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The importance of accurately treating van der Waals interactions between the quantum mechanical (QM) and
molecular mechanical (MM) atoms in hybrid QM/MM simulations has been investigated systematically. First,
a set of van der Waals (vdW) parameters was optimized for an approximate density functional method, the
self-consistent charge-tight binding density functional (SCC-DFTB) approach, based on small hydrogen-
bonding clusters. The sensitivity of condensed phase observables to the SCC-DFTB vdW parameters was
then quantitatively investigated by SCC-DFTB/MM simulations of several model systems using the optimized
set and two sets of extreme vdW parameters selected from the CHARMM22 forcefield. The model systems
include a model FAD molecule in solution and a solvated enediolate, and the properties studied include the
radial distribution functions of water molecules around the solute (model FAD and enediolate), the reduction
potential of the model FAD and the potential of mean force for an intramolecular proton transfer in the
enediolate. Although there are noticeable differences between parameter sets for gas-phase clusters and solvent
structures around the solute, thermodynamic quantities in the condensed phase (e.g., reduction potential and
potential of mean force) were found to be less sensitive to the numerical values of vdW parameters. The
differences between SCC-DFTB/MM results with the three vdW parameter sets for SCC-DFTB atoms were
explained in terms of the effects of the parameter set on solvation. The current study has made it clear that
efforts in improving the reliability of QM/MM methods for energetical properties in the condensed phase
should focus on components other than van der Waals interactions between QM and MM atoms.

1. Introduction

The analysis of chemical events in complex systems requires
a potential function that can describe electronic changes in the
region of interest. Current quantum mechanical approaches
provide such descriptions, but there are severe limitations in
the size of the systems that can be treated.1,2 To investigate the
effects of the environment on chemical events, approximations
must be made with either an implicit or explicit approach. For
biological systems, the inclusion of the protein and solvent
environment is paramount,3 and combined quantum mechanical
and molecular mechanical (QM/MM) methods4-6 are a popular
choice for such investigations. QM/MM methods enable theo-
retical computations of complex chemical events in large
systems by partitioning the system into a quantum region and
a molecular mechanics region. The application of the QM/MM
method can provide atomistic details of catalytic mechanisms
corresponding to experimental observables, which is valuable
for both fundamental understanding of enzyme catalysis and
realistic applications such as protein engineering.

The total Hamiltonian for the molecular system under
consideration in the QM/MM framework is

whereĤQM/MM describes the interaction between the QM and
MM atoms governed byĤQM and ĤMM, respectively. The
ĤQM/MM typically contains terms for the electrostatic, van der

Waals(vdW), and bonded interactions

The Ĥbonded
QM/MM is required when partitioning a single molecule

into quantum and molecular mechanics regions, as is most
common for applications to protein systems. For such partition-
ing, the molecular mechanical bonding term is retained between
the boundary QM and MM atoms, whereas the valency of the
QM region is satisfied with the addition of link atoms4 or frontier
bonds.7,8 The purpose of the vdW term is to estimate dispersion
attractions that fall off asr-6 and to prevent molecular collapse
being strongly repulsive at short interaction distances. In terms
of the magnitudes at typical interactomic distances, electrostatic
interactions usually overwhelm the vdW contributions, espe-
cially in polar systems such as enzymes. Due to the rapid
variation at short interatomic distances, however, the vdW
interactions (therefore vdW parameters) are important to the
equilibrium geometries of molecules treated by QM/MM in the
gas phase.4,9-12 In the condensed phase, on the other hand, due
to averaging over a large number of configurations, the question
of how important the precision of QM/MM van der Waals
interactions is to the molecular properties of common interest
is an interesting one, which has not been systematically explored
in the past. Moreover, the vdW interaction between QM and
MM atoms in the condensed phase may not only affect the
enthalpy of direct interactions but also have a substantial
entropic component, and the possibility of enthalpy/entropy
compensation has not been analyzed in details in previous work.

In the current paper, we report a systematic analysis on the* To whom the correspondence should be addressed.

Ĥ ) ĤQM + ĤQM/MM + ĤMM (1)

ĤQM/MM ) ĤvdW
QM/MM + Ĥelec

QM/MM + Ĥbonded
QM/MM (2)

6467J. Phys. Chem. B2004,108,6467-6478

10.1021/jp037992q CCC: $27.50 © 2004 American Chemical Society
Published on Web 04/23/2004



importance of van der Waals interactions in QM/MM simula-
tions, with emphasis on condensed phase properties, which we
believe is an indispensable step toward developing quantitative
QM/MM methods for studying complex systems. The work
consists of two major components. First, we realize that the
ĤvdW contains the most readily adjustable parameters, and the
implementation of new quantum mechanical methods to existing
MM force fields requires the optimization of these parameters.4

Recently, an approximate density functional approach termed
the self-consistent-charge density-functional-tight-binding method
(SCC-DFTB)13 has been introduced and implemented into the
CHARMM package for QM/MM calculations.14 Although SCC-
DFTB/MM investigations have produced useful mechanistic
insights for several enzyme systems,15-17 the vdW parameters
have yet to be optimized for more quantitative studies. In this
investigation, to improve the performance of SCC-DFTB/
CHARMM calculations, we have optimized the vdW parameters
for SCC-DFTB atoms (C, O, N, and H) using a set of hydrogen
bonding complexes chosen to represent the interaction of
selected amino acid side chains with water molecules. We verify
that the parameters are transferable between similar atomic
environments in different molecules.

Next, a systematic comparison between the optimized vdW
parameters (set Opt) and two extreme sets (set A and set B, see
section 2) of parameters taken from the CHARMM force field
is made for gas-phase interactions and condensed phase ob-
servables to determine the sensitivity of these observables with
respect to the parameters in SCC-DFTB/MM simulations.
Although the comparison of computational with experimental
results is paramount for realistic applications, the goal of this
analysis is not to compare with experiment but rather to
determine the variation of observables with QM vdW param-
eters. In the following, we will describe the computational
methods and simulation details in section 2 and the results and
discussion in section 3. This work will be summarized with
conclusions in section 4.

