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Kinetics and Mechanism of the Photochemical Reaction of 2/Dipyridyl with Tryptophan
in Water: Time-Resolved CIDNP and Laser Flash Photolysis Study
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The mechanism of the reactions between photoexcitéetihgridyl andN-acetyl tryptophan has been studied

by laser flash photolysis and time-resolved CIDNP (Chemically Induced Dynamic Nuclear Polarization).
The transient absorption spectra obtained at different delays after the laser pulse are attributed to the triplet
state of dipyridyl and to dipyridyl and tryptophan radicals. Depending on the pH of the solution, all three
intermediates can be present in either protonated or deprotonated forms. It is shown that irrespective of pH
the primary photochemical step is electron transfer from the tryptophan to triplet dipyridyl followed by
protonation/deprotonation of the radicals so formed. The rate constant of the reaction of triplet dipyridyl with
tryptophan is close to the diffusion-controlled limit and decreases slightly with increasing pH. The kinetics
and the stationary value of the CIDNP are determined by the rates of radical termination, nuclear paramagnetic
relaxation, and degenerate electron exchange. The last reaction is important for the protonated tryptophan
radical and determines the CIDNP kinetics of tryptophan in acidic conditions. The nuclear relaxation times
estimated from the CIDNP kinetics are 449 us for all protons in the dipyridyl radical, 9% 20 us for the

p-CHy, 44 4+ 9 us for H2,6, and 63t 12 us for H4 aromatic protons in the tryptophan radical.

Introduction residues show substantial enhancements. Extra information
might therefore be available by using a smaller, less selective
photosensitizer. Such a molecule would need to be water soluble
and to have a strong optical absorption so that a low concentra-
tion can be used; it should also generate large NMR enhance-
ments in a cyclic reaction that leads to no net chemical
modification of the protein. These conditions are met by the
aza-aromatic compound 2;@ipyridyl (DP), which has been

: ISC) i dical pairs f d . i ; extensively used as a chelating agent in charge-transfer com-
crossing (ISC) in radical pairs formed as intermediates in a plexes® Under laser irradiation at 308 nm, strong nuclear

photochemical reaction and is a result of the sensitivity of ISC polarization is formed in the reactions with aromatieacety!

to nuclear spin configuration. This selectivity is determined by amino acids (tryptophan, tyrosine, and histidine), and the CIDNP
the magnetic resonance parameters of the radlca! @faz:to_rs patterns observed are very similar to those produced by fldvins.
and nuclear hyperfine interactions. The polarization in the quer factors in favor of DP are its high triplet quantum yield
dlamagnetlc prqduct; IS opserved ”?a'“'y fqr those nuc_:lel WIth anq the strong optical absorption of the different radicals formed
hyperfine couplings in the intermediate radicals, allowing one from the triplet

to determine the identity of the radicals from the polarization . N . )
pattern. In studies of proteins and protein folding, photo-CIDNP Detailed spectral and k'n.e.t'c studies of DP phqtochenﬁs%?y
have shown that the positions of the absorption maxima are

is generated by means of reversible electron or hydrogen atom -, . . . .
. . sensitive to the electronic structure of intermediates in the
transfer between a photoexcited dye (usually a flavin) and the - - Lo .
reaction, allowing one to distinguish the three possible mech-

side chains of aromatic amino acid residues. - . . ]
. . anisms for the primary photochemical step: hydrogen atom
Although flavins have been almost exclusively used as yonefer electron transfer, and electron transfer followed by
CID.NP photosen.smz.er.s for. protein studies and have. many proton transfer. Although much is known about DP photophysics
desirable properties, it IS of interest to e>.<tend the techn!que 0 and photochemistry, the photochemical reactions of dipyridyl
other dye molecules which may have different selectivity for with amino acids have not been studied. Here, we apply time-

e_xposed arpmatic Sid? chains, for example by virtue _Of the@r resolved CIDNP (TR-CIDNP) and laser flash photolysis (LFP)
size. There is some evidence that the observed CIDNP intensity, - qar closely similar experimental conditions; both methods

produced by f_Iavins is a non_linear fun_ct_ipn of the s_ide chain employ the same wavelength for excitation (308 nm) and have
exposure, as judged by static accessibility calculations basecjcomparable time resolution. The main aims are to establish the
on crystal structures, such that only the most strongly exlOosedmechanisms of the reactions between excited DP and aromatic
Towh g o be aad g amino acids, as well as the details of CIDNP formation, to
*To whom corresponaence snou € adadressed. i i
T Currently a Research Fellow of the Humboldt Foundation at the Free deter.mme the rate ConStantS of the dnfferent stage§ of thes.e
University of Berlin, Germany. reactions ar_1d to characterize the reaction intermediates. This
* Oxford University. information is needed to form a solid basis for the use of2,2
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Chemically Induced Dynamic Nuclear Polarizafi¢gG|DNP)
is an attractive NMR technique for studying the structures and
interactions of proteins. The substantial enhancement of NMR
intensity and the information afforded on the accessibility of
aromatic amino acid side chains make it particularly suitable
for partially structured proteins and to the investigation of protein
folding in real-time?~5 Polarization originates in intersystem
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dipyridyl in studies of protein structure and protein folding. 0.5

