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The first complete theoretical analysis of the gas-phase formation of a nucleic acid base pair (uracil dimer)
has been performed. The study is based on a combination of AMBER 4.1 empirical potential, correlated ab
initio quantum chemical methods, computer simulations, and statistical thermodynamical methods. In total,
11 low-energy minima structures were located on the potential energy surface of the uracil dimer: seven of
them are H-bonded, one is T-shaped, and three correspond to various stacked arrangements. The most stable
structure is a H-bonded dimer with two N1-H‚‚‚O2 H-bonds, designated as HB4; it has an energy minimum
of -15.9 kcal/mol at the MP2/6-31G*(0.25)//HF/6-31G** level of theory. T-shaped structure and stacked
structures are less stable than H-bonded ones. Thermodynamic characteristics were obtained using the rigid
rotor-harmonic oscillator-ideal gas (RR-HO-IG) approximation adopting the AMBER 4.1 and ab initio
characteristics. Furthermore, the population of various structures was determined by computer simulations
in the NVT canonical and NVE microcanonical ensembles. Results obtained from the RR-HO-IG
approximation and the NVT ensemble are very similar and differ from the result of the NVE ensemble. The
present analysis demonstrates that different gas-phase experimental techniques can be used for investigating
different regions of the conformational space for nucleic acid base pairs. The fact that entropy is always
significant and differs for H-bonded and stacked structures is of importance.

1. Introduction

Two different types of complexes with nucleic acid bases
exist: hydrogen-bonded (H-bonded) structures that are ap-
proximately planar and stacked structures. H-bonding is usually
stronger than base stacking. H-bonding is mainly stabilized by
electrostatic forces while the base stacking is mainly due to
dispersion forces.1,2 As a consequence, H-bonding of bases is
much more specific than base stacking. However, both interac-
tions are of equal importance in nucleic acids.

Structures of base pairs (and of any molecular complexes)
are determined, not only by the interaction energy, the entropy
should also be taken into account. It means the change of Gibbs
free energy upon complexation should be considered. The role
of entropy becomes especially important for floppy systems.
The potential energy and free energy surfaces may be very
different for floppy systems. (See our calculations on the
benzene‚‚‚Ar8 complex.3) Entropy terms for H-bonded and for
stacked structures are expected to be different: Therefore, the
ultimate evaluation of the relative stability of H-bonded and
stacked base pairs must be based on the free energy values.

Recently, we carried out an exhaustive characterization of
the potential energy surfaces of nucleic acid base pairs.1b,2b-e

The aim of the present paper is to study the potential energy
surface and free energy surface of the uracil (U) dimer. It is
expected that due to the small dipole moment of uracil the
stacked structures may be closer to the H-bonded ones. Thus,
we propose that there may be a competition between stacked

and H-bonded structures of the uracil dimer in gas phase. This
problem is of importance for any experimental treatment of
nucleobase complexes. Selection of this dimer was also
prompted by the ongoing gas-phase experiments on the U‚‚‚U
complex by Saykally and co-workers.4 Theoretical calculations
on structure, energetics, and vibrational frequencies can be of
crucial importance in the assignment of experimental data.
Furthermore, both H-bonding and stacking complexes of uracil,
including the uracil dimer, are important in nucleic acids.
Noncanonical U‚‚‚U base pairs occur in several RNAs.5 They
include not only the usual structures bonded through two N-H‚
‚‚O hydrogen bonds, but the r(UUCGCG) A-RNA hexamer also
contains the planar uracil dimer with one N-H‚‚‚O and one
C-H‚‚‚O H-bond.5d The latter H-bond is expected to be
energetically considerably weaker than the former one. Evi-
dently, uracil dimer can form a number of H-bonded structures
of biological importance. Thus, it is of primary interest to
investigate the role of interaction energy and entropy contribu-
tions in these structures.

Competition between H-bonding and stacking has been
recently proposed for the pyrimidine dimer. This hypothesis
has been investigated by McCarthy et al.6 using ab initio
calculations and infrared (IR) spectroscopy in an Ar matrix. The
analysis of experimental data indicated that the dominant
contribution is from the planar structure. However, the interac-
tion with the Ar atoms of the matrix is expected to preferentially
stabilize the H-bonded pair with respect to the more compact
antiparallel stacked dimer.6 In contrast to the present paper,
McCarthy et al.6 do not investigate the thermodynamics of the
dimer formation. Also, the gradient optimization of the stacked
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structure has not been fully carried out with the inclusion of
electron correlation. On the other hand, they presented an
extensive vibrational analysis to make the calculations compa-
rable with the IR experiments.

