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Following exposure to X-irradiation at low temperatures, the main reactions taking place in single crystals of
cytosine monohydrate doped with minute amounts of 2-thiocytosine are hole transfer (HT) from the electron-
loss centers to the dopant and recombination of oxidation and reduction products, assumedly by electron
transfer. A huge deuterium kinetic isotope effect (KIE;>102-103) at 100 K, together with the kinetic curves
obtained and density functional theory (DFT) calculations of equilibrium energy changes, indicates that these
reactions proceed through a concerted proton-coupled electron/hole transfer where the proton transfer occurs
between hydrogen-bonded cytosine molecules. The temperature dependence of these reaction rates between
10 and 150 K in normal and partially deuterated samples was investigated by monitoring the growth and
decay of the various radical species over time using electron paramagnetic resonance (EPR) spectroscopy.
By assuming a random distribution of the hole donors and acceptors in the crystals, the data are consistent
with an exponential distance-dependent rate, giving a distance decay constant (â) around 1 Å-1 for the HT,
which indicates that a long-range single-step superexchange mechanism mediates the charge transfer. The
reactions undergo a transition from a slow, weakly temperature-dependent rate to an Arrhenius-type rate at
40-50 K, presumably being activated by excitation of low-frequency intermolecular vibrations that couple
to the process. Below this transition temperature, the transfer probability might be dominated by temperature-
independent nuclear tunneling. A similarâ value in both temperature regions suggests that hopping is not
activated.

1. Introduction

Proton-coupled electron transfer (PCET)1-4 is an important
mechanism in a number of chemical and biological redox
reactions and may play a crucial role in radical reactions in
irradiated biological molecular systems. Previous electron
paramagnetic resonance (EPR) and electron nuclear double
resonance (ENDOR) studies of X-irradiated crystalline DNA
base derivatives have shown that the initially formed electron-
addition and electron-loss radicals tend to stabilize by proto-
nation and deprotonation reactions, respectively, with the proton
transfers taking place along hydrogen bonds in the matrix.5-8

Proton transfer (PT) is also believed to stabilize primary base-
centered radicals in irradiated DNA. Following exposure to
ionizing radiation, holes migrate to guanine because of its lower
ionization potential, and excess electrons become trapped on
cytosine and thymine, which have a high electron affinity. The
reduced cytosine may become stabilized by PT from its
complementary base guanine. Similarly, oxidized guanine may
stabilize by transferring a proton to cytosine.9,10 Experimental
evidence is available indicating that the oxidation of guanine11,12

and hole hopping between guanines13 in DNA occur through
PCET reactions.

Common to these systems is that the primary (de)protonated
radicals are stable only at low temperatures. Upon warming,
recombination and charge shift reactions become activated, in
which the electron/hole transfer could be coupled with back-

transfer of the protons.14,15 The proton and the electron are
transferred in different directions, distinguishing the process
from the more studied cases where both the electron- and the
proton-transfer take place between the same molecules. It is
thus of interest to investigate the charge-transfer mechanism in
more detail in a model system having these features.

In the present report, EPR spectroscopy is used to study the
temperature effect and deuterium kinetic isotope effect (KIE)
of hole transfer (HT) and recombination in a model system
consisting of X-irradiated crystalline cytosine monohydrate (C)
doped with small amounts of 2-thiocytosine (TC). TC has a
lower ionization potential than C16 and acts as a hole acceptor
in this system at low temperatures.17-19 The radicals predomi-
nantly formed at 10 K have previously been characterized by
ENDOR.18,20 These are the N1 deprotonated cytosine cation
(radical RC), the N3 protonated cytosine anion (radicalRA),
and the N1 deprotonated thiocytosine cation (radicalRS), as
shown in Chart 1.

The radicals have all been stabilized by PT along the
hydrogen bond between N1 and N3 of neighboring bases. The
previous study showed an increase in radicalRS upon thermal
annealing,17 indicating effective net HT from radicalRC to TC.
This process may be expected to be coupled with back-transfer
of the proton across the N1‚‚‚N3 bond. Correspondingly, PT
may be necessary for recombination of these radicals.

2. Experimental Section

2.1. Crystallography and Methods. Single crystals of
cytosine monohydrate and partially deuterated cytosine mono-
hydrate crystals, with all oxygen- and nitrogen-bonded protons
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exchanged with deuterons, doped with 2-thiocytosine, were
prepared as previously described.18 A total of 20 crystals were
studied. The doping level varied between 0 and 0.8 mol % and
was determined by 500 MHz1H NMR spectroscopy. Because
of the sulfur substituent, the chemical shift of the HC5 proton
of 2-thiocytosine deviates sufficiently from that of the corre-
sponding proton of cytosine to give a well-resolved resonance
line that enables an estimation of the molar concentration of
TC in the crystals, similar to what was done for other doped
crystals.21 It will be assumed that the thiocytosines are randomly
distributed in the crystals, replacing the cytosine molecules while
the lattice structure remains virtually unchanged.