Knowledge of the initial step of the photoreaction is important oo

because electron and hydrogen transfers have different steric 0.4 ? Dnn

requirements; to be abstracted, a hydrogen atom must be T aa,f

accessible to the sensitizer, and probably not be hydrogen 0.3 o38%0%a%

bonded, while electron transfer requires electronic overlap of A 00

donor and acceptor. The rate constants of the reactions that S o02{ ¢ 4% o

create radical pairs are needed to assess the importance of 4 * 4 °°OZ“D

competition of different amino acid side chains for the excited 014 s ‘AA OOESD
photosensitizet? Finally, the rate constants of radical recom- ' ° a, %8y
bination and degenerate electron exchange and the nuclear spin 0.0 “a RCLLIT
lattice relaxation times in the radicals are crucial when g 350 400 450 500

accounting for the effects of cancellation of the equal and
opposite polarizations arising from “escape” and “recombina- _ ) ) ) ) o
tion” channel'2 All these factors can influence the relative and ~9ure 1. Transient absorption spectra obtained during the irradiation
. o - L L .~ of DPin basic &) and acidic solutions ) 200 ns after the laser pulse,

absolute CIDNP intensities of amino acm_l side chalr_ls in proteins (O) 4 us after the laser pulse).
and so must be understood for a proper interpretation of CIDNP
data. In addition, dyes such as 2¢2pyridyl, which absorb at consistent with the previous studi&sl” Thus, for 308 nm
the wavelengths of pulsed (e.g., excimer) lasers, should be usefuirradiation of dipyridyl solutions at pH 4.3, the main ¥ 90%)
for stopped-flow CIDNP studies on shorter time scales than are light-absorbing species is DPiHwhich after fast intersystem
possible with continuous wave visible light sourées. crossing kisc ~ 1.5 x 1010 s71)8a12yje|ds the triplet DPH".

This article deals with the photolysis of DP in the presence At pH > 6.3, neutral triplets,"DP, are formed. In the
of N-acetyl tryptophan, TrpH (the structures of the initial intermediate region, 4.3< pH < 6.3, the absorptions of
compounds are shown in Figure 6); studies of tyrosine and protonated and deprotonated DP are of similar strength.
histidine are in progress and will be reported elsewhere. Figure 1 shows the triplet absorption spectra of DP (triangles)
and DPH (squares) obtained 200 ns after laser irradiation of
dipyridyl in neutral and acidic (1¢ M HCI) solutions,
respectively. These spectra are in a good agreement with
published datd-191819Neutral'DP decays exponentially with
k=5 x 10*to 7 x 10* s ! at all wavelengths; this rate constant
does not depend on DP concentration. At high laser energies
and therefore large initial triplet concentrations, some admixture

Wavelength, nm

Experimental Section

Time-resolved CIDNP. A detailed description of our TR-
CIDNP experiment was given earli&rA sample, purged with
argon and sealed in a standard NMR Pyrex ampule, was
irradiated by a COMPEX Lambda Physik excimer laser

length 308 I to 150 mJ) in th b T
E)vag\r/]elv?gﬁ-soo Brﬂ?érpﬁhjeRigizgtyolrjnpetgr TR-n(1:|I)DII\r1]P eexggr)i-e of second-order kinetics is observed. The second-order com-

ments were carried out using the usual pulse sequence: saturaPonent presumably arises f“’”.‘ tnp{&ﬂplet ann|h|lat|on,
tion—laser pulse-evolution time-detection pulsefree induc- Wwhereas the exponential decay is mainly due to quenching of

tion decay. As the background signals in the spectrum are triplet DP by residual oxygen (the reported rate constant of

: ; TDP decay in deoxygenated water solution i$ §0').82
suppressed by the presaturation pulses, only signals of the The signal of the triplet catioFDPH*, measured at 350 nm,

polarized products formed during the variable delay between disappeared principally by second-order kinetics at all measur-
the laser and NMR radio frequency pulse appear in the CIDNP able initial triplet concentrations, witk/e = (1.340.1) x 10°

splt_egsr:r Flash Photolysis.A detailed description of the LFP cm s'1. Simultaneously, the formation of dipyridyl cation radical
’ DPH,™ with its characteristic narrow ba#tt!at 370 nm was

?Q&g;ﬁ?; r rclgﬁ (ki%errlmg? blllghg?n)r?’;:gfﬁggjig?:s v:/ri]thaa observed (Figure 1, circles). It therefore seems likely that one
of the possible mechanisms of cation triplet decay is

Lambda Physik EMG 101 excimer laser (308 nm, pulse energy
up to 100 mJ). The dimensions of the laser beam at the front of
the cell were 3 mmx 8 mm. The monitoring system includes

a xenon short arc lamp DKSh-120 connected to a high current
pulser, two synchronously operating monochromators, a
Hamamatsu R955 photomultiplier, and a digitizer LeCroy
9310A. All solutions were purged with argon for 15 min prior
to use and during the irradiation.

