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Oxidation of DNA represents a major pathway of genetic mutation. We have applied infrared spectroscopy
in 77 K glass with supporting density functional theory (DFT) calculations (EDF1/6-31+G*) to provide an
IR signature of the guanine radical cation G+•, formed as a result of 193 nm photoionization of DNA.
Deprotonation of this species to produce the neutral radical G(-H)• does not occur in 77 K glass. DFT
calculations indicate that the formation of G+• within the double helix does not significantly perturb the
geometry of the G/C pair, even though there is a significant movement of the N1 proton away from G toward
C. However, this is in stark contrast to drastic changes that are expected if full deprotonation of G/C occurs,
producing the G(-H)•/C pair. These results are discussed in light of solution-phase time-resolved IR
spectroscopic studies and demonstrate the power of IR to follow dynamics of DNA damage in natural
environments.

Introduction

Charge transfer processes represent one of the simplest
chemical reactions to induce DNA damage. The crucial
intermediates in many charge transfer processes are radical
cations of DNA bases,1,2 formed by electron loss following
photoionization and/or oxidative attack of a nucleobase. Since
the ionization potentials of the bases vary, following the order
G < A < T ≈ C,3 the random ionization of DNA, followed by
interbase electron transfer, is expected to eventually end in the
formation of the most energetically favorable product, the
guanine radical cation, G+•, and/or the neutral radical G(-H)•

produced by deprotonation of initially formed G+•.4,5 The
timescale on which this proton loss reaction occurs is a subject
of controversy,6–8 especially since it is known to be affected by
pH in a free base G,6 by pairing to C,7 or by the nature of
neighboring bases on the same strand of DNA.9 These factors,
combined with the presence or absence of charge on G can alter
oxidation potentials10–13 and thus play an important role in
determining subsequent reactivity and the fixation of damage
via secondary reactions of G+•/G(-H)•, e.g. forming the key
mutagenic product of the oxidation of G, 8-hydroxy-2′-deox-
yguanosine.14

Density functional theory (DFT) calculations have proved to
be an invaluable tool in identifying the transient intermediates
produced within DNA by radiation. However, the DFT descrip-
tion alone might be incomplete as it often relies on a series of
models and simplifications. Yet these simplifications are not
always true to life. The problem has been highlighted recently

by calculations of the ionization potential of the guanine base
showing that, unexpectedly, the addition of a sugar moiety has
a similarly large effect on the calculated potential as pairing to
cytosine.15 Likewise, it has been recently shown that DFT
calculations must take hydration into account to correctly predict
the proton transfer in the ionized G/C basepair.16 Thus, ideally,
DFT calculations should be used in conjunction with a
spectroscopic approach and serve as an aide in interpretation
of experimental spectra.

To date, experimental spectroscopic characterization of the
ionization and oxidation intermediates in DNA has been
performed using a wide variety of methods including nanosec-
ond UV flash photolysis,5,17 time-resolved and steady-state EPR
measurements18–22 and picosecond time-resolved infrared spec-
troscopy (ps-TRIR).8,23,24 TRIR spectroscopy is a powerful
technique for providing both molecule-specific structural infor-
mation and picosecond time resolution. We have demonstrated
that TRIR data on DNA bases are particularly informative when
combined with DFT calculations aiding in interpretation of IR
spectra of transient intermediates.23

Here we monitor 193 nm ionization of DNA in rigid aqueous
glasses at 77 K with IR spectroscopy. The key premise of our
work is to be able to interpret experimental infrared spectra of
guanine ionization as a free base and in the DNA helix based
on DFT calculations of its vibrational fingerprint.

Results and Discussion

We first assessed the applicability of DFT calculations by
comparing the experimental FTIR spectra of guanine obtained
between 2 e pD e 10 with calculation results. At pH < 2.4
guanine adds a proton and at pH > 9.4 it loses a proton,6 Scheme
1. It is expected that in a D2O solution both amino- and imino-
protons of G will be rapidly exchanged for deuterons, Scheme
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2. Figure 1 compares experimental FTIR spectra of G, (GD)+

and G(-D)- with the calculated spectra of partially deuterated
G.

