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Abstract The Two Surface Monte Carlo (TSMC)
technique reduces computational cost by using a computa-
tionally cheap biasing potential, which guides the molecular
system to explore the potential energy surface of interest.
It was shown earlier that the Effective Fragment Potential
(EFP) can be a good choice for this biasing potential (Bandy-
opadhyay, J Chem Phys 122:091102, 2005) when the poten-
tial energy surface of interest is quantum mechanical. This
may help in expanding the applicability of TSMC, since find-
ing a good biasing potential is a major challenge. In the pres-
ent work, the viability of TSMC method in finding stationary
points of large molecular system is investigated using EFP as
the biasing potential and RHF theory as the potential of inter-
est. TSMC is applied to find the stationary points of water
clusters of size 15 and 20. A semi-automated method starting
from random geometries, without using any chemical intui-
tion, found several stationary points. The simulated anneal-
ing method was used to refine the structures obtained from
TSMC. Among the several low-energy structures obtained
for 15 water cluster, one minimum, about 1 kcal/mol higher
than the global minimum, was found. However, for 20 water
cluster, no structure very close to the global minimum was
obtained. Several strategies, learned from the experience of
the present work, are discussed for improving the TSMC
method, including the acceptance between the two energy
surfaces.
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1 Introduction

Computational investigation of floppy molecular systems,
such as water clusters and flexible proteins, is challenging
due to the presence of a large number of stationary points,
many of which may be close in energy and accessible during
experiments at room temperature. In quantum chemistry, sta-
tionary points are typically determined by employing local
minimization methods from reasonable starting structures
constructed by chemical intuition. However, because of diver-
sity of different conformations of large fluxional systems,
finding a reasonable starting structure becomes increasingly
difficult with increase in size and flexibility of the molecule.
Molecular simulation techniques such as Molecular Dynam-
ics (MD) and Monte Carlo (MC) can also be used to find
stationary points. In this method, simulations are done to
explore different structures of molecules and then local min-
imization methods are used to minimize selected low-energy
structures from the simulation trajectory. One major problem
with the simulation techniques is the quality of the potential
function used. Ideally, one would like to use high quality
energy function, including the quantum mechanical (QM) or
quantum mechanical/molecular mechanical (QM/MM) ones.
However, the use of QM or QM/MM energy functions in
molecular simulation is prohibitively expensive for investi-
gations in a routine manner. The use of approximate energy
functions can make the simulation feasible; however, the
quality of structures obtained from such simulations could
be poor and may be far from the stationary points on the QM
energy surface.

The Two Surface Monte Carlo (TSMC) technique is a
promising method to circumvent this problem. In this method,
a cheap potential function is used as a biasing potential to
propagate the more expensive potential function of inter-
est. Jumps between the cheap and the expensive potential
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functions ensure that the structures sampled are with the
expensive potential. It can be shown that this method of
using a cheap potential to propagate an expensive poten-
tial is fully rigorous in the framework of the Monte Carlo
method. Since exploration of the structures is done mostly
by the cheap energy function, drastic reduction of compu-
tational cost can be achieved. For instance, the expensive
potential can be a QM potential and the cheap one can be a
classical potential. Warshel et al. [1] used this method in
several investigations. Later, Iftimie et al. [2,3] used this
method for different problems including proton transfer reac-
tion with QM as the expensive and MM as the cheap poten-
tial. Gelb [4] used the same method with model potentials.
Bandyopadhyay used this method in conjunction with the
local optimization method to find the stationary points of an
amino acid plus 12 water system in a semi-automated man-
ner [5] by using the Effective Fragment Potential (EFP) [6,7]
as the cheap potential and QM/EFP as the expensive poten-
tial. The success of this method depends on finding a suitable
cheap potential, because if the two potential functions are not
close to each other, jumps between the two surfaces will be
rarely accepted, which in turn will make TSMC an inefficient
method. In most of the previous works, construction of the
cheap potential energy function turned out to be a major issue.
The use of EFP in Ref. [5] suggested that TSMC method can
be used efficiently if the cheap potential is accurate and can
be generated on the fly as is true for EFP.