Chemicals. DO (Aldrich), 2,2-dipyridyl (Aldrich), and
N-acetyl tryptophan (Sigma) were used as receivetD Was
doubly distilled. Buffers were prepared with dibasic sodium
phosphate and citric acid or, in some cases, with potassium
tetraoxalate.

2'DPH" —DPH,™ + DP" 1)

The same kind of the triplet disproportionation was recently
reported for the related compound 2@pyrimidine2°

2. Flash Photolysis of DP with TrpH. Figure 2 shows
transient absorption spectra obtained at 200 ns (squares) and 8
us (circles) after laser flash photolysis 0$21073 M DP and
9.6 x 10* M TrpH in basic (2x 102 M NaOH) solution.
Under these conditions, the absorption of TrpH at 308 nm is
small compared to that of DP. Thus, the primary process is
photoexcitation of DP; the spectrum obtained 200 ns after the
laser pulse coincides with that of trip[EDP (compare Figures
1 and 2). Open circles in Figure 2 correspond to the spectra of

Results and Discussion radical intermediates formed after the completion of the triplet

1. Flash Photolysis of DP.Depending on the pH of the
solution, 2,2-dipyridyl can exist in either protonated, DPH
or deprotonated, DP, states{p= 4.3)16 DP was found to have
an absorption maximum at 281 nm withax = 14 600 M1
cmt and ezpg = 1200 M~ cm™1, whereas the spectrum of
DPH" is shifted to 301 nm andspg = 12 900 Mt cm1,

decay: neutral dipyridyl radical DPHspectral maxima at 365
and 470 nn¥1° and deprotonated tryptophanyl radical Trp

(maximum at 510 njy@1-27

In acidic solution (7.1x 107>M DP and 4.4x 10~*M TrpH,
pH = 4.0), all observed intermediates are protonated, including
the dipyridyl triplet cationDPH" observed immediately after
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Figure 2. Spectra obtained during the irradiation of DP with TrpH in  Figure 4. pH dependence of the second-order rate constant for the
basic solution. The spectrum obtained 200 ns after the laser mjse (duenching of the triplet dipyridyl by tryptophan in buffered solutions.
corresponds tdDP; the spectrum taken& after the flash@) shows

the absorption of the DPHadical (maxima at 365 and 470 nm) and  kinetics can be attributed to reaction of tryptophan with triplet

Trpr radical (maximum at 510 nm). dipyridyl, kobs = ko[ TrpH]. The dependence ¢ on pH in the
buffered solutions is shown in Figure 4. From the similar kinetic
0.8+ i . behavior at the different wavelengths, one can conclude that
b the rate of protonation of the radical intermediates is much faster
0.6- . i than the rate of radical formation and does not depend on the
J . / pH of the solution. Protonation occurs with the direct participa-
__J". -7’0 tion of the buffer component, citric acid.
0 0.4 S A
3 " i
02 : DPH + RCOOH— DPH,™ + RCOO" )
Trp’ + RCOOH— TrpH™ + RCOO 3
0.0 T T T
5 400 500 600

These processes are to be expected given thathefgitric

o s s btained during the ivadiation of DP with TroH | acid (3.31) is smaller than that of dipyridylp = 5.6)° and
igure 3. Spectra obtained during the irradiation o with TrpH in — 1¢.23 radi
acidic solution. The spectrum obtained 200 ns after the laser (#)se ( of tryptophan (K. = 4.3) radicals.

Wavelength, nm

corresponds tdDPH; the spectrum taken gs after the flash @) In nonbuffered solutions (the pH is regulated by the addition
shows the absorption of the DR radical (maxima at 370 and 455  of either HCI or NaOH), the rates of the signal growth at 370
nm) and the TrpF¥ radical (maximum at 570 nm). and 570 nm coincide only at low pH (pH 3); moreover, this

| growth can no longer be described by a single exponential. At
3 < pH < 5, an increase in pH slows down the growth at 370
nm (Figure 5a), whereas the signal at 570 nm becomes weaker

o ._and grows somewhat faster (the traces in Figure 5 are scaled
It is important to note that these spectra do not determine g ( g

the nature of the primary photochemical step, which could be so as to have comparable amplitudes). The initial rapid

(i) electron transfer from tryptophan to the triplet dye followed absor_bancg ch_ange at370 nm corresponds to the absorp_t lon of
by the protonation of DP and deprotonation of TrpHin basic "€ triplet dipyridyl, and at 570 nm it probably belongs mainly

solution, or by the protonation of DP#ih acidic conditions, or 0 TrpH™ radicals formed by direct photoionization of TrpH.
(i) hydrogen atom transfer, followed by the protonation of The subsequent kinetic behavior provides convincing evidence

tryptophanyl radical in acidic solution. Both pathways give the that the primary photochemical step is electron transfer and that
same intermediate radicals, and only kinetic measurements athe reaction scheme for radical formation in nonbuffered solution

different pH’s can distinguish the two mechanisms. may be written as follows.