2. Computational Methods

2.1. QM/MM Energy Evaluation. According to eq 1, the
energy of QM/MM simulations is determined by combining the
Hamiltonians of the quantum mechanical and molecular me-
chanical regions with a QM/MM coupling term composed of
electrostatic, bonded, and van der Waals contributions

The QM approach used here is SCC-DFTB,13 which is very
efficient due mainly to approximations to the two-electron
integrals. This method introduces the charge self- consistency
at the level of Mulliken population and, accordingly, the QM
atoms interact with the MM sites electrostatically through
Mulliken partial charges14

whereQA and∆qB are the MM partial charges and Mulliken
partial charges, respectively. We note that although other
definitions of charges in SCC-DFTB and SCC-DFBT/MM
calculations can in principle be used instead of the simple
Mulliken charges, important parameters in SCC-DFTB (e.g.,
repulsive potentials) were optimized within the Mulliken

framework.13,18Therefore, improvement in the accuracy of SCC-
DFTB by adopting more sophisticated charges (e.g., NBO
charges19) is likely to be limited. One crucial limitation of using
Mulliken charges inUelec

QM/MM is that the anisotropy of inter-
actions tends to be underestimated (see section 3).

The vdW term consists of predetermined parameters described
by

where A and B are the indices for the MM and QM nuclei,
respectively, and RAB is the distance between QM and MM
nuclei. The vdW parameters are defined by the standard
combination rules:εAB ) (εAεB)1/2 andσAB ) 1/2(σA + σB),
where ε and σ describe the well depth and atomic radius,
respectively. Different QM methods require, in principle,
different vdW parameters for optimal results,10,9 and the
optimization of these parameters for SCC-DFTB is the first goal
in this investigation. This will be followed by a systematic study
on the quantitative importance of the precision of QM/MM van
der Waals interactions to results.

2.2. Optimization of van der Waals Parameters.A training
set of hydrogen bonded complexes (see Figure 1) were used to
optimize the vdW parameters for SCC-DFTB atoms in eq 5. In

Utot ) 〈Ψ|ĤQM + Ĥelec
QM|Ψ〉 + UvdW

QM/MM + Ubonded
QM/MM + UMM

(3)

Uelec
QM/MM ) ∑

A∈MM
∑

B∈QM

QA∆qB

|RA - RB|
(4)

Figure 1. Training set molecules. These complexes were chosen to
represent typical amino acid side chain interactions with water. This
set was used fot the optimization of the van der Waals parameters for
SCC-DFTB atom as required for SCC-DFTB/MM calculations, treating
the organic molecule with SCC-DFTB and the water with TIP3P. The
reference stationary point geometries presented here were optimized
at the B3LYP/6-31+G** level. Distances are in angstroms, and angles
are in degrees.

UvdW
QM/MM ) ∑

A∈MM
∑

B∈QM

εAB[(σAB

RAB
)12

- 2(σAB

RAB
)6] (5)
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addition to the training set, a set of hydrogen bonded complexes
not used in the parameter opimization (see Figure 2) were used
to verify the transferability of the parameters. The complexes
were chosen to capture amino acid interactions with water; a
subset of the complexes were used previously by M. Freindorf
and J. Gao in the optimization of vdW parameters for the HF/
3-21G/MM potential.10 We note that eq 5 is in a simplified form,
as in practice the vdW contribution would be limited to atoms
found within a defined cutoff.20

For all of the gas-phase complexes (Figures 1 and 2), the
water molecule was treated with MM using a modified TIP3P
model, as implemented in CHARMM,21 whereas the organic
molecule was treated with SCC-DFTB. To ensure the largest
transferrability, the vdW parameters were chosen to depend only
on the element type rather than atom type. The exception was
made for hydrogen, for which only the vdW parameters for polar
hydrogen atoms were optimized; for nonpolar hydrogen, the
standard CHARMM parameters were used. The vdW parameters
for C, O, N, and (polar) H were varied using a genetic algorithm
(GA)22 to determine a set that maximized the “fitness”. The
fitness (ø) is defined as the inverse of a weighted sum of
differences between values determined from the SCC-DFTB/
MM and the reference calculations:

where i is the index of the complex and the sum is over all

properties for all complexes. The properties included inø consist
of vertical hydrogen bond energies and the gradient for the
hydrogen bond distance and angle (should be zero at a stationary
point). For the SCC-DFTB/MM values, a finite difference
apporach was used to determine the gradient about the hydrogen
bond distances (0.02Å deviation) and angles (2.0° deviation)
associated with the reference structure (B3LYP/6-31+G**).
Although the analytical gradient was available for SCC-DFTB/
MM,14 the finite difference approach proved more convenient
here for the GA optimization.

The reference values were determined from B3LYP23-25

calculations using B3LYP/6-31+G** for geometry optimiza-
tions and B3LYP/6-311++G** 26,27 for single-point energy
evaluations for each complex. The reliability of density func-
tional theories for describing hydrogen bonded complexes has
been discussed rather extensively in the literature.28,29Although
it is well-known that local DFT methods tend to overestimate
intermolecular interactions, calculations using nonlocal func-
tionals (especially hybrid functionals) were found to be actually
rather reliable compared to high level ab initio methods. For
example, an early study by Salahub and co-workers28 on
prototypical hydrogen-bonding complexes such as water dimer
and formamide-water clusters found that DFT calculations
using several popular nonlocal functionals agreed well with MP2
and experimental results. More recently, Jorgensen and co-
workers29 have compared the performance of the popular
B3LYP method, MP2, and various high-level extrapolation-
based methods (CBS)30 for more than 50 hydrogen bonding
complexes involving organic molecules and water. It was also
found that the performance of B3LYP was quite impressive
compared to more sophisticated calculations, provided that basis
sets larger than 6-31+G** are used. Therefore, although it is
crucial to remember that dispersion interaction is missing from
popular implementations of DFT and could be important in
many occasions of biological significance (e.g., nucleic acid
base stacking31), one should note that B3LYP with a decent
basis set is a fairly robust approach for treating typical hydrogen-
bonding interactions (∼10 kcal/mol).

In the genetic algorithm, weighting (wi in eq 6) was used to
adjust the sensitivity of selected properties to the optimization;
for this study, weights of 3.0, 5.0, and 1.0 were used for the
interaction energies, hydrogen bond angles, and distances,
respectively. The different weights were chosen so that the
interaction energy evaluation was the most important followed
by the gradient calculations (where the gradient about the angle
needed a higher weight to compensate its smaller value in units
of kcal/mol‚degree). Similar results were obtained for minimiza-
tions with different weights. During the GA optimization,
consistent vdW values were found with various GA settings;
the values reported here were obtained with a micro-GA
technique with a population of 5 chromosomes that was allowed
to operate for 400 generations with uniform crossovers, see ref
32 for detailed descriptions and recommendations for the GA
options.