The IR spectra of guanine calculated in the gas phase match
with the experimental solution phase FTIR both in relative band
positions and intensity (See Figure S2, Supporting Information).
Additionally, the shifts of each IR band following protonation/
deprotonation are correctly predicted. However, the peak
frequencies calculated in the gas phase are overestimated for
all species, that is, in the gas phase the bonds responsible for
vibrational frequencies between 1500-1700 cm-1 (ν(CdO)
stretching and ND2 bending) appear at higher frequency than
they are in reality. To address this issue and mimic the solvent
phase, three hydrogen bonds with D2O (see Scheme 2) were
used to provide a better representation of the CdO and ND2

environment in aqueous phase. In this way, we are able to
accurately describe both the frequencies of the corresponding

vibrations and the relative band shifts following protonation in
the pD range between pD ) 2 and pD ) 10; see Figure 1a. We
have also demonstrated that addition of extra hydrogen bonds
with D2O molecules (up to 5 D2O molecules to fill all the
available positions for specific hydrogen bonding with guanine)
does not significantly alter calculated IR spectra of guanine;
see Figure S3, Supporting Information). Earlier DFT calcula-
tions16 indicate that the number of water molecules used to
solvate guanine is an influencing factor for the stability of
various ionization products. For example, in the gas phase
deprotonated radical G(N2-H)• is more stable than G(N1-H)•

by 4.71 kcal/mol; G(N2-H)• is more stable than G(N1-H)• by
2.65 kcal/mol when dGua is associated with one water
molecule.16a The order of stabilization is reversed with seven
water molecules, and G(N1-H)• becomes more stable than
G(N2-H)• by 3.26 kcal/mol.16a In our calculations, using three
D2O molecules, we find that G(N1-D)• is more stable than
G(N2-D)• (syn conformer) by 4.19 kcal/mol; see Table S1,
Supporting Information. This is consistent with the data reported
in ref 16a and demonstrates that the model in which only three
D2O molecules are considered adequately describes the structure
of solvated guanine and its ionization products.

Close correlation of calculated IR spectra with experiment,
Figure 1b, and the fact that the calculated structures of ionized
intermediates are consistent with the literature data (Table S1,
Supporting Information) gives confidence that our model of
solvation of guanine and the level of theory used are sufficient
to describe the FTIR spectra of G and its ionization products at
different pH.

Nominally the ejection of an electron from G, (GD)+, and
G(-D)- will form G+•, (GD)2+• and G(-D)•, respectively,
Scheme 1. The spectra calculated for these ionization products
are shown in Figure 2. The calculated IR spectra of the solvated
ground state forms of guanine are also shown in Figure 2 as
negative bands, next to the bands of the corresponding ionization
product. This representation of the calculated spectra offers an
easy comparison with our experimental observations. That is,
in our photoionization experiments the IR bands of the non-
ionized forms of G appear as negative bands (due to the
population decrease of the ground state species) and the bands
for the newly formed products appear positive; see Experimental
Section for further details.

SCHEME 1: Acid-Base Equilibria for Ground State
Guanosine and its Ionization Products in H2O

SCHEME 2: The Structure of Hydrated Guanine in D2O
Used for the DFT IR Calculations

Figure 1. Vibrational spectra of guanine protonation/deprotonation
products: (GD)+ (red), G (black), and G(-D)- (blue) (a) calculated in
solution phase and (b) obtained experimentally.

Figure 2. Vibrational spectra calculated in solution phase for (GD)+,
G(-D)- and G and corresponding ionization products. The spectra are
color coded according to Scheme 1.
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The direct products of ionization might be unstable in fluid
solution, according to Scheme 1. For example, in solution at
pH > 3.9, G+• will ultimately lose a proton to form G(-H)•,6

since the pKa of G+• (pKa ) 3.9) is lower than that of G (pKa

) 9.4). Thus the nature of the ionization product detected
depends on thermodynamic factors (solution pH) as well as
kinetic factors (time delay between ionization and observation).