Kinetic measurements were carried out at three wavelengths; |n acidic conditions (pH< 4.3),
the decay of the triplet dye was monitored at 320 nm, while

the laser pulse (Figure 3, squares), the dipyridyl cation radica
DPH,** (maxima at 370 and 455 nm) and the tryptophan cation
radical TrpH™ (maximum at 570 nn¥}—27 (Figure 3, circles).

the formation of dipyridyl and tryptophan radicals was measured ol
at 370 and 570 rf?r/l (5y10 nmryzft prl)ﬂ 5.5), respectively. To DPWiTDPH)r (4)
obtain information on the bimolecular radical termination T K "
reactions, three or four transients were obtained at different laser DPH" + TrpH — DPH + TrpH (5)
energies for each measurement. + ko .

The experiments performed on buffered solutions of DP and DPH +H ﬁ DPH; (6)

TrpH show that the decay at 320 nm as well as the signal rise

at both 370 and 570 nm (510 nm) all follow first-order kinetics. TrpH™ .ﬁ»_z Trp + H' (7)
The observed rate constais depends linearly on the initial ko2

TrpH concentration and at all pH’s is the same at all three

wavelengths within experimental error. Thus, the observed In neutral or basic conditions (pH 6.3),
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Figure 5. Kinetics of the formation of DPH radical (a) and TrpH
radical (b) at different pH in nonbuffered solutions.

pp S Tpp @8)

TDP + TrpH~> DP™* + TrpH** )
DP " + H,O 5 DPH + OH- (10)
TrpH™ % Trp" +H" 7

The anion DP* is a strong base withKy, > 148210050 that
reaction 10 should be fast at any pH. The rates of the reactions
6 and 7 in nonbuffered conditions depend on the pH of the
solution. Reactions-57 (acidic solution) can be described by
the following set of equations.

The triplet decay observed at 320 nm:

dr _

et (11)

— k[TrpH][T]

The formation of dipyridyl radicals, monitored at 370 nm:

d[DI ”]
- -
kq[lrpl I][I] kdl[DI II2 .] kpl[l I ][DI I I.] (12)

d[DPH,"™

G =~ KalDPH,™] + k[HT]DPHT  (13)

The evolution of tryptophan radicals (570 nm):

J. Phys. Chem. A, Vol. 103, No. 27, 1999865

d[TrpH™]
dt

KTrPHIT] — kg [TrpH ™ + k JH I[Trp7] (14)

d[Trp7]
dt

Denotingkeps = Ko[TrpH], ki = kpi[H], ko = kp[H], the
solutions of egs 1215 for cation radicals are

= kg TrpH ] — K [H I[Trp’] (15)

[DPH,™] =T,

1 ky
kar t kg - Kar Tk — kobsexp(_k()bst) "
Kobdka '
(kdl + kl)(kdl + I(1 - kobs)
— Kk
kdzk‘l'ibkz - 2kobs exp(_kObSt) B

exp(= (ks T k)t)

exp(—(ky; t k)| (16)
k, N
kd2 + k2
KobdKa
(kgz T+ ko) (kgp + Ky = Kgpg)
whereTy is the initial triplet concentration. Only at very low

pH whereks, ko > Kops Kq1, kg2 do €qs 16 and 17 give the same
time dependence for dipyridyl and tryptophan radicals,

[TrpH™ =T,

17)

[DPH,"] = [TrpH™] = Tg[1 — exp(~kyd)]  (18)
otherwise the formation of DP#i* lags behind that of Trpit,
in qualitative agreement with the experimental observations.

A quantitative comparison of the experimental results with
model calculations based on eqs—11b requires the values of
many parameters: the absorption coefficients of all reaction
intermediates, the rate constants, and the initial triplet concentra-
tion. Fortunately, many are known or can be established in the
separate experiments. The following extinction coefficients have
been measured: triplet dipyridyl in cyclohexane has an absorp-
tion maximum at 355 nm witlazss = 5.36 x 10* M~ cm~1,18
dipyridyl radical DPH and cation radical DPH* haveezgs =
3 x 10* M~em™! and ez75 = 4.5 x 10* M~1 cm™%, respec-
tively,’0 es70 = 2.7 x 10° M~ cm! for the tryptophan cation
radical, andes;o = 1.8 x 10 M~1 cm™! for its deprotonated
form21.2829These data are consistent with our measurements,
except for triplet dipyridyl which has extinction coefficients at
the absorption maxima efss= 2 x 10* M~1 cm~1 for TDPH"
andezsp= 1.8 x 10* M~1 cm* for TDP. Indeed, Figure 3 shows
that the absorption of the radical DP#is significantly stronger
than that of triplef DPH".