The present study represents the first attempt to completely
characterize a complexation of a nucleic acid base pair in the
gas phase, by combining ab initio, empirical potential, computer
simulations, and statistical thermodynamical techniques. This
is the only way that permits the theoretical predictions to be
compared with experimental data.

2. Strategy of Calculations

The potential energy surface (PES) of the uracil dimer (as
well as of any other base pair) is too complex, so that one cannot
rely on the chemical intuition or experience. It is necessary to
use some objective method for determining the geometry of
the stationary points: These methods are usually based on
computer simulations. Localization of all stationary points is
beyond the capability of ab initio techniques and must be done
using an empirical potential. Ab initio calculations are then
necessary to verify the quality of the force field. As in our
previous paper,3 the quenching/molecular dynamics/AMBER 4.1
method was used. Let us now discuss why the AMBER 4.1
force field has been selected. The AMBER 4.1 potential7 was
shown to reproduce best (among various empirical potentials)
the ab initio stabilization energies of H-bonded and stacked base
pairs.8

After localization of stationary points, the calculated (AM-
BER) stabilization energies were compared with stabilization
energies obtained from correlated ab initio calculations. We
have fully optimized, using gradient optimization, structures of
all stationary points found at the AMBER PES. Thermody-
namic characteristics were evaluated using the rigid rotor-
harmonic oscillator-ideal gas (RR-HO-IG) approximation on
the basis of AMBER and ab initio characteristics. Furthermore,
the populations of various structures were determined in the
NVT canonical and NVE microcanonical ensembles. Finally,
the second virial coefficient (SVC) was evaluated with the
AMBER 4.1 potential. Also, contributions to the SVC from
different conformations were calculated.

3. Calculations

3.1. Quantum-Chemical Calculations. Geometries of H-
bonded structures were optimized at the Hartree-Fock (HF)
level with the 6-31G** basis set using the gradient optimization
method. The optimization of H-bonded structures at the HF
level is justified because these structures are stabilized by
electrostatic (dipole-dipole) interactions that are included at
this level. This is even more true in the present case of uracil
dimer, because the dipole moment of uracil is smaller than that
of other bases, and the change when correlation is taken into
account is therefore small. However, the HF method does not
include the dispersion attraction and is thus not sufficient for
the evaluation of accurate interaction energies. The dispersion
energy is due to electron correlation, and its inclusion requires
beyond-HF techniques. The stabilization energies were calcu-
lated using the second-order Møller-Plesset perturbation method
(MP2) utilizing basis sets with more diffuse polarization
functions (6-31G*(0.25)).1b,2b The flat polarization functions
improve the description of the dispersion energy. The interac-
tion energies were corrected for the basis set superposition error,
and HF deformation energies of the monomers were also
considered. The deformation energy of monomers is a repulsive
contribution which is associated with the deformation of

monomers upon formation of the complex. Gradient optimiza-
tion of the stacked structure is a much more difficult task.
Stacked structures should be optimized at the correlated level,
because these structures are mainly stabilized by dispersion
forces. In our previous studies, the conformational space of
stacked nucleobase dimers was investigated by a set of single-
point MP2/6-31G*(0.25) calculations with rigid monomers; i.e.,
no gradient optimization has been applied. Unfortunately, the
6-31G*(0.25) basis set is not suitable for a gradient optimization
for two reasons: (i) the intramolecular geometries and flexibility
of the monomers could be spoiled by the use of diffuse
functions; (ii) the currently available gradient optimization
techniques are not corrected for the basis set superposition error.
The sum of HF and MP2 basis set superposition errors (6-31G*-
(0.25) basis set) would be, near the vdW minimum, about 5-6
kcal/mol. This is roughly as much as the stabilization of the
dimer itself! This problem could be overcome by working with
basis sets containing two sets of polarization functions: MP2
gradient optimization of a base pair with such a basis set is,
however, impractical. Hence, the only way to make a gradient
optimization of stacked nucleobase dimers is to use a basis set
that underestimates the dispersion attraction. This partially
counterbalances, by cancellation of errors, the deterioration of
the PES due to the basis set superposition error. Therefore,
the stacked structures were optimized at the MP2/6-31G* level,
using the standard exponents of polarization functions. The
interaction energy was subsequently evaluated at the MP2/6-
31G*(0.25)//MP2/6-31G* level and corrected for the basis set
superposition error. The deformation energies of monomers
were standardly included at the MP2/6-31G* level.