Previously, we have used ps-TRIR to detect guanine ioniza-
tion products in solution between 2 ps and 2 ns.8 In our present
work, we utilize the fact that in glasses at cryogenic temperatures
the transient species formed are extremely stable. This stability
has been extensively used in DNA radiation chemistry to study
ionization using EPR spectroscopy.18,19,22 It is thus expected that
following ionization of G and DNA at 77 K, G+• is sufficiently
stabilized to be detectable spectroscopically.18 The EPR studies
of direct DNA ionization to date have been unable to give
conclusive evidence to distinguish between initially formed G+•

and deprotonated G(-H)• for either individual G or G within a
DNA helix. Additionally, the solvated electron was not de-
tected18 in these studies.

A recent EPR study of one-electron oxidized (γ-irradiated)
guanine in DNA performed at 77 K has identified that the proton
in G+•/C pair migrates from G to C, essentially producing
deprotonated G(-H)•.22 We are interested in reproducing this
result in “ionized” DNA using IR spectroscopy for identifying
the marker bands for all possible ionization products, including
fully deprotonated G(-H)•/C pair, where the proton is not
merely moved to an adjacent cytosine, but completely lost.
These marker bands can be used in the analysis of the ps-TRIR
data in fluid solution, such as in ref 8, to monitor the fate of
the initially produced ionized/oxidized lesion to the point of
fixation of the damage. Establishing IR signatures of ionized
bases is important because TRIR represents a unique way to
directly monitor the dynamics of formation of G+• in solution
on ultrafast timescales, as well as to follow its subsequent
reactions into the microsecond (and beyond) timescale. TRIR
is also extremely sensitive to the microenvironment of the bases,
that is, neighboring bases, secondary, and tertiary structure.25,26

Here, we calculate and monitor experimentally IR signatures
of guanine ionization both as a free base and in a double helix.

Irradiation of G with 193 nm light leads to its ionization.5,17

Experimental IR spectra obtained following 193 nm irradiation
of G in a rigid matrix at 77 K are shown in Figure 3b. Note
that the experimental results are obtained as difference spectra,
final state (post irradiation) minus initial state (prior to irradia-
tion). The detailed description is given in Experimental Section.

The set of Lorentzian bands used to fit the ionization spectrum
of G is shown in Figure 3c. The fitted bands from the pD ) 7
experiment compare well with the calculated spectra, given in
Figure 2b, showing both G (negative bands) and G+• (positive
bands). We therefore conclude that G+• is formed following
ionization of G at pD ) 7. To corroborate this conclusion we
directly compared both the calculated and experimental findings
in Figure 3a,b. It is clear that the calculated and experimental
spectra are in good agreement (compare the red lines in Figure
3 panels a and b), and on the basis of this similarity we assign
the species formed during photoionization to G+•.

Further experiments have identified that variation of the pD
in glass permits additional control of the ionization product states
of G, consistent with Scheme 1. At pD ) 2, guanine is present
in the form (GD)+ and its direct ionization should produce
(GD)2+•, Scheme 1. The experimental difference IR spectrum
of the ionization of (GD)+ at pD ) 2, together with the
multicurve Lorentzian fit is given in Figure 4. This spectrum

shows some differences from the spectrum obtained at pD ) 7
(Figure 3b), mainly evident in the 1600-1400 cm-1 spectral
region as appearance of several additional transient bands. These
additional Lorentzian bands, which are not observed in the pD
) 7 spectrum, are shown in blue in Figure 4c. Overall the new
bands produced following ionization at pD ) 2 can be well
described as a superposition of G+• and (GD)2+• bands; see
Figure 4c. Therefore, at pD ) 2 initially produced (GD)2+•

deprotonates to form G+•, even in 77 K glass. To corroborate
this point, the calculated bands for both G+• and (GD)2+• are
given in Figure 4a. Although the pKa value of (GD)2+• has not
been reported, we expect it to be less than 2.4, the pKa of
corresponding species prior to electron ejection, (GD)+,6 and
therefore it is likely that initially formed (GD)2+• can deprotonate
to form G+•, even in 77 K glass.

