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ABSTRACT: The Hg2+ ion stabilizes the thymine−thymine
mismatched base pair and provides new ways of creating various
DNA structures. Recently, such T−Hg−T binding was detected
by the Raman spectroscopy. In this work, detailed diﬀerences in
vibrational frequencies and Raman intensity patterns in the free
TpT dinucleotide and its metal-mediated complex (TpT·Hg)2 are
interpreted on the basis of quantum chemical modeling. The
computations veriﬁed speciﬁc marker Raman bands indicating the
eﬀect of mercury binding to DNA. Although the B3LYP
functional well-describes the Raman frequencies, a dispersion
correction had to be added for all atoms including mercury to
obtain realistic geometry of the (TpT·Hg)2 dimer. Only then, the DFT complex structure agreed with those obtained with the
wave function-based MP2 method. The aqueous solvent modeled as a polarizable continuum had a minor eﬀect on the
dispersion interaction, but it stabilized conformations of the sugar and phosphate parts. A generalized deﬁnition of internal
coordinate force ﬁeld was introduced to monitor covalent bond mechanical strengthening and weakening upon the Hg2+ binding.
Induced vibrational frequency shifts were rationalized in terms of changes in electronic structure. The simulations thus also
provided reliable insight into the complex structure and stability.

■

INTRODUCTION
Interactions of nucleic acids (NA) with transition metal ions
attract attention in research of both natural and artiﬁcially
designed oligonucleotides. Chemical, mechanical, and electronic properties of metal−NA complexes promise new
applications in nanotechnology.1−12 NA base pairs can be
stabilized by speciﬁc metal−NA13 and metal−metal14 interactions. Some structures, such as the T−Hg−T base pair
studied in this work, can be incorporated into double-strand
DNA or RNA without signiﬁcantly perturbing the duplex
structure. Yet, the DNA geometry seems to be perturbed
particularly locally at the binding site, which provides speciﬁc
changes in the Raman spectra.13 The Raman spectroscopy thus
not only represents a convenient alternative to nuclear
magnetic resonance (NMR)15,16 but also complements the
information on the T−Hg−T complex formation.
Mercury is also known as a toxic metal aﬀecting biochemical
properties of DNA.17−22 Hg2+ preferentially binds to the
nitrogen atoms of the bases.23 Speciﬁc Hg2+ binding to the
imino nitrogen (N3) of thymine (T) upon releasing the imino
proton (H3) was proposed already in 1960s,18,24 including the
possibility of forming the T(N3)−Hg−T(N3) link.25 Crystal
structure of a 2:1 complex of 1-methylthymine with Hg2+
conﬁrmed the existence of the T(N3)−Hg−T(N3) link and
© 2012 American Chemical Society

