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o Abstraet:-A’pulsed frequency quadrupled neodymium [aser emitting at 265 nm {~15 nsec'duration) was used to optically ex-
:cite phenylalanine and derivatives in water at 25°. The following systems were studied: benzene, toluene, phenylpropionic
cid; phenylalanine, N-acetylphenylalanine amide, phenylalanine amide, and glyeylphenylalanylglycine. The triplet-triplet
bsorpnon specira of mest of these compounds were observed and their lifetimies determined. These lifetimes are ~[-3 psec
md: areshiorter;lived than those observed for. the correspondiag tyrosine derivatives. The triplet-states are quenched by oxy-
-gen with kg ~3-5 % 109 M1 sec™!. The photoionization 2nd photodissociation of phenylalanine were studied as a function
-“of pH and temperature The photoionization of phenylalanine and derivatives has the triplet state as the main precursor, and
+:electron ejéction occurs in afl cases via a biphotonic process. The ée,,- is dependent on the state of protonation of the NH3y*

% proup, and decreases when the a-amino group is present as NHo. The photodissociation reactions oecur, at all pH values, pri-
marily via the triplet state as precursor. The dissociation processes can be biphotonic or monophotomc depending on certain
¢onditions which have been defined: 7 proteins, phenylalanine is expected to dissociate via a monophotonic process. The

On;the bas:s of the smglet exc1tcd state and the triplet
: 'statc energies . of phcnylalanme it has generally been con-
sidered that'the sequence of electronic energy transfer from
phenylalanme —.tyrosine — tryptophan was feasible and
probabIc in; protem macromolecules containing these aro-

.- matic amino acids."> However, the destruction of phenylal-

‘aning {Phe)-occurs on uv irradiation of proteins.3 Based on
thé low extinction coefficient of Phe and its blue-shifted ab-
‘sorption spectrum compared to tyrosine (Tyr) and trypto-
phan (Trp); there is, however, a low probability for direct
optical excitation of Phe in proteins which contain a num-
ber of Tyr and Trp molecules,

. The.fluorescence lifetime and quantum yield of Phe
. (NIO * M, 20°) in aqueous solution*® are ¢r = 0.025 and
7F = 6.8.nsec.” A marked temperature depcndencc was
found 3 with ¢ and 75 decreasing with increasing tempera-

. titre in the.range 2-68°. This deactivation process was indi-

~ cated¥ to beé due mainly to internal conversion and only toa

© small’ extent due to intersystem crossing. The ¢r decreases?
by ~30% on ionization of the COOH group and ~15% on
ionization.of the NH3t group. The phosphorescence of Phe

- has been observed! only in glasses at 77°K and has a band
max:mum 4t 385 novand 1p ~ 5.5 sec.

- Flash photolysis studies” of Phe in water at 20° showed
that (a) the photodissociation process leading to the forma-
tion of the benzyl radical and the photoionization process
lcadmg to the hydrated electron e,q~ were both strongly de-
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'hotoromzat;on of bemene in water i§ reported These and other results are dlscussed

pendent on the state of ionization of the free end groups
COOH and NH3*, and in particular to the amino group
(these processes followed the pK, of the ground state mole-
cule}; (b} the excited state precursors of both processes
were long lived, and probably the triplet states; (c¢) the pho-
toionization process was biphotonic in nature; (d) in neuatral
and acid solutions, the photodissociation processes from
Phe, Phe-NH), and N-Ac-Phe were biphotonic, whereas in
alkaline solutions (above the pK, of NH;*) only one quan-
tum was required to bring about the same photodissociation
reaction; {e) the triplet state was also involved in alkaline .
solutions.

