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Abstract

The geometries, energies and vibrational properties of the four cyclic complexes formed between guanine and water are
computed using density functional theory (B3LYP) combined with the 6-311G(d,p) basis set. The results obtained with
geometry optimization (FULL) made without any constraint are compared with the ones previously obtained when considering
only the amino group hydrogen atoms as non planar (NPA). Intermolecular distances and hydrogen bond energies for the FULL
and NPA geometries do not greatly differ and can be accounted for by a small difference in the basicity of the N3 acceptor atom.
The same remark also holds for most of the vibrational modes except for the wagging and twisting modes of the amino group,
which are very sensitive to the geometry of this group.q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Guanine is one of the most important nucleic acid
bases (NAB) occuring in both DNA and RNA. In
addition to being the largest NAB, it has also the
most complex tautomeric equilibria [1–3]. Further-
more, amino tautomers of guanine exhibit the most
pronounced nonplanarity and this property has been
discussed in several recent works [4–8]. The inter-
action between guanine and one [9] or two water
molecules [10] can influence the NH2-nonplanarity
phenomena and this has been discussed for the cyclic
complex where water acts as a proton donor towards
the carbonyl bond while accepting a proton from the
vicinal NH bond of guanine. In a recent work [11],
the optimized geometries, harmonic vibrational

frequencies and energies of four cyclic structures of
monohydrated guanine have been computed using
density functional theory (DFT) combined with the
6-311G(d,p) basis set. In these calculations, only
the amino group hydrogen atoms were considered as
having a nonplanar structure. In the present work, the
same parameters are calculated with geometry opti-
mization made without any constraint in order to
verify the validity of the former assumption.

2. Computational methods

The geometries of isolated guanine and their corre-
sponding water complexes were optimized using DFT
with the B3LYP [12,13] exchange correlation func-
tional and the 6-311G(d,p) basis functions; basis set
superposition errors (BSSE) were estimated by the
counterpoise (CP) method [14]. Harmonic vibrational
frequencies were calculated at the same level of
theory to characterize the stationary points. The
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Gaussian 94 package [15] was used for all the calcu-
lations. As shown in previous work [16], the energy
and intermolecular distances obtained from DFT-
B3LYP calculations are comparable with the ones
computed from MP2 calculations performed with
the same basis set.

3. Results and discussion

3.1. Free guanine

Relevant geometric parameters and vibrational data
for free guanine, obtained when considering only the
amino hydrogen atoms as nonplanar (NPA model) and
after full geometry optimization (FULL model) are

reported in Table 1.1 After full optimization, the dihe-
dral angles specified by the three rings atoms and the
N(amino) atom indicate that this atom deviates from
the molecular plane by 2.78. As discussed in a recent
work [10], there are two structural sources of non-
planarity for the NABs. The nonplanarity of the first
type is related to the partial sp3 hybridization of the
amino group and can be estimated as the deviation of
the sum of the angles around the nitrogen atom (S AH)
from 3608 (d in Table 1). The nonplanarity of the
second type is related to the interaction of one of
the hydrogen atoms of the amino group with the
closest hydrogen atom and can be estimated from
the difference of the absolute values of the dihedral
angles (D in Table 1). Our DFT calculations show a
lesser degree of pyramidalization of the NH2 group
than the calculations performed at the MP2/6-
31G(d) level, which gived and D values of 21.18
and 28.18, respectively (NPA model) and 21.9 and
31.48, respectively (FULL model) [6]. Our vibrational
assignments are in good agreement with previous data
[17–21]. In isolated guanine, in polycrystalline
guanine [20] as well as in the cytosine–guanine pair
[7], the wagging and twisting vibrations of the amino
group are strongly mixed. The high frequency compo-
nent at about 500 cm21 has a predominantv(NH2)
character. Increase of the pyramidal character of the
amino group results in a decrease of then(NH2)
stretching frequencies by 7–10 cm21. Larger differ-
ences between the two models are predicted for the
wagging (v ) and twisting (t) vibrations of the amino
group.Thev (NH2) vibrations have two main compo-
nents at 503 and 485 cm21 in the NPA model, but only
one component at 540 cm21 for the FULL model. The
reverse holds for the twisting vibration, which has one
main component at 298 cm21 in the NPA geometry
and two components at 326 and 317 cm21 in the
FULL geometry. This assignment is in agreement
with the intensities of these two modes listed in
Table 1.

