in 
neutral methanol, where Sq predominantly exists in its neutral 

'Sens* + Sq - Sens + OSq+ 
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H H 

H O W 0  OH 0 

I o- I 

form, addition of P4VP brings about only minor changes in the 
absorption spectrum (Figure 2). The interaction of the minor 
amounts of Sq- preeent in neutral methanol with P4VP facilitates 
entrapment of the dye Sq- in the polymer microcages. 

In basic methanol solutions, the effect of addition of P4VP on 
the absorption and emission properties are more striking. The 
total shift of the absorption band to the red, while retaining its 
shape, suggestcl that practically all of the Sq- is entrapped within 
the polymer microcage (Scheme 11). 

It is propod that the mechanism for entrapment of Sq- within 
the microcage involves hydrogen bonding interactions between 
Sq- and the nitrogen of the pedant pyridine group in P4VP. The 
interaction between the dye and the polymer is indicated as P...Sq- 
in Scheme 11. The H-bonding interaction saxns to be regiaspecifc 
since the changes in the absorption and emission properties of Sq- 
are seen only with P4VP and not P2VP. Such intramolecular 
hydrogen bonding interaction between Sq- and P2VP is probably 
difiicult, since the nitrogen atom of P2VP is not as easily acceapible 
as in the case of P4VP. 
S i  c n l ” e n t  in the fluorascence emission yield has also 

been observed for croconateZ5 and xanthene26 dyes in P4VP so- 
lutions. Increased microviscosity encountered inside the polymer 
cage rigidized the excited singlet state of croconate vi0let.2~ 
Polymethine and cyanine dyes have also been shown to possess 
viscosity dependent radiation relaxation  rate^.^'+^ However, no 
such viscosity dependent fluorescence yield or lifetime could be 
observed for Sq or Sq-. Changing the medium from methanol 
to glycerol had no effect on the fluorescence lifetimes. If mi- 
croviscosity was the major factor responsible for the fluorescence 
enhancement, we should have also seen similar effects in other 
polymer solutions. However, no noticeable enhancement in the 
fluortscence yield was seen when P4VP was replaced with other 
polymer systems (e.&, P2VP). This clearly ruled out the mi- 
croviscc#lity effects in stabilizing the excited singlet state. The 
hydrogen bonding interactions of Sq- with P4VP seems to be the 
major factor responsible for reducing the rate of the nonradiative 
decay process. Such an interaction between Sq- and P4VP restrict 
the rotation of the phenyl groups in the excited state, thereby 
enhancing the fluorescence quantum yield of the squaraine dye. 

Supportive evidence for the above argument is also obtained 
from the analysis of lifetimes. The observed lifetime and 
fluorescence yield of Sq- in methanolic solutions can be related 
to the rate constants of the excited-state decay processes, viz., 
radiative (kf) and nonradiative (k,) processes, by expressions 2 
and 3. Since the intersystem crossing efficiency of %q-* is very 

= l / ( k f  + kN) (2) 

= kf/(kf + knr) (3) 
low, k, comspondP mainly to the nonradiative internal amversion 
(S,-So) process. Also, the low quantum efficiencies for 
fluorescence enussion (af = 0.02) indicate that k, >> kp Under 
these conditions, we can simplify eqs 2 and 3 to, rf = l/kn, and 
Of = kf/kn,, respectively. By substituting the values of singlet 
lifetime of Sq- (Tf = 270 p) and fluorescence quantum yield (af 

= 0.02), we determine k, and kf as 3.7 X lo9 and 7.4 X lo7 M-* 
s-l, respectively. 

The value of k, in neat methanol is nearly 50 times higher than 
that of kf, and any decrease made in k, is expected to increase 
the fluorescenoe quantum yield of the squaraine dye. If we assume 
the enhancement in the lifetime of ‘Sq-* (q = 2 ns) observed in 
P4VP solutions is entirely due to the suppression of nonradiativc 
process, we obtain the value of k,,, from eq 2 as 4.3 X 108 M-’ 
s-l. This further confirms that an order of magnitude decrease 
observed in k, is responsible for the enhancement in flu-ce 
quantum yield of Sq- in P4VP solution. 

ConclPsions 
The singlet excited-state properties of Sq- in methanol are 

greatly influenced by the polymeric microenvironment of P4VP. 
An order of magnitude enhancement in the fluorescence yield of 
the anioNc form of the dye was observed as a result of the decrease 
in the nonradiative decay rate constant in P4VP solutions. This 
effect is seen as a result of the hydrogen bonding interaction 
between Sq- and P4VP which restricts the rotation of the phenyl 
groups in the excited state. Thus, polymer microencagement of 
the squaraine dye molecule can provide an interesting way to alter 
its excited-state behavior and improve its photosensitizing prop 
erties. 