Rt

_ PhCH,* + NH,*CHCOO
NH,*CHCOO™ % e, + R* L
CH,Ph Ph- + CH,CH(NH,")COO" _'(3)_- g

The triplet state of Phe and refated compounds wis' not
observed,’ prcsumably due to its relatively short lifetim
Reported below is a laser photolysis study of Phe and, phc—
nylalanine peptides in water using a quadrupléd. neodyr
ium faser emitting at 2635 nm with single pulses of ~151s
duration. The triplet-triplet absorption spectra of’ B-pheny
propionic acid, toluene, Phe, N-Ac-Phe, N-Ac-Ph H
Phe-NHo, and Gly-Phe-Gly were observed.and. thei
times were determined. The pH and temperaturc d




photo:on zation: and photodlssoc:lat:on processes
; e'_mechamsms leadmg to these disso-

re B fl & quadruplcd odyrmum laser was used,
. pulses" of <15 nsec duration. The
as 2250 W Xenori lamp whose current
sec; resultmg ifian increase in light output at
raf 400 On-fine analysis of the data was
nmanon SIOO and a Hewlett Packard 9830A

| were the best. research grade available com-
& -gbtained: from: Cyclochemicals, Calbiochem,
cals; and, Fox ‘Chemicals, They were used as received.
gents and: ‘chetnicals were obtained from Baker and
Iastrn Mallmckrodt and Aldrich.
ed using” perchlor:c acid, potassium hy-
hates anid.1:0 mM borate buffers. Fresh
samp 'h'_iaser pulse.
“Actimometry was ased on anthracene in cyclohexane solutions.
“T. ‘absorption”of anthracene was monitored at 428 nm
‘the monochromator) g = 647 X 104 M)
‘a d);sc = 0 75 (from ref 11).

' Pher;yialanme and Re]ated Compoumis Using 265 nm
i Ajg = !By benzene transition of phenylala-
compounds and peptides is optically excit-
structure’ of thls absorption band in water
um at ~258 am and: ezs ~ 190 A1 em™!.
‘the 'spectrurm’of. phenyialanme with pH have
' ndit:a't'iv"ta13 14 of strong intramolecular in-

- ‘ hotoly51s of oxygen free agueous’ solutions of
phenyial .83 and pK,%2 =9.13)at pH 7.5, 2
- transien op'_ca absorptzon ‘spectrum is observed :mmedi—
“the 15 nsec laser pulse {Figure 15). Absorption
-max1ma at ~318, ~307, and ~245 nm are observed at ~20
“nsec after the pulsc A iveak absorption with Apax ~ 720
nm, Assigned tothe hydratcd electron eqq”, was found but is
hown m: F:gure 1b At EO usec after the puise a d;ffer—

““The! 10" psec spectrum resembles that previously ob-
scrved7 under:flash' photo}ytlc conditions {time resolution
~107 usec) which was assignied primarily to the benzyl and
: NH2CHCOO“’ radicals (reaction 1). The spectrum of the
benzyl radical was recently redetermined,!> and maxima at
318, -397,-_'and---25_8' rim_:werc observed, under similar experi-
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Figure 1. Absorption spectra of the transient species produced on opti-
cal excitation at 265 nm of phenylalanine (4.0 mAf) in water at 25°:
(a) at pH 0.3, (b) at pH 7.5, and (¢} at pH 11.6. OD were read at 20
nsec (Q) and 10 usec (A) after the 15 nsec laser puise, The difference
spectrum represented by a full line is the T-T absorption of phenylala-
nine at the particular pH. Ground state OD at 265 nm was identical in
each case. In (b) and (c) solutions contained N2O (1 atm) and 1.0 M
fert-butyl alcohol to scavenge the optically generated hydrated elec-
trons {see text).

mental conditions, with extinction coefficients of 9.0 X 103,
4.7 % 103, and 2.5 X 10* M~ cm™1, respectively. The gly-
cine radical has & Amax ~ 250 nm and an extinction coeffi-
cient which is strongly dependent upon the pH and the acid-
base properties of this radical.}6

The 20 nsec spectrum also shows the presence of the ben-
zyl and glycine radicals, in addition to another transient ab-
sorption. This absorption with maxima at ~310 nm and
~243 nm is suggested to be the triplet-triplet absorpt;on
spectrum of Phe at pH 7.5 (difference spectrum in Figure
1b). This assignment is based on the following observations:
(a) the decay kinetics at ~310 and ~240 nm are first order
with &k = 3.2 £ 0.3 X 10° sec™! (see Table I); {b) the T-T
spectrum of Phe is quenched by oxygen with kg = 3.3 £ 0.3
¥ 10° M~! sec™! (see Table 1) (¢) similar T-T spectra
and lifetimes have been observed from toluene, 3-phenyl-
propionic acid, and Phe peptides in water (see below and
Tables I and H).

