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parent peak m/3 192; nmr (60 MHz, CDCl3, TMS) 85.2-5.5 (d, 1 
H, J ~ 7.5), 2.4-3.3 (m, 3 H), 1.96-2.21 (m, 2 H), 2.08 (s, 3 H), 
1.38 (s, 3 H), 0.9-2.0 ppm (8 H). 

Anal. Calcd for Ci3H20O: C, 81.20; H, 10.48. Found: C, 
81.15; H, 10.41. 

s>>n-Tricyclo[6.3.0.03 7]-l,8-dimethyl-2-hydroxyundec-9-ene (Vc): 
ir (neat smear) 3500, 3040, 2965, 2900, 1648, 1447, 1373, 1093, 921, 
780-90, 706 cm-1; mass spectrum parent peak m/e 192; nmr 
(60 MHz, CDCl3, TMS) S 5.7-6.2 (m, 2 H), 1.80 (s, 3 H), 1.38 
(s, 3 H), 1.4-3.6 (12 H). 

Anal. Calcd for Ci3H20O: C, 81.20; H, 10.48. Found: C, 
81.27; H, 10.50. 

Additions of the cyclobutenes to the aromatic compounds were 
carried out in the same fashion as the addition of benzene to cyclo-
butene.6 The spectral properties of the adducts are given in Table 
HI. Combustion analysis are given in Chart II. Details of the 

Chart II 
Compd 

VII + VIII 

IX 

X 

Calcd 

Ci2H16: C, 89.93; 
H,10.07 

Q3H18: C, 89.59; 
H, 10.41 

C13H18: C, 89.59; 
H,10.41 

C, 

C, 

C, 

Found 

90.01; H, 10.01 

89.95; H, 10.30 

89.20; H, 10.20 

equipment and the procedure used in the quantum yield measure
ments are given elsewhere.6 
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Abstract: The photophysical and photochemical processes which phenylalanine and its derivatives phenylalanine 
amide and iV-acetylphenylalanine undergo in aqueous solutions at 20° were investigated with the help of the fast re
action technique of flash photolysis. Only the first JAlg -»• 1B2U transition of benzene was optically excited. The 
transient absorption spectra of the various intermediates observed were characterized and the decay kinetics of 
these species determined. Both the photodissociation process leading to the formation of the benzyl radical and 
the photoionization process leading to the hydrated electron eaq~ were found to be strongly dependent on the state of 
ionization of the free end groups -COOH and -NH3

+ , and in particular to the amino group. At pH 5.9, reactions 
1-3 are suggested. The dependence of the various processes with pH was obtained as typical "titration" curves 
which followed the piif,, of the ground state molecule. The addition of low concentrations of characteristic quench
ers such as ethyl pyruvate and Ni2+ ions indicated that the excited state precursors of these processes must be rela
tively long lived, probably the triplet excited states. From the dependence upon light intensity, the photodissocia
tion processes leading to the benzyl radical in neutral and acid solutions of phenylalanine, phenylalanine amide, 
and Macetylphenylalanine were found to be biphotonic in water at 20°. The photoionization process was also 
found to be biphotonic in nature. In alkaline solutions (above the pJiTa of the amino group) of phenylalanine and 
phenylalanine amide one quantum only was required to bring about the corresponding photodissociation reaction. 
The quenching experiments showed that a triplet state was also involved as the precursor in alkaline solutions. 
It is important to note that even though all the excitation is initially absorbed by the aromatic ring, the ejected elec
tron in the photoionization process comes from the —COO group, demonstrating the involvement of strong intra
molecular interactions. 

The protein macromolecules contain a large num
ber of chromophoric groupings which are capable 

of interacting with light both in the free state and as 
part of the polymer. In most proteins the majority of 
quanta in the 250-300 nm region are absorbed by the 
aromatic amino acids tyrosine (Tyr), t ryptophan (Trp), 
and phenylalanine (Phe) . 2 - 6 On the basis of the ob
served sequence of the singlet excited state energies, 

(1) (a) Bhabha Atomic Research Center, Trombay, Bombay, India, 
(b) This work is based on a dissertation in partial fulfillment of the 
Ph.D. degree, University of Bombay, Bombay, India. 

(2) R. F. Steiner and I. Weinryb, Ed., "Excited States of Proteins 
and Nucleic Acids," Plenum Press, New York, N. Y., 1971. 

(3) S. V, Konev, "Fluorescence and Phosphorescence of Proteins 
and Nucleic Acids," Plenum Press, New York,N. Y., 1967. 

(4) A. D. McLaren and D. Shugar, "Photochemistry of Proteins and 
Nucleic Acids," Pergamon Press, New York, N. Y., 1964. 

(5) Y. A. Vladimirov, D. I. Roshchupkin, and E. E. Fesenko, Photo-
chem. Photobiol., 11,227 (1970). 

it was proposed6 that electronic energy transfer Phe -*• 
Tyr - * Trp was feasible as a result of dipolar resonance 
coupling. Consequently, most of the previous studies 
have been devoted to tryptophan and to tyrosine since 
most proteins contain either Trp or Tyr (or both) in 
addition to Phe. However, destruction of phenylalanine 
occurs on uv irradiation in the free state7 or when 
present in proteins.8 Furthermore, it has recently been 
shown that the photodissociation and photoionization 
processes of tyrosine9 '10 and aromatic alkylcarboxylic 

(6) F. W. J. Teale and G. Weber, Biochem. J., 65, 476 (1957). 
(7) D. H. Kenyon and M. S. Blois, Photochem. Photobiol., 4, 335 

(1965). 
(8) E. Fujimori, Biochemistry, 5,1034(1966); D. R. Cooper and R. J. 