Stabilization energies were corrected for the basis set
superposition error with the counterpoise method; all orbitals
of the ghost subsystem were included. The deformation energy
of the bases upon complexation was determined as the difference
of the energies of optimized bases and energies of bases having
the same geometry as within the base pair.

3.2. Empirical Potential. The Cornell et al. force field in
the original parametrization7 was used. The atomic charges of
uracil were determined consistently with the AMBER 4.1 force
field, i.e., using the restrained electrostatic potential fitting
procedure (RESP) at the HF/6-31G* level. The charges are
summarized in Figure 1. It should be noted that the HF/6-31G*
approximation overestimates the dipole moments of bases.
Fortunately, this is not so critical for the uracil due to its small
dipole moment, which in addition does not change significantly
when passing from the HF to MP2 level.

3.3. Statistical Thermodynamical Treatment. The process
leading to the formation of the uracil dimer (U‚‚‚U) from the
monomers will be studied:

Figure 1. Structure of uracil with RESP/HF/6-31G* atomic charges.
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The equilibrium constant (K) of the process at temperatureT is
related to the change in the Gibbs free energy∆G° by the
following equation:

The∆G° term can be determined from the enthalpy and entropy
of the uracil pair formation,∆H° and∆S°, using the equation

To evaluate the thermodynamic functions of process 1, it is
necessary to know the interaction energy, equilibrium geometry,
and frequencies of the normal vibration modes of both U and
U‚‚‚U. These characteristics were evaluated using the AMBER
4.1 potential and compared, wherever possible, with ab initio
calculations. Partition functions are evaluated within the (RR-
HO-IG) approximation9 at a temperature of 298 K and a pressure
of 1 atm.

3.4. NVT Canonical Ensemble and Second Virial Coef-
ficient Analysis. In the NVT canonical ensemble, the complex
is in a temperature equilibrium with the surroundings, and
accordingly, the NVT ensemble gives information of the
behavior of the complex when it is interacting with the
surroundings. However, since the number of considered
(intermolecular) degrees of freedom is small, it is convenient
to perform a direct numerical integration of the configuration
integral, instead of evaluating the configuration integral in a
Monte Carlo simulation. In the NVT ensemble the energy can
be always expressed as a sum of kinetic and potential contribu-
tions; i.e., the partition function factorizes into a product of
kinetic and potential parts.9 The kinetic part will be equal for
all conformations, and only the configuration integral (Z) has
to be considered. The configuration integral is given by

whereV is the potential energy,kB is the Boltzmann constant,
andT is the absolute temperature. The coordinates of the center
of mass (r, θ, φ) and the Euler angles (R, â, γ) are chosen as
integration variables. Therefore, the configurational integral is
given by

Due to the planarity of the uracil molecule, only one-half of
the configuration integral has to be calculated. The configu-
rational integral is formally not convergent. However, it is made
convergent by discarding all points that have potential energy
above a certain threshold. The energy threshold must be smaller
than the dissociation energy. It is equivalent to say that all
configurations with an energy above this threshold are consid-
ered as nonbonded and could be excluded when a comparison
between the contribution to the configuration integral from
different conformations is made. In the calculations presented
here a threshold of-2.0 kcal/mol was chosen. Calculations
performed with a threshold of-1.0 kcal/mol yield very similar
results. So in practice for each point (r, θ, φ, R, â, γ) in the
grid, gradient optimization is performed to determine to which
minimum the point belongs.

The following grid points are used in the gradient optimiza-
tion. The step length in the numerical integration was 0.125-

0.25 Å and 5-10°, depending on where on the PES the point
was situated. Test calculations with smaller grids verified
convergence of the obtained values.

The SVC and its temperature dependence are important
properties of a dimer and can be measured experimentally.
Comparison of experimental and calculated data represents an
important test of quality of theoretical intermolecular potential.
However, the SVC only reflects the average interaction over
all conformations. It has been shown that for the benzene
dimer10 different intermolecular potentials can lead to the same
SVC, although they describe the PES very differently.