showed that the T−Hg−T residue may adopt nearly planar
geometry.25 Formation of T−Hg−T links in DNA molecules
upon the addition of Hg2+ was also indicated with circular
dichroism (CD) and 1 H nuclear magnetic resonance
(NMR).26,27 However, this mode of Hg2+ binding to DNA
was unequivocally conﬁrmed only lately.4,15,28
The stabilization of NA by Hg2+ opens a way to surprising
applications, such as the colorimetric detection of mercury29 or
cysteine30 or synthesis of molecular wires based on NAs
containing one-dimensional arrays of mercury atoms.31 It was
suggested that the interaction of neighboring T−Hg−T base
pairs could increase the hole transfer eﬃciency in a DNA.32
However, such an enhancement of DNA conductivity by the
T−Hg−T base pairs has not been observed so far.33
Previous quantum chemical computations revealed the
electronic structure and conﬁrmed the stability of the T−
Hg−T link. UV absorption spectra suggest that the Hg···Hg
interaction in stacked base pairs substantially stabilizes the
lowest unoccupied molecular orbital,34 which readily explains
the Hg-induced changes in experimental UV spectra of a DNA
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duplex containing the T−T mismatches.4 The apparently
counterintuitive occurrence of two positively charged Hg atoms
being in relatively close contact (∼3.5 Å) in consecutive T−
Hg−T base-pair steps was explained in a recent study
conducted in our laboratory by the dominance of the dispersion
(van der Waals) interaction over the electrostatic repulsion.14
By analyzing the interaction energy of two consecutive U−Hg−
U base pairs (an RNA equivalent of T−Hg−T), we found that
a weak binding of two Hg2+ atoms is possible. It is the ﬁrst
example of the d10−d10 metallophilic attraction35,36 found in
NAs.14
Some features of the infrared (IR) and Raman spectra
measured for a 2:1 crystalline complex of 1-methylthymine with
Hg2+ were interpreted using a simpliﬁed model of the thymine
moiety.37 Formation of the T−Hg−T base pairs in a DNA
duplex upon the addition of Hg(ClO4)2 caused speciﬁc changes
in the Raman spectra.13 Similar spectral changes were observed
also for the 1:1 complex of thymidylyl (3′−5′) thymidine
(TpT) with Hg2+, (TpT·Hg)2.13 Characteristic bands in the
CO stretching region (near 1600 cm−1) were explained by a
redistribution of the charge in the thymine base upon Hg2+
coordination, involving partial enolization of the carbonyl
group and partial covalent character of the Hg−N bond.
However, other spectral changes upon the complexation
observed within the entire spectral region (∼200−1800 cm−1)
were not explained. Signals of the sugar and phosphate parts
were neglected in the T−Hg−T simpliﬁed model. Neither was
it clear whether the ideally matching double helical-like
structure of the (TpT·Hg)2 complex is stable and compatible
with the Raman spectra measured. To answer these questions,
we employed the T−Hg−T model as well as the full
(TpT·Hg)2 system in the theoretical analysis. Computed
harmonic force ﬁeld was decomposed into the vibrational
local coordinates that sensitively reﬂect the changes in
electronic distribution upon complexation. We ﬁnd that the
theoretical modeling helps to rationalize the spectral interpretations and provides additional information about the heavy
metal−DNA complex structure and stability.

Figure 1. Computational models including 1-methylthymine (T), the
T−Hg−T complex, TpT dinucleotide, and the (TpT·Hg)2 complex.

treated using the associated MWB60 basis set. Other eﬀective
core potentials, LANL2DZ50 and MDF,49 were also tested and
provided similar results as MWB60.
The (TpT·Hg)2 geometry was alternatively optimized using
the B3LYP (dispersion-uncorrected) and resolution of identity
(RI) MP251−53 methods with the Turbomole42 program. In RIMP2, the 1s electrons on heavy atoms (and those replaced by
the pseudopotential on Hg) were not correlated. In both cases,
the def2-TZVPP basis54 and MWB60 pseudopotential for
mercury, the def-SV(P) basis set55 for the other atoms, and the
COSMO water environment were used. The C2 symmetry was
maintained during the optimization. Harmonic frequencies
were calculated (numerically for MP2, analytically for DFT) at
the same level as the optimizations to verify the equilibrium
structures.
Harmonic vibrational frequencies and backscattered Raman
intensities56 were calculated at the same level of theory as was
used for geometry optimizations. The calculated line spectra
were multiplied by the temperature factor57 and convoluted
with Lorentzian band shapes of 10 cm−1 full-width at halfheight. Natural atomic orbital Wiberg bond indexes were
calculated at the B3LYP/6-31+G(d,p)/COSMO(water) level
with the NBO 5.9 program linked to Gaussian.
Force Field Analysis. To be able to analyze the force ﬁeld
in terms of the usual chemical intrinsic coordinates (denoted by
Ii, i = 1, ..., M)58 we introduce a generalized internal force ﬁeld.
Deviations of the intrinsic coordinates from their equilibrium
values were collected in a matrix denoted as ΔI. Similarly, the
Cartesian coordinates Xa, a = 1, ..., N, N = 3 × number of
atoms, were associated with the deviation matrix ΔX, which is
related to the internal coordinates by a linear transformation58,59