Davidson, Biochem. J., 97,139 (1965). 
(9) J. Feitelson and E. Hayon, J. Phys. Chem., 77, 10 (1973). 
(10) J. Feitelson, E. Havon, and A. Treinin, /. Amer. Chem. Soc, 95, 

1025(1973). 
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acids11 in aqueous solutions occur via the triplet ex
cited state. The photophysical and photochemical 
processes which phenylalanine undergoes may then 
be of some importance in proteins. 

Relatively little amount of work has been carried 
out on the photochemistry of phenylalanine in aqueous 
solution.4'7 Decarboxylation and the formation of 
aspartic acid and phenyllactic acid have been ob
served7 in the absence of oxygen and, in addition, 
tyrosine, DOPA, and benzoic acid in the presence of 
oxygen. The <j> (-Phe) in oxygen increased from 0.027 to 
0.055 with increase of pH from 7.3 to 10.8. Photoioni-
zation of Phe at pH 11.7 has been observed,12 as well as 
the formation of the benzyl radical PhCH2 •. The nature 
of the excited states giving rise to these processes has 
not been established, though it was suggested12 that 
photoionization takes place from the singlet excited 
state via a monophotonic mechanism. 

The fluorescence lifetime and quantum yield of Phe 
in aqueous solutions has been studied.12-15 In ~ 1 0 - 3 

M concentration and ~ 2 0 ° , <J>F = 0.025 and TF = 
6.8 nsec. A marked temperature dependence was 
found,14 with <f>F and TF decreasing with increase in 
temperature in the range 2-68 ° (coefficient = —2.7%/ 
0C). This deactivation process was shown14 to be due 
mainly to internal conversion (activation energy of 0.25 
eV) and to only a small extent to intersystem crossing. 
The 0 F decreases13 by ~ 3 0 % on ionization of the 
-COOH group and by ~ 1 5 % on ionization of the 
-NH 8

+ group. 
The phosphorescence of phenylalanine has been 

observed2 only in glasses at 77 0K and has band maximum 
at 385 nm and rp ~ 5.5 sec. The $? is independent of 
pH between 2 and 12 at 770K. In view of the importance 
of the triplet excited state and the biphotonic nature of 
the photoionization and photodissociation processes 
occurring in tyrosine and phenolic compounds910 and 
in aromatic alkylcarboxylic acids,11 the excited states 
involved in the photochemistry of phenylalanine in 
aqueous solution were studied using the technique of 
flash photolysis. Below are presented the results ob
tained from phenylalanine, phenylalanine amide, and 
./V-acetylphenylalanine as a function of pH and of the 
ionization constants of the compounds. Preliminary 
results have been published.16 

Experimental Section 
The flash photolysis setup used has been described elsewhere.17 

Most of the work was carried out using flash intensities of ~2000 
J and flash duration n/2 ~ 10 ,usee. The light output from the 
four flash lamps was varied by changing the charging voltage 
across the lamps at constant capacitance. The light output (1UCV1) 
was found to be directly proportional to the charging (voltage)2 in 
the wavelength region of excitation. 

Quartz optical cells of 20-cm path were used. Solutions were 
made up in triply distilled water and were degassed by bubbling 

(11) L. J. Mittai, J. P. Mittai, and E. Hayon, J. Phys. Chem., in 
press. 

(12) H. I. Joschek and L. I. Grossweiner, /. Amer. Chem. Soc, 88, 
3261 (1966). 

(13) J. Feitelson, /. Phys. Chem., 68, 391 (1964); J. Feitelson, Photo-
chem. Photobiol, 9,401 (1969). 

(14) E. Leroy, H. Lami, and G. Laustriat, Photochem. Photobiol, 13, 
411(1971). 

(15) I. Weinryb and R. F. Steiner, Biochemistry, 7, 2488 (1968). 
(16) L. J. Mittai, J. P. Mittai, and E. Hayon, Chem. Phys. Lett., 18, 

319(1973). 
(17) L. Dogliotti and E. Hayon, J. Phys. Chem., 71, 2511 (1967); M. 

Langmiur and E. Hayon, ibid., 71, 3808 (1967). 

with prepurified nitrogen gas. AU experiments were done at room 
temperature, 20°. Appropriate solution cut-off filters were placed 
in the outer jacket of the optical cell. A 15% acetic acid in water 
mixture gave a 240-nm cut-off filter solution and 3.5:1.0 dimethyl-
formamide and water mixture a 260-nm cut-off filter. Solutions 
were buffered using perchloric acid, potassium hydroxide, phos
phates ( ̂  1 mM), and borate ( ̂  1 mM). 

The chemicals used were obtained from Cyclochemicals, East
man, Baker and Adamson, Chemical Samples Company, and 
Mallinckrodt. These were the best grade available and were used 
as received. 

The pulse radiolysis setup used has been described.18 

Results and Discussion 
Most of the work to be described below, unless 

stated otherwise, was carried out using a 240-nm cut
off filter (15% acetic acid in water). Under these con
ditions, only the 1A^ -*• 1B2U benzene transition of the 
aromatic amino acids was optically excited. The 
vibronic structure of this absorption band in water has 

cm" (the a maximum19 at 258 nm and e258 190 Af-1 

second transition has Amax 205 nm and emax 9600 M~x 

cm -1). Small changes with pH in the spectrum of 
phenylalanine have been observed,19 indicating that 
ionization of the amino and carboxyl groups perturbs 
the absorption spectrum of the aromatic ring. 

It is important to remember that not all the photo-
lytic processes occurring can be observed using the tech
nique of flash photolysis and kinetic absorption spectro
photometry. 

In the following pages phenylalanine has been ab
breviated to Phe and phenylalanine amide to Phe-
NH2. 

