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Abstract We present a systematic study of the stability of
the formation of complexes produced by four metal ions
(M+/2+) and 14 cytosine isomers (Cn). This work predicts
theoretically that predominant product complexes are asso-
ciated with higher-energy C4M

+/2+ and C5M
+/2+ rather than

the most stable C1M
+/2+. The prediction resolves success-

fully several experimental facts puzzling two research
groups. Meanwhile, in-depth studies further reveal that di-
rect isomerization of C1↔C4 is almost impossible, and also
that the isomerization induced by either metalation or hy-
dration, or by a combination of the two unfavorable. It is the
single water molecule locating between the H1(−N1) and
O2 of the cytosine that plays the dual roles of being a bridge
and an activator that consequently improves the isomeriza-
tion greatly. Moreover, the cooperation of divalent metal ion
and such a monohydration actually leads to an energy-free
C1←C4 isomerization in the gas phase. Henceforth, we are
able to propose schemes inhibiting the free C1←C4 isomer-
ization, based purely on extended hydration at the divalent
metal ion.
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Introduction

Deoxyribonucleic acid (DNA) is the main carrier of human
genetic information [1]. Yet cations Na+, K+, Ca2+, and Mg2+

can trigger proton transfer between bases of the nucleic acid,
changing its configuration and functions. Many gene muta-
tions and organism lesions derive from such changes [2]. At
higher concentrations, interactions between metal ions and
nucleic acid bases could break the hydrogen bond(s) of the
base pairs, thus damaging the integrity of nucleic acid polymer
structure [3]. Hence it is of great significance to keep the
configuration of nucleic acid intact and to realize the normal
physiological functions by reducing or preventing gene mu-
tation caused by cations [4, 5]. As a part of the subject in
maintaining normal physiological functions of the DNA, sta-
bility investigation on these bases and their metalated com-
plexes have been receiving more and more attention [6–12].

As far as the isolated cytosine isomers were concerned,
Kobayashi [6] predicted the stability ordering for thhe first
five most stable isomers in the gas phase was C4 > C5 > C1 >
C2 > C3 obtained at the CCSD(T)/cc-pvtz(−f) level (see Fig.
S1 in Support information (SI)), and cautioned that density
functional theory (DFT) would offer an unreliable stability
ordering for these isomers. Even so, both DFT and ab initio
methods are employed routinely to investigate various prop-
erties of complexes produced by the interaction between
cytosine isomer and metal ion in gas phase. For example,
Vázquez and Martínez [7] probed the structures of both C1

and C4 and their interactions with divalent metal ions Ca2+,
Cd2+, and Zn2+ in gas phase at the B3LYP/LANL2DZ level.
They suggested that the most stable metalated complex
(C1M

2+) is derived from the third most stable cytosine isomer
C1. Russo et al. also confirmed that C1 produced the most
stable complex when it is bound by either a monovalent alkali
metal ion (Na+or K+) [8] or a divalent alkali earth metal ion
(Mg2+or Ca2+) using the B3LYP/6-311+G(2df,2p) method.
Kabeláč and Hobza’s study [9] at the RI-MP2/TZVPP level
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predicted the strongest stability of C1M
+/2+(M+/2+ = Na+,

Mg2+, or Zn2+) with the preferred bidentate O2⋯M+/2+⋯N3
form and reported that their stability energy was 10% stronger
than other complexes. Šponer et al. [10] studied the
interactions between Mg2+ and both N3 and N4 sites
of C1 in gas phase at the MP2/6-31G(d)//HF/6-31G(d) level.
Vázquez and Martínez [11] probed the interaction between
cytosine isomer and Al, Cu and Ag using the B3LYP and
argued that the most stable anionic complexes were also in
C1M

- (M=Al, Cu, or Ag) form. Tureček and Yao [12] investi-
gated hydrogen atom addition to both cytosine and cytosine-
water (1:1 water adducts and 1:2 water adducts) at the B3-
MP2/6-311++G(3df,2p) level, where the isomer C1 of cytosine
was employed. Summarily C1 is the optimal isomer for metal
ion to bind to no matter what valence (−1, 0, +1,+2) or type the
metal is in the gas phase [7–12].

To our best knowledge few studies reported previously on
the interaction between cytosine and metal ions in aqueous
phase, it is the aqueous-phase surroundings, not the gas-phase,
that approximate more closely the real physiological sur-
roundings in vivo. Moreover, most of the derivatives of cyto-
sine widely used experimentally are indeed produced in
solution phase. For example, theoretical and experimental
results have verified that the effects of both microsolvation
and bulk solvation were substantial not only on the electronic
structure and ionization of DNA bases in water [13] , but also
on the stability ordering of the cytosine isomers [14, 15]. Thus
our intention is to undertake a comprehensive study on com-
plexes formed by cytosine and various metal ions (M+/2+)
Na+, K+, Ca2+, and Mg2+ in aqueous phase, including the
microhydrated environment and bulk solution. In this study,
we will focus on not only the stability of these metal com-
plexes but also the isomerization kinetics between C1 and C4

so that some experimental confusion can be understood and
accounted for reasonably well. We hope that the proposed
schemes, as presented here, have the potential to help regulate
the gene mutation induced by base isomerization, surrounding
factors, or their variant combinations.

Computational methods

Polarized continuum model (PCM) [16] in combination with
default radius UA0 are adopted to simulate bulk aqueous
environment, in which the dielectric constant is set to ε=78.4
due to its history of successful treatment on such systems
[12–14]. All CnMI/II

+/2+ complexes in gas and aqueous phases
are optimized separately and their frequencies are calculated at
the B3LYP/6-31+G(d) basis set level [17]. Various energies of
these CnMI/II

+/2+ complexes in both gas and aqueous phases are
refined at the B3LYP/6-311++G(d,p) level. Some results sen-
sitive to the B3LYP method for verification are further calcu-
lated at the SCS-MP2 [18] instead of the CCSD(T) level thanks

to Grimme et al. [19] , who once pointed out that the results
from SCS-MP2 calculations were very close to those from
CCSD(T), but at only a tiny fraction of the computational cost.
The corrections of zero point energies at 298 K are included for
relative energies calculations. All electronic structure calcula-
tions are performed with the help of the Gaussian 03 suite of
programs [20].

Results and discussion

Two different active sites on 13 cytosine isomers Cn (n=1,
2,..13) reported systematically by Kabeláč and Hobza [9]
(Fig. S1) are chosen to interact withM+/2+ respectively and the
bound schemes are displayed in Fig. 1. For these Cn′ isomers
(n′=2,..13), two stable forms of CnMI

+/2+ and CnMII
+/2+ can

be generated (modes I and II). Herein, in principle only the
more stable one of the two modes is displayed in the Table S1
of SI. For some cytosine isomers, such as C2, …, C5, one to
two of their metalated complexes enjoy stability in gas-phase;
if not in the gas phase, at least one will enjoy high degrees of
stability in aqueous phase or vice verse. Thus 13+m com-
plexes CnMI/II

+/2+ are discussed here. Their relative energies
are listed in Table S1. Isomer Cx is also added in our discussion
due to its lower stability in aqueous phase [15]. Thusmetalated
complexes presented in aqueous phase total to 14+m.