The rate constants for the reaction of triplet dipyridyl with
tryptophan at different pH’s has been obtained in experiments
in buffered solutions (Figure 4). The known values &% ffor
dipyridyl (pKa = 5.6)!% and tryptophan (g, = 4.3¢'¢?*radicals
give the relationship between the protonation and deprotonation
rate constants. Thus, in our simulations, the only fitting
parameters were the absolute values of the protonation rate
constantsk,; andky, and the initial triplet concentration. The
absorption coefficients were taken to &go= 2.7 x 16 M1
cm for TrpH™, e370= 4.5 x 10* M~1 cm! for DPH;™, €370
= 1.8 x 10* M~1 cm! for DPH, andeszo= 1.3 x 10* M1
cm~! for TDPH. Bimolecular radical termination with a rate
constantk, = 2 x 10° M~1 s71 was added to eqgs 325 to
account for the radical decalt (vas measured separately on a
longer time scale). All experimental data fit agree well with
the reaction scheme described by eqs 13 with a typical value
of the protonation rate constarits, = ky, = (1.5 + 0.4) x
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10" M~1 st and the other parameters given above. Some of TrpH
the fitting results are shown in Figure 5 (bold line). The analysis
in basic conditions gives very similar results.

3. CIDNP Measurements. CIDNP measurements were
carried out to determine some of the characteristics of the radical
intermediates, such as the nuclear sgattice relaxation times
and the rate constants of degenerate exchange reactions. To
avoid complications from the kinetics of the reaction&fP
with TrpH, the concentration of the amino acid was chosen to
provide essentially instantaneous formation of radical pairs on
a microsecond time scale. Thus, all CIDNP experiments were
performed at amino acid concentrations higher than 604
M.

Nuclear spin-dependent intersystem crossing in the primary
triplet radical pair results in the formation of nuclear polarization
of equal magnitude but opposite sign in the geminate reaction
products and in the radicals that escape geminate recombination.
The time dependence of the CIDNP is governed by three main e .
processes: (i) random radical encounters which lead to the 90 85 80 7.5 35 3.0
formation of “F-pair” polarization which has the same sign as 3, ppm
the gemln_ate polarlzatl_on; (i) radical recomt_’ma_tlon and/or Figure 6. CIDNP spectrum, obtained during the irradiation of 44
disproportionation reactions that transfer polarization from the 15-4 \ pp and 1.6x 102 M TrpH solution.
radicals to the diamagnetic products; (iii) degenerate electron
exchange reactions

CH3CONH— CH—COOH

TrpH
B-CH,

e
*RH*" + RH—*RH + RH"™" (19)

where the asterisk denotes nuclear polarization. Reactions ii and
iii lead to polarization in the product, with a phase that is
opposite to the geminate enhancements.

If the geminate processes give the same products as the F-pair
reactions (which is the case for the DP/TrpH system), trans-
formation of the escaped radicals into diamagnetic products by
(i) and (iii) results in cancellation of the geminate CIDNP.
However, this cancellation is not complete if nuclear spin T . . .
lattice relaxation takes place in the radicals. Thus, the CIDNP 0 10 20 30 100
kinetics are determined by the rates of polarization transfer from Time, us
the radicals to the products and the nuclear paramagneticrigure 7. CIDNP kinetics for dipyridyl protons, obtained during the
relaxation; the stationary value of the CIDNP depends on the irradiation of 4.4x 104 M DP and 1.2x 103 M TrpH solution.
ratio of the lifetime and the relaxation time of the polarized Parameters of calculations (solid linel = 2 x 1° M s™%, Ry =
radicals. The important difference between (i) and (jii) is that 12 x 107 M, Ty = 44 us.
the former is a second-order radieahdical reaction whose rate o ) )
is determined by the initial radical concentration, whereas the the transfer of polarization from the radicals to the product in
latter is usually considered to be pseudo-first-order, the radical the course of radical termination. The large residual polarization
concentration being much smaller than that of the parent at long times relative to the maximum signal indicates efficient

0.54

CIDNP, norm. u.

