
Abstract. A technique for implementing the integrated
molecular orbital and molecular mechanics (IMOMM)
methodology developed by Maseras and Morokuma
that is used to perform combined quantum mechanics/
molecular mechanics (QM/MM) molecular dynamics
simulations, frequency calculations and simulations of
macromolecules including explicit solvent is presented.
Although the IMOMM methodology is generalized to
any coordinate system, the implementation ®rst de-
scribed by Maseras and Morokuma requires that the
QM and MM gradients be transformed into internal
coordinates before they are added together. This coor-
dinate transformation can be cumbersome for macro-
molecular systems and can become ill-de®ned during the
course of a molecular dynamics simulation. We describe
an implementation of the IMOMM method in which the
QM and MM gradients are combined in the cartesian
coordinate system, thereby avoiding potential problems
associated with using the internal coordinate system.
The implementation can be used to perform combined
QM/MM molecular dynamics simulations and frequen-
cy calculations within the IMOMM framework. Finally,
we have examined the applicability of thermochemical
data derived from IMOMM framework. Finally, we
have examined the applicability of thermochemical data
derived from IMOMM frequency calculations.

Key words: Macromolecular systems ± Molecular
dynamics ± Quantum mechanics ± Molecular
mechanics ± Frequencies

1 Introduction

The combined quantum mechanics and molecular
mechanics (QM/MM) method [1±7] has recently re-

ceived signi®cant attention [5] because it holds the
promise of allowing simulations of bond breaking and
forming processes within large molecular systems. The
combined QM/MM approach involves partitioning the
system into QM and MM regions whereby the
molecular potential is determined partially by a QM
electronic structure calculation and partially by a MM
force ®eld.

Although the combined QM/MM method is con-
ceptually simple, there are some substantial practical
issues to contend with. This is particularly true, if the
QM/MM partition occurs within the same molecule as
illustrated in Fig. 1a. Here, the di�culty lies in the fact
that at least one covalent bond will involve an atom
from the QM region and one from the MM region,
and therefore the electronic system of the QM region
must in some way be truncated as the QM/MM
boundary is crossed along these bonds. A simple so-
lution to this truncation problem, ®rst proposed by
Singh and Kollman [2], involves capping the electronic
system of the QM region with ``capping'' atoms. In this
way, the electronic structure calculation is performed
on what is referred to as the QM model system, as
shown in Fig. 1b. Compared to other truncation ap-
proaches [1, 8, 9] the primary advantage of the capping
atom approach is that no special treatment of the
electronic system is necessary, thereby allowing the
QM/MM methodology to be easily implemented within
existing electronic structure codes. In this paper we
shall refer to the ``real system'' as the system consisting
of all atoms (Fig. 1a), QM or MM, not including the
capping atoms.

Within the capping atom framework, the covalent
bonds that cross the QM/MM boundary involve three
atoms that we will label the QM-link atom, the capping
atom, and the MM-link atom as shown in Fig. 2. The
QM- and MM-link atoms make up the covalent bond in
the real system that links the QM and MM regions. The
capping atom is introduced to satisfy the valences of the
QM system and is not part of the ``real system''. The
relationship between the coordinates of the two link
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atoms and the capping atom, is di�erent for di�erent
QM/MM approaches [2, 4, 6].

In the popular capping atom prescription of Singh
and Kollman [2], all three atoms in the link bond exist
as independent variables. The combined QM/MM total
energy in this framework can be de®ned as:

EQM=MM � EQM � EMM �1�
where EQM is simply the energy of the QM model system
with the capping atom included, and EMM is the sum of
all of the MM energy terms of the real system that
contain at least one MM atom (for example, the bond
stretching potential between the QM-link atom and the
MM-link atom is handled by the appropriate MM
stretching potential) 1.

In this approach the total energy of Eq. (1) is op-
timized with respect to all the degrees of freedom of the
real system as well as the three degrees of freedom of
the capping atom. In most cases this approach is ap-
propriate and the method has been successfully applied
to numerous systems [3, 10±12]. However, in cases
where a geometry optimization of EQM=MM leads to a
structure where the three atoms (QM-link, MM-link
and capping) deviate from a collinear arrangement, the
approach becomes somewhat dissatisfying, because
some geometric distortions involving the link bond will
not be manifested in the electronic structure of the QM
model system. This situation is exaggerated in Fig. 2a.
Another feature of the method is that compared to the
real system, the QM/MM system possesses extra de-
grees of freedom due to the capping atoms.