Crystals of cytosine monohydrate are monoclinic with a space
groupP21/c and with four asymmetric units in the crystal cell.
The molecules are hydrogen-bonded in parallel ribbons which
are linked into a three-dimensional network by hydrogen
bonding through the water molecules. The amino protons are
hydrogen-bonded to a water molecule and to O2 of a neighbor-
ing base. O2 is further hydrogen-bonded to two water molecules.
The proton at N1 is hydrogen-bonded to N3 of a neighboring
base.22,23 Chart 2 shows the H bonding between cytosine
molecules (including one water molecule).

The experimental procedures including instrumentation, X-ray
diffraction, X irradiation, and X-band EPR spectroscopy were
mainly as previously described.18 EPR measurements were done
with a Bruker Elexsys 560 SuperX spectrometer, with a Cr3+

reference mounted independently in the cavity. The measure-
ments were done at the temperature of irradiation (10-60 K)
and at elevated temperatures. The samples were X-irradiated
(60kV/40mA) inside the cavity vacuum shroud for 2 h to adose
of about 19 kGy, which is below the saturation region of the
dose-response relationship.19

DFT calculations were performed using the Gaussian03
program package.24 The initial geometry of the cytosine
monohydrate system was taken from the neutron diffraction

study.23 Geometries of reactants and products in various
protonation states were optimized using the B3LYP functional
and the 6-31+G(d) basis set, whereas single point calculations
were performed at the optimized geometries using the 6-311+G-
(2df,p) basis set. The energies were corrected for zero-point
vibrations determined at the level of optimization.

2.2. Spectrum Analysis.All EPR spectra were acquired with
the magnetic field aligned perpendicular to<b> and about 60°
from <c*>. At this position in theac* plane, the signal from
the thiocytosine radical (RS) is separated maximally from the
remaining resonance lines due to its higherg value.25 During
the spectral analysis, the necessary corrections were made for
differences in sample masses and microwave power, which was
kept low (0.002-0.08 mW) at all temperatures to avoid power
saturation.19 Spectra acquired at different temperatures were
compared by taking into account the Boltzmann distribution of
the spin population. The energy absorption is proportional to
the difference in the number of spins aligned parallel and
antiparallel to the magnetic field at thermal equilibrium. To first
order, this population difference becomes inversely proportional
to the temperature. This approximation may be applied when
hν (the resonance energy), kBT (the thermal energy), which
for X-band frequencies occurs at temperatures> ∼10 K.

The spectra were reconstructed by using simulated benchmark
spectra of the components in a linear least-squares regression
routine of MS Excel 2002, producing as fitting parameters the
percentage contribution of the components and ther2 value of
the fitting. Double integration of these weighted components
then gives the relative contributions from the various radicals.
The simulations were made with the program KVASAT.26,27

At low temperatures (<60 K), apparently only the radicals in
Chart 1 were present. The EPR spectra of the cytosine radicals
were simulated using hyperfine coupling tensors previously
obtained20 and nitrogen coupling tensors corresponding to the
spin distribution proposed in that paper. For optimum fit the
spectra of radicalsRC andRA were simulated using a Lorentzian
line-shape, which provided a significantly better fit than the
Gaussian line-shape. A singlet was used to reconstruct the
spectrum of radicalRS. Figure 1 shows examples of experi-
mental and reconstructed EPR spectra of normal and deuterated
doped crystals, X-irradiated and recorded at 10 K.

According to the reconstruction, the oxidation and reduction
products were generally present in about equal amounts for all
of the samples at all of the investigated temperatures, and this
distribution is assumed in the analysis below. When normal
(H2O) crystals were warmed to 60 K and above, a third
component seemed to appear in the same spectral region as for
radicalsRC andRA. The spectral shape of this component was
estimated by subtracting simulated spectra ofRC andRA from
the experimental spectra in order to eliminate the lines from
these components. The resultant spectra consisted mostly of a
doublet with a splitting of around 1.5 mT, a line width of about
0.3-0.4 mT, and ag value of approximately 2.0047. The
doublet was present in both doped and undoped crystals,
implying a cytosine centered radical. Apparently, it grew in at
the expense of the protonated anion (RA), suggesting a possible
conversion of this radical.

A simulated doublet was thus included in the spectrum
reconstruction, which improved the fit significantly. The relative
contribution of this component (in an undoped crystal) increased
from a few percent at 60 K to about 20% at 150 K. It appeared
to be stable at 60-85 K, whereas upon annealing to 100 K, an
initial (absolute) increase was followed by a slow, steady
decline. At 150 K, it decayed in the same proportion as the

CHART 1

CHART 2
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other two cytosine radicals. For the deuterated crystals, however,
no new component appeared in the spectra until temperatures
of 100-110 K were reached. Unfortunately, it was not possible
to determine the spectral shape of this additional component;
the above-mentioned doublet appeared not to be the proper
spectral shape. This suggests a key role of the exchangeable
protons for its formation. It is unknown which radical the doublet
represents. For all of the crystals, ther2 value for the spectrum
reconstruction decreased both with increasing temperature and
with time at the higher temperatures.