Choice of computational models and methods

First UA0, UAHF, BONDI, UFF, PAULING and KLAMT
radii in combination with the PCM model are adopted to
probe effects of different radii on the computational results.
Then calculations employing both PCM model and default
radius of UA0 are performed to compare effects of different
models on the calculational results. In all these calculations,
four complexes derived from the binding between C1, C2, C3

or C4 and Na+ or Ca2+ are taken as models to test the appli-
cability of selected computational schemes. The results are
shown in Table S2. The comparisons reveal that the energy
orders obtained from all above schemes for CnNaI/II

+ and
CnCaI/II

2+ are C1Na+<C2NaI
+<C3NaI

+<C4NaII
+ and

C1CaI
2+< C2CaII

2+< C3CaI
2+< C4CaII

2+, respectively, no mat-
ter what radius or solvent model are employed. By contrast,
PCM/UA0-relative energies are the lowest in absolute value.
Because PCM/UA0-relative energies of the most stable Cn

isomers calculated are in excellent agreement with experimen-
tal results, see ΔEs in A1 column of Table 1, we report only
PCM/UA0 results for the following discussions [15, 21].

The first six most stable cytosine Cn (n=1-5, x) isomers
are employed to verify the applicability of B3LYP method
in computing both the aqueous-phase stability of these cy-
tosine isomers and their metalated complexes. Our B3LYP
results in Table 1 show that the Cn stability order in gas phase
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is C1 > C4 > C5 > C2 > C3, which is consistent with what were
predicted by Russo et al. [8] at the B3LYP/6-311+G(2df,2p)
level. Obviously, the order is not in line with the experimental
observation, nor with the CCSD(T) results obtained by
Kobayashi in 1998 [6]. Our gas-phase SCS-MP2 ordering
C4> C5> C1> C2 > C3, no matter with and without ZPVE
corrections, is indeed in good agreement with experimental
observation and theoretical predictions by Kobayashi [6] and
Trygubenko et al. [14] obtained at the CCSD(T) level. Here
the SCS-MP2 results are obtained by using the cc-pVTZ basis
set in order to compare with that of the CCSD (T) found in ref
[6], in which a similar basis set (cc-pVTZ(−f)) was employed.
Moreover, Kobayashi’s study [6] revealed that, with the same
basis set, the MP2 method could predict correct stability
ordering of cytosine isomers in the gas phase, while DFT

method could not. For the ordering in the aqueous phase,
our B3LYP prediction is C1 >Cx >C2> C3> C4> C5, in excel-
lent agreement with Sambrano et al.’s B3LYP-result [22]
(column C) and Dreyfus et al.’s experiment [21] (column E).
MP4 method with large basis set can also predict perfectly well
[14, 23] the stability of C2 relative to C1 (columns D1, D2). In
comparison with experimental values, the MP4-prediction for
the Cx relative stability (23.4 [23] vs experimental 15.0 kJmol-1

[21]) seems to have a larger discrepancy. Moreover, two
MP4 results offer a reverse prediction for the stability ordering
of C4 and C5 (columns D1, D2). Sambrano et al.’s MP2/6-
31++G(d,p) results [22] indicated that Cx was less stable than
the C2 and C4 in aqueous phase, which was also inconsistent
with experimental observation [21]. Thus based on an overall
consideration of various factors, the DFT method should do

Fig. 1 Two binding modes (I/II) of metal ions in 14 Cn complexes CnMI/II
+/2+

Table 1 Relative energy (kJ mol-1) of Cn in gas (ΔEg) and aqueous (ΔEs) phases

ΔEg ΔEs

A1 A2 B C2 A1 B C D1 D2 E

C1 0 0 12.1(11.5) 5.2(5.2) 0 0(0) 0 0 0 0

C2 8.7 9.6 21.1(22.3) 8.3(8.3) 22.3 27.4(28.5) 24.6 24.7 25.5 24.0

C3 15.6 28.9(29.6) 14.1(14.1) 25.3 32.9(33.8) 26.9 30.5 30.1

C4 4.4 5.4 0(0) 0(0) 32.1 17.0(16.0) 26.8 28.5 27.5*

C5 7.8 8.8 2.9(2.9) 2.7(2.7) 32.7 17.5(16.6) 24.3 29.7

Cx 27.8 16.0 18.3 23.4 15.0

Note: Computations are performed at the following levels: A1: B3LYP/6-311++G(d,p)//B3LYP/6-31+G(d); B: SCS-MP2//CC-PVTZ//B3LYP/6-
31+G(d); C: B3LY/6-31++G(d,p) from ref [22]. D1: MP4SDQ/CC-PVTZ//B3LYP/6-31+G(d)from ref [14]. A2, C2, D1, D2, and E were from ref
[8] obtained at B3LYP/6-311+G(2df,2p) level, ref [6] at CCSD(T)//MP2/CC-PVTZ(−f) level, ref [14] by combining the gas-phase relative free
energies and the average (three methods) hydration free energy difference, and ref [23] at MP4/6-311++G(d,p)//MP2/6-31G(d) level, as well as
experimental determination[21], respectively. *Value is from ref [15] obtained at MP2/6-31G(d,p)//3-21G level in combination with SCRF model.
Data in parenthesis are ZPVE-corrected results
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better than the MP in predicting the aqueous-phase stability of
the cytosine isomers. Due to our focus on the stability of
complexes in aqueous phase, the above results encourage us
to employ the B3LYP method to deal with metal complexes
both from high accuracy in prediction and low computation
cost points of view.

As for the complexes of the metalated cytosine isomers in
the gas phase, both B3LYP and MP2 methods are frequently
employed to predict their stability and the metal-cytosine
interactions [7–11]. A more systematic study on the stability
ordering of a series of metalated cytosine complexes was
carried out by Kabeláč and Hobza [9] in 2006. As exten-
sions of Kabeláč and Hobza’s results, an up-to-date study on
the gas-phase stability ordering of metalated cytosine com-
plexes was performed by Kobayashi [24] , in which a previ-
ously not studied stable complex CxM

+/2+ in the gas phase
was predicted at a higher computational level (CCSD(T)) and
an energetic inconsistency between the predictions of B3LYP
and CCSD(T) was also argued. In such a situation, our gas-
phase B3LYP results should be compared to the post-SCF
[24] results with caution so that the aqueous-phase stability
ordering of the metalated complexes can be credited correctly
at the B3LYP level.

The results of the comparison are listed in Table 2, in
which Russo and Toscano’s data [8] are also included.