It is important that the calculated spectrum of deprotonated
species, G(-D)•, Figure 2a (red), is very different to that
obtained following ionization at either pD ) 7 or pD ) 2.
Specifically, the most characteristic IR band at 1710 cm-1,
predicted by DFT for G+•, which is shifted to higher wave-
number relative to ground state ν(CdO) in guanine, is present

Figure 3. (a) A calculated ionization spectrum obtained by subtraction
of the spectrum of G from the spectrum of G+•, original spectra are
shown in Figure 2b; (b) experimental difference IR spectrum (black)
obtained in NaClO4 aqueous glass at 77 K following 193 nm ionization
of G at pD ) 7 with the fit (red), composed of individual Lorentzian
bands shown in (c). Bands used to fit the ground state features in the
spectrum are shown in gray and the features due to ionized species in
black.
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in the experimental spectrum at pD ) 7 but is absent from the
calculated spectrum of G(-D)•.

Therefore the IR data unequivocally demonstrated that G+•

is the major detectable product of photoionization of guanine
at 77 K at pD ) 7 and G+• does not significantly deprotonate
under these conditions. However, we cannot exclude that
deprotonated guanine radical is present in small quantities, since
the IR bands for these species are found in the same spectral
region as the bands of guanine radical cation, Figure 2. The
strongest marker band for G(-D)• lies at ca. 1530 cm-1 (Figure
2, red line) and we do not observe this characteristic feature in
the experimental spectrum recorded at pD ) 7. It has been
previously concluded on the basis of EPR spectroscopic data
in 7.5 M LiCl aqueous glass that significant quantities of
deprotonated guanine radical are formed at pH ) 7 following
oxidation of guanine,16a however our present data do not support
this conclusion. The major contributing factor could be the
differences in how the radical cation was prepared in each study.
In ref 16a, the radical cation was prepared by γ-irradiation
followed by annealing at 150 K in a bimolecular reaction with
thus generated Cl2

•-. In our work, the radical cation was
generated directly by 193 nm photoionization at 77 K. Since
no annealing was necessary in our work, the initially formed
guanine radical cation is more likely to survive at our experi-
mental conditions.

The spectra calculated for ionized intermediates of G in the
gas phase (Figure S2, Supporting Information) do not satisfac-
tory describe the experimental IR spectra of ionized products
of G, since they do not take into account the hydrogen bonding
interactions with the surrounding D2O.

We have previously reported the ps-TRIR spectra of photo-
ionized G in solution where we observe a transient band at 1702
cm-1, showing a shift to higher energy relative to the parent
ν(CdO) band of guanine at 1662 cm-1.8 The assignment of
these species to either G+• or G(-D)• was not clear at that time.
On the basis of our present DFT and experimental ionization
results at 77 K we can assign the previously observed 1702
cm-1 band to G+•. This result supports the deprotonation rates
reported for this species in a pulse radiolysis study.7

Our major goal here is to identify the products resulting from
photoionization of G in DNA and assign their IR signatures.
This will provide the much needed information to further
develop TRIR as an analytical tool capable of following the
dynamics of the primary chemical processes in DNA that lead
to genetic mutation.

We therefore turn to study the ionization of a synthetic double
helical DNA containing only G and C, poly(dGdC) ·poly(dGdC).
The experimental spectrum obtained following 193 nm irradia-
tion at 77 K is shown in Figure 5a together with individual
Lorentzian band fitting, Figure 5b. The assignment of these
bands will be discussed below.

The calculated ground state IR spectrum of G/C pair (gas
phase) gives good correlation to the experimental IR spectrum
of poly(dGdC) ·poly(dGdC) in 77 K glass. Since we are using
D2O as solvent, it is expected that all five hydrogen atoms in
G/C pair will be replaced by deuterium due to base flipping
occurring on the millisecond timescale.27,28 We will therefore
discuss the calculated spectra of deuterated G/C pair in this work.

The calculated IR spectra and the corresponding structures
of G/C ionization are shown in Figures 6-8. First, we are
interested in comparing our IR results with the findings of the
recent EPR study of γ-irradiated guanine in DNA at 77 K, which
concluded that the proton in G+•/C pair migrates from G to C,
essentially producing deprotonated G(-H)•.22 Second, we set
out to identify the marker fingerprint bands for alternative
ionization products, which could form in 77 K D2O glass,
namely the fully deprotonated G(-D)•/C pair, where the proton
is not merely moved to an adjacent cytosine, but completely
lost. Using these IR marker bands we would be able to assign
the experimentally observed spectrum of poly(dGdC) ·poly(dGdC)
both in solution8 and in 77 K glass (this work) to one of the
ionization products.