In the IMOMM approach of Maseras and Mo-
rokuma [4], the position of the MM-link atom is no
longer an independent variable and a strict relationship
between the coordinates of the link atoms and the cap-
ping atom is enforced. Speci®cally, the MM-link atom
is positioned along the QM-link atom ± capping atom
bond vector at a distance RMM-link from the QM-link
atom as shown in Fig. 2b. Thus, the bond distance,
RMM-link ; the bond angle, hMM-link and the dihedral angle,

/MM-link used to de®ne the MM-link atom are related to
the bond distance, Rcapping; the bond angle, hcapping and
the dihedral angle, /capping, used to de®ne the capping
atom within the QM model system as:

RMM-link � Rcapping � DR ; �2�
hMM-link � hcapping ; �3�
/MM-link � /capping ; �4�
where DR is a constant. As a result of the relations
enforced in Eqs. (2±4), geometric distortions involving
the link bond are exhibited in the electronic structure of
the QM model system. Again the total energy EQM=MM
is given by an expression similar to that of Eq. (1).
However, the MM terms included in the total energy
expression (Eq. 1) are di�erent from those of the
Kollman scheme [2]. In the IMOMM approach, MM
potentials are only included if they depend on atoms
which do not have a corresponding atom in the QM
model system. For example, the MM bond stretching
potential inolving the QM-link and the MM-link atoms
is not included since this potential is assumed to be
adequately handled by the correspnding bond in the
QM model system involving the capping atom and the
QM-link atom (see Ref. [4] for more details and
exceptions).

Since the the relationship de®ning the position of
the MM-link atom is expressed in internal coordinates,

Fig. 1. a Example of the partitioning of quantum mechanics (QM)
and molecular mechanics (MM) regions within a single molecule.
b The QM model system for which the electronic structure
calculation is performed in the capping atom QM/MM approach

Fig. 2a-c. Schematic description of the relationship between the
three atoms (QM-link atom, capping atom and MM-link atom)
involved in covalent bonds that cross the QM/MM boundary for
the methods of a) Singh and Kollman, [2] b) Maseras and
Morokuma [4] and c) the current adaptation.

1 Most authors de®ne the total combined QM/MM energy expres-
sion with a component that expresses the interaction energy
between the QM and MM regions. In Eq. (1), EQM and EMM include
these interaction energies
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the original IMOMM implementations 2 requires that the
QM and MM gradients ®rst be transformed into
internal coordinates before being added [4]. The com-
bined QM/MM gradients in internal coordinates are
simply:

@EQM=MM

@Ri
� @EQM

@Ri
� @EMM

@Ri
; �5�

@EQM=MM

@hi
� @EQM

@hi
� @EMM

@hi
; �6�

@EQM=MM

@/i
� @EQM

@/i
� @EMM

@/i
; �7�

where i runs over all degrees of freedom of the real
system, except that the degrees of freedom of the MM-
link atoms are replaced by the degrees of freedom of the
capping atom through Eqs. (2±4). Thus the gradient that
characterizes the capping atom is de®ned with the help
of Eqs. 2±4 as:

@EQM=MM

@Rcapping
� @EQM

@Rcapping
� @EMM

@RMM-link

@RMM-link

@Rcapping

� @EQM

@Rcapping
� @EMM

@RMM-link
; �8�

@EQM=MM

@hcapping
� @EQM

@hcapping
� @EMM

@hMM-link
; �9�

@EQM=MM

@/capping
� @EQM

@/capping
� @EMM

@/MM-link
: �10�

Equations (8±10) reveal that, although the position of
the MM-link atoms are not free variables, the forces
acting on these atoms are passed onto other atoms via
the chain rule in the equations.

