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The pulsed method of chemically induced dynamic nuclear polarization (CIDNP) with the
microsecond time resolution was used to study the nuclear polarization kinetics of Trp�Trp
(tryptophyl�tryptophan) dipeptide protons in the photoreaction between the dipeptide and
2,2´�dipyridyl in aqueous solutions at pH from 2 to 10. The dependence of the selectivity of the
reversible photoinduced oxidation of the dipeptide by 2,2´�dipyridyl in the triplet�excited state
was found. When the pH of the solutions was below pKa of the terminal amino group, polariza�
tion was observed only for the protons of the C�terminal residue. The threshold effect of
protonation of the terminal amino group of the dipeptide on the selectivity of both the deactiva�
tion of the 2,2´�dipyridyl triplet state and the degenerate intermolecular electron exchange was
revealed. No intramolecular electron migration in the oxidized dipeptide was detected. At the
pH exceeding pKa of the terminal amino group of the dipeptide, the quenching of the triplet
excited state of 2,2´�dipyridyl is not selective. This is manifested as equal intensities of the
nuclear polarization signals of the both residues of tryptophan in the 1H NMR spectrum of the
dipeptide containing the CIDNP signals of the geminate reaction products. The rate constant
of the degenerate electron exchange and nuclear paramagnetic relaxation times of the protons
of the neutral radical and radical cation of the dipeptide were determined by the numerical
simulation of the nuclear polarization kinetics.

Key words: chemically induced dynamic nuclear polarization, tryptophyl�tryptophan, short�
lived radicals, degenerate electron exchange, nuclear paramagnetic relaxation time.

Experimental proofs for the fact that free radicals of
amino acids participate in many biochemical processes
have recently been obtained. It is considered that radical
reactions are responsible for the oxidative damage of pro�
teins, which, in turn, results in a series of pathologies1,2

and in biological aging.2 Since the most part of proteins
contain several hundreds of amino acids, the probability
of their oxidative damage through radical reactions is high.
Tryptophan is one of 20 amino acids present in the pro�
teins of living organisms, and its radical products are in�
volved in the whole series of processes. The structure of

the tryptophan radicals in an aqueous solution depends on
the pH (Scheme 1).

Scheme 1

It was reliably established that tryptophan radicals are
formed in the electron transfer reactions in a series of
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proteins, including ribonucleotide reductases,3—5, DNA
photoliases,6—11 peroxidases,12—20 oxidases,21—23 and,
probably, cryptochromes.24,25 In most cases, radicals were
detected by ESR spectroscopy, for example, using the
ENDOR (electron�nuclear double resonance) pulsed
method, because these reactive radicals can be stable only
in the environment of a protein or at low temperatures
usually used in ESR and ENDOR spectroscopy. The method
of chemically induced dynamic nuclear polarization
(CIDNP), which increases the sensitivity of NMR spec�
troscopy by several orders of magnitude, is an alternative
approach used in this work for studying short�lived radi�
cals of biologically important molecules in an aqueous
solution. Chemically induced dynamic nuclear polariza�
tion is the nonequilibrium population of nuclear magnetic
levels appeared in spin�selective reactions in which the
magnetic hyperfine coupling of electron spins with nuclei
plays the key role: it induces singlet�triplet transitions in
the radical pair. In the NMR spectra of diamagnetic prod�
ucts of radical reaction, CIDNP is detected as enhanced
absorption or emission signals. The advantage of the
CIDNP method with time resolution which was used in
this work is the possibility to easily separate contributions
from geminate (pair) (duration of several nanoseconds)
and bulk (microsecond and millisecond ranges) processes.
The CIDNP method allows one to exactly correlate the
hyperfine coupling constant (HFC) with the position of the
magnetic nucleus in the radical and to determine the sign
and magnitude of this constant.26,27 At the modern level
of NMR spectroscopy, this can be done for all magnetic
nuclei in the radical. In ESR spectroscopy, the signal posi�
tion is usually independent of the sign of the HFC constant,
and isotropic substitution of reactants is often used for the
assignment of HFC constants to certain nuclei in the rad�
ical structure. In addition, the rate constants of chemical
reactions and nuclear relaxation times of the radicals can
be determined from the nuclear polarization kinetics.