The present stability order of CnNaI/II
+ in gas phase is

C1Na
+ > CxNa

+>C5NaII
+>C4NaII

+> C2NaII
+ >C2NaI

+ >C3NaI
+

>C13NaII
+ >C3NaII

+ >C8NaI
+ > C6NaII

+ >C5NaI
+ >C7NaI

+

>C9NaII
+ > C10NaI

+ > C12NaI
+ > C11NaI

+> C13NaII
+ obtained

at the B3LYP//6-311++G(d,p) level. The order is obviously
in good agreement with those predictions of Russo and
Toscano [8], obtained at the B3LYP/6-311+G(2df,2p) level,
in which only the stability orderings of C1Na

+/K+,
C2NaI

+/KI
+, C4NaII

+/KII
+, and C5NaI

+/KI
+ were considered;

and with that of Kobayashi, obtained at the B3LYP//cc-pvtz
level [24], in which 25 stable structures were covered. In
comparison with the post-SCF results of Kobayashi [24],
our results agree satisfactorily both in magnitude and in the
ordering in most cases, provided differences in basis set
(Kobayashi’s cc-pvtz vs 6-311++G(d,p)) and methodology
(CCSD(T) vs B3LYP) are taken into account. Several
minor discrepancies in the ordering do occur, a conse-
quence of being disturbed by the stability changes of
C8NaI

+ and C13NaI
+. The discrepancies derived from the

CCSD(T) underestimates the energy (about 10 kJ mol-1) of
the two complexes (present and Kobayashi’s own [24]); while
B3LYP results overestimate the two values. It is interesting
that other complexes are in good agreement in the ordering at
both B3LYP and CCSD(T) levels. It is important to note that
these two complexes (C8NaI

+ and C13NaI
+) hold poorer

Table 2 A comparison for relative energies (kJ mol-1) of CnM
+/2+ and Cn in gas phase obtained at the present B3LYP/6-311++G(d,p) level with

available theoretical results

M+/2+ Na+ Ca2+ Mg2+ Cn

This work Ref [24]
CCSD(T) B3LYP ΔEg ΔEg ΔEa ΔEg

C1M
+/2+ 0 cwcm 0 0 0 0 0 0

CxM
+/2+ 16.7 ct2b 20.5 17.6 −1.1,0.4b −1.8,-0.4b 16.0 27.8

C2MII
+/2+ 74.5 ct3ab 77.8 77.8 152.2,159.8b - 22.3 8.7

C2MI
+/2+ 81.1 ct3at 86.2 82.0 166.6 179.8,209.6b - 9.6a

C3MI
+/2+ 82.4 ct3bt 87.0 88.3 162.4,173.2b 172.6,200.4b 25.3 15.6

C3MII
+/2+ 89.9 ct3bb 93.3 93.7 175.9

C4MII
+/2+ 55.1,59.8a ct1bm 50.6 61.1 121.9,120.9b 126.7,133.5b 32.1 4.4,5.4a

C5MII
+/2+ 37.2, 41.0a ct1ab 32.6 41.4 76.1,73.6b 81.6, 86.6b 32.7 7.8a

C5MI
+/2+ 122.2 8.8a

C6MII
+/2+ 111.4 ct5ct 110.5 112.1 148.8 151.4 85.6 78.4

C7MI
+/2+ 125.1 ct4dt 124.7 126.4 190.9 199.6 83.6 70.6

C8MI
+/2+ 102.8 ct5bt 92.9 103.3 72.3,65.3b 50.9, 51.9b 100.5 134.9

C9MII
+/2+ 127.5 ct4bt 127.6 128.9 202.8 213.6 79.5 59.0

C10MI
+/2+ 146.7 ct5dt 145.6 147.3 178.8 181.2 96.8 116.9

C11MI
+/2+ 166.1 ct4ct 165.7 166.5 236.7 245.4 94.4 106.3

C12MI
+/2+ 155.6 ct4ab 146.9 160.7 232.3 246.1 90.2 91.2

C13MII
+/2+ 87.4 ct5at 77.0 87.4 82.4,77.0b 59.9,62.3b 88.5 93.0

C13MI
+/2+ 252.5

a from ref [8] at the B3LYP/6-311+G(2df,2p) level. b from ref [24] at the CCSD(T)/cc-pvtz level. Data in red refer to those that disturb the ordering
of CnM

+/2+ .
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stability in the aqueous phase (Table S1) and will therefore
not be included in our later discussions, thus their incon-
sistencies are irrelevant.

Likewise, the present stability orderings of selected
Cn′Mg2+ and Cn′Ca

2+ complexes (n′=1-5, 8, and 13) are in
good agreement with those of CCSD(T) results, except the
CxMg2+. To be chosen as a complex in the stability ordering,
the complex must be in the top five in either the gas phase
(<100 kJ mol-1) or the aqueous phase (see the detailed stability
ordering in the aqueous phase in Table S1). The selection
finally covers seven dominant complexes in the stability ladder.
These complexes are our targeted interests and hence discus-
sions pervail in the following sections (listed in Table 3). As
Kobayashi [24] once mentioned, B3LYP does underestimate
the relative energy (−1.1 kJ mol-1) of the CxCa

2+; however, the
underestimation does not affect the stability ordering of the
CxCa

2+ in the aqueous phase since the energy difference be-
tween CxCa

2+ and C1Ca
2+ in aquous phase has extended to

14.0 kJ mol-1. The presentation of B3LYP here is analogous to
the predicted stability orderings of C1 and C4 in gas and
aqueous phases mentioned above [6, 14, 21], which further
supports the validity of the B3LYP method in predicting the
stability of these CnM

+/2+ complexes in aqueous phase.

Stability order of CnM
+ complexes in aqueous phase

Now backtrack to our concerns regarding aqueous-phase stabil-
ity of CnM

+/2+ complexes. A detailed comparson of stability
ordering in Table S1 reveals that all the topmost stablemetalated
complexes in aqueous phase are derived from the following six
cytosine isomers, C1-C5 and Cx. The only exceptions are C8 and
C13 bound by Mg2+. Both C8MgI

2+ and C13MgII
2+ have

competitive stability ordering among their isomers in aquoues
phase and they even rank ahead of C4Mg I

2+. Thus Table 3 only
covers the most stable CnM

+/2+ complexes derived from C1-C5

and Cx, plus C8, C13 (only for Mg2+ binding) in aqueous phase.
The corresponding structures of CnM

+/2+ complexes listed in
Table 3 are dispayed in Fig. 2; data in the gas phase are also
listed for the convenience of comparison. Results show that the
stability ordering for these two kinds of monovalent metal-
cytosine complexes is C1M

+ > CxM
+> C2MI

+ > C3MI
+>

C5MII
+ > C4MII

+. The ordering only contains the more stable
complex of two modes I & II. The order will alter and comprise
new candidates based on the kind of metal ion involved.

As far as CnNa
+ complexes, the new ordering follows

C1Na
+ > CxNa

+>C2NaI
+ >C3NaI

+ >C3NaII
+ >C2NaII

+ >
C5NaII

+ >C4NaII
+ > C4NaI

+. It is interesting to note that both
ordering and even magnitude of the first four most stable
complexes are firmly in agreement with that of each of the
corresponding cytosine reactants, C1(0.0) > Cx (16.0) > C2

(22.3)> C3(25.3 kJ mol-1). This result indicates that Na+

binding hardly affects the ordering stability of the most stable
cytosine isomers in aqueous phase and that Na+ prefers bind-
ing amino nitrogen (N4) to carboxyl oxygen (O2) in reactants
C2 and C3.

By contrast, there are a lot of changes in stability ordering
for the last two metalated C4 and C5 complexes in aqueous
phase. Firstly, C4 and C5 are first and second most stable
isomers (Table 1), whereas C1 only occupies third place in
the stability ladder in gas phase [6, 14]. Solvent effect over-
turns the stability ordering and turns the order into C1> C4 >
C5 due to the larger dipole moment of C1 in gas phase (6.8D
in Table S3) [14, 22]. The favorable stability of C4 and C5 in
gas phase is conducive to the stability of their metalated
product complexes. Thus Table 3 shows their complexes do
have stronger stability in aqueous phase. Different from C1

and Cx, which offer bidentate coordination sites for metal
ions and can produce only a single complex, C4 or C5 can
generate two different complexes, denoted as modes I and II
above.