3. Results

3.1. Hole Transfer. The signal intensities due to the various
radicals were measured as a function of time after irradiation
and as a function of time after warming to various temperatures.
The main reactions taking place are growth of radicalRS and
recombination of oxidation and reduction products (mainly
radicalsRC andRA) and a possible conversion of radicalRA.
Figure 2 shows an example of the variation of the radical
concentrations (the four components used in the reconstruction)
with time in a normal doped crystal that was irradiated at 10 K
and warmed to 75 K. The left part of the figure shows the
concentrations relative to the total radical yield at 1 min after
warming, while the right part shows the radical fractions where
the sum is normalized to unity for each spectrum and plotted
on a logarithmic time scale. The plots illustrate both that radical

RS is formed at the expense of radicalRC, which implies hole
transfer (HT) fromRC to TC, and the possible conversion of
radicalRA.

Figure 3 shows examples of the absolute growth of radical
RS with time for two normal and one deuterated crystal at
various temperatures. The samples were irradiated at ap-
proximately 10 K and stepwise warmed to the temperatures
indicated. For the normal crystals, annealing to 30 K results in
a small (filled symbols) or no (open symbols) increase of the
rate of radicalRS formation, while the rate increases consider-
ably after annealing to 60 K. The markedly slower rate in the
deuterated crystal indicates a coupling to proton transfer (see
below). For simplicity, when determining the rate parameters
in the analysis below, the reaction is referred to as HT. Radical
RS started to decay between 100 and 150 K in normal crystals
and between 140 and 170 K in deuterated crystals.

It will be assumed that the HT probability is exponentially
dependent on the distanceR between hole donor and acceptor.
The transfer rate may then be expressed as28

whereâ is the distance decay constant andR0 is the smallest
separation of donor and acceptor,29 which, on the basis of the
crystal structure for the present system, is taken to be 3 Å.22,23

The factork0 includes the electronic coupling at distanceR0

and the Franck-Condon weighted density of states, where the
latter are taken to be independent of donor-acceptor distance
and time.30 The extensive hydrogen-bonding network in the
crystals as well as the partial base-stacking presumably gives
rise to a three-dimensional electronic coupling between the bases
and correspondingly a three-dimensional HT probability. Since
orientation effects are unknown, the transfer probability is treated
as isotropic, and the parameter values obtained are therefore
orientation-averaged.

To estimatek0 and â from the experimental data,R is
considered to be a time-dependent tunneling radius associated
with a reaction volume (sphere) around the donors within which
the HT occurs. Then, in the absence of competing reactions,
for a random31,32distribution of donors (RC) and acceptors (TC),
where the concentration of donors is much less than the

Figure 1. Experimental and reconstructed X-band EPR spectra of
single crystals of cytosine monohydrate doped with 2-thiocytosine. The
magnetic field is aligned perpendicular to<b> and about 60° from
<c*>. (a) Spectra from a 0.3 mol % doped normal (H2O) crystal. (b)
Spectra from a partially deuterated 0.15 mol % doped crystal. The lines
in the low-field region are from radicalRS. The asterisks indicate the
Cr3+marker lines. Ther2 factors were>0.99.

Figure 2. Concentration of the radical species in a normal crystal
(doping level 0.42 mol %) irradiated at 10 K and warmed to 75 K.
Left: Radical concentrations relative to the total radical yield at 1 min
after warming. Right: Fractions of the different radical species where
the sum is normalized to unity at the various times after warming and
plotted on a logarithmic time scale to highlight the growth of radical
RS at the expense ofRC. The lines are linear fits to the data.

k ) k0exp[ - â(R - R0)] (1)
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concentration of acceptors, the surviving fractionP(t) of donors
at time t is approximately29,30,33

wherec is the molar concentration of acceptors and is given by
c ) NA*d/VM, whereNA is Avogadro’s number,d is the doping
level (in mol %), andVM is the molar volume which for
crystalline cytosine H2O is 87.25 cm3/mol.22 Rearrangement of
eq 2 gives forR

The exponential distance dependence of the rate enablesR to
be expressed as29,30,33,34

The fraction of radicalRS is used throughout as a measure
of the donor surviving fractionP because of the separate and
easily measurable signal of this radical (Figure 1) and because
donors may be lost to recombination, as discussed below. In

the absence of recombination, the amount ofRS that increases
equals the amount of donors decreasing.

It is problematic, however, to use eq 4 directly to determine
the HT rate at the temperature of irradiation since the irradiation
time tirr (2 h) is significant as compared with the observation
time. Therefore, HT occurring during irradiation needs to be
taken into account as well. To surmount this complication, the
simplifying assumption is made that the surviving probability
of the donors is independent of the presence of other previously
or subsequently formed donors, which may hold true when the
radical concentration is low. Separating the donors into infini-
tesimal fractions corresponding to the timet′ of their formation
(0 < t′ < tirr) makes eq 4 applicable for each fraction
individually; the transfer range for each fraction may then be
expressed asr ) R0 + (1/â) ln[k0(t + t′)] where t is the time
after irradiation (observation time). Since the system is ap-
proximately in the linear dose-response region,19 the number
of donors formed may be expressed asatirr, wherea is some
constant. The average range for all fractions at timet is thenRh
) ∫0

tirr ra dt′/ ∫0
tirr a dt′ ) 1/tirr ∫0

tirr r dt′. Now, if all of the donors
were formed at the same instant, this average range would also
be obtained at some particular timeth after their formation.
Expressing this average range on the form of eq 4 then gives

Solving for ln(th) further yields

This “average” timeth is used in the left-hand side of eq 5 to
determinek0 andâ for the samples at the irradiation temperature.
(It follows from eq 6 that whent . tirr, th asymptotically
approachest + tirr/2.)