When studying the photoinduced reactions of dipep�
tides containing tyrosine and tryptophan,28—30 methion�
ine and glycine31 by the CIDNP method, we found that
the reactivity of the residues in peptide differs from that
for free amino acids.32—34 In addition, the order of con�
nectivity of amino acids in the peptide chain and the pres�
ence/absence of a charge on the terminal amino group35

affects the reactivity of the residues. However, no system�
atic investigation of this influence was carried out. For
the purpose of examining the influence of the amino
group charge on the oxidation of dipeptides formed from
CIDNP�active amino acids, we started the systematic
study of the photooxidation radical reactions in aqueous
solutions. In the present work, the kinetics and mecha�
nism of the photoinduced reactions of dipeptide trypto�
phyl�tryptophan (Trp�Trp) with 2,2´�dipyridyl�d8 (DP)
were systematically studied for the first time in aqueous
solutions in a wide pH range.

Experimental

The setup for detecting the CIDNP effects in the 1H NMR
spectra (hereinafter, CIDNP spectra) with time resolution was
constructed on the basis of a Bruker DRX�200 NMR spectro�
meter (magnetic field 4.7 T, resonance frequency of protons
200 MHz). The sample in a Pyrex tube was irradiated in the
NMR spectrometer with excimer laser pulses (wavelength
308 nm, energy of a pulse up to 120 mJ, pulse duration about 15 ns).
The light was brought to the sample with an optical system con�
sisting of a spherical lens, a prism, and a light guide 5 mm in
diameter. For the saturation of nuclear spin states of the reac�
tants, pulses of the broad�band homonuclear decoupler were
used. After the end of the pulses, the computer of the spectrom�
eter generated the trigger pulse to start the excimer laser, and
after valuable delay  the signal detecting radio�frequency (RF)
pulse was provided. The duration of the RF pulse (1 s) used in
kinetic measurements was decreased over a duration of the /2
pulse in order to enhance the time resolution. The free induction
decay (FID) was accumulated in the standard mode, and then
the experiment was repeated until the required signal to noise
ratio was attained. The kinetic profile of the appearance of
polarized products was obtained by the variation of delay .

The concentrations of reactants were selected in such a way that
the characteristic quenching time of the triplet excited state of the
dye would be knowingly shorter than the duration of the detect�
ing radio�frequency pulse; i.e., the product (kq×С)–1 < 300 ns,
where kq is the quenching rate constant of the triplet�excited
dye, and С is the concentration of quenching molecules. Prior to
irradiation of the sample, argon was bubbled through the solu�
tion in the ampule for 10 min to remove oxygen dissolved in
water. Dipeptide L�Trp�L�Trp (Bachem), DCl, NaOD (30%
solution in D2O), and D2O (Sigma—Aldrich) were used as re�
ceived. Isotope�enriched 2,2´�dipyridyl�d8 (С/D/N Isotopes)
was used to prevent signal overlapping. The pH was varied by the
addition of small amounts of DСl and NaOD. The effect of
isotopic substitution on pH was not corrected.

The geometries of neutral radicals, radical cations, and rad�
ical anions of 2,2´�dipyridyl were optimized by the UB3LYP/6�
31G(d) method.36,37 The HFC constants were calculated by the
same method in the EPR�II basis set taking into account the
solvent (water) and using the polarized continuum model
(PCM).38 All calculations were performed using the Gaussian�03
program package.39 The results of calculations for particles with
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the open electron shell (radicals and radical ions) were not com�
plicated by an admixture of the states with the spin S  3/2,
because for the studied particles the calculated value of S2 does
not exceed 0.77.

Results and Discussion

Determination of рКа of dipeptide Trp�Trp. Since the
value of pKa for the dipeptide can differ from pKa of indi�
vidual amino acids, we recorded the 1H NMR spectra in
D2O at pH from 2.1 to 10 in order to determine pKa of
dipeptide Trp�Trp (Fig. 1). The NMR signals at  7.1—7.6
(pH 2.1) are attributed to the protons of the indole rings of
the dipeptide, the well resolved triplets at  4.58 and 4.15
(pH 2.1) are assigned to the H protons, and the group of
signals in the region  3.1—3.3 (pH 2.1) belongs to the H
protons of the dipeptide. The singlet at  3.29 corresponds
to the methyl group of methanol, which is present as
an admixture to the major substance. In our case, the
protons of the �СH2 group are nonequivalent and form
the AB system (along with the H protons, they form
the ABX system).29 The signals of the protons at the nitro�
gen atoms of the indole rings, the protons of the terminal
amino group and carboxyl group, and the protons at the
nitrogen atom of the peptide bond are not manifested,
because these protons are exchanged with the deuterium
atoms of D2O.