For some types of applications, the transformation of
theMMgradients between coordinate systems or even the
de®nition of the internal coordinates can present practical
problems. For macromolecular systems such as enzymes
which typically contain 103±104 atoms, the coordinate
transformation can be cumbersome since it involves the
inversion of a 3N� 3N matrix where N is the number of
atoms in the ``real system''. Moreover, when explicit sol-
ventmolecules are considered, the transformation is likely
to become ill-de®ned during the course of an optimization
ormolecular dynamics simulation (unless e�orts aremade
to rede®ne the internal coordinates to prevent the evolu-
tion of linear or near-linear angles). For these reasons, the
original IMOMM implementation that requires a co-
ordinate transformation can be impractical for these
important kinds of simulations.

In this paper we describe an adaptation of the IM-
OMMmethodologyofMaseras andMorokumawhere no
coordinate transformation is required, thereby avoiding
the potential di�culties associated with using internal

coordinates. The implementation allows for practical
IMOMM simulations of macroscopic systems, explicitly
solvated systems, and it allows for energy conserving
molecular dynamics simulations and frequency calcula-
tions to be performed. To demonstrate this, a combined
QM/MM molecular dynamics simulation with explicit
solvent is presented. Finally, we explore the applicability
of utizing the IMOMM method for performing frquency
calculations and deriving thermochemical data.

2 Methodology

The combined QM/MM implementation described here is based on
the original IMOMM scheme of Maseras and Morokuma [4]. All
of the rules for determining which MM potentials to accept or
discard are the same as in the original IMOMM scheme. We will
deal exclusively with de®ning the relationship between the atoms
associated with a QM/MM link bond and how the QM and MM
based gradients are combined.

We start by de®ning the relationship between the link atoms and
the capping atoms that are involved in a covalent bond that crosses
the QM/MMboundary. In the IMOMM scheme, the position of the
MM-link atom is not an independent variable. Instead, theMM-link
atom is always placed along the bondvector of theQM-link atomand
the capping atom bond. Expressed in cartesian coordinates, this re-
lationship is de®ned by Eq. (11) and rearranged in Eq. (12):

XMM-link � XQM-link � a�Xcapping ÿXQM-link� ; �11�
XMM-link � �1ÿ a�XQM-link � aXcapping : �12�
If a is de®ned in the following way,

a � kXcapping ÿXQM-linkk � DR
kXcapping ÿXQM-linkk � Rcapping � DR

Rcapping
�13�

then the orginal implementation of Maseras and Morokuma is
recovered in cartesian coordinates where Eq. (2) is satis®ed. In our
implementation we de®ne a as a constant parameter. In this way the
bond distance, RMM , between the QM- and MM-link atoms is de-
®ned as a constant factor of the QM-link ± capping atom bond
distance, Rcapping, such that Eq. (14) is satis®ed:

RMM-link � aRcapping : �14�
The relationship de®ned in Eq. (14) is analogous to Eq. (2) of the
original scheme, and a for each link bond is chosen in a similar
fashion as DR. Comparison of the relationships (Eq. 2, 14) reveals
that they are similar in that both allow changes in Rcapping to be re-
¯ected in the bond distance RMM-link . There is no clear advantage in
using either relationship in terms of the physical model of the QM/
MM link bond. However, by de®ning a as a constant, combining the
MM and QM forces in cartesian coordinates is simpli®ed.

By applying the relationship de®ned in Eq. (12) where a is a
constant and applying the chain rule, the combined QM/MM
gradients on the QM-link atom and the capping atom are expressed
by Eqs. (15) and (16), respectively.

@EQM=MM

@XQM-link
� @EQM

@XQM-link
� @EMM

@XQM-link
� �1ÿ a� @EMM

@XMM-link
�15�

@EQM=MM

@Xcapping
� @EQM

@Xcapping
� a

@EMM

@XMM-link
: �16�

Equations (15) and (16) are valid for the cartesian coordinate sys-
tem and there is no need to add the QM and MM forcess in an
internal coordinate system 3.

2 It should be noted that the IMOMM approach is generalized to
any coordinate system by Maseras and Morokuma, but the authors
emphasize that the implementation is restricted to an internal
coordinate system

3 Equations equivalent to Eqs. (15) and (16) can also be easily
derived with a de®ned by Eq. (13). This would recover the original
implementation of Maseras and Morokuma where the constraints
in Eqs. (2±4) are satis®ed

309



3 Results and discussion

3.1 IMOMM molecular dynamics

The IMOMM methodology described above has been
implemented within the Projector Augmented Wave
(PAW) [13] Car-Parrinello [14] ab initio molecular
dynamics package. In this section we demonstrate the
suitability of this scheme for performing combined QM/
MM molecular dynamics and simulations with explicit
solvent molecules.