The SVC is closely related to the configuration integral, where
the SVC is given by

The same integration procedure as described for the configu-
ration integral above was used.

3.5. NVE Microcanonical Ensemble. In the NVE micro-
canonical ensemble all the systems have the same energy: each
system is individually isolated. Populations of various structures
were obtained by long runs of molecular dynamics (MD).
Constant-energy MD simulations were performed assuming rigid
uracil monomers (quaternion formalism). The respective code11

uses a fifth-order predictor-corrector formalism. A 1 fs
integration time step was used. The total energy of the dimer
was conserved within 1.4× 10-2 kcal/mol during the MD run,
and this fluctuation originates from the numerical method used.

In the course of the MD simulation, after a specific number
of steps, the simulation is stopped and a minimization using
the AMBER 4.1 potential is performed: Intermolecular as well
as intramolecular coordinates were optimized. We compared
three different optimization techniques: steepest descent, con-
jugate gradient, and Newton-Raphson. After different numbers
of steps all methods provided equivalent minima. We finally
applied the conjugate gradient method because of its fast
convergency. The minimal energy and coordinates are stored,
and the MD starts again from the point where it was stopped.
Convergence was checked by dividing the MD simulation into
five parts where the population distribution for each part was
calculated separately. A further verification of the convergency
was achieved by satisfying the requirement that the population
was equal for each isomer of the conformations. The calculation
of relative populations from quenching is possible in a rather
narrow energy interval. The energy should be sufficiently high
to allow high frequency of interconversions among different
isomers. The constant energy MD does not, however, allow
us to control fully the temperature selection. In the present
study, quenches were made after 10 ps, and we made about
109 time steps (1000 ns).

The following characteristics describing the dimer are uti-
lized: (i) Relative population (RP)sthe relative abundance of
one conformation with respect to other conformations. The RP
is evaluated as the ratio between the time the dimer spends in
the particular conformation and the total simulation time. The
total simulation time should be long enough to yield converged
populations; i.e., populations should not change with increasing
simulation time. (ii) Number of interconversionssthe number
of transitions from one structure to another one. The error in
determining the relative populations depends mainly on the
number of interconversions.

U + U h U‚‚‚U (1)

∆G° ) -RT ln KT (2)

∆G° ) ∆H° - T∆S° (3)

ZNVT ) ∫dr exp(-V(r )/kBT) (4)

ZNVT ) ∫0

∞∫0

π∫0

2π∫0

2π∫0

π∫0

2π

exp(-V/kBT)r2 sin θ sin â dr dθ dφ dR dâ dγ (5)

B(T) ) -(Na/16π2)∫0

∞∫0

π∫0

2π∫0

2π∫0

π∫0

2π
(exp(-V/kBT) -

1)r2 sin θ sin â dr dθ dφ dR dâ dγ (6)
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4. Results and Discussion

4.1. Potential Energy Surface.The MD/quenching/AMBER
4.1 investigation of the potential energy surface resulted in 11
minima structures.12 Seven of them are planar H-bonded ones,
one is T-shaped, and three are stacked. Structures of these
stationary points are visualized in Figure 2. Their stabilization
energies are given in Table 1. The most stable structure is the
H-bonded structure 4, followed by H-bonded structures 6, 1
and 2, 3, 5. All of these structures have two H-bonds of the

CdO‚‚‚H-N type. H-bonded structure 7 is slightly less stable
than other H-bonded structures which is due to the fact that
one CdO‚‚‚H-N H-bond is replaced by the weaker CdO‚‚‚
H-C bond. Rotation around the CdO‚‚‚H-N H-bond in the
HB7 leads to T-shaped structure which is slightly less stable
than all H-bonded structures. Following expectations, stacked
structures are the least stable among all structures. However,
the energy difference is not too large. Among the three stacked
structures, structure S1 is the most stable. Structure S2, having
antiparallel orientation of dipole moments, is less stable. This
could be explained by the fact that dipole moment of uracil is
rather small, and the dipole-dipole electrostatic interaction in
the stacked structure of the dimer is not as dominant as for more
polar bases.2b,8

Five transition structures were located at the AMBER 4.1
PES. The highest energy barrier (5 kcal/mol) was found for
the transition HB1f HB3 and the lowest one (0.7 kcal/mol)
for the transition S2f T. The energy of the transition structure
separating structures HB7 (having C-H‚‚‚O H-bond) and T is
localized 2.9 kcal/mol above the energy of HB7.