compound. nuclear relaxation in the dipyridyl radical. Moreover, the
TR-CIDNP measurements were performed for two types of Similarity of the kinetic curves at different pH's shows that,
solutions: (a) dipyridyktryptophan mixtures and (b) dipyridyl under these experimental conditions, degenerate electron ex-

tryptophan mixtures containing 10-2 M NaOD, i.e., in acidic change (19) does not play a significant role for this radical.
(a) and basic (b) conditions. The CIDNP spectrum obtained By contrast, the CIDNP kinetics observed for the tryptophan
during the irradiation of a solution containing 4:4 104 M protons are strongly pH dependent (Figure 8). In basic condi-
DP and 1.6x 103 M TrpH (acidic conditions) is shown in  tions, the kinetics (squares, aromatic protons; solid circles,
Figure 6; the CIDNP pattern in basic condition is rather similar. S-CH protons) are similar to those for dipyridyl (Figure 7).
All DP resonances are in emission. TeCH, protons of The difference between the aromatic #h@H, protons reflects
tryptophan are in emission, and the aromatic protons H2, H4, the different rates of nuclear relaxation in the radical. At low
and H6 are in absorption. The polarization of the aromatic PH, the polarization for all protons falls rapidly and reaches a
protons corresponds to the calculated spin density distribution stationary value. Both the decay rate and final polarization
in the tryptophan cation radic#. depend on the TrpH concentration (Figure 8: open circles, 1.2
The CIDNP kinetics for DP, shown in Figure 7, were x 1073 M; solid triangles, 6x 10~* M). Thus, in acidic
practically independent of pH and coincide within experimental conditions, the CIDNP of the tryptophan protons is mainly
error for the different DP protons. As may be seen in Figure 7, determined by the electron exchange, eq 19.
the dipyridyl polarization first increases in time and then falls ~ The observed kinetics are in a good agreement with the
slightly. The initial growth corresponds to the formation of reaction scheme of eqs-40. In acidic solution, the tryptophan
CIDNP in F-pairs, whereas the decay can be accounted for byradical exists in the protonated form TrpHand can undergo
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Figure 8. CIDNP kinetics for tryptophan under variable experimental (b)
conditions: ©) H2,6, initial concentration of TrpH was 1.2 1072
M, acidic solution; &) H2,6, 6.0x 104 M TrpH, acidic solution; ®)
B-CHa, 2.0 x 1073 M TrpH, basic solution;[) H2,6, 2.0x 103 M
TrpH, basic solution. Parameters of calculations: RA)}= 8.6 x 105
M, T1 =43us,kex=9x 1M 15} (B)Ry=1.0x 104 M, Ty =
44us, kex=9x LM 15 (C)Ry=1.6 x 10*M, T =91us; (D)
Ry=16x 10*M, Ty = 44 us.

degenerate electron exchange with the ground-state molecules.
At high pH, this radical rapidly deprotonates; the neutral radical
Trp® is not affected by electron exchange.

The reaction scheme of eqs-40 is also confirmed by the
dependence of the CIDNP on the TrpH concentration at different
pH values. Figure 9a shows this dependence for DP and TrpH 0 1 5 3 4 5
protons in acidic conditions. The polarization of both DP
(diamonds) and TrpH (circles) first grows with increasing TrpH
concentration due to the increase in the quantum yield of radical Figure 9. (a) Dependence of the CIDNP intensity on TrpH concentra-
pair formation, which competes more effectively with other ton (acidic solution): #) for DP; (O) for TrpH. Parameters of
TDP decay channels. Further increase in the TrpH concentrationcalculfmoPs' initial triplet concentration, = 1.6 x 10*M, Ka =4 x

: IPM st ky=23x 1P s, T1=44us, kex=9 x 1M1
accelerates the degenerate electron exchange and makes theyr TrpH only). (b) Trp/DP CIDNP ratio: @) acidic solution, @)
CIDNP cancellation effect more pronounced. To exclude the basic solution. (Solid line) ratio of the calculated curves A and B in
effect of competition fofDP, the TrpH polarization is scaled  Figure 9a.
by that of the DP (Figure 9b); the resulting plot reflects only
the dependence of the TrpH CIDNP on the ratio of the rates of relaxation timekex is the rate constant of degenerate electron
nuclear relaxation and degenerate electron exchange. exchange, an@ is the concentration of the molecules involved

Under basic conditions, the tryptophan CIDNP becomes in the exchange reaction. The degenerate electron exchange was
independent of TrpH concentration (Figure 9b), indicating again treated as irreversible, since the concentration of ground-state
that deprotonation of TrpH renders electron exchange inef- molecules was much higher than the initial radical concentration.
fective. For this case, the time dependence of the tryptophanThe parametep represents the polarization per radical pair,
polarization is similar to that of dipyridyl. However, different ~Created in F-pairs; it is related to the geminate polariza®n
relaxation times fop-CH, and H2,6 lead to different polariza- ~ Via the quantityy,® which is the ratio of polarizations created
tions at long times compared to the initial enhancements for in F- and geminate pairs:
each proton.

