Chapter 2
Proton Transfer in Aqueous Solution:
Exploring the Boundaries of Adaptive
QM/MM

T. Jiang, J.M. Boereboom, C. Michel, P. Fleurat-Lessard
and R.E. Bulo

Abstract In this chapter, we review the current state-of-the-art in quantum
mechanical/molecular mechanical (QM/MM) simulations of reactions in aqueous
solutions, and we discuss how proton transfer poses new challenges for its successful
application. In the QM/MM description of an aqueous reaction, solvent molecules in
the QM region are diffusive and need to be either constrained within the region, or
their description (QM versus MM) needs to be updated as they diffuse away. The
latter approach is known as adaptive QM/MM. We review several constrained and
adaptive QM/MM methods, and classify them in a consistent manner. Most of the
adaptive methods employ a transition region, where every solvent molecule can
continuously change character (from QM to MM, and vice versa), temporarily
becoming partially QM and partially MM. Where a conventional QM/MM scheme
partitions a system into a set of QM and a set of MM atoms, an adaptive method
employs multiple QM/MM partitions, to describe the fractional QM character. We
distinguish two classes of adaptive methods: Discontinuous and continuous. The
former methods use at most two QM/MM partitions, and cannot completely avoid
discontinuities in the energy and the forces. The more recent continuous adaptive
methods employ a larger number of QM/MM partitions for a given configuration.
Comparing the performance of the methods for the description of solution chemistry,
we find that in certain cases the low-cost constrained methods are sufficiently
accurate. For more demanding purposes, the continuous adaptive schemes provide a
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good balance between dynamical and structural accuracy. Finally, we challenge the
adaptive approach by applying it to the difficult topic of proton transfer and diffu-
sion. We present new results, using a well-behaved continuous adaptive method
(DAS) to describe an alkaline aqueous solution of methanol. Comparison with fully
QM and fully MM simulations shows that the main discrepancies are rooted in the
presence of a QM/MM boundary, and not in the adaptive scheme. An anomalous
confinement of the hydroxide ion to the QM part of the system stems from the
mismatch between QM and MM potentials, which affects the free diffusion of the
ion. We also observe an increased water density inside the QM region, which
originates from the different chemical potentials of the QM and MM water mole-
cules. The high density results in locally enhanced proton transfer rates.

2.1 Introduction

Proton transfer is one of the unifying elements that (almost) all aqueous chemical
reactions have in common. The computational study of aqueous reactions, already
difficult due to the long distance effects in this highly structured solvent, [1, 2] is
further complicated by this challenging phenomenon. Acid-base reactions involve
proton transfer to or from a reactant compound, often across an extended chain of
water molecules (Grotthuss mechanism) [3]. This means that in these processes
many bonds break and form nearly simultaneously, causing the reaction to be less
local than reactions in organic media [4]. Recent simulations on the solvated
hydroxide ion have further shown that the proton transfer motion is strongly
dependent on water wires linking the OH  to the rest of the solution [5]. Global
effects, like changes in the electric field or compression of the wires, can be the
cause of proton transfer events [6]. If the wires compress, the proton can even hop
several water molecules along, in a nearly concerted process.

Aqueous reactions such as those described above involve constant breaking and
forming of bonds, and can therefore best be described using electronic structure
methods, preferably including nuclear quantum effects [7, 8]. However, this approach
is costly, due to the long time scales on which the reactions occur. A multi-scale
quantum mechanical (QM)/molecular mechanical (MM) approach assumes a local-
ized reactive region, and thereby makes a QM description of areaction feasible. In most
cases bond breaking or forming can indeed be described as local (with the possible
exception of the proton transfer events discussed above), but even for local reactions a
multi-scale description is not straightforward. In standard QM/MM approaches
[9-15], the nature (QM or MM) of each particle is defined initially and remains fixed
during the whole simulation. This can lead to problems in dealing with solvent mol-
ecules in solution chemistry, which are diffusive by nature. Let us consider a QM/MM
molecular dynamics (MD) simulation of a solvated system. The initial QM particles
comprise a solute (such as a sodium or a hydroxide ion) and its first solvation shell.
However, after a few tens of picoseconds, the solvent molecules of the solvation shell
are exchanged with bulk solvent molecules, leading to an incongruous simulation in
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which the first solvation shell contains MM solvent molecules, while QM solvent
molecule have diffused into the MM bulk. To overcome this diffusivity problem two
classes of methods have emerged. The most direct approach constrains the QM mol-
ecules to remain within a certain region (henceforth denoted by ‘active region”), while
the MM molecules are constrained to their respective part of space (‘environment
region’). A more involved approach allows the nature of the solvent molecules to
change from QM to MM and vice versa as they move in and out of the active region.
This approach is called adaptive QM/MM [16-18]. Among the adaptive methods,
some lead to discontinuities in the forces exerted on the atoms, while more complex
ones manage to keep a continuous description. This book chapter aims at giving a
comprehensive overview of the main constrained and adaptive methods currently
available.

The adaptive QM/MM methods have already provided insights into several pro-
cesses in water [19-21]. Local proton transfer events have been studied with con-
ventional QM/MM [22], as well as with adaptive QM/MM [23]. However, none of the
previous applications considered more global proton transfer and diffusion into the
aqueous solution. A hydroxide ion in water can in principle exit the predefined QM
region that is usually centered around a reactive solute. In this book chapter we address
the issues involved with the description of such proton diffusion events. More spe-
cifically, we will consider the solvation of a methanol molecule in alkaline water, with
the aim to understand the values and limitations of adaptive QM/MM.

This chapter is organized as follows. In Sect. 2.2 the most dominant diffusive
QM/MM methods aimed at aqueous reactions are reviewed, first the constrained,
and then the adaptive methods. Their performances are compared, based on pub-
lished results, in Sect. 2.3. In Sect. 2.4, one of the methods is applied to describe
proton transfer in solution, and the performances of the method are discussed based
on structural and dynamical data. Finally, in Sect. 2.5, the general conclusions of
this work are briefly summarized.

2.2 Review of QM/MM Methods for the Simulation
of Chemistry in Solution

In this section the available QM/MM methods designed for solution chemistry are
reviewed, and the relevant terms are introduced. As we focus on describing a reactive
process in solution at the atomistic level, multi-scale methods resorting to
coarse-graining willnotbedescribed and werefertheinterestedreaders torecentreviews
[24-26]. Similarly, methods targeting gas phase reactions only are omitted [27, 28].
All the QM/MM methods dedicated to treat solution chemistry are based on the
definition of two zones: (i) an active region that is generally defined as a sphere
around the reactive center and (ii) an environment region that embeds the active
region. This is illustrated in Fig. 2.1. The active region generally includes the
reactive center (the orange disk in Fig. 2.1) and at least the first coordination sphere
and is described at the QM level. QM molecules will always be shown in
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Fig. 2.1 Partitioning of a simulation box into an active zone (with light blue background), an
environment zone (white background) and for some methods a transition zone (with blue
background). The active center is symbolized with an orange disk. QM molecules are shown in
Ball&Stick while MM water molecules are shown with lines

Ball&Stick in the Figures. The environment region includes the bulk solvent
molecules described at the MM level, and will be depicted with lines. Each solvent
molecule is either in the active zone, or in the transition region or in the environ-
ment zone. The QM/MM border does not cut through solvent bonds, even though
methods that allow it have been developed [29].

As mentioned in the introduction, there are two main classes of methods. The
first class constrains the QM molecules to remain inside the active region, while
simultaneously keeping the MM molecules in the environment region (outside the
active region). The solvent molecules cannot diffuse across the boundary between
the active region and the environment. The most prominent examples of this
approach will be discussed in Sect. 2.2.1. The second class of methods discussed
does allow the solvent molecules to diffuse across the QM/MM boundary, changing
the nature (QM vs. MM) of those molecules on the fly. This change can be
instantaneous [16, 30-32] (Sect. 2.2.2: Discontinuous adaptive QM/MM), or
smooth [33-35] (Sect. 2.2.3: Continuous adaptive QM/MM).

Including the continuity referred to above, there are three defining characteristics
of the adaptive QM/MM methods that reveal much about their performance:

1. Continuity of the energy and/or the forces;
2. Energy conservation;
3. Momentum conservation.

The methods are classified according to these definitions in Table 2.1. By definition
none of the discontinuous methods are energy conserving, but even among the con-
tinuous methods only some fall into this class. All categories have advantages as well as
disadvantages, and these will be addressed in the following subsections.
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Table 2.1 Classification of the various methods

Continuous Energy conserving Momentum conserving
Abrupt [30] X X v
ONIOM-XS [30] X X v
LOTF [31] X X v
Hot-spot [16] X X X
BF [32] X X X
PAP [33] v v v
SAP [33] v v v
DAS [34] v X v
SCMP [35] v X v

They are classified according to three features: Continuity of the energy and/or forces, energy
conservation, and momentum conservation

It is worth emphasizing that all constrained and adaptive QM/MM methods
described in this chapter are fundamentally QM/MM simulations and will thus
experience the same problems, all stemming from the fact that two different
potentials are applied to describe the same system. The bulk of the problem orig-
inates in the interaction between QM and MM particles, and as a result, artifacts are
found mainly at the QM/MM boundary. Several different schemes exist for the
description of the interaction between QM and MM particles in conventional
QM/MM [18, 36-38]: (i) mechanical embedding, (ii) electrostatic embedding,
(iii) polarizable embedding, and (iv) flexible embedding [39, 40]. The most
straightforward choice is mechanical embedding, in which one simply uses the MM
(pair)-potential to describe the interaction between the QM and the MM molecules.
Electrostatic embedding includes the partial charges of the MM atoms in the QM
Hamiltonian, thereby describing part of the interaction using the QM description
and allowing the MM environment to polarize the electrons in the QM region.
Polarizable embedding is a less used option that employs a polarizable force-field in
combination with electrostatic embedding, thereby allowing the QM region to in
turn polarize the MM region. The mutual polarization then needs to be solved in an
iterative manner. The last scheme, flexible embedding, is very recent, and allows
the total charges of the active and environment regions to adapt during the course of
the simulation, effectively allowing charge transfer between the two regions. In this
chapter we will not go into the advantages and disadvantages of these options, but
they have been recently reviewed and compared [18]. Suffice it to say that all of
them have certain advantages and disadvantages, and none of them are exempt from
structural and dynamical artifacts at the boundary. Nonetheless, all QM/MM
methods discussed in this chapter can be straight-forwardly combined with either
mechanical, electrostatic or polarizable embedding.