On optical excitation of Phe at pH 0.3, similar transient
spectra were observed {Figure 1a). The shlft in the absorp-
tion maxima and relative extinction coefficients probably
reflect (a) the change in the ¢ of the photoprocesses 1-3

L1fet1mes of T nplet States of Phenylalanine and Related Compounds in Water at 25°
" Substrated pK, pH A monitored, nm k, sec”! T

Phenylalanine (3.8 m). 1.8,9.1 7.5 240, 320 3.2:03X%10° 3.1 psec
' 1.6 2602 360 5.0 1.0x%x108% 2.0 usec
! 0.3 240 4.1+ 04 x16° 2.4 psec
Phenylproplomc ac1d (5 0 mM) 4.7 7.3 240 2.0+02x10° 5.0 psec
Toluene (3.0 mAM).-. 7.0 240 3.6x0.2x10° 2.8 usec
N- Acetylphenyialamne (3 8 rnM) ~3.6 8.1 2604 4.7+0.4x10° 2.1 usec
1.4 2604 9.6 = 0.6 X 10° 1.0 usec
NAcety!pheny_lalanmeam;de (3.0 mAf 8.4 2552 360 52+0.3x 108 1.9 usec
Phenylalanineamide (5.0'mM) 7.2 12.5 2602 8.0+ 1.5%10° 1.2 usec
Glycylphenylalanylglycine (2.5 mAf) - 5.0 2604 5.7+ 08%x10° 1.8 usec
: LT . - 11.4 2604 6.5+ 1.5%10° 1.5 usec

0 2602 5.2+1.0%x 108 1.9 usec- -

@ At this wavelength, the transient absorption increases with the decay of the triplet due to the formation of transient species having hlgher
extinction coefficients (see text).  Lifetimes were determined at the subsirate concentrations given in parentheses. :

Bent, Hayon | Excited State Chemistry of Phenylalanifg



2608

Table Ii Quenchmg of Tnplet States of Phenylalanine and
Related Peptides in Water at 25°

. . Aromaticamino acid? pH Quencher kg, M ' sec™

Phenylalanine (3.8'x 107 M) 75 0, 33203 x 10°
. Pheriylalinine (3.4 x 107 M) 11.6 0O, 4.5+ 1.0x10°
A Phenylalanine (3.8 X 107 M) 7.5 Ni**  41:02x107
" . Phenylatanine¢0.1-2 X 1072 M) 7.5 Phe  <20x10°

" N-Acetylphenylalanine (3.8 mM} 81 O, 3.9+0.5x10°
. Glycylphenylalanylglycine 5.8 0, 3.820.5x10°

(2.5 maf)...
aQuenchihg rates determined at substrate concentrations given in

parenthcses

and (b) the change in the spectra of the T-T absorption and
the radicals due to their acid-base properties,
~On opt1cal ‘excitation of Phe at pH 11.6, a 51gn1f1cantly
 different spectrum is observed at 20 nsec after the pulse,
figure 1¢: The spectrum is not “structured”, indicating the
absence -of PhCHy- radicals, and has maxima at ~243 and
~-310 gm: A strong increase in absorbance is observed 10
" psec later; with the observation of the characteristic spec-
trum of the -PhCH;- radical. The initial 20 nsec spectrum is
" assighed to the T-T spectrum of Phe at pH 11.6 (one can-
- 'iot exclude the possibility that other transient species may
* . also be formed and contribute to this spectrum). Tt should
" be noted: that the rate of formatmn of PhCHj- radical is

fferent wavelengths are markcdly dependent
'ased on the a551gr1ments glven to these absorp-

c!osely the fluorescence curve4 13 for Phe.
Phe was found to be only slightly depen-
1'1”1'._= 2.4,3.1, and 2.0 usec at pH 0.3, 7.5,

in-alkaline solutions above pK,” = 9.13,
=23 X 10" Af~1 sec™! (ref 17), it

T+ H —H (4)

onitor the yield of e,q™ at 650 nm at
lish whether the the,,— decreases in acid so-