Acknowledgment. We (P.V.K., B.D.B., and M.V.G.) thank 
the Office of Basic Energy Sciences of the US. Department of 
Energy, (S.D., K.G.T., AA., and M.V.G.) the council of scientific 
and Industrial Research, Government of India, Regional Research 
Laboratory, Trivandnun, and (M.V.G.) the Jawaharlal Nehru 
Centre for Advanced Scientific Research for financial support 
of this work. 
Reference8 and Notes 

(1) Contribution No. NDRL-3517 from the Notn Dame Radiation Lab 
oratory and No. RRLT-PRU-27 from the Regional R-rch Laboratory 
Trivandrum. 

(2) (a) University of Notre Dame. (b) Regional Rtsearch Laboratory 
Trivandrum. (c) Jawaharlal Nehru Centre for Advanced Scientific Reeearch. 
(d) Visiting student from the University of Waterloo under co-op program. 

(3) Loutfy, R. 0. Macromolecules 1981, 14, 5184. 
(4) Hagaki, H.; Horie, K.; Mita, I. Prog. Polymn. Sci. 1990, 15, 361. 
(5) Guillet, J. Polymer Phorophysics and Phorochemisrry; Cambridge 

University Press: New York, 1985. 
(6) Farid, S.; Martic, P. A.; Daly, R. C.; Thompson, D. R.; Specht, D. P.; 

Hartman, S. E.; Williams, J. L. R. Pure Appl. Chem. 1979,51,241. 
(7) Kalyansundaram. K. Phorochemisrry in Microhererogeneous Sysrems; 

Academic Press: New York, 1987; p 255. 
(8) Kamat, P. V.; Fox, M. A. In Applications of h e r s  in Polymer Science 

and Technology; Fouassier, J.-P., Rabek, J. F., Eds.; CRC Prtss: Boca Raton, 
FL, 1990, p 185. 

(9) Law, K.-Y. J. Phys. Chcm. 1987, 91, 5184. 
(IO) Law, K.-Y. J. Phys. Chem. 1989, 93, 5925. 
(1 1) Law, K.-Y. J. Imaging Sci. 1990,34, 38. 
(12) Law, K.-Y.; Facci, J. S.; Bailey, F. C.; Yanus, J. F. J.  Imaging Sci. 

(13) Wingard, R. E. IEEE Tram. I d .  Appl. 1982, 1251. 
(14) Tam, A. C., Balanson, R. D. IEM J.  Res. Dcu. 1982,26,86. 
(15) Morel, D. L.; Stogryn, E. L.; Ghosh, A. K.; Feng, T.; Punwin, P. E.; 

Shaw, R. F.; Fishman, C.; Bird, G. R.; Picchowski, A. P. J. Phys. Chem. 1984, 
88, 923. 

(16) Picchowski, A. P.; Bird, G. R.; Morel, D. L.; Stogryn, E. L. J. Phys. 
Chem. 1981,88,934. 

(17) Kamat, P. V.; Das, S.; Thomas, K. G.; George, M. V. J. Phys. Chem. 
1992, 96, 195. 

(18) Patrick, B.; George, M. V.; Kamat, P. V.; Das, S.; Thomas, K. G. J.  
Chem. Soc., Faraday Trans. 1992,84611. 

(19) Kamat, P. V.; Das, S.; Thomas, K. G.; George, M. V. Chem. Phys. 

1990,34,31. 

Lett. Mi, 178, 75. 
(20) Triebs, A.; Jacob, K. Angew. Chem., Inl. Ed. Engl. 1965, 4, 694. 
(21) (a) Magde, D.; Brannon, J. H.; Crcmcrs, T.; Olmsted, J., 111. J.  Phys. 

Chem. 1979. 83. 696. (b) Kreller. D.: Kamat, P. V. J.  Phys. Chem. 1991, . .  . .  
95,4406. 

(22) Nagarajan, D.; Fewenden, R. W. 1. Phys. Chem. 1985.89, 2330. 
(23) (a) Ebbescn, T. W. Rev. Sci. Imrrum. 1988,59, 1307. (b) Kamat, 

P. V.; DimitrijeviE, N. M.; Nozik, A. J. Chem. Phys. Leu. 1989,157, 384. 
(24) Carmichael, I.; Hug, G. L. J. Phys. Chem. Ref. Dora 1986,15, 26. 
(25) Kamat, P. V.; Fox, M. A. Chem. Phys. Lcrr. 1982, 92, 595. 
(26) Kamat, P. V.; Fox, M. A. J .  Phys. Chem. 1984,88,2291. 
(27) Winkworth, A. C.; Osbome, A. D.; Porter, G. In Picosecond Phe- 

nomena II& Eisenthal, K. B., Hochstrasser, R. M., Kaiser, w., Laubereau, 
A. Eds.; Springer-Verlag: New York, 1982; p 228. 

(28) Sundstram, V.; Gillbro, T. Chem. Phys. h t t .  1981, 61, 257. 