Another important decision in conventional QM/MM lies in the choice of the size
of the QM region (the further away the boundary is from the reactive site, the better).
The same holds for adaptive QM/MM simulations, and the possible options as to
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where to locate the QM/MM boundary (distance to the QM center, number of active
solvent molecules, or density based) will be discussed at the end of this section.

2.2.1 Constrained QM/MM

In this section we will discuss two constrained QM/MM methods: the Flexible
Inner Region Ensemble Separator (FIRES) method, [41] and the recent Boundary
based on Exchange Symmetry Theory (BEST) method [42].

Flexible Inner Region Ensemble Separator (FIRES)
The FIRES method is an elegant example of the constrained approach. It prevents
the solvent molecules from crossing the QM/MM boundary, but does not require
the volume of the QM region to be determined in advance. The constraining
potential is located on a sphere around the active region, and the radius of the
sphere is defined by the position of the QM solvent molecule farthest away from the
QM center. This is illustrated in Fig. 2.2. Since the radius of the sphere is not
constant throughout the simulation, the density of the QM region can adjust and
equilibrate to the underlying free energy surface. Such a simulation can be viewed
as having the active region placed in a balloon immersed in the environment.
FIRES calculations are as efficient as conventional QM/MM since the overhead of
the computation of the forces keeping the two sets of molecules apart is minimal.
While the imposed constraint alters the dynamics with respect to an uncon-
strained system, the authors argue that if the constraint is infinitely steep, average
values of a property X(r) (i.e. the distance between two reactants, the number of

72
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Fig. 2.2 FIRES method. The
constraining potential is
schematized as a red ring
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hydrogen bonds to a molecule, etc.) remain unaltered by the constraint. If we define
the partition function Z for a system consisting of a central reactant a and Nj
equivalent solvent molecules,

1
Z=15 / dr, / e~V W/kT gps, (2.1)

with V(r) the potential energy of the system. We can define the configurational
average of X(r),

dr, [ X(r)e”VO/ksT gpNs
(x) = Ldre Xe)e T 2)
[ dr, [ e VE)/ksT gpNs

In the following, we will prove that providing the constrained particles are
identical and V(r) and X(r) are invariant under exchange of two particles, con-
straining two sets of particles to different regions of space will not affect the value
of (X). If we define a central molecule (the reactant a), and then partition our system
into a set S, of n molecules and a set of S, of (m = N; — n) molecules, we can
rewrite the partition function as,

1
Z=7 | dra / dr" / dr’e™V 0/ kT (2.3)

We can select a subset of configurations contributing to the integral, where the
molecules in S, are the n solvent molecules closest to the reactant @ (which we
would like to assign QM character). They occupy a flexible region A(r) generally
defined as the region of space containing the n solvent molecules closest to a. Then,
the MM molecules in the set S,, occupy a further part of space (E(r)).

1 rA® 1 [E®
7 = / dry / dr’ dre”VW/kT (2.4)

The contributions to the integral Z that we discarded in Z' are simply those
where solvent molecules in S, and in S,, exchanged position. Since all solvent
molecules are identical, the discarded contributions to the integral Z are equivalent
to the ones in Z' (Eq. 2.4), and the two expressions differ only by a multiplicative
constant factor C: Z' = Z/C.

This separation is exact, and implementing the integral of Eq. (2.4) into Eq. (2.2)
has the factors C cancel in the numerator and denominator, yielding an unchanged
thermodynamic average (X), provided that the molecules in the active and envi-
ronment region do not interchange [41].

To ensure that QM and MM molecules do not exit their regions, an infinitely
steep constraint can be used. However, in practice, such a constraint would lead to
divergent molecular dynamics. Therefore, a soft constraint is used, typically a
simple half-harmonic potential that exerts a repulsive force on any MM molecules
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as they approach the active region A(r). As this constraint is not infinitely steep, it
might happen that a MM molecule sneaks into the active region A(r) and thus
becomes closer to the QM center than a QM molecule. As a result, the averages
computed with Eq. (2.4) are no longer exact. The authors have shown that an
aqueous system retains the correct structure in a test MM/MM simulation [41].
However, it has been shown that when two different potentials are used for the
active zone and the environment, even equilibrium properties can be wrong at the
boundary such as the radial distribution of oxygen atoms around the core QM water
oxygen [17, 42].

Boundary Based on Exchange Symmetry Theory (BEST)

The soft harmonic constraint used in the FIRES method changes the partition
function, resulting in slightly distorted equilibrium structures at the QM/MM
boundary. The BEST method aims to solve this problem [42]. In this section, we
illustrate the BEST method for the simplest example of only two particles i and
j (belonging to S, and S, respectively) that violate the requirement in Eq. (2.4): the
molecules in S, cannot be closer to reactant a than any of the molecules in §,. The
partition function Z’ in Eq. (2.4) can be rewritten as,

1 A(r) E(r) A(r) E(r)
Z=— / dr, / dr; / dr; / ar’ / den VT (05

Because FIRES uses a soft wall, additional configurations are explored, where
particles i and j have swapped positions. Because the soft wall prevents these
configurations from occurring too often, they have a relatively low probability. So
they appear with a fractional weight f(r;,r;) in the computed FIRES partition
function Z”:

1 A(r) E(r) A(r) E(r)
z' :—/dru/ drl-/ r,-/ dr), t/ dr’ e~V /T
n!m! P resi resi

1 E) Ar) A(r) E(r)
+n!m!/dra/ dri/ drjf(l'urj)/ dl‘fg‘vt/ dr? eV )kl
(2.6)

The partition function Z” thus differs from the exact one (Z) by something other
than a constant. This leads to inexact average values (Eq. 2.1). The authors of BEST
recognized that the partition function Z' in Eq. (2.5) can be recovered by additional
weighting of the first term of Eq. (2.6).

f(rivrj) +fl(ri7rj) =1 (27)
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) 1 A(r) E(r) ) A(r) E(r) T
Z :n!m!/dra/ dl','/ drjf (ri’rj)/ dr’rlext/ dr:'réste #

1 E(r) A(r) A(r) E(r)
+M/dl'a/ dl’i./ drjf(ri,rj)/ dr:lesr/ dr:f;sler(r)/kBT.
(2.8)

In BEST, this formulation was extended to include all possible exchanges of
solvent molecules between the QM and the MM sets. This approach does, however,
become very laborious, and the recommended implementation assigns weights
f(ri,x;) to only the most frequent exchange contributions and neglects the rest.

2.2.2 Discontinuous Adaptive QM/MM

The list of discontinuous adaptive QM/MM methods discussed here counts five
members: (1) Abrupt, [30] (2) ONIOM-XS, [30] (3) Hot Spot, [16] (4) Learn On
The Fly (LOTF), [31] and (5) Buffered Force (BF) [32]. In QM/MM simulations for
chemistry in solution, the molecular system is generally partitioned into a subset of
QM solvent molecules Sy and a subset of MM solvent molecules Sy, (see also
Sect. 2.2.1). In order to account for the diffusivity of the solvent molecules, the
QM/MM partition needs to be adjusted during the course of the simulation to
always describe the solvent molecules in the active region as QM. As pointed out in
the introduction to this section, none of the discontinuous methods are energy
conserving. In addition, Hot Spot and BF do not conserve momentum, thereby
breaking Newton’s third law, which states that the force a molecule exerts on its
neighbor is equal and opposite to the force the other molecule exerts in return. At
first glance this seems an odd setup, and to clarify this, we address the different
reasons why this option can be advantageous in the paragraphs below.

2.2.2.1 Abrupt

The simplest and most intuitive adaptive QM/MM simulation involves an abrupt
switch of description as a solvent molecule crosses a given cut-off radius. This
corresponds to a sudden change in the QM/MM partition, as the molecule is
reassigned to a different set (QM or MM). For each configuration, an energy V(@ (r)
is defined, which corresponds to the energy of the desired QM/MM partition with
label a. In this chapter, this approach will be denoted by Abrupt.

Due to the difference between the QM and the MM potential, an instantaneous
change of the partition is accompanied by a sudden change in the potential energy
y(@ (r), and in the forces on the atoms. As a result, the total energy of a simulation
is not conserved, which is demonstrated by an acceleration of the molecules at the
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QM/MM boundary [17, 30]. Strong thermostats are required to correct for this
acceleration. Although the energy is not conserved, at each configuration the forces
on all atoms are defined as the negative gradient of V(@ (r). As a result, the total
force on the system equals zero, and the momentum is conserved.