3.2. Guanine–water complexes

Fig. 1 indicates the geometries and energies of the
four stable guanine–water complexes obtained using
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Table 1
B3LYP/6-311G(d,p) geometrical parameters (bond lengths in A˚ ,
angles in degree) and vibrational frequencies (cm21) in free guanine
obtained from NPA and FULL geometry optimization

NPAa FULLb

Optimized geometries
r(C2–N10) 1.374 1.376
/C2N10H11 118.9 118.4
/C2N10H12 114.2 113.8
/H11N10H12 115.3 114.7
/N1C2N10H11 27.3 30.9
/N3C2N10H12 211.5 212.1
d 11.7 13.1
D 15.8 18.8

Vibrational frequenciesc,d

n as(NH2) 3714(45) 3704(43)
nN9H 3658(77) 3659(77)
nN1H 3600(61) 3599(77)
n s(NH2) 3592(51) 3585(55)
d(NH2) 1 dR 1666(502) 1667(479)
d(NH2) 1 dR 1620(285) 1620(276)
r(NH2) 1 dN1H 1044(8) 1048(8)
v(NH2) 503(215) 540(265)

485(39)
t(NH2) 298(90) 326(55)

317(22)

a The geometries and some vibrational data (NPA) have been
reported in Ref. [10].

b This work, see Fig. 1 for atom labeling.
c The IR intensities (km mol21) are indicated between parenth-

eses.
d n � stretching, d � in-plane deformation, r� rocking, v �

wagging, t� twisting vibration.

1 All the geometric parameters and vibrational data can be
obtained from the authors.



both NPA and FULL models. The intermolecular
distances predicted for the two models do not greatly
differ. The largest difference is found for complex B
where the OH0…N3 distance is by 0.013 A˚ larger in
the FULL model and this can be accounted for by a
lesser extent of electronic delocalization in the
N10C2N3 group, which results in a smaller proton
acceptor ability of the N3 atom when the pyramidal
character of the nitrogen atom of the amino group

increases. As discussed previously for complex A
[10], interaction with one water molecule results in
a more planar structure for guanine. The present
results show that an increasing planarity is also
obtained for complexes C and D both for the NPA
and FULL geometries. For complexes A, C and D,
the two structural effects of nonplanarity mentioned
above are both operating. For complex B, however,
the variations ofd andD are very small in the FULL
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Fig. 1. B3LYP/6-311G(d,p) optimized geometries and hydrogen bond energies of the guanine–water complexes. The parameters for the NPA
model are indicated in parentheses.



model (Table 2). The degree of nonplanarity, which
originates from the balance between the sp2–sp3

hybridization of the amino group nitrogen, can be
well predicted from the C–N(H2) bond length
[8,22]. Fig. 2 illustrates the correlation between the
C–N distances and the sum of the angles around the
nitrogen atom (SAH) both in the NPA and FULL
models.

It is also worth mentioning that the amino group,
which adopts a pyramid-like structure in isolated
guanine becomes planar in the base pair [6,23,24].
In the Watson–Crick structure [25], the O atom, the
N1H and NH11 bonds of guanine are involved in
hydrogen bond formation with cytosine. The most
effective interaction with a water molecule will take
place on the N3C4N9H side of the molecule. As
shown in the present work, interaction with water on

this side of the molecule does not perturb the
geometry of the amino group to a great extent.

The hydrogen bond energies computed for the NPA
and FULL geometries differ only by 0.1–
0.4 kJ mol21. The larger difference is again predicted
for complex B. The smaller energy found for the
FULL geometry results from the lower basicity of
the N3 atom.

The frequencies and intensities of the bonded water
molecule are not sensitive to the geometry of the
amino group. For complexes A and C, the relative
frequency shifts of then as(NH2) andn s(NH2) vibra-
tions are about the same. For complex B, the shifts
computed in the FULL geometry are somewhat
larger; this effect, which may be due to a mixing of
then s(NH2) vibration with the stretching vibration of
water, is also evidenced by the great intensity
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Table 2
B3LYP/6-31G(d,p) optimized geometries (NPA and FULL) and vibrational frequencies (cm21) of complexes A and B between guanine and
water

Complex A Complex B

NPA FULL NPA FULL

Optimized geometries
r(C2–N10) 1.370 1.372 1.374 1.375
/C2N10H11 119.3 118.9 118.6 118.4
/C2N10H12 115.1 114.7 114.7 114.6
/H11N10H12 116.3 115.9 114.9 114.7
/N1C2N10H11 22.1 25.1 25.5 30.0
/N3C2N10H12 212.3 213.5 213.4 211.9
d 9.3 10.5 11.8 12.3
D 9.8 11.6 12.1 18.1