A 4000 time-step combined QM/MM molecular dy-
namics simulation of solvated 3-methylhexane, 1, has
been performed with a time step of Dt � 3:0 a.u. Figure
3 illustrates the partitioning in 1 where the bold region
represents the QM subsystem and the bonds labelled
with asterisks denote the QM/MM link bonds. In this
simulation the three link bonds are capped with hydro-
gen atoms in the QM model system such that the elec-
tronic structure calculation is performed on ethane. The
system is solvated by 14 isobutane molecules in a 20 AÊ

cubic cell for which periodic boundary conditions [15]
have been applied with a 10 AÊ non-bonded cuto�.
Jorgensen's OPLS-all atom MM force ®eld [16] was used
for both the solvent and the MM components of the
solute. Non-bonded electrostatic interactions between
the QM and MM regions were treated in the familiar
MM fashion. For each of the three link bonds, an a (as
de®ned in Eq. 11) of 1.38 was utilized. Masses of the
capping atoms were rescaled to those of the corre-
sponding MM-link atom. In other words, the capping
hydrogen atoms were assigned a mass of 12.0 amu. For
the calculation of the QM model system, the wave
function was expanded in plane waves up to an energy
cuto� of 30 RY within a periodic cell spanned by the
lattice vectors [0.0 6.5 6.5], [6.5 0.0 6.5], [6.5 6.5 0.0] (in
AÊ ). The local-density approximation according to the
parameterization of Perdew and Zunger [17], with gra-
dient corrections due to Becke [18] and Perdew [19, 20],
were utilized. The trajectory presented was pre-equili-
brated and pre-thermostated [21] at 300K for 2000 time-
steps. Although the thermostat was turned o�, an
average temperature of 300 K was still retained over the
course of the simulation presented.

Figure 4 illustrates the energy conservation of the
QM/MM molecular dynamics simulation of 1. In the
upper portion of Fig. 4, the kinetic energy of the nuclei
(QM, MM and capping) is plotted. Since the MM-link
atoms are not free dynamic variables in the IMOMM
scheme, they have no kinetic energy associated with their
motion. Thus, the kinetic energy that is plotted is that of
the 3N nuclear degrees of freedom where N is the
number of atoms in the real system. Here, nine of the
degrees of freedom correspond to those of the three
capping atoms where the masses of the capping hydro-
gen atoms have been rescaled to 12.0 amu. Plotted in the
lower half of the plot is the total energy having the same
scale as the kinetic energy. It is clear that there is no
signi®cant drift in the total conserved energy during the
simulation. The inset in Fig. 4 reveals the scale at which
the total conserved energy oscillates. The exceptional
energy conservation [22] demonstrates that the adapted
IMOMM scheme can be used to perform QM/MM
molecular dynamics (including systems with explicit
solvent molecules).

3.2 IMOMM frequencies

Using the IMOMM framework, we have calculated
normal-mode vibrational frequencies and thermody-
namic properties for a number of minimum and
transition state structures, 2±14, which are shown in
Fig. 3. The combined QM/MM frequencies and prop-
erties have been compared to results generated from
both pure QM and pure MM potential surfaces.

The adapted IMOMMmethod has been implemented
within the Amsterdam density functional (ADF) pro-
gram system [23], developed by Baerends and Ros. QM
calculations for both the pure QM and IMOMM results
reported were performed with the local exchange-cor-
relation potential of Vosko et al. [24] for the gradients,
while the energies reported were obtained with Becke's