2.2.2.2 ONIOM-XS

This method aims to introduce a certain degree of continuity into the switch from
one QM/MM partition to the next (which accompanies the change in the QM
character of the molecules). ONIOM-XS is still classified as discontinuous, as some
degree of discontinuity remains. The sudden changes occurring in Abrupt are
diminished through introduction of a transition region between the active region
and the environment, where the solvent molecules can semi-continuously switch
between QM and MM character. As a consequence, the molecules in that region
have partial QM and partial MM character. We define a transition region variable
T as a set of two distances R, and R, (T = {Ry, R.}, with R; <R,), denoting the start
and the end of the transition region. The partial QM character of the solvent
molecules in the transition region is reflected in a quantity A(r;), which is a
switching function that depends on the position of the molecule i in the transition
region. In ONIOM-XS, the switching function /(r;) is a polynomial function that
equals 1 inside the QM zone (for r; <Ry), 0 inside the environment (for R, <r;) and
smoothly switch between these two values inside the transition zone:

N> n? 1s N 1
/1(1’,'.T)—6<X,'—2> —S(Xi—z) +8<X,—2>+2, (29)

with x; = (r; — Ry)/ (R, — Ry).
Another, more common choice for a continuous switching function in adaptive
methods is,

1 ifri<Rs,
\2
Arp: T) = § B0 R < <R, (2.10)
0 if R, <r;.

The switching function A(r; : T) is a function of the distance r; between the
center of the QM core and the position of (a representative atom in) the solvent
molecule i. The value of A(r; : T) decreases smoothly from 1 to O if the molecule
diffuses from the center of the QM core across the transition region (see Fig. 2.3).

As illustrated in Fig 2.4, at each time-step, two QM/MM partitions a and b are
computed. In partition a, only molecules in the active region are included in the set

Sgljf,, In partition b, the set Sg’ja,, also contains the molecules in the transition region.
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Fig. 2.3 Value of the switching function A(r) from Eq. (2.10) over the transition region

Fig. 2.4 Schematic illustration of ONIOM-XS method. (A) ONIOM-XS energy with (partially)
QM solvent molecules in Ball&Stick, while molecules with lines are MM. Size of the Ball&Stick
QM molecules in the transition zone illustrate their percentage of QM character; (a) Small

QM/MM npartition: S(Qa,a contains only solvent molecule in the active zone; (b) Large QM/MM

partition: SS,L contains solvent molecules in the active and transition regions

The energy is then defined as a weighted average of the two computed partition
energies,

VA = 6@ () V@ (r) + 6@ (r) VO (r). (2.11)

The functions ¢@(r) and ¢*)(r) are weights of the two computed partition
energies, and @ (r) +¢®(r) =1. If the M molecules in the transition

region define a set S, the value of ¢”)(r) is defined as the average over the QM
character (A(r; : T) values) of all M molecules in Sy,

o (r) = MZ Ay T). (2.12)

When only one molecule is in the transition region, the change from QM to MM
(and vice versa) is continuous. However, when the transition region contains more
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than one molecule, the method still involves small jumps when solvent molecules
exit or enter the transition region. At that point, one of the partitions (a or b) is
replaced, and the set of M solvent molecules in Eq. (2.12) changes. As a result of
the discontinuity this method does not conserve energy, but because the forces on
all atoms are the negative gradient of the energy defined in Eq. (2.11), the total
momentum is conserved.

2.2.2.3 Hot Spot

The Hot Spot method, like ONIOM-XS, is based on the introduction of a transition
region between the active region and the environment region. The “Hot Spot”
corresponds to the combined active and transition region. Again, like ONIOM-XS,
Hot Spot considers two partitions for each conformation, as illustrated in Fig. 2.5.
In partition 0, the whole system is MM, leading to the energy V%, In partition a,
the solvent molecules of the Hot Spot are QM. Originally, partition a contained

(a-QM/MM) (0)

Fig. 2.5 Illustration of Hot Spot method. (A) Forces applied to each molecule. Ball&Stick
molecules are assigned forces from the QM/MM calculations, while molecules with lines are
assigned MM forces. Sizes of the Ball&Stick QM molecules in the transition zone illustrate their
percentage of QM character. (a) QM or QM/MM simulation to get the force for the molecules in
the active and transition zones; (0) MM calculation to get the forces for the molecules in the
transition zone and in the environment
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only these molecules, [16] but recent applications used a QM/MM energy for this
partition: molecules in active region and the transition change are QM while the
environment is MM [43]. The molecules in the active region feel the forces com-
puted for partition a at the QM or QM/MM level. The molecules belonging to the
environment region feel the forces obtained from the MM calculation. And last,
the molecules in the transition region feel a weighted average of the two forces. The
force exerted on a molecule i in Hot Spot writes:

AV (r)
8r,~

ovO(r)

HS (LY — _ 3 (p. -
F°(r)=—A(r;: 7) o,

— (1 - i(r;: T)) (2.13)

In this approach, no unique energy can be defined that is consistent with the
force on all atoms, and Newton’s third law is violated. This happens because
the force that a molecule exerts on a neighboring molecule is no longer equal to the
negative force the second molecule exerts in return, since it comes from a different
calculation. This type of approach has a continuity similar to an ONIOM-XS type
simulation, at a reduced cost, since only one QM/MM calculation per conformation
is required. Like ONIOM-XS, the forces in this method are still discontinuous,
which results in an energy gain (or loss) during the simulation. As a consequence of
the violation of Newton’s third law, the total force acting on the system is not zero.
This results in an additional energy flux into the system, so that the simulations
require even stronger thermostats than Abrupt to maintain the desired temperature.

A very large part of the accelerations of the atoms in the Hot Spot simulations
comes from the lack of momentum conservation. A way to reduce this effect to the
level of ONIOM-XS, without requiring an additional QM/MM computation, is to fit
a simple force field to the Hot Spot forces for the entire system on the fly (for each
conformation). This results in a unique energy expression V7 (r), which has
approximately the Hot Spot forces as its gradient. Then, the forces used for the
molecular dynamics propagation of the system are taken as the negative gradient of
the fitted potential V77 (r).

A method such as this has been developed under the name Learn On The Fly
(LOTF) [31]. As VI (r) is fitted at each time step, it is a discontinuous method that
does not conserve the total energy. It behaves similarly to a Hot Spot simulation,
but with the added advantage that it conserves momentum. Indeed, the forces on all
atoms come from a unique potential V¥ (r) so that the total force is zero.

2.2.2.4 Buffered Force (BF)

BF, like Hot Spot, obtains the forces assigned to different atoms from different
calculations, as schematized in Fig. 2.6. As a consequence, no unique potential
energy is defined, and Newton’s third law is violated. The total momentum of the
simulations will therefore not be conserved and the method requires an efficient
thermostat to be used. There is, however, a major distinction between Hot Spot and
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Fig. 2.6 Schematic illustration of BF method. (A) Forces applied to each molecule. Ball&Stick
molecules are assigned forces from the QM/MM calculations, while molecules with lines are
assigned MM forces; (a) Nature of the solvent molecules in the QM/MM simulation; (b) Nature of
the solvent molecules in the MM calculation

BF, in that they are designed to solve different problems. One general problem with
QM/MM, whether conventional or designed for diffusive systems, is that particles
at the boundary interact with other particles of both QM and MM character, and
may prefer one over the other. This may result in either a density increase, or a
density depletion at the boundary, which would not be present in a fully QM
simulation. This artifact may be reduced somewhat in the above-mentioned
ONIOM-XS, Hot Spot, and LOTF, if the transition region is chosen sufficiently
large, but in the BF method this issue is tackled in a more thorough manner.
Like Hot Spot and LOTF, BF computes one QM/MM energy V®)(r) for a
partition b with a large set of QM molecules (S(")QM in ONIOM-XS) and a fully MM
energy V() (r) for the entire system. In a manner analogue to the Hot Spot method,
the QM/MM forces are then assigned to all molecules in a small predefined active

region (S(Q“]e,, in ONIOM-XS), while the MM forces are assigned to all the rest.

In BF, there are no molecules that have partial QM and partial MM character,
exactly as in the Abrupt approach. In that sense, there is no transition region, but we
can define a buffer region as S,y - S pu. The choice of transition region
thickness is carefully selected based on the error in the forces on the QM reactive
center, and amounts to values below 1 A, similar to the sizes used in other methods.
The considerable advantage over the Abrupt approach is that in BF the QM mole-
cules at the boundary feel forces from a calculation that describes all their neighbors
QM, while the MM molecules feel forces from a calculation that describes all their
neighbors MM. As a result, unwanted clustering or depletion is avoided.

During a molecular dynamics simulation most molecules exhibit Brownian
motion. Therefore, close to the boundary, a wandering molecule could switch
between QM and MM character very often. To avoid this effect, the authors of BF
introduced hysteresis in the QM <> MM change: Four boundaries are defined in
total. A molecule going out of the active region will be assigned MM forces beyond
the R radius whereas a molecule coming towards the active region will be
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(a) (b)

N

Fig. 2.7 Schematic hysteresis approach in the BF method. (a) Definition of the four boundaries;
(b) Four boundaries seen as two buffer regions. T is shown as a green ring, T°"" is shown in blue.
For the sake of clarity, they are only partially shown

assigned QM forces below the R” radius, with R™ < R%“. Similarly, R™ and R are
introduced as the outer boundaries of the buffer region. These four boundaries can
be grouped into two buffer regions defined by T = {R" R"} and
T = {R%" R }. This is schematized on Fig. 2.7.