To determine the acidity constants of dipeptide Trp�
Trp, we used the dependences of the chemical shifts (CS)
of the dipeptide protons on the pH of aqueous solutions.
The 1H NMR spectra of the dipeptide and the dependenc�
es of the CS on pH (titration curves) are shown in Figs 2
and 3. The chemical shifts of the H protons of the both
dipeptide residues are not overlapped and depend strongly
on the pH, ranging from 4.59 to 4.38 ppm with an increase

in the pH from 2.1 to 10.1 for the C�terminal residue and
from 4.16 to 3.55 ppm for the N�terminal residue. The H
proton of the C�terminal residue of the dipeptide is most
sensitive to the protonation state of the carboxyl group.
The H of the N�terminal residue of the dipeptide is most
sensitive to the protonation state of the terminal amino
group. The strong dependence of the CS on pH is observed
for all protons of the dipeptide; however, the CS of the H
(see Fig. 2) and Н(2) protons of the both amino acid

Fig. 1. 1H NMR spectra of dipeptide Trp�Trp (C = 5 mol L–1) in
D2O at different pH. Here and in Fig. 3, symbol * designates the
signal of the Me groups of methanol.

Fig. 2. Chemical shifts of the H protons of the С� (1) and
N�terminal (2) amino acid residues of dipeptide Trp�Trp vs pH.
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Fig. 3. 1H NMR spectra of solutions of dipeptide Trp�Trp and
DP in D2O (1, 3) and the CIDNP effects detected in the photo�
reactions of these solutions immediately after a laser pulse (2, 4):
concentration of Trp�Trp 3 mmol L–1 (1—4) and concentration
of DP 0.6 (1, 2) and 8.3 mmol L–1 (3, 4); pH 2 (1, 2) and 9.9 (3, 4).

7.5 7.0 3.0  7.5 7.0 3.0 

H(4)C H(6)C
H(2)C

H(4)C
H(4)N H(2)C

H(6)C H(6)N

1

2

3

4

H(2)N
H(7)C H(7)N

C(H)2

*

C(H)2C

C(H)2

10.09

8.40

7.81

7.53

6.02

4.74

4.17

3.10

2.10

7.5 7.0 4.5 4.0 3.5 

pH
H(4)C

H(4)N H(7)C

H(7)N
H(2)C

H(2)N

HCC HCN

C(H)2C

*

*

*

*
*

*

*

*

*

C(H)2N



Saprygina et al.2582 Russ.Chem.Bull., Int.Ed., Vol. 60, No. 12, December, 2011

residues, whose signals were not overlapped with the sig�
nals of other protons, were chosen for simulation.

All obtained dependences of the CS of the dipeptide
protons on pH were processed in combination by the least�
squares method, which increased the simulation accura�
cy.40,41 The following pKa values in D2O were obtained:
pKa1 = 3.5±0.1 (carboxyl groups) and pKa2 = 7.6±0.1
(terminal amino group).

CIDNP spectra and reaction mechanism. The pH val�
ues of aqueous solutions were chosen from the obtained
рКа values for the study of the photoinduced electron trans�
fer reaction between dipeptide Trp�Trp and dipyridyl in
the triplet�excited state: 2.0, 6.6, and 9.9. At pH 2.0 the
dipeptide exists as a cation with the positive charge on the
nitrogen atom of the amino group, whereas at pH 6.6 it
exists in the zwitterionic form with the positive charge on
the nitrogen atom of the amino group and the negative
charge on the carboxyl group. At pH 9.9 the dipeptide
exists as an anion with the negative charge on the carboxyl
group and a lone electron pair on the nitrogen atom of the
amino group. The value of рКа of the proton at the nitro�
gen atom of the indole moiety is higher than 14 for the
diamagnetic molecule, and рКа is 4.3 for the radical cat�
ion of tryptophan TrpН+• and 4.3—5.4 for the tryptophan
radical cation in the peptide composition.42,43

The protonated triplet�excited state of DP (TDPH+,
pKa 5.8)33 in acidic solutions and the neutral triplet�excit�
ed state of DP (TDP) in neutral and alkaline solutions are
deactivated by tryptophan via electron transfer mecha�
nism32 (Scheme 2). Symbol "H" in Scheme 2 designates
the hydrogen atom at the nitrogen atom in the indole ring
of the C� or N�terminal residue of the dipeptide.

