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Abstract
The effect of water on infrared (IR) spectra of DNA is studied by using first-principles
calculations based on the hybrid density functional theory. Our calculations of frequencies of
C=O stretching modes in DNA without water do not reproduce the IR spectra, whereas
calculations for DNA surrounded by water reproduce the IR spectra well. We also find that the
energy of adsorption of one water molecule around a C=O site is large (�0.6 eV) owing to
hydrogen bond formation. We therefore conclude that the effect of water plays an important
role as regards IR spectra of DNA in a water solution.

1. Introduction

In the field of genomics, the focus is now shifting to
the interplay between genes and proteins, and atomic
level characterization of biomolecules is becoming more
important. Infrared spectroscopy is expected to give useful
information on biomolecules [1]. Recently, infrared absorption
spectroscopy in the multiple-internal-reflection geometry
(MIR-IRAS) in conjunction with electrophoresis has emerged
as a tool of atomic level analysis of biomolecules in aqueous
systems [2–7]. For example, by using MIR-IRAS, label-
free detection of in vitro DNA was recently achieved [2, 3].
This technique enables detection of hybridization of DNA
since the MIR-IRAS spectra of the double-strand (ds-)DNA
and single-strand (ss-)DNA are clearly different. There are
three main broad peaks at 1690, 1670 and 1640 cm−1 for ds-
DNA, whereas the main peak of the sum of the two spectra of
complementary ss-DNA appears at 1664 cm−1.

Calculations of vibrational frequencies of DNA have
already been carried out [2, 4, 8–12]. However, the study of
the effect of water on the frequencies is still inadequate. In
particular, the effect on the ss-DNA has not been revealed.
Therefore, the difference between the effects of water on ds-
DNA and ss-DNA has not been discussed on the basis of
theoretical calculation.

In this paper, we perform first-principles calculations for
DNA and clarify that the effects of water on the MIR-IRAS
for the ss-DNA and ds-DNA are quite different. We find that
the experimental MIR-IRAS are reproduced only when the
effects of water are included. Our first-principles calculation

suggests that the experimental main peaks mentioned above
are due to C=O vibrations. When there is no effect of
water, the vibrational peaks appear in the 1700–1800 cm−1

region in the case of ss-DNA whereas the peaks appear in
the 1650–1750 cm−1 region for ds-DNA. These results are
inconsistent with the experimental results. However, when the
water molecules are attached to the systems, the spectra of ss-
DNA and ds-DNA both show peaks in the region of 1600–
1700 cm−1, which is consistent with the experimental results.
Therefore it is shown in this study that water molecules have
an important role as regards the MIR-IRAS spectra.

2. Computational methods

In the ab initio molecular orbital theory based on cluster
models, we employ the hybrid density functional theory as
mentioned below. This method gives more accurate results
than the local density approximation (LDA) and generalized
gradient approximation (GGA). Its electron many-body energy
is expressed as a mixture of the exact Hartree–Fock (HF)
exchange and the DFT exchange–correlation functional [13].
We adopt Becke’s three-parameter hybrid method using the
Lee–Yang–Parr correlation functional (B3LYP):

FB3LYP = cX
HF FX

HF + (1 − cX
HF)FX

LDA + cX
GGA�FX

B

+ cC FC
VWN + (1 − cC)FC

LYP (1)

where FHF, FX
LDA, and �FX

B denote the energies of the HF
exchange, the LDA exchange, and its gradient correction due
to Becke [14], respectively. As for the correlation, FC

VWN,
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Figure 1. Atomic structures of (a) adenine, (b) thymine, (c) guanine,
(d) cytosine, (e) an adenine–thymine pair, and (f) a guanine–cytosine
pair. DT indicates the deuterium terminators which replace the sugar
parts. Hydrogen atoms bonded to N and O atoms are replaced by
deuteriums (see the text).

and FC
LYP are the energies of the Vosko–Wilk–Nusair type [15]

of correlation, and its gradient correction via LYP [16],
respectively. Becke has determined the three parameters in (1)
as cx

HF = 0.20, cX
GGA = 0.72 and cC = 0.19 [13]. This hybrid

scheme is considered to be a method going beyond the standard
DFT method (LDA and GGA) and is highly reliable.

We use the linear combination of atomic orbital basis
set labeled as 6-31G**. The core orbitals are expressed
as linear combinations of the six-Gaussian basis set. The
valence orbital splits into two independent orbitals in the
variational calculation, and these orbitals consist of three and
one primitive Gaussian functions, respectively. Further p (d)

Table 1. Difference of IR spectra for the DNA bases.