Phenylalanine. The transient absorption spectra 
produced on optical excitation of oxygen-free aqueous 
solutions of phenylalanine (pA^1 = 1.83 and pATa

2 = 
9.13) were found to be strongly dependent upon the 
pH of the solution. Figures 1 and 2 show the results 
obtained at pH 0.45, 5.9, and 11.1. These spectra 
show primarily the transient absorption of the benzyl 
radical PhCH2-, with maxima at 318 and 307 nm. A 
closer comparison between these experimental curves 
and the recently20 redetermined absorption spectrum 
of PhCH2- in water reveals the presence of other 
absorbing transient species. In addition to the results 
shown in Figures 1 and 2, the characteristic spectrum 
of the solvated electron, eaq

_, with Xmax at ~720 nm 
was observed on optical excitation of Phe at pH 5.9 and 
11.1. 

The following primary photolytic processes are 
considered to occur at pH 5.9. 

, >• PhCH2 • + NH3
+CHCOO- (1) 

NH3
+CHCOO- — >-eaq- + NH3

+CHCH2Ph + CO2 (2) 

CH2Ph 
-=* Ph- +CH2CH(NH3

+)COO- (3) 

The absorption spectrum of the glycine radical has been 
determined21 and has a Xmax 250 nm and an extinction 
coefficient which is strongly dependent upon the pH 
and the acid-base properties21,22 of this radical. 

(18) (a) M. Simic, P. Neta, and E. Hayon, / . Phys. Chem., 73, 3794 
(1969); (b) J. P. Keene, E. D. Black, and E. Hayon, Rev. Sci. Instrum., 
40,1199(1969); E. Hayon, J. Chem.Phys., 51,4881 (1969). 

(19) D. B. Wetlaufer, Adeem. Protein Chem., 17, 303 (1962); G. H. 
Beaven and E. R. Holiday, ibid., 7,319 (1952). 

(20) J. P. Mittai and E. Hayon, Nature (London), 240, 20 (1972). 
(21) P. Neta, M. Simic, and E. Hayon, J. Phys. Chem., 74, 1214 

(1970). 
(22) P. Neta, M. Simic, and E. Hayon, J. Phys. Chem., 76, 3507 

(1972). 

Journal of the American Chemical Society / 95:19 / September 19, 1973 



6205 

Figure 1. Transient spectra produced in the photolysis of 2 mM 
phenylalanine: (A) at pH 5.9, N2 (A), spectrum of the PhCH2-
( ) and the NH2CHCOO- ( ) radicals used to synthesize 
the experimental curve, a 240-nm cut-off filter was used; (B) at pH 
0.45, N2 (O), using the same filter. 

- H + - H + 

NH3
+CHCOOH ^ NH2CHCOOH k 

pK, « 1.0 pX. = 6.6 
- H + 

NH2CHCOO- NH-CHCOO- (4) 
PiC1 > 11.5 

Based on an equimolar formation (reaction 1) of the 
benzyl and glycine radicals and using the known20-21 

spectra and extinction coefficients of these radicals, the 
experimental curve obtained at pH 5.9 was synthesized 
(in part); see Figure IA. 

It has been shown11 (see also below) that the photo-
ionization of aromatic carboxylic acids leads to the 
ejection of the electron from the -COO - group, e.g. 

PhCH2COO- • PhCH2- + eaq- + CO2 (5) 

and [PhCH2-] = [e.,-]. The radical NH3
+CHCH2Ph 

(or NH2CHCH2Ph, since the pK* is not known) pro
duced on photoionization of Phe, process 2, is expected 
to have a relatively very weak extinction coefficient at 
X >280 nm and an absorption maximum at <220 nm. 
The spectrum of the NH3

+CHCH3 radical has been 
observed23 and that of the substituted radical NH3

+-
CHCH2Ph is expected to be much the same. Due to 
the reactivity of &(ea<J- + Phe) = 1.6 X 108 Af-1 cm-' 
at pH 6.9 (ref 24), the amount of ea<r produced in 
process 2 was determined at a lower (2 X 10~4 M) 
concentration of Phe. Taking26 6700 1.8 X 104 Af-1 

cm-1 for eaq-, the [eaq~] = 0.22 /xM, using a water cut
off filter, at pH 7.0. Under the identical experimental 
conditions, the [PhCH2-] = 0.21 \xM. From this ex
periment it is concluded for processes 1 and 2 that <j>m ~ 
0(2)-

N o evidence is available for process 3. The absorp
tion spectrum of the Ph • radical in water is relatively 
weak,11 '26 e260 ~ 6 3 0 Af-1 cm- 1 . Similarly the absorp-

(23) M. Simic, P. Neta, and E. Hayon, Int. J. Radiat. Phys. Chem., 3, 
309(1971). 

(24) J. P. Mittal and E. Hayon, to be published. 
(25) E. J. Hart and M. Anbar, "The Hydrated Electron," Wiley-

Interscience, New York, N. Y., 1970. 
(26) B. Cercek and M. Kongshaug, /. Phys. Chem., 74, 4319 (1970). 

0.16 

0.12 

"• 0 .08 -

0.04 

Figure 2. Transient spectrum produced in the photolysis of 2 mM 
phenylalanine at pH 11.1, N2 (o). Spectrum of the PhCH2 • ( ), 
NH2CHCOO- ( ), and NH2CHCH2Ph ( ) radicals used to 
synthesize the experimental curve. A 240-nm cut-off filter was used. 
Insert: dependence upon pH of the absorbance at 318 nm. The 
spectrum produced on photolysis of 5 mM phenylalanine in air (1 
atm) at pH 11.1 (A) using a 260-nm cut-off filter. 

tion of the CH2CH(NH3
+)COO- radical is expected21-27 

to be very weak at X >270 nm. However, the rupture 
Ph-(CH2)^COO- has been shown11 to occur in the 
photolysis of aromatic carboxylic acids. Furthermore, 
aspartic acid ( - 0 O C C H 2 C H ( N H 3

+ ) C O O - ) has been 
observed7 as a photoproduct of phenylalanine. Its 
formation is suggested to occur via reactions 6 and 7 