However, before the TSMC method could be used in a
routine manner, it is necessary to assess its performance in a
diverse set of problems. This may give avenues where it could
be improved. In this endeavor, stationary points of water clus-
ters of size 15 and 20 are investigated in the present work.
This system is taken because both global minimum and sev-
eral other structures are known for these clusters [8], yet
finding those is non-trivial.

Global minima and other low energy structures of water
clusters of different sizes were investigated by different
authors using simple to complex potential functions with
different optimization algorithms. Day et al. [9] explored the
global minima of water clusters of size 3–5 using quantum
chemical methods. Belchior et al. [10] used Genetic Algo-
rithm and Density Functional Theory (DFT) to determine
the global minima of (H2O)n for 2 ≤ n ≤ 13. Bulusu et al.
[11] examined the global minima structures for (H2O)11 and
(H2O)13 using the searching/screening approach. Goddard
et al. [12] used DFT for structure and energy calculations of
water clusters up to size 19. The global minima of water clus-
ters from size 6 to 20 were investigated by Day et al. [13]
using EFP . The TIP4P model was used by Tsai and Jor-
dan [14] to find the global minima of water clusters of size
8–20. The TIP5P model was used to get the global minima
of water clusters of size up to 21 by Wales et al. [15]. A
comparative study of three potentials, namely SPC/E, TIP3P

and TIP4P, was made for water cluster structure prediction
up to size 25 by Karbrede and Hentschke [16]. In another
work, Karbrede [17] examined how vibrational modes can
be used in search for the global minima of water clusters of
size between 25 and 30. Kazimirski and Buch [18] investi-
gated low energy structures of water clusters of size 20, 22,
123 and 293.

The purpose of the present work is to assess the quality of
sampling using TSMC and compare the structures obtained
from the present work with the other published works. To
focus solely on the sampling quality of TSMC, no chemi-
cal intuition was used to build the starting geometry of the
clusters or used during the simulation.

The paper is arranged in the following way. Section 2
describes the TSMC method and EFP. Section 3 describes
the details of simulation. This paper ends with a result and
discussion section.

2 Method

2.1 Monte Carlo technique

In the Markov chain Monte Carlo method, for canonical
ensemble, the states are generated with the limiting distribu-
tion exp(−βEi ) where β = 1/kT , and k, T and Ei are the
Boltzmann constant, absolute temperature and energy of the
state i , respectively. To get the correct limiting distribution,
it is sufficient to enforce the condition of detailed balance as
given by

P(x)T (x → y) = P(y)T (y → x) (1)

where P(x) is the probability of realizing the state x and
T (x → y) is the transition probability of going from x to y.
The Metropolis acceptance/rejection criterion in a canonical
Monte Carlo simulation can be derived from (1) as

acc(x → y)= min

(
1,

p(y)

p(x)

)
= min (1, exp(−�E/kT ) (2)

where �E = Ey − Ex .

In the case of two energy functions, the acceptance/rejec-
tion criterion between the two energy functions becomes [2].

acc(x → y) = min (1, exp(−��E/kT ) (3)

with ��E = (EEXP(y) − ECHEAP(y)) − (EEXP(x) −
ECHEAP(x)).

2.2 Effective fragment potential method

The EFP method has been developed to represent interactions
between the solute (treated quantum mechanically) and the
solvent (treated by EFP) and also between the solvent mol-
ecules (EFP–EFP interactions) by considering fundamental
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intermolecular interactions. In the case of QM–EFP interac-
tion, one electron terms are added to the ab initio Hamilto-
nian. In the original EFP model (EFP1), there are three types
of terms. The first two terms are electrostatics and induction.
The third term takes care of exchange–repulsion and charge
transfer interactions. For details of the EFP methodology and
application readers are referred to the Refs. [6,7].