Vibrational frequenciesa

n as(NH2) 3725(55) 3716(53) 3713(45) 3709(42)
n(N9H) 3658(78) 3658(78) 3601(50) 3600(35)
n(N1H) 3391(234) 3389(253) 3523(142) 3521(165)
n s(NH2) 3601(90) 3594((85) 3594(65) 3592(386)b

3590(287)b

d(NH2) 1669(535) 1670(517) 1668(495) 1669(500)
1622(303) 1638(194)

r(NH2) 1094(5) 1095(6) 1068(37) 1069(38)
1061(5) 1063(4) 1052(7) 1052(7)

v(NH2) 461(257) 498(102) 499(163) 510(245)
436(23) 485(180) 486(104) 489(26)

t(NH2) 354(8) 371(113) 337(4) 337(7)
335(100) 357(16) 296(57) 316(75)

351(13)

a Same remarks as below Table 1; the main component to the vibrational mode is italicised.
b Mixed with the water vibrations.
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Fig. 2. r(C2–N10) distances (A˚ ) as a function of the sum of the angles around the N atom of the amino group (8). The black squares indicate the
results obtained after FULL geometry optimization.

Table 3
B3LYP/6-31G(d,p) optimized geometries (NPA and FULL) and vibrational frequencies for complexes C and D between guanine and water

Complex C Complex D

NPA FULL NPA FULL

Optimized geometries
r(C2–N10) 1.361 1.360 1.370 1.372
/C2N10H11 119.9 120.1 119.6 119.0
/C2N10H12 116.5 116.6 114.8 114.3
/H11N10H12 117.9 117.9 115.9 115.2
/N1C2N10H11 18.3 18.6 24.4 28.9
/N3C2N10H12 28.3 29.4 210.8 211.8
d 5.7 5.4 9.7 11.5
D 10 9.2 13.6 17.1

Vibrational frequenciesa

n as(NH2) 3699(95) 3699(93) 3721(51) 3709((48)
n(N9H) 3660(75) 3658(75) 3658(90) 3657(90)
n(N1H) 3600(40) 3599(41) 3595(37) 3597(68)b

n s(NH2) 3461(107) 3465(98) 3601(98) 3589(59)
d(NH2) 1687(361) 1691(341) 1665(704) 1666(703)

1603(77) 1603(75) 1623(373) 1612(33)
1612(29) 1623(361)

r(NH2) 1147(29) 1147(29) 1085(22) 1087(22)
1083((31) 1083(33) 1042(5) 1045(6)

v (NH2) 693(68) 678(24) 491(16) 533(23)
685(46) 660(2) 472(213) 519(229)
661(22) 655(11)

t(NH2) 364(55) 367(42) 346(19) 344(23)
276(184) 274(145) 292(114) 326(96)

a Same remarks as below Table 1.
b Mixed with then s(NH2) vibration.



enhancement of then s(NH2) vibration. In complex D,
the difference between the frequencies of then s(NH2)
vibration in the NPA and FULL geometries results
from a mixing of then s(NH2) andn (N1H) vibrations
in the FULL model. The in-plane deformation and
rocking vibrations are not very sensitive to the
geometry of the NH2 group. The larger differences
between the normal modes are found for the wagging
and twisting modes of the amino group. For
complexes A, B and D, the frequencies of the
v (NH2) vibrations are larger for the FULL models
than for the NPA ones. Their coupling with other
normal modes appears to be different. For complex
B as for example, two components at 499 and
486 cm21 with respective intensities of 163 and
104 km mol21 are predicted for the NPA model,
while only one main component at 510 cm21 with
an intensity of 245 km mol21 is found for the FULL
model. In complex C where one of the NH bond of the
amino group is directly involved in hydrogen bond
formation, thev (NH2) vibration is predicted at higher
frequencies than in the other complexes (Table 3). In
this complex, a large difference for the intensity of
this vibration can be noticed. The intensities of the
three components predicted between 700 and
650 cm21 are much lower for the FULL geometry
and this results from the fact that some intensity is
borrowed to the wagging mode of water at
745 cm21 (Intensity� 165 km mol21) and to the
out-of-plane deformation mode of the N1H bond
(Intensity� 173 km mol21). For complexes A, B
and C, the computed frequencies of the main compo-
nents of the twisting mode of the amino group are
larger for the FULL than for the NPA geometries. In
this case also, the contribution of the out-of-plane ring
modes can affect the splitting into two or three compo-
nents. The twisting mode predicted at 298 cm21 in
free guanine is split into two components at 354 and
335 cm21 in the A complex (NPA geometry) and the
twisting mode predicted at 326 and 317 cm21 in free
guanine is split into three components at 371, 357 and
351 cm21 (FULL geometry).
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