Table 3 Relative energies
(kJ mol-1) of CnM

+/2+ and Cn in
aqueous (ΔEa) and gas (ΔEg)
phases at the B3LYP/6-
311++G(d,p) level

M+/2+ Na+ K+ Ca2+ Mg2+ C

ΔEa ΔEg ΔEa ΔEg ΔEa ΔEg ΔEa ΔEg ΔEa ΔEg

C1M
+/2+ 0 0 0 0 0 0 0 0 0 0

CxM
+/2+ 15.8 16.7 14.9 17.2 14.0 −1.1 13.2 −1.8 16.0 27.8

C2MI
+/2+ 22.7 81.1 24.1 74.2 22.8 166.6 16.8 179.8 22.3 8.7

C2MII
+/2+ 30.3 74.5 24.4 62.3 24.6 152.2 36.5 202.8

C3MI
+/2+ 25.4 82.4 27.2 76.9 25.6 162.4 22.1 172.6 25.3 15.6

C3MII
+/2+ 28.8 89.9 36.7 77.7 28.7 175.9 40.5 224.2

C4MII
+/2+ 39.3 55.1 35.6 50.8 55.1 121.9 98.6 126.7 32.1 4.4

C4MI
+/2+ 50.4 109.2 44.2 98.4 64.1 225.3 70.1 -

C5MII
+/2+ 35.3 37.2 33.8 33.9 46.9 76.1 51.8 81.6 32.7 7.8

C5MI
+/2+ 55.7 122.2 - - - - - -

C8MI
+/2+ 86.9 72.3 73.3 50.9 100.5 134.9

C13MII
+/2+ 78.6 82.4 65.8 59.9 88.5 93.0

J Mol Model (2013) 19:3447–3461 3451



The structural difference between C4 and C5 lies in the
orientation of the hydroxyl hydrogen. For C5, Na

+ can
approach it from either I or II direction (see C5MI/II

+/2+ in
Fig. 1) and create the bidentately coordinated C5NaII

+

(Fig. 2) or C5NaI
+ (not shown due to poorer stability).

Table S1 shows that C5NaI
+ (122.2 kJ mol-1) has over three

times more energy than C5NaII
+, and over two times more

than C4NaII
+ in gas phase; hence the solvent effect can greatly

increase the stability of the complex in aqueous phase, due to
its larger dipole moment (10.5D). Even so, the relative energy
of C5NaI

+ is still the highest (55.7 kJ mol-1) among these
CnNaI/II

+ complexes (n=1-5, x) in aqueous phase. An obser-
vation for C5NaI

+ geometry (not shown) reveals that the
amino hydrogens of C5 isomer twist and deform after the
metal ion approaches the amino group that leads to poorer
stability of this complex [9, 24] in both phases. Because of
their poor stability, C5MI

+/2+ complexes will not be discussed
any further. For C4, Na

+ can also bind to it from two different
directions (see C4MI/II

+/2+ in Fig. 1) and generate three
different end products. They are a bidentate C4NaII

+ from
the II direction, and two C4NaI

+ complexes from the I
direction. Figure 2 shows that one C4NaI

+ complex holds
monodentate geometry (still nominated as C4NaI

+), yet
another degenerates into bidentate C5NaII

+. Similar to the

case of C5NaI
+, the monodentate C4NaI

+ has higher rela-
tive energy (109.2 kJ mol-1, in Table 3), but also larger
dipole moment (10.4D in Table S3) in gas phase, and as a
result, it has a stronger stability (50.4 kJ mol-1) in aqueous
phase. As before, the relative energy of C4MI

+ with other
ions involved in gas phase and in aqueous phase is also
listed in Table 3. The table shows that the stability order-
ing is C5MII

+/2+ > C4NaII
+> C4NaI

+ in both gas and
aqueous phases, indicating that a metal ion prefers binding
in the II orientation of C5 isomer to that of C4. That is, the
bidentate coordination at the I orientation of C4 is more
favorable to the stability of products than either monodentate
binding in the same orientation or the bidentate coordination
at the II orientation of C4 in light of thermodynamics.

The above observations, especially the degenerated phe-
nomenon of C4NaI

+, can be employed to clarify the inconsis-
tency between the theoretical prediction and experimental
metal ion affinity (MIA). Experimental determination from
Cerda andWesdemioti [25] revealed thatMIA of Na+-cytosine
was 177.0 kJ mol-1. Russo et al.’s computation [8] implied that
the MIA mainly derived from Na+-C5(C5NaII

+, 176.6),
instead of Na+-C4(C4NaII

+, 163.2), Na+-C1(C1Na
+, 209.6),

or Na+-C2(C2Na
+, 135.1). (Note distinguishing the different

nomenclatures for identical complexes presented in Fig. 1

Fig. 2 Optimized geometries and selected bonding distances, r, r1 and r2 of Cn'M
+/2+ (n'=1-5, 8, 13). Distance in Å. Data in black from ref [8], in

italic from ref [29]
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and in ref [8].) Normally, the experimental MIA derives
mainly from the most favorable complex C1Na

+ thermody-
namically. Facing the discrepancy, Russo et al. met with the
challenge to rationalize it and pinned their hopes on the
supposal of the presence of the C4 isomer in the experimental
environment. In fact, both theoretical [6, 14] and experimental
[21] measurements revealed that C4 was not only indeed
present in the experimental environment but also was the most
stable isomer, for which Gorb et al. [26] estimated the relative
concentration of cytosine C4 to account for more than half the
overall population of cytosine isomers (65.7 %). Lately, a
more accurate estimate from Bazsó et al. in 2011 [27] was as
follows: 0.22: 0.26 : 0.44 : 0.08 for the mole ratio of C1 : C5 :
C4 : C2. More than ten of theoretical and experimental mea-
surements for the ratio from other research groups were com-
pared and assessed in full detail in the Bazsó et al.’s paper. A
conclusion can be drawn that C4 and C5 isomers are the first
and second abundant complexes that interact with other re-
agents, such as metal ions. Now this invites a more interesting
question. Why is it that the MIA of the C5 complex C5NaII

+

[176.6 kJ mol-1] is much more closer to the experimental
measure (177.0) than that of C4 complex C4NaII

+ [163.2]? A
plausible explanation is offered by Russo et al. [8]that over-
coming the 65.3 kJ mol-1 energetic barrier for Na+-O-H group
rotation is the key to facilitate the conversion between C4NaII

+

and C5NaII
+. The process to facilitate the conversion is feasi-

ble only at high temperature, however. Our gas-phase C4NaI
+

optimization processes (Fig. 3) also advocates the existence of
other more competitive options. First, as the most stable
isomer, C4 has the most population density interacting with
Na+. If Na+ approaches C4 in the I direction, then what the
final product is, C4NaI

+ or C5NaII
+, depends on the Na+

location. Figure 3A exhibits the optimization process of
C4NaI

+, in which Na+ is positioned on the same plane as the
C4 ring and pointing to N1 (refer to the atomic labels in
Fig. 1), and the final monodentate Cs structure is formed.
From the aspect of reaction kinetics, Fig. 3A indicates
that the generation process of C4NaI