C O 2 + e a „ - — ^ C O 2 - (6) 

C O 2 - + CH2CH(NH3
+)COO- — > 

-OOCCH£CH(NH3+)COO- (7) 

where Zc6 = 8 X 109 Af-1 sec-1 (ref 25) and i c , ~ 2 X 
109 Af-1 sec-1 (estimated from ref 27). No evidence is 
also available for the rupture PhCH2CH(NH3+)-COO-. 
The corresponding process in acid solutions PhCH2-
CH(NH3

+)^COOH might be occurring, based on the 
results found11 from the photolysis of aromatic car
boxylic acids. In acid solutions these processes are 
suggested. 

i *• PhCH2- +NH3
+CHCOOH (8) 

->- PhCH2CHNH3
+ + COOH (9) NH3

+CHCOOH • 

CH2Ph 
-*• Ph- + CH2CH(NH3

+)COOH (10) 

On optical excitation of phenylalanine at pH 11.1, 
the quantum yield of the intermediates produced is 
appreciably higher (Figure 2). The following processes 
are suggested. 

-> PhCH2 • + NH2CHCOO- (11) 

-*• eaq- + NH2CHCH2Ph +CO2 (12) NH2CHCOO- -
I 
CH2Ph 

->- Ph • + CH2CH(NH2)COO- (13) 

Most of the experimental curve can be synthesized 
based on the formation of the radicals in (11-13). 
Following the same procedure as described above, at 
pH 11.2, [e„r] = 0.45 nM and [PhCH2-] = 0.47 ixM 
in 2 X 10-4 Af Phe, using a water cut-off filter. This 
result shows that^di) ^ #a2). 

(27) P. Neta, M. Simic, and E. Hayon, J. Phys. Chem., 
(1969). 
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Table I. Decay Kinetics of Intermediate Species Produced in the Flash Photolysis of 
Oj-Free Aqueous Solutions of Aromatic Amino Acids (2 mM) 

Compd 

Phenylalanine 
Phenylalanine amide 
Phenylalanine amide 
/V-Acetylphenylalanine 
yV-Acetylphenylalanine 

PH 

11.1 
9.5 
9.5 
6.15 
1.25 

PhCH2 

PhCH2 
PhCH2 
PhCH2 
PhCH2 

Suggested radical 

+ some NH2CHOONH2 
+ NH2CHCONH2 
+ CH3CONHCHCOO-
+ CH3CONHCHCOOH 

^monitored 

318 
318 
280 
318 
318 

2/t/e 

7.2 X 105 

6.0 X 106 

4.3 X 106 

2.5 X 10« 
3.1 X 105 

2k, M - 1 sec-1" 

6.5 X 10» 
5.4 X 10» 

2.3 X 109 

2.8 X 109 

° Derived based on e3i8 9.0 X 103 M -1Cm -1 (ref 20) for PhCH2radical; decay rates may be due to Ri• + R i - and Ri- +R 2 - reactions. 

300 

X.nm 

2 4 6 8 IO 
[O]1IO4M 

Figure 3. Quenching of the excited state of phenylalanine by 
Ni(C104)2 • 6H2O and ethyl pyruvate: (A) a transient spectrum pro
duced on flash photolysis of 2 mM phenylalanine, 1 mM Ni(ClOa)2 • 
6H2O, pH 6.6, in the presence of N2 (O) and N2O plus 1.0 Mt-
BuOH (D), 15% acetic acid filter; (B) O.D.O/O.D.Q as a function 
of [Ni2+] monitored at 318 nm; (C) a transient spectrum produced 
on flash photolysis of 5 mM phenylalanine, 1 mM ethyl pyruvate, 
pH 11.3, 260-nm cut-off filter, in the presence of N2 (o) and N2O 
plus 1.0 M ?-BuOH (D). Symbols • are normalized O.D. produced 
from the direct photolysis of 2 mM ethyl pyruvate, pH 3.9, 218-nm 
cut-off filter; (D) O.D.O/O.D.Q as a function of [ethyl pyruvate] 
monitored at 318 nm. 

The increase in photodecomposition was monitored 
at 318 nm as a function of pH, and the results obtained 
are shown in the insert, Figure 2. Two titration-type 
curves can be seen, from which the midpoint values are 
1.9 ± 0.1 and 9.1 ± 0.1. These values are similar to 
the pATa1 = 1.83 and pKa

2 = 9.13 ionization constants 
of phenylalanine. From this rather striking observa
tion one can make the following conclusions: (a) the 
increase in the formation of benzyl radicals, processes 
1, 8, and 11, is dependent on the ionization of the 
-COOH and -NH 3

+ groups in phenylalanine, par
ticularly the -NH 3

+ group; (b) the photoionization 
processes 2 and 12, monitored as [ea<1~], also increase 
on ionization of the -NH 3

+ group; and (c) the singlet 
excited states are probably not involved since the 
pKs. of 1S(PlIe) is expected28 to be lower by a few pH 
units compared with °S(Phe). 

Another absorption band with Xmax ~360 nm was 
observed on flash photolysis of Phe at pH 5.9 and 
11.1, Figures 1 and 2. This transient was found to decay 
relatively fast, T ~ 50 ,usee. It is tentatively suggested 
that this band may be the triplet-triplet absorption of 
Phe (see more below). In the presence of oxygen all 
these transients are not observed and instead a weak 
absorption is seen, Figure 2. This is in agreement with 
the finding that the absorption maxima of organic 

(28) E. van der Donckt, Progr. React. Kinet., 5,273 (1970). 

peroxy radicals RO2 • is at ~245 ± 5 nm, with a sharp-
rising band (see ref 18a, 29, and 30). 

The decay kinetics of the radicals observed are given 
in Table I. 