■

METHODS
Raman Spectroscopy. The details about the measurement
are given elswhere.13,15 Brieﬂy, a backscattered Raman spectra
of TpT were recorded using a TpT 10 mM solution in the
presence or absence of 1.75 mol equiv of Hg(ClO4)2. Each
sample was sealed in a glass capillary and excited with the 514.5
nm line of a Coherent Innova 70 Ar+ laser, using a Jasco NR1800 spectrometer, at 295 K.
Calculations. Geometries of 1-methylthymine (T), T−
Hg−T base pair, TpT dinucleotide, and the (TpT·Hg)2
complex (Figure 1) were optimized at the B3LYP/6-31+G(d,p)
level of theory.38,39 The Grimme dispersion correction40 (DFTD2), ultraﬁne grid for numerical DFT integration, and the
conductor-like screening solvation model41−43 (COSMO) were
used as implemented in the Gaussian program.44 The DFT-D2
parameters were completed by the newer DFT-D345 values for
mercury, C6 = 20.87 J·nm6·mol−1 and R0 = 1.68 Å. The B3LYP
functional provided excellent agreement between computed
and experimental spectra in the entire range of frequencies even
for rather sizable systems in the past.46−48 Standard B-DNA
parameters were used to construct initial TpT and (TpT·Hg)2
geometries for the optimizations. The core electrons of the
mercury atom were approximated with the relativistic
pseudopotential MWB60,49 while the valence electrons were

(1)
ΔI = BΔX
Molecular force ﬁeld is deﬁned as a matrix of second energy
derivatives with respect to the coordinates. Only for special
cases the internal coordinate force ﬁeld can be obtained directly
from the Cartesian one; in general, however, the B matrix
cannot be inverted.58 Therefore, we look for an internal
coordinate force ﬁeld FI that provides the best approximation
to the exact Cartesian force ﬁeld FC minimizing

σ = (Bt FIB − FC)2 + α FI 2 → min
8314
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where the parameter α was added for numerical stability. Tests
with double-precision (8 byte) real numbers showed that the
results do not depend on α within a wide range of about
10−10−10−4; α = 10−7 was used as a default. By setting the
derivative of σ with respect to a FI,op component to zero, we
obtain
N

N

M

M

N

N

∑ ∑ ∑ ∑ BitoBpl Bijt FI,jkBkl + αFI,op = ∑ ∑ BitoBpl FC,il
i=1 l=1 j=1 k=1

i

l

(3)

which can be rewritten as a matrix equation AFI = C, where
Ajk,po = ∑i,lBtioBplBtijBkl + αδjk,po, and Cpo = ∑i,lBtioBplFC,il, so that
the desired internal force ﬁeld is

FI = A−1C

(4)

This deﬁnition allows for a redundant deﬁnition (M > N −
6) of the intrinsic coordinates. From FI, the normal mode
vibrational frequencies can be obtained, for example, by the
Wilson’s GL method.60,61 For the analysis of internal force ﬁeld,
we used diagonal elements of the intrinsic force ﬁeld only,
which were obtained by the same procedure (eq 4) but with
signiﬁcantly smaller (e.g., M × M instead of M2 × M2 for A)
matrixes, Ak,o = ∑i,lBtioBolBtikBkl + αδk,o, and Co = ∑i,lBtioBolFC,il.
All other vibrational properties (spectra) were calculated with
the full Cartesian force ﬁeld.

