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1 INTRODUCTION

1.1 GENERAL REMARKS

About this Document

This document describes the QM/MM option within ADF — how to use it, how to set up inputs, what features are
available, what its limitations are, and so on. This manual assumes that the reader already has experience with
ADF and has some basic knowledge of molecular mechanics (MM) and combined QM/MM theories. A brief
overview of the combined QM/MM methods is included.

This document is organized in the following manner. First, concepts and naming conventions that are used
throughout the document are introduced. In Chapter 2, setting up a QM/MM simulation with ADF is discussed
with a detailed description of all the input options (sections 2.1 and 2.2) and the Force Field files (section 2.3).
Section 2.4 contains a“walk through” of how to set up QM/MM jobs.

The combined QM/MM code and the documentation are in continuous development. We appreciate any
comments, bug reports and suggestions for itsimprovement.

Summary of Functionality

Currently, the QM/MM implementation within ADF is based on amodified version [1] of the “IMOMM”
scheme of Maseras and Morokuma [2]. The molecular mechanics code has been designed to be as flexible as
possible, alowing for many levels of customization. Asaresult of this flexibility, operation of the program
requires the user to have some experience with molecular mechanics methods. At the sametime, ADF remains
the main driver to control the simulation of the whole QM/MM system, since one of the objectives of the
implementation has been to treat the MM subsystem as a perturbation to the QM system.

We summarize the current functionality and limitations of the implementation:

e Morokuma'sIMOMM [2] QM/MM coupling scheme.

* AMBER95 [3] and SYBYL (Tripos) [4] force fields provided.

*  Freeform and modifiable force field parameter file.

*  Ability to mix and match force field functions.

*  Geometry optimization, linear transit and transition state optimizations (In these optimizations, the MM
region is fully optimized between each SCF cycle or in other words between each QM geometry step).

* Al ADFinput ‘styles’ available (Cartesian, Z-matrix, mixed...).

*  Any number of covalent bonds can cross the QM-MM boundary.

*  Global optimization of the MM subsystem available (simulated annealing and grid search agorithms).

Some notable limitations are;
e  Symmetry constraints cannot be applied, unless the MM subsystem is frozen.



*  Geometry constraints involving MM atoms are limited.
*  Not more than one QM atom can be bonded to asingle MM atom.
*  Not compatible with some ADF extensions such as NMR, ESR, COSMO, IRC and excited states.

Applicability

This QM/MM implementation evolved from research on organometallic complexes and catalytic systems. Since
these systems are generally under 1000 atoms in size, the program had not been optimized to handle large
macromolecular systems such as enzymes. In particular, the non-bonded code was not efficient for very large
systems. It has been adjusted in thisrelease, in order for the code to work efficiently on both small and large
systems. Moreover, the calculation of the MM forces has been parallellized to further increase the efficiency and
applicability. With thisrelease, systems with up to 6600 atoms have been tested without problems. Although the
input is not designed to handle the topology of macromolecules such as amino acids and peptides, it can be
constructed quite easily. For the large systems this amounts however to some 30000 lines; therefore, tools are
being devel oped for creating input files automatically for a given PDB-file.

Currently, only the AMBER95 and SYBY L force fields are included. This might also limit the applicability.
However, the force field parameters and potentials are fairly customizable and other force fields are easily added.



1.2 CONCEPTSAND TERMINOLOGY

LINK bonds

When performing a QM/MM simulation, one often wants to partition the system such that some covalent bonds
cross the QM/MM boundary. These so-called ‘link’ bonds demand specid attention in any QM/MM
implementation. The link bonds are a critical aspect of the QM/MM method used here and a good understanding
of the conceptsis essential. In this section we describe how they are treated in ADF and we introduce the
nomenclature that is used throughout the manual .
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Figure 1-1 Example of QM/MM partitioning and details of the naming conventions adopted in ADF.

Figure 1-1adepicts a simple molecular system that has been divided into QM and MM regions by the dotted
polygon. In this example there is only one link bond, or one covalent bond that traverses the QM-MM boundary
(that cross the dotted polygon). When a covalent bond traverses the QM-MM boundary, the electronic system of
the QM region must in some way be truncated across this bond. Several methods of dealing with this problem
have been proposed in the literature. By far the most commonly adopted method, which was originally
introduced by Singh and Kollman [5], involves capping the QM system with a“dummy atom” or what we call a
“capping atom” (We use capping atom to avoid confusion with the dummy atoms used in ADF). Since the
pioneering work of Singh and Kollman [5] many variations of the basic capping atom approach have evolved. In
ADF, we have adopted the approach that was devel oped by Maseras and Morokuma which has been given the
name the ‘ Integrated Molecular Orbital and Molecular Mechanics’ or the IMOMM method by the authors. The
key feature of the capping atom approach is that the electronic structure calculation is performed on what is
referred to asthe ‘QM model’ system where the MM region is removed and replaced with capping dummy atoms



(often hydrogen but not necessarily so). Figure 1-1b depicts the QM model system corresponding to the example
system presented in Figure 1-1a. The capping atom satisfies the valence requirements of the QM region and
allows for astandard electronic structure calculation to be performed on the QM fragment. It isimportant to
realize that the capping atom is not part of thereal system, but is simply an atom that isintroduced to truncate the
electronic system of the QM region. Thisiswhy it is often referred to as the dummy atom. For every ‘link’ bond
there are three atoms of importance, the capping atom and the two atoms that are part of the ‘rea’ link bond - one
from the QM region and one from the MM region. Figure 1-1c illustrates the three atoms involved in the link
bond. From this point on, we will refer to the MM atom that is part of the ‘rea’ link bond as the link atom; it is
labeled ‘LI" in Figure 1-1c. Although both the QM and MM atoms that are part of the link bond could be
considered ‘link’ atoms, we designate only the MM atom as the link atom, because it has a specia placein the
ADF QM/MM input. It isthisatom that is replaced by the capping atom in the electronic structure calculation

of the QM model system.

Although the capping atom approach is convenient from the standpoint of the electronic structure calculation, the
‘extra capping atoms complicates the situation, as they do not exist in thereal system, see Figure 1-1c. For each
link bond, there are potentially three extra nuclear degrees of freedom (corresponding to the Cartesian
coordinates of the capping atom) that are not present in the real system. In thisimplementation [1] we alleviate
the problem by removing the MM atom that is part of the ‘real’ link bond as a free variable. Instead we define its
position in terms of the QM atom it is bonded to and the capping atom that replacesit in the QM model system.
More specifically, the MM link atom is constrained to lie along the bond vector of the capping atom bond, viathe
simple relationship expressed in equation 1.1 and depicted in Figure 1-1d. Here, Xy, X, and Xqy refer to the
Cartesian coordinates of the subscripted atoms and o is a constant defined as the ratio of the real link bond length
to that of the length of the capping bond.

XLl = aXcgp + (1-a) XQM (1.2)

For each link bond, there isaunique o parameter that is held constant throughout the simulation. Since the
capping atom is often at a shorter distance than the real MM atom, alphais usually greater than unity. For
example, when a Hydrogen capping atom is used to cap a C-C single bond, « is around 1.38.

Although the position of the MM atom is not an independent variable (or free degree of freedom), the bond
length of the link bond can change during a geometry optimization. If the capping bond in the model QM system
stretches or contracts, so does the link bond in the full system. Note that any forces exerted on the LI atom are
projected onto the connected QM atom and onto the capping atom. For more details see references|[1, 2].

The ADF QM/MM Hybrid Potential

This section summarizes how the QM/MM hybrid potential is constructed in the IMOMM method. A more
detailed and formal discussion can be found in references[2, 5]. The two basic components of the QV/MM
potential isthe potential arising from the electronic structure calculation of the QM model system and the
potentia arising from the molecular mechanics force field calculation.

In the IMOMM method the potential of the QM model system acts as a base where additional molecular
mechanics potentials are added. When there are no covalent bonds that cross the QM/MM boundary the situation
is straightforward. For example, consider aQM/MM simulation in which there are two molecules, onein the



QM region and the other in the MM region such that no bonds cross the boundary. All MM potentials needed to
define the MM molecule are included. Additionally, all non-bonded MM potentials between QM and MM atoms
areincluded. All bonded MM potentials within the QM molecule are discarded because they are accounted for
by the QM calculation.

When there are covalent bonds that cross the QM/MM boundary, the question of which MM potentials to accept
and which to discard is not so easy to answer. Consider the system shown in Figure 1-2a, with one covalent
bond that traverses the QM/MM boundary. Shown in Figure 1-2b is the equivalent QM model system with a
capping hydrogen atom. Inthe IMOMM approach, MM potentials are only included if they depend on atoms
that have no equivalent in the QM model system. Hence, any MM potential in which al atoms involved are QM
atoms are NOT included in the total QM/MM potential, for instance the C,-C, bond stretching or the C,-N5-H,
angle bending potentials. Furthermore, the Cs-N; bond stretching potential is also not included, because an
equivalent in the QM model system exists, namely the N;-H,,, bond. The QM potential is assumed to adequately
model the link bond. The sameistrue for the C,-N,-C; bending potential. Again thereisan equivaent in the
QM model system that involves the capping hydrogen atom. The rule therefore aso impliesthat any MM
potentials in which only QM or LI atoms are involved, are NOT included in the hybrid QM/MM potential. On
the other hand, all MM potentials that involve at least one or more MM atoms are included. For example, C,-N;-
Cs-Og torsion potential isincluded because thereis no equivalent in the QM model system and the Oy atomisa
pure MM atom.

Thereis only one exception. It involves the non-bonded interactions between QM atoms and LI atoms. From the
rules above thisMM potential should be discarded. However, in the IMOMM method this potential is included.
The reasoning is that thisinteraction in the real system is not adequately modeled in the QM model system.

a b
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Figure 1-2 @) QM/MM partitioning. b) The equivalent QM model system. The numeric subscripts simply refer
to the atom numbering.

Nomenclature and Terminology

This section summarizes the naming conventions that are used throughout this document. Some of the
terminology has aready been described in the previous section. Since the nomenclature describing the link bonds
can be somewhat confusing we recommend that special attention be given to this section.

Full QW MM systemvs. QM nbdel system
When performing a combined QM/MM simulation, the molecular system is divided into QM and MM regions
asshown in Figure 1-1a. We will refer to the total hybrid system asthe ‘full system’ or sometimes we will
refer to it asthe ‘real system’. The‘QM model system’ isthe capped system for which the electronic structure



calculation is performed. Figure 1-1a shows the full system and Figure 1-1b depicts the corresponding QM
model system.

Li nk bonds and cappi ng atons
The ‘link bonds' are those covalent bonds that cross the QM-MM boundary in the full QM/MM system. A
link bond involves one atom that belongs to the MM region and one from the QM region, see Figure 1-1a.
The ‘capping atoms’ (sometimes termed dummy atoms) refer to the atoms that are used to cap the valencein
the model QM system. Capping atoms are not part of the full system. The ‘capping bond’ is the covalent
bond in the QM model system that corresponds to the link bond in the real system. The terms capping atom or
capping bond only refer to the model QM system, whereas the term LINK only refers to bonds or atomsin the
real system.

QM MM and LI atomtypes
In the ADF QM/MM input, each atom in the full system must be designated asa QM, MM or LI atom, where
LI refersto link. Figure 1-1c shows these designations for the example system. Although two atoms are
involved in aLINK bond, we only designate the atom in the MM region asthe L1 atom. We do so because this
atom corresponds to a capping atom in the QM model system. In systems where there are no covalent bonds
that cross the QM/MM boundary, there will be no LI atoms.

At om t ypes
There are several different meanings of the term atom and atom type that have arisen because of the hybrid
nature of the QM/MM method, see the following items.

QI MM type or QU MM atomtype (MM QM or LI)
Refersto the partitioning of the full system into QM and MM regions. As described above, there are only
three QM/MM types allowed: QM, MM, and LI. Each atom in the full system is assigned a QM/MM atom
typeinthe MM_CONNECTION_TABLE subkey block.