+ is energy-free.
Thermodynamically, the energy of C4NaI

+ is 109.2 kJ mol-1

more than the most stable C1NaI
+, and 95.0 kJ mol-1 more

than C5NaII
+, thus rejecting the product as stability favorable

and implying the existence of other options. If Na+ is posi-
tioned at the same orientation but staying directly over or
below the plane of the C4 ring (note such possibility is far
higher than above planar, see the first geometry in Fig. 3B),
then the final product will degenerate into bidentate C5NaII

+,
in which a hydroxyl hydrogen rotates to the opposite direction
along with the approaching metal ion. Figure 3B clearly de-
lineates that the potential energy surface is smooth and that the
ceaseless adjustment of the metal ion is energy free along with
the rotation of the hydroxyl hydrogen, except for four high-
energy states. A detailed analysis discerns that the first high-
energy state (step 16) derives mainly from the compression of

the angle ∠N3C5O2, i.e,. from 114.6o (in step 15) to 111.5o

(step 16); whereas the latter three states (steps 21, 34 and 39)
originate the compressions of the angle ∠N1C5O2, from
116.5o (front step 20) to 111.5o (step 21), from 112.4o (step
33) to 107.6o (step 34) and from 113.7o (step 38) to 109.2o

(step 39), respectively. The highest energy difference lies
between step 16 and step 15 with about 0.018 a.u. Likewise,
two similar processes of mode I can also be observed in the
generation of C4KI

+ and the conversion of C4KI
+→C5KII

+. In
contrast, the conversion of C4KI

+→C5KII
+ experiences a huge

energetic barrier of about 0.185 au, which rises about ten-fold
of that in C4NaI

+→C5NaII
+ conversion. The barrier is also

mainly a result from the compression of the angle ∠N1C5O2
(step 31 in Fig. 3C). The generation of both C4NaII

+ and
C4KII

+ enjoys barrier free processes, confirmed by the
C4KII

+ example in Fig. 3D. The results signify that the
Na+-cytosine product with the greatest abundance should be
in C5NaII

+ form, which covers the products of accessible
conversion of C4NaI

+→C5NaII
+ and of natural reaction of

C5+Na
+ with mode II. K+-cytosine product, however, should

be in C4KII
+ form due both to the greatest abundance of

reactant C4 [6, 14, 21, 27] and the difficulty in C4KI
+→C5KII

+

conversion kinetics, although the product C5KII
+ is fairly

stable. It is worth noting that the optimization process strongly
depends on the structures of initial reactants and their relative
positions. Anyway, the process of compressing the angle
∠N1C5O2 must occur during Na+/K+-cytosine interaction
because the angle in the free C4 (116.7

o) is larger than those
in the C5NaII

+/KII
+ (112.5o/113.7o), indicating that the ener-

getic barrier originated from the compression has to be over-
come for the reaction to happen. The above analysis manifests
why experimental MIA [25] of cytosine-Na+ complex corre-
sponds to that of C5NaII

+, whereas that of cytosine-K+ com-
plex corresponds to C4KII

+ instead of C5KII
+ [8].

Our present results can account for why the experimental
measure for the MIA of K+-cytosine complex from Cerda and
Wesdemiotis [25] is 110.kJ mol-1, about 25 kJ mol-1 less than
that from Yang and Rodgers [28] , which throw Yang and
Rodgers at a loss. As designed by Yang and Rodgers, two
types of transition states (TSs) for dissociation C5K

+→C4+K
+

were considered (corresponding to M+(C3)→ M++C2 in ref
[28]). One is a phase space limit (PSL) for which they as-
sumed that the TSs were loose and product-like because the
interaction between the alkali metal cation and cytosine was
largely electrostatic. Another is called the tight transition state
(TTS) for which they applied the parameters of TTSs for
unimolecular tautomerization of the M+-cytosine complexes
determined from theoretical calculations. Then they measured
two MIAs for the process with 113.6±4.3 (TTS) and 136.0±
3.6 kJ mol-1 (PSL), respectively. Obviously, the TTS result, not
the PSL, coincides well with 110.kJ mol-1 determined by Cerda
andWesdemiotis [25] experimentally. As displayed in Fig. 3D,
TTS corresponds to the orientation II (product: C4KII

+)
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mentioned above, in which the structural parameters of C4

should alter inconspicuously during the association and
dissociation of C4KII

+, i.e., C4KII
+↔ C4+K

+ (1). Their
PSL results however should correspond to the orientation
II with the dissociation process of C5K

+→ C4+K
+(2) and

MIA=136.0±3.6 kJ mol-1, in which C4 transforms into C5

during the course when metal ion approaches C4 following
orientation II, as shown in Fig. 3C. Then a problem arises.
Which MIA will represent the real reaction? Yang and
Rodgers [28] argued that process (2) should play a domi-
nant role in the cytosine-K+ association or dissociation
process, which is inconsistent with the report of Cerda
and Wesdemiotis [25]. There exists a counter-example in
Yang andRodgers’ [28] measurement, which can be employed
to support the experimental result of Cerda and Wesdemiotis.
Yang and Rodgers also examined their experimental MIA
result of C4KII

+→ C4+K
+ process with theoretical method

and showed that their PSL-experimental MIA was 133.1±
3.5 kJ mol-1, higher than their theoretical prediction of
115.1 kJ mol-1. Their theoretical result is obviously more
credible, as they are confirmed by both prior theoretical [8]
treatment (108.8) and experimental [25] (110.0) reports. Thus
their TTS result (113.6±4.3 kJ mol-1) rather than the PSL in
process (2) should be more plausible in this case. Anyway, an
acceptable explanation for the two experimental phenomena

mentioned above is based only on the hypothesis that the
metalated C4 product is predominant.

Here the common C4MI
+/2+and C5MII

+/2+ presentations
are employed because besides Na+ and K+, Ca2+ cation also
generates other similar products and bestows comparable
reaction process (not shown) when it is bound to C4. The
selected geometrical parameters are also shown in Fig. 2.
Only Mg2+-bound C4 in mode I creates C5MgII

2+ directly,
possibly due to stronger charge effect of Mg2+. Russo et al.
[8] also reported the gas-phase distances between Na+/K+

and the coordination sites of C1, C4 and C5, respectively,
shown in black in Fig. 2, are in excellent agreement with our
results. The counterpart distances in aqueous phase, com-
pared to those in the gas phase, is extended somewhat,
indicating that the solvent effect not only alters the stability
of these complexes but also their geometrical structures.

For the stability of complexes involving K+ ions, a com-
parison reveals that the order becomes C1K

+ > CxK
+> C2KI

+ >
C2KII

+> C3KI
+> C5KII

+> C4KII
+ > C3KII

+ > C4KI
+ in aqueous

phase. The ordering still keeps C1K
+ > CxK

+> C2KI
+ >

C3KI
+> C5KII

+> C4KII
+ if the high-energy mode of each

complex is excluded. The energy difference between C4KI
+

and C5KII
+ is 64.6 kJ mol-1, 20.4 kJ mol-1 less than the

difference between C4NaI
+ and C5NaII

+ in gas phase, imply-
ing the disadvantage of the C4KI

+→C5KII
+ conversion

A: C4NaI
+

C: C4KI
+ C5KII

+
D: C4KII

+

B: C4NaI
+ C5NaII

+

Fig. 3 Optimization processes and selected geometrical structures of C4NaI
+(A & B), C4KI

+ (C), and C4KII
+ (D) obtained at the B3LYP/6-31+G(d)

level. Metal ion in pink, nitrogen in blue, carbon in gray, hydrogen in white and oxygen in red
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thermodynamically, relative to the C4NaI
+→C5NaII

+ conver-
sion. Taken in this sense, the contribution to the product
C5KII

+ from the reaction C4+ K+ in mode I should be less,
which also partly accounts for why C4KII

+ is the predominant
product in the experimental reaction of cytosine+ K+, whereas
the C5NaII

+ is the predominate product of reaction of cytosine
+ Na+8,25. The present results favors the viewpoint that the
main product of reaction cytosine +M+ corresponds to C5MII

+

(for M=Na) or C4MII
+ (for M=K), instead of the mixture of

any two or more stable complexes, which is deduced from the
full agreement with experimental measure for the MIA of the
product of cytosine + M+ with that calculated for C5MII

+

(M=Na) or C4MII
+ (M=K).