Figure 4 shows plots ofRh - R0 as a function of ln(th) obtained
for normal samples irradiated and observed at 10 to 50 K. Values
for k0 andâ are found from the slope of the curves (1/â) and
from the interception at the ordinate (at 1/â ln(k0)) and are given
in Table 1. The results indicate no significant increase ofk0

Figure 3. Absolute increase of radicalRS with time and temperature
in single crystals of cytosine (H2O/D2O) doped with thiocytosine. The
radical fractions are given relative to the total radical yield after
irradiation at 10 K. (a) A 0.29 mol % (filled symbols) and a 0.36 mol
% (open symbols) doped H2O crystal. (b) A 0.15 mol % doped
deuterated crystal. The crystals were irradiated at 10 K and warmed to
the temperatures indicated. The crystal in b was warmed in steps of 10
K indicated by the upper ticks at the corresponding times after
irradiation. The sudden drop in concentration between some temper-
atures is probably due to inaccuracies of sample temperatures.

P(t) ) exp[- 4
3
πc(R3 - R0

3)] (2)

R ) [R0
3 - (3/4πc) ln P(t)]1/3 (3)

R ) R0 + (1/â) ln (k0t) (4)

Figure 4. Tunneling distance as a function of time for HT in seven
single crystals of cytosine‚H2O doped with thiocytosine, calculated by
eqs 2-6. The crystals were irradiated and observed at the temperatures
indicated. The lines are linear fits to the data. The rate parameters along
with doping levels are given in Table 1 and were obtained as explained
in the text.

Rh ) R0 + (1/â) ln(k0th) ) 1/tirr ∫0

tirr {R0 +

(1/â) ln[k0(t + t′)]} dt′ (5)

ln(th) )
t + tirr

tirr
ln(t + tirr) - t

tirr
ln t - 1 (6)
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within the temperature range 10-40 K. Nor does it appear to
be any systematic change inâ.

Upon irradiation at 10-30 K, the total radical yield was
approximately constant during the observation time, whereas
upon irradiation at 40 and 50 K, a small reduction (5-10%)
occurred after 2 h. To correct for the loss of donors due to
recombination a correction procedure was applied for the donor
surviving fractionP, as explained below.35 Irradiation at 60 K
did not lead to an observable increase of radicalRS with time.
This may be ascribed to activated recombination and a
substantial higher HT rate, making the reactions occur before
spectrum acquisition can take place. For the deuterated crystals,
the HT rate was too low at low temperatures (<85 K) to be
estimated at the time scale employed (2-3 h).

HT at higher temperatures (g60 K) was studied by irradiating
the samples at 10 K followed by warming. At these tempera-
tures, a substantial portion of the donors is lost to recombination
with radicalRA, while the acceptor radicalRS remains stable,
so the donor surviving fraction will no longer solely reflect the
HT efficiency.

One approach to correct for this loss of donors could be to
compare the surviving fractions of donors in doped and undoped
crystals.33 Unfortunately, because of technical reasons, radical
concentrations in different samples could not be adequately
compared for correction purposes. Nevertheless, a lower limit
for the surviving fractionP could be obtained. The following
reactions were considered:

Denoting the time dependent probabilities for reactions 7a and
7b byp andq, respectively, and assuming that these probabilities
are mutually independent, the surviving fraction of donors,
relative to the initial concentration of donors, after a period of
time, will be [RC]/[RC]|t)0 ) (1 - p)(1 - q). The quantity of
interest with regard to HT is (1- p) ) P (the surviving fraction
of donors in the absence of recombination). The higher stability
of the acceptor radicalRS gives that (1- q) < ([RC]+[RS])/
[RC]|t)0 (where (1- q) is the donor surviving fraction in the
absence of hole acceptors), and consequently that (1- p) >

([RC]/([RC] + [RS]). The decay ofRC makes this latter fraction
decrease with time even though no HT to the acceptors should
occur. To avoid registering erroneously an apparent HT, for
each measurementi, the fraction must be determined by
considering only the increase of [RS] relative to the preceding
measurement, that is∆[RS]i ) [RS]i - [RS](i-1). A lower limit
for P at thenth measurement is then

An upper limit for P would be obtained by considering only
the absolute increase of radicalRS with time, that is,P < (1 -
[RS]/[RC]|t)0) ) Pmax. However, not taking into account the
substantial diminishing amount of donors due to recombination
makes this limit unsuitable for making comparisons between
different temperatures. The true value ofP is probably closer
to the lower limit (eq 8), which was therefore used to determine
the rate parameters.