Force Field atomtype
The atom type used in the force field calculation. Each atom in the full system is assigned aforce field atom
typein the MM_CONNECTION_TABLE subkey block of the input. Force field atom types assigned to each
atom must correspond to atom types defined in the Force field file. Force field atom types must be assigned to
all atoms, even the QM atoms because the non-bonded interactions between QM and MM atoms are treated by
amolecular mechanics potential.

ADF atons or ADF fragnents
The atom types used for the electronic structure cal culation of the model system. These are the atoms or
fragments defined in the FRAGMENTS key block in a standard ADF calculation. The ADF fragment types
used for the capping atoms are defined in the LINK_BONDS subkey block. Note that capping atoms can only
be single atom fragments, not compound fragments as allowed by ADF.

Partitioning into QM and MM regions

InaQM/MM simulation the basic question is how to partition the system into QM and MM regions. When
studying an active site of a catalyst, for example, one must decide where to put the QM/MM boundary. Putting
the boundary too close to the reaction center will question the chemical realism of the model. On the other hand,
if one makes the boundary too far away, the computational expense of the QM calculation may become
problematic. Each system is different in this respect and the user must make the proper tests to validate the



appropriateness of the QM/MM partitioning used. We strongly suggest that the reader examine the literature on
QM/MM methods and understand the basic limitations of the approach.

Below we give examples of QM/MM partitioning that should not or can not be used. For comparison, we also
give some representative examples of QM/MM partitioning that the program does allow. In the examples, the
region enclosed in the dotted polygon represents the QM region and the atoms labeled with ‘LI’ are the so-called
Link atoms.

First, the QM/MM boundary should not cut across double, triple or aromatic bonds as shown in Figure 1-3. In
these examples, a simple capping atom does not satisfy the valence of the QM fragment and the electronic
structure of the QM model system would be drastically different from that of the ‘real’ system.
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Figure 1-3 Examples of partitioning that should not be used because the link bonds are double or aromatic
bonds.

Next, figure 1-4a depicts examples of partitioning that are not allowed because the L1 atom has a covalent bond
to more than one QM atom. A LI atom can only be bonded to one QM atom. Figure 1-4b shows the opposite,
which is alowed. In other words, one QM atom can be bonded to more than one LI atom. Thisis due to the
partitioning scheme that was used and the geometric relationship expressed in Equation 1.1, which restricts the
position of the link atom, based on the QM and dummy atom. Note that there is no limit to the number of LI
atoms or link bonds, just that each LI atom can only be bonded to one QM atom.
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Figure 1-4 @) Examples of partitioning that are not allowed because the LI atom has a covalent bond to more
than one QM atom. b) The allowed reverse of the examples showed in (a). A L1 atom can be bonded to more
than one QM atom.

Then, figure 1-5 provides some representative examples of partitioning that the program does allow. Example a
shows atypical solute-solvent QM/MM partitioning where there are no link bonds at all. Example b depicts two
separate molecules each possessing a QM and a MM region. We emphasize that any number of molecules and
link bonds can be used. Recall that al link bonds have a different o parameter associated with them, each
specified by the user. In example b there would be four independent o. parameters. Example ¢ seems very similar
to the earlier example in Figure 1-3. The differenceis that thering in Figure 1-cd is not aromatic and
consequently the link bonds in example d cross single bonds. Example d shows a single molecule, with two QM
regions separated a MM region. For this example, two equivalent pedagogic representations of the sample
partitioning are displayed. Example e isacomplex organometallic system that we have tested the QM/MM
approach on.

Figure 1-5 Representative examples of QM/MM partitioning that can be used in ADF QM/MM ADF.

10



1.3 IMPLEMENTATION

ADF QM/MM

The basic philosophy of the ADF QM/MM implementation has been to treat the MM region as a perturbation to
the QM model system. The atoms of the QM model system are controlled by ADF as they would in aregular
pure QM run, whereas the MM atoms are treated “ separately” . For example, when geometry optimization is
performed, the Hessian matrix is only generated / updated for the QM model system. Thisis possible because at
each geometry step the MM subsystem is fully optimized (with the QM and LI atoms frozen). When internal
coordinates are used to define the structure of the complex, the atoms of the QM model system are optimized
using theinternal coordinate system, whereas the MM subsystem is fully optimized at each step within the
Cartesian coordinate system. Figure 1-6 shows the flow control of the ADF QM/MM implementation.

The geometry optimization of the MM subsystem is controlled separately from the QM system. For example, the
default convergence criteria for the MM subsystem are far stricter than that of the QM system. Furthermore,
there are options to use global optimization techniques on the MM subsystem, see the detailed description of
input options later in this manual.

standard ADF initialization

initialize MM system

J

—» new coordinates of QU model system

o build new MM cartesian coordinates starting from QM
coordinates

e fully optimize the MM subsystem with the QM atoms frozen

¢ determine the MM energy contribution to the total energy
and the MM forces acting on the QM atoms

4

optimize wave function of QM model system
(in presence of MM charge density-if applicable)
determine the DFT (QM) energy and gradients

add MM gradients to the QM gradients of the model system

J

use ADF optimization routines to optimize the geometry of
the QM model system with the combined QM/MM gradients

geometry convergence checks performed by standard
ADF routines

4

finish

Figure 1-6. Schematic representation of the ADF QM/MM implementation
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Limitations, Bugs and Deficiencies

Listed hereisalist of known bugs, deficiencies and limitations of the ADF QM/MM implementation. Please
contact usif you find new entries to thislist.

*  The MOPAC input option introduced with ADF99 can not be used with the QM/MM option. The QM/MM
feature of ADF requires the traditional ADF input styles. However, al options within the tradition ADF
input format can be used, such as CART, ZMAT, and ZCART.

*  Geometry constraints cannot be applied to MM atoms when using internal coordinates for optimization.
Currently constraints can only applied to MM atoms when the optimization is performed in Cartesian
coordinates.

e Linear transit coordinates cannot involve any MM atoms.

12



2 ADF QM/MM

21 INPUT: THE ESSENTIALS

Overview

Compared to a standard ADF run, there are two additional input components required to run an ADF QM/MM
simulation:

e  The QMMM key block hasto occur inthe ADF input file

* A separate force field parameter file.

In this section we describe how to set up an ADF QM/MM simulation, assuming an appropriate force field fileis
aready available. A full description of al of the options and of the FORCE FIELD fileis provided in later
sections.

Example Input

Let Figure 2-1 show the molecular system that we want to simulate and the intended partitioning. Note that thisis
the same system as shown in Figure 1-1 except that a non-bonded water molecule has been added to the MM
region.

QM region

Figure 2-1. Sample structure. Atom numberings and the QM/MM atom types (QM, MM and L1) are shown.

Example 2.1 below shows the ADF input file for the simulation with the geometry defined in Cartesian
coordinates. The initia atomic coordinates of the full QM/MM system are defined as they would be in a normal

13



ADF run with the ATOMS and GEOV AR key blocks. Notice that the subkey blocks within the QMMM key
block (e.g. MM_CONNECTION_TABLE) end with SUBEND. If they were closed by ‘END” ADF would
consider the QMMM key block complete at that point.

Example 2.1:
Title example QM/MM input

Fragments
C c.t21
H H.t21
0] 0.t21
End

Symmetry NOSYM

Charge 0 O

ATOMS
1cC 0.00000  0.00000  0.00000
2 0 1.48700  0.00000  0.00000
3 C -0.76430 1.32381  0.00000
4 C -0.76428 -1.32378 -0.00002
5 H -0.50028 -1.89680 -0.89230
6 H -0.50028 -1.89683  0.89224
7 H -1.83868 -1.12409 -0.00002
8 H -1.40364  1.39261 -0.88358
9 H -1.40364 1.39261  0.88358
10 C 0.22461  2.48208  0.00000
11 H 0.85235  2.42365 -0.89260
12 H 0.85235  2.42365 0.89260
13 C -0.53689  3.80103  0.00000
14 H -1.16478  3.85787 -0.89260
15 H -1.16478  3.85787  0.89260
16 C 0.45222  4.95913 -0.00000
17 H 1.08538  4.90988 =-0.88932
18 H 1.08538  4.90988  0.88932
19 H -0.08590  5.91026  0.00000
20 H 2.43700 1.64545 0.00000
21 0 3.03926 2.50556 -0.00000
22 H 3.96191  2.28678 -0.45094
END
oMMM

FORCE_FIELD FILE sybyl.ff

14



RESTART FILE mm.restart
OUTPUT_LEVEL=1
WARNING LEVEL=1
ELSTAT_COUPLING_ MODEL=0

LINK_BONDS
1-3 1.38000 H

SUBEND

MM CONNECTION TABLE

1Cc2oM 2 3 4
202 0QM 1
3Cc3 LI 1 8 9 10
4C30M 1 5 6 7
5H oM 4
6 H oM 4
7H QM 4
8 H MM 3
9H MM 3
10 C_3 MM 3 11 12 13
11H MM 10
12H MM 10
13c3MM 10 14 15 16
14H MM 13
155 MM 13
16 C3MM 13 17 18 19
17H MM 16
18 H MM 16
19H MM 16
208 MM 21
21 03MM 20 22
225 MM 21
SUBEND
END
GEOMETRY

ITERATIONS 20
CONVERGE E=1.0E-3 GRAD=0.0005
STEP RAD=0.3 ANGLE=5.0
DIIS N=5 OK=0.1 CYC=3
END

XC



LDA VWN
GGA POSTSCF Becke Perdew
End

Integration 3.0

SCF
Iterations 60
Converge 1.0E-06 1.0E-6
Mixing 0.20

End

End Input

Defining the Coordinates

Theinitial coordinates of the full QM/MM system are defined with the ATOMS and GEOVAR key blocksasin
anorma ADF run. All input methods allowed by ADF can be used with the exception of the new MOPAC
option introduced in ADF1999. For example the coordinates can be defined in Cartesian coordinates as in the
example above, by aZ-matrix or by the mixed Z-CART method. It isimportant to realize that only the initial
coordinates of the full or real system are required asinput. There is no need to define the coordinates of the QM
model system or of the dummy capping atoms. The partitioning of the system into QM and MM regions, and the
parameters required to define the capping atoms are given in another part of the input. The program will
automatically generate the QM model system and the position of the capping atoms.

IMPORTANT: Thereisastrict rule concerning the order of the atomsin the ADF input during a QM/MM
simulation. Namely, the QM atoms and the L1 atoms must precede any MM atomsin the input. The QM and LI
atoms can come in any order as long as they come before any MM atoms. The program will check this and abort
if thisisviolated.

ADF atoms and fragments
The typical ATOMS key block in ADF has the following format:

ATOMS

{n} atom coordinates {f=fragment}
END
For the QM atoms, the atom labels and fragments should be defined asin anorma ADF run. The atom labels for
the MM atoms are not read by the program. Instead, the MM force field atom types for all atoms are defined in

the MM_CONNECTION_TABLE subkey block. Similarly if fragments are defined for the MM atoms, the
program also ignores these. Thisis also true of the LI atoms, since in the calculation of the QM model system,

16



capping atoms replace link atoms. The replacement atom type used for the electronic structure calculation is
defined in the LINK_BONDS subkey block.

QMMM key block

The QMMM key block, which isin bold face in example 2.1, is amandatory key block. Thiskey block is
necessary to invoke a combined QM/MM simulation. It contains the connection table and the force field atom
types needed to define the molecular mechanics potential. If link bonds are present then it defines the necessary
parameters for each link bond.

This section al so explains how to specify the Force Field file to use and various other options.

FORCE_FI ELD FI LE
Keyword (required, default = amber95.ff)
This keyword simply defines the full path of the force field file to be used for the molecular mechanics
potential. The location of the force field file is given after the keyword. The full path can be given, or just the
filename. Inthelatter case, the program looks in the current directory that ADF is executing in.
Examples:
FORCE FIELD FILE /home/username/sybyl. ff
FORCE FIELD FILE sybyl.ff

MM_CONNECTI ON_TABLE
Subkey block (required)
This key block defines the connection table, the force field atom types and the partitioning of the full system
into QM and MM regions. It iscritical that the atoms specified in this key block are in the same order asin the
ATOMS key block. Thisisimportant, because the program may not detect this type of input error and you
would get ridiculous results.
MM_CONNECTION_TABLE

n FF LABEL MM_TYPE connection numbers

END

The labels are defined in the following table.

input

column | label description

1 N atom number

2 FF_LABEL Force field atom type. These labels correspond to the
atom types defined in the force field file. They can be
up to four characterslong. Xx defines dummy atoms.