Scheme 2

It is impossible to distinguish radicals with radical cen�
ters on the C� and N�terminal residues of dipeptide Trp�
Trp by transient absorption technique. The 1Н NMR spec�
trum has a high resolution (fraction of 1 Hz) and makes it
possible to distinguish signals from the both residues of the
dipeptide. Since the resolution typical of NMR spectro�
scopy is retained when recording the CIDNP effects, the

contribution of each residue involved in quenching of the
triplet�excited state of the dye can be determined from the
geminate CIDNP spectrum. The CIDNP spectra obtained
immediately after a laser pulse of the solutions containing
Trp�Trp and DP at pH 2.0 and 9.9 are shown in Fig. 3
along with the corresponding NMR spectra. The signals
in the CIDNP spectra were observed for the protons that
were not exchanged with water and have non�zero HFC
constants in intermediate radicals. Qualitatively the same
CIDNP spectra as those in an acidic solution were ob�
served at pH 6.6. The difference was in the change in the
pH�dependent CS of protons of diamagnetic molecules,
but this is not principal for the radical step of the reaction.

The use of the CIDNP method allowed us to establish
the mechanism of dipeptide oxidation by the dye in the
triplet�excited state. Although the high reactivity of Trp in
peptides and proteins is known, it was found that the de�
gree of selectivity of quenching of the triplet�excited state
of DP by dipeptide Trp�Trp depends on pH. In acidic and
neutral solutions, the terminal amino group of dipeptide
Trp�Trp is charged and nuclear polarization was observed
only for the tryptophan residue at the C�end. Therefore, in
this case, the deactivation of the triplet�excited state of
DP via electron transfer proceeds selectively and only the
C�terminal dipeptide residue is involved in the reaction
(see Scheme 2).

The H(2) and Н(6) protons of tryptophan are chemi�
cally nonequivalent. However, in the most cases, for ex�
ample, in the 1H NMR spectrum of N�acetyltryptophan
and, correspondingly, in the CIDNP spectrum, the sig�
nals of these protons are overlapped. In the 1H NMR
spectrum of dipeptide Trp�Trp, the signals of the Н(2)
and Н(6) protons of the С�terminal residue did not overlap
between each other but they overlapped with the signals of
the Н(6) and Н(5) protons of the N�terminal residue. The
CIDNP spectra obtained at the pH of aqueous solutions
lower than рКа of the N�terminal amino group contain no
signals of the N�terminal residue. Therefore, the signals of
the Н(2) and Н(6) protons can be integrated indepen�
dently of each other.

The CIDNP spectra exhibit the signals of only the
initial dipeptide and dye, indicating the high degree of
reversibility of the photoinduced electron transfer. In all
spectra obtained in the time range from 0 to 100 s, only
the signals from the H(2), H(4), H(6), and H protons of
the C�terminal residue of the dipeptide remained polar�
ized. Thus, we may conclude that, under these conditions,
no intramolecular electron transfer (IET) occurs in dipep�
tide Trp�Trp between the tryptophan residues and the spin
density at the radical step of the reaction remains only on
the C�terminal residue.

At the pH higher than pKa of the terminal amino group
of dipeptide Trp�Trp, geminate nuclear polarization was
observed for both the N� and C�terminal residues of the
dipeptide (see Fig. 3). In this case, the both dipeptide
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residues participate in the deactivation of the triplet�ex�
cite state of dipyridyl and two types of radical cations with
radical centers on the C� or N�terminal residues of Trp�
Trp are formed. The signals of the H(4)N and H(6)N,
H(2)N and H(6)C protons overlapped and cannot be sep�
arated in the CIDNP spectrum at this pH value. However,
the ratio of signals remains unchanged in time and, hence,
no intramolecular electron transfer between the tryptophan
residues occurs under these conditions.

CIDNP kinetics. The CIDNP kinetics is determined
by contribution of polarization from the geminate product
and from the recombination product in the bulk (the latter
is equal by value and opposite by sign to geminate polar�
ization) and by the contribution from polarization formed
in the non�correlated radical pairs (F pairs) during their
recombination. The sign of the CIDNP effect in the F
pairs coincides with the sign of geminate polarization for
the triplet precursor.