3 Details of the Monte Carlo simulation

The initial structures of 15 and 20 water clusters were built
manually by putting the water molecules close to each other.
No chemical intuition was used other then not allowing the
water molecules to overlap. Water molecules were repre-
sented by the RHF level of theory and EFP was used as the
biasing potential (cheap potential). Short simulations with
different basis sets showed that the 6-31+G* and DH(d,p)
basis sets were giving maximum acceptance between the EFP
and RHF energy. Subsequently, the 6-31+G* basis set was
used for the simulation. No symmetry was used during the
simulation. Internal geometry of the water molecules was
fixed as in the EFP model. Several different simulation pro-
tocols were used. At first simulations were done at 300 K by
putting the water molecules in boxes of size 12 × 12 × 12,
and 8×8×8 Å 3 for 20 and 15 waters, respectively. Only one
water molecule, chosen randomly, was moved in each Monte
Carlo step. Both rotational and translation moves were used.
The maximum displacements of rotational and translational
moves were varied from 0.2 to 1.0 rad and Å, respectively,
depending on the rate of acceptance. Different box sizes were
also used to check the effect of box size on the rate of accep-
tance. Another set of simulation was performed at temper-
ature 2,000 K. Altogether, 200,000 steps of simulation were
done for 15 water cluster and 130,000 steps were done for
20 water cluster. The jump between the two energy surfaces
was considered for every 400 steps. So, the number of RHF
calculations done was 500 and 325 for 15 and 20 water clus-
ters respectively. From the Monte Carlo structures obtained
for the RHF energy function, local minimization technique
was applied to the low energy structures to get the stationary
points. Refinement of the structures obtained from the TSMC
method was done with simulated annealing with EFP. All
the calculations were done with a modified local version of
GAMESS [19].

4 Results and discussion

4.1 Acceptance in Monte Carlo simulation

There are two types of acceptance in the performed TSMC
simulation. First is the acceptance between two different

geometries having EFP as the energy function (EFP–EFP).
The second one is the acceptance between the two differ-
ent energy functions (EFP–RHF) with the same geometry. It
was found that the EFP–EFP acceptance was around 80% or
more. However, the EFP–RHF acceptance was initially found
to be poor. At 300 K, the acceptance was less than 10% for
both 15 and 20 water clusters. Moreover, very often the struc-
tures were confined to some particular geometry from which
no EFP–RHF acceptance was obtained for several thousand
steps.

Several measures were taken to increase the acceptance.
First, the simulation was run at 2,000 K. Second, when there
was no acceptance for a long time, the two surface simulation
was turned off and a regular MC simulation was performed
with EFP before resuming TSMC. Also, it was found that the
maximum step lengths for translational and rotational steps
had important effects on the acceptance between the two sur-
faces. All these factors made the acceptance more than 30%
for both 15 and 20 water clusters. It is interesting to note that
although the EFP water model is known to be very close to
the RHF theory, getting reasonable acceptance is non-trivial.
One reason can be that while these two potentials are very
similar near the equilibrium geometries, for geometries far
from equilibrium, there might be some differences. It is to be
noted that changing temperature and other parameters during
the simulation breaks the Markov Chain of the Monte Carlo
simulation, so no thermodynamic properties can be calcu-
lated from the obtained structures. However, this can still be
used for getting stationary points on the RHF energy surface.

4.2 Stationary points

Several stationary points of 5–10 kcal/mol higher in energy
than the global minimum of 15 water cluster were obtained
from local optimization. For 20 water cluster, the station-
ary points are of even higher energy than the global min-
imum. The global minima for these two clusters are taken
from Ref. [8]. Most of the structures obtained are of the cage
type, not like the highly symmetric global minima for these
two clusters (see Fig. 1b and 2b). To refine the structures,
simulated annealing was done starting from several structures
obtained by TSMC. Since TSMC is not yet implemented
with simulated annealing, EFP was used in simulated anneal-
ing as implemented in GAMESS. Monte Carlo with min-
imization method of Li and Scherega [20] was used in the
simulated annealing runs. In this method, Monte Carlo simu-
lation and local minimization are combined. This effectively
reduces the search space as a collection of local minima. Two
different starting temperatures, 2,000 and 500 K, were used.
Several of the runs could find structures close to the global
minimum for 15 water cluster at the EFP level. One struc-
ture was 1.2 kcal/mol higher than the global minimum at the
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Fig. 1 a Lowest energy
structure obtained for 15 water
cluster in this work. b Global
minimum of 15 water cluster as
reported in Ref. [8]