3 MM_TYPE QM, MM or LI

4- connection numbers These define to which atoms the current atom has a
covalent bond. These connections are used to
generate the molecular mechanics potential.
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Currently, a maximum of 6 connectionsis allowed

per atom.

Li

18

The connection table should be afully redundant one. In other words, if atom #1 is bonded to atom #5, they
each should have the other atom listed in their connections.

Example:
1C2 QM 2 3 4 5
2 02 QM 1
3 H M 1
4 C 3 QM 1 5 6 7
5 Cu QM 4 1
6 H QM 4

A fully non-redundant connection table is also supported. In such a connection table, once abond is
mentioned, it is not mentioned again. In other words, the connection list for any atom cannot contain an atom,
which precedesit in the atom numbering.

Example:
1C2 QM 2 3 4 5
2 02 QM
3 H M
4 C 3 QM 5 6 7
5 Cu QM
6 H QM

These two connection tables are equivalent. Connection tables that are semi-redundant might cause problems.
We recommend the fully redundant connection table.

nk Bonds

Required for systems with LINK bonds

This key block required for systems with covalent bonds that cross the QM/MM boundary. These bonds are
referred to in this document as the link-bonds. Each link bond has a constant parameter ‘alpha’ associated with
it, which is defined as the ratio of the bond length in the real system and of the capping bond in the model QM
system. See Section 1 or reference [1] more details. To determine the alpha parameters for each link bond, one
can take the capping atom bond distancein a‘pure QM’ calculation of the QM model system and ratio it to the
corresponding bond distance in the real system. Theseratios are typically around 1.30 to 1.50 when hydrogen
as a capping atom. The LINK_BONDS subkey block has the following format:

LINK BONDS

atom a - atom b alpha replacement fragment

SUBEND

Example:
LINK BONDS

15 -3 1.42 H

8 -1 1.40 Cl.dzp
SUBEND



The integers atom_a and atom_b refer to the numbering of the two atoms involved in the link bond. One of the
atomswill bealLl type atom whereas the other will be a QM type atom. Atom_a and atom_b must be
separated by " - " with at least one space between the integer and the hyphen. In other words “3 - 4" isOK,
but not “3- 4” “3 —4". Atoms need not bein any particular order, and the order of the link bondsis aso not
important. Following this is the alpha parameter for that specific bond. The replacement_fragment isthe ADF
atom used for the capping atom in the electronic structure cal culation of the QM model system. Often the
capping atom is a hydrogen atom, however, it need not be. The replacement_fragment must be present in the
FRAGMENT key block in the ADF input file.

Important note: It is very important to realize that the Hamiltonian depends on the a. parameters used. Thus,
when comparing relative energies for example, one has to take care that the o’ s corresponding to the same
bonds are identical.

Restarts

For the most part, restarts with ADF QM/MM are the same asin a standard ADF run. In other words to specify a
restart, one needs to use the RESTART keyword. Thissignals the QM/MM extension to read the data from the
QM/MM restart file as opposed to the input. It isimportant to emphasize that the QM/MM extension hasits
own restart file. Thus, the user will have to keep track to two restart files, the standard ADF restart file
(TAPE21) and the QM/MM restart file. By default the QM/MM restart fileis ‘mm.restart’, but you can change
this by using the RESTART_FILE keyword within the QMMM key block. A truncated example of an ADF
QM/MM restart input is given below:.

RESTART ADF restart.file & {same as in a standard ADF run}
NOHESS
END
QMMM
RESTART FILE mm restart.file {optional, with default filename of 'mm.restart’}

FORCE FIELD FILE sybyl.ff
OUTPUT LEVEL=1
WARNING LEVEL=1

END
At the moment, when the RESTART keyword is used, the QM/MM extension will aways look for the QM/MM

restart file. Thereisno way to bypassthis. However, the QM/MM restart fileis simply atext file whose
contents resembl e those of the QMMM key block in the ADF QM/MM input and you can easily modify it.
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It is aso important to note that the RESTART_FILE both specifies the file to be read at the beginning of a
restarted run, and the file that will be written to. Inan ADF QM/MM run that was restarted, the initial QV/MM
restart file is overwritten.

Geometry Constraints and Fixing Coordinates of MM atoms

Constraints can be applied to coordinates in the same way they are done with a standard ADF run (i.e. most
commonly through the GEOV AR key block). There are no limitations to applying geometry constraints to QM or
LI atoms, however, there exist some limitations to applying geometry constraintsto MM atoms, particularly
when using a Z-matrix.

When a geometry optimization is performed in Cartesian coordinates there is almost no limitation to applying
constraintsto MM atoms. One important exception is that linear transit constraints can not involve MM atoms.
At the moment constraints cannot be applied to the coordinates that define the position of the MM atoms when
internal (ZMAT) coordinates are used. Note that constraints still can be applied to the coordinates of the QM
atoms, but just not to the MM atoms.

Symmetry constraints can not be applied with a QM/MM run, unless all of the MM atoms are frozen.
Furthermore, the program will not check that the atoms of the MM region satisfy the imposed symmetry.

M iscellaneous Notes

Using ADF Dummy Atoms

It is often necessary to use dummy atoms when defining a Z-matrix for a geometry optimization. (Here we are
not referring to the capping dummy atoms) Dummy atoms are alowed in a QM/MM simulation and they can be
used just as they would in anormal ADF run. There are afew things to remember when using dummy atomsin a
QM/MM run.

If adummy atom is to be used to define the coordinates of QM atomsin aZ-matrix for geometry optimization,
the dummy atom must precede any MM atomsin the atom list. In this case one should consider the dummy atom
as part of the model QM system.

Atom should be given the Xx force field atom type in the MM_CONNECTION_TABLE key block. (In thisway
the atom is excluded from the non-bonded pair list)

Do not make any bonds to the dummy atom in the connection table; otherwise the program may require the user
to define molecular mechanics potentialsinvolving the dummy atom.

Dummy atoms are allowed in the MM region, however, they will only be used to define the initial coordinates.
Thisis because the MM subsystem is always optimized in Cartesian space where dummy atoms are not
necessary.

One can consider dummy atoms as part of the model QM system. For example, the following is not allowed
because the dummy atom, which is assigned to the QM region, comes after atoms 5 and 6, which are MM, atoms.

MM CONNECTION TABLE
1C2 QM 2 3 4
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SUBEND

The example below is almost identical to the above example except that the dummy atom is assigned asaMM
atom. Although thisis allowed, this dummy atom will be optimized asaMM atom.

MM CONNECTION TABLE

1C2oM
0 2 QM
C 3 LI
C 3 oM
C 3 MM

N =
(o6}
©
=
o

C 3 MM
Xx MM

0 J o b w N

H MM 3

SUBEND

The final example below, is probably what is wanted. Here the dummy atom isa QM atom and comes before
any MM atoms. In thisway, the dummy atom can be used to define the Z-matrix with the QM model system.

MM CONNECTION TABLE

1C2 QM 2 3 4
2 02 QM 1
3 C31LI 1 8 9 10
4C3 QM 1 5 6 12
5 Xx QM
6 C_ 3 MM 4
7 C 3 MM 4
8 H MM 3
SUBEND

Linear Transit Runs.

The QM/MM option can be used with the LINEAR TRANSIT option in ADF. However, the linear transit
parameter or coordinate cannot involve any MM atoms. In other words, the linear transit parameter can only be
defined in terms of QM atoms only.



Freqguency Runswith QM/MM
At the moment, a FREQUENCY run can not be performed when using a QM/MM potentia in ADF. This option
has been implemented but has been disabled in this release for further testing.
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22 QMMM KEYBLOCK OPTIONS

I ntroduction

Chapter 2 explains setting up an ADF QM/MM simulation. This section describes the available options that you
can definein the QMMM key block. This section is essentially a reference source. The main components of the
QMMM key block, the MM_CONNECTION_TABLE, the FORCE_FIELD_FILE, and the LINK_BONDS key
blocks that are described in detail in the previous chapter are repeated here (with some additional notes). Please
note that the global optimization options are not well tested and are prone to crashing the run. If oneisinterested
in using these options, please be aware of this fact. We appreciate reports of any failures.

Example I nput

In this section we simply provide a few examples of the QM/MM key block. In some examples, the
MM_CONNECTION_TABLE and LINK_BONDS subkey blocks are not filled.

Example 3.1 — This example depicts a global optimization of the MM region with the simulated annealing-like
optimizer available in the QM/MM program. The global search involves 100 ps of MD at 1000 K with 100
structures sampled in regular intervals during the simulation. Each of the 100 structures isthen partially
optimized, and then the 10 best are fully optimized. At the end of this, the lowest energy structureis used for the
QM/MM run. Note that in this MD search, the QM atoms, including the link atoms are frozen.

QMMM
FORCE FIELD FILE sybyl.ff
OUTPUT LEVEL 1
WARNING LEVEL 1
ELSTAT COUPLING MODEL 1

OPTIMIZE
GLOBAL
METHOD MD SEARCH
FREQUENCY ONCE
SUBEND
MD_ SEARCH
TIME{PS} 100.0
N STRUCTURES 100
TEMPERATURE 1000.0
SUBEND
SUBEND
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MM CONNECTION TABLE

SUBEND

LINK BONDS

SUBEND
END
Example 3.2 — In this example, custom charges are assigned to some of the atoms. Charges for atoms that were
not given specific chargesin the QMMM key block are assigned on a per atom-type basis from the force field
file. Also note that this example has no LINK_BONDS subkey block. Thisisonly alowed if there are not link
bonds, asin the examplein Figure 1-2a.
QMMM

FORCE FIELD FILE sybyl.ff

OUTPUT LEVEL 1

WARNING LEVEL 1

ELSTAT COUPLING MODEL 1

MM CONNECTION TABLE

SUBEND

CHARGES

3 -0.1

SUBEND

END

Description of Options

FORCE_FI ELD FI LE
Keyword (required, default = amber95.ff)
This keyword simply defines the full path of the force field file to be used for the molecular mechanics
potential. The location of the force field file is given after the keyword. The full path can be give, or just the

24



file name. In the latter case, the program checks the current directory that ADF is executing in.
Examples:
FORCE FIELD FILE /home/username/sybyl.ff
FORCE FIELD FILE sybyl.ff
OUTPUT_LEVEL
Keyword (Default = 1)
The integer following this keyword specifies the amount of output to be printed to the ADF output file.
0: minimal output
1: normal output
2: trouble shooting output
OUTPUT_LEVEL 2 isrecommending for initially setting up ajob. However, once the job is set up properly
this output level is probably too verbose.
WARNI NG_LEVEL
Keyword (Default = 1)
The performs some checking of the input, ranging from examining all interatomic distances to examining the
input order of the QM, L1 and MM atoms. The integer following this keyword specifies how many warningsto
report and when to stop the run due to the warning.
-1: Report only the most severe warnings, and never stop the run. Useful when user is knowingly violating the
'rules.
0: Report severe warnings and only stop at 'fatal’ errors.
1: Report al warnings, stop at severe and fatal errors. Thisis the default.
2: Report all warnings and stop at any of them. Useful when initially setting up ajob.
MDC_LEVEL
Keyword (Default = 3)
The integer following this keyword specifies the level of the Multipole Derived Charge analysis used in
conjunction with ELSTAT_COUPLING_MODEL =4,
1: MDC-m charges are used to update charges of QM system.
2: MDC-d charges used.
3: MDC-q charges used.
MV_CONNECTI ON_TABLE
Subkey block (required)
Thiskey block defines the connection table, the force field atom types and the partitioning of the full system
into QM and MM regions. It iscritical that the atoms specified in this key block are in the same order asin the
ATOMS key block. Thisisimportant because it is difficult for the program to detect this type of input error.