■

RESULTS AND DISCUSSION
(TpT·Hg)2 Geometry. As pointed out many times
previously,62,63 the HF and early DFT methods do not
describe the dispersion attraction well. Fortunately, signiﬁcant
improvement can be easily achieved by empirical corrections.40,45,64,65 Indeed, as follows from the comparison of the
complex geometries obtained with diﬀerent approximation
levels (Figure 2), the correction provides realistic geometry of
the dinucleotide−mercury complex.
The B3LYP calculation without the dispersion correction
provides unrealistic (TpT·Hg)2 geometry, with a very long
Hg···Hg distance (dHg···Hg = 7.67 Å). Inclusion of the DFT-D2
correction results to the Hg···Hg distance of 3.52 Å, which is
reasonably close to the 3.28 Å obtained at the supposedly more
reliable RI-MP2 level. As the MP2 wave function method is
known to slightly overestimate the dispersion interaction,63 the
MP2 value of 3.28 Å can be considered a lower limit for the
Hg···Hg distance, while the DFT-D2 value of 3.52 Å may be
more realistic. Note also that the base pairs in the MP2
structure are not as coplanar as for DFT-D2; the predicted twist
between the base planes in a base pair is about 36° and 12° for
MP2 and DFT-D2, respectively.
The results can be hampered by the incomplete basis set that
had to be used for these large systems ; however, from previous
studies, we know that the eﬀect on the geometry is rather
minor (unlike for conformational energies) and that the basis
set with diﬀuse and polarization functions used in this study is
suﬃcient to model conformational behavior of the DNA
segments.14
Interestingly, the DFT-D2 and MP2 dHg···Hg values are within
the usual base-pair separation (3.2−3.6 Å) observed66−70 or
predicted71,72 for much lighter metals incorporated to DNA,
such as potassium or sodium intercalated between DNA bases.
More importantly, the metal-mediated base pair separation
obtained with DFT-D2 is quite close to natural interbase
separations observed in B-DNA.73 In other words, the

Figure 2. (TpT·Hg)2 complex optimized at the B3LYP/COSMO
(top), B3LYP-D2/COSMO (middle), and RI-MP2/COSMO (bottom) approximation levels.

metallophilic14 and the metal−base pair attractions to a large
degree minimize the perturbation introduced to the natural
DNA structure by the mercury.
The Hg−N distances and N−Hg−N angles obtained with
three pseudopotentials are listed in Table 1 (columns 2−4).
While the variations up to ∼10% in the Hg−N distance occur,
the N−Hg−N linkage remains nearly linear. These results are
in agreement with the X-ray geometry of T−Hg−T15 (last
column of the table). The addition of the COSMO solvent
causes a lengthening of the Hg−N bond, e.g., from 2.069 to
2.153 Å for the MWB60 pseudopotential, i.e., the bond
becomes weaker. The vacuum values are closer to the
experimental bond lengths than for COSMO; most probably,
this is caused both by inadequacy of the water COSMO
environment for the crystal and the tendency of DFT to
overestimate the bond length. Indeed, trial MP2 computations
(not shown) provided shorter Hg−N bond length, in favor of
experiment. The basis set variation on the bases (columns 5−6
in Table 1) has a little eﬀect on the geometry near Hg, e.g., the
bond length of 2.135 Å for 6-31G** becomes longer to 2.157 Å
for 6-311++G**, etc. The Hg−N bond also becomes slightly
longer when the dispersion is added (cf. columns 4 and 7).
Vibrations of the T−Hg−T Moiety. First, we used the
simpliﬁed T−Hg−T system to investigate the most important
vibrational motions related to the Hg−DNA binding. Relevant
modes can be approximately divided to those associated
8315
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Table 1. Geometry Parameters of the N−Hg−N Link in T−Hg−T Calculated with Various Methods

a

DFT method

B3LYP

B3LYP

B3LYP

B3LYP

B3LYP

B3LYP-D2

atomic basis

6-31+G**

6-31+G**

6-31+G**

6-31G**

6-311++G**

6-31+G**

Hg pseudopotential and basis

LANL2DZ

MDF

MWB60

MWB60

MWB60

MWB60

exptlb

d(Hg−N) (Å)a
∠N−Hg−N (deg)a

2.238/2.309
160/179

2.095/2.224
177/177

2.069/2.153
179/176

2.064/2.135
179/177

2.071/2.157
179/176

2.091/2.183
179/177

2.035
180

Without/with the COSMO solvent. bCSD ID code MTYMHG10, T−Hg−T, ref 15.