“formed via the absorpuon of a second
(sec below) it follows that ¢~ will re-

Ve a 25{} nm of the transient species
y.of the triplet (as that of the initial
cence) also follows closely the ground
However, in this case, a very strong
Ce is:0bserved in alkaline solutions. The
the'increased vield of PhCHo radi-
ocidtion process 1) and, only in smal}
e extiriction cocfﬁments of the acid-
ditional radicals produced. Such an
th:pH was also reported” in the

emical Society | 97:10 | May 14, 1975
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Figure 2. Titration curves of the transient species produced on optical
excitation of phenylalanine (4.0 mAf) at 25°. OD measured at 20 nsec
(O, O} and at 10 usec (A) after the laser pulse.
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Figure 3. Dependence upon 265 nm light intensity (using a 15 nsec
laser pulse) of the yields of transjent species produced from phenylala-
nine {4.0 mAf, 25°) in water at pH 7.5, 11.7, and 12.0.

flash photolysis of Phe.

Dependence of Yields upon nght Intensity. The flash
photolysis study’ showed that the photodissociation process
of Phe was dependent upon J? (7 = light intensity) in neu-
tral solution, but was o [ in alkaline solution above pK, =
9.13. These experiments were repeated using laser excita-
tion of Phe at 265 nm, see Figure 3. The photoionization
process, reaction 2, is proportional to /2 in both neutral and
alkaline solutions, see Figure 3. This difference in the de-
pendence upon light intensity supports the conclusion
reached earlier” that paraliel photolytic processes give rise
to dissociation and ionization reactions. .

Dependence of Yields upon Temperature. Fluorescence
studies’ on Phe in neutral aqueous solutions showed a
marked decrease in quantum yield with increasing Eempera-—
ture, from ¢p = 0.04 at 2° to ¢g = 0.008 at 70°. : .

Figure 4 shows the dependence upon temperature of the
yields of triplets, e,q~, and radicals formed at pH 7.7:and - ..
11.9. At pH 11.9 the dependence of these yields upon tem= - -
perature is more marked than at pH 7.7. It should be pomt— v
ed out that at 650 nm the extinction coefficient of €. de-
creases with increase in temperature.'” Hence, e~ de-
creases more sharply with increasing temperature than Il’ldl—
cated in Figure 4.

Excited State Chemistry of Phenylalanine. From the iaser
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Ratio? Ratio OD,,,»¢  Ratio OD, ¢

. Toluére nd',B phenylproplomc acid in water at pH ~1.0
“walso have triplet lifetimes of a: few microseconds. Tt is inter-
cstmg to:point. otif-that 3Tyr has® a 7 = 10 usec in water at
: -pH 6. 0. The: quenchmg raté constant by O, is close to diffu-
.- sion controlled, and:similar to that found for *Tyr (ref 9)
- and *Trp. (ref 19) Contrary to what was suggested,” the
_:_-quenchmg of. 3Phe by Ni(ClOy) is relatively slow, kg = 4.1
.02 % 107 M T'sec™'; Hence the observed’ decrease in
- PhCHgz radical by Ni?t is probably due to a fast reaction
© (k= 10% M1 sec™!) between PhCH,- and Ni2* jons, and
.not. 1o ‘the ‘quénching of the triplet state percursor of
"PhCHz-_ radlcals (c): Photodissociation process: in neutral
-+ and acidic sohitions, photodissociation reactions occur from
~tHe triplet state via a biphotonic mechanism, This explains
" the: observed. formatlon of PhCH,- within the duration of
. the laser pulsei(15” nsec) and’ the photoflash’ (~10 psec)
and its dependence upon 1% In alkaline solutions, no benzyl
' _radicals are formed: during the laser pulse (Figure Ic) but
aré: produced from the decay of 3Phe. The rate of decay of
" 3Phe: is identical to the rate of formation of PhCH,-. The
phOtOdISSOCIaUOI’I reaction is .therefore monophotonic and
‘shows.a stronger dependence upon temperature, as expect-
" ed. The: increased. yield: of radicals at pH 11 is consistent
with the more efficient monophotonic process, and does not
riccessarily: reflect: an-increased 18C in alkaline solutions.
Furthermore; a strong temperature dependence (Flgure 4h)
is.consistent with. a monophotomc process which is depen-
dent.upon .activation. encrgy. (d} Photoionization process:
the.dependence of this process upon the excitation light in-
tensity ‘under. both laser- and - flash photolysis conditions
points to the triplet staté as the precursor, which absorbs a
second. - quantum  of :light.. The formation of €aq~ OCCUTS
within the 15.nsec laser pulse duration. The strong tempera-
ture dependence. of ¢e;,- 2t pH 7.7 and 11.9 appears at first
surprising for 4 biphotonic process. However, since the pop-
ulation: of the precursor- of:the triplet state is equally tem-
perature depcndent qbcaq— should follow a similar depen-
dence..
It was suggested7 that the ejected electron came from the
COOT group.in Phe as a result of energy transfer to the
carboxyl group :