2.3. Gas-Phase Comparisons.Hydrogen bond distances and
energies were compared between the full B3LYP, full SCC-
DFTB, and SCC-DFTB/MM with opimized vdW parameters.
In addition, SCC-DFTB/MM calculations were also carried out
with two “extreme” sets, one with “maximal” vdW interaction
parameters (set A) and one with “minimal” vdW interaction
parameters (set B). The values for sets A and B were taken
directly from the CHARMM2221 force field selected in such a
way that set A contains the smallestσAB and largestεAB to
promote closer packing, whereas set B contains the largestσAB

Figure 2. Complexes not included in the optimization of the van der
Waals parameters for SCC-DFTB atoms. The stationary point geom-
etries presented here were optimized at the B3LYP/6-31+G** level.
These molecules were chosen as to represent similar hydrogen bonding
interactions in complexes that were different from the training set to
test the transferability of the van der Waals parameters treating the
organic molecule with SCC-DFTB and the water with TIP3P. Distances
are in angstroms, and angles are in degrees.

ø )

∑
i)1

wi [Yi(reference)- Yi(SCC- DFTB/MM)]2

∑
i)1

wi

(6)
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and smallestεAB thereby pushing out the MM solvent providing
a molecular surface that would tend to be more “slippery”. The
gas-phase comparisons were made for both the training set (see
Figure 1) and the set of hydrogen bonded complexes not used
in the parameter optimization (see Figure 2).

2.4. Condensed Phase Observables.To determine the effect
of vdW parameters on condensed phase observables, a series
of free energy and potential of mean force (PMF) calculations
were carried out using the SCC-DFTB/MM approach described
above with each of the three sets of vdW parameters. The free
energy and PMF calculations were chosen because they are the
typical type of simulations that characterize energetics of
chemical events in the condensed phase. The free energy was
determined for the process of reducing the isoalloxazine ring
of flavin adenine dinucleotide (FAD, see Scheme 1) in solution
using a thermodynamic integration scheme; this was compared
to the gas-phase potential energy difference to determine the
energetic effect of solvation. The PMF was determined for the
proton-transfer process in a model enediolate in solution (see
Scheme 2).

2.4.1. Reduction Potential of a Model FAD.All free energy
calculations for the model FAD reduction were carried out with
CPT33 molecular dynamics under periodic boundary conditions.
An FAD molecule was solvated in a 38 Å water box with 1769
water molecules. The nonbond interactions were determined on
an atom-atom pair basis with pair interactions terminated at
12 Å and reduced to zero at 12 Å using a shift function with a
dielectric constant of one. Bonds involving hydrogen were
constrained using the SHAKE algorithm;34 the system was
heated to 285, 300, or 325 K (see below) and equilibrated for
50 ps. The free energy derivatives were calculated with a
thermodynamic integration method35 until convergence (usually
about 200 ps) was achieved for three windows (λ ) 0, 0.5, and
1.0) converting the system from FAD to FAD-. Three windows
were expected to be sufficient for the free energy calculation
due to the expected linear response of the solvent.36,35The free
energy derivative was then integrated to determine the free
energy change.

Using a modified QM/MM potential, thermodynamic integra-
tion calculations for the reduction of FAD were carried out using
the dual topology single coordinate (DTSC) approach; the DTSC
method has been recently described in detail35 and will only be
briefly summarized here. This approach combines the ideas of
the dual-topology and single topology schemes into an approach
that describes the system with two electronic Hamiltonians and
one set of coordinates at each time step. A series of simulations
convert the potential energy of the system fromλ ) 0 (A )
FAD) to λ ) 1 (B ) FAD-) where the QM/MM potential of

the system is defined as

where A, B, and C correspond to FAD, FAD-, and TIP3P water,
respectively. The QM/MM interaction energies do not depend
on λ and the free energy derivative is determined from eq 7. If
the same set of vdW parameters are used for the interaction
between the MM and the two QM states, only the electrostatic
term contributes explicitly to the free energy derivative

whereUelec
FAD/MM (Uelec

FAD-/MM) is the total electronic energy of the
model FAD (FAD-) including the electrostatic interaction with
the MM solvent. The value ofλ defines the solute-solvent
interaction for which the difference between the potential
energies for both end states is averaged. The free energy of
reduction is then calculated from the free energy derivative by
determining the functional dependence onλ and integrating from
λ ) 0.0 to 1.0. As emphasized in previous work,35-37 although
a single set of coordinates is used for both electronic states at
each time-step, the method is formally exact due to the state
character of free energy. The error in practical simulations arises
from the fact that bonds involving hydrogen were usually
constrained to be the same length in both end states, which is
usually of a negligible magnitude.

In addition to determining the reduction potential, entropic
and enthalpic contributions to the reduction potential were
calculated (see section 3 for more discussion of motivations)
based on a finite difference approach assuming a linear
dependence of the free energy change on temperature (285, 300,
and 325 K). The entropic term was determined from the negative
slope of the linear fit, as represented by the thermodynamic
relationship

and the enthalpic term was determined from the intercept of
the linear fit of the temperature dependence of the free energy
change. Although it is computationaly expensive, the finite
difference approach provides relatively accurate estimates of
thermodynamic quantities although it is clearly limited by the
accuracy of the method used to determine the free energy;
methods for determining the enthalpy and entropy changes have
been surveyed in a recent article.38 Once again, although the
accuracy of the SCC-DFTB/MM approach is an important issue
when comparing with experiment,35,37 this study aims to
determine the relative variation of observables between vdW
parameter sets, and changes in entropic and enthalpic contribu-
tions allow for a more quantitative look at the free energy
change.