coupling between the Hg−N and C−N thymine stretches in
the mode 36.
The theoretical vibrational frequencies and Raman intensities
of the mercury link modes are fairly independent of the
pseudopotential used (Table 2); for MWB60, LANL2DZ, and
MDF, the diﬀerences of the modes associated with the Hg−N
bond (e.g., modes 9 and 17) are quite minor, ∼±10 cm−1. The
lowest-frequency mode is inﬂuenced more, and its frequency is
even close to zero for MDF. Note that the low-frequency
vibrations are in general computed less accurately.74,75
However, this has little implications as such modes are not
easily measurable. More signiﬁcant diﬀerences appear for the
relative Raman intensities (I) and the depolarization ratios (η)
(Table 2) of higher-frequency modes (>10 cm−1). For other
approximations (BPW91, other basis sets, not shown) the
vibrational Raman behavior was quite similar.
Frequency and Raman Intensity Changes upon
Mercury Binding. For selected thymine vibrational modes,
the predicted changes of frequencies and isotropic backscattering Raman intensities upon mercury binding are
summarized in Table 3. We can see that the mercury causes
vibrational mode frequency shifts within a wide range, from
−80 to +54 cm−1. The intensities listed in Table 3 are aﬀected
especially for modes at 389, 525, 783, and 1246 cm−1. In
accordance with the previous observation,13 the most extreme
shift occurs for the CO stretching mode at 1685 cm−1. This
mode also signiﬁcantly loses its Raman intensity upon the Hg2+
binding.
The entire calculated Raman spectral proﬁles for the T−Hg−
T and (TpT·Hg)2 models are compared to experiment in
Figure 4. For T−Hg−T (upper part of Figure 4), the
calculation is compared to the experimental Raman spectra
redrawn from ref 37, the (TpT·Hg)2 complexation is followed
at the lower part of the ﬁgure. Although the mercury
attachment causes rather complex changes in the Raman
spectral pattern, most of the shifts were reproduced by the
calculations. The changes below 400 cm−1 may be aﬀected by
the baseline subtraction and other experimental artifacts.76 In

directly with the Hg−N3 bonds, and to those predominantly
located on thymine. Most distinct vibrational mode displacements are plotted in Figure 3. For example, the almost pure in-

Figure 3. Example of calculated vibrational modes in T−Hg−T most
aﬀected by the N3−Hg−N3 link.

phase Hg−N stretching (mode number 9) is quite decoupled
from the thymine motion, and only a weak coupling can be
seen between the Hg−N out of phase stretching and a methyl
wagging (mode number 17). However, there is a strong

Table 2. Vibrational Modes Associated with the N−Hg−N Link in T−Hg−T, Frequencies (ν/cm−1), Raman Backscattering
Intensities (I/au), and Depolarization Ratios (η) Calculated with the B3LYP/6-31+G**/COSMO Method Employing Three
Pseudopotentials for Mercury
LANL2DZ
−1

ν (cm )

mode
3
9
11
14
17
28
29
36

A′
A′
A′
A′
A′
A′
A′
A′

22
125
27
46
174
429
430
742

I
4
38
1
6
1
28
6
160

MDF
η
0.10
0.32
0.75
0.10
0.75
0.47
0.47
0.39

−1

ν (cm )
0
114
99
125
182
427
420
737
8316

I
1
50
14
2
0
24
59
88

MWB60
η
0.74
0.28
0.72
0.11
0.46
0.42
0.44
0.49

−1

ν (cm )
49
126
136
173
195
440
441
747

I
1
103
15
1
1
99
1
304

η
0.53
0.25
0.75
0.50
0.73
0.45
0.42
0.32

dx.doi.org/10.1021/jp3045077 | J. Phys. Chem. A 2012, 116, 8313−8320

The Journal of Physical Chemistry A

Article

Table 3. Frequencies (cm−1) and Raman Intensities (Å4/
amu) of Thymine Vibrational Modes (Without Modes
Localized on Methyl Groups and NH out of Plane Motion),
and Their Changes upon the Hg2+ Binding in the T−Hg−T
Complex, Calculated at the B3LYP-D2/6-31+G**/
COSMO(water) Level; the MWB60 Pseudopotential and
Basis Set Were Used for Mercury
ωT