An additional problem arises when warming the crystals since
upon reaching a new temperature the HT process has already
proceeded for some time, sayt1, with the former rate. This yields
a surviving fractionP1 < 1, corresponding to a transfer radius
R1. Keeping in line with the reaction volume model, the further
growth ofR is assumed to continue as before, only with a new
rate. In order to still express this growth on the form of eq 4,
the process is treated as if all the transfer has occurred with the
new rate.R may then be expressed as

wheret2 is the time at the new temperature andτ is the time
required to reachR1 (or P1) with the new rate. This latter time
is found fromR1 - R0 ) 1/â1 ln(k01t1) ) 1/â2 ln(k02τ), where
the indices 1 and 2 refer to the former and the new temperature,
respectively, which givesτ ) (k01t1)â2/â1/k02. In cases wherek02

. k01 (and â2 e â1), τ will be small or negligible compared
to t2.

Figure 5 shows the upper and lower limits of the surviving
fraction P at different temperatures for several normal and
deuterated doped crystals that have been irradiated at ap-
proximately 10 K and annealed at the temperatures indicated.
The fractions are relative to the oxidation product concentration
at 10 K and have been estimated by assuming equal amounts
of oxidation and reduction products throughout the temperature
range. Also included in the figure is the fraction of the donors
surviving both HT and recombination ([RC]/[RC]|t)0). The steep
decline ofP at the higher temperatures implies a substantial
increase in the HT rate and suggests thatτ in eq 9 is small and
comparable to the experimental error fort2. This error is
connected both to the warming rate and to the thermal
conductivity of the crystals and appeared to be of the order of
a few minutes. Figure 6 shows the tunneling radiiR - R0 for
the samples from Figure 5, calculated by eqs 3 and 8 (lower
limit for P) and plotted on a logarithmic time scale. For the
reasons mentioned above, the starting point on the time axis
was set somewhat tentatively at about the middle of the warming
period (which was a few minutes). One exception is for the
deuterated series at 85 K where the HT rate was too low to
assumeτ to be negligible (judging by Figures 3 and 5, the rate
seems comparable to the rate for normal crystals at 10 K).
Instead,τ was estimated by optimizing the fit of the data points
to a straight line (eq 9). The rate parameters for all the series
were obtained as explained above and are given in Table 1.

TABLE 1: Rate Constants (k0) and the Distance Decay
Constant (â) for HT in Normal and Partially Deuterated
Single Crystals of Cytosine‚H2O Doped with Thiocytosine
(Uncertainties Are Based on the Data Fitting Alone)

T (K) log(k0) (s-1) â (Å-1) d (mol %) r2 d

H2O
10a 0.61( 0.14 1.28( 0.04 0.29 0.992
10 1.1( 0.2 1.48( 0.05 0.36 0.988
10b -0.2( 0.1 1.01( 0.06 0.32 0.972
20 0.7( 0.5 1.34( 0.12 0.34 0.987
30 0.9( 0.5 1.25( 0.11 0.34 0.991
40 0.05( 0.6 0.84( 0.13 0.34 0.983
50 1.7( 0.2 1.36( 0.05 0.79 0.982
60a 2.4( 0.3 1.15( 0.06 0.29 0.988
75 4.5( 0.7 1.3( 0.1 0.42 0.976
85b 5.4( 0.3 1.31( 0.05 0.32 0.979
100 7.7( 1.3 0.9( 0.1 0.08 0.967

D2O
85c -0.6( 0.2 1.1( 0.1 0.47 0.990
100 1.0( 0.4 1.2( 0.1 0.19 0.981
100 -0.4( 0.1 0.72( 0.03 0.27 0.973
130c 1.1( 0.15 0.93( 0.03 0.47 0.979

a,b,c Same crystals that have been warmed.d Average value for the
spectrum reconstructions.

RC+ TC f C + RS(hole transfer) (7a)

RC+ RAf C + C(recombination) (7b)

Pn > ∏
i)1

n [RC] i

[RC] i + ∆[RS] i

) Pmin,n (8)

R - R0 ) 1/â2 ln[k02(τ + t2)] (9)
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Unfortunately, the procedures above make it difficult to estimate
errors with any reasonable confidence. Hence, only the errors
resulting from fitting the data to a straight line are given.

The relatively large (orientation-averaged) values forâ around
1 Å-1 indicate that the HT is mediated by the single-step
exchange or superexchange mechanism and that hopping by self-
exchange HT, which should give a far lower value,28 is not
activated. Figure 7 shows the rate constants (k0) in Table 1 in
a double logarithmic plot as a function of temperature. For the
normal crystals, at 10-40 K the rates are slow and only weakly
dependent on temperature. A transition to an Arrhenius-type
temperature-dependent rate occurs at around 40-50 K. Judging
from Figure 3b, the HT in the deuterated crystals is also
activated at around 50-60 K, although the far lower rate makes

the transition less pronounced. In the activated region, for the
normal crystals, the activation energyEa ) d(ln k0)/d(1/kBT)
becomes around 0.1-0.2 eV. Below this region, the transfer
probability might be dominated by temperature-independent
nuclear tunneling through the reaction barrier,36 which will be
discussed in the next section.