3PhCH2(NH3”}COO' I PhCHz(NHg*)COO + ey (5)

¥ PaCH,(NH;)CO0Q -+ — PhCHzNH; + CO;.  (6)

1.0 1.0 1.0
0.8, 0.8 1.7
1.0

1.2

0.7

1.0, 1.2 2.6
0.9, 0.9 2.0
0.9, 0.9 0.6
0.8 0.8 1.9
1.1 0.9 L.8
1.0 1.3 2.6

5, ¢ =1.0. 0D at ~20 nsec after
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Figure 4. Dependence upon temperature of the yields of the transient

species produced from optical excitation of phenylalanine in water at

(a) pH 7.7, 4.0 mM, and and (b} at pH 11.9, 4.0 mM. OD were mea-

sured at 20 nsec {O, O0) and at 10 usec {A) after the laser pulse.

No evidence could be found in suppert of reactions 5 and 6.
Also no transient absorption could be observed which could
be assigned to-an intermediate produced from the ionization
of the benzene ring itself. Consequently, no mechanism is
presently offered for the site of ejection of electrons from
phenylalanine,

Benzene, Toluene, and Phenylpropionic Acid. The ¢ of
benzene at 25° has been reported to be 0.005% and 0.006,20
and ¢y = 0.07.2! The triplet-triplet absorption of benzene
in water was not observed on laser excitation at 265 nm.
The photoionization of benzene (~2 X 10~2 M) in water at
pH 7.0 was, however, observed and the ey~ = 0.024
{Table I1I). '

Laser photolysis of toluene (3.0 mM) in water gave rise
to a relatively weak absorption which is assigned to the T-T
spectrum of toluene, It decays with k = 3.6 £ 0.2 X 105
sec™! and is effectively quenched by oxygen. Hydrated elec-
trons are also observed and are formed during the laser
pulse with ¢, - = 0.04. The formation of e, "** and
PhCH-2* radicals have previously been reported in flash
photolysis studies. The ¢¢ for toluene is 0.13 in ethanol!?
and ¢ = 0,52 in isooctane?* solutions. Due to experimental
difficulties, no attempt was made to determine the excited
state precursor of the photoionization of toluene. However,
based on the conclusions reached for other aromatic® and

Bent, Hayon [ Excited State Chemistry of Phenylalanine ..
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Figure S, Absorption spectra of the transient species producéd on oj:)ti-
cal excitation at 265 nm in water of (2) 40 mM N-acetylphenylalanine
atpH 8.1 and (b) 4.0 mM N-acetylphenylalanincamide at pH8.4. So-

lutions coatained N3O (1 atm) and 1.0 A 7-BuOH (see text). Absor-’

bances were read at 20 nsec (O) and 10 pseq (A) afier the pulse. The
symbol + is the spectrum obtained in O, (1 atm) read at 1.0 ysec after
the pulse. ) C

phenolic® compounds, it would seem reasonable to assume
that photoionization of toluene in water occurs from the
triplet state via 2 biphotonic process.

The flash photolysis of phenylpropionic acid in water was
examined.” The photodissociation reaction (to produce
PhCHj- and -CH,COO~ radicals) and the photoionization
reaction {to form eyq™) were shown?S to occur from the trip-
let state via a biphotonic mechanism. The triplet state of
phenylpropionic acid in water at pH 7.3 was found to decay
with & = 2.0 £ 0.2 X 10° sec™! (Table 1) and ¢, .- = 0.034
(see Table III). The ¢f of phenylpropionic acid in ethanol
was found!® to be 0.13.