ωTHgT − ωT

IT

ITHgT/2 − IT

vibrational mode

212
271
309
389
412
451
525
656
698
751
762
783
883
922
1157
1209
1246
1355
1391
1415
1685
1689
1726

25
11
−1
51
23
12
12
24
53
6
7
3
54
−4
28
1
12
8
−7
−1
−82
7
−55

3
2
4
9
10
30
120
21
52
0
14
157
32
26
20
71
158
66
533
172
257
912
319

0
0
1
25
0
−1
84
−5
44
0
−5
19
9
2
−7
100
240
−49
−49
−20
−134
−397
−28

ring out of plane (oop)
ring oop
ring oop
CO sym. bend
ring oop
ring def.
ring def.
CO asym. bend
ring def.
CO oop
CO oop
ring def.
ring def.
C−H oop
ring def.
ring def.
ring def.
ring def.
ring def.
ring def., CH, NH bends
ν(CO)
ν(CC)
ν(CO)

particular, we assign the band at 319 cm−1 to the Hg−
triethylamine (TEA) complex for (TpT·Hg)2. Some regions
can be attributed to the signal of the ClO4− ion.
The changes of Raman frequencies and intensities caused by
the mercury binding are mostly subtle. Most changes observed
for the simpler T/T−Hg−T system can be related to those for
TpT/(TpT·Hg)2. For example, the most characteristic band
analyzed already in our previous work13 appears around 1587
cm−1 both for T−Hg−T and (TpT·Hg)2. However, the signal
of (TpT·Hg)2 is clearly more complex, and we see that the
sugar−phosphate residue and the stacking interactions included
in the complete model of the complex are important for
obtaining correct spectral intensities for the mercury-mediated
dinucleotide.
In detail, the calculated and experimental vibrational
frequency shifts of the most intense Raman bands are
summarized in Table 4. As in Figure 4, the simpliﬁed T−
Hg−T system reproduces the changes in (TpT·Hg)2 only
approximately. The computations provide most of the observed
frequency changes correctly, within a few cm−1, including the
1587 cm−1 (1664 − 77 cm−1, CO stretching, Table 4) band
at (TpT·Hg)2. Mostly, the thymine modes are inﬂuenced by
the binding (cf. Tables 3 and 4); we do not attempt to assign
the sugar−phosphate modes as they are less speciﬁc,
supposedly not much inﬂuenced by the mercury binding, but
contribute to a background Raman scattering within the entire
region of wavenumbers (Figure 4). A tentative assignment of
the TpT Raman bands based on the comparison of the spectral
intensities (Figure 4) and dynamic visualization of the
calculated normal mode displacement are summarized in

Figure 4. Raman spectra, from top to bottom: calculated for T (blue,
intensity multiplied by two) and T−Hg−T (red), experimental spectra
of T (blue) and T−Hg−T (red) from ref 37, calculation for TpT
(blue, ×2) and (TpT·Hg)2 (red), and experimental Raman spectra of
pure 10 mM TpT (blue) and after the addition of 17.5 mM
Hg(ClO4)2 (red). Main bands of the mercury complexes, the ClO4−
ion, and Hg−triethylamine complex (TEA) are labeled.

Table 4. Calculated (B3LYP-D2/6-31+G**/COSMO) and
Experimental Frequencies of Selected Raman Bands in TpT
(cm−1) and Frequency Changes upon Hg2+ Binding
ωTpT

a

ωTHgT − ωT

ω(TpT·Hg)2 − ωTpT

exptla

calcd

exptl

12
12
2

10
13
−12

12
−7
−1

14
−4
5

−82
−55

−60
−60

9
7
18
3
4
−11
6
1
−77
−42

3
15
8
2
−1
−2
−18
−22
−77
−34

calcd

exptl

calcd

491
570
763
1146
1243
1401
1421
1488
1695
1726

498
563
786
1146
1239
1374
1418
1481
1664
1687

Reference 37.