The products of geminate and homogeneous recombi�
nation in the reversible photochemical reactions coincide
with the initial reactants. The signal descending in time is
observed for CIDNP. The decrease in the CIDNP signal
of the geminate products in time is caused by the compen�
sating contribution from the products of the homogeneous
combination of radicals in the bulk. Nuclear relaxation
and polarization evolution in the F pairs result in the situ�
ation that the geminate polarization decreases not to the
zero value. Our earlier studies of the dipeptides containing
tryptophan and tyrosine29,30 show that three processes
result in the polarization transfer from the radicals to the
products in solution: (1) bimolecular decay of radicals due
to the backward transfer of an electron or hydrogen atom
to form the initial reactants; (2) degenerate electron
exchange

*RH+• + RH    *RH + RH+•

(asterisk marks the nuclear polarization transferred to dia�
magnetic molecules, and the sign of this polarization is
opposite to the sign of polarization of geminate products);
and (3) intramolecular electron transfer in the dipeptide.

The CIDNP kinetics of dipeptide Trp�Trp detected at
pH 2.0 and 9.9 are shown in Figs 4 and 5, respectively.
The normed coefficients were selected in such a way that
the initial CIDNP value in the calculated curve would be
equal to unity. The points in the plots correspond to the
absolute values of signal intensities; i.e., the polarization
signs are not shown.

The fast decrease in the CIDNP signals is observed in
acidic solutions, and the CIDNP kinetics of the Trp�Trp
protons is determined by the reaction of degenerate elec�
tron exchange (DEE) in the pair "radical cation of dipep�
tide—diamagnetic molecule of dipeptide," which leads to
polarization transfer from the radical cations to the dia�
magnetic molecules. The radical center is formed only on

Fig. 4. CIDNP kinetics for the H(2) protons of the С�terminal
residue of dipeptide Trp�Trp detected during the photolysis of
DP (C = 0.6 mmol L–1) with dipeptide Trp�Trp in concentra�
tions of 2 (1) and 4 mmol L–1 (2) at pH 2.0. Points are experi�
ment; lines are calculation by Eqs (1)—(3). The values of the
parameters used are given in the text. Here and in Fig. 5, IN is
the normed signal intensity in the CIDNP spectrum.
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Fig. 5. CIDNP kinetics for the H(2) (1) and H(4) (2) protons of
the С�terminal residue of dipeptide Trp�Trp and the H protons
of the С� and N�terminal residues of Trp�Trp (3) obtained by the
photolysis of DP (C = 8 mmol L–1) with dipeptide Trp�Trp
(С = 3 mmol L–1) at pH = 9.9. Points are experiment; lines
are calculation by Eqs (1)—(3). The values of the parameters
used are given in the text.
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the C�terminal residue of the peptide; the sign of the
transferred polarization is opposite to the sign of gemi�
nate CIDNP. The degenerate electron exchange reac�
tion involving dipeptide Trp�Trp is presented in
Scheme 3. aa

Scheme 3

*TrpH�TrpH+• + TrpH�TrpH  

    *TrpH�TrpH + TrpH�TrpH+•

Asterisk marks particles with polarized protons.

The concentration of the reactants is much higher than
that of the radicals and, hence, the DEE reaction can be
considered to be the irreversible pseudo�first�order reac�
tion with the rate constant (kex) directly proportional to
the concentrations of molecules involved in the exchange
(С0): kex = kex

biC0, where kex
bi is the bimolecular rate con�

stant of electron exchange.
In alkaline solutions, the deprotonation of the dipep�

tide radical cations is so fast that the degenerate electron
exchange exerts no effect on the CIDNP kinetics. In both
cases, the polarization first increases due to the formed
polarization in the bimolecular reactions in the bulk and
then decreases to the stationary value, which depends on
the nuclear relaxation time in the radicals.

Since no IET was revealed and DEE proceeds selec�
tively between the C�terminal residues of the dipeptides,
the CIDNP kinetics obtained in acidic and alkaline solu�
tions were calculated in terms of the model used previous�
ly for the description of the CIDNP kinetics in the photo�
reactions of free amino acids.32,44 The model is based on
the approach45 proposed for the description of the CIDNP
kinetics and includes the solution of the system of differ�
ential equations for the concentration of radicals, CIDNP
in the radicals, and CIDNP in the products. The model
takes into account the polarization transfer from the radi�
cal to the corresponding molecule in the bimolecular re�
action of radical decay with rate constant kt, paramagnet�
ic relaxation with characteristic time T1, formation of ad�
ditional polarization in the radical reactions in the bulk,
and polarization transfer from the radicals to the mole�
cules in the DEE reactions with rate constant kex (the
latter for the case of acidic solutions).