The quality of the AMBER 4.1 predictions was verified by
performing correlated ab initio calculations on all the 11 energy
minima found. Total energies, geometries, rotational constants,
and dipole moments of all 11 structures optimized in this study
at HF/6-31G** (H-bonded structures) and MP2/6-31G* (stacked
structures) are available upon request from the authors. Sta-
bilization energies determined consistently at the MP2/6-31G*-
(0.25) level are summarized in Table 1. From the table it is
evident that the H-bonded structure HB4 corresponds to the
global minimum. This structure is stabilized by two H-bonds
of the CdO‚‚‚H-N type which are almost linear (both N-H-O
angles equal to 174°) with rather short O‚‚‚H distances of 1.916
Å. Other structures also having these two H-bonds are less
stable which is due to fact that in these cases H-bonds are less
linear and intermolecular O‚‚‚H distances are larger. For
example, in the case of the first local minimum (structure HB1)
with the stabilization energy of 12.7 kcal/mol, the N-H-O
angles are 167° and 166°, and the O‚‚‚H distances are equal to
1.985 and 1.993 Å, respectively. As demonstrated in Table 1,
we found an excellent agreement between AMBER 4.1 and
corelated ab initio results. It must be mentioned that this is
partly due to the fact that our ab initio calculations were
performed with the same basis sets as used in the AMBER/
RESP procedure. Best agreement between AMBER and ab
initio was found for H-bonded structures where the largest
absolute error is about 1 kcal/mol. The AMBER 4.1 stabiliza-
tion energy for the T-shaped structure and stacked structures is
overestimatedsin the former case by about 2 kcal/mol while
in the latter cases by about 1.5 kcal/mol. This is, in fact,
remarkable success for the AMBER potential since evaluation
of geometries and stabilization energies of stacked base pairs
is extremely difficult and requires the use of sophisticated
beyond-Hartree-Fock techniques. Correlated ab initio calcula-
tions on base stacking based on gradient optimization is the
subject of our forthcoming paper.13

4.2. Free Energy Surface.Rigid Rotor-Harmonic Oscilla-
tor-Ideal Gas Approximation.The AMBER 4.1 free energy
values are summarized in Table 1. The entropy term is
important and compensates for the interaction energy (enthalpy)
term. A similar type of compensation has also been found in
the case of DNA base pairs.14 The H-bonded structure 4
remains the most stable, and also HB6 and HB1 structures
remain as the second and third most stable ones. However,
the following order of stability is changed. The H-bonded

Figure 2. Structures of the uracil dimer; HB, T, and S mean H-bonded,
T-shaped, and stacked structures.

TABLE 1: Interaction Energies (∆E, in kcal/mol) and
Changes of Gibbs Energies (∆G°, in kcal/mol) Calculated by
AMBER 4.1 and ab Initio Method for Various Structures of
the Uracil Dimer

∆E ∆Go

structa σb AMBER 4.1 ab initio AMBER 4.1c ab initioc NVTd

HB1 2 -13.0 -12.7e -1.3 -0.9 -1.5
HB2 1 -11.1 -10.8e 0.9 1.5 0.5
HB3 2 -11.1 -10.4e 0.3 1.1 0.3
HB4 1 -15.9 -15.9e -3.5 -3.0 -3.5
HB5 1 -11.0 -10.5e 0.9 1.5 0.8
HB6 2 -13.4 -12.4e -1.7 -1.0 -1.7
HB7 2 -10.7 -10.5e -0.7 0.2 -0.9
T 4 -10.1 -7.8e -0.5 1.5 0.1
S1 2 -9.4 -7.7f 1.5 1.7
S2 2 -8.7 -7.4f 2.0 2.2
S3 4 -8.1 1.7 2.1