Simulation of the CIDNP kinetics was carried out using the B =yP°IR, (23)
approach developed by Fischer et3alEquations 26-22
describe the time evolution of the radical concentration and the |n eqs 21 and 22, the first and the last terms describe the

CIDNP Trp/DP

[TrpH], mM

nuclear polarization in radicals and products. polarization transfer from the radicals to ground-state molecules
in the termination reaction and by degenerate electron exchange,

R = R > respectively, the second term represents the formation of

O = 1+ kRt (20) polarization in F-pairs. The third term in eq 21 corresponds to

the loss of polarization in the radicals due to nuclear relaxation.

dP(R) _ P(R) It was assumed that the yield of radicals that escape from
dt ~kPRIR— k‘ﬁRz B T, ~ kCPR) (21) the triplet radical pair is much greater than the yield of geminate
dP(PY) recombination and that the radicals disappear only via the cross-
N_ termination reaction. The initial polarizations were taken as
dt kP(RIR+ I AR + ko, CP(R) (22) P(Pr) = P® = —P(R), which is consistent with the spin-sorting

nature of the STy radical pair mechanism.
Herek; is the radical termination rate constaRy,is the initial For dipyridyl, electron exchange is ineffective because of the
radical concentratiorP(R) and P(Pr) are the polarizations in  nature of the species that are present in both acidic and basic
the radicals and in the produci®, is the nuclear paramagnetic  solutions; electron transfer in the pairs DPMDPH" (acidic
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solution) or DPH/DP (basic solution) is nondegenerate and (b) Salikhov, K. M.; Molin, Yu. N.; Sagdeev, R. Z.; Buchachenko, A. L.
therefore slow. This is confirmed by the small amount of CIDNP Eggviggla/gﬁgtlgpdaﬂd138%19”6{'0 Field Effects in Radical Reactions;
cancellation observed in the kinetic measurements. In calculating ? ('a) Kaptein R’__ Dijks.tra K.: Nicolay, KNature1978,274,293
the kinetics for DP, the final term in egs 21 and 22 was therefore 294, (b) Kaptein, R. IINMR Spectroscopy in Molecular Biolaggullman,
omitted. The value ok, taken from the LFP measurements, B., Ed.; Reidel: Dordrecht, 1978; pp 22229. (c) Stob, S.; Kaptein, R.
was 2x 10° M~1 s7%, The parametey in all simulations was ~ Photochem. Photobioll989 49, 565-577. _ _

set equal to 2.8 as used earlier by Vollenweider ét dlhe 5 41(6?:)52"2“152"@ K. A Wismontski-Knittel, TBiochemistry1985 24,
fitting parameters werBy, PG, andT;. Irrespective of the acidity @ () Hore P. J: Broadhurst, R. WProg. NMR Spectrosd993

of the solution,T; was found to be 44 9 us, indicating that 25 345-402. (b) Hore, P. J.; Winder, S. L.; Roberts, C. H.; Dobson, C.

the protonation of DPHdoes not have much influence on the M. J. Am. Chem. S0d.997, 119 5049-5050.

nuclear relaxation times. (5) Goez, M.; Rozwadowski, J. Phys. Chem. A998 102, 7945~
The same fitting procedure was applied to the data obtained 79°3- _
for the tryptophan protons in basic solution. The vallies= (6) (a) Meyer, T. JPure Appl. Chem1986 9, 1193-1206. (b) Juris,

A.; Balzani, V.; Barigelletti, F.; Champagna, S.; Belser, P.; von Zalewski,
44+ 9 us for H2,6, 91.'—|:.ZOHS fgrﬂ-CHz, an.d 63+ 12 us for . A. Coord. Chem. Re 1988 84, 85-277. (c) Kalyanasundaram, K.
H4 were found. In acidic solution, the main factor governing Photochemistry of Polypyridine and Porphyrin Complexésademic

the CIDNP kinetics was the degenerate electron exchange, whichi’é%iséé-oggj‘iéggl (d) Newton, M. D.; Sutin,Anu. Re. Phys. Chem.
under our experimental conditions could be considered as a ' :

Py . - _ (7) Broadhurst, R. W. D. Phil thesis, Oxford, 1990.
pS.EUdO first-order reaction with (r;ate qonStm = keC. The (8) (a) Buntinx, G.; Poizat, O.; Valat, P.; Wintgens, V.; Righini, R.;
fitting parameters werdex and P®. Using the values of the  rqoqgi p.J. Chim. Phys1993 90, 1733-1748. (b) Buntinx, G.: Naskrecki,

nuclear relaxation times determined for basic solutions, the bestR.; Poizat, 0.J. Phys. Chem1996 100, 19380-19388.

fit was obtained withkex = (9 £ 1) x 10° M~ s™L, (9) Harriman, A.J. Photochem1978 8, 205-209.
The dependence of the DP polarization (Figure 9a) on the (10) (a) Hoffman, M. Z.; Simic, M. G.; Mulazzani, Q. G.; Emmi, S.;
concentration of TrpH is determined by the rakigTrpH]/(kq Fuochi, P. G.; Venturi, MRadiat. Phys. Chenml978 12, 111-113. (b)