The concentration of the dipeptide radicals (R(t)) and
the nuclear polarization in the dipeptide radicals (P(R))
and molecules (P(Pr)) are described by the following equa�
tions45:

, (1)

, (2)

. (3)

Equation (1) takes into account the bimolecular decay
of the radicals, whose rate constant is close, in our case, to
the diffusion value. The polarization formed in the radical
pairs in the bulk is directly proportional to geminate
polarization PG with the proportionality coefficient
 = PG/R0 (see Ref. 46). The  value characterizes the
CIDNP ratio in the geminate pairs and in the pairs in the
bulk, and limit  is equal to 3 in the case of the triplet
precursor. Researchers usually use32,44  = 2.8. The simu�
lation gave the values of parameters ktR0 = 1.8•105 s–1

and kex = (4±1)•108 L mol–1 s–1, as well as the values of
T1 for the H(2), H(4), H(6), and �CH2 protons (Table 1).
The rate constant of DEE between the radical cation
of N�acetyltryptophan and diamagnetic molecule is
(9±1)•108 L mol–1 s–1 (see Ref. 32) and that for dipep�
tide Тrр�Tyr is kex = (1.8±1)•108 L mol–1 s–1 (see Ref. 30).
In the case of the dipeptide, the decrease in the rate con�
stant of electron exchange is caused, most likely, by steric
hindrances.

When simulating the CIDNP kinetics in an alkaline
solution, we took into account that no electron exchange
with the diamagnetic dipeptide molecule occurs for the
neutral tryptophan radicals formed due to the fast depro�
tonation of the radical cations. The geminate radical pair
and radical pairs in the bulk differ because of the deproto�
nation of the dipeptide radical cation. To take into ac�
count these factors in the simulation of the kinetic data,
we calculated the relative signal intensities in the CIDNP
spectrum according to Adrian´s model47 for two types of
triplet radical pairs. The first pair contains the neutral
radical of 2,2´�dipyridyl (DPН•) and the radical cation of
the dipeptide, and the second pair contains the radical
anion of 2,2´�dipyridyl (DP–•) and the neutral dipeptide
radical. In the both dipeptide radicals, the electron density
localized exclusively on one of the dipeptide residues: either
the C�terminal or N�terminal amino acid residue. For the

Table 1. Nuclear paramagnetic relaxation times of the pro�
tons (T1) radical cation (TrpH�TrpH+•), and neutral radical
(TrpH�Trp•) of tryptophyl�tryptophan obtained by the simu�
lation of the CIDNP kinetics in acidic and alkaline media
and of the protons of the N�acetyltryptophan radical cation
(TrpH+•)

Proton T1/s

TrpH�TrpH+• TrpH�Trp• TrpH+• 32

H(2) 25±5 51±10 44
H(6) 33±6 * 44
H(4) 31±6 38±8 63
H 53±10 52±8 91

* The value of T1 was not determined.
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calculation of isotropic (Aiso) and anisotropic (Aaniso) val�
ues of the constants, we used the following magnetic reso�
nance parameters: g = 2.0027 (see Ref. 48) for the radical
cation of tryptophan48 and g = 2.0030 (see Ref. 49) for
the neutral radical and radical anion of 2,2´�dipyridyl
(Tables 2 and 3).

The calculations revealed that the coefficient of en�
hancement of the CIDNP effect for the Н(2) proton in the
second radical pair is 6.5 times lower than that in the first
radical pair, due to which (Н(2)) = 0.46. The value
(Н(2)) = 1 obtained by our simulation is related, most
likely, to an inaccuracy of the DFT calculations and to the
fact that they were performed for the free amino acid and
not for tryptophan in the peptide composition. That is
why, the real value of HFC constants can somewhat differ
from that presented in Table 2.

The relaxation times of the protons of the neutral
dipeptide radical were determined by the simulation of the
kinetic curves detected at pH 9.9 (see Table 1).