2.4.2. Potential of Mean Force Calculations.To illustrate the
effect of the vdW parameters on QM/MM calculations of
chemical reactions, the potential of mean force (PMF) for the
proton transfer in a model enediolate molecule in water was
studied. As discussed in previous work, this model was
motivated by a possible step in the catalytic cycle of triose-

SCHEME 1

SCHEME 2

U(XA,XB,XC) ) (1 - λ)〈ΦA|ĤAA(XA) +
ĤAC(XA,XC)|ΦA〉 + λ〈ΦB|ĤBB(XB) + ĤBC(XB,XC)|ΦB〉 +

UCC(XC) (7)

∂G(X;λ)
∂λ

) 〈∂U(λ)
∂λ 〉

λ
(8)

) 〈Uelec
FAD-/MM(XQM,XMM) - Uelec

FAD/MM(XQM,XMM)〉λ

(9)

∆S) -(∂∆G
∂T )N,P

(10)
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phosphate isomerase.39 As a first approximation, adiabatic maps
and PMF profiles were compared for the three sets of vdW
parameters in the presence of water in a 30 Å box with periodic
boundary conditions applied. The adiabatic map consisted of
energy minimizations along the reaction pathway, as defined
by the difference between O1-H and H-O2 distances as the
proton shifts from one oxygen to the other (Scheme 2). Then
for each set of vdW parameters, PMF calculations were carried
out with a set of SCC-DFTB/MM CPT molecular dynamics
simulations with umbrella sampling40 along the same proton-
transfer reaction coordinate (δ ) rO1-H - rH-O2)

where W(δ) depends on temperature and the probability
distribution (F(δ)) of observing the system along the reaction
coordinate. To prepare the system, an unconstrained enediolate
system was heated and equilibrated for 50 ps, and then a series
of 50 ps simulations with harmonic potentials applied to restrain
the transfer proton at different points along the reaction
coordinate were carried out. The actual distances between
enediolate oxygens and the transfer proton were recorded at each
step for all windows, and the weighted histogram analysis
method (WHAM)41 was used to determine the PMF along the
approximate reaction coordinate,δ.

3. Results and Discussion

3.1. Gas-Phase Comparisons.3.1.1. Hydrogen Bonding
Complexes.Overall, the optimized parameters for SCC-DFTB
atoms were found to increase the accuracy of predicted gas-
phase hydrogen bond lengths and interaction energies when
compared to the two extreme parameter sets (A and B) taken
from the CHARMM22 force field; the optimized parameters
were found to be transferrable when applied to the set of
molecules not included in the training set (Figure 2).

More specifically, the optimized parameters recognized more
of the reference stationary points than either of the other two
parameter sets (Figure 3). For the training set of complexes,
the RMS error in the hydrogen bond distance (interaction
energy) was 0.08 (1.2), 0.10 (1.2), and 0.40 (3.4)Å (kcal/mol)
for set Opt, set A, and set B respectively (Table 3). Similar
results were found when the parameters were applied to the set
of molecules not included in the optimization set (Table 3). All
RMS calculations only included complexes with SCC-DFTB/
MM stationary points. Parameter set Opt failed to locate
stationary points corresponding to molecules 6 and 23 (Figure
1 and Figure 2); parameter set A failed to locate stationary points
for molecules 6, 21, 23, and 33; parameter set B failed to locate
stationary points for molecules 6, 11, 23, and 33. For the three
sets, molecule 6 shifted the in-plane water to a configuration
similar to molecule 5, but with the water at a further distance
and rotated into the same plane as the carbocation containing

Figure 3. Interaction energies for the full SCC-DFTB and SCC-DFTB/MM with different van der Waals parameters (set Opt, A, and B) plotted
against the B3LYP results. The direct comparison between B3LYP/6-311++G** interaction energies plotted on thex-axis and the (a) full SCC-
DFTB, (b) SCC-DFTB/MM set Opt, (c) SCC-DFTB/MM set A, and (d) SCC-DFTB/MM set B. Those values for the SCC-DFTB/MM interaction
energy equal to zero correspond to the stationary points not observed (see text).

W(δ) ) -kBTlnF(δ) (11)
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the lysine analogue (Figure 1). For all three sets the starting
geometry of molecule 23 minimized to molecule 24 (Figure
2). For set A, molecule 21 minimized to 19; for set B molecule
11 minimized to molecule 10.

The SCC-DFTB/MM with optimized vdW parameters was
found to yield more accurate hydrogen bond interaction energies
but less accurate geometries than the full SCC-DFTB when
compared to the reference results from B3LYP calculations. The
full SCC-DFTB hydrogen bond interaction energies were
underestimated by about 2-3 kcal/mol yielding an RMS of 3.0
kcal/mol for the training set, while the geometries were the most
accurate compared to the reference geometries yielding an RMS
of 0.07 Å for the hydrogen bond lengths (Table 3).

Although interaction energies and bond lengths improved for
the optimized set of vdW parameters, the angles did not (which
most likely contributes to the inability to recognize some

stationary points) and still remain a limitation for the SCC-
DFTB/MM approach due to the coupling between the quantum
and molecular mechanics regions. As mentioned above (eq 4),
SCC-DFTB/MM uses the Mulliken partial charges to determine
the electrostatic interaction between the QM and MM atoms14

and, thus, ignores the shape of the QM molecular orbitals. As
a result, the anisotropy of the QM/MM interactions is under-
estimated with the current implementation. An improved SCC-
DFTB/MM approach with an orbital description, e.g., using the
analytical one-electron operator for the interaction between the
QM electrons and MM partial charges as in most ab initio or
DFT based QM/MM implementations5,42 may improve bond
angles for the gas phase, but this may prove to be of limited
practical value when applied to condensed phase systems. Future
work will investigate this issue further.

3.1.2. FAD Water Cluster.The results of the potential energy
difference calculations for a small water FAD cluster with full
SCC-DFTB and SCC-DFTB/MM (set Opt, set A, and set B)
were carried out to compare the interaction of water molecules
with isoalloxazine treated at the full SCC-DFTB level to the
SCC-DFTB/MM treatment where the isoalloxazine is treated
with SCC-DFTB and the waters are described by a modified
TIP3P model. The initial cluster was taken from a SCC-DFTB/
MM (set Opt) molecular dynamics snapshot, including all waters
within 3.0 Å of the neutral isoalloxazine. See the Supporting
Information for the relaxed cluster geometries. The clusters were
then minimized with the three vdW parameter set SCC-DFTB/
MM and full SCC-DFTB for the neutral and reduced isoallox-
azine in order to qualitatively compare observable interactions
that would be present during a typical MD simulation. Overall
the optimized parameters performed best in predicting the full
SCC-DFTB hydrogen bond lengths and reduction potential with
the smallest deviation for the reduction potential of-4.7 kcal/
mol as compared the-5.3 and+7.0 kcal/mol for set A and set
B, respectively (Table 4). The very large change in the reduction
potential for set B was due to the different hydrogen bonding
environment around the model FAD upon geometry minimiza-
tion.