The KIE (k0H/k0D) appears to be of the order of 106 at 85 and
100 K. This value may seem too large, and some of this huge
effect could result from the large uncertainty inherent in the
rate parameter values. For instance, the tunneling radius at 100
K (non-deuterated) in Figure 6 may appear overestimated.
However, by using the value ofk0H at 85 K as a lower limit for
the rate at 100 K and thek0H value at 60 K as an upper limit
for the 100 K rate for the deuterated crystals (see Figure 6), the

Figure 5. Surviving fraction of donors in absence of recombination (P) and total donor surviving fraction ([RC]/[RC]t)0) in (a) normal and (b)
deuterated cytosine/thiocytosine crystals, X irradiated at 10 K, and warmed to the temperatures indicated. The fractions are relative to the initial
oxidation product concentration at 10 K and have been obtained as explained in the text. The dashed lines mark the start of the warming. The
different fractions appear in separate plots to enhance the resolution.
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KIE would still be greater than 103. This strongly suggests a
proton-coupled hole transfer (PCHT) reaction.1-4 Scheme 1
shows the possible formation of radicalRS. HT from radical
RC to the hole acceptor TC may occur in combination with a
re-protonation ofRC (PT1) and a deprotonation of the oxidized
TC (PT2). Whether this reaction is stepwise or concerted is
discussed in the next section. While the PT takes place between
neighboring bases, the HT may be long-range with several
intervening molecules between donor and acceptor.

Equilibrium energies for the reactants and products in Scheme
1 were calculated by DFT as explained above. The calculations
were performed on single molecules in the gas phase, and the
results serve only as a guide; the surrounding hydrogen-bonded
molecules should be included in the calculations to obtain more
accurate values. Table 2 shows the equilibrium energy changes
(∆E0) for the individual and combined steps in Scheme 1. Only
HT in combination with PT1 is an exothermic reaction.

A rough estimation of the (total) reorganization energyλ for
the activated PCHT reaction is found from the Marcus relation
Ea ) (∆G0 + λ)2/4λ 37 (for the high-temperature limit) by
assuming that the free energy change∆G0 ≈ ∆E0 ) -(0.62-
0.74) eV andEa ) 0.1-0.2 eV, which givesλ ≈ 1.4-2.0 eV.

3.2. Recombination.No radical decay was observed when
warming from 10 to 30 K, whereas at 60 K, the decay had been
activated. The decay in the deuterated crystals was activated at
about the same temperature as for the normal ones, although
with a significantly lower rate. Figure 8 shows the decay of
total radical concentration in an undoped normal crystal that
has been irradiated at 10 K and subsequently warmed to 60,
100, and 150 K. The decay is plotted as a function of time after
irradiation (Figure 8a) and as a function of time after warming
on a logarithmic time scale (Figure 8b). The use of separate
time scales (Figure 8b), corresponding approximately to time
spent at the different temperatures, may be justified by the same
arguments as above for the HT and by noticing that the decay
rate increases significantly at each temperature. The similar
shape of the curves suggests the same decay process at the three
temperatures. Most importantly, spectral reconstruction showed
that the relative amount of the reduction and oxidation radicals
stayed about the same during the whole period, as previously
observed,38 indicating recombination by electron transfer (ET)
from RA to RC. A large part of the ionizations normally occurs
through “soft” collisions which may leave the ejected electrons
in short enough distances from the parent holes to make the
single-step superexchange mechanism efficient.

Figure 6. Tunneling distance as a function of ln(time) for HT in single
crystals of normal (filled symbols) and deuterated (open symbols)
cytosine/thiocytosine. The crystals have been X irradiated at 10 K and
warmed to the temperatures indicated. The lines are linear fits to the
data. The transfer rate parameters, as well as the doping levels, are
given in Table 1 and were obtained as explained in the text. At 85 and
100 K in Figure 5a,P rapidly reaches a level after which no further
reduction is observed. This could possibly be an effect of inhomoge-
neous donor distribution.31,32For this reason, only the data points until
reaching this plateau were used in the straight line fit.

Figure 7. Rate constant (k0) vs temperature for HT (PCHT) in normal
(H2O) and partially deuterated (D2O) single crystals of cytosine‚H2O
doped with thiocytosine.

SCHEME 1: Formation of the Thiocytosine
Deprotonated Cation (Radical RS) by PCHT

TABLE 2: Equilibrium Energy Changes Calculated by DFT
for the Hole and Proton Transfer in Scheme 1

HT PT1 PT2 HTPT1 HTPT2 HTPT1PT2

∆E0 (eV) 4.51 0.47 0.13 -0.62 4.39 -0.74

Proton-Coupled Hole Transfer J. Phys. Chem. A, Vol. 112, No. 16, 20083603



The plots in Figure 8b are approximately linear, which is a
typical trait when having a dispersion of distances between the
reactants.39 By treating the recombining radicals as isolated
donor-acceptor pairs, the surviving fractionn(t) of these pairs
may be expressed asn(t) ) ∫0

∝ exp[-k(r)t]f(r) dr wheref(r) is
the (normalized) distribution of the pairs with respect to their
separationr. In the simple case of a rectangular distribution of
pair separations, it can be shown thatn(t) eventually will
decrease proportionally to (1/â) ln(k0t),39 in agreement with the
linearity in the plots. To obtain a rough estimate of the
temperature effect on the ET rate, the decay rates may be
compared for two temperatures at the same radical concentration.
Extrapolating the 60 K curve in Figure 8b, using either the slope
of the 60 or that of the 100 K curve, to the first experimental
value at 100 K gives thatk100K/k60K ∼ 102-103. The same
procedure gives thatk150K/k100K ∼ 102. This suggests an
Arrhenius-type temperature dependence (and possibly a lower
activation energy for the recombination than for the hole shift).