DNA base
(C=O stretching mode) Site

IR spectra
without water
molecule
(cm−1)

IR spectra
with water
molecule
(cm−1)

Thymine O2 1759 1703
Thymine O4 1713 1660
Guanine O6 1754 1696
Cytosine O2 1740 1674
Adenine–thymine pair O2 1740 1688
Adenine–thymine pair O4 1660 1653
Guanine–cytosine pair O6–O2 (asym) 1690 1670
Guanine–cytosine pair O6–O2 (sym) 1672 1634

polarization of Gaussian orbitals augments the basis set for the
hydrogen (the other) atoms.

The vibrational frequencies are estimated by calculations
of the second derivatives of the total energy over the atomic
coordinates. It is known that this harmonic oscillation tends to
slightly overestimate vibrational frequencies, so we introduce
so called scaling factor of 0.9614 [17]. We use cluster models
where phosphoric acids bonded to DNA bases are replaced
by deuterium (figure 1). Since MIR-IRAS experiments are
performed for DNA in D2O solution, hydrogen atoms bonded
to N and O atoms in DNA are substituted by deuterium
atoms. It is known that the hydrogen atoms bonded to carbon
atoms are not substituted by deuterium [18]. We find that if
the phosphoric acid is replaced by the deuterium atom, the
calculated frequency varies within 10 cm−1 for most of the
cases. In the case of thymine, the shift is about 30 cm−1.
All the calculations throughout this paper are performed by
employing the Gaussian 03 program [19].

3. Results

We first study the three bases containing C=O bonds
(thymine, guanine, and cytosine) neglecting the effect of
water. The calculated frequencies for ss-DNA are shown in
table 1. Thymine has two oxygen atoms labeled O2 and O4
(figure 1(b)). The frequencies of C=O bond stretching in the
cases of the O2 and O4 atoms are 1759 cm−1 and 1713 cm−1,
respectively (table 1). The frequencies originating from the
O6 atom in guanine (figure 1(c)) and the O2 atom in cytosine
(figure 1(d)) are 1754 cm−1 and 1740 cm−1, respectively
(table 1). We conclude that the vibrational peaks due to C=O
stretching modes appear in the region 1713–1759 cm−1.

Next, we calculate the frequencies of the adenine–thymine
(A–T) and guanine–cytosine (G–C) pairs. These two pairs
mainly show peaks in the region 1660–1690 cm−1 and only
one peak due to the A–T pair appears at 1740 cm−1 (table 1).
In the G–C pair, two oxygen atoms (O2 in cytosine and
O6 in guanine) are affected by hydrogen bonds (figure 1)
and therefore the C=O bonds are weakened. As a result,
these two bond stretching motions induce two vibrational
peaks in the low frequency region (1672–1690 cm−1). The
higher (1690 cm−1) and lower (1672 cm−1) peaks are due
to antisymmetric and symmetric motions of the two oxygen
atoms. In the case of the A–T pair, the O4 in thymine
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Figure 2. Water molecules are in a state of adsorption for the (a) adenine, (b) thymine, (c) guanine, (d) cytosine, (e) adenine–thymine pair and
(f) guanine–cytosine pair.

is also affected by a hydrogen bond; thus the vibrational
peak due to this oxygen atom appears in the low frequency
region (1660 cm−1) (figure 1(e) and table 1). The frequency
(1740 cm−1) originates from the C=O stretching mode of O2
in the A–T pair. This high frequency is due to the fact that
the O2 atom does not form a hydrogen bond (figure 1(e)).
We conclude that when there are no water molecules, the
vibrational peaks of the ds-DNA appear in the region of 1660–
1740 cm−1.

The calculational peaks (1660–1690 cm−1) of the ds-
DNA are overall similar to the experimental peaks (1640,
1670 and 1690 cm−1). However, there is one high frequency
mode (1740 cm−1) which is not seen in experimental spectra.
Furthermore, the calculations for the ss-DNA are inconsistent
with experimental results: experimental spectra of the ss-DNA
have broad peaks at 1640 cm−1, whereas the theoretical peaks
appear in the region 1713–1759 cm−1. These results strongly
indicate that the effect of water on the vibrational spectra is not
negligible.

The adsorption energies of the water molecules are
tabulated in table 2. In the cases of thymine, guanine and
cytosine, the adsorption energies per D2O are found to be 0.6–
0.7 eV. One D2O forms two hydrogen bonds, i.e., two O· · ·D
bonds are formed (figure 2). Therefore, the formation energy
of a single hydrogen bond is estimated to be 0.3–0.35 eV. The
optimized hydrogen bond lengths are found to be 1.8–2.1 Å.
For the pair of bases, the adsorption energies per D2O are 0.5–
0.6 eV, which are lower than those in the case of the bases
in ss-DNA (0.6–0.7 eV). Because of the rather complicated
geometries of the pairs, the hydrogen bonds originating from
the adsorption of D2O are weak. In particular, in the case of the
adenine–thymine pair, one D2O forms only one O· · ·D bond
and a hydrogen bond is not formed for the 2D6 atom in adenine
(figure 2(e)).