3.2. Condensed Phase Observables.The most relevant
application and test for the SCC-DFTB/MM is in the condensed
phase, and this investigation is intended to determine the
magnitudes of difference that the vdW parameters for SCC-
DFTB atoms can be reflected in condensed phase observables.
Overall, there were differences observed between parameter sets
for the condensed phase observables, and the expected trend of

TABLE 1: van der Waals (vdW) Parameter Sets for
SCC-DFTB Atoms in SCC-DFTB/MM Calculations

atom
set Opta

(Å)
set Opta

(kcal/mol)
set Ab

(Å)
set Ab

(kcal/mol)
set Bb

(Å)
set Bb

(kcal/mol)

C 1.70 -0.160 1.71 -0.110 2.68 -0.002
O 1.85 -0.067 1.70 -0.160 2.37 -0.001
N 1.92 -0.110 1.85 -0.200 2.15 -0.100
H 0.28 -0.039 0.23 -0.100 1.49 -0.008

a Optimized set of vdW parameters from the current work.b Extreme
parameter sets selected from the CHARMM22 forcefield. Set A (set
B) was selected to minimize (maximize) the hard sphere radius and
maximize (minimize) the well depth.

TABLE 2: Hydrogen Bond Interaction Energies (Distances)
for the Set of Complexes Used for Optimization (1-18) and
Testing (19-33) at Different Levels of Calculationa

B3LYPb SCC-DFTB set Optc set Ac set Bc

1 -4.5 (1.99) -2.4 (2.03) -5.7 (1.90) -6.2 (1.84) -4.4 (1.88)
2 -7.5 (1.91) -3.4 (2.01) -4.4 (1.88) -4.3 (1.86) -1.7 (2.46)
3 -7.5 (1.85) -5.0 (1.87) -7.6 (1.81) -8.2 (1.75) -6.3 (1.82)
4 -5.1 (2.06) -3.4 (1.98) -5.4 (1.89) -5.4 (1.90) -3.0 (2.59)
5 -17.8 (3.37) -13.1 (3.28) -15.9 (3.37) -16.0 (3.38) -11.4 (3.92)
6 -14.0 (1.85) -11.2 (1.80)
7 -5.8 (1.93) -4.2 (1.90) -6.3 (1.87) -6.8 (1.81) -5.0 (1.84)
8 -10.3 (1.79) -7.7 (1.81) -9.2 (1.79) -10.2 (1.77) -6.0 (1.86)
9 -3.7 (2.05) -2.2 (2.02) -3.9 (2.02) -4.3 (1.93) -2.4 (1.96)

10 -19.5 (1.70) -17.0 (1.67) -19.5 (1.68) -19.4 (1.70)
11 -16.0 (2.76) -13.3 (2.63) -16.6 (2.78) -16.6 (2.80) -13.8 (3.08)
12 -7.3 (1.93) -4.4 (2.01) -5.9 (2.02) -6.0 (2.03) -3.2 (2.26)
13 -5.8 (1.99) -3.9 (1.93) -4.6 (1.85) -4.7 (1.86) -3.3 (2.54)
14 -17.5 (1.67) -13.0 (1.72) -16.1 (1.79) -16.8 (1.73) -15.1 (1.77)
15 -20.8 (3.17) -16.3 (3.04) -20.7 (3.07) -21.8 (3.02) -19.4 (3.10)
16 -16.2 (1.73) -12.8 (1.75) -15.6 (1.72) -15.6 (1.73) -10.5 (2.60)
17 -5.6 (1.92) -3.5 (1.88) -5.3 (1.79) -5.8 (1.76) -2.3 (2.53)
18 -6.1 (1.88) -3.2 (1.91) -4.7 (1.87) -5.2 (1.81) -4.0 (1.90)
19 -6.4 (1.92) -4.4 (1.89) -6.5 (1.90) -7.0 (1.84) -5.0 (1.85)
20 -8.1 (1.84) -5.6 (1.85) -8.4 (1.75) -8.9 (1.72) -4.1 (2.48)
21 -5.1 (1.99) -3.6 (1.93) -5.1 (1.87) -4.8 (1.89)
22 -11.8 (1.83) -8.5 (1.93) -10.8 (1.85) -11.4 (1.78) -8.4 (1.81)
23 -5.7 (1.92) -4.1 (1.89)
24 -9.9 (1.97) -6.3 (1.96) -6.9 (2.15) -7.1 (2.15) -4.2 (2.33)
25 -6.9 (1.86) -4.3 (1.88) -5.9 (1.82) -6.4 (1.76) -5.6 (1.84)
26 -6.9 (1.87) -4.5 (1.92) -7.9 (1.78) -8.7 (1.72) -6.2 (1.81)
27 -6.4 (1.89) -4.1 (1.89) -5.6 (1.84) -6.1 (1.77) -5.3 (1.85)
28 -9.4 (1.90) -6.3 (1.89) -7.9 (1.87) -8.4 (1.80) -6.4 (1.84)
29 -5.7 (2.00) -3.5 (1.95) -5.1 (1.88) -5.2 (1.89) -2.9 (2.57)
30 -7.5 (2.13) -5.6 (2.07) -8.4 (2.01) -8.6 (2.02) -7.1 (1.87)
31 -8.9 (1.89) -6.7 (1.88) -8.0 (1.85) -18.7 (1.77) -6.5 (1.80)
32 -8.2 (1.92) -5.9 (1.91) -7.3 (1.88) -7.8 (1.81) -5.7 (1.83)
33 -8.2 (2.08) -4.9 (2.03) -5.8 (2.13)

a The interaction energies were calculated adiabatically and are given
in kcal/mol; the distances are given in Å.b Basis set for energy
evaluation//geometry optimization is 6-311++G(d,p)//6-31+G(d,p).
c Stationary points not observed are denoted by empty entries.