a Cf. Figure 1; HB, T, and S mean H-bonded (planar), T-shaped,
and stacked structure, respectively.b Symmetry number, i.e., the number
of indistinguishable orientations of the particular structure.c Rigid
rotor-harmonic oscillator-ideal gas approximation;T ) 298 K, p )
1 atm.d Relative values from the NVT analysis using AMBER 4.1
potential; for comparison with RR-HO-IG/AMBER 4.1 analysis the
∆G° of HB4 was set to-3.5 kcal/mol.e MP2/6-31G*(0.25)//HF/6-
31G**. f MP2/6-31G*(0.25)//MP2/6-31G*.
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structure 7 and the T-shaped structure are surprisingly more
stable than H-bonded structures 2, 3, and 5. Analyzing various
contributions to entropy, we found that it is the vibration entropy
which favors structures HB7 and T over the HB2, HB3, and
HB5. Investigating the ab initio free energy values (cf. Table
1), we again found very good agreement with the AMBER 4.1
characteristics. This also concerns the preference of H-bonded
structure 7 over structures HB2, HB3, and HB5. The ab initio
∆G° values could not be predicted for stacked structures because
evaluation of MP2 vibration frequencies for systems as large
as uracil dimer is still impractical.

NVT Ensemble. Analysis in the NVT ensemble (with
consideration of AMBER 4.1 potential) is given in Table 1,
and it is seen that the conformation distribution is very similar
to the RR-HO-IG analysis. This rather surprising result indicates
that the nonharmonicity neglected within the framework of the
RR-HO-IG analysis is not of major importance for the confor-
mation distribution of the present system. Further, a nice
agreement between both results gives support for further
application of easily performable RR-HO-IG/ AMBER 4.1
analysis. Let us recall that both the RR-HO-IG method and
NVT ensemble analysis (with some different approximations
involved) correspond to a situation when the dimer is in thermal
equilibrium with the surroundings.

Table 2 presents the SVC and the contribution to the SVC
from different conformations. The absolute values of the SVC
are large mainly due to the depth of the global energy minimum.
As discussed above, the difference between the NVT ensemble
analysis and the SVC calculations is rather small. Therefore,
not surprisingly, the same contributions are dominant within
both methods. The H-bonded structure HB4 contributes mostly,
followed by the H-bonded structure HB6. At low temperatures,
the HB1 structure follows while at high temperatures it is the
structure HB7. This reflects the fact that HB1 has a deeper
energy minimum, and HB7 is entropically favored. At higher
temperatures the contribution from stacked structures to the SVC
is about 7%. Results mentioned are in a full agreement with
the RR-HO-IG results. At low temperatures structure HB4 is
completely dominant, and the other structures increase their
relative weight with increasing temperature.

NVE Ensemble.MD calculations yielded 15 energy minima,
of them, four were populated quite insignificantly. Relative
populations of the remaining 11 minima are shown in Figure
3. The clearly dominant peak corresponds to H-bonded structure
4, which was also dominant at the PES. Qualitatively, a new
feature at the free energy surface (with respect to the PES) is
the population of stacked structures in general, and population
of the stacked structure 3 in particular: The population of the
latter structure is in fact the second highest. Population of
stacked structures 1 and 2 is also quite high and is comparable

to the populations of H-bonded structures 1 and 6. H-bonded
structures 2 and 5 are populated slightly more than structures
HB7 and T. Population of H-bonded structure 3 is the lowest.
Let us recall that the NVE ensemble (contrary to the previously
discussed NVT ensemble) gives a property of a dimer that does
not interact with the surroundings.

Comparing RR-HO-IG and NVT ensemble results with those
for the NVE ensemble, we found full agreement in the case of
the global minimum HB4. However, the situation is very
different for the stacked structures: Their population is quite
high in the case of NVE ensemble and negligible in the case of
RR-HO-IG and NVT ensemble results. Other important dif-
ferences concern low populations of H-bonded structure HB7
and structure T from the NVE ensemble, in comparison with
quite high population of these structures from RR-HO-IG and
NVT ensemble calculations. Clearly, the NVE and NVT
ensemble results must coincide in the limit of infinitely large
systems.15,16 However, the uracil dimer with only six degrees
of freedom explicitly considered is all but an infinite size system.
This has important consequences for the probabilityP(E) )
Ω(E) exp(-E/kT) (where Ω(E) is the density of states with
energyE) of finding the NVT ensemble at energyE. While
for large systems with high density of states this canonical
probability approaches aδ-function peaked at the energy of a
corresponding microcanonical ensemble,16 small systems rather
approach one degree of freedom limitP(E) ) exp(-E/kT). In

TABLE 2: Second Virial Coefficient Calculated with the AMBER 4.1 Potential as a Function of the Absolute Temperature (T)