2.2.3 Continuous Adaptive QM/MM

In the previous subsection, we presented several methods that aim to provide some
continuity in the QM/MM transition of solvent molecules (ONIOM-XS, Hot Spot,
LOTF). In this subsection, we discuss a set of more recent QM/MM methods that
ensure a completely continuous transition: (1) Permuted Adaptive Partitioning
(PAP), [33] (2) Sorted Adaptive Partitioning (SAP), [33] (3) Difference-based
Adaptive Solvation (DAS), [34] and (4) Size-Consistent Multi-Partitioning (SCMP)
[35]. Similar to the discontinuous methods from Sect. 2.2.2, a transition region is
again introduced, in which the solvent molecules are assigned fractional QM (and
MM) character based on their position. This is illustrated in Fig. 2.8a. As opposed to
the discontinuous schemes that require only two different QM/MM partitions to be
computed each time step, the continuous methods require calculation of a large set of
partitions of the solvent molecules. This can be rationalized as follows: to assign a
partial QM (and MM) character to a single molecule i, one should launch two
calculations: one in which i is QM and one in which it is MM. This is illustrated in
Fig. 2.8b, c for the second solvent molecule in the transition region. Then, an
adaptive potential energy expression can be defined that is a weighted average of the
energies for the two partitions (equivalent to Eq. (2.11) for ONIOM-XS). As all
molecules in the transition region can have different QM characters, an adaptive
potential energy expression that assigns the desired fractional QM characters to all
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Fig. 2.8 Schematic illustration of adaptive methods. (a) Continuous evolution of the nature of
solvent molecule from QM (shown as Ball&Stick) to MM (shown as lines). The percentage of QM

nature is schematized by the size of the Ball&Stick drawing.( b) and (¢) Two contributing
partitions that determine the QM/MM character of water 2: (b) Water 2 is QM, (c¢) Water 2 is MM
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these molecules needs to include contributions from many QM/MM partitions. All
of the methods define this adaptive potential energy V¢ (r) as,

Vel (v Zo )V (r). (2.14)

For a system with M solvent molecules in the transition region, the maximum
number of partitions that can meaningfully contribute to this partial character
corresponds to the 2¥ possible partitions of the M molecules into two sets. The
behavior of the weight functions ¢ (r) is such that when a solvent molecule m;
moves away from the QM center, the weight o, (r) of a partition n that describes
m; QM decreases, becoming zero as m; exits the transition region and enters the
environment region.

As mentioned, all continuous methods have the same basic definition for the
potential energy (Eq. 2.14). The most important difference between the continuous
methods lies in the form of the weight-functions o) (r), where the PAP method
assigns them in perhaps the most intuitive manner. However, the PAP method also
requires computation of a large number of computationally expensive QM/MM
partitions for each conformation, since it includes all 2™ possible partitions, with
M the number of solvent molecules in the transition region. SAP, DAS and SCMP
are considerably more economic alternatives that include only the most important
contributions, typically M + 1.

There is, however, a less defining choice in how to perform a continuous
adaptive molecular dynamics simulation. Molecular dynamics works on the pre-
mise that the forces (the negative gradient of the energy) are a good estimate for
AV (r)/Ar over a time-step Az. Only then can the correct kinetic energy for the
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next time step be predicted, and will the total energy be conserved. The forces are
only a good estimate for 4V (r)/Ar if the potential energy is continuous, which it
is in all continuous methods. In adaptive approaches, however, there are two ways
in which the forces on the atoms can be obtained from V% (r), and the choice
determines whether or not the simulation conserves energy.

(i) Energy conserving: The forces on the atoms are the negative gradients of the
energy in Eq. (2.14) according to,

) )
R == 3o P A v )

(i) non-Energy conserving: The forces on the atoms are again the negative gra-
dient of the energy in Eq. (2.14), but now the terms that describe the change of
a(”)(r) are neglected, resulting in the definition,

' v (r)
ad - _ ()27 "\
F¢“ (r) En oy o, (2.16)

The forces in Eq. (2.16) provide an inexact prediction for Avad (r), resulting in
simulations that do not conserve energy.

Of the methods discussed below, PAP and SAP historically used the weighted
energy from Eq. (2.15), and thus are energy conserving. DAS and SCMP are
generally used in a non-energy conserving approach, directly computing the forces
from Eq. (2.16).

As stated above, the four methods below differ mainly in the form of the weight
functions, and as long as the weight functions have continuous derivatives (PAP,
SAP, DAS), they can equally well be used in an energy conserving as in a
non-energy conserving manner. While the former has the advantage of being for-
mally more sound, it was demonstrated that it does not produce reasonable struc-
tures with either the DAS or the SAP weight functions [34]. As a result, the use of
the approach of Eq. (2.16) is recommended for all practical purposes, as was
recently confirmed by Lin et al. [18]. While the resulting simulations do not con-
serve energy, one can make use of the fact that the forces are completely contin-
uous, and integrate the forces a posteriori along the trajectory, to obtain a quantity
that is conserved. This so-called bookkeeping quantity can be used with Eq. (2.16)
and any of the available weight functions, to test simulation parameters such as the
size of the transition region or the selected time step [34, 44].

2.23.1 Permuted Adaptive Partitioning (PAP)

This method includes all possible partitions of the transition region solvent mole-
cules into two sets (QM and MM) contributing to the total energy in Eq. (2.14). If
the number of solvent molecules in the transition region equals M at a certain
time-step, then the maximum number of non-zero PAP partitions equals 2.
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To obtain the weight functions ¢ of these partitions, the switching function 4 is
required each time-step for all M transition region molecules according to Eq. (2.3).
Each partition n in Eq. (2.14) consists of a set of QM solvent molecules S<Q"12,1 and

a set of MM solvent molecules S,(.ZL, which together sum to the total number of

solvent molecules in the system. We can now define QM and MM fade-out
functions for each partition as,

ogum = [ #mi:1) . o) = T] 1 -4 7). (2.17)
sy, iest,

The fade-out functions earn their name because 0("]24(1') becomes zero when a
QM solvent molecule diffuses into the environment, while the fade-out function of
the set of MM molecules becomes zero when a MM molecule penetrates the QM
region. The partition weight functions ¢ (r) are defined as products of the
fade-out functions,

") (r) = O, (x) - 04y (). (2.18)

The sum of the weights in Eq. (2.18) over all contributing partitions equals one.

The number of contributing partitions is often very large (the method scales as
0(2M), see Fig. 2.9), but many of the weights are negligible, and in practice
computation time is saved by computing only the partitions that have a
non-negligible weight.

2.2.3.2 Sorted Adaptive Partitioning (SAP)

The SAP method drastically reduces the number of contributing partitions by
constructing the weight functions ¢ (r) in such a way that only M + 1 ‘ordered’
partitions contribute. The ‘ordered’ partitions are those in which all QM solvent
molecules are closer to the QM core than the MM molecules (Fig. 2.10). This
intrinsically means that each partition has a different number of QM solvent mol-
ecules. The main criterion for the weight functions ¢ (r) in Eq. (2.14) is that when
two solvent molecules are at similar distance from the QM core, then those parti-
tions that describe one particle QM and the other particle MM have weights that
smoothly approach zero. The expressions for the weight functions are fairly com-
plex, and have been extensively discussed elsewhere [33, 34].

2.2.3.3 Difference-Based Adaptive Solvation (DAS)

Similar to SAP, in the DAS method only the ‘ordered’ partitions contribute. The
weight functions used in DAS have a relatively simple form,
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Fig. 2.9 Illustration of the PAP method for a methanol molecule (in the bottom left corner in
yellow) solvated in water. QM molecules are shown in Ball&Stick while MM molecules are shown
with lines. (A) QM characters of solvent molecules in a PAP simulation: In the transition zone, the
size of a molecule indicates its proportion of QM character. On the right, all the computed partitions
are shown, ordered by the number of QM solvent molecule, ranging from 0 to 4 in this example
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(0) (1) (2) (3) (4)

Fig. 2.10 SAP or DAS simulation (A) the percentage of QM nature is schematized by the size of
the Ball&Stick drawing. In SAP, these weights are used to compute the energy, while in DAS they
are used to compute the forces. On the right, the ‘ordered’ partitions are shown. As indicated in the
text, they all have a different number of QM molecules, ranging from O to 4 in this example
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" (r) = max({min(Aj(%l(r : T)) - max(/lg'lz,,(r : T)) , 0}) (2.19)
with A,(lgl)l,,(r :T) and A("Xl(r : T) defined as sets of switching functions A(r; : T),

AL (e T) = {i(ri ‘T)|i e sg}I},

(2.20)
A7) = {an Tl € s, .
The functions ¢ (r) in Eq. (2.19) are effectively differences of A(r; : T) func-
tions, contrary to PAP and SAP, which define ¢")(r) as products of A(r; : T). As a
result, the gradients of the weight functions in DAS are never greater than the
gradients of the A(r; : T) functions, and as a result, a DAS simulation conserves
the total energy better than PAP and SAP when a large time-step is applied. While
the gradients of the DAS weight functions are not large, they do suffer from small
discontinuities, due to the discrete maximum and minimum functions in Eq. (2.19).
Contrary to PAP and SAP, DAS is most often applied in combination with the
non-Energy conserving approach. In this approach, the expression for the forces
(Eq. (2.16)) does not contain the gradient of the weight functions ¢”(r), and the
above-mentioned discontinuities pose no problems. However, when the weights in
Eq. (2.19) are used in combination with the energy conserving approach of
Eqg. (2.15), this discontinuity has to be dealt with to achieve energy conservation in
the simulation. In that situation, continuous maximum and minimum functions can
be used,

1
max(A) = %ln(z k),
acA

) (2.21)
min(A) =1 — (%ln(Zek(l’“))).

acA

where A is a set of fractional numbers between O and 1, and k is a large constant,
typically k = 250. The function max(A) is a function that returns the maximum
element out of the set A, and min(A) is a function that returns the minimum. When
these continuous functions are applied in Eq. (2.19), the sum of the weights of the
contributing partitions slightly deviates from normalization but the error is less than
0.01.

