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Florian1 has submitted a Comment discussing our recent
paper2 on multiconfiguration molecular mechanics2,3 (MCMM)
and some related issues concerning other combined quantum
mechanical/molecular mechanics (QM/MM) methods and meth-
ods for predicting potential energy surfaces (PESs) that are
motivated by valence bond (VB) theory. The Editor has
indicated that a published reply might be of interest, and so I
have prepared these remarks. I will take up various points raised
by Florian in approximately the order that he raises them.

Florian indicates that it is unfortunate when there is more
than one name or acronym for two methodologies differing only
in the fitting procedure for obtaining Hamiltonian matrix
elements. I disagree. As an example from another field, it is
very useful to have separate names for MNDO and AM1, which
are both semiempirical molecular orbital (SEMO) methods4 that
differ only in the formalism for such matrix elements. Indeed,
it is very fortunate that we have separate names for CNDO,
INDO, and PRDDO as well, since simply calling all these
methods SEMO would hide critical distinctions that can be
conveyed concisely and clearly by simply calling each method
by its own name. The use of appropriate and distinct names for
methodologies based on significantly different fitting procedures
enhances our ability to communicate clearly and does not detract
from understandability, as Florian believes.

Florian implies that the approximate VB (AVB) methodology
of Bala et al.5-7 should be called EVB, which denotes an
empirical VB method8-11 introduced by Warhsel and Weiss.8

Florian himself calls EVB a trademark; trademarks are legally
restricted to the use of the owner or developer, but it is not
correct to treat EVB as a trademark, so it is legitimate to ask if
AVB is essentially the same as EVB. Bala et al. state that “AVB
is similar to the EVB approach but uses ab initio rather than
empirical parametrization.”7 Florian implies that methods that
represent parts of the system by adding molecular mechanics
potentials to Hamiltonian matrix elements and that share two
other features of EVB should be called EVB, without com-
menting on the critical difference mentioned above that was
singled out by Bala et al. In my opinion, it is reasonable that
they used a new name for their method to distinguish its
underlying assumptions from those employed in the method
called EVB.

Florian, citing a 1980 paper,8 states that Warshel coined the
acronym EVB. This may be true, but the phrase “semiempirical
valence bond” is older, and it appears in a review article as
early as 1971.12 The words “empirical” and “semiempirical”
are often used interchangeably. It is potentially confusing to
name a method with such broadly encompassing language, since
one may be unclear whether the term is used with its everyday
descriptive meaning or the term is used as a name of a specific
method. It would be counterproductive to insist that all empirical

molecular orbital methods should simply be labeled EMO, but
given the fact that “EVB” has now become associated with a
specific empirical formalism, one should probably restrict the
acronym EVB for methods that are essentially the same as the
specific method that is widely associated with the name, i.e.,
the method of Warshel and Weiss.

Florian states that the MCMM acronym fails to convey the
quantum character of the method. Actually, the “C” in MCMM
denotes “configuration” in both the VB and MM sense as a
bonding pattern (as in Rumer diagrams13) and also in the
configuration interaction (CI) sense of quantum mechanics (as
in valence bond configuration state functions,13,14 which are
many-electron wave functions). The prefix MC, denoting
multiconfiguration, is widely used as a prefix for quantum
mechanical methods, as in MCSCF.15,16

Florian states that the only conceptual difference between
MCMM and EVB or AVB is that MCMM does not presently
include solvent effects. He also states his opinion that “MCMM”
should be replaced by “EVB” or “AVB”. I will comment on
this suggestion in response to the Editor’s invitation to reply.
My Comment consists of comparing the main elements of EVB
and MCMM. According to Warshel,17 his main contributions
to the EVB method are

•the use of empirical VB theory to extend MM to chemical
reactions,

•using mixed diabatic states so that the overlap integrals are
eliminated,

•using a calibration on the energy of fragments for quantitative
studies of large molecules (e.g., enzymes) and molecules in
solutions,

•showing how to use EVB for transferring PESs between
environments (e.g., aqueous solution to enzyme) by adding
solvent effects to the diagonal Hamiltonian matrix elements.

To these I would add that in most EVB calculations, the off-
diagonal elements are represented by simple functional forms
(a constant or a single exponential function of a single
coordinate) whose values or parameters are determined empiri-
cally by comparison to experimental kinetics data.

The central elements of MCMM are
•use of a multiconfiguration formalism8-12,18-40 to extend

MM to chemical reactions,
•use of the Taylor series formalism of Chang and Miller41-43

to represent off-diagonal Hamiltonian matrix elements locally
in terms of energies, gradients, and Hessians of the diagonal
matrix elements and of the PES and thereby to obtain the
required local approximations to the PES from electronic
structure theory (not from experimental kinetics data, which does
not yield this information),

•joining the local approximations together by Shepard
interpolation.44,45

A critical practical element that we introduced for the last
step is the use of internal valence coordinates to eliminate
ambiguity in orienting the various local coordinate frames. The
use of electronic structure theory rather than experimental
kinetics data to determine the values of non-MM parameters in
the theory is a significant conceptual difference from EVB in
that the MCMM formalism allows one to attempt to refine all
aspects of the PES, whereas experimental kinetics data mainly
allows one to fix the free energy of activation or the barrier
height but does not provide a good handle on other aspects of
the PES. Thus the EVB method can lead to significant errors
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on the entire potential energy surface except for three points,
the reactant, transition state, and product that are fitted to the
experimental effective barrier height and reaction energy.