TABLE 3: RMS Errors for Interaction Energy and
Hydrogen Bond Length of SCC-DFTB and SCC-DFTB/MM
Compared to B3LYPa Reference Values Determined for the
Set of Complexes Used for Optimizing (Testing) the van der
Waals Parameters

calculation
interaction energy

(kcal/mol)
hydrogen bond length

(Å)

SCC-DFTB 3.0 (2.5) 0.07 (0.04)
SCC-DFTB/MM 1.2 (1.2) 0.08 (0.09)
set Opt
SCC-DFTB/MM 1.2 (1.1) 0.10 (0.12)
set A
SCC-DFTB/MM 3.4 (2.5) 0.40 (0.27)
set B

a Basis set for energy evaluation//geometry optimization is
6-311++G(d,p)//6-31+G(d,p). The RMS calculations for SCC-DFTB/
MM do not include values for the stationary points that were not
observed; Set Opt:6 and 23; set A: 6, 21, 23, and 33; set B: 6, 11, 23,
and 33.
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observables for the optimized parameter set being sandwiched
between the two extreme sets was seen; the radial distribution
functions indicated the tightest solvation for set A and the losest
solvation with a loss of specificity for set B. The free energy

and PMF results were, by contrast, less sensitive to the vdW
parameters; the free energy and PMF were even reasonable for
set B, which fell within 2 kcal/mol of the optimized values.

3.2.1. Radial Distribution Functions.Investigations of radial
distribution functions,g(r), about different solute atoms can
provide insights into changes in local solvent structure due to
differences in the overall QM/MM interaction potential. In this
study, we calculated radial distribution functions of TIP3P water
molecules about the neutral and reduced states of the model
FAD as well as an enediolate to determine the effects of different
vdW parameters for the QM atoms and chemical states of the
solute on the distribution of waters. For FAD, the radial
distributions about a hydrophobic carbon atom (C7, Scheme 1)
and hydrophillic carbonyl oxygen (Ob, Scheme 1) are discussed
here; other radial distribution plots have been included in the
Supporting Information. For the enediolate radial distributions
about the hydroxyl oxygen and transferring proton along with
the proton accepting carbonyl oxygen are discussed here.

Noticeable differences between vdW parameter sets for radial
distributions of water molecules about the neutral and reduced
states of the FAD are observed. The distribition of water
molecules about C7 in FAD (Scheme 1) are similar for both
the set Opt and set A, whereas the first peak (2.1 Å) is lost for
the set B simulation (Figure 4b); set B pushes the distributions
out by about 1.0 Å for both the neutral and reduced states of

Figure 4. Radial distribution functions of TIP3P waters about the model FAD molecule (7,8-dimethyl isoalloxazine). The distributions of TIP3P
hydrogens about (a,b) C7 and (c,d) Ob (Scheme 1) for the (a,c) neutral and (b,d) reduced states of FAD calculated from SCC-DFTB/MM CPT
molecular dynamics with periodic boundary conditions. Each production run consisted of about 600 ps (see section 2 for details).

TABLE 4: Comparison of the Gas Phase Potential Energy
Changes with the QM/MM Free Energy for the Reduction of
FADa in the Condensed Phase Calculated with Three Sets of
vdW Parameters

calculation

∆E
gas phase,
kcal/mol

∆E
cluster,c

kcal/mol

∆G
at 300 K,
kcal/mol

∆Sd,
cal/mol

∆Hd,
kcal/mol

B3LYPb -44.8
SCC-DFTB -37.3 -58.7
set Opt -54.0 -70.9 -12.4 -74.6
set A -53.4 -72.1 -10.2 -75.0
set B -65.7 -68.7 -15.1 -73.3

a 7,8-Dimethyl isoalloxazine was used as an FAD analog.b Basis
set for energy evaluation//geometry optimization is 6-311++G(d,p)//
6-31+G(d,p). c The initial geometry for the small cluster calculations
was taken from a set Opt SCC-DFTB/MM molecular dynamics snapshot
including the nearest 15 water molecules. The initial structure was then
relaxed for the neutral and reduced states of FAD for each parameter
set and the energy difference between both states was determined.d The
changes in the entropic and enthalpic terms were determined from the
linear fit for the free energy change as a function of temperature; the
entropy change was determined from the negative of the slope, and
the enthalpy change was determined from the intercept.
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FAD (Figure 4a,b). For the distribution of water molecules about
the reduced FAD oxygen atom (Ob in Scheme 1), set A has
the highest number of water molecules in the first peak (2.6),
whereas the set Opt has a peak height of 2.2 and set B 2.1
(Figure 4d); there is a slight shift of the set A peak to a shorter
distance when compared to set Opt and set B, revealing a tighter
first solvation shell. A similar shift was determined for distribu-
tion of water molecules about the caboxyl oxygen of neutral
FAD for set A (Figure 4c). The differences between the peak
heights for set Opt and set B are more substantial about the Ob
of the neutral FAD. Similar differences are seen for the second
peak between set A and set Opt, while for set B, the peaks are
significantly reduced.

Similar trends were found for the distribution of water
molecules about enediolate (Scheme 2). For the distribution of
water molecules about the carbonyl oxygen (Figure 5a), the first
solvation shell for set Opt and set B are again shifted outward
(by about 0.2 Å) relative to set A, and the peak heights are
again lower than set A (with set A at 5.5, set Opt at 4.5, and
set B at 3.9). Similar shifts and differences in peak height are
observed in the second peak. Similar trends can be seen in the
distribution of water about the transferring proton (Figure 5b);
the overall distribution for set B has been shifted much lower
for the first two peaks. For the distribution of water about the

hydroxyl oxygen, the first peak observed for set A and set Opt
was not present at all for set B (Figure 5c).