2.2.3.4 Size-Consistent Multi-partitioning (SCMP)
The Size-Consistent Multi Partitioning (SCMP) method is a scheme where the

number of contributing partitions N is predefined by the user, and remains the same
at every time-step. The partitions themselves are defined such that each partition
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treats the same number (Ngy) of molecules quantum mechanically (QM), as
illustrated on Fig. 2.11. One can note here that SCMP includes only partitions that
are in the same column in Fig. 2.9, while in SAP and DAS the contributing
partitions are in the same row. Since each partition energy takes roughly the same
time to calculate, this scheme is able to run efficiently in parallel.

In order to obtain the weight functions of SCMP, again, at each time-step A switching
functions are required for all molecules. The SCMP method defines four different

transition regions labeled 72, T2M | TMM 'and TMM Each molecule has thus four A

values associated to it. The analogue of the PAP fade out functions in SCMP is

ogn(r) = T alri: T2, =] t- 21280, (222)
sy, Sy,

In addition, the SCMP method introduces fade-in functions according to,

I —1—HA T2, L) =1— [ 1- 2 T2). (2.23)

zeS ESAZ)W

Fig. 2.11 Example of an
SCMP simulation in which
N = 4 partitions are
considered with Noy = 2 QM
water molecules. (A) Forces
computed for the molecules.
The fraction of QM character
is schematized by the size of
the Ball&Stick drawing. On
the right, the ‘ordered’
partitions are shown
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Here, I %I(r) and / ,5,';12,, (r) are the fade-in functions of partition n for the QM and
MM molecules, respectively. Finally, the weight function of partition # is defined as,

) — _Oon(®) Ol (1) - I
S OG(r) - Ol (v) - I (1) - Iy (x)

, (2.24)

where the sum of all weight functions is normalized to 1.

At each time-step an updating algorithm is used that ensures that significant
partitions (partitions where QM solvent molecules are close to the center) are
contributing to the forces in Eq. (2.16). Although less intuitive, the fade-in func-
tions are used because they ensure that for the most-compact partition (the partition
where all the QM molecules are closer to the center than the MM molecules) either

I %(r) =0or 11(1;,24(1') = 0, leading to a zero weight for this partition. As a result,

when one replaces the least significant partition with the most-compact one, the
energy and the forces are continuous during the exchange. For the precise algorithm
of SCMP simulations, see Ref. [35].

Exploiting the fact that the calculations run efficiently in parallel, the SCMP
method allows one to consider a fairly large number of partitions (typically on the
order of 48 instead of around 10 for DAS or SAP), leading to a very smooth change
in QM character of molecules inside of the transition region.

2.2.4 Choosing the Boundary Position in Adaptive QM/MM

On top of the standard QM/MM issues, to define the shape and size of the active region
is also a challenge in both the constrained and adaptive approaches. Up to now, all
methods define a spherical active region with a center and a radius. Most works center
the active zone on a particular atom. This approach can straightforwardly be extended
to a spherical region around the center of mass of a set of atoms. In arecent contribution,
Lin et al. showed that in simulations of biomolecules, it can be desirable to use a fixed
point in space as the center of the QM region. In order to retain conservation of
momentum, they assigned a very heavy virtual atom as the QM center [45].

The size of the active region has been determined in three different ways:
Distance-based  (Distance-Adaptive ~ Multi-Scale: DAMS), number-based
(Number-Adaptive Multi-Scale: NAMS) [19, 46, 47], and density-based
(Density-Based Adaptive QM/MM: DBA) [48]. The size-selection methods can in
theory all be used in combination with any of the above adaptive QM/MM approaches.

Distance and Number-Based Adaptive Multi-Scale (DAMS and NAMS) DAMS
is the original and most often used approach, where the radius of the active sphere
remains fixed during the simulation. Csanyi and co-workers define the ideal fixed
radius as the distance where the description of the solvent molecules no longer
affects the forces on the central atom. The number of solvent molecules in the active
region is adjusted on the fly.
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Conversely, in NAMS the number of solvent molecules in the active zone is
constant. The QM/MM boundary is adjusted to the density of solvent molecules
inside the active region, and the radius of the active region is updated on the fly.

Density Based Adaptive QM/MM (DBA)

The DBA approach is an elegant and systematic way to adaptively choose the size
of the active region. It has been applied in combination with the Abrupt method. In
this approach, the QM/MM boundary is not an empirically selected distance from a
QM region, but is based on the overlap of electron densities between a subset of
molecules at the core of the active region, with the rest of the solvent molecules. To
have a fast method, the molecular electron density of a molecule is pragmatically
defined as the sum of the atomic densities. The electron density and the reduced
density gradient are used to determine if the interaction between two molecules can
be defined as covalent or not. In practice, this amounts to a maximum distance of
around 3.9 A between molecules. This is comparable to the commonly chosen
distance of 4 A in some distance-based schemes. An advantage of DBA over the
distance-based scheme is that orientation plays a role in determining the QM
character of the water molecule. As a result, the number of QM molecules can be
slightly smaller than in DAMS with a comparable cut-off distance, making DBA
computationally more favorable. The DBA approach has thus far been applied only
in geometry optimizations, but extension to molecular dynamics (even coupling to a
continuous adaptive method) would be relatively straightforward.

2.3 Method Comparison

While no general overview paper exists that compares all methods discussed above
on the same grounds, several contributions have appeared that compare subsets of
methods. In 2007, Heyden et al. compared the performance of Abrupt, Hot Spot,
ONIOM-XS, PAP, and SAP for a system of argon in argon with two different
classical (MM) potentials [33]. The observables compared were energy conserva-
tion, temperature conservation, and radial distribution functions. In 2013, the
authors of this chapter compared the performance of Abrupt, SAP, DAS, BF,
FIRES, and BF for a system of water in water with four permutations of two QM
and two MM potentials [17]. They compared the results obtained with the various
QM/MM simulations with a reference calculation, full QM. In 2015, Pezeshki et al.
reviewed ONIOM-XS, PAP, SAP, DAS, Hot-Spot and BF [18]. However, they did
not perform any new method comparison with respect to Ref. [33]. Below, we will
summarize the results of these studies, separated into a section about dynamical
performance (energy/temperature conservation, time correlation functions), a sec-
tion about structural results, and a section about timings. The comparison is sum-
marized in Table 2.2.
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Table 2.2 Performance of the various methods. They are classified following the previous section

E@ Momentum® Structure N@
FIRES [41] X v X
BEST [42] X v v 1
Abrupt [30] X v v 1
ONIOM-XS [30] X v v 2
LOTF [31] X v v 1
Hot-spot [16] X X v 1
BF [32] X X v 1
PAP [33] v v X = oM
SAP [33] v v X M+1
DAS [34] X v v M+1
SCMP [35] X v v User defined

The criteria of comparison are: (a) conservation of the total energy in a simulation in the
microcanonical (NVE) ensemble (b) conservation of the total momentum (c) quality of radial
distribution functions extracted from an MD simulation in the canonical ensemble (d) scaling in
terms of number of QM/MM partitions, M being the number of molecules in the transition region

2.3.1 Dynamical Performance

The comparative study by Heyden et al. [33] revealed that regarding the energy
conservation, the quality of the performance of the methods can be ordered
PAP = SAP > ONIOM-XS > Abrupt > Hot Spot (with a simulation time-step of
0.1 fs) as shown in Fig. 2.12. This is in agreement with expectation, since the
definition of the potential energy in PAP and SAP is designed to be continuous, so
that energy conservation is possible—provided a small enough time-step is applied.
While PAP and SAP are continuous and employ the energy conserving approach
(Eq. 2.15), the ONIOM-XS potential energy (Eq. 2.11) is discontinuous, thereby
sacrificing energy conservation. On the other hand, the energy in ONIOM-XS is
considerably more continuous than the energy in the Abrupt approach, and indeed
the latter performs worse in energy and temperature conservation. The Hot Spot
method, besides its discontinuity, breaks Newton’s third law, which further reduces
the performance in energy conservation.

The second comparative study [17] listed only temperature conservation, rank-
ing the tested methods as FIRES > DAS > Abrupt > BF. The ranking is again in
agreement with expectation. The FIRES method applies forces that are exact
derivatives of the potential energy, which only has minor discontinuities, and is
therefore the best at total energy (and thus temperature) conservation. The three
adaptive methods, DAS, Abrupt, and BF, are all combined with the ‘non-energy
conserving’ approach. Still, DAS conserves the energy better since it is a contin-
uous approach while Abrupt and BF have a completely discontinuous (sudden)
energy definition. BF (like Hot Spot) furthermore violates the Newton’s third law,
which is why the temperature conservation is even worse.