Excited State Precursors. In order to identify the 
nature of the excited states involved in the formation 
of the transient species described above, the photolysis 
was carried out in the presence of small amounts of 
typical quenchers of triplet excited states. Nickel ions 
and ethyl pyruvate were chosen as quenchers. Figure 
3 shows the results obtained. Under the conditions of 
the experiments (different cut-off filters were used) less 
than 5% of the exciting light was absorbed by the 
quenchers. A considerable decrease in O.D.3i8 was 
observed using 2 X 10~4 M concentrations of Ni(ClO 4)2 

at pH 6.6 or of ethyl pyruvate at pH 11.3. The Stern-
Volmer plots were not linear due to the formation of 
transient species from the quenchers, which also ab
sorb at 318 nm. With Ni2+ the transient spectrum 
(Figure 3A) corresponds to the Ni+ odd-valent ion 
which was observed31 from the reaction of eaq~ with 
Ni2+. Its formation in the flash experiment could be 
due to either (a) energy transfer to Ni2+ followed by 
reduction, or, more likely, (b) quenching of the triplet 
excited Phe via an electron transfer process: 1T(PlIe) + 
Ni2+-*Phe(oxid) + Ni+. 

In the presence of ethyl pyruvate a different transient 
spectrum is observed (Figure 3C) which is identical with 
that produced on direct excitation of ethyl pyruvate. 
The triplet energy level ET of ethyl pyruvate32 is ~2 .4 
eV (65 kcal/mol). From the tangents to these Stern-
Volmer plots, approximate quenching constants have 
been derived (Table II). 

The lifetime of 1S(PlIe) is known13"15 to be ~6 .8 
nsec. Assuming a rate constant as high as 5 X 1010 

M-1 sec -1 for the quenching of the 1S state by Ni2+ or 
ethyl pyruvate, the results obtained at quencher con
centrations of >1 X 1O - 4 M could not be due to in
teraction with the singlet excited state. Quite clearly, a 
longer-lived excited state, probably the triplet state, 
must be involved. 

The effect of light intensity (/) on the formation of 
the transient species was examined at pH 0.45, 5.8, and 
11.1 at two different wavelengths, 318 and 360 nm. 
At 318 nm, a nonlinear dependence was found at pH 
0.45 and 5.8 (Figure 4A), indicating a dependence on 
P. At pH 11.1, however, the transient absorption was 
directly proportional to /. The species absorbing at 

(29) M. Simic and E. Hayon, J. Phys. Chem., 75,1677 (1971). 
(30) E. Hayon and M. Simic, /. Amer. Chem. Soc, in press. 
(31) J. H. Baxendale, E. M. Fielden, and J. P. Keene, Proc. Roy. Soc, 

Ser. .4,286,320(1965). 
(32) G. S. Hammond, P. A. Leermakers, and N. J. Turro, J. Amer. 

Chem. Soc, 83,2395(1961). 
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Figure 4. Dependence upon light intensity of the transient species 
produced on photolysis of 2 mM phenylalanine, N2, at different pH 
values. Transients monitored at 318 and 360 nm. A 240-nm cut
off filter was used. 

Table II. Quenching Constants of the Triplet 
Excited States of Some Aromatic Amino and 
Carboxylic Acids in Aqueous Solution by Ethyl Pyruvate 

Aromatic acid 

Phenylalanine 
Phenylalanine 
Phenylalanine amide 
iV-Acetylphenylalanine 
N-Acetylphenylalanine 
Phenylacetic acidc 

Phenyl acetate" 

PH 

11.3 
6.6 
9.2 
1.55 
7.0 
1.5 
6.8 

Quenching 
constant, ga 

1.3 X 103 

7.5 X 103 i 

2.8 X 103 

2.5 X 103 

1.9 X 103 

1.3 X 103 

9.0 X 102 

a Constant derived from the initial slope of the Stern-Volmer 
yield vs. quencher concentration curve. b Using nickel perchlorate 
as quencher. c From ref 11. 

360 nm was found to be produced linearly with the 
intensity /, both at pH 5.8 and 11.4 (Figure 4B,C). 

These results indicate that: (a) the photodissociation 
processes 1 and 8 are biphotonic, while process 11 is 
monophotonic; (b) since the lifetime of the flash is 
Ty2 ~10 /usee, long-lived triplet excited states are the 
precursors at pH 0.45 and pH 5.8; (c) since the 
quencher experiments mentioned above also demonstrate 
the involvement of a long-lived excited state at pH 11.1, 
the monophotonic nature of this process is not in
consistent with these results; (d) since the bond energy 
for rupture of PhCH2-CR is not likely to be signifi
cantly dependent on the state of protonation of the 
-NH3

+ and -COOH groups, one must assume that 
the triplet energy level of Phe at pH 11.1 is higher than 
those at pH 5.8 or 0.45; (e) the increased photodecom-
position with increase in pH may be due to the in
efficiency of the biphotonic mechanism for this pro
cess; (f) the lifetimes of the long-lived excited state 
precursors must be less than ~10 ,usee, in order for 
them to absorb a second quanta of light; (g) the fact 
that the 360-nm band is monophotonic at pH 11.1 and 
5.8 is consistent with the tentative suggestion that this 
fast-decaying transient may be the T-T absorption. 