Fig. 3. List of structures showing the partitioning of QM and MM
regions. Thick bonds represents the QM region, while thin bonds
represent the MM region. Covalent bonds labelled with asterisks
denote the QM/MM link bonds. All of the link bonds have been
capped with hydrogen atoms in the QM model system Fig. 4. Plot of the kinetic energy of the nuclei (QM and MM) and

the total conserved energy during a combined QM/MM molecular
dynamics simulation of 3-methylhexane, 1. The total energy is
plotted at the same scale as the kinetic energy. The inset reveals the
scale at which the total energy ¯uctuates during the molecular
dynamics. During the simulation the average temperature of the
system is 300 K
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exchange [18] and Perdew's correlation [19, 20] correc-
tions to the LDA (local-density approximation) energies
as a perturbation of the LDA charge density. Double -f
STO basis sets for hydrogen (1s), carbon, nitrogen, ox-
ygen and chlorine, augmented with a single 3d (2p for H)
polarization function, were used. The inner shells on the
carbon, nitrogen, oxygen and chlorine were treated
within the frozen-core approximation. For the MM
potential, the AMBER-95 [25] force ®eld was utilized.
Van der Waals parameters for chlorine were taken from
Rappe et al's UFF (universal force-®eld) [26]. The pure
QM, pure MM and QM/MM vibrational frequencies
were evaluated from a Hessian constructed from the
numerical di�erentiation of analytical energy gradients
at the corresponding optimized geometry. When the link
and capping atoms are displaced during the numerical
di�erentiation procedure, the MM-link atoms are cor-
respondingly displaced according to Eq. (12). Thermo-
dynamic properties were evaluated according to
standard textbook procedures [27, 28]. Normal modes
characterized by frequencies of less than 200 cmÿ1, and
which correspond to torsions, were treated as pure ro-
tations [28]. All the reported analyses were performed at
298K. Masses for the capping hydrogen atoms in
structures 2±14 were rescaled to that of the corre-
sponding MM-link atom. In this way capping hydrogen
atoms were assigned masses of 12.0 amu. For all calcu-
lations masses were placed at the position of the capping
atom, except for the moment of inertia, for which the
masses and positions of the ``real system'' were utilized.

Table 1 compares the frequencies and zero-point en-
ergy (ZPE) corrections derived from the IMOMM and
pure QM potential surfaces. The root-mean-squared
(RMS) di�erence between the IMOMM frequencies and
the pure QM frequencies is shown for frequencies of less
than 1000 cmÿ1 and for all normal-mode frequencies.
The RMS di�erence, averaged over all structures is 55
cmÿ1 for frequencies of less than 1000 cmÿ1, and
117 cmÿ1 for all frequencies. For the three transition
states considered, that is the eclipsed conformation of n-

butane (4), the planar trimethylamine inversion transi-
tion state (6) and chloride SN2 transition state (8), value
of the imaginary frequency corresponding to the tran-
sition vector compare reasonably. The IMOMM values
for these vibrations are, 189i, 261i and 199i cmÿ1 for
structures 4; 6 and 8; respectively, whereas they are 226i,
308i, and 322i cmÿ1, respectively, for pure QM calcu-
lations.

Since our test suite contains complexes with larger
MM regions than QM regions, we have examined the
same frequencies calculated from a pure MM force ®eld
calculation. Vibrational frequencies based on the pure
MM (AMBER) potential surface were calculated for the
same set of structures with the exception of structures 7
and 8 for which the MM force ®eld is inappropriate. The
RMS di�erence between the pure MM and pure QM
vibrational frequencies averaged over all of the sturc-
tures was determined to be 60 cmÿ1 for frequencies less
than 1000 cmÿ1, and 73 cmÿ1 for all frequencies. Thus,
for the low frequency vibrations the IMOMM and the
pure MM frequencies deviate by approximately the same
amount from the pure QM frequencies. In the high-
frequency range, the IMOMM frequencies deviate
signi®cantly more than the pure MM frequencies.
Inspection of the frequencies reveals that the IMOMM
frequencies are systematically higher than the pure QM
frequencies 4.