2 Proton Transfer in Aqueous Solution: Exploring the Boundaries ... 75

1.0
Hot spot P 7
F

3 -
E 05- 7
g 4
> -
@
c
(7]
+ 0.01
°
}_

051 permuted AF

0 100 200 300 400

Simulation time (ps)

Fig. 2.12 Total energy during an MD simulation in the microcanonical ensemble. The system
consists of 171 argon atoms in a cubic periodic box with a length of 20 A. One atom is chosen to
be the active center, and the radius of the active zone is 5 A. Trajectories are computed using the
hot spot (blue), ONIOM-XS (green), PAP (red, permuted AP), and SAP (black, sorted AP)
methods with a transition region 0.5 A thick. The ‘No buffer’ pink line corresponds to an Abrupt
simulation within the nomenclature of this chapter. Total energy data from the simulation using the
PAP method are directly underneath the data from the SAP simulation. Reproduced from Ref. [33]
with permission

Reference [17] also computed the residence time of the water molecules in the
first coordination shell of the central QM water. This dynamical quantity will clearly
be affected by any errors in the equations of motion, and this can be seen from the
ranking of the adaptive methods, which is the same as specified above for temper-
ature conservation (DAS > Abrupt > BF). Being a constrained (non-diffusive)
method, FIRES is not expected to properly reproduce a quantity that is determined
by diffusion. Surprisingly, FIRES performs exceptionally well when the first sol-
vation shell is buried deep enough in the active (QM) region, that is when the
transition zone starts beyond the second solvation shell.

To sum up, only few adaptive methods conserve the energy. However, there is a
very strong ranking in the quality of the dynamical performance: constrained > adap-
tive continuous > adaptive non-continuous.

2.3.2 Recovery of Structures

The results for structure recovery reveal a ranking that is almost opposite to the
ranking found for dynamical performance. In Ref. [33], the radial distribution of the
argon atoms with respect to the central argon atom were all very similar, and
presumably of good quality, especially when a thermostat was applied in the
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simulations. The oxygen-oxygen radial distribution around the central QM water
oxygen in Ref. [17] showed that the most reliable structures were obtained from the
simulations using Abrupt, BF and DAS, with a small preference for BF (Fig. 2.13).
The structures obtained with SAP strongly deviated from the reference full QM
simulation. The FIRES radial distributions showed a large density peak at the
QM/MM boundary, which was larger if the difference between the QM and MM
potential was larger. We expect that this density peak is partially related to the
problem with the partition function that was addressed by the BEST approach.
Using electrostatic QM/MM coupling, the authors of the BF method demonstrated
that the introduction of the buffer is crucial to recover reasonable structural prop-
erties. On two systems (water in water and an anion Cl in water), they compare the
BF radial distribution functions measured at the center of the QM region with the
full QM, the full MM and the adaptive QM/MM method referred to as Abrupt in
this chapter (see Fig. 2.14). Without introduction of the buffer, the radial distri-
bution is strongly affected by the adaptive QM/MM boundary with the apparition of
a peak at the boundary. With the introduction of the buffer, the QM radial
distribution is recovered in the active zone and the spurious peak disappears.
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Fig. 2.13 Oc-O radial distribution function (RDF) (Oc is central oxygen) for water from QM/MM
simulations (PM6-DH +/TIP3P-Fs) with an active region up to 4.0 A (in FIRES simulation the
active region is ~4 A). Top (FIRES, SAP) and bottom (Abrupt, BF and DAS). The vertical lines
represent the inner and outer borders of the transition region. Adapted from Ref. [17] with
permission
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Fig. 2.14 CIl-O radial distribution function g(r) for a chlorine anion solvated in water in a
QM/MM (BLYPATIP3P) simulation. The CI” anion is the active center. Each panel shows
reference full QM (dotted) and MM (dashed) results, as compared with an adaptive QM/MM
simulation (solid). The top panel shows results of a Abrupt simulation, while the bottom panel
shows the results of a BF simulation. The unshaded parts of the plots represent the QM regions,
with the gradient in shading corresponding to the hysteresis range, a refinement used by the
authors to reduce the fluctuations in the set of molecules that constitute the active and transition
region. Reproduced from Ref. [32] with permission

2.3.3 Timings

In general, one can roughly rank the timings of the approaches discussed in
Sect. 2.2 by the number of partitions that are computed each time-step. This would
results in a speed ranking of constrained > discontinuous > continuous. The con-
tinuous methods compute many partitions each time-step, where PAP computes by
far the most, and will therefore be the slowest among all. On the other hand, the
viewpoint has been taken [19] that these partition-based calculations are trivially
parallelizable, and as long as a large number of computing cores are available, more
partitions do not lead to more wall time. At that point, the deciding issue becomes
the size of the active and transition regions, the required time-step for the simu-
lation, and for a minor part the overhead of the adaptive algorithm.

Most QM/MM methods are implemented in different program packages, which
makes it difficult to compare their timings on the same ground. In Ref. [17] the
timings for a subset of QM/MM methods were presented, all using FlexMD,
[44] and are reproduced in Table 2.3. FlexMD is a QM/MM python library
developed with the specific purpose of multi-scale simulations on aqueous systems
in mind, and it is available within the ADF software [49]. The FlexMD simulations,
using a relatively fast semi-empirical QM description (PM6-DH+), yield a speed
ranking of Abrupt > FIRES > BF > DAS > SAP. The discontinuous adaptive
methods compete with the constrained methods, while, regardless of parallelization
of the partition calculations, the continuous adaptive methods are the slowest. In the
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Table 2.3 Real Time timings (in h/ps) of PM6-DH + and PM6-DH +/TIP3P-Fs simulations of a
periodic box containing 110 water molecules on a Linux Cluster

QM FIRES ABRUPT SAP DAS BF

43.6 1.20 1.18 10.4 1.63 1.35

All simulations are run in serial, except DAS and SAP, which are un in parallel on 12 cores. For all
simulations except SAP, a time-step of 0.5 fs is used. The time-step for the SAP simulation is
0.1 fs. Reproduced from Ref. [17] with permission

BF and DAS simulations, the size of the largest set S(n124 in the corresponding

partition (n) is the same, and the slower performance of DAS can only be attributed
to overhead. The very slow timings of SAP are caused by the fact that the steep
partition weight functions ¢ (r) require the simulation to be performed with a
time-step of 0.1 fs, smaller than the 0.5 fs used for other methods in this example.

2.4 Proton Transfer at the Boundary of Adaptive
QM/MM

The previous sections presented the state of art in adaptive QM/MM methods. Since
their debut in 1996 with the Hot Spot method, they have largely reduced the
demand on computational resources, while improving structural properties and
energy conservation. These methods have already been successfully applied to
simulate the solvation structure of ions in liquid water [41, 43, 50, 51] and even
aqueous chemical reactions [19, 23]. The validation procedure is usually based on
comparison with experiments [50] or with the corresponding fully QM simulation
[19, 23, 41].

However, as stated in the introduction, the bulk of the aqueous reactions of
interest involve proton transfer in some form. Even with advanced adaptive
QM/MM methods it is still not trivial to perform simulations on proton transfer
processes, due to their delocalized nature. Therefore, considering an example
system in which proton transfer and diffusion occur can serve as a tough “crash
test” for adaptive QM/MM, and should demonstrate the limitations of the methods.
We specifically focus on diffusion and Grothuss shuttling, which are particularly
non-local, and will affect thermodynamic reaction quantities. The impact of the
introduction of an adaptive QM/MM boundary will be quantified through com-
parison with fully QM simulations on the same system. To underline the limits of
the methodology, the behavior of the proton transfer events and their deviation from
expectation will be thoroughly discussed.

The generally accepted notion is that the hydronium ion, once formed, exists in two
preferred conformations: the dimer or Zundel ion (O,Hs"), or the Eigen cation (O4Ho")
[52]. In the dimer, a single step proton transfer between the contributing oxygen atoms
is nearly barrierless, and occurs on a very short time-scale [53, 54]. This behavior is
generally separated from the so-called forward hopping motion, where the proton
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moves to a new donor oxygen atom without hopping back on a short time-scale. This
forward hopping motion is attributed to a rearrangement of the solvent shell around the
hydronium ion (re-solvation) [55]. The hydroxide ion also requires resolvation to
precede a forward hopping step. Molecular dynamics simulations indicate that the
hydroxide ion in its stable state is involved in four hydrogen bonds to proton donors
(hypercoordination) [8, 56] in agreement with experiments [57]. Only when one of the
donated hydrogen bonds breaks while at the same time an acceptor hydrogen bond is in
place [5], a proton transfer event can result in a stable new hydroxide ion.

The proton transfer reaction selected for study is the diffusion of a hydroxide ion
in a solution of methanol in water (pH>>7). The model contains a methanol
molecule dissolved in a cubic periodic water box of 15 A side containing 112 water
molecules and one (Na®, OH") dissociated ion pair. This gives a total density of
1.03 kg/L and an approximate pH around 13.3.

Based on its satisfactory performance, as discussed in Sect. 2.3, the DAS method
was selected for the adaptive QM/MM simulations. The center of the active region
is defined by the position of the methanol oxygen atom O, and the active region
has a radius of 6.3 A around it. The transition zone extends from 6.3 to 7.2 A and
ensures a smooth QM/MM transition for the water molecules. This setup is depicted
in Fig. 2.15.