Stability order of CnM
2+ complexes in aqueous phase

Similar to those mono-valent metalated cytosine complexes,
the stability ordering of Ca2+, Mg2+-involved cytosine iso-
mers also preserves C1M

2+ > CxM
2+> C2MI

2+ > C3MI
2+>

C5MII
2+> C4MI/II

2+. The last complex C4MI/II
2+ denotes

C4MI
2+ (only M=Mg) and C4MII

2+ (only M=Ca) respective-
ly. As for the univalent C4NaI

+/KI
+, C4 bound by Ca2+ in

mode I in gas phase also holds monodentate C4CaI
+ form.

Thus it can be argued that Ca2+ involved cytosine com-
plexes should have properties comparable to the univalent
C4MI

+ both in stability ordering and geometric structure. In
contrast, Mg2+ involved cytosine complexes indeed pos-
sesses several diverse features.

First, CxMg2+ instead of C1Mg2+ becomes the most sta-
ble complex in the gas phase. As well as for the CxCa

2+. In
light of the CCSD(T) result, CxCa

2+with lower stability than
C1Ca

2+ maybe derived from insufficient calculation of the
B3LYP [25]. From this perspective, Mg2+ is thus the only one
that can induce the stability of Cx over C1. In aqueous phase,
all C1 complexes bound by the four different ions become the
most stable ones, so is the reactant C1 in the aqueous phase,
indicating that the solvation effect can greatly “trowel” the
difference originated from the distinction of ionic charge or
ionic kind. Second, only C8 and C13 bound by Mg2+ become
the third and fourth most stable complexes in the gas phase,
and the stability of the two complexes C8Mg2+ and C13Mg2+

is also better than the C4Mg2+ in the aqueous phase. Third,
only Mg2+ can cause the C4 in the I orientation (C4MgI

2+)
degenerating into a C5 (i.e., C5MgII

2+) spontaneously in gas
phase. The C4MI

+/2+ complexes involving the other three ions
can still remain in the monodentate structures (see C4MI

+/2+ in
Fig. 2), however. In aqueous phase, C4MgI

2+ recovers to
the monodentate state, as three other C4MI

+/2+ complexes
do. We would attribute the special features of these Mg2+

involved complexes to Mg2+’s stronger binding ability to
the ligand. This viewpoint can be strongly supported by
shortening Mg2+-cytosine distances than the corresponding
counterparts of M+/2+-cytosine (M=Na, K, Ca) in Fig. 2,

obtained both from present calculations and from Russo et
al. [29] . Moreover, Russo et al. had reported theoretically
that the Mg2+-cytosine binding was stronger by about 30 %
than that of the corresponding Ca2+-cytosine binding. For
example, the MIAs of C1Mg2+, C4MgII

2+and C5MgII
2+ were

predicted to be 187.4, 156.1 and 167.6 kcal mol-1, respectively,
far stronger than the corresponding counterparts of cytosine-
Ca2+ (140.1, 110.1 and 122.1) [29].

Isomerization of C1↔ C4 induced by metal ion

For the most stable isomer of cytosine in gas phase, C4

[6, 14, 21, 27], and the most stable isomer of cytosine in
aqueous phase, C1 [15, 21], their structural distinction lies at
the different locations of hydrogen. If the hydrogen locates at
the N1 site, then it is the isomer C1; if it transfers to the
neighboring O2 site, then C1 becomes C4. Matrix isolation
infrared studies revealed that isolated cytosine placed in an
inert environment exhibited an interesting C1 ↔ C4 tautom-
erism. On the other hand, it is well established that cytosine
adopts predominantly the amino-oxo form C1 in aqueous
phase or in crystal [15, 21]. A small contribution from the
imino-oxo and imino-hydroxyl tautomers to cytosine popula-
tion had also been suggested in aqueous phase [27]. Another
factor encouraging us to consider C1 ↔ C4 isomerization is
that the C1M complex is the most stable one in both gas
[7–12] and aqueous phases, and that C4MII is the fourth most
stable structure in aqueous phase. Due to the largest ratio of the
C4 [27, 28] in the gas phase, its metalated products C4MII

+/2+

and C5MII
+/2+ had also been confirmed to be predominant

experimentally [8] although the stability of these complexes
was not the most stable. One of our aims is to investigate the
potential of point mutation induced by surrounding factors such
as metal ion binding and aqueous effect. Thus the cooperation
of both the metal ion binding and aqueous effect could be a
significant factor to boost the C1 ↔ C4 tautomerism.

Fig.S2 displays the isomerization between C1 and
C4(C1↔ C4) induced by four different ions and in both gas
and aqueous phases. Results show that the direct isomeriza-
tion between C1 and C4 is hardly performed due to higher
activation energy barrier (143.0 kJ mol-1 in C1 → C4 process
(i) and 138.6 kJ mol-1 in C1 ← C4 process (ii)) in the gas
phase. Kosenkov et al. [30] and Gorb [26] also confirmed the
result and once predicted the activation energies of reaction (i)
were 142.8 and 138.1 kJ mol-1, respectively. Moreover,
Kosenkov et al. [30] observed that increased temperature did
not improve the reaction in kinetics. Our investigations find
that aqueous effect also aggravates such an already unfavor-
able isomerization process.Metalation at both N3 and O2 sites
of the cytosine isomers C1 and C4 leads to the isomerization
processes of C1M↔ C4M more arduously, confirmed by the
increasing activation energies. Moreover, the more charges of
the metal ion, the greater are the increases in activation
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energies. The conclusion can be manifested from two aspects.
First activation energies in divalent C1M↔ C4M processes
(e.g., C1Mg2+↔ C4Mg2+) are indeed higher than that in the
monovalentC1M↔ C4M processes (e.g., C1Na

+↔ C4Na
+).

Another is the fact that metal ion with identical valence
but a different radius induces different activation energies.
The larger the ion radius, the lower the charge density.
Consequently, the process with larger ion involved holds
lower activation energy. Obviously, the phenomenon occurs
in both gas and aqueous phases; however, the hydration
disfavors the isomerization process.