Phenylalanine Peptides. N-Acetylphenylalanine, The
state of protonation of the a-amino group in Phe was found
to have a considerable effect on the photochemical decom-
position, quantum yield, and its mechanism. The flash pho-

‘tolysis” of N-acetylphenylalanine {Ac-Phe, pK, ~ 3.6) at
pH 8.5 was explained on the basis of reactions 7 and 8, with
reaction 9 assumed to occur.

CH;CONHCH(CH, Ph)}COO"
PhCH,* + CH,CONHCHCOO" (7)

.Iw

e, + CH,CONHCHCH,Ph + CO, (8)

Ph+ + 'CH,CE(NHCOCH,)COO"~ (9)

The laser photolysis of 4 mM Ac-Phe in water at pH 8.1
in the absence of oxygen produces immediately after the 15
nsec pulse a transient spectrum with maxima at ~355,
~305, and 240 nm, but with no indication of the presence of
the characteristic absorption spectrum of the PhCHj- radi-
cal. After the pulse, an increase in absorbance is observed
and is fully developed at ~10 usec later, see Figure 5a, The
PhCHy: spectrum can now be observed. It is believed to be
produced from the decay of the triplet state of Ac-Phe al-
though no actual decay corresponding to JAc-Phe could be
observed, presumably because the radicals formed from it
have stronger absorptions. The absorption of the PhCH,-
radical (at 260 nm) was formed witha k = 4.7 & 0.4 X 105
sec™' at pH 8.1 and witha k = 9.6 + 0.6 X 105 sec—! at pH
1.4 in 4 mM solutions. In Op-saturated solutions a net

20 T T T T T T T T T T T
{a] = L
f 2o °
Radicel {250 nm)
151 N-ACETYL BHENYLALANINE
T-T (2508m)
O O
o
“LJ
e'uq(GSOnm)
sk i
E— . e
— O
/ \

T-T(250nm} Rudical (250nm] -]

N-ACETYL PHENYLALANINE AMIDE
1 ! 1 1 ! ! L 1 i ] !

o] F4 4 [ 8 10 12
pH
Figure 6. Titration curves of the transient species produced on optical
excitation of {(a) N-acetyiphenylalznine (4.0 mM) and (b) N-acetyl-
phenylalanineamide (4.0 mAf). OD were read at 20 nsec (0. 0O) and at
10 psec (A) after the pulse.

decay at 240 nm, due to the quenching of SAc-Phe, was ob-
served and kg = 3.9 £ 0.5 X 10° M1 sec™! was derived at
pH 8.1 '

In addition to the spectra shown in Figure 5a, the Caq
spectrum with Apax ~ 720 nm was also observed.

The photoionization process, reaction 8, occurs from the
triplet state via gz biphotonic mechanism.” The €aq  Ob-
served was formed within the 15 nsec [aser pulse. The 355
nm band observed immediately after the laser pulse, and
present in the 10 psec spectrum, is probably associated with
the formation of e, ~. Tt was suggested’ to be the
CH3CONHCHCH,Ph radical.

The photodissociation process, reaction 7, to form
PhCH3- clearly occurs from the decay of the triplet state
and is therefore monophotonic in nature.2’

On photolysis of Ac-Phe in oxygen-saturated solution, a
weak spectrum is observed ~1.0 usec after the laser pulse,
Figure 5a. The radicals produced in reactions 7.9 react
with Oy to form peroxy radicals which have absorption
maxima below ~250 nm and relatively low extinction coef-
ficients, 28 i

Figure 6a shows the pH dependence of the yields of e,q,
triplet, and radicals produced from the laser photolysis of 4
maf Ac-Phe in water. It is interesting to note the following
points: (a) between pH 3.5 and 11.2 the yields of eyq™, radi-
cals, and triplet are independent of pH (compare with Fig-
ure 2 for Phe); (b) the yields of exq~ and of radicals are at
least as high as those observed from Phe at any pH (see
Table ITT); (c) the decrease in absorbance of the radical
with decrease in pH js due to protonation of the COO-
group. A similar decrease is observed for N-acetylphenyl-
alanineamide; see Figure 6b. .