A few experiments were carried out using 2,4-hexa-
dien-1-ol as a quencher. Using 1 mM of quencher, 
5 mM Phe, pH 5.5, and a 260-nm cut-off filter, the 

Figure 5. Transient spectra produced in the photolysis of 2 mM 
phenylalanine amide, N2, (a) at pH 9.2 (O). Spectrum of the 
PhCH2- ( ) and the NH2CNCONH2 radicals ( ) used to 
synthesize the experimental curve; (b) at pH 5.1 (V), in the presence 
of 1.0 M^-BuOH (D), in presence of 1.0 M /-BuOH plus N2O (•). 
A 240-nm cut-off filter was used. Insert: dependence upon pH 
of the absorbance at 318 nm, 

absorption at 318 nm was considerably reduced. It 
was suspected, however, that PhCH2 • might be reacting 
with the quencher. To check this point, a pulse radi-
olysis experiment was set up.18 The conditions were: 
02-free aqueous solutions of 5 X 10~2 M benzyl 
chloride, 3.0 M /err-butyl alcohol (to scavenge the OH 
radicals), pH 9.2, and 1-2.5 mM hexadienol. The 
benzyl radical was produced from the reaction 

eaq- + PhCH2Cl —>• PhCH2- + Cl" (14) 

The decay of PhCH2- was monitored at 318 nm and 
was found to be pseudo first order in [hexadienol]. 
From this rate, A:(PhCH2 • + 2,4-hexadionol) = 2.0 ± 
0.4 X 107 M~l sec-1 was derived. In view of this 
result, a word of caution is in order when using con
jugated dienes as quenchers since they appear to react 
relatively fast with many free radicals. 

Phenylalanine Amide. On flash photolysis of phenyl
alanine amide (pATa = 7.22), Phe-NH2, at pH 9.2 a 
transient optical spectrum is observed, Figure 5, which 
is somewhat similar to that obtained from Phe at pH 
11.1. No absorption band at 360 nm is, however, ob
served. The following primary photolytic processes 
are suggested. 

(15) 

(16) 

(17) 

NH2CHCONH2 
I 

CH2Ph 

-»- PhCH2- + NH2CHCONH2 

-»>Ph- + -CH2CH(NH2)CONH2 

-*• PhCH2CHNH2 + CONH2 

The experimental curve at pH 9.2 was synthesized and 
was found to be in excellent agreement with the forma
tion of equimolar concentrations (0.81 ixM) of PhCH2-
and NH2CHCONH2. The latter radical has33 a Xmax 
~265 nm and e265 5.5 X 103 M~l cm-1 and an ioniza
tion constant pÂ a = 4.35 ±0.1. 

(33) P. S. Rao and E. Hayon, in preparation. 
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Figure 6. (A) Quenching of the excited state of phenylalanine 
amide (5 mM) by ethyl pyruvate at pH 9.2, monitored at 318 nm, 
using a 260-nm cut-off filter; (B) quenching of the excited state of 
N-acetylphenylalanine (5 mM) by ethyl pyruvate at pH 7.0, mon
itored at 318 nm, using a 250-nm cut-off filter; (C) quenching of 
the excited state of N-acetylphenylalanine (5 mM) by ethyl pyru
vate at pH 1.5, monitored at 318 nm, using a 250-nm cut-off filter. 

NH3
+CHCONH2 NH2CHCONHs + H+ 

(18) 

No evidence is presently available for process 16 
(both radicals absorb weakly and have maxima below 
270 nm) or process 17. The absorption of the -CONH2 

radical has been reported34 and Xmax ~320 nm and 
e3so~350 M~l cm-1 . 

A very much weaker and different spectrum is ob
served on flash photolysis of the Phe-NH2 at pH 5.1, 
Figure 5. This spectrum remains unchanged in the 
presence of 1.0 M J-BuOH (an OH radical scavenger) 
and 1 atm of N2O (an eacr scavenger), indicating that 
the transient is not an eaq~ or OH radical adduct. 
The spectrum is not unlike that of the -CONH2 rad
ical,34 and might be produced according to 

->- NH3
+CHCH2Ph + • CONH2 (19) 

NHs+CHCONH2 
I 
CH2Ph 

Ph- + CH2CH(NH3
+)CONH2 (20) 

On monitoring at 318 nm the change in absorbance 
with pH, a titration-type curve is obtained (insert, 
Figure 5) from which a pK = 7.1 ± 0.1 can be derived, 
in good agreement with the pATa = 7.22 of the ground 
state Phe-NH2. These results indicate the strong 
effect the -NH 3

+ group has on the formation of the 
excited state precursors and the photodissociation 
process 15. 

The addition of ethyl pyruvate as a quencher reduces 
considerably the absorbance at 318 nm, pH 9.2, see 

(34) E. Hayon, T. Ibata, N. N. Lichtin, and M. Simic, J. Amer. 
Chem.Soc, 92, 3898 (1970). 

0.04 

Figure 7. Transient spectrum produced in the photolysis of 2 mM 
./V-acetylphenylalanine at pH 0.95 in the presence of N2 (1 atm). 
Spectrum of the PhCH2- ( ) and CH3CONHCHCOOH ( ) 
radicals used to synthesize the experimental curve. A 240-nm 
cut-off filter was used. 

Figure 6A. The Stern-Volmer plot is not linear, for 
the same reasons as described above. The quenching 
constant obtained from the tangent of Figure 6A is 
given in Table II. The relatively low concentrations 
used in this quenching experiment suggest the forma
tion of a long-lived excited state as the precursor of 
process 15. 

A nonlinear dependence upon the light intensity (/) 
was observed on flash photolysis of Phe-NH2 at pH 
5.1. The O.D.318 was found to be proportional to P. 
At pH 9.2, the O.D.3i8 was found to be proportional to 
/. These results parallel those found for phenylalanine 
which were biphotonic when the amino group is 
protonated and monophotonic when the amino group is 
deprotonated. 

N-Acetylphenylalanine. The state of protonation 
of the a-amino group in Phe and in Phe-NH2 was seen 
above to greatly influence the course of the photochem
ical decomposition, the quantum yield, and (by in
direct conclusion) the triplet energy level of the excited 
state precursors. The N-acetyl derivative was therefore 
examined with the object of removing the "influence" 
of the free amino group and, at the same time, observing 
the effect of a peptide -CONH- group on the electronic 
transitions of the aromatic ring. 