Bridge effect of monohydration on the isomerization
of C1M↔ C4M

To investigate the hydration effect on the isomerization of
C1M ↔ C4M process, one water molecule (W) is situated
between H1(−N1) and O2. The water molecule positioned
here is expected to play a bridge role for transferring H1
between N1 and O2, and then the product will switch between
C1MW and C4MW. Figure 4 displays these isomerization
processes between C1MW and C4MW. Results show that the
monohydration greatly reduces the activation energies of the
C1↔ C4 and C1M ↔ C4M processes, arguably a great im-
provement of the isomerization kinetics. For example, in
C1→C4 process the improvements of activation energy are
95.1 and 151.3 kJ mol-1, respectively, in gas phase and aque-
ous phase. For C1M→ C4M process, the improvements are
113.0 and 187.2 kJ mol-1, respectively, in gas phase and
aqueous phase for the C1Na

+→ C4Na
+ process, whereas the

counterparts for C1Ca
2+→C4Ca

2+ are 138.0 and 273.0 kJ mol-1,
respectively. In the reverse process, the improvement becomes
more remarkable. For instance, the activation energy in
aqueous-phase C1Ca

2+←C4Ca
2+ process is 283.7 kJ mol-1,

but in C1Ca
2+W←C4Ca

2+W process it decreases greatly to
21.5 kcal mol-1. The above results manifest that the im-
provement effect derived from the monohydration is better
in the processes involving monovalent metal ions over
non-metal ions, and in divalent metal ion over monovalent
metal ions, as well as in aqueous-phase over the gas-
phase. And interestingly, gas-phase C1Ca

2+W←C4Ca
2+W

process is energy free if the ZPVE is included, indicating a
strong tunnel effect. Likewise, C1Mg2+W← C4Mg2+W pro-
cess is also an energy free process with or without ZPVE,
implying the monohydration transforms the C4Mg2+ into
C1Mg2+ spontaneously (shown in Fig. 5). In bulk aqueous
phase, the activation energy is only 17.0 kJ mol-1, a rather
minor barrier.

The role of the water molecule in C1↔ C4 and C1M ↔
C4Mprocesses can be analyzed by careful observation. Herein
we prefer choosing the structures of TSs to discuss the prob-
ability of C1←C4 isomerization induced by the M-W cooper-
ative factors. In TSs of C1M↔ C4M processes, the proton H1

occupies a medial position between N1 and O2 and an anal-
ysis on TS vibration mode shows that the proton with the
virtual frequency mode does move between N1 and O2, as a
pendulum swings back and forth. In the TSs of C1MW ↔
C4MW processes including that of C1W↔ C4W, H1 transfer
depends on the carrier-water molecule to complete C1↔ C4

isomerization. Figure 4 clearly illustrates that both H1 and
one hydrogen of the water in all but Ca2+-involved gas-phase
TSs delineate a process with concerted proton transfer. Such
processes experience lower activation energy. In contrast,
H1(−O2) in C4Ca

2+W will transfer and approach first to the
water molecule, and then generate a H3O

+. Finally, the H3O
+

releases a proton to N1 site and produces C1Ca
2+W. Obviously,

in the C1Ca
2+W ← C4Ca

2+W process, the transfer of both H1
and one hydrogen atom of the H3O

+ is ordinal instead of
concerted. The 0.996 Å O-H distance of water molecule of
TS in C1Ca

2+W ← C4Ca
2+W process expands on that the

water molecule in such case almost keeps its structure and
confirms the above prediction. In fact, the sequential proton
transfer process can be observed more obviously from the gas-
phase isomerization of C1Mg2+W ← C4Mg2+W in Fig. 5.
Moreover, the two divalent metal ion-involved C1MW ←
C4MW processes are energy free ones, highlighting the signif-
icance of the divalent charge.

In aqueous phase, both H1 and one hydrogen of the water
in all these TSs are in active states, signifying that the
transfers of two protons are concerted. The phenomenon
manifests that the solvent effect also plays a key role in
such an isomerization process. Figure 6 shows that it is more
ready for the isomerization trend of C1MW ← C4MW
process along with the increase of charge density over the
metal ion in gas phase. The trend doesn’t change but be-
comes gentler in aqueous phase.

In addition, the applicability of B3LYP to thesemonohydrates
has been assessed by comparing with the SCS-MP2 results. As a
comparable method to the CCSD(T) qualitatively and very close
to the later in predicting the isomerization energies of the organic
molecules [19], SCS-MP2 is employed again here to perform
single-point calculations with the 6-311++G(d,p) basis set on the
basis of the B3LYP/6-31+G(d) geometries for some selected
complexes. The relative energies are also listed in black in Fig. 4.

The C1Wand C4W complexes are selected for both gas and
bulk aqueous phases; and their corresponding metalated com-
plexes C1Na

+W and C4Na
+W occur only in gas phase. The

SCS-MP2 result shows that the monohydrated C4(C4W) is
still (−2.6 kJ mol-1) more stable than monohydrated C1(C1W)
in gas phase; but in the bulk aqueous phase, the B3LYP-result
reveals that C4W is less stable than the C1W. Gorb et al.’s
relative energies ΔE [26] (ΔE=EC4W-EC1W) were −2.1 and
7.9 kJ mol-1, obtained at MP2/6-311++G(d,p)//MP2/6-
31G(d) and MP4(SDQ)/6-31+G(d,p)//MP2/6-31G(d) levels,
respectively. Obviously it is also a contradicting prediction.
Their −2.1 kJ mol-1 result is consistent with our SCS-MP2 due
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to similar level and basis set being used. The MP4(SDQ)
result evidently overestimates the energy of C4W, indicating
that a larger basis set is a requisite for computing such a
sensitive system correctly [6, 24], although MP4(SDQ) level
is better than MP2 in accuracy. Trygubenko et al.’s prediction
for the value [14] at the RIMP2+ZPVE level is −0.6 kJ mol-1,

in rational agreement with our SCS-MP2 result. Even in such an
agreeable case, the B3LYP still overestimates the monohydrated
C4 energy, as it has done so for the isolated C4. In bulk aqueous
phase, both B3LYP and SCS-MP2 make a concordant predic-
tion for the stability of C1Wand C4W. For the ΔE prediction of
C1Na

+Wand C4Na
+W in gas phase, both methods uncover that

Fig. 4 Structures and activation energies of isomerization processes of
C1W↔C4W and C1M

+/2+W↔ C4M
+/2+W. Data in parentheses do not

include the ZPVE corrections, in black denotes the present SCS-MP2/
6-311++G(d,p)//B3LYP/6-31G(d) results, in italic are from ref [14]

obtained at the RIMP2+ZPVE level. a,b are from ref [26] obtained at
MP2/6-311++G(d,p)//MP2/6-31G(d) and MP4(SDQ)/6-31+G(d,p)//
MP2/6-31G(d) levels, respectively. Energy in kJ mol-1 and distance
in Å
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C1Na
+W is more stable, indicating that B3LYP is suitable for

the prediction of aqueous-phase Cn isomer as well as their
metalated complexes in both gas and aqueous phases.

Regulation effect of microhydration on the isomerization
of C1M ← C4M

Divalent metal ions are usually multi-coordinated in aqueous
phase [31] , which implies that both activation energy-free
C1Mg2+W← C4Mg2+Wand C1Ca

2+W← C4Ca
2+W process-

es could be artificial. Thus we further extend our investigation
on the microhydration at the position of metal ion on the basis
of both C1Mg2+W ← C4Mg2+W and C1Ca

2+W ← C4Ca
2+W

processes. We aim to obtain the explicit number of water
molecules bound at the metal ion, which can inhibit the two
energy-free isomerization processes.