The source of this systematic deviation results from
the nature of the link bond in the IMOMM scheme and
the relationship between the link atoms and the capping
atoms de®ned in Eq. (14). In other combined QM/MM
schemes, such as the scheme of Kollman [2], the strength
(force constant) of the link bond is primarily determined
by the appropriate MM force constant. In constrast, the
strength of the link bond in the IMOMM scheme is
primarily determined by the strength of the corre-

Table 1. Comparison of integrated molecular orbital and molecular mechanics (IMOMM) and pure quantum mechanics (QM) frequencies
and zero-point energies (ZPEs)

Noa Speciesb RMS deviation in frequencies (cm)1) ZPE (kcal/mol)

<1000 cm)1 all IMOMM pure QM %di�

2 n-butane C-C-C-C = 180° 25 85 82.6 80.0 +3.1
3 n-butane C-C-C-C = 60° 36 85 82.6 80.1 +3.1
4 n-butane C-C-C-C = 0° [TS] 49 85 82.5 80.2 +2.8
5 N(CH3)3 45 130 77.0 73.1 +5.4
6 N(CH3)3 inversion [TS] 60 152 76.1 72.0 +5.6
7 ClCMe3 + Cl) complex 56 128 78.9 74.4 +6.1
8 Cl±CMe3±Cl

) [TS] 108 152 78.4 73.4 +6.9
9 cis-2-butene 80 99 68.0 65.6 +3.8
10 trans-2-butene 51 88 67.8 65.4 +3.6
11 dimethyl ether 36 113 50.6 48.6 +4.0
12 cyclohexane 34 116 107.8 103.3 +4.4
13 cyclohexane 36 117 107.4 103.3 +4.0
14 norbornadiene 100 167 81.9 78.5 +4.4

Average 55 117 +4.4

aQM/MM partitioning illustrated in Fig. 3
b Species marked with the [TS] label represent transition states

4 This is also evidenced by the systematic overestimation of the
ZPEs shown in Table 1
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sponding capping atom bond in the QM model system.
Thus, if the real link bond is a CAC bond and the cor-
responding bond in the model QM system is a CAH
bond, then the bond-stretching frequency of this CAC
bond will correspond to that of a much higher CAH
bond stretching frequency 5. One can minimize this ef-
fect, as we have, by rescaling the mass of the capping
atom to that of the corresponding MM-link atom. In
this way, the di�erence in the bond-stretching frequency
is not due to the light mass of the proton, but due to the
di�erence in the bond-stretching-force constants. For
the above example, a C(sp3)-H bond-stretching-force
constant is only about 10% larger than the corre-
sponding C(sp3)-C(sp3)force constant [28, 34], and,
therefore, the bond-stretching frequency of the CAC
link bond in the IMOMM scheme will be about 4%
higher than a typical CAC bond6.

The results presented in Table 1 reveal that the IM-
OMM method may not be appropriate for determining
absolute frequencies. Although this may not seriously
limit the applications of the IMOMM method, it may
present a problem when determining those properties
derived form the frequencies such as ®nite temperature,
ZPE, and entropic corrections. This aspect of utilizing
the IMOMM method will be examined next.

3.3 IMOMM ZPEs and ®nite temperature corrections

Table 1 compares the pure QM and IMOMM ZPE
corrections for structures 2±14. The IMOMM ZPEs are
higher for all structures compared to the pure QM ZPEs.
The percent di�erence between the QM and IMOMM
ZPEs averaged over all structures is only +4.4%. Since
the di�erences are all in the positive direction, this again
reveals that the frequencies generated from the IMOMM
potential surface are systematically higher than the pure

QM frequencies. Moreover, within each of the confor-
mational groups(2±4, 5±6, 7±8, and 9±10), the percent
di�erence in the ZPE corrections is approximately
constant. For example, for the conformations of n-
butane, 2±4, the percent di�erence are all roughly 3.0%
and for the trimethylamine complex, 5, and inversion
transition state, 6, the percent di�erence are both about
5.5% .

Table 2 compares the relative free energies, DG; and
selected components determined from the IMOMM and
pure QM potential surfaces. More speci®cally, a
decomposition of the relative free energy for various
conformations and/or transition states of n-butane (2±
4), 2-butene (9, 10), trimethylamine inversion (5, 6) and
for a chloride SN2 reaction (7, 8) are reported. Table 2
reveals that for components of DG that depends on the
normal-mode vibrational analysis �DHvib and TD S�, the
IMOMM results compare exceptionally well to the pure
QM values. The di�erences in DHvib and TDS are of the
order of 0.5 kcal/mol .The large deviations in the relative
free energy, DG, between the two methods can be at-
tributed to large di�erences in the pure QM and the
combined IMOMM potential energies, DE: 7 However,
the QM/MM partitioning in these systems is severe and
the electronic structure of QM model systems is a poor
representation of that in the real systems. In practice, the
partitioning of the QM and MM regions is generally
chosen much more judiciously as to minimize the
problem of charge transfer e�ects across the link bond.
It is not our intent to highlight this aspect of the QM/
MM approach since it has been thoroughly studied
elsewhere [3, 4, 30±33]