The IR spectra of (G+•/C) pair directly produced by ionization
with varying the degree of imine deuteron transfer from G to C
are shown in Figure 6. Calculations were performed by changing
the bond length between D (guanine) and N3 (cytosine) from
1.84 Å in the structure corresponding to the minimal energy to
1.10 Å, corresponding to complete deuteron transfer to C, in
incremental steps of 0.1 Å, while optimizing the geometry of
the (G+•/C) pair. The structures of the initial and final states of
(G+•/C) during this deuteron transfer are given in Figure 7.

The main bond length changes associated with the deuteron
transfer may be seen from Figure 7 and the full list of bond
length changes is given in Tables S2, S3 and Figure S5,
Supporting Information. The most drastic changes occur in the
two adjacent hydrogen bonds across the double helix, namely
shortening by 0.25 Å of the C6dO (guanine)...NH2 (cytosine)
and lengthening by 0.24 Å of the NH2 (guanine).. .C2dO
(cytosine). The N1H (guanine)...N3 (cytosine) bond (the direction

Figure 4. (a) The calculated solution phase spectra of G+• and (GD)2+•;
(b) experimental difference IR spectrum (black) obtained in NaClO4

aqueous glasses at 77 K following 193 nm ionization of (GD)+ at pD
) 2 with the fit (red), composed of individual Lorentzian bands shown
in (c). Bands used to fit the ground state features in the spectrum are
shown in navy and the features due to ionized species in black and
blue. We tentatively assign the black-colored positive bands to G+•

and the blue-colored positive bands to (GD)2+•.
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of imino proton transfer) is shortened only by 0.02 Å in the
geometry-optimized structure after the deuteron transfer.

As expected, the changes in the geometry of (G+•/C) directly
correlate to the changes in frequencies of IR bands; see Figure
6. In particular, the frequencies of ν(CO) stretches are affected,
due to the change in the strength of the corresponding
Watson-Crick hydrogen bonds. Since the highest energy peak
in the fingerprint region of the IR spectrum of (G+•/C) is due
to the ν(CO) stretch, these geometry changes should be easy to
detect by direct comparison with the experimental spectra.

The striking feature of the experimental (G+•/C) spectrum,
Figure 5b (red), is the large positive shift of the high energy
ν(CO) band compared to that observed in the ground state
(black), from 1685 to 1706 cm-1 (21 cm-1). This shift is similar
to the case of ionization of the free base G (40 cm-1),
1662f1702 cm-1 in solution8 and 1660f1700 cm-1 in 77 K
glass (this work). According to our calculations, to reproduce
this positive shift in the calculated spectra requires a large shift
of imino deuteron from G to C, Figure 6. This result not only

confirms recent findings of the EPR study22 but demonstrates
the unique capability of IR spectroscopy to observe the overall
changes throughout the complex molecular framework. Com-
paring experimental data with calculated spectra, we find that
the best match, both in band positions and intensity, appears to
be the spectrum where the D (guanine)...N3 (cytosine) bond is
1.2 Å, Figure 6c; see Figure S6 in Supporting Information for
direct comparison. We note that at this distance (<1.4 Å) the
deuterium atom is completely transferred from G to C; see
Figure S4, Supporting Information. The calculated ionization
spectrum of deuterated G/C pair produced as a sum of the
ground state IR spectrum of G/C and IR spectrum of G+•/C
with N1D (gua)...N3 (cyto) distance of 1.2 Å is shown in Figure
5c, where it can be directly compared with the experimental
spectrum. It is clear that these spectra show remarkable
similarity.

A careful inspection of calculated IR spectra of (G+•/C),
Figure 6, reveals that the frequencies of the main IR bands do

Figure 5. (a) Experimental difference IR spectrum (black) obtained
in NaClO4 aqueous glass at 77 K following 193 nm ionization of
poly(dGdC) ·poly(dGdC) with the fit (gray); (b) individual Lorentzian
bands used to fit the ground state features in the spectrum (black) and
the features due to ionized species (red); (c) calculated ionization
spectrum of deuterated G/C pair, produced as a sum of individual
spectra in Figure 8a,b, corresponding to the ground state G/C and
ionized G+•/C with N1D (gua)...N3(cyto) distance of 1.2 Å.