Table 5. For the bands at 748, 1664, and 1687 cm−1, the
assignment is consistent with the characterization based on
8317
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Table 5. Frequencies of the Strongest TpT Raman Peaks and
Tentative Assignment
ωTpT, exptl
270, 303, 420
385
498, 563, 670
644
748
786, 881, 1019
1079, 1099
1146, 1189
1205
1239, 1374
1418, 1454, 1481
1664, 1687 (shoulder)

ring oop
CO sym. bend
ring def.
CO asym. bend
CO oop
ν(C−C), delocalized modes
in phase ν(PO), sugar modes
ring def.
out of phase ν(PO), sugar modes
ring def.
ring def., CH, NH bends, CH2 scissor
ν(CO), ν(CC)

Figure 6. Correlation between changes of stretching force constants
and natural bond order changes upon Hg 2+ binding to 1methylthymine.

experiment,13 except for the 748 cm−1 attributed to imino
proton in ref 13.
The theoretical values of the frequency shifts are usually
slightly overestimated, which can be explained by neglecting the
eﬀects of dynamics and explicit solvent.77,78 Modeling of these
eﬀects is currently not aﬀordable for the system as large as
(TpT·Hg)2. Overall, however, we can conclude that the
simulations can explain most of the observed changes and
thus link the Raman spectral variations to the mercury binding
to TpT dinucleotide.
Changes in Molecular Force Field. As suggested
previously,13 the binding of mercury to DNA causes relatively
large changes in the electronic structure and consequent
variations in internal molecular force ﬁeld. As can be seen in
Figure 5, the replacement of the thymine imino hydrogen by

The vibrational spectroscopy thus reveals information about the
changes in the electronic structure upon the binding, reﬂected
in the Raman spectral intensities, frequencies, and underlying
mechanical properties of the molecule.

■

CONCLUSIONS
We have used several quantum chemical models to calculate the
frequency and intensity changes in the Raman spectra that were
previously observed in the TpT dinucleotide upon the Hg2+
binding. We have shown that the B-DNA-like dimer
(TpT·Hg)2 geometry is theoretically possible within the DFT
and MP2 methodologies and that the van der Waals Hg···Hg
and Hg···base attractions stabilize this structure. Thus, also this
interaction, in the addition to the π-electronic attraction of the
base pairs, has to be considered in theoretical modeling of DNA
structures.
The mercury binding to DNA caused many intensity and
frequency changes in the Raman spectra. Some of the
variations, such as slight frequency shifts, were not immediately
apparent from the spectral shape, and some of them were
obscured by the perchlorate signal. However, when compared
to the calculations, most of the changes could be related to the
(TpT·Hg)2 vibrational normal modes, and the most important
frequency shifts could be qualitatively reproduced. The
simpliﬁed T−Hg−T model provided qualitatively correct
spectra, whereas including the inﬂuence of the base stacking
and the sugar−phosphate residue in (TpT·Hg)2 improved the
reliability of the prediction. The Raman spectroscopy is a
convenient and reproducible tool for the monitoring of DNA−
mercury interactions.

Figure 5. Calculated changes in internal coordinate force ﬁeld (blue,
weakening; red, strengthening, only stretching constants are listed, in
au) of 1-methylthymine after Hg2+ binding.

mercury causes a uniform weakening of the stretching constants
in its vicinity (blue bonds), and strengthening of the more
remote bonds (red). Up to 10% change occurs for the CO
bond force constant, which is also in agreement with the partial
enol character of CO and a partial covalent character of the
Hg−N3 bonds suggested previously.13 Obviously, the Hg−N
bond (with the intrinsic force constant f = 1.63 au) is still much
weaker than the N−H bond (f = 5.91 au).
The mercury ion clearly causes a signiﬁcant charge
redistribution in the thymine ring, which can be also
documented by the correlation of the force constants changes
with the formal bond order diﬀerences plotted in Figure 6. The
largest changes in the NBO bond order (∼0.1) correspond to
the largest change of the internal force constants (∼1.5 au).
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