On flash photolysis of A'-acetylphenylalanine (p£a 

probably ~3.6 ± 0.1), Ac-Phe, at pH 0.96 a strong 
transient absorption is observed, see Figure 7. The 
experimental curve was very well synthesized taking 
into account the formation of only the PhCH2- and 
C H 3 C O N H C H C O O H radicals, produced from pro
cess 21. 
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CH3CONHC(CH2Ph)HCOOH 

-J-PhCH2- + CH*3CONHCHCOOH (21) 

->- CH3CONHCHCH2Ph + • COOH (22) 

-*-Ph- + C H 2 C H ( N H C O C H 3 ) C O O H (23) 

The C H 8 C O N H C H C O O H radical35 has a shoulder at 
310 nm and a maximum at 265 nm, with e values of 
3,900 and 14,000 M~l cm"1, respectively. The radical 
has35apA:a = 4.6 ± 0.1. 
C H 3 C O N H C H C O O H - ^ r i C H 3 C O N H C H C O O - + H+ (24) 

The experimental curve does not appear to allow 
for the formation of COOH, process 22. The spec
trum of this radical is known.27 This result is in agree
ment with the conclusions reached11 in the flash pho
tolysis of PhCH2CH2COOH. No evidence for process 
23 could be expected since the radicals formed would 
not be observed under these experimental conditions. 

The photolysis of Ac-Phe at pH 8.5 produced a dif
ferent spectrum with a pronounced absorption above 
340 nm, Figure 8. The experimentally observed curve 
was synthesized on the basis of the absorption spectrum 
of three radicals. 
CH3CONHC(CH2Ph)HCOO-

->PhCH2- + C H 3 C O N H C H C O O - (25) 

-*-ea, + CH3CONHCHCH2Ph + CO2 (26) 

- * - Ph- + C H 2 C H ( N H C O C H 3 ) C O O - (27) 

The CHsCONHCHCOO- radical35 has maxima at 
320 and 255 nm and e values of 4,800 and 14,000 Af-1 

cm-1, respectively. The absorption of eaq- at 720 nm 
was also observed, see Table III. The absorption spec
trum of the CH3CONHCHCH2Ph radical is not known 

Table III. Comparison of the Apparent Quantum 
Yields for Photoionization of Aromatic Amino 
and Carboxylic Acids in Aqueous Solution 

Compd 

Phenylalanine 

Phenylalanine 

N-Acetylphenylalanine 

a-Aminophenylbutyric 
acid 

a-Aminophenylbutyric 
acid 

Phenyl acetate 
Phenyl propionate 
Phenyl butyrate 

PH 

7.3 

11.2 

8.5 

6.9 

11.1 

9.2 
9.2 
9.2 

Ionic structure 

NH3
+CHCOO-

CH2Ph 
NH2CHCOO-

I 
CH2Ph 

CH3CONHCHCOO-

CH2Ph 
NH3

+CHCOO-
i 

CH2CH2Ph 
NH2CHCOO-

I 
CH2CH2Ph 

PhCH2COO" 
PhCH2CH2COO-
PhCH2CH2CH2COO-

[eacf],0 

/uM/flash 

0.22 

0.45 

0.40 

0.30 

0.30 

0.17» 
0.20» 
0.24» 

° Determined from flash photolysis of 2 X 10~4 M concentra
tions of the aromatic compounds, using a water cut-off filter (Xexo > 
200 nm), assuming similar overall absorption of light intensity. 
Absorbance extrapolated to "zero time" after the flash, and eaq

_ 

concentration calculated taking C700 1.8 X 104 M - 1 cm -1 for eaq~; 
these eaq- concentrations need not reflect a true comparison, since 
the triplet energy levels of these molecules differ and hence the ab
sorption of a second quantum of light is not equally effective under 
these experimental conditions. » From ref 11. 

(35) M. Simic, P. Neta, and E. Hayon, J. Amer. Chem. Soc, 92, 
4763(1970). 

Figure 8. Transient spectrum produced in the photolysis of 2 mM 
A'-acetylphenylalanine at pH 8.5 in the presence of N2 (O), N2 
plus 1.0 M r-BuOH (D), N2O plus 1.0 M /-BuOH (•). Spectrum of 
PhCH2- ( ) and CH3CONHCHCOO" ( ), and the sum 
of PhCH2- plus C H 3 C O N H C H C O O - ( ) radicals. The spec
trum of CH3CONHCH2 ( ) radicals used to synthesize the 
experimental curve. Insert: dependence of the absorbance at 
355 nm upon pH. A 240-nm cut-off filter was used. 

but is expected to be very similar to that of the CH3-
CONHCHCH3 radical36 with Xmax 360 nm and €S6o 
3.4 X 103 M-1 cm-1. Based on this e value, the 
[e»,-] = [CH3CONHCHCH2Ph] confirms the occur
rence of process 26. One should point out that the 
360-nm band is not due to the electron adduct to Ac-Phe, 
since this absorption was the same in the presence of 
N2O and J-BuOH, see Figure 8. 

It is interesting to note that [CH3CONHCHCH2Ph] 
= 0.4 juM and [PhCH2-] = 0.75 \xM at pH 8.5 in
dicates that 0(25)/0(26) ~ 1.8. This compares with 
0(ii)/0(i2) ~ 1.0. Processes 21 and 25 are produced 
with the same quantum yield at pH 0.95 and 8.5, 
<£(21) ~ </>(25). No evidence for process 27 is available. 

Since the <p for formation of the benzyl radical is in
dependent of pH (the actual difference observed at 318 
nm in Figures 7 and 8 is due to the different Xmax and e 
of the parent radicals, processes 21 and 25), the de
pendence of process 26 upon pH was monitored at 
355 nm. It can be seen (insert, Fig. 8) that the forma
tion of the CH3CONHCHCH2Ph radical has a pK = 
3.6 ± 0.1, very close to the expected pK& of the -COOH 
group in Ac-Phe. 