The QM and MM descriptions were selected based on two requirements:
(1) The MM force field should allow proton shuttling in the environment region, and
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Fig. 2.15 Methanol solvated by an alkaline solution. Methanol is represented in yellow. The light
blue disk (a sphere in 3D) corresponds to the active (QM) zone, the blue ring to the transition zone
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(2) The difference between the QM and the MM description of water should not be
too large, to minimize the artifacts at the QM/MM boundary. The reactive force field
ReaxFF [58] is used as the MM level (as implemented in the ADF package), [49]
with parameters specifically developed for proton transfer in water. In this way the
OH' ion is in principle allowed to diffuse in and out of the active region, while still
retaining its reactive qualities. All QM calculations are done at the semi-empirical
PM6-DH+ level of theory, [59, 60] as implemented in the MOPAC2012 program
[61]. Earlier calculations [17] showed that the PM6-DH+ and ReaxFF descriptions
of water are very similar, thereby minimizing the chance of artifacts due to differ-
ences between the potentials. PM6 offers a real improvement to AM1 or PM3 for the
description of liquid water [59, 62]. This comes from the fact that the core-core
interaction has been modified, analogously to the strategy proposed by the authors of
PM3-MAIS or PM3-PIF [63, 64]. While able to describe proton transfer, the
PM6-DH+ potential is not optimized for proton transfer processes [65], and is
known to overestimate the methanol-water interaction [62]. As a result, our setup is
perfectly capable of demonstrating the pitfalls of adaptive QM/MM, but it is not
expected to provide meaningful physical insights into the selected process. The
interaction between the QM and MM molecules is described with mechanical
embedding, which means that the electron density is not polarized by the MM
charges. However, the use of the charge equilibration scheme Qeq [66] in ReaxFF,
ensures polarization of the QM region by the MM environment, even if this effect is
purely classical.

In all simulations, a time-step of 0.5 fs is used. We base this choice on earlier
contributions [17,44] that used the same QM and MM descriptions as applied here. We
found that a time-step of 0.5 fs was sufficient to describe the O-H vibrations in water,
and resulted in energy conserving simulations. We furthermore note that the proton
transfer process—as the proton transfers from an elongated bond with the donor
oxygen to an elongated bond with the acceptor oxygen—occurs in 5-20 time-steps,
which is sufficient to properly describe the process. A Nose-Hoover thermostat was
employed to keep the temperature at 290 K. To serve as benchmarks, we first performed
two fully QM molecular dynamics simulations of the entire system, with the initial
OH ™ positionat(1)8.85 A and (2) 3.02 A from the oxygen atom in methanol (O,,), and
one fully MM simulation. From the QM simulations we extracted five frames that were
used to run five QM/MM simulations. To obtain a comparable amount of data for both
types of simulations (QM and QM/MM) and to ensure they both spanned overlapping
regions of phase space, four additional fully QM simulations ((3), (4), (5) and (6)) were
started from positions taken from the last frame of the five QM/MM simulations. All
simulations were run for 20 ps, of which the first 10 ps are considered equilibration, and
excluded from analysis. Analysis of the five QM/MM simulations was performed over
the entire 50 ps of equilibrated data available. Analysis of the QM data was performed
over the trajectories from simulations (2), (3), (4), (5) and (6), also yielding a total of
50 ps of equilibrated data. The average time consumptions per time step for QM and
QM/MM simulations are 24.82 s and 14.14 s, respectively. Note that the QM/MM
simulations with DAS presented here are much slower than the ones in Sect. 2.3.3. This
is simply because a bigger QM zone was used. Three different types of quantities were
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computed: (i) the probability to find the OH  at a certain distance from the QM core,
(ii) the radial distribution of water oxygen atoms around the hydroxide ion, and (iii) the
rate of proton transfer, from the time-correlation of the OH™ oxygen identity. We found
that the structural data was easily converged within the first 10 ps, but the relatively
low mobility of the OH  ion encourages some caution in interpreting the data on its
distribution over the simulation space. To estimate the convergence of the distribu-
tion of the distance from the OH  to the methanol, we compared the probabilities to find
the OH™ ion somewhere in the solution over two different time intervals: Between
10 and 20 ps and between 10 and 19 ps. We did this for all the QM and QM/MM
simulations. The sum of the absolute values of the difference was found to be
approximately 1 % of the maximum probability, which was deemed so small as to have
anegligible influence on the results.

2.4.1 Influence of QM/MM Boundary on OH Diffusion

We started the QM/MM simulations with the hydroxide far away from O, at
approximately 10 A, which is well inside the environment region. The hydroxide
ion is therefore initially described MM. At the start of all five QM/MM simulations,
we observed fast consecutive proton transfer occurrences at the start of the simu-
lations, involving the hydroxide ion and neighboring water molecules. An initial
fast and frequent shuttling of the proton back and forth between two oxygen atoms
is then suddenly followed by a large displacement of the OH  ion, always in the
direction of the central methanol molecule. Fig. 2.16c¢ displays the distance between
the OH™ ion and the methanol O,,, atom, which suddenly decreases within the first
2.5 ps of the simulation. The OH ion then finds itself inside the active region
boundary, where it stays for the remainder of the simulation.

It is worth noting that the sodium cation Na* follows a Brownian diffusion and
thus moves much more slowly. In all simulations, it stayed close to its initial
location at ~9 A of the methanol molecule.

Of the six fully QM reference simulations, only one has a starting geometry with
the OH ion located far away from the central methanol molecule. The evolution of
the distance of the OH ion from the methanol molecule is depicted in Fig. 2.16a,
and it reflects a very different behavior. The simulation starts with the OH™ ion
located at 8.9 A distance from the O,,, atom. Unlike in the QM/MM simulations,
the OH ion did not approach the methanol molecule, but remains within a range of
approximately 8 to 10 A. This region corresponds to approximately 30 % of the
total volume of the simulation box.

The deviating behavior of the OH™ ion in the QM/MM simulations has two
separate aspects: (i) the fast migration of the OH™ ion towards the boundary of the
QM/MM transition zone, and then (ii) the sudden jump into the QM zone of the
OH ion. Since the mechanical embedding scheme is applied in the QM/MM
simulations, it could be that a long range MM interaction causes the quick diffusion
of the OH ™ ion towards the central methanol molecule. However, the results of a
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fully MM simulation show that the MM potential does not steer the OH  ion
towards the MeOH molecule (Fig. 2.16a). The OH ion does move more freely
through the solution than it does in the fully QM simulation, and like in the
QM/MM simulation we observe many proton shuttling events (Figs. 2.16a). This is
the direct result of a much higher proton transfer frequency in MM simulation.
Including the proton shuttling events, we find proton transfer rates of 0.48~" and
43 ps~! in the QM simulation and MM simulations respectively. In our QM/MM
simulations, the OH" is initially positioned at the corner of the box, which is around
10 A distance from MeOH. Due to the limited size of the box, the highly mobile
MM OH can quickly migrate to the boundary of the transition region at 7.2 A, We
observed a few occasions in which the ion re-entered the transition region, but these
were quickly followed by a proton shuttling event launching it back, and overall the
OH' ion stays trapped inside the active region. The apparent preference of the
OH  ion for the active region creates an unphysical pH gradient in the QM/MM
solution, and increases the probability of a reaction with the solute present at the
core of the active region.

We note that an artifact such as the one described above strongly depends on the
choice of QM and MM potentials. The simplest solution to the above problems
would be to develop force fields that are very similar to the QM description of proton
transfer in water. However, we suspect that there will be a limit to the accuracy with
which a simple force field can describe such a complex process. As an alternative
solution, we suggest the introduction of a second active region, centered on the
diffusive OH ™ ion itself. In this manner, the OH  ion is described at the QM level
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everywhere in the simulation box, and an un-physical preference for one region over
another is avoided. Developing such a method is not be without its difficulties since
the hydroxide anion does not always correspond to the same oxygen and proton.

2.4.2 Reliability of QM/MM Equilibrated Structures

We now focus on average structural differences between a QM and a QM/MM
equilibrated system. We select three relevant structural indicators, namely the
distance of the OH™ ion from the QM core, the radial distribution of water around
water in the active region, and the radial distribution of water around the OH ions
when it is located inside the active region.

The average position of the OH  ion in QM/MM simulations is closer to the QM
core than it is in the fully QM reference simulations, as shown in Fig. 2.17. In the
QM reference simulations, the OH™ ion spends some time in the area that corre-
sponds to the transition region in the QM/MM simulations. The difference between
the two results is related to our earlier observation that in the QM/MM simulation
the OH ion is quickly shuttled back into the active region whenever it enters the
transition region.

The radial distribution of the oxygen atoms of the water molecules in the active
region around one another in the active region is depicted in Fig. 2.18a. Overall, the
water structure obtained in the QM/MM simulations agrees well with that of the
QM reference. The first solvation peak in the QM/MM simulations is almost on top
of that in the QM simulations, and the second solvation peak is a fraction further
away. More significant is the increased density between the first and second sol-
vation shell in the QM/MM simulations. This corresponds to a more compressed
aqueous environment in the active region. Integration of the first solvation peak in
the radial distribution function g(r) yields an average water coordination number of
4.23 for the QM/MM water molecules in the active region, versus a coordination
number of 3.43 in the same region in the QM simulation. This amounts to an
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average increase in coordination with 0.80 water molecules. The integration of the
radial distribution function over the entire QM region yields 43.21 water molecules
for the QM/MM simulation, a 10.2 % increase over 39.22 water molecules in the
same region in QM simulations. We attribute the higher QM/MM water density to
the differences between the QM and the MM chemical potentials of water. The
optimized geometries of a water dimer have optimized oxygen-oxygen bond
lengths ro_o of 2.79 A with the QM potential, and 2.89 A with the MM potential.
This suggests that indeed the MM water prefers a lower density than the QM water,
and therefore exerts a pressure on the QM region. The radial distribution of water
oxygen atoms around the OH oxygen atom in the active region (Fig. 2.18b does
not appear to be significantly affected by the increased density in the active region.
Integration of the g(r) for the distribution of oxygen atoms around the hydroxide
ion reveals only a small increase in coordination, from 5.13 in the QM simulation to
5.46 in the QM/MM simulations. The overall altered environment of the OH ™ ion
may still affect its reactive behavior.