RHF/6-31G** level (this basis set was used for comparison
with the structure reported in Ref. [8]). Frequency calcula-
tions confirmed that it is a minimum. This structure is shown
in Fig. 1a. By comparing with the global minimum (shown in
Fig. 1b), it can be seen that the new structure can be thought
to be two rings fused together; while, the structure in Fig. 1a
is like three almost symmetric layers. For 20 water cluster,
the minimum energy structure obtained was 10.4 kcal/mol
higher than the global minimum at the RHF/6-31G** level.
This structure is also confirmed to be a minimum by fre-
quency calculation. This structure is shown in Fig. 2a along
with the global minimum in Fig. 2b, which is much more
symmetric. The ten lowest energy structures obtained from
RHF/6-31G** optimization are shown in Table 1 for both 15
and 20 water clusters. It is to be noted that several other low
energy structures were obtained at the EFP level (like several
structures close to the structure shown in Fig. 1a); however,
not all structures were optimized at the RHF level. TIP5P
structures obtained by Wales [15] were also optimized at the

RHF/6-31G** level of theory and it was found that the 15
and 20 water clusters were 3.1 and 3.6 kcal/mol higher in
energy, respectively, than the global minima of Ref. [8].

Apart from the deficiency of the sampling technique, one
reason for not finding any structure close to the global min-
imum of 20 water cluster might be that no symmetry was
used in our simulation. It might be difficult to get a highly
symmetric structure by an automated procedure, as used in
the current study.

Though the success of finding global minimum in this
work can be termed as modest, it is to be noted that the
method described in this work is semi-automated. Moreover,
no chemical intuition was used in simulation, and the simu-
lation runs are by no means exhaustive. Preliminary investi-
gations only with one TSMC simulation run for each cluster
and subsequent simulated annealing method detected struc-
ture very close to the global minimum of 15 water cluster,
though it did not find any structure close to the global mini-
mum of 20 water cluster.
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Fig. 2 a Lowest energy structure obtained for 20 water cluster in this
work. b Global minimum of 20 water cluster as reported in Ref. [8]

Table 1 Relative energies (from the global minimum structures of
Ref. [8]) of the optimized structures at the RHF/6-31G** level for 15
and 20 water clusters

Serial number Relative energies/kcal/mol

(H2O)15 (H2O)20

1 1.2 10.4

2 8.3 15.4

3 8.7 17.5

4 9.0 21.9

5 12.0 22.2

6 12.0 22.3

7 12.5 23.6

8 12.7 24.8

9 13.2 26.5

10 13.7 28.0

One pertinent issue is the advantage of using TSMC as
opposed to doing simulation of EFP waters alone and then
optimizing those with RHF theory. Since, EFP water poten-
tial is very close to the QM, EFP only simulation may give
structures similar to the QM ones for water clusters. How-
ever, it is interesting to note that at structures far from equi-
librium, there are some differences between EFP and QM.
Moreover, in a more general sense, if both solute and waters
are present, the difference between EFP and QM is likely to
increase, and TSMC method can play an important role in
getting structures for these systems. The current work uses
only waters, since this is one of the best case scenarios as far
as the closeness of two potential functions are concerned.

4.3 Final conclusion

This work describes the viability of using the TSMC method
in getting stationary points of large molecular systems, using
an automated procedure. Previously studied 15 and 20 water
clusters were taken as our test system. Effective Fragment
Potential, which is a very accurate potential for water mole-
cules, was taken as the biasing potential. Preliminary exami-
nation of long MC simulation reveals that local optimizations
of the structures obtained from the simulation did not give any
structure very close to the global minimum for either 15 or 20
water clusters. Examination of the acceptance between the
two energy surfaces shows that even with a good potential
like EFP, at 300 K the acceptance rate is poor. Only after
performing the simulation at 2,000 K and tuning other simu-
lation parameters, an acceptance rate over 30% was obtained.
However, the naïve implementation of TSMC did not find
structures close to the global minimum. Simulated annealing,
starting from the several structures obtained from TSMC,
found structure about 1 kcal/mol higher in energy than the
global minimum of 15 cluster, although no structure close to
the global minimum of 20 water cluster was obtained. A more
extensive investigation of the same system by TSMC and
simulated annealing is in progress, which will be reported in
a future publication. However, the current manuscript showed
some important issues regarding the use of TSMC in geom-
etry optimization of large molecules, which will be used in
subsequent works.
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