MM CONNECTION TABLE

n FF LABEL MM TYPE connection numbers

SUBEND

The labels are defined in the following table.

input
column | labe description
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1 n atom number

2 FF_LABEL Force field atom type. These labels correspond to the
atom types defined in the force field file. They can be
up to four characterslong. Xx defines dummy atoms.
3 MM_TYPE QM, MM or LI

4- connection numbers These define the atoms to which the current atom has
acovaent bond. These connections are used to
generate the molecular mechanics potential.

Currently, a maximum of 6 connectionsis allowed

per atom.

The connection table should be afully redundant one. In other words, if atom #1 is bonded to atom #5, they
each should have the other atom listed in their connections.

Example:
1C2 QM 2 3 4 5
2 02 QM 1
3 H M 1
4 C 3 QM 1 5 6 7
5 Cu QM 4 1
6 H QM 4

A fully non-redundant connection table is also supported. In such a connection table, once abond is
mentioned, it is not mentioned again. In other words, the connection list for any atom cannot contain an atom
that precedesit in the atom numbering.

Example:
1C2 QM 2 3 4 5
2 02 QM
3 H M
4 C 3 QM 5 6 7
5 Cu QM
6 H QM

These two connection tables are equivalent. Connection tables that are semi-redundant might cause problems.
We suggest using the fully redundant connection table.

Li nk Bonds
Required for systems with LINK bonds
This key block required for systems with covalent bonds that cross the QM/MM boundary. These bonds are
referred to in this document as the link-bonds. Each link bond has a constant parameter ‘alpha’ associated with
it, which is defined as the ratio of the bond length in the real system and of the capping bond in the model QM
system. See Section 1 and the Appendix for more details. To determine the alpha parameters for each link
bond, one can take the capping atom bond distance in a‘ pure QM’ calculation of the QM model system and
ratio it to the corresponding bond distance in the real system. These ratios are typically around 1.30 to 1.50
when hydrogen as a capping atom. The LINK_BONDS subkey block has the following format:

LINK BONDS
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atom a - atom b alpha replacement fragment
SUBEND

Example:
LINK BONDS

15 -3 1.42 H

8 -1 1.40 Cl.dzp
SUBEND

The integers atom_a and atom_b refer to the numbering of the two atoms involved in the link bond. One of the
atomswill bealLl type atom whereas the other will be a QM type atom. Atom_a and atom_b must be
separated by " - " with at least one space between the integer and the hyphen. In other words“3 - 4" is
correct, but not “3- 4" “3-4". Atoms need not be in any particular order, and the order of the link bondsis also
not important. Following this is the alpha parameter for that specific bond. The replacement_fragment isthe
ADF atom used for the capping atom. Often the capping atom is a hydrogen atom, however, it need not be.
The replacement_fragment must be present in the FRAGMENT key block in the ADF input file.

Important note: It is very important to realize that the Hamiltonian depends on the o parameters used. When
comparing relative energies for example, one needs to take care that the o’ s corresponding to the same bonds
areidentical.

Char ges

Key block (optional)

This key block defines the initial charges on each atom based on their atom number. Atom numbers must be
carefully specified because the program does not assume any order. Charges can also be assigned based on
their atom type from the force field filein the CHARGE PARAMETERS key block. If this key block does not
specify charges, the program looks for charge assignments from the force field file. If charges are not assigned
in either this key block or the force field file, then a charge of 0.0 is assigned. When polarizable electrostatic
coupling isinvoked, the charges for QM and LI atoms are not read, because the MM point charges interact
with the QM charge distribution. With ELSTAT_COUPLING_MODEL =4, these charges (for the QM system)
are used only in the first cycle of the geometry optimization: after each cycle, the QM charges are replaced
with the Multipole Derived Charges.

Example:

CHARGES
3 -0.10000
1 0.05000
2 0.05000

SUBEND

ELSTAT _COUPLI NG_MODEL

Keyword (optional, default=1)

This keyword controls the type of electrostatic model that is used, including whether true electrostatic coupling
between the QM and MM regionsis evoked.
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Coupling Model Description

0 Electrostatics OFF

1 Simple electrostatic coupling, where there is no polarization
of the QM wave function, i.e. pure MM coupling.

2 Electrodynamic coupling, where the point chargesin the MM
region can polarize the wave function. This option isnot
functional.

4 Simple electrostatic coupling, like option 1. But the point

charges of the QM region are updated throughout the
geometry optimization using the Multipole Derived Charge
analysis (MDC-x level depending on MDC_LEVEL).

OPTI M ZE
Key block (optional)
Thiskey block allows the user to modify the geometry optimization settings. An example of akey block with
many available optionsis shown below:
OPTIMIZE
MAX STEPS 1000
MAX GRAD 0.001
PRINT CYCLES 20
METHOD BFGS

GLOBAL
METHOD GRID
FREQUENCY ONCE
SUBEND

GRID
INCREMENT 20.0

BOND 2 - 4
BOND 2 - 3
SUBEND
SUBEND

Sub-options to this key are described next.

OPTI M ZE: MAX_STEPS
Keyword (optional, default = 1000)
This keyword defines the maximum number of optimization steps allowed before the optimization is
discontinued.

OPTI M ZE: MAX_GRADI ENT
Keyword (optional, default = 0.01 kcal/mol«A)
This keyword allows the user to change the convergence criteria. For now, the optimization is considered
converged when the maximum gradient on any MM atom is less than MAX_GRADIENT. The default value
will provide gradients that are very small, especially when compared to the convergence criteria specified most

28



electronic structure codes. NOTE: The gradients on the QM atoms due to the MM potentials are not accounted
for in the convergence criteria. Lrge MM forces can exist on the QM atoms after the optimization.

OPTIM ZE: METHOD
Keyword (optional, default = BFGS, available: BFGS, STEEPEST DESCENT, CONJGRAD)
For the most part, the default quasi-Newton optimizer with BFGS Hessian update scheme is very stable, and
converges well. Other optimizers available are the steepest descent method (STEEPEST _DESCENT) and
conjugate gradient (CONJGRAD). STEEPEST_DESCENT and CONJGRAD are ailmost always less efficient
than the BFGS optimizer (particularly close to the minimum). It is notable that the Hessian based BFGS
method requires more memory than the STEEPEST DESCENT method and so for very large systems may be
problematic to use.

OPTI M ZE: MAX_STEPS
Keyword (optional, default = 1000)
This keyword defines the maximum number of optimization steps allowed before the optimization is
discontinued.

OPTI M ZE: MM _NOTCONVERGED
Keyword (optional, default = 1)
This keyword defines what should happen if the MM geometry is not fully optimized after MAX_STEPS
steps; set thisto zero for large (biochemical) systems where it may be problematic to get the optimization to
converge fully: the QMMM run will continue as if the MM -optimization had converged.

OPTIM ZE: FI X_ MM _GEOQVETRY
Keyword (optional, default = false)
If this keyword is specified in the OPTIMIZE subblock, the MM system will be frozen, i.e. no geometry
optimization will be done on any of its atoms.

OPTI M ZE: PRI NT_CYCLES
Keyword (optional, default = 100)
PRINT_CY CLES represents the number of optimization cycles between which the optimization statusis
printed and the MM restart file is written.

OPTIM ZE: GLOBAL
Sub key block (optional) - CURRENTLY IN A BETA STATE
This subkey block controls the global optimization options in the program. Currently the global optimization
option has not been thoroughly tested and should be considered to be in beta form. The normal optimizers are
designed only to locate the "nearest" local minimum and therefore you are not guaranteed to find the best
overall structure, which is termed the global minimum structure. Currently, only two global optimization
algorithms have been implemented:
—Molecular dynamics based optimizer related to a simulated annealing algorithm
— A grid search, which generates conformations by rotations about bonds specified by the user.
Both optimizers generate a number of structures (100s to 1000s), which are all partially optimized. The
partially optimized structures are then sorted based on their energies. The best 10 of these structures are then
fully optimized. The best of these fully optimized structures is kept and assumed to be the global minimum.
The global optimization is only applied to the MM region with the QM atoms frozen. Therefore, the structure
can only be considered the global minimum structure on the constrained surface where the QM atoms and QM
charge density are frozen.

OPTIMIZE
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GLOBAL
METHOD MD SEARCH
FREQUENCY ONCE
SUBEND

MD SEARCH
TIME{PS} 100.0
N STRUCTURES 100
TEMPERATURE 1000.0
SUBEND
SUBEND

Global optimization is not the default. Therefore, to invoke aglobal optimization, the GLOBAL subkey block
must exist. It isimportant to note that the subkey blocks that control the global optimization schemes are
subkey blocks of the OPTIMIZE key block and not sub-sub key blocks within the GLOBAL subkey block.
The above example demonstrates this.

OPTIM ZE: GLOBAL: METHOD

Keyword (optional, default = MD_SEARCH)

This key block specifies the global optimization method to be used. To date there are only two methods,
MD_SEARCH which isthe default and GRID. More detail one how these methods work is given in the
description of the MD_SEARCH and GRID subkey blocks.

OPTIM ZE: GLOBAL: FREQUENCY

Keyword (optional, default = ONCE)

This key block specifies how often the global optimization algorithm, if it is specified, is called. Since the
global optimization is very time consuming it is not recommended that it be used every QM iteration. The
default isthat it is done only on thefirst iteration. The options available are tabulated below.

ONCE Only at the first iteration
EVERY_TI ME At every iteration
N _CYCLES X At each X-th iteration including the first. Here X isthe

integer following the "N_CYLES" keyword.
eg. NCYCLES 14

OPTIM ZE: MD_SEARCH
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Subkey block (optional, default settings specified below)
The MD_SEARCH method involves performing molecular dynamics on the MM subsystem at a high
temperature. The high temperature dynamics allows the MM subsystem to "get out of" the local minimum of
theinitial structure and explore other regions phase space, potentially leading to lower energy structures.
During the molecular dynamics, structures are sampled at specified intervals and stored. When the dynamicsis
complete, the stored structures are optimized and sorted in terms of their energy. This procedureis similar to
simulated annealing, except that the temperature of the dynamicsis not ramped up and down in acyclic
fashion. At the beginning, the dynamics isimmediately pulsed up to the specified temperature with arandom
excitation on each of the free MM degrees of freedom. An example of the key block, with good settingsis
given below.

MD SEARCH



TIME{PS} 100.0

N STRUCTURES 100

TEMPERATURE 700.0

SUBEND
In the above example, the MM subsystems are heated up to atemperature of 700 Kelvin. Dynamicsisrun for a
total of 100 picoseconds, with atotal of 101 structures sampled (100 plusthe initial structure). Each structure
is sampled every 1.0 picoseconds. The default timestep is 0.5 femtoseconds, and therefore in the above
example 200,000 timesteps will be performed.
This global search technique is the most general and robust of the two methods implemented. It is therefore the
default global optimization method. This subkey block is optional, since the default settings should work
reasonably with most systems.
OPTIM ZE: (RID

Subkey block (optional, required if method selected)
The GRID method provides a systematic search for global minimum by rotating about specified covalent
bondsin the MM subsystem. This method is only efficient for small systems or systems where the
conformational variability is confined to torsions involving a few bonds. The user must specify the bonds that
are to berotated in the search, up to a maximum of 10, and the increment (in degrees) by which the bonds are
to be rotated between subsequent structures. The program does not allow bonds that are
— completely within the QM subsystem (link bonds are allowed, however, or
— part of aring system.
Finally, since QM atoms cannot be rotated, at least one of the two fragments resulting from splitting the
specified bond must contain no QM atoms. An example of the key block is shown below where three bonds
arerotated, in 60° increments. 216 structures (6x6x6) will be generated corresponding to afull 360° rotation
about the three bonds in 60° increments and all combinations thereof.

GRID
INCREMENT 60.0

BOND 7 - 6

BOND 8 - 7

BOND 9 - 8
SUBEND

NOTE: It isimportant to realize that the program uses the connection table specified in the input to determine
which atoms to rotate.

MASSES
Key block (optional)
Thisis used to assign custom masses to individual atoms. |f no custom masses are specified, then the default
masses defined in the force field file are used. Below is example input.