2.4.3 Proton Transfer in the Active Region

Both our QM and QM/MM simulations show that hydroxide migration occurs in
step-wise hops followed by long resting periods. The average hopping rates
(counting all proton transfer events, not only the forward-hopping motions) are 1.67
and 0.48 ps~' for QM/MM and QM simulations respectively.

Another way to quantify the proton hopping rate is to compute the decorrelation
with time of the location of the hydroxide ion at a certain oxygen atom. Let us
define a characteristic function #;(¢) which is 1 if a certain oxygen atom O; can be
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identified as the hydroxide ion at time ¢, and zero when it is not. We can then
evaluate the auto-correlation function of #;(¢) as,

c(t) = L/l > (it + ), (2.25)

tmax /=0 icO

where the time-intervals {¢,7 + ¢} are extracted from all the QM (or QM/MM)
trajectories after equilibration.

Decorrelation is not complete on the time-scales of our simulations (c(f) in
Fig. 2.19 does not decay to zero). Again, we observe a considerably faster decay
(higher hopping-rate) in the QM/MM simulation than in the fully QM simulation.
In both cases, the OH ion remains mainly in the active region.

The increased water density in the active region of the QM/MM simulation
(discussed in Sect. 2.4.2) may explain the increased proton transfer rate observed in
the active region of the QM/MM simulation. The generally accepted picture of
proton transfer to an OH ion (shown in Fig. 2.20a) states that the OH ion
is generally involved in hydrogen bonds to five neighboring water molecules, four
of which are prospective proton donors. A water molecule, by contrast, has on
average four hydrogen bonds. A forward hopping proton transfer event is preceded
by a fluctuation of the solvent structure around the hydroxide ion, known as
re-solvation. This involves cleavage of one of the proton donating hydrogen bonds,
after which the hydroxide ion finds itself under more favorable conditions to
become a water molecule. If a low-barrier proton transfer then occurs, the product
state is accommodated by the solvation shell (presumably the solvation structure of
the formed hydroxide ion simultaneously adjusts towards a coordination number of
five), and the new conformation is stable. In the QM/MM simulations, the coor-
dination number of the water molecules is significantly higher than in the QM
reference simulations, shown in Fig. 2.20b. As a result, the water molecules
adjacent to the hydroxide ions on average have more coordinated water molecules,
and will therefore more often have a solvation structure that is akin to that of a
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Fig. 2.20 Schematic representation of re-solvation accompanying a proton transfer event to a
hydroxide ion (blue) at regular and high density. At high density many of the proton donors have
sufficient coordinated water molecules (green) to stabilize the product conformation

hydroxide ion (5 hydrogen bonds). This can be viewed as favorable re-solvation to
accommodate the product of a proton transfer event, thereby increasing the mobility
of the hydroxide ion.

2.4.4 What Did We Learn?

To illustrate the capabilities and limitations of adaptive QM/MM methods, we
focused on a highly challenging problem: the diffusion of a hydroxide ion from the
bulk to the reactive center. We evaluated the performance of Difference-based
Adaptive Solvation (DAS) as a representative adaptive QM/MM method in the
description of proton diffusion, using an aqueous solution of NaOH and methanol
as our model system. Even for our very small model system, the QM/MM simu-
lation is faster than fully QM by approximately a factor of two. We find that
performing a QM/MM simulation of a non-local process like proton transfer results
in an amplification of the known artifacts induced by the QM/MM boundary.

The differences between the QM and the MM potential can result in strong
artifacts in the diffusivity of a hydroxide ion, which in our simulations remained
largely trapped in the active (QM) region. The nature of the artifacts in the diffu-
sivity will strongly depend on the nature of the QM and MM potentials and their
comparative description of the diffusion of a proton. As a possible solution we
suggest the introduction of an extra active region that adapts its position to the
location of the reactive OH  ion
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Inside the active region of a QM/MM system, we found a significantly higher
proton transfer rate with respect to the fully QM reference. We attribute this second
discrepancy to a general problem—also found in conventional QM/MM—that the
interaction between QM and MM molecules introduces artifacts. In our simulations,
the water density inside the QM region was somewhat higher than the water density
in the fully QM simulations (both were performed with fixed total volume in the
NVT ensemble). We expect that this density difference stems from the chemical
potential difference between QM and MM molecules, as a result of which the two
regions exert a pressure on one another [67]. The resulting smaller volume of the
QM region does not significantly affect the solvation shell of the OH  ion, but the
water molecules have a denser solvation structure. Because an OH™ ion generally
prefers a higher coordination number than a water molecule, the water molecules
that can serve as proton donors to a neighboring OH™ ion are better equipped for
their future role as OH™ ion, resulting in the observed higher proton transfer rate.

Overall, we believe that the presented methods for a multi-scale description of
reactions in water represent the future of simulations of aqueous reactions.
However, our results show that for the successful description of proton transfer
events, several challenges still lie in our path.

2.5 Conclusion

We have presented in some detail the state of the art in available methods for the
QM/MM simulations of chemical reactions in solution. We distinguish three classes
of methods, each with a different approach to the diffusion of solvent molecules
across the QM/MM boundary. The first class, constrained QM/MM, prevents this
diffusion, and as a consequence dynamical properties are correctly described only
well within the QM region. In addition, recovery of the correct structural properties
at the QM/MM boundary still poses a challenge. Nonetheless, the constrained
methods have the non-negligible advantage of simplicity and low computation cost,
equivalent to that of a conventional QM/MM simulation.

The second class, discontinuous adaptive QM/MM, adapts the description of a
solvent molecule (QM versus MM) as it diffuses across the QM/MM boundary, and
does this in a discontinuous manner. The straight-forward Abrupt method ‘abruptly’
modifies the description of a solvent molecule as it diffuses from the QM active
region into the MM environment. This results in strong discontinuities in potential
energy and forces, and in some cases involves structural artifacts at the QM/MM
boundary. To reduce these effects, several strategies have been developed over the
past 20 years. The basic feature is the transition region between the active and
environment regions, and the partitioning of the system into QM and MM mole-
cules in two different manners. If a weighted average of the resulting energies or
forces is then applied, the molecules in the transition region can be assigned
fractional QM (and MM) character. These methods have led to the first successful
applications of the adaptive QM/MM methods for solution chemistry. While the



88 T. Jiang et al.

dual partition approach can reduce discontinuities, it cannot remove them, and as a
consequence the total energy is not conserved, and structural properties can be
recovered only using a strong thermostat to compensate the anomalous heating of
the system.

The third and more recent class contains the continuous adaptive methods. Like
the second class they define a transition region, but they are not limited to the
computation of only two different QM/MM partitions for each given configuration.
By computing many partitions, these methods achieve a continuous description of
the forces exerted on the solvent molecules as they cross the transition region. The
accompanying increase in computational load is easily compensated by efficient
parallelization of the numerous QM/MM computations that are required at each
molecular dynamics time-step. The methods constitute a formal improvement, but
they are not exempt from defects. While an energy conserving application is pos-
sible, it is generally sacrificed to obtain accurate molecular structures. In addition,
the complex definitions of the energies and/or forces can result in fast changes,
requiring a small time-step for proper integration.

A comparative performance of the three classes of QM/MM methods leads to the
following conclusions. In terms of computation performance, a ranking can be
approximately based on the number of required QM/MM calculations, which
increases with the complexity of the method. For the constrained QM/MM meth-
ods only one calculation suffices, the discontinuous methods require at most two
QM/MM calculations, and the continuous methods are the most demanding, with a
computational cost at least proportional to the number of solvent molecules in the
transition region. When ranking energy conservation, the continuous methods are at
the top, closely followed by the constrained methods. Energy conservation suggests
a good description of dynamical properties, but the constrained methods fail by
construction when dynamical properties involving diffusion near the QM/MM
boundary are desired. Finally, in reproducing the QM molecular structures, the
discontinuous methods perform at least as well as the continuous ones. Overall, the
best compromise between diffusion properties (solvation life-times) and structural
properties (radial distribution) is provided by non-energy-conserving continuous
adaptive methods such as DAS.

We exemplified the strengths and limitations of the DAS method on a chal-
lenging system by describing the diffusion of a hydroxide ion in water, in the
presence of a methanol molecule. The active region is centered on the methanol
molecule, and the hydroxide ion can freely diffuse in and out this active region. We
used the semi-empirical Hamiltonian PM6-DH+ to describe the active region, while
in the environment region all molecules are treated with the ReaxFF force field,
which can describe a Grotthus shuttling mechanism for hydroxide diffusion. For the
sake of simplicity, the mechanical embedding scheme was used. When comparing
our DAS-QM/MM with fully QM and fully MM simulations, the main artifacts we
observed resulted directly from the QM/MM interactions, not from the adaptive
nature of the simulations. The difference between the QM and the MM description
of proton transfer slows the diffusion of the hydroxide ion down once it enters the
active region, thereby effectively trapping it inside. The hydroxide diffusion in the
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active region is still faster than in the fully QM simulation, which is a result of
anomalous interactions at the QM/MM boundary.

In summary, the large choice of adaptive schemes available today allows
QM/MM simulations of solution chemistry with the main artifacts similar to those
of conventional QM/MM schemes. We expect that a careful choice of the QM/MM
scheme combined with a QM region around each active center (here methanol and
hydroxide anion) should cure the main sources of error.
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