T, K HB1a HB2a HB3a HB4a HB5a HB6a HB7a Ta S1a S2a S3a Σb

300 3 0 0 90 0 5 1 0 0 0 0 -28× 106

350 5 0 1 79 0 9 3 1 0 0 0 -20× 105

400 7 1 2 67 1 13 5 3 1 0 0 -20× 104

450 9 1 2 55 1 15 8 4 1 0 1 -97× 103

500 10 2 3 46 2 17 10 5 2 1 1 -41× 103

550 11 2 4 40 2 18 11 5 2 1 1 -22× 103

600 11 2 4 37 3 18 12 5 3 1 2 -13× 103

650 11 2 4 34 3 18 13 6 4 1 2 -93× 102

700 11 2 4 33 3 19 13 6 4 1 2 -69× 102

750 11 2 4 30 3 19 14 6 4 1 2 -54× 102

800 11 2 4 30 3 19 14 6 4 1 2 -45× 102

850 11 2 4 30 3 19 14 6 4 1 2 -37× 102

a Relative contributions in %.b Total second virial coefficient in cm3/mol.

Figure 3. Relative populations of 11 energy minima obtained from
MD/quenching/AMBER 4.1 simulations. The maximal convergence
error, obtained from averaging over five trajectories whose length
increased from 4000 to 10 000 quench steps, is about 6%. The
populations in the figure correspond to the largest trajectories (10 000
quench steps). The number of interconversions was 78 008 (from 97 175
quench steps).
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a complementary way, the smallness of the investigated system
is reflected in the large temperature fluctuations present in the
microcanonical MD simulations. While the average temperature
was 298 K, fluctuations in the range 10-1000 K were observed.

In both ensembles we see that the entropy works for the
energetically higher stacked structures compared to the H-
bonded ones. As already mentioned, it follows from our
calculations that the dominant contribution to the configurational
entropy comes from the six intermolecular vibrations. Not
surprisingly then, the more weakly bound stacked structures are
entropically favored. In light of the above findings, it is also
understandable why the NVE MD simulations relatively favor
the stacked structures much more than the NVT ensemble
calculations. Namely, in a few-dimensional NVT system low-
energy configurations are extensively sampled due to the
Boltzmann exp(-E/kBT) factor. Of course, the lower the total
energy, the less the energetically higher stacked structures are
populated. Also, at lower energies the system samples more
extensively the bottoms of the potential wells, which are more
harmonic. As a consequence, the relevant parts of the potential
surface are more similar to each other for different configura-
tions than in high-energy situations when strongly anharmonic
regions are sampled (especially for the stacked geometries),
which further diminishes the entropic advantage of stacked
structures. Finally, the more “harmonic character” of the NVT
ensemble compared to the NVE simulations explains the
surprisingly good agreement between the two NVT methods
used: the (harmonic) RR-HO-IG approach and the (beyond-
harmonic) NVT configuration integral methods.

5. Conclusions

There exist 11 different low-energy minima on the potential
energy surface of the uracil dimer: seven of them are H-bonded,
one is T-shaped, and three are stacked. The global minimum
is the H-bonded structure number 4 (HB4) with a stabilization
energy of 15.9 kcal/mol. Entropy was shown to be always
important. Statistical thermodynamical analysis with the rigid
rotor-harmonic oscillator-ideal gas approximations showed
that H-bonded structures are more populated than stacked and
T-shaped structures, and the HB4 structure is the dominant
conformation. The same conclusion was drawn from the study
in the NVT ensemble. A constant energy molecular dynamics
simulation in the NVE ensemble agreed as to the dominant
conformation; other structures such as the stacked ones were,
however, also significantly populated. These results demonstrate
that in this case (no interaction of the dimer with surroundings)
entropy differs considerably for H-bonded and stacked struc-

tures. Consequently, the order of stability of various dimer
structures at PES and free energy surface (NVE ensemble)
differs. These findings are very important and indicate that
various experimental techniques can yield different results.
Experimental techniques where the dimer is in thermal equi-
librium with the surroundings should give results similar to our
rigid rotor-harmonic oscillator-ideal gas calculation and our
analysis in the NVT ensemble. On the other hand, experimental
techniques studying the isolated dimer should give similar results
as obtained in the constant energy molecular dynamics simula-
tion.
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