It is well-known, for example from studies employing
diatomics-in-molecules (DIM) theory, that approximating po-
tential energy surfaces for chemical reactions in terms of
fragment data can be quantitatively inaccurate due to the slow
convergence of CI expansions and the resulting sensitivity of
the results to truncating the configuration list at a small number
of states or even only two states.24,29-40 Sometimes more than
two states are required even for a good zero-order descrip-
tion.32-40,46,47 It is important to emphasize that the MCMM
method does not rely on the completeness and resulting
predictive quality of the reduced-state description as minimal-
basis DIM theory does; the use of target-level adiabatic energies
(and their partial derivatives) to fit off-diagonal elements in the
region of partially broken bonds is the key new element in this
regard.

Florian refers to the “excellent performance” and “excellent
numerical results” of parametrized VB methods for predicting
PESs, but he does not give any references for this claim, and it
is worth noting that, away from the three fitted stationary points,
PESs predicted by parametrized VB methods have not been
extensively validated against either experiment or more accurate
theory for systems with more than three atoms. The EVB
method was developed as a way to predict a PES by using MM
plus experimental kinetics data in one medium (e.g., aqueous
solution) and then to adapt that PES to another medium (e.g.,
an enzyme). It is especially useful for modeling the participation
of solvent or protein polarization in the reaction coordinate. At
the same time it incorporates important physical approximations
such as a truncation to two valence bond states, neglect of
overlap, neglect of the effect of bond rearrangement on fragment
matrix elements, and approximating the off-diagonal Hamilto-
nian matrix elements and the internal solute part of the diagonal
ones as independent of environment. To date, MCMM has been
presented as a method for fitting a gas-phase PES to electronic
structure data. It does not introduce new physical approximations
of its own but rather inherits the physical approximations of
the implicit PES that it fits. In MCMM, all aspects of the implicit
target PES (not just the barrier height) are fitted, and in principle,
even though the formalism involves 2× 2 matrices, the fit
converges to a precise interpolation of the target-level electronic
structure data as the input grid becomes finer. Certainly, if
solvent effects (environmental effects) were treated in a manner
similar to EVB theory, MCMM would become more similar to
EVB (and to some other theories48-53), but it is hard to imagine
a way to do this such that they would not still be different in
very significant ways.

Florian’s Comment is directed in part to “the image of
computational biochemistry”, but our papers2,3 were not about
biochemical applications, except for references where we gave
extensive (but not exclusive) credit to biochemical EVB
antecedents in the work of Warshel, Weiss, A° qvist, and others.
Since semiempirical valence bond calculations have a long
history in nonbiological chemical physics, it would be unfor-
tunate if a tendency develops in some quarters of the biological
community to recognize only the biochemical literature and to
cast all history in this light, as in the Comment by Florian. In
my opinion, progress in the biological computational sciences
will continue to benefit in the future, as it has in the past, from
an influx of new ideas from chemistry, physics, mathematics,
and computer science, and it is important to recognize new
aspects of computational advances that arise rather than

pigeonholing new advances from interdisciplinary subfields into
oversimplified categories derived from a single biochemical
perspective.

It is useful to comment on the relationship of EVB, AVB,
and MCMM to other semiempirical VB methods. EVB, AVB,
and MCMM use semiempirical MM for diagonal Hamiltonian
matrix elements that may be associated with basis states that
correspond to definite bonding structures, i.e., with VB basis
states. (Orthogonal mixed valence bond basis states are implied
in all three formalisms and have also been used in earlier
work.30) AVB and MCMM use electronic structure theory to
determine off-diagonal matrix elements, and this may be either
ab initio or semiempirical (e.g., the semiempirical G2 or MCG2
methods54,55 or DFT,56 most versions of which have empirical
elements). EVB, in contrast, is parametrized against experi-
mental kinetics data. This distinction is reminiscent of a
distinction emphasized by Johnston57 many years ago between
empirical theories of PESs where the empirical data comes from
kinetics and empirical theories of PESs “with the empiricism
outside the field of kinetics.” The history of semiempirical VB
theories contains many methods that can be parametrized either
way.

Ultimately one needs to look beyond labels to see the origin
of ideas. In this respect I note that the intramolecular terms in
molecular mechanics are the same kinds of terms that spec-
troscopists were calling valence force fields58 already in the
1940s or earlier. The semiempirical use of valence force fields
along with valence bond theory to model potential energy
surfaces for chemical reactions of polyatomic species was
pioneered by Raff,59 who, however, presented the theory in a
less general way than EVB has been presented. Other related
methods that combine MM and VB elements are the MMVB
method of Bernardi et al.60,61 and MOVB/MM method of Mo
and Gao.62,63 It is also important to note that some methods,
like these, actually use quantum mechanical valence bond
formulas (or equivalent spin-only Heisenberg-Serber-type
Hamiltonians) in detail, whereas other methods simply use the
concept of configuration interaction with diagonal matrix
elements corresponding to states with definite bonding character.
It may be challenging to keep the names and details of all these
methods from being confused, but it is important to do so
because various strategies for combining MM, VB, and empiri-
cal parameters may be useful at different times, depending on
the objective of the work, the size of the system, the information
available, and so forth.

In all our published work to date2,3 we have used MM364

functional forms for diagonal Hamiltonian matrix elements.
However, that is not an essential part of the method; any MM
potential function may be used.
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