3.2.2. FAD Reduction Potential.For the reduction of FAD,
it is interesting to consider the differences in charge distributions
between the neutral and reduced states. If the addition of one
electron was fairly localized, say about one atom, then the Born
model43,44of solvation may be used to crudely estimate the free
energy associated with charging the FAD from the neutral to
reduced state in solution. When considering the role of FAD in
protein systems, it seems unlikely that such localized charges
would be observed. FAD spreads the electron density over its
highly conjugated ring structure, and indeed, the Mulliken partial
charge analysis of FAD in small water clusters yields a fairly
spread out electron distribution; therefore, other approaches to
calculating the solvation free energy change must be consid-
ered.36 In this study, we determine the free energy required to
charge up a FAD molecule in solution and its dependence on
the vdW parameters for SCC-DFTB atoms. As mentioned
above, the DTSC approach proves to be very convenient here
since the initial and final states of the molecule are very similar;
an example of the convergence of the free energy derivative
along with the linear fit of its converged values are shown in
Figure 6. Overall, the reduction potential was found to be fairly
insensitive to the vdW parameter sets (ranging from-68.7 for

Figure 5. Radial distribution functions of TIP3P water about an enediolate (Scheme 2). The distribution of (a) TIP3P hydrogens about the carbonyl
O, (b) TIP3P oxygens about the transfer protons, and (c) TIP3P hydrogens about the hydroxyl oxygen were calculated from SCC-DFTB/MM CPT
molecular dynamics with periodic boundary conditions for the three van der Waals parameter sets. Each production run consisted of about 2 ns (see
section 2 for details).
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set B to-72.1 kcal/mol for set A) and the large deviation of
the set B reduction potential observed in the gas phase FAD-
water clusters reduced significantly to about 2 kcal/mol below
the set Opt results (Table 4).

To further analyze the effect of van der Waals interactions
on the computed reduction potential, we consider the well
established thermodynamic cycle as shown in Scheme 3. Due
to the state-function character of free energies, the reduction
free energy in solution (∆GAB

aq , here A) FAD, B ) FAD-) is
equal to the gas-phase value (∆GAB

gas) plus the difference in the
solvation free energies (∆GA/B

slv ). Since∆GAB
gas does not include

any MM component, the QM/MM interactions (electrostatic plus
van der Waals) influence∆GAB

aq via the solvation free energies.
Because FAD- is better solvated than the charge neutral FAD,
it is not surprising that the reduction free energy is about 30
kcal/mol more favorable in the condensed phase than in the
gas phase (Table 4). Furthermore, as discussed above, set A in
general has the tightest solvent structure around the solute,
whereas set B has the loosest solvation structure; thus, it is
expected that set B has the smallest solvation contribution and
therefore the smallest increase in reduction free energy upon
solvation; this is indeed what was found here, as set B has a
lower reduction free energy than set A and set Opt by 3.4 and
2.2 kcal/mol, respectively (Table 4).

It is interesting to further explore the origin of the weak
dependence of the reduction potential on the QM vdW
parameters. It could be a simple consequence of error cancel-
lation; that is, errors in the solvation free energies of A and B
cancel out in computing∆GAB

aq . Alternatively, it is possible
that enthalpy-entropy compensation45,46 makes solvation free
energies of both A and B rather insensitive to the QM vdW
parameters. Instead of explicitly computing solvation free
energies, we restrict ourselves here to an estimate of enthalpic

and entropic components of the reduction free energy in solution
with different QM vdW parameters. If enthalpy-entropy
compensation plays a major role, we expect that the variation
in the enthalpic/entropic component with QM vdW parameters
is larger compared to that in the reduction free energy.

As shown in Figure 7 and Table 4, for all three parameter
sets, the entropy was found to decrease while the enthalpic term
became more negative upon reduction as is consistent with this
exothermic process. Parameter set B has the smallest enthalpic
change and the largest entropic change leading to the smallest
free energy change overall (Table 4). The qualitative differences
between parameter sets for the enthalpy and entropy are
consistent with expectation. The favorable enthalpic term is due
to the stronger interaction of the solvent molecules with the
reduced FAD, whereas the negative entropy change implies that
the solvent in the charged (FAD-) system is more restricted
configurationally. Set B has the largest entropy change because
the negative charge of FAD- has the largest effect relative to
the neutral state in pulling solvent molecules closer as compared
to set A and set Opt; thus, the overall change in configurational
flexibility is greatest for set B. Quantitatively, the variations in

Figure 6. Examples of the free energy derivative convergence and integration. (a) The convergence of the free energy derivative is plotted as a
function of time; these calculations were run at 300 K with SCC-DFTB/MM CPT molecular dynamics with peridic boundary conditions applied.
(b) A plot of the converged free energy derivative for the three perturbative steps. Integration of the equation for the linear fit fromλ ) 0 to 1
determines the free energy change.

SCHEME 3

Figure 7. Plot of the temperature dependence of the free energy used
to determine entropic and enthalpic contributions to the reduction of
FAD.
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the enthalpy and entropy are smaller than that in the free energy,
e.g., the reduction free energy of the optimized set is ap-
proximately 1 kcal/mol less favorable than set A, consisting of
a 0.6 kcal/mol of entropic and 0.4 kcal/mol of enthalpic
contribution. Therefore, it seems unlikely that enthalpy-entropy
compensation is a major effect here, and error cancellation is
the main origin behind the weak dependence of the reduction
free energy on QM vdW parameters. Explicit exploration of
the dependence of QM/MM solvation free energy on QM vdW
parameters will be carried out to verify this point in the future.

Finally, an additional reduction potential simulation was run
at 300 K using set B with a switch to the optimized parameters
for only the carbon atoms. The resulting reduction potential was
∼ -70.7 kcal/mol, only 0.2 kcal/mol less favorable than the
optimized result. This is reasonable when considering the extra
charge is spread throughout the molecule and as most of the
molecule consists of carbon atoms, a change in the carbon
parameters would have the largest effect.

3.2.3. Potential of Mean Force.Similar to the reduction
potentials, the PMF curves were found to be fairly insensitive
to the vdW parameter set, yielding very similar barriers and
shapes. There are some noticeable differences that were
consistent with the trends observed in the radial distribution
and free energy calculations: the optimized set falls between
the set B and set A result as expected. The free energy barriers
(8.5, 9.2, and 9.5 kcal/mol for sets B, Opt, and A, Table 5) are
all slightly higher than the gas-phase potential barrier (8.2 kcal/
mol). Set B yielded the lowest barrier (8.5 kcal/mol), and
shortest reaction path with minima at around(1.2 Å (Figure
8). Set A yielded the highest barrier (9.8 kcal/mol) with the
broadest reaction path where the minima are at around(1.5 Å
(Figure 8). Set Opt yielded a barrier 0.7 kcal/mol above set B
and 0.6 kcal/mol below set A with minima at around(1.4 Å
(Figure 8). These results imply that the tighter the solvation of
the enediolate the more difficult it is to transfer the proton within
the molecule. This is supported by the radial distribution
functions of water molecules about the acceptor oxygen (Figure
5a). The acceptor oxygen has from 3.5 to 5.5 TIP3P hydrogens
in the first peak, at 1.9 Å, whereas the hydroxyl oxygen has far
fewer and is even lacking in set B (Figure 5c).