' N-Acetylphenylalanineamide. This molecule has no acid-
base properties and is a model compound for Phe in pro--
teins. Laser photolysis of 4.0 mAf Ac-Phe-NH, at pH 8.4
gives rise to transient spectra similar to those observed for
Ac-Phe; see Figure 3b. S

Photoionization of Ac-Phe-NH, gives on laser photolysis
a ¢y~ = 0.032. The euq™ is produced during the pulse and

is presumably formed from the triplet state via a biphotoni¢ = "

mechanism. The absence of a COO~ group in this molecule™

would seem to argue against the earlier suggestion” that'the .

ejected electron came’ from the ionized carboxyl ‘group. i’

Journal of the American Chemical Society [ 97:10 / May 14, 1975




Eléctron ejection fromi the aromatic ring-followed by an in-

-tramolecular: charge’ fransfer rearrangement is now {enta-
tively suggested: i

- The photodissociation process leading to the formation of

' PhCHj- tadicals:occurs from the decay of the triplet state

‘mechanism.. From the rate of formation

atehes the decay at ~360 nm, one can

£ 3ACPhe-NI,, k = 5.2 £ 03 X 10°

Tigiire 6b'shows: the pH: dependence of the yields of radi-
cals ‘and friplét, These are intérpreted in a way similar to
that suggested above for Ac-Phe. "

. Phenylalanineamide. The-transient spectrum observed in
the flash photolysis of Phe-NHa (pKa = 7.22) at pH 9.2
was accounted? for on the basis of reaction 10. Laser pho-
tolysis at pH: 125 shows. the formation of eaq~ during the

laser: pulse; reaction 11, and, as in the case of Ac-Phe, the

gy ah 5 PhCH,* + NIH,CHCONH, (10)

ey R (11)

growing in of an absorption due to PhCHy- ata rate k = 8.0
£ 1.5"% 10° sec™!: These results indicate that (a) photoioni-
zation is. from the triplet state via a biphotonic mechanism,
anid (b) photodissociation to form PhCH,- is from the trip-
let: state and is, monophatonic in alkaline solutions (when
thf_:."NHé"T:"g'l‘o_aip'j-is_*ioni_z_ed)-,' and biphotonic” at pH 5.1
when the amino group is present as NHa*.

_ Glyeylphenylalanylglycine. The laser photolysis of Gly-
Phe-Gly (pKa' ~ 3.6 and pK? ~ 8), a dipeptide, in water at
pH 5.0 gives irfnmediat'ely_ after the pulse a transient spec-
trum, with maxima at. ~325 and ~245 nm, Figure 7. The
spectrumat 10 uscc after the pulse shows the characteristic
spectrum of the benzyl radical superimposed on the spectra
of other. transient species. From the rate of formation of
PhCH;- monitored at. 260 nm, the decay rates of the T-T
absorption” of Gly-Phe-Gly at pH 5.0, 11.1, and 0 were
found to be 5.7 £ 0.8.X 105, 6.5 £ 1.5 X 10%, and 5.2 £ 1.0
X. 105 sec™!; respectively. The triplet is quenched by oxy-
gen, with kg = 3.8+ 0.5 X 102 M1 sec™! at pH 5.8; see
Table I1. In the presence of oxygen, a strong decrease in the
radical absorbance at 260 nm is observed.

The hydrated electron produced was formed during the
faser. pulse with ¢~ of 0.038 and 0.034 at pH 5.0 and
12.5, respectively. It is.interesting to note that this yield is
essentially independent of pH. This is in agreement with the
results obtained for. Ac-Phe and Ac-Phe-NHa, ie., in all
cases where the a-amino-group is absent. In the presence of
an NHs*t group, ionization of this group leads to a reduc-
tion in de;— as, found for Phe and Phe-NH;. The photoioni-
zation of Gly-Phe-Gly-occurs presumably via a biphotonic
mechanism with the triplet state as precursor, as observed
for: the other.compounds. _

The photodissociation process is monophotonic from the
triplet state,as can be seen from Figure 7.