Figure 7 displays two further hydrated processes,
C1Mg2+2/3 W ← C4Mg2+2/3 W and C1Ca

2+2/3 W ←

C4Ca
2+2/3 W. Results reveal that monohydration at the Ca2+

site is sufficient to keep C4Ca
2+2 W stable; and the activation

energy of the C1Ca
2+2 W ← C4Ca

2+2 W process becomes
4.2 kJ mol-1 after ZPVE correction, a positive value.
Dihydration at the metal ion can further increase the energy
by 8.5 kJ mol-1, signaling that the more the water molecules
are bound, the less favorable the isomerization process of
C1Ca

2+nW ← C4Ca
2+nW will be. This trend can be verified

indirectly by the higher activation energy of 21.5 kJ mol-1

obtained in the C1Ca
2+W ← C4Ca

2+W process in the bulk
aqueous phase (PCM). From the thermodynamic point of
view, further hydration at the Ca2+ means improving the
stability of the structure of C4Ca

2+W while decreasing the
energy of C4Ca

2+W relative to C1Ca
2+W. For example, the

relative energy of C4Ca
2+3 W to C1Ca

2+3 W is 81.0 kJ mol-1,
lower than that (85.3 kJ mol-1) of C4Ca

2+2 W relative to
C1Ca

2+2 W. In contrast to the relative energy (55.1 kJ mol-1)
of C4Ca

2+W to C1Ca
2+W in aqueous phase, there is still room

C1Mg2+W C4Mg2+W 

C1
2+W 

C4Mg
2++ W

Mg

Fig. 5 C1↔C4 isomerization
processes assisted by the
cooperation of both Mg2+

binding and monohydration
(i.e., C1Mg2+W↔C4Mg2+W) in
gas (top) and aqueous (bottom)
phases. Energy in kJ mol-1 and
distance in Å
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to decrease the relative energy, i.e., further hydration at the
Ca2+ would continue to improve the stability of the C4Ca

2+W
more. Mg2+has smaller ionic radius than Ca2+, thus the
number of water molecules required to inhibit the activa-
tion energy-free C1Mg2+W ← C4Mg2+W process are dif-
ferent. Calculations reveal the number is two, i.e., not less
than two water molecules bound at the Mg2+ is required
to keep the C4Mg2+W (product C4Mg2+3 W) stable.
Although monohydration at the metal ion can also im-
prove the stability of the C4Mg2+W, the energy of the
product C4Mg2+2 W is still higher by 1.4 kJ mol-1 than that of
the TS after the ZPVE is included, however. According to this
trend, microhydration at the metal ion would further improve
the stability of the product of C4Mg2+nW. The phenomenon
can help one gain insight into inhibiting and even regulating
the isomerization process of C1← C4 , induced by both metal
binding and hydration.

For divalent C1MnW→ C4MnW processes (n=1, 2, 3) in
gas phase, the activation energy is raised as the hydration
number (n) increases, indicating the impossibility of the
C1M → C4M isomerization. From the geometry point of
view, the angle ∠N1H1O(W) becomes smaller and smaller
as the n increases, where O(W) of the angle stands for the
oxygen of water attached at the H1 site. This implies that the
water molecule, initially playing the role of a bridge for the
transfer of H1, is staying away from the O2 site as the
number of water molecules attached at the metal ion position
(see the angle in the C1MnW in Fig. 7) increases. Obviously
this trend disfavors the C1M→ C4M isomerization; that
accounts for why divalent C1MnW→ C4MnW isomerization
process becomes more and more difficult along with the
increasing n. The result further confirms that C1M is the
most stable form in both gas and aqueous phase.

Conclusions

The stability orders of CnNaI/II
+, CnKI/II

+, CnCaI/II
2+, CnMgI/II

2+

(n=1-13,x) in aqueous phase have been determined and their
most stable complexes predicted in C1M

+/2+ form in bulk
aqueous phase. Like the stability ordering of the first six most
stable isomers of cytosine in aqueous phase, C1 > Cx> C2> C3>
C4> C5, the metalated complexes also maintain the ordering in
the case of C4 product degenerated into C5, i.e., C1M

+/2+>
CxM

+/2+> C2M
+/2+> C3M

+/2+> C5M
+/2+≥ C4M

+/2+. The stabil-
ity ordering of these metalated complexes in aqueous phase
differs greatly from that in the gas phase, indicating strong
aqueous effect on the stability of these complexes.

Nonetheless, more attention should be paid to, both
C5M

+/2+ and C4M
+/2+ since they are both derived from C4,

which is the most stable cytosine isomer in the gas phase.
How much the ratio of a metalated cytosine complex is
depends on the ratio of the reactant cytosine rather than on
the stability of the metalated complexes themselves, from
which one gains insight into why experimentally produced
metalated complexes correlate to the higher-energy C4/5Na

+

and C4/5K
+ instead of the most stable C1Na

+/K+. The pres-
ent study urges one to attach greater importance to the de-
rivatives generated from the ground-state base structure;
although the derivative may not always be the most stable
one. Otherwise, rational explanations for a lot of experimen-
tal observations can hardly be obtainable.

As the most stable isomers C1 in aqueous phase and C4 in
gas phase, both C1↔C4 conversion and the conversion condi-
tions, such as gas phase, microhydration, or bulk aqueous
phase, are of special importance and significance for under-
standing themajority of the constituents of the cytosine isomers
or their metalated derivatives, and as a result of surroundings.
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Fig. 6 Isomerization energies
(ΔE) of C4W→ C1W+ΔE and
C4MW→ C1MW+ΔE (M=Na+,
Ca2+ and Mg2+, respectively)
processes. ΔE in either gas
phase (♦) or liquid phase ( )
denotes the energy difference
between C1W and C4W
(corresponding to CW on
abscissa axis) or between
C1MW and C4MW
(corresponding to CNa+W,
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The present work offers systematic and qualitative schemes to
master such conversions, through which other DNA/RNA
bases or biomolecules with different ground-state structures in
gas and aqueous phases can refer to and draw lessons from.

That the stability orderings of both cytosine isomers and its
metalated complexes are sensitive to the choice of computa-
tional method in gas phase and B3LYP may be insufficient in
predicting the stability of some isomers or complexes correctly.

Fig. 7 Structures, relative
energies and activation energies
(in the box) of isomerization
processes of C1M

2+nW↔
C4M

2+nW (n=2, 3; M=Ca,
Mg). Further hydration at the
Mg ion can turn the
spontaneous (activation energy
free) C1Mg2+1W←C4Mg2+1
W process into an energy-
required one. The activation
energies are compared and
highlighted in the red and blue
boxes linked by a red double-
headed arrow. Values in and
outside parentheses denote
those energies without and with
ZPVE corrections. Energy in kJ
mol-1, distance in Å and angle
in degree
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However, in aqueous phase, the B3LYP method has been
verified to be reliable and recommended in the viewpoint of
both accuracy and minimizing computational costs.

There exists a volume of studies on the gas-phase proper-
ties of DNA bases and their various derivatives; yet less
attention has been paid to the properties of aqueous-phase
derivatives. Since most derivatives of these bases and other
biomolecules occur in aqueous phase, it is of more significant
interest to study the properties in the aqueous phase and the
relevance of the properties in both gas and aqueous phases.
We hope the present paper serves as the first swallow of the
spring, and others will follow.
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