' Mulazzani, Q. G.; Emmi, S.; Fuochi, P. G.; Venturi, M.; Hoffman, M. Z.;
+ ke[TrpH]), whereky represents the (pseudo-)first-order rate  gimic, M. G(.?J. Phys. Cheml1979 83, 1582-1590.

constant for allDP Fiecay pathwaYS except.the reaction with (11) Dhanya, S.; Bhattacharyya, P. B. Photochem. Photobiol. A:
tryptophan (predominantly quenching by residual oxygen). The Chem.199Q 54, 63-72.

best fit, shown in Figure 9a, was obtained with= 2.3 x 10° (12) Castellucci, E.; Angeloni, L.; Marconi, G.; Venuti E.; Baraldi, I.
sL This value was used to simulate the data for TrpH, and J- Phys. Cheml99Q 94, 1740-1745. ,

With kex = 9 x 18 M1 s satisfactory agreement between 513) Noble, B. C.; Peacock R. [Bpectrochim. Actd990 463 407—

the experimental and calculated results was achieved. (14) Morozova, O. B.: Yurkovskaya, A. V.: Tsentalovich, Yu. P.: Vieth,

H.-M. J. Phys. Chem. A997 101, 399-406.

o . (15) Molokov, I. F.; Tsentalovich, Yu. P.; Yurkovskaya, A. V.; Sagdeev,
The results reported here indicate unambiguously that the R. z. J. Photochem. Photobiol. A: Chemistt97, 110, 159-165. (b)

reaction of photoexcited dipyridyl with tryptophan is primarily ~ Tsentalovich, Yu. P.; Kulik, L. V.; Gritsan, N. P.; Yurkovskaya, A. ¥.
electron transfer. The rate constégis close to the diffusion- Phyls' C'L‘?m'lflzgil_of 1975 798k0' ohvs Chemt “
controlled limit and decreases slightly with increasing pH. Most ,, {L6) Linnell, R. H.; Kaczmarczyk, AJ. Phys. Cheml961, 65, 1196~

, ! ¢ v 1199.
likely this decrease is due to the different charges of the 17y yenry, M. S.; Hoffman, M. ZJ. Phys. Chen979 83, 618-625.

interacting species. At high pH, DP exists in its neutral state,  (18) sajni, R. D.; Dhanya, S.; Bhattacharyya, P. X.Photochem.
whereas at pH< 4.3, triplet TDPH" is positively charged, Photobiol. A: Chem1988 43, 91-103.

N-acetyl tryptophan carries a negative charg€,(# 2.38), and (19) Ali, S. S.; Maeda, K.; Murai, H.; Azumi, TThem. Phys. Let.997,
Coulomb interactions accelerate the bimolecular reaction. 267, 520-524. _

Depending on the pH of the solution, triplet quenching is __(20) Buntinx, G.; Poizat, O.; Legue, N. Phys. Cheml995 99, 2343~
follcéyved bﬁ.pr?tona“_%w/ d(::‘rp;]rotonatlon_ react:ons ?(f the Imtgr- (21) (a) Santus, R.; Grossweiner, LPhotochem. Photobiol972, 15,
me 'at.e ra 'Ca_s egsL0. These reactions play a key role in 193105, (b) Bryant, F. D.; Santus, R.; Grossweiner, L1.IPhys. Chem.
formation and time dependence of CIDNP; degenerate electron1975 79, 2711-2716. (c) Baugher, J. F.; Grossweiner, LJIPhys. Chem.
exchange between protonated tryptophan radicals and tryptophad977 81, 1349-1354.
in its ground state leads to significant CIDNP cancellation, ~ (22) Bent, D. V.; Hayon, EJ. Am. Chem. S04975 97, 2612-2619.
whereas for the deprotonated radical, electron exchange is_ (23) Evans, R F.. Ghiron, C. A; Volkert, W. A.; Kuntz, R. Rhem.

; ) — . Phys. Lett.1976 42, 43—45.

ineffective. Thus, the CIDNP kinetics and the stationary value T ) ) ) ]
. (24) Prutz, W. A.; Siebert, F.; Butler, J.; Land, E. J.; Menez, A.;

are mostly determlned_by_ the presenc_e/absence of the degenerai@ontenay-Garestier, TBiochim. Biophys. Actd982 705, 139-149.

eIectrpn exchange. Similar c_:onclu.5|on.s were reached for the (25) McGimpsey, W. G.; Gorner, HPhotochem. Photobioll996 64,

reaction of tryptophan and its derivatives with photoexcited 501-509.

flavins 2¢:3:4233pointing to the similarity of the photoreactions (26) Burdi, D.; Aveline, B. M.; Wood, P. D.; Stubbe, J.; Redmond, R.

Conclusions

of these two types of aza-aromatic dyes. W. J. Am. Chem. 504997, 119, 6457-6460. _
(27) Solar, S.; Getoff, N.; Surdhar, P. S.; Armstrong, D. A.; Singh, A.
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