Conclusion

The absorption and fluorescence spectra of phenylalkyl-
carboxylic- acids, -phenylalanine and related model com-
pounds in water at room temperature have been interpret-
ed! ™14 in terms of intramolecular charge transfer interac-
tions. The carboxylic and amino groups affect the electronic
transitions of the aromatic ring even though they are sepa-
rated from the ring by two methylene groups. The substitu-
ents have been classified!? with regard to their inductive ef-
fects on the aromatic. ring as NHy* > COOH > NH; >
.COO~. Lowering the ionization potential of the phenyl
group by substituents increases the quenching of the fluo-
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Figure 7. Absorption spectra of the transient species produced on opti-
cal excitation at 265 nin of glycylphenylalanyiglycine (4.0 mM) at pH
5.0, in the presence of N3O (1 atm} and 1.0 M {-BuOH. OD were read

at 20 nsec (O) and at 10 usec (A) after the pulse.

1 1
250 300

rescence (i.e., decreases ¢r). These charge transfer interac-
tions exhibit an enhancement of phosphorescence yields,
low fluorescence yields, an increase in the intersystem cross-
ing process kisc, and an enhancement in spin-orbit cou-
pling.

From the results presented above, the following conclu-
sions can be made. (1) The photoionization of phenylala-
nine and related compounds and peptides in water at tem-
peratures 5-70° {the range examined) has the triplet state
as the precursor, and electron ejection occurs in all cases
via a biphotonic process. The biphotonic mechanism pre-
vails whether the amino group is present as NHs™ or NHa.
The ¢e,,-, however, is dependent on the state of protonation
and decreases when the a-amine group is present as NHy.
The following photophysical processes are suggested for all
these compounds.

ﬁul
'3(Phe) — '8{Phe)

i}
t5(Phe) S(Phe) + Iwg
[: %3(Phe)

1g(phe) — T{Phe)
t7{phe) — °8(Phe)

ir(phe) — ‘s(Phe) ¥ e

s
i7(Phe) —> *T{Phe)

electron ejection
*T(Phe) {
dissociation
Some photochemistry from the 'S(Phe), I'T(Phe), and
*T(Phe) states presumably occurs as well.
(2) The triplet states of these compounds have T-T ab-

sorptions in the uv region with maxima at ~310 and ~240
nm, and lifetimes of ~1-3 usec (Table 1). The presence of

an amino group somewhat reduces the lifetime, e.g., for Phe

at pH 7.5 7 = 3.1 usec, whereas for j3-phenylpropionic acid -
at pH 7.3, 7 = 5.0 psec. The replacement of the amino -
group in Phe by a peptide linkage, ¢.g., in N-Ac-Phe and.
Gly-Phe-Gly, also reduces the lifetime. This is suggested to;
be due, in part, to intramolecular quenching by the:
_CONH- linkage (see also ref 9). :

(3) At all pH values the observed photodissociation reac-
tions occur via the triplet state as precursor. The dissocia-::
tion processes are biphotonic when the substituents are.
present as (COOH, NH;*Y), (COO~, NH3*), and.
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(CONH>, NH3*%) and are monophotonic when present as
(COO™~, NH3), (COO~, -CONH-), (-CONH-, CO-
NH-), and (CONH,, NH,).

(4) It follows from (3) above that phenylalanine present
in protein should dissociate rapidly, in competition with any
transfer of energy from 3Phe to other aromatic compounds
‘and functional groups. Hence, contrary to earlier views, -2
direct optical excitation of Phe in proteins may be expected
to lead to some dissociation reactions, Optical excitation of
proteins by high intensity light sources {e.g., flash, laser, or
nuclear detonation) will, in addition, lead to the photoioni-
zation of phenylalanine.

(5) The photoionization of benzene in water is reported
for the first time. Its ¢, of 0.024 is lower than that of tol-
uene (0.041) and phenylalanine (0.034) at pH 7.0. The
photoionization of pyrazine (which is isoelectronic with
benzene) in water, under similar laser photolysis conditions,
has also been observed?” with a very low quantum yield,
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