Figure 9 shows the decay of total radical concentration for
some of the crystals in Figure 5 and two undoped normal crystals
(one being the crystal from Figure 8). The crystals were all
irradiated at approximately 10 K and warmed to the temperatures
indicated. The decay rates for deuterated crystals at 100 K and
for normal crystals at 60 K are similar and, based on the
discussion above, suggest a KIE> 102 at 100 K. At higher
temperatures (140-150 K), no significant KIE is observed.
While radical RS in normal crystals was stable at 100 K,
warming to 150 K resulted in these radicals also decaying
linearly on a logarithmic time scale (data not shown), which
indicates a higher activation energy for the recombination of
this radical species. In the deuterated crystals, radicalRS started
to decay between 140 and 170 K. The KIE could not easily be
estimated but appeared to be large (as can be seen in Figure 3).

The electron- and proton-transfer reactions that may be
involved in the recombination are depicted in Scheme 2. Table
3 shows the equilibrium energy changes calculated by DFT for
the reactions in Scheme 2. The calculations were also performed
for recombination of radicalRS with radicalRA. The ET must
be accompanied with the transfer of a proton for the reaction
to be exothermic, which, together with the large KIE at low
temperatures, suggests that the reaction is PCET.

4. Discussion

The huge KIE of apparently>103 for the hole shift (and>102

for the recombination) strongly indicates a coupling with proton
transfer. This PCHT reaction can be stepwise or concerted. The
huge KIE and the large endothermicity of several eV for single
HT indicate that if the transfer is stepwise then proton transfer
(PT1) must precede the hole transfer step (PT1/HT).40 A
concerted transfer (HPT1) will have a smaller effective coupling
between reactant and product state than the single PT step,

Figure 8. Decay of total radical concentration in a single crystal of
undoped cytosine H2O X irradiated at 10 K and annealed to the
temperatures indicated plotted as (a) a function of time after irradiation
and (b) on a logarithmic time scale as a function of time after annealing.
The concentration is relative to the total radical yield at 10 K. The
dashed lines mark the beginning of the annealing and the solid lines
are linear fits to the data. The averager2 factors were 0.991, 0.991,
and 0.985 for the spectrum reconstruction at 60, 100, and 150 K,
respectively.

Figure 9. Decay of total radical concentration in normal and deuterated
single crystals of cytosine‚H2O (D2O) doped with thiocytosine (doping
level 0-0.5 mol %) irradiated at 10 K and annealed to the temperatures
indicated. The concentration is relative to the total radical yield at 10
K. The decay is plotted on a logarithmic time scale as a function of
time after annealing. The fully drawn lines are linear fits to the data.

SCHEME 2: Recombination of Radicals RC and RA
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because of the combined tunneling events of both the hole and
the proton, while the reaction barrier is likely to be smaller as
the reaction is highly exothermic.3 There is then a competition
between a lower barrier for HPT1 and a larger coupling for
PT1/HT. Some aspects point to a concerted transfer. First,
according to the DFT calculations, PT1 in isolation is not
thermodynamically favorable, and ENDOR studies of this and
similar systems have not revealed the presence of a pristine
oxidized cation radical.20 This suggests that back-transfer of the
protons for radicalRC is highly unlikely at low temperatures.
The stable EPR signals of undoped crystals in the present work
at 10 K also support that suggestion. Second, the low temper-
atures involved suggest that the reaction channel with the lower
barrier will dominate, in agreement with the estimated activation
energy of 0.1-0.2 eV for the hole shift reaction being lower
than the estimate of∆E0 for PT1 (0.47 eV). Third, if the reaction
is stepwise, then the large barrier for PT1 together with the large
KIE indicate that PT1 would be a rate-limiting step. This should
especially be the case for small hole donor-acceptor distances,
where the electronic coupling is large and definitely for the
deuterated crystals. The overall reaction should then follow first-
order kinetics. This would also apply to the decay curves of
the recombining radicals. However, none of the curves in
Figures 2, 3, 5, 8, or 9 becomes linear in a first-order rate plot.
Instead, the curves tend to be linear on a logarithmic time scale,
consistent with an exponentially decreasing electronic coupling
(and tunneling probability) with distance that would limit the
rate for a concerted transfer in this system.41 Finally, if initial
PT should gate the charge transfer,14 then the apparently lower
barrier for PT2 than for PT1 suggests that the decay of radical
RS should be activated at lower temperatures than those for
radicalRC. It is thus proposed that a concerted transfer is the
dominant reaction pathway for charge transfer in this system.