MASSES
15 32.066
8 2.0
SUBEND
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Thefirst column is an integer specifying the atom number and the second column isareal specifying the
custom mass of that atom in atomic mass units. The atoms need not be in any particular order and it is not
necessary to specify custom masses for all atoms. It should be noted that only masses of the MM atoms and
the link atoms could be customized. Masses of the QM atoms and the capping atoms are taken from the QM
code.



23 THEFORCEFIELDFILE

This required file must contain the force field parameters and the MM potential for each kind of MM interaction.
Although predefined force field files (AMBER and SYBYL) are provided with ADF, these force field files can
be customized. For example, one may want to change a particular force constant, or one may need to introduce a
new atom type, for instance a transition metal. This section provides a detailed description of the force field file.

General Notes

Format

Theforcefield fileis keyword driven with each key block defining parameters for each molecular mechanics
interaction type such as bond types, angle types, torsion types, ...etc. The key block begins with the keyword,
such as"BONDS'.

The linesthat actually contain the parameters are sandwiched between two lines that contain "========". The
lines between the keyword and the first line containing "========" are not read by the program. These lines are
intended for the user to define the columns as shown below. There can be as many lines between the keyword
and the first '====="as needed.

Example:
BONDS

Atoms pot K ro Notes
i -3 type (kcal/molA"2) (Ang)
CA CA 1 938.0 1.400 amber95
CT CT 1 620.0 1.526 amber95

Force Field Atom types

The force field atom types are the labels given to each atom in the real system that is used to generate the
molecular mechanics portion of the QM/MM potentia. These are separate from the atomic fragment types used
by ADF for the electronic structure calculation. It isimportant to realize that QM atoms will have both an atomic
fragment type and a force field atom type.

There are some limitations to the force field label types that the user can specify:

* Labels can be amaximum of four characterslong, with no spaces.

e Theatom types are case sensitive.
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*  They can contain letters, numbers and other characters except ',' "' or '=" and tabs.

Example of atom types that are not compatible with the program: C.3, ¢ 3, ¢=3, C _sp3, *
Examples of atom types that are correct: C 3, C3, Csp3, and C*

Wild Cards

Wild cards can be specified with the asterisk, ‘*’. Wild cards can be specified for angles, torsions and out-of -
plane bends. Please refer to the specific sections for the limitations.

CAUTION: When using wild cards, place the wild cards at the beginning of the data section, beginning with the
parameters with the most wild cards and ending with those that posses the least wild cards.

Example:

* c3 = 100.310 111.000 two wild cards
* c3 C3 100.310 111.000 one wild card
c2 ¢cC c 3 100.310 111.000 no wild cards

If this ordering is not followed, then the wild card parameters will over-ride the specific parameters.

Dummy Atoms

If the QM program uses dummy atoms, they are specified 'Xx' or "XX'. The program will automatically remove
dummy atoms from the non-bonded pair list. Please note that if the user specifics bonds to the dummy atomin
the connection table, the program will look for the appropriate parametersin the force field file. The program
does not filter out this possibility because sometimes it is useful to specify MM bonds to dummy atoms).

Miscellaneous Notes

* Do not remove the '======' separator lines.
* Unitsarein kcal/mol, Angstroms, degrees, amu unless otherwise specified
*  Sections can bein any order; i.e. BENDS can come before BONDS.
e All keywords are case sensitive and most arein ALL-CAPS
* Inputisall free format
e Blank lineswill beignored
e Comment lines can be added to parameter data sections by beginning the line with the '# symboal.
Example:
H H 1.0080
HC H 1.0080
# example of comment line denoted with # mark.
H1 H 1.0080
H2 H 1.0080



4.3 A (partial) ExampleFile

In this section we provide an example force field file to illustrate the format of the file. Only alimited number of
parameters are included. A detailed description of each section of the forcefield file is provided in the next
section.

FORCE FIELD SETTINGS

ELSTAT 1-4 SCALE 1.0000
VDW_1-4 SCALE 1.0000
VDW DEFAULT POTENTIAL 1 (l:6-12 2:exp-6 3:exp purely repulsive)
DIELECTRIC CONSTANT 1.000
MASSES & ATOM LABELS
force field atomic
atom type symbol mass NOTES
c 3 C 12.0110 sp3 hybridized carbon
cC 2 C 12.0110 sp2 hybridized carbon
c1 C 12.0110 spl hybridized carbon
C ar C 12.0110 aromatic
N 3 N 14.0070
N 2 N 14.0070
0 3 0 15.9990

BONDS Ebond = 0.5*K(r-ro) **2

Atoms pot
i - 3 type K R NOTES
cC 2 cC 2 1 1340.00 1.335 WHITE 77
c 2 C_ 1 639.00 1.501 WHITE 75
c 3 C 1 633.60 1.540 *
Cc 3 N 2 1 760.20 1.440 *
BENDS Ebend = 0.5*k (a-ao) "2

Atoms pot

i - 4 -k type K theta  NOTES




* cz2 =* 1 78.79 120.00 WHITE 77
* c3 = 1 65.66 109.50 WHITE 77
* C ar * 1 78.79 120.00 ~*
Car C 2 N 2 1 131.31 120.00 *
c3 C3 C.ar 1 78.79 109.50 ~*
TORSIONS

Atoms pot

i -3jJ -k - 1 type k per

* c2 Cc2 ~* 2 12.5000 -2.0

* c1l1 Cc3 ~* 2 0.0000 1.0
c2 Cc2 cCc3 *x 2 0.1260 -3.0
c3 Cc2 cCc3 *x 2 0.1260 3.0
H c2 Cc3 * 2 0.2740 3.0

* C ar C ar C ar 2 2.3500 -2.0

* c2 C3 C2 2 0.1260 3.0

* c2 C3 C3 2 0.1260 3.0
c3 CcC3 Cc3 C3 0 0.5000 3.0
Cc_ c2 C3 C2 2 0.1260 -3.0
C_ C3 N2 C2 1 0.5000 4 180.
& 0.1500 3 180.
& 0.5300 1 0
c3 C3 C2 N2 1 0.1000 4 0
& 0.0700 2 0
OUT-OF-PLANE

Atoms pot

i-3 -k -1 type K NOTES

* * - * 2 480 TRIPOS 85

* * B * 2 120 TRIPOS 85

H H B Cc 3 2 120 TRIPOS 85

C3H N2 * 2 120 TRIPOS 85
VAN DER WAALS
atom(s) Emin Rmin gamma NOTES

c 3 0.1070 3.4000 12.00
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NOTES

no torsion potential

This and the next 3 lines
are part of a multi-component
Fourier potential

‘&’ is a continuation marker



c 2 0.1070 3.4000 12.00
C ca 0.1070 3.4000 12.00
C ar 0.1070 3.4000 12.00
c1 0.1070 3.4000 12.00
N 3 0.0950 3.1000 12.00
N 2 0.0950 3.1000 12.00
N2 -N2 20.0950 3.1000 12.00 purely repulsive potential for this pair
type charge (e) NOTES
ow -0.82 TIP3P water model
HW 0.41 TIP3P water model

Section by Section Description

FORCE_FI ELD_SETTI NGS
Key block (required)
This key block specifies various global options for the force field file, mostly concerned with the treatment of
the non-bonded potentials.

FORCE FIELD SETTINGS

ELSTAT 1-4 SCALE 0.5

VDW_1-4 SCALE 0.5

VDW DEFAULT POTENTIAL 1 (1:6-12 2:exp-6 3:exp purely repulsive)
DIELECTRIC CONSTANT 1.000

ELSTAT_1-4 SCALE & VDW 1-4 SCALE
Most force fields scale the non-bonded interactions by a factor of 0.5 if the atoms are the terminal atoms of a
defined torsion. This scaling factor, which is termed the 1-4 scaling factor, can also be different for the
electrostatic potential and for the Van der Waals potentials and thus they are separately defined in the input.
VDW DEFAULT _POTENTI AL
This keyword defines what kind of potential is used for the non-bonded van der Waalsinteractions. The
potential types have been assigned integer values as defined in the following table.

VDW constants required
potential type description (in order)
0 no potential none

37



1 Lennard-Jones 12-6 Do, Ro

Ea(R = D (%) - 23]

2 Exponential-6 or Buckingham Do, Ro, &
B (R = D, s25)e P |53 20 rssmonne
3 Purely Repulsive Do, Ro. §
Eou(R) = D25 )
4 Purely Attractive (dispersion term) Do, Ro

Eu(R) = -2D,(%)

DI ELECTRI C_CONSTANT
Default = 1.00
This defines the dielectric constant used for the calculation of the electrostatic interactions. For example, 1.00
= vacuum and 80 isthat of bulk liquid water. Currently, only a constant dielectric has been implemented.
BONDS
Key block (required)
This key block specifies the potential type and parameters for each kind of MM bond stretching interaction.
An exampleis given below.

BONDS
At ons pot K ro Not es
i -] type (kcal/nolA*2) (Ang)
CA CA 1 938.0 1. 400 anber 95
CcT cr 1 620.0 1.526 anber 95
HC Zr 0.0 no potential for this bond

Thefirst two columns are the atom types (up to four characters long) and the third column is an integer
specifying the potential type.

BOND constants required
potential type description (in order)
0 no potential none
1 K,Ro

simple harmonic:

E] =—K(R; -R,)

N | =

AMBERY5, Sybyl
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BENDS
Key block (required)
Thiskey block specifies the potential type and parameters for each kind of MM bond angle interaction. An
exampleis given below.

BENDS
Atoms pot k ao Notes
i - 3 - k type (kcal/mol) (degq)
* CA * 1 70.00 120.00 example of wild card
* CA CA 1 126.00 120.00
CA CA N2 1 140.00 120.10 ampber95 N2-CA-CM
CA CA CT 1 140.00 120.00 amber95

The first three columns specify the atom types and the fourth column is an integer specifying the potential
type. Theangle bend potential types are described in the table below with the additional constants required.

BEND constants required
potential type description (in order)
0 no potential none
1 K,8, (6 in degrees)

theta harmonic:

o _ 1
Eajk = E Ke(eijk - 60)

AMBER95, SYBYL

Notice that wild cards can be specified for both terminal positions of the bend or just one asin the example
above. Itisimportant that the parameters be ordered from the least specific (those containing the most wild
cards) to the most specific parameters.

TORSI ONS
Key block (required)
This key block specifies the potential type and parameters for each kind of MM bond torsion interaction. For
the bond stretching and bending potentials, only one potential has to date been implemented since both
AMBER and SYBYL both use simple harmonic potentials. However, AMBER and SYBYL use different
functional forms to represent the torsion potential's, each with their own set of parameters. The AMBER and
SYBYL torsional potentials used in this program are defined in the table below.

TORSION constants required
potential type description (in order)
0 no potential none
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1 Kj, n; (periodicity-integer),

Eors = o [1+ cos(ng - ¢,)] ¢o,i (phase shift)
AMBER: tors
’ K,s
SYBYL: By = 5 K L+ cOS(,) cos()]

Notice that the two potentials have a different number of parameters. For example, when the program reads
‘potential type’ number 1, it will expect three parameters Kj, n;, ¢g,i. Further notice that the AMBER torsional
potential isasum of Fourier components (thisiswhat the index i refersto).

Below is an example of the TORSIONS key block, made up of AMBER force field types.

TORSIONS
Atoms pot per. shift
i -3j -k - 1 type k n to NOTES
* cv NB * 1 2.4000 2 180.0 JCC,7, (1986),230
* CW NA * 1 1.5000 2 180.0 JCC,7,(1986),230
& 0.1000 3 0.0
C N CT 1 0.2000 2 180.0
N CT C N 1 0.4000 4 180.0
& 1.3500 2 180.0
& 0.7500 1 180.0
CT CT N c 1 0.5000 4 180.0

Most AMBER torsion potentials are not specific to all four atomsi-j-k-I, but only on the central two, j-k. Wild
cards are specified with the ‘**’ symbol asillustrated above. Again, the ordering is important. The parameters
should be ordered from least specific (those containing the most wild cards) to most specific. The AMBER
torsion potential can be composed of more than one Fourier component for a single torsion potential.
Additional Fourier components are specified with the ‘&’ continuation symbol asin the example above. At the
moment, up to 6 Fourier components are allowed. Notice that the individual components need not be specified
inany particular order. In the above example key block, there are only 5 torsional potentials defined, not 8.
Two of the potentials are composed of more than one Fourier component asindicated by the ‘&’ continuation
line.