Figure 6. The IR spectra of (G+•/C) pair with varying degree of imine
deuteron transfer from G to C by changing the D (gua)...N3 (cyto)
distance from 1.84 Å (corresponding to the minimal energy) to 1.10 Å
(corresponding to a complete deuteron transfer to C). The geometry-
optimized structures of the initial and final states of (G+•/C) during
this transfer are given in Figure 7.
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not change smoothly following the shortening of the distance
between the imino-deuteron (guanine) and N3 (cytosine) from
1.84 to 1.1 Å. Indeed there appears to be a drastic change in
the spectra, which we will call a “transition state”, occurring at
ca. 1.3-1.5 Å between D (guanine)...N3 (cytosine), Figure 6b.
Further shortening of this bond leads to a restoration in the
overall spectral profile; see Figure 6a,c. The transition state must
appear because in the course of deuteron movement from G to
C it reaches the state where it is not able to efficiently interact
(through either covalent or hydrogen bond) to either G or C.
This hypothesis is further discussed below.

We have also calculated the IR spectra of fully deprotonated
(G(-D)•/C) where the deuteron is not merely shifted from G
to C, but entirely removed from the base-pair (Figure 8c,d).
Interestingly, our DFT calculations suggest that upon complete

deuteron loss from the N1 position of guanine, forming G(-D)•/
C, a marked geometry change takes place (Figure 8c). Specif-
ically, DFT calculations indicate that the most energetically
stable conformation of G(-D)•/C is that with a shifted hydrogen
bond pattern (Figure 8c) and not the Watson-Crick conforma-
tion (Figure 8d). The energy gain from such a shift in the
hydrogen bonding pattern is 28 kcal/mol, Table S1, Supporting
Information. It is unclear, however, whether such drastic changes
can indeed happen in a structurally restrained DNA helix. It is
important, however, that the calculated IR spectra of deproto-
nated G(-D)•/C pair in both conformations do not have the
ν(CdO) band in the 1700 cm-1 region, and this confirms that
neither of these species were observed experimentally following
193 nm ionization in 77 K glass (this work) or in solution on
the 2 ps to 2 ns timescale.8 TRIR studies in solution on longer
timescales (work in progress) should be able to determine which
deprotonated species is formed in the DNA double helix.

It is important that the spectrum of deprotonated G(-D)•/C
in the Watson-Crick conformation, Figure 8d bears remarkable
similarity to the spectrum of the transition state calculated for
G+•/C during the imino deuteron transfer between G and C at
ca. 1.4 Å (Figure 6b). This further confirms our earlier
conclusion that in this transition state structure the imino
deuteron is not able to interact with either G or C and so the
transition state resembles fully deprotonated G(-D)•/C pair.

Finally, we have examined the IR spectra of ionized natural
Calf Thymus (CT) DNA, which contains all the four nucleo-
bases, G, C, A, and T (Figure S7, Supporting Information). The
transient bands obtained following ionization of CT DNA
strongly resemble those obtained for poly(dGdC) ·poly(dGdC),
although the signal recorded is much weaker. Because of this
poor signal-to-noise ratio, we cannot rule out the presence of
the photoionized products of other bases. In any case, the
presence of the positively shifted 1705 cm-1 IR band clearly
demonstrates the formation of G+•/C, consistent with the low
ionization potential of G in DNA and preferential location of
the hole on this base.

Conclusions

The insight into the mechanism and rates of G+• formation
and consequent reactivity is crucial for our understanding of
radiation-induced DNA damage and mutagenesis, as well as
fundamental aspects of DNA photophysics, for example, the

Figure 7. The geometry-optimized structures of the initial and final states of (G+•/C) during the imino deuteron transfer from N1D (gua) to N3

(cyto).