The dependence of A2
aniso,i (see Table 2) on 1/T1

2 for
different protons of the neutral radical and radical cation
of tryptophan is shown in Fig. 6 (see Table 1). It is seen
that the dependence is linear (R2 = 0.995) and starts from
the point of origin. This confirms that the main mecha�
nism of nuclear relaxation is the modulation of dipole�
dipole interaction between the unpaired electron and nu�
clear for both the neutral radical and radical cation of
tryptophan. Note that the relaxation time for the H(2)
proton in the neutral radical increased substantially com�
pared to the radical cation, which is a consequence of the
higher anisotropy of the HFC tensor in the dipeptide rad�
ical cation (see Table 2 and Fig. 6).

In this work, the sensitivity of CIDNP to the reaction
of degenerate electron exchange between the radical and
its diamagnetic precursor was used for the identification
of intermediates (neutral radicals and radical anions and

cations). This reaction does not result in chemical chang�
es and is not accompanied by a change in the absorbance
of the solution and, therefore, it cannot be revealed by
optical detection methods.

Thus, the kinetics and mechanism of the spin�selec�
tive reactions of photoinduced electron transfer involving
dipeptide Trp�Trp in aqueous solutions at two pH values
(2.0 and 9.9) were studied by the CIDNP method with
time resolution. The threshold effect of the protonation of

Table 2. Isotropic (Aiso) and anisotropic (Aaniso) HFC con�
stants of the radical cation (TrpH•+) and neutral radical
(Trp•) of tryptophan calculated by the UB3LYP/EPR�II/
/UB3LYP/6�31G(d,p) method using the polarized con�
tinuum model

Atom TrpH•+ Trp•

Aiso
50/G A2

aniso Aiso
50/G A2

aniso

H(2) –4.210 22.9 –0.53 5.82
H(1) –4.13 32.28 0— 0—
H(4) –5.043 13.62 –4.47 10.03
H(7) –0.502 1.21 –0.35 0.94
H(6) –4.12 13.58 –3.68 11.00
H(5) 1.24 1.03 0.79 0.86
H 11.89 4.01 15.42 5.19
H 25.44 4.88 27.87 5.7

Note. A2
aniso = 3i=1A2

aniso,i.

Table 3. Isotropic HFC constants (Aiso) of the radical
cation (DPH2

+•), neutral radical (DPH•), and radical
anion (DP–•) of 2,2´�dipyridyl calculated by the
UB3LYP/EPR�II//B3LYP/6�31G(d) method using the
polarized continuum model

Atom Аiso/G

DPH2
+• DPH• DP–•

N(1) 3.09 4.07 2.08
N(1´) 3.09 2.26 2.08
H(1) –2.85 –6.79 0—
H(1´) –2.85 0— 0—
H(3) –0.19 2.16 –1.94
H(3´) –0.19 –2.40 –1.94
H(4) –3.60 –7.56 –0.70
H(4´) –3.60 0.30 –0.70
H(5) –2.36 –1.90 –5.79
H(5´) –2.36 –4.19 –5.79
H(6) –1.10 –2.12 0.99
H(6´) –1.10 1.12 0.99

Fig. 6. Anisotropy of HFC A2
aniso vs 1/T1

2, where Т1 are the
nuclear paramagnetic relaxation times for the protons of the
radical cation and neutral radical of Trp�Trp obtained by the
simulation of the CIDNP kinetic dependences in acidic and
alkaline media. Points are experiment, and the line is the linear
approximation of the obtained data. Designations "+" and "n"
concern the radical cation and neutral radical of the dipeptide,
respectively. A2

aniso = 3i=1A2
aniso,i.

A2
aniso/G2
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the amino group of dipeptide Trp�Trp on the quenching of
the triplet�excited state of 2,2´�dipyridyl was revealed. At
the pH of solutions lower than рКа (pH < 7.6) of the
terminal amino group, the reversible electron transfer in�
volves only the C�terminal residue of the dipeptide. It
was also established that no intramolecular electron trans�
fer occurs from the tryptophan residue at the N�end
to the tryptophan radical; however, the intermolecular
degenerate electron exchange with a rate constant of
(4±1)•108 L mol–1 s–1 occurs efficiently. At the pH of the
solutions higher than рКа of the terminal amino group,
the both tryptophan residues equally participate in the
deactivation of the triplet state of dipyridyl and the depro�
tonation of the formed radical cations of tryptophan occurs
in the submicrosecond time interval. The numerical simula�
tion of the CIDNP kinetics made it possible to determine
the nuclear paramagnetic relaxation times (Т1) of the pro�
tons of the neutral radicals and radical cations, which
correlate well with the difference in anisotropy of the HFC
tensor of these radicals calculated by the DFT method.
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