Below is an example of the TORSIONS key block for the SYBYL force field. Notice that the potential types
aredl ‘2'. There are fewer parameters and no multi component potentials. Also, some potentials are defined
with two or only one wild card.

TORSIONS



Atoms pot

i -3j -k - 1 type k per NOTES

* Car S 3 * 2 1.0000 3.0 *

* S 3 83 * 2 6.7500 2.0 EXP

c2 c2 c3 * 2 0.1260 -3.0 WHITE 77
c3 Cc2 cCc3 *x 2 0.1260 3.0 WHITE 77
H c2 Cc3 ~* 2 0.2740 3.0 WHITE 77
* C ar C ar C ar 2 2.3500 -2.0 *

* c2 C3 C2 2 0.1260 3.0 WHITE 77
* c2 C3 C3 2 0.1260 3.0 WHITE 77
* C2 C3 H 2 0.2740 3.0 WHITE 77
* cC3 C3 H 2 0.3200 3.0 MC 88
02 C2 C3 C3 2 0.7000 -3.0 JL ES
OcoC2 C3 C3 2 0.7000 -3.0 MAC 1
c2 C3 Cc3 cCc2 2 0.0400 3.0 WHITE 77
c2 C3 Cc3 C3 2 0.1260 3.0 WHITE 77

One can also mix different potential types within the same force field file, asillustrated below. In this
example, three are three potentials. Thefirst two are SYBYL type potentials whereas the |ast oneis a multi
component AMBER potential.

H c2 Cc3 * 2 0.2740 3.0
* C ar C ar C ar 2 2.3500 -2.0
N c2 C2 N 1 0.4000 4 180.0
& 1.3500 2 180.0
& 0.7500 1 180.0

OUT- OF_PLANE
Key block (required)
Thiskey block specifies the potential type and parameters for each kind of MM out of plane bend. This
potential is sometimes referred to as the inversion potential or improper torsions (depending on the force
field). The potentia types currently supported are provided in the table below.

out-of-plane description constants required

potential type (in order)

0 no potential none

1 AMBER: E, = K[l + cos(n¢ — ¢,)] K, n, ¢o (N=2, ¢g = 180° for
planar, n=3, ¢g = 120° for
tetrahedral)

2 SYBYL: Loy =5 %4 K

d isthe distance of the planein Ang.
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An example of the key block for the AMBER type potentialsis given below. It isimportant to realize that the
atom k isthe atom k isthe central atom. (We have adopted the somewhat odd standard of AMBER in this

respect).

OUT-OF-PLANE

Atoms pot
i-3 -k -1 type K to NOTES

* * CA H4 1 1.10 180.0 bsd.on C6H6 nmodes
* * CA HS 1 1.10 180.0 bsd.on C6H6 nmodes
* 02 c 02 1 10.50 180.0 Jcc,7,(1986),230

* N2 CA N2 1 10.50 180.0 Jcc,7,(1986),230

* CT N CT 1 1.00 180.0 Jcc,7,(1986),230
CK CB N* CT 1 1.00 180.0

VAN DER WAALS
Key block (required)
This key block specifies the potential type and parameters for each kind of MM van der Waals interaction
between two atoms. A sample key block is shown below:

atom(s) type emin rmin alpha NOTES
CA -.0860 3.81600 12.00 amber95
HA -.0150 2.91800 12.00 amber95
Ni - HA 2 -.0480 2.7 12.00 NOTE potential type
Ni - CA D -.0480 2.7 12.00 default potential

The van der Waals key block is somewhat different than the previous key blocks, because generally not every
atom pair is defined with its own parameters. Rather, the parameters are assigned on a per atom basis and then
special combination rules are used to construct the parameters for each atom pair combination. For this reason,
adefault potential typeis defined in the FORCE_FIELD_SETTINGS key block.

VDW constants required
potential type description (in order)
0 no potential none
1 Lennard-Jones 12-6 Do, Ro

E,R =D& ) -2()
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2 Exponential-6 or Buckingham Do, Ro, &

x=12.0is standard
R S O O)

3 Purely Repulsive Do, Ro, §

Evdw (R) = Do (&)}Hﬁ%}g

For each type of van der Waals interaction, the program first scans the key block for pair specific parameters.
For pair specific potentials, the default potential type can be replaced by any of the available potentials. The
three sample lines bel ow specify pair-specific potentials. The two atom types must be separated by a hyphen
with spaces between the hyphen and the atom type. Following the specification of the atom pair, the potential
typeisdefined. If D or dis specified here, then this means to use the default potential type. Following the
potential type are the parameters needed for that potential type (see above table).

CA - CA 1 0.0860 3.81600 12.00 amber95
Ni - HA 0
Ni - CA D 0.0480 2.7 12.00 default potential type

If apair specific parameter can't be found, then the program looks for individual atom parameters
corresponding to each of the atom typesin the pair. The pair specific parameters are then constructed from
combination of the two individual atom parameters using the following combination rules:

VDW
potential type description Combination Rules
1 Lennard-Jones 12-6 Dijj = (Di*Dj)l/z, Rij = (Ri+Rj)/2
2 Exponential-6 or Buckingham Dijj = (Di*Dj)l/z, Rij = (Ri+Rj)/2
gjj = (grg) L2
3 Purely Repulsive Djj = (Di*Dj)l/z, Rij = (Ri+Rj)/2
gjj = (G2

When individual atom parameters are not used, no potential type is specified since the default potential typeis
always used. An exampleis given below.

CA 0.0860 3.81600 12.00 amber95
HA 0.0150 2.91800 12.00 amber95

The ability to define pair specific parametersis especially useful for those force fields that have different
combination rules than used in the program. For example, Jorgensen's TI1P3P water force field uses geometric
averages for both Djj and Rjj.



MASSES & ATOM LABELS
Key block (required)
This key block specifies the default masses for each MM atom type and the element label for each MM atom
type. Inan ADF QM/MM run, the element label defined for each atom type is the label used for printing out to
the LOGFILE. Thisallows oneto easily cut and paste the generated coordinates to a molecule viewing
program without having to go in and changing al of the"CT"sto "C"s.

A sample key block is shown below:

MASSES & ATOM LABELS

Ni Ni 58.70
CM C 12.011
CA C 12.011
CT C 12.011
HC H 1.0079
HA H 1.0079

The first column isthe MM atom type, the second is the label used for printing and the third column is the
mass of the atom type. The atoms do not have to be specified in any particular order.
CHARGESS
Key block (optional)
Thiskey block specifies the parameters for the charges on the atoms by atom type. To date only theinitial
chargeis available, however if some sort of charge equilibration scheme was introduced the parameters would go
here. NOTE: initial charges can also be specified on a per atom basisin the MM INPUT file.

CHARGES

atom initial
label charge
ow -0.8

HW 0.4




24 SETTING UP A QM/MM SIMULATION —A ‘WALK THRU’

In this section we provide a detailed ‘walk thru’ of the process of setting up an ADF QM/MM simulation. There
will be two examples, the first being afairly straightforward example and the second one being fairly complex.

Example A: Cytocine

Thisis a straightforward example, where the input necessary to perform a QM/MM simulation of cytosine
(Figure 5-1) will be constructed.

Sep 1. Partitioning the System and the Model QM system

First one must decide where to partition the system into QM and MM regions. Thisis actually a very important
step since the partitioning can be considered the ‘original sin’. Much thought and testing should be put into
deciding where to place the QM/MM boundary. In this example, we have chosen the partitioning depicted in
Figure 5-1ain order to keep the example simple. In this figure the QM region enclosed in the dotted polygon,
with two covalent bonds crossing the QM/MM boundary. One must also choose an appropriate QM model
system for which the electronic structure calculation will be performed. To preserve the sp® hybridization of the
carbon center in the QM region, we must keep the carbon tetravalent. Thus, we will cap the two dangling bonds
with dummy or capping hydrogen atoms. One can use any monovalent atom such as H or F, but H is probably
best. The reason that monovalent atoms should be used for capping atoms is that one does not want capping
atom to have any ‘dangling’ bonds. Capping or dummy groups can not be used. Figure 5-1b, depicts the QM
model system with two capping hydrogen atoms. Thus, the electronic structure calculation will be performed on
methane such that the capping hydrogen atoms lie along the bond vector of the link bond in the real system as
shown in Figure 5-1b.

o) -,

Lo “%
/ ‘ 4
o QMY H

a QM/M Mgcytosine b. QM model system
Figure 5-1 Cytocine QM/MM example model. &) Shows the whole system with the atoms enclosed in the dotted
polygon making up the QM system. b) Shows the equivalent QM model system. The remainder of the cytocine
molecule is shown ghosted to demonstrate the rel ationship between the model system and the full system. The
QM model system consists of a closed shell methane molecule.



Sep 2. Labeling of Atoms (QM, MM or LI)

Once a partitioning of the system has been established, one needs to designate each of the atomsin the full
system as QM, LI or MM atom type. For the example system, these designations are shown in Figure 5-2a,
where the atoms that are not labeled are MM atoms.

13~..~14 H\N/H
6 |2
| HA
N7 Napt
! qM e
§ ) PN
~ 9 P VAS :
16715 e HA -0
e H2
Le— /17\19 O%/C(/K H
2 <_ 20
—|_|\ [ —?\/5\21 H—CFC? H
?M VAN RN
QM > | H H
L |v| 23 4 3 H
a QM,MM, LI labels b. atom numbering c. AMBERY5 atom-types

Figure 5-2 Labeling of the example model. a) QM, MM and LI designations. Atoms not labeled are ‘MM’
atoms. The dotted polygon encloses the QM region of the model. b) Atom numbering of the entire system. Note
that the QM and L1 atoms precede any MM atoms. ¢) The AMBERO5 force field atom type designations.

All atoms within the dotted polygon are ‘QM’ type atoms. The atoms outside of the QM region will either be
MM or LI atoms depending on whether they are part of alink bond or not. The covalent bonds that cross the
QM/MM boundary are termed the link bonds. In the example system, there are two such covalent bonds. The
atoms that lie on the MM side of the link bonds are labeled the L1 atoms. Thus, these are all of the atoms that lie
outside the dotted polygon that have a covaent bond to QM atoms. If there are no covaent bonds that traverse
the QM/MM boundary, then there will be no LI atoms.

Sep 3. Renumbering of Atoms

Thereisastrict rule concerning the ordering of the atoms, based on the QM, MM, or L1 atom type designation.
All QM and LI atoms must come before any MM atoms. A valid atom numbering for the example system is
shown in figure 5-2b. Here the atoms labeled ‘QM’ or ‘LI" in Figure 5-2a are the first five atoms of the molecular
system.

Sep 4. ADF OM/MM input: Atomic coordinates

Now we can begin to construct the input. We will begin with the atomic coordinates. For this example, we will
optimize the geometry of the complex in Cartesian coordinates. Coordinates of the whole QM/MM complex or
the ‘real’ complex should be defined here. DO NOT define the coordinates of the capping atoms. The program
will calculate their positions, and add them automatically. The definition of the coordinates is done exactly as
they arein a standard ADF run. Below isthe ATOMS key block for our example system.
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ATOMS Cartesian

1cC 1.94807 3.58290 -0.58162
2 C 1.94191 3.61595 1.09448
3 H 1.69949 4.49893 -1.05273
4 H 2.99455 3.17964 -0.86304
5 C 0.94659 2.40054 -0.92364
6 N -1.74397 -3.46417 0.31178
7 C -1.00720 -2.20758 0.33536
8 C -1.66928 -1.00652 0.31001
9 C -0.92847 0.25653 0.34895
10 N 0.43971 0.26735 0.38232
11 N 0.36409 -2.20477 0.28992
12 C 1.09714 -0.95413 0.22469
13 H -2.89781 -3.50815 0.31746
14 H -1.21484 -4.49217 0.31721
15 H -2.80940 -0.93497 0.30550
16 H -1.55324 1.21497 0.33885
17 C 1.23309 1.44017 0.30994
18 O 2.58277 -1.01636 0.23914
19 H 2.37276 1.25557 0.29984
20 O 1.02358 2.43085 1.50880
21 H 1.17136 1.95097 -1.87367
22 H -0.10600 2.77333 -0.80348
23 H 1.62170 4.54039 1.51392
24 H 2.99608 3.28749 1.41345

END

Sep 5. Connection Table and MM force field types

In order to construct a molecular mechanics potential, the program needs to know the connectivity of the
molecular system and the molecular mechanics force field atom-type designations. In this example we are using
the AMBER95 force field of Kollman and coworkers[3]. The appropriate AMBER95 atom-types for this
molecule are shown in Figure 5-2c. No new atom types need to be introduced to the standard AMBER95 force
field to treat this system. However, if this were needed, then the force field file would have to be modified.