Figure 8. IR spectra calculated for deuterated G/C (a) in the ground
state and its ionization products (b) G+•/C with N1D (gua)...N3 (cyto)
distance of 1.2 Å; (c) deprotonated G(-D)•/C with the shifted hydrogen
bond pattern corresponding to a minimal energy and (d) in a
Watson-Crick geometry. The geometries of ionized products are
shown.
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nature of the charge-transfer excited state involving the G/C
base pair29 and relaxation processes associated with the rapid
proton transfer that serves as a means to chemically stabilize
the integrity DNA helix.30 Here we have reported the IR spectra
of free base G and DNA helixes, following photoionization at
77 K. We have assigned the IR signatures of the species formed
to G+• (or G+•/C in DNA) on the basis of DFT calculations of
the vibrational fingerprint of these species. We have established
that experimental IR spectra correspond to a geometry of G+•/C
where the imine-proton (or deuteron in G/C pair in D2O) is
significantly shifted toward C along the hydrogen bond. Overall,
formation of G+•/C leads to a minimal structural perturbation
of DNA, while deprotonated product G(-D)•/C, which was not
detected in experimental spectra at 77 K, can cause significant
deformation to the double helix, by disrupting the unique
geometry of G/C pair. The present work provides a unique tool
for monitoring DNA reactions leading to mutation, which
involve G+• and G(-D)•.

Experimental Section

DFT Calculations. The EDF1/6-31+G* functional,31 which
has been shown to be accurate for frequency calculations,32,33

was used for calculating the harmonic vibrational frequencies
of guanine, guanine/cytosine base pair, and corresponding
ionization products. The calculations were performed using
Q-Chem 2.1 software package.34 The exchange-correlation
quadrature was performed using an Euler-Maclaurin-Lebedev
grid35 with 100 radial and 194 angular points on each atom.
Each frequency calculation was preceded by a geometry
optimization. If not specified, the spectra of the lowest energy
tautomers are always shown. For free-base guanine, the
vibrational spectra obtained in a gas phase were compared to
those where three specific hydrogen bonds with D2O molecules
were included to account for the solvatochromic shifts in
experimental spectra; see Scheme 2.

Sample Preparation. D2O (99.99%), DCl (25%), NaClO4,
2′-deoxyguanosine-5′-monophosphate, Calf Thymus DNA (all
Sigma-Aldrich), and lyophilized poly(dGdC) ·poly(dGdC) (Am-
ersham Pharmacia Biosciences) were used as received. FTIR
measurements were carried out on Nicolet Avatar 360 spec-
trometer; prior to data acquisition the spectrometer sample
compartment was purged with nitrogen gas for at least 15 min
until a negligible change in the background spectrum in the
water vapor absorption region (1300-1900 cm-1) was achieved.
pD was adjusted by adding small aliquots of DCl or NaOH (in
D2O) to the solution of the sample in pure D2O. pH was
measured on Hanna Instruments pH210 microprocessor pH
meter ((0.02 accuracy) and pD was calculated from these values
according to eq 1.36

Infrared Spectroscopy of Ionized Products at Matrix
Isolation Conditions. The measurements at 77 K were per-
formed in a home-built low temperature IR cell, see Supporting
Information. Because of the high IR absorption of D2O and the
way it expands when freezing, it was essential to use a 10 µm
path length in all measurements to ensure the formation of clear
glassy samples. Aqueous solutions of (poly)nucleotides (ca. 50
mM) were prepared containing 8 M NaClO4 to assist the
formation of glass according to refs 18 and 37. The sample
volume was typically 30 µL.

Irradiation was achieved using the 193 nm output produced
from an ArF excimer laser (Lambda Physik LPX200, 10 ns pulse

widths). Sample irradiation times were 5 min at 10 Hz over the
range of 5 to 20 mJ cm-2 per pulse. To enable accurate
determination of the changes in the weak IR fingerprint
vibrations of nucleic bases following ionization, the irradiation
was carried out in situ, within the FTIR spectrophotometer, to
permit a very accurate background measurement prior to
irradiation. The absorption of the sample prior to irradiation
was used as a background spectrum in all experiments hence
the spectra collected during irradiation appear as difference
spectra: final state minus initial state. That is, following
irradiation, the ground state bands decrease in intensity (and
appear as negative bands in the resulting IR spectra), while the
new bands due to ionized products appear as positive bands.
Thus obtained experimental spectra are called the “difference
IR spectra” in this manuscript. Fitting of the IR spectra was
performed in ORIGIN 8.0 (OriginLab, Northampton, MA) using
the sum of Lorentzian bands.
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