In any case, the adsorption energies of D2O are very
large compared with the thermal energy at room temperature.
Therefore, we expect the water molecules to be distributed near
each DNA base.

We here briefly mention that the N atom also forms
hydrogen bonds. In the case of adenine, a water molecule

Table 2. Energy of adsorption of the D2O on the DNA bases.

DNA base
D2O
(number)

Adsorption
energy (eV)

Adsorption
energy per
D2O (eV)

(a) Adenine 1 0.645 066 0.645
(b) Thymine 2 1.200 840 0.600
(c) Guanine 1 0.693 283 0.693
(d) Cytosine 1 0.698 739 0.699
(e) Adenine–thymine pair 2 0.967 246 0.484
(f) Guanine–cytosine pair 2 1.122 681 0.561

forms two hydrogen bonds, i.e., N· · ·D and O· · ·D bonds
(figure 2(a)). The adsorption energy is 0.65 eV (table 2), which
is considered to originate from the formation of O· · ·D and
N· · ·D bonds. Since the formation energy of the O· · ·D bond
is estimated to be 0.3–0.35 eV, the formation energy of the
N· · ·D bond is expected to be similar to that of the O· · ·D bond.
Therefore N· · ·D bonds as well as O· · ·D bonds are expected to
be formed when DNA is in D2O. The formation of the N· · ·D
bond may affect the frequency of the ring deformation mode.
However, we find that its effect on the vibrational frequency
is within 10 cm−1. Therefore, we neglect the formation of the
N· · ·D bonds in the calculation of vibrational frequencies.

Then we perform first-principles calculations on DNA
surrounded by water molecules to evaluate the effect of water
on vibrational frequencies. When there is no effect of water,
the vibrational peaks of ss-DNA appear in the region 1713–
1759 cm−1 as was mentioned. On the other hand, when the
effect of water is active, the vibrational peaks appear in the
region 1660–1703 cm−1 (table 1). Therefore, we conclude
that the effect of water substantially reduces the vibrational
frequencies. As shown in figure 2, the O2 and O4 atoms in
thymine, the O6 atom in guanine and the O2 atom in cytosine
are affected by hydrogen bond formation. As a result, C=O
bonds for these O atoms are weakened, reducing the vibrational
frequencies of the C=O stretching mode.

For the cytosine–guanine pairs without water, peaks
appear in the region of 1672–1690 cm−1 (table 1). These rather
low frequencies are due to the fact that hydrogen bonds are
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formed. When water is attached to the O atoms, the frequencies
are only slightly lowered (1670–1634 cm−1; table 1). Since O2
and O6 atoms already form hydrogen bonds when there is no
water, the effect of water on the frequency is very small. For
the adenine–thymine pair without water molecules, one peak
due to the O2 atom appears at 1740 cm−1. This high frequency
is due to the fact that the O2 atom in thymine does not have
a hydrogen bond. When the water molecule is bonded to
this atom, the frequency is substantially lowered (1688 cm−1).
The vibrational frequency due to the O4 atom in thymine is
low (1660 cm−1) when there is no water. When the water
is bonded to the O4 atom, the frequency is slightly changed
(1653 cm−1). Therefore only one frequency due to the O2 atom
in thymine among the four vibrational frequencies in the pairs
is substantially lowered by the effect of water.

As mentioned above, when the water is bonded to the
O atoms, the absorption peak due to the C=O stretching
modes appears in the region 1600–1700 cm−1 in both cases,
ss-DNA and ds-DNA. These results are consistent with the
experimental results. Therefore, we conclude that the water
plays a significant role as regards the absorption spectrum.

4. Summary

We perform first-principles calculations for vibrational
frequencies in DNA. Experimental spectra are well reproduced
when the effects of water are included. On the other hand,
if we do not consider the effect of water, the experimental
spectra are not reproduced. Therefore, we conclude that the
water plays an important role as regards infrared absorption
spectra. Our calculation shows that the frequencies of the C=O
stretching modes are reduced when O has a hydrogen bond.
Therefore, when there is no water, the frequencies of the ds-
DNA are in general lower than those of the ss-DNA since ds-
DNA has some hydrogen bonds due to hybridization. When
there are water molecules around the DNA, hydrogen bonds
are newly formed. Compared with the frequencies of the ds-
DNA, the frequencies of the ss-DNA are substantially reduced
by the effect of water; then the experimental spectra are well
reproduced. The substantial reduction of frequencies in the
case of the ss-DNA is due to the fact that the ss-DNA has no
hydrogen bond when there is no water.
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