Next a connection table needs to be constructed. For this program this needs to be done on an atom by atom
basis. Either afully redundant connection table or afully non-redundant connection table is acceptable. A
redundant connection table refers to one in which the covalent bonds are defined for al atoms. For example, if X
isbonded to Y, in the connections for atom X, abond is defined to atom Y . For the connectionsto atom Y, a
bond is also defined to atom X even though the bond has already been defined. In a non-redundant connection

table, when a bond is defined in the connections for atom X, it is not again defined in the connections for atom Y.

We now can begin to construct part of the input, namely the MM_CONNECTION_TABLE subkey block of the
QMMM key block. For this example, the MM_CONNECTION_TABLE key block is given below.

MM CONNECTION TABLE
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1 CT oM 2 3 4 5
2 CT LI 1 20 23 24
3 HC oM 1
4 HC oM 1
5 CT LI 1 17 21 22
6 N2 MM 7 13 14
7 CA MM 6 8 11
8 CM MM 7 9 15
9 CM MM 8 10 16
10 N* MM 9 12 17
11 NC MM 712
12 MM 10 11 18
13 MM 6
14 MM 6
15 HA MM 8
16 H4 MM 9
17 CT MM 5 10 19 20
18 ) MM 12
19 H2 MM 17
20 0s MM 2 17
21 HC MM 5
22 HC MM 5
23 H1 MM 2
24 H1 MM 2
SUBEND

Thefirst column is simply the atom number. The atoms defined here MUST be in the same order as defined in
the ATOMS key block provided in the previous section. Again, we do not include the capping atoms. The second
column shows the AMBER95 atom-types for our system, displayed in Figure 5-2c. The third column isthe MM,
QM or LI designation. Notice that the QM and L1 atoms appear before any MM atoms. The remaining columns
are reserved for the connection table. In the above example, afully redundant connection table is provided.

Sep 6. LINK_BONDS

When there are covalent bonds that cross the QM/MM boundary, the LINK_BONDS subkey block is required.
Since one only definesthe ‘real system in both the ATOMS key block and the MM_CONNECTION_TABLE
subkey block, this key block defines both the initia position of the capping atom and what kind of ADF fragment
atom will be used as a capping atom. In this example we have two link bonds, both of which will be ‘ capped’
with capping hydrogen atoms as shown in Figure 5-1b. Below isthe LINK_BONDS subkey block for our

example.
LINK BONDS
1 -5 1.380 H
1 -2 1.375 H



SUBEND

Thefirst part of the input specifies the atomsinvolved in link bonds. Here QM atom 1 formslink bonds with
atoms 5 and 2. The column in the input is the link bond o parameter, which is defined as the ratio between the
capping bond length in the QM model system and the bond length of the corresponding link bond in the real
system. Thisratio can be determined by taking the necessary bond lengths from a pure QM calculation of the
model QM system, and the bond length from the whole complex. If those are not available, they can be taken
from tabulated bond lengths or bond lengths of similar bonds in other complexes. There is an independent o
parameter for each link bond. It isVERY IMPORTANT to emphasize that the total energy of the QM/M system
is dependent upon the o parameters. Thus, if one is comparing the energetics of two conformational isomers
calculated with the QM/MM method, this comparison is only valid if the o parameters used are the same. In our
example, ratios of 1.38 and 1.375 were used. Thisis somewhat typical ratio of C-H to C-C bond lengths, in
aliphatic hydrocarbons. The last column in the LINK_BONDS input refers to the ADF fragment for which will
be used for the capping atom in the electronic structure cal culation. Please, note this fragment must be present in
the FRAGMENTS key block of the ADF input.

Sep 7. Assignment of Atomic Charges

Perhaps the most dubious aspect of the QM/MM approach involves the non-bonded electrostatic interaction
between the QM and MM regions. The ADF QM/MM extension currently only supports placement of static
point charges on MM atoms. At the moment, you have two options. First, you can chose to have the MM point
charges to interact with the electron density of the QM model system, thereby allowing the wave function of the
QM system to be polarized. Alternatively, you can assign static point charges to the QM atoms which interact
with MM point charges as would happen if the whole system were treated with a molecular mechanics force
field. In this example, we will choose the latter, using the standard AMBER95 charges cytosine. To specific how
the electrostatic interactions between the two regions are treated, one usesthe ELSTAT_COUPLING_MODEL
keyword in the QMMM key block and setsit equal to 1.

In ADF QM/MM the atomic point charges can be assigned on an atom-type basis, where the point charges are
taken from the forcefield file. It can aso be defined on a per atom basis, where a unique charge is assigned to
each atom in the molecular system in the CHARGES subkey block. Since the chargesin AMBER95 are assigned
according to the nucleic or amino acid, we must assign the charges on a per-atom basis. Given below isthe
CHARGES subkey block with the appropriate AMBER95 point charges assigned to the system. The first column
in this subkey block is the atom numbering. It isimportant to use the right atom number instead because the
program actually determines the charges on each atom individually by searching for the atom number within this
key block. Charges don’t have to be in order.

ELSTAT COUPLING MODEL=1

CHARGES
1 0.0000
2 0.0000
3 0.0000
4 0.0000
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5 0.0000

6 -0.9530
7 0.8185
8 -0.5215

9 0.0053
10 -0.0484
11 -0.7584
12 0.7538
13 0.4234
14 0.4234
15 0.1928
16 0.1958
17 0.0066
18 -0.6252
19 0.2902
20 -0.2033
21 0.0000
22 0.0000
23 0.0000
24 0.0000

SUBEND

Step 8. Remainder of the OMMM key block

The ADF QM/MM input is almost complete. Now only afew settings need to be defined in the QUMM key
block. The remainder of the QUMM key block is given below.

FORCEFIELD FILE /usr/bob/QMMM data/amber95.ff
RESTART FILE mm.restart

OUTPUTiLEVELZI

WARNINGfLEVELZZ

The FORCEFIELD_FILE defines the filename of the force field file to be used. If the force field fileis not in the
running directory of the ADF job, then the full path needs to be specified. The RESTART_FILE specifiesthe
name of the QM/MM restart to be written. If thejob isarestart itself, this keyword & so specifies the QM/MM
restart file to read.

The OUTPUT_LEVEL specifies how much output to print during the course of the ADF QM/MM run.
OUTPUT_LEVEL=1isgood for most purposes. Using an OUTPUT_LEVEL=2 is good when trouble shooting,
but probably provides too much output when the job is running normally. The WARNING_LEVEL keyword
specifieswhen to stop the job. When it is set to 2, the run stops at any spot where a potential QM/MM problem
is detected. Thisis good when first setting up ajob because the program attempts to point out potential problems.
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Sep 9. Putting it all together: The whole ADF QM/MM input

The whole ADF QM/MM input for the sample system is given below. The following will be a QM/MM
geometry optimization performed in Cartesian coordinates with no constraints. Some comments are provided in
bold.

Title CYT amber95 test - CARTESIAN GEOMETRY OPTIMIZATION NO CONSTRAINTS

Fragments
C T21.C.III.1s Notice that only fragments for the calculation of
H T21.H.III model system are needed.

End

Symmetry NOSYM

Charge 0 O This refers to the charge of the QM model system, not

the ‘real’ system

ATOMS Cartesian

1cC 1.94807 3.58290 -0.58162
2 C 1.94191 3.61595 1.09448
3 H 1.69949 4.49893 -1.05273
4 H 2.99455 3.17964 -0.86304
5 ¢C 0.94659 2.40054 -0.92364
6 N -1.74397 -3.46417 0.31178
7 C -1.00720 -2.20758 0.33536
8 C -1.66928 -1.00652 0.31001
9 C -0.92847 0.25653 0.34895
10 N 0.43971 0.26735 0.38232
11 N 0.36409 -2.20477 0.28992
12 C 1.09714 -0.95413 0.22469
13 H -2.89781 -3.50815 0.31746
14 H -1.21484 -4.49217 0.31721
15 H -2.80940 -0.93497 0.30550
16 H -1.55324 1.21497 0.33885
17 C 1.23309 1.44017 0.30994
18 O 2.58277 -1.01636 0.23914
19 H 2.37276 1.25557 0.29984
20 O 1.02358 2.43085 1.50880
21 H 1.17136 1.95097 -1.87367
22 H -0.10600 2.77333 -0.80348
23 H 1.62170 4.54039 1.51392
24 H 2.99608 3.28749 1.41345
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END

QMMM

FORCEFIELD FILE amber95.ff

RESTART FILE mm.restart
OUTPUT LEVEL=1
WARNING LEVEL=2
ELSTAT COUPLING MODEL=1

LINK BONDS
1 -5 1.38000
1 -2 1.38030
SUBEND

MM CONNECTION TABLE

1 CT QoM 2
2 CT LI 1
3 HC QoM 1
4 HC QoM 1
5 CT LI 1
6 N2 MM 7
7 CA MM 6
8 CM MM 7
9 CM MM 8
10 N* MM 9
11 NC MM 7
12 C MM 10
13 H MM 6
14 H MM 6
15 HA MM 8
16 H4 MM 9
17 CT MM 5
18 0 MM 12
19 H2 MM 17
20 oS MM 2
21 HC MM 5
22 HC MM 5
23 H1 MM 2
24 H1 MM 2
SUBEND
CHARGES
1 0.0 cCT

17
13

10
12
12
11

10

17

21
14
11
15
16
17

18

19

22

20



2 0.0 cT
3 0.0 HC
4 0.0 HC
5 0.0 CT
6 -0.9530 N2
7 0.8185 CA
8 -0.5215 CM

9 0.0053 CM
10 -0.0484 N*
11 -0.7584 NC

12 0.7538
13 0.4234
14 0.4234
15 0.1928 HA
16 0.1958 H4
17 0.0066 CT
18 -0.6252 O
19 0.2902 H2
20 -0.2033 0S
21 0.0000 HC
22 0.0000 HC
23 0.0000 H1
24 0.0000 H1
SUBEND

END

GEOMETRY

ITERATIONS 20
CONVERGE E=1.0E-3 GRAD=0.0005
STEP RAD=0.3 ANGLE=5.0
DIIS N=5 OK=0.1 CYC=3
END

XC

LDA VWN

GGA POSTSCF Becke Perdew
End

Integration 3.0

SCF

Iterations 60

Converge 1.0E-06 1.0E-6



Mixing 0.20
DIIS N=10 OK=0.500 CX=5.00 CXX=25.00 BFAC=0.00
End

End Input

In the above example, the geometry was defined with Cartesian coordinates and the geometry optimization was
also donein Cartesians. The same input could also have easily been defined with aZ-matrix in the ATOMS key
block.

Example B: Pd* — Ethene n-complexation Linear Transit

This example is more complex to demonstrate some problems that one might encounter in a more advanced
problem. For instance, the simulation will involve the customization of the standard Tripos force field, the use of
dummy atoms in the MM region and QM region and the use of constraints. Figure 5-3a depicts the system that
we intend to simulate. More specifically we wish to determine the reaction profile of removing the olefinic
substrate from the metal center of Pd*-phosphino-ferrocenyl-pyrazole complex. For this purpose we wish to
perform alinear transit run with ADF, whereby the distance between the metal center and the midpoint of the
olefinic carbonsis used as areaction coordinate. The linear transit geometry optimization will be donein internal
coordinates. This reaction coordinate is shown as the arrow line in Figure 5-3. This example originates from our
research on similar neutral bis-trichlorosilyl compounds. The system has been changed dightly to introduce
additional technical considerations when using dummy atoms and linear transit calculations. The QM/MM
calculations of these related compounds reveal that the approximations introduced in this system are quite
reasonable. Also, in terms of predicting the geometry of this class of complexes, the QM/MM method performs
exceptionally well.