The approximations in treating the QM/MM link
bonds inherent to the IMOMM scheme preclude the
precise calculation of vibrational frequencies with the
scheme without additional modi®cation to the potential
energy expression. However, the results presented in

Table 2. Comparison of IMOMM and pure QM relative thermochemical data at 298 K

Noa Species DEb;c DHb;d
vib T DSb;e DGb

IMOMM QM IMOMM QM IMOMM QM IMOMM QM

2 n-butane C-C-C-C = 180° 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
3 n-butane C-C-C-C = 60° 0.53 0.90 )0.03 0.04 )0.12 )0.09 0.62 1.03
4 n-butane C-C-C-C = 0° [TS] 4.53 5.75 )0.18 0.06 )0.26 )0.27 4.51 6.08
5 N(CH3)3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
6 N(CH3)3 inversion [TS] 4.93 7.97 )2.04 )2.06 )1.71 )1.54 4.60 7.45
7 ClCMe3+Cl) complex 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
8 Cl±CMe3±Cl

) [TS] 9.90 22.30 )1.64 )1.90 )2.02 )1.41 10.28 21.81
9 cis-2-butene 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
10 trans-2-butene )0.49 0.82 )0.09 )0.01 0.18 0.18 )0.40 0.99

aQM/MM partitioning illustrated in Fig. 3
b kcal/mol
c Internal potential energy
d Includes ZPE correction
e Includes DSrot;DSvib and DStrans

5 The same e�ect also exists for bond angles and torsions that are
approximated by the QM model system in the IMOMM scheme
6 `O�-diagonal' elements are also e�ected, such that normal mode
vibrations other than those that can be assigned to the stretcing
vibrations of the link bonds are also shifted

7 The reason for the unusually large disparity in the pure QM
and QM/MM reaction barriers for the SN2 reaction is due to
the fact that electrostatic interactions between the QM and
MM regions were neglected for the results presented in Tables 1
and 2
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Table 2 indicate that without further modi®cation or
parameterizations, the IMOMM scheme is capable of
evaluating the relative thermodynamic properties,
DHvib;DHZPE and DSvib, adequately. We have found that
this is true even for systems were the partitioning of QM
and MM regions is so severe that the relative potential
energies are not well represented by the QM/MM
method. In other words, the fashion in which the link
bonds are treated in the IMOMM scheme does not ad-
versely e�ect the calculation of these properties which
are based on the vibrational frequencies.

4 Conclusions

We have adapted the IMOMM scheme of Maseras and
Morokuma to allow for practical energy conserving
molecular dynamics simulations, simulations of mixed
solute-solvent systems and for the calculation of har-
monic vibrational frequencies. The extension is simple,
but does not require a coordinate transformation from
cartesians to internals which can limit the application of
the original IMOMM implementation to the aforemen-
tioned types of calculations. The methodology is
demonstrated by an energy conserving IMOMM
CarParrinello/OPLS-AA molecular dynamics simula-
tion of solvated 3-methylhexane where three covalent
bonds cross the QM/MM boundary. We have applied
the scheme to calculate normal-mode vibration frequen-
cies and thermochemical data on a number of minimum
and transition state structures. Although the absolute
value of the frequencies generated by the IMOMM
scheme can deviate signi®cantly from those determined
from the corresponding pure QM potential surface, the
deviations are systematic in nature and of a known
origin. This is an essential feature since the cancellation
of errors allows for the reliable IMOMM calculations of
relative thermochemical properties, namely, DHvib;
DHZPE and T DS. The adaptation, albeit simple, is im-
portant in the sense that it allows free energy surfaces to
be examined with the IMOMM method via molecular
dynamics simulations and frequency calculations.
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