4. Concluding Remarks

Hybrid QM/MM approaches are, in principle, powerful
techniques for exploring chemical events in complex molecular

environments. The practical value of QM/MM simulations,
however, may depend critically on many parameters such as
the treatment of long-range electrostatics and the amount of
conformational sampling. The details of interaction between the
QM and MM atoms, which often includes both electrostatic and
van der Waals components, certainly may have a large impact
on the accuracy of the final results. In this investigation, we
explored the importance of van der Waals interactions on the
results of QM/MM simulations with an approximate density
functional theory (SCC-DFTB) coupled to the TIP3P water
model as an example. First, the vdW parameters for SCC-DFTB
atoms were optimized for use in SCC-DFTB/MM calculations.
The vdW parameters were found to be transferable to hydrogen
bonding interactions in molecules not included in the training
set of molecules. The effects of different vdW parameters for
SCC-DFTB atoms were tested in the gas and condensed phase
by using three different parameter sets. It was found that,
although there were noticeable differences between solvent
radial distribution functions around the solute for the three vdW
parameters sets, overall the variations in thermodynamic quanti-
ties (reduction free energy of a model FAD and potential of
mean force for a proton transfer) were rather small. Nevertheless,
the observed trends in the simulation results are not random.
The condensed phase observables for set Opt are always flanked
by set B and set A: radial distribution functions are pushed
out for set B and pulled into the solute for set A. Set B yielded
the lowest, whereas set A yielded the highest reduction potential
for FAD due to differences in stabilization of the reduced state
by the solvent, and set B yielded the lowest barrier, whereas
set A yielded the highest for the intramolecular proton transfer
in enediolate as can be understood in terms of the tighter
solvation shell about the acceptor oxygen. The free energy of
reduction was decomposed into enthalpic and entropic contribu-
tions, and set B yielded a less favorable enthalpy and entropy
change for the reduction of FAD due the balancing of the
repulsive vdW parameters and the electrostatic interactions of
the solvent with either the neutral or reduced state of FAD.
These observations indicate that it is unlikely that enthalpy-
entropy compensation plays a major role and it is simply
cancellation of errors in solvation energies (see Scheme 3) that

TABLE 5: Comparison of the B3LYP Gas Phase Potential
Energy Barrier with the Condensed Phase QM/MM Free
Energy Barriers, Calculated with Three Sets of van der
Waals Parameters, for the Intramolecular Proton Transfer
in Enediolate

gas phase
(kcal/mol)

adiabatic mapc

(kcal/mol)
PMFc

(kcal/mol)

B3LYPa 8.7 [9.5]
SCC-DFTB 8.2
set Optb 9.8 9.2
set Ab 10.4 9.8
set Bb 10.4 8.5

a Basis set for energy evaluation//structure optimization was
6-311+G(d,p)//6-31+G(d,p). b SCC-DFTB/TIP3P calculations using
different set of van der Waals parameters for the SCC-DFTB atoms.
c The approximate reaction coordinate is the anti-symmetric stretch
involving the donor oxygen, transferring proton and the acceptor oxygen
(see text and Fig. 8). The adiabatic map was generated using a random
solvent configuration collected from a CPT MD simulation, and the
PMF was generated using umbrella sampling with CPT MD simulations
(see text for more details).

Figure 8. Potential of mean force for the intramolecular proton transfer
in an enediolate. A series of umbrella sampling simulations were run
to determine the effect of the van der Waals parameter set for SCC-
DFTB atoms on the PMF where the reaction coordinate is taken to be
δ, which is the anti-symmetric stretch involving the two oxygen atoms
and the proton (see text).
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makes relative thermodynamic quantities depend weakly on the
QM vdW parameters.

Although the results reported here were obtained using the
SCC-DFTB/MM potential, the qualitative conclusions are likely
to be applicable to QM/MM simulations in general. The results
provide some leniency in the choice of vdW parameters when
applying QM/MM to condensed phase systems, although one
should always be careful in the selection of parameters to retain
physical reality, especially when considering some of the
changes to the radial distribution functions calculated with the
set B parameters. Moreover, considering the rapid variation of
the van der Waals interactions, it is also likely that the choice
of QM/MM vdW parameters has a significant effect on
dynamical observables, such as the rate of vibrational relaxation
in the condensed phase;47 this will be investigated systematically
in the future.

Finally, it is useful to briefly summarize the applicability of
the SCC-DFTB and SCC-DFTB/MM approach in the current
form, which appear to be more reliable than methods based on
traditional semiempirical methods in many systems tested so
far.14,48-50,18,51,52As to the full SCC-DFTB, both previous53 and
current benchmark calculations indicate that it is very reliable
for hydrogen bonding geometries (including angles), although
it tends to systematically underestimate the energetics of
hydrogen bonding interactions by 2-3 kcal/mol. With a
reasonable set of van der Waals parameters, SCC-DFTB/MM
produces both reliable geometries and energetics for hydrogen
bonding type of interactions, with errors in energetics even
smaller than that of full SCC-DFTB for the systems tested here.
Therefore, we expect that SCC-DFTB/MM is well suited for
studying energetics associated with chemical processes occurring
in polar environments (such as water and biomolecules), as far
as the van der Waals parameters for the SCC-DFTB atoms do
not take extreme values. The current study made it clear that to
improve the reliability of SCC-DFTB/MM method efforts should
be focused on components other than the van der Waals
interaction. First, it is worth going beyond the Mulliken charge
representation for the QM/MM electrostatic interaction, which
might improve the anisotropy of such interactions. Second,
especially in applications where nonpolar effects might be
important, dispersion interactions among SCC-DFTB atoms
should be taken into account.15 Finally, to study chemical
processes in complex environments such as protein-nucleic-
acid complexes or systems embedded in lipid membranes, it is
crucial to construct efficient algorithms for describing interac-
tions between SCC-DFTB atoms and the environment. These
areas are being actively pursued in our research group.
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