The huge KIE is most likely a result of a large barrier for PT
owing to the large proton donor-acceptor equilibrium distance
(2.95 Å23) and to the PT probably occurring between proton/
deuteron vibrational ground states at low temperatures. This
would make the coupling, or tunneling probability, for D+

significantly smaller than that for H+.3,42-45 One can also not
rule out the possibility of a concerted electron/hole- and double
PT (see Schemes 1 and 2) being responsible for the colossal
KIE. The reduction in KIE observed for the recombination at
higher temperatures may result from increased contribution of
reaction channels involving excited proton/deuteron vibrational
product states and/or excitation of N1‚‚‚N3 H-bond stretching
modes, both of which are relatively more beneficial for deuteron
transfer than for proton transfer.42

The activation of the PCHT rate (Figure 7) at around 40-50
K suggests that excitation of low-frequency intermolecular
modes activates the transfer. Below this temperature the
vibrational modes that couple to the PCHT process may not be
thermally excited and the rate might be dominated by temper-
ature-independent nuclear tunneling through the reaction bar-
rier.36 An expression relating the average effectively coupled
mode frequency (ω) for electron transfer to the transition
temperature between nuclear tunneling and activated rate,kBT
≈ pω/4,46 gives for T ) 40-50 K a mode frequency in the

regionpω ≈ 110-140 cm-1. Several intense Raman active low-
frequency modes in crystals of cytosine monohydrate have been
observed in the region 54-137 cm-1.47,48

Another possibility would be two (or more) different reaction
channels; one activated process and one slow, approximately
activationless or barrierless process for which the potential
energy surfaces for reactants and products cross at the minimum
of the reactant state.49 However, given that the reactants are
the same and since the hole donor-acceptor distances are
unlikely to differ for two such reactions, it is difficult to envisage
a substantially lower rate for an activationless process. The low
rate below 50 K may instead indicate a nuclear tunneling
phenomenon.

The thermal activation of both the hole shift and the
recombination ofRC andRA in the same narrow temperature
range may suggest that both reactions are coupled to the same
vibrational modes. These modes (assumedly below 140 cm-1)
likely involve translational and librational motion of the cytosine
molecules.48 Thus, apart from equalizing the energy levels of
reactants and products, excitation of these modes may reduce
the PT barrier and increase the overall PCHT/PCET coupling
by causing contraction in the N1‚‚‚N3 hydrogen bond, thereby
activating other kinetically more favorable reaction channels.50

The presumable conversion of radicalRA which is activated at
around the same temperature (see Experimental Section) may
also be connected to this effect.

In relation to radical reactions in DNA, it can be expected
that radicals stabilized by PT between the cytosine-guanine
base-pairs are prone to charge shift and recombination even at
very low temperatures through a concerted transfer and coupling
with low-frequency H-bond modes.51-53 Radical recombination
in DNA takes place at very low temperatures with decay
characteristics similar to those in Figures 5, 8, and 9,8,14,15,54

which suggests that the annealing behavior in DNA may be
due to a dispersion of distances, and thus electronic coupling
strengths, between the reactants rather than a dispersion in
activation energies which has previously been proposed.8,14The
present findings also have some resemblances to other low-
temperature EPR studies of excess single ET to an intercalator
in irradiated DNA that revealed a temperature-independent rate
between 4 and 77 K with aâ value around 1 Å-1.15 In contrast
however, the reported55 high rate constant (k0) of the order of
1011 s-1 may indicate that the temperature-independence is due
to the reaction being activationless instead of a nuclear tunneling
process through a barrier.

5. Conclusions

The main results are the following: First, a huge KIE for
the hole shift from radicalRC to TC and for the recombination
of radicalsRC andRA (>102-103 at 100 K) indicates a proton-
coupled electron/hole transfer reaction. Second, the kinetic
curves obtained, together with DFT calculations, indicate that
this reaction is concerted. Third, the distance decay constantâ
for the hole transfer was estimated to be around 1 Å-1

throughout the temperature range studied (10-100 K), indicating
a superexchange mechanism as opposed to hopping. Fourth, both
the PCHT and the recombination (PCET) become activated at
around 40-50 K and seem to exhibit an Arrhenius-type
temperature-dependence. Below the transition temperature, the
PCHT rate is slow (k0 ∼ 100-101 s-1) and only weakly
temperature dependent, which may indicate a transition from
nuclear tunneling to activated rate by thermal excitation of the
low-frequency vibrational modes that couple to the PCHT/PCET
processes.

TABLE 3: Equilibrium Energy Changes Calculated by DFT
for the Recombination PCET Reactions Shown in Scheme 2

ET PT1 PT3 ETPT1 ETPT3 ETPT1PT3

∆E0
a (eV) 2.30 0.47 0.22 -2.83 -2.83 -7.96

∆E0
b (eV) 2.74 0.13 0.22 -2.08 -2.39 -7.21

a Recombination ofRC andRA. b Recombination ofRS andRA.
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