The addition of ~ 1 mM 2,4-hexadien-l-ol to 5 mM 
Ac-Phe, using a 260 nm cut-off filter, reduced the 
O.D.3i8 > 75% at both pH 0.8 and 6.5. However, 
as mentioned above, this quenching could also be due 
to the reaction of PhCH2 • with the quencher. 

(36) L. J. Mittal, J. P. Mittal, and E. Hayon, Photochem. Photobiol, 
in press. 
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Figure 9. Dependence upon the intensity of the exciting light of 
the concentration of intermediates produced in the flash photolysis 
of 2 mM N-acetylphenylalanine, N2: (a) O.D.3i8 at pH 8.5, (b) 
O.D.aeo at pH 8.5, (c) O.D.Si8 at pH 0.95, and (d) O.D.3i8 at pH 
0.95 presented on a log-log scale. 

The absorbance at 318 nm was found to be dependent 
upon the square of the light intensity, P, at both pH 
0.95 and 8.5, Figure 9. This result indicates that pro
cesses 21 and 25 are biphotonic and is consistent with 
the observation that <j>m ~ 0(25). It is interesting to 
point out that some N-acetyl derivatives of aliphatic 
amino acids also undergo36 a biphotonic photodis-
sociation reaction. The absorbance at 360 nm and at 
pH 8.5 on flash photolysis of Ac-Phe is also found, 
Figure 9b, to be dependent on P. This rather im
portant observation shows that the photoionization 
process 26 is also biphotonic, in agreement with the 
results obtained11 in the photolysis of aromatic car-
boxylic acids. 

a-Aminophenylbutyric Acid. The photolysis of 
a-amino phenylbutyric acid, Ph(CH2)2CH(NH3+)COOH 
was examined in order to observe the effect of an ad
ditional CH2 group between the benzyl and amino acid 
groups. A striking difference in the transient spectrum 
is observed. No benzyl radical is produced, but the 
photoionization yield is still substantial (see Table 
III). The transient with Xmax <~320 nm decays very 
slowly (in the seconds range) giving rise to a strong 
permanent product in the uv region. The formation of 
this intermediate was found to be biphotonic at pH 
11.1. It was not possible to identify the transient(s) 
giving rise to this absorption. 

Conclusion 
The absorption and fluorescence spectra of simple 

phenylalkylcarboxylic acids in aqueous solution at 
room temperature have been interpreted37 in terms of 
intramolecular charge-transfer interactions. These 

(37) J. Tournon and M. A. El-Bayoumi, J. Amer. Chem. Soc, 93, 6396 
(1971); J. Chem. Phys., 56, 5128 (1972). 

exhibit an enhancement of phosphorescence yields, 
low fluorescence yields, an increase in the intersystem 
crossing process M80, and an enhancement in spin-
orbit coupling and some electronic overlap. The 
electronic transitions of the aromatic amino acids 
examined here are expected to exhibit some of these 
properties. 

The results obtained and presented above show quite 
clearly for the first time that a long-lived excited state, 
probably the triplet state, is involved in all the photolytic 
processes observed on flash photolysis of aqueous solu
tions of phenylalanine, phenylalanine amide, and N-
acetylphenylalanine. This includes both photodis-
sociation and photoionization processes. Similar re
sults and conclusions were drawn from the photolysis 
of phenolic compounds9'10 (phenol, p-cresol, tyrosine) 
and of various aromatic alkyl carboxylic acids.: x 

One of the main photolytic reactions of Phe is the 
liberation of carbon dioxide by a photoionization pro
cess 12. Since all the energy is initially absorbed by the 
benzene ring, it is reasonable to conclude that some 
strong interaction takes place even in the presence of a 
number of methylene groups (-CH2-)„ (n = 3 for a-
aminophenylbutyric acid), considered hitherto to act 
as insulating groups. The results presented for the 
phenylalanine derivatives, and for the aromatic alkyl-
carboxylic acids,11 show that the ejected electron in the 
photoionization of these aromatic compounds comes 
from the ionized carboxyl group -COO - . 

From the dependence upon light intensity, the photo-
dissociation processes leading to the formation of 
benzyl radicals were found to be biphotonic in neutral 
solution for Phe, Phe-NH2, and Ac-Phe. The photo
ionization processes were also found to be biphotonic, 
e.g., see results for acetylphenylalanine. The latter 
observations can be rationalized since the ionization 
potential of aromatic compounds38 in the gaseous phase 
is ~ 8 eV and the triplet energy level of phenylalanine 
and derivatives is 340 nm (0,0). The absorption of a 
second quantum plus ~ 1 eV energy of solvation can 
produce the required energy for ionization. The 
rupture of a - C - C - bond, however, requires only ~3 .5 
eV and it is not clear why a second quantum is needed 
to bring about the photodissociation reaction. 

The following photophysical processes are suggested 
for Phe, Phe-NH2, and Ac-Phe. 

°S(Phe) - A - 'S(Phe) 
1S(PlIe) —>- °S(Phe) + hvi 
1S(PlIe) —>• 1T(PhC) 
1T(PlIe) —*- °S(Phe) 
1T(PlIe) — > °S(Phe) + hv? 

'T(Phe) - ^ - *T(Phe) 
*T(Phe) —*- dissociation and electron ejection 

The dependence of the quantum yield of processes 
1, 11, 15, and 19 on the pH and the state of pro-
tonation of the a-amino group shows (a) the strong 
effect the amino group has on the nature and formation 
of the *T states and (b) that the triplet and not the 
singlet excited state is involved, based on the quenching 
experiments and on the fact that the observed pKa is 
the same as p#B[°S(Phe)], in accord28 with the pK& of 
the triplet state being close to that of the ground state. 

(38) A. Terenin and F. Vilesov, Advan. Photochem., 2, (385 1964). 
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