_______

dummy atom

region

a b
Figure 5-3 Example system — Pd*-ethene t-complex. a) Full system, with linear transit coordinate indicated by
the arrow line. The QM/MM boundary is shown as the dotted polygon with the QM region residing inside. The



‘LI" atoms are denoted with the asterisks. b) The QM model system with the capping hydrogen atoms depicted in
bold.

Sep 1. Partitioning the System and the Model QM system.

First one must decide where to partition the system into QM and MM regions. For this example, we have decide
to partition the system asillustrated in Figure 53b, whereby the QM region is contained in the dotted polygon.
The corresponding QM model system, for which the electronic structure cal culation will be performed, is
depicted in Figure 5-3b. Inthe model QM system the link atoms have been replaced by capping hydrogen atoms.
Notice that the QM/MM boundary cuts through the cyclopentadienyl ring of the ferrocenyl ligand. Based on
experimental studies of this complex, it is assumed that the ferrocenyl ligand acts only as a spectator ligand and
can be modeled effectively on a steric basisonly. Using an olefinic group will approximate the sp2 hybridization
of the Cp rings. Here, special care must be taken to preserver the structural features of the Cp ring. For example
the C-C bond distance in the ferrocenyl ligand is approximately 1.45 Ang whereasit is about 1.34 Angin an
olefin. Thiswill be elaborated on later. The replacement of the phenyl phosphinein the real system by hydrogen
phosphine will have some consequences due to the different electronic properties of the substituents. It is known
that the phenyl substitution on the phosphine is more electron withdrawing than the hydrogen substituent. The
replacement of the phenyl phosphine with hydrogen phosphine will result in a contraction of the Pd-P bond in the
QM model system and hence the Pd-P bond will be too short in our QM/MM model.

Sep 2. Labeling of Atoms

Once a partitioning of the system has been established, one needs to label each of the atomsin the full system as
QM, LI or MM atom type. For the example system, all atoms contained within the dotted polygon in Figure 5-3a
are'QM’ atoms. All atoms that are marked with asterisksin Figure 5-3aare ‘LI’ atoms and finally the remaining
atoms outside the dotted polygon are ‘MM’ atoms. The dummy atom that we need in order to define our reaction
coordinate is designated a QM atom. This dummy atom will be made to lie midway between the two olefinic
carbon atoms of the ethene moiety. It isimportant to realize that the linear transit constraint cannot involve any
MM atoms. Two dummy atoms representing the center of the Cp rings of the ferrocenyl ligand will aso be
introduced. They we be part of the MM subsystem.

Sep 3. Renumbering of Atoms

It will be re-emphasize that there is a strict rule concerning the ordering of the atoms, based on their QM, MM, or
LI atom type designation. All QM and LI atoms must come before any MM atoms. This rule also appliesto the
dummy atoms. All atomsin the QM model system shown in Figure 5-3b and their equivalent L1 atomsin the real
system must come first. Given below are the Cartesian coordinates of the initial geometry with the atoms
renumbered. Although the optimization will be performed ininternal coordinates, thisisacomplex example, and
it might help the reader to examine the 3D structure of the complex with their favorite molecule viewer.
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Xx 0.20091 4.40271 -4.12271

Sep 4. Z-matrix and constraints

Thissimulation will be alinear transit simulation where the reaction coordinate will be the distance from the Pd
center to the midpoint of the complexed ethene molecule. In order to use midpoint of the ethene molecule as the
reaction coordinate we must use a dummy atom to define the midpoint and afew constraints to maintain the
dummy atom at the midpoint. The dummy atom is atom number 15 and the two carbon atoms of the ethene
moiety are atoms 16 and 17. Each of the two carbons of the ethene will be ‘bonded’ to the midpoint using the
same (free) bond distance variable ‘B15’. Thiswill ensure that the midpoint dummy atom is always equidistant
to each ethene carbon. To ensure that the midpoint dummy atom always lies along the C-C bond vector the
dihedral variable ‘D14’ will be constrained to 180 degrees. Finaly, to prevent C-C bond distance of olefinic
group used to model the ferroceny! ligand to revert to its natural bond length of approximately 1.34 Ang, the C-C
distance (B8) will be constrained to 1.45 Ang. Thisis the distance found in the C-C bond distance in the
ferrocenyl ligand. One might be concerned about the internal coordinate definition of the cyclopentadienyl rings
of the ferrocenyl ligand. Since the ferrocenyl ligand is part of the MM region, the Z-matrix will be used only to
construct theinitial geometry. From there the molecular mechanics code takes over and where the optimization is
donein Cartesian coordinates. For MM atomsit isimportant that care be taken when defining the connection
table.

ATOMS internal

Pd 0 0 0 0 0 0
N 1 0 0 Bl 0 0

1 2 0 B2 Al 0
Si 1 2 3 B3 A2 D1
Cl 4 1 2 B4 A3 D2
Cl 4 1 5 BS A4 D3
Cl 4 1 5 B6 A5 D4
C 3 1 2 B7 A6 D5
C 8 3 1 B8 A7 D6
C 9 8 3 B9 A8 D7
N 10 9 8 B10 A9 D8
c 11 2 1 B11 AlQ D9
c 12 11 2 B12 All D10
C 2 1 11 B13 Al2 D11
XX 1 2 3 B14 Al3 D12
c 15 1 2 B15 Al4 D13
c 15 1 16 B15 Al5 D14
H 16 15 1 B17 Al6 D15
H 16 17 18 B18 Al7 D16
H 17 16 18 B19 Al8 D17
H 17 16 18 B20 Al9 D18
C 3 1 8 B21 A20 D19
C 3 1 8 B22 A21 D20
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B44
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B46
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B51
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B53
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B55
B56
B57
B58
B59
B60
B61
B62
B63
B64
B65
B66

A22
A23
A24
A25
A26
A27
A28
A29
A30
A31
A32
A33
A34
A35
A36
A37
A38
A39
A40
A41
A42
A43
Ad4
A45
A4d6
A47
A48
A49
A50
A51
A52
A53
A54
A55
A56
A57
A58
A59
A60
A6l
AG2
A63
A64
A65

D21
D22
D23
D24
D25
D26
D27
D28
D29
D30
D31
D32
D33
D34
D35
D36
D37
D38
D39
D40
D41
D42
D43
D44
D45
D46
D47
D48
D49
D50
D51
D52
D53
D54
D55
D56
D57
D58
D59
D60
D61l
D62
D63
D64
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H 63
c 30
Cc 69
c 70
c 71
c 72
Cc 69
H 70
c 71
H 72
c 73
H 74
H 74
H 74
H 78
H 78
H 78
H 76
H 76
H 76
XX 24
XX 41
END
GEOVAR
Bl1=2.1
B2=2.3
B3=2.2
B4=2.1
B5=2.1
B6=2.1
B7=1.8
B8=1.4
B9=1.5
B10=1.
Bll=1
B12=1.
B13=1.
B14=2.
B15=0.
B17=1
B18=1.
B19=1.
B20=1.

62
14
30
69
70
71
30
69
70
71
72
69
69
69
73
73
73
71
71
71

40

8381
3889
5474
1579
3955
1791
1730
5807
0544
47768

.36193

38405
34409
50000
66631

.08903

09082
09092
08943
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14
30
69
70
70
71
72
73
71
30
79
79
72
82
82
70
85
85
31
42

5.000

B67
B68
B69
B70
B71
B72
B73
B74
B75
B76
B77
B78
B79
B8O
B81
B82
B83
B84
B85
B86
B87
B88

A66
AG7
A68
A69
A70
A7l
A72
A73
AT74
AT5
A76
ATT
A78
A79
A80
A81
A82
A83
A84
A85
AB6
AB7

D65
D66
D67
D68
D69
D70
D71
D72
D73
D74
D75
D76
D77
D78
D79
D80
D81
D82
D83
D84
D85
D86



B21=1.
B22=1.
B23=1.
B24=1.
B25=1.
B26=1.
B27=1.
B28=1.
B29=1.
B30=2.
B31=1.
B32=1.
B33=1.
B34=1.
B35=1.
B36=1.
B37=1.
B38=2.
B39=1.
B40=1.
B41=1.
B42=1.
B43=1.
.08347

B44=1

B45=1.
B4e6=1.
B47=1.
B48=1.
B49=1.
B50=1.
B51=1.
B52=1.
B53=1.
B54=1.
B55=1.
B56=1.
B57=1.
B58=1.
B59=1.
B60=1.
B6l=1.
B62=1.
B63=1.
B64=1.

86801
85275
43426
42814
10060
52360
08226
08182
50380
00032
09827
10198
09896
43456
08513
08532
08347
03122
43448
43413
43347
43383
08361

08341
08540
08451
39867
39691
39740
39722
39822
08455
08520
08569
08594
08280
39816
39740
39734
39754
39750
08166
08484
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B65=1.
B66=1.
Be67=1.
B68=1.
B69=1.
B70=1.
B71=1.
B72=1.
B73=1.
B74=1.
B75=1.
B76=1.
B77=1.
B78=1.
B79=1.
B80=1.
B81=1.
B82=1.
B83=1.
B84=1.
B85=1.
B86=1.
B87=1.
B88=1.
Al=94.

08604
08530
08396
40109
40042
39823
39824
39818
53667
08452
53315
08501
53287
09990
10064
10001
09746
10018
09915
10005
10036
10053
20119
21941
7463

A2=158.2223
A3=117.0192
A4=115.6423
A5=115.0054
A6=120.3960
A7=128.6001
AB8=124.4982
A9=113.0381
A10=110.6944
Al11=107.5291
Al2=123.1566
Al13=72.5934
Al14=90.0001
A15=90.0001
Al6=121.4060
Al7=121.7463
Al18=121.7273
Al19=121.2990
A20=113.4758



A21=117.
A22=124.
A23=107.
A24=108.
A25=114.
A26=122.
A27=126.
A28=119.

0770
4140
1936
2564
7923
2418
8321
5733

A29=70.7204

A30=111.
A31=109.
A32=110.
A33=110.
A34=125.
A35=127.
A36=125.
A37=133.

7865
8825
4946
3514
5260
2980
4579
3349

A38=68.8766

A39=107
A40=108

.9605
.0463

A41=69.7028

A42=125

A43=129.
A44=126.
A45=125.
Ad6=126.
A47=117.
A48=120.
A49=119.
A50=119.
A51=120.
A52=119.
A53=120.
A54=120.
A55=119.
A56=118.
A57=120.
A58=120.
A59=119.
A60=119.
A61=120.
A62=120.
A63=120.
A64=120.

.7664
5676
2672
9595
0404
3031
5489
8703
8287
1922
7123
0017
0478
9075
9447
7197
6090
9563
7586
0640
1660
0615
1253
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A65=119.9602
A66=119.0914
A67=119.1156
A68=119.5849
A69=120.7057
A70=119.1275
A71=120.7701
A72=120.6568
A73=119.8697
A74=121.2330
A75=119.5074
A76=118.2033
A77=109.0914
A78=110.4834
A79=111.6228
A80=111.7639
A81=109.9169
A82=109.0716
A83=109.9009
A84=111.6715
A85=108.9122
AB86=55.1829
A87=54.0180
D1=-150.6568
D2=-100.8347
D3=-119.5809
D4=123.4778
D5=35.1598
D6=-2.9958
D7=7.2171
D8=-72.9107
D9=164.5027
D10=0.9220
D11=163.0063
D12=135.2677
D13=65.6662
D14=180.0000 F
D15=90.0000
D16=179.5031
D17=-179.9904
D18=-0.4168
D19=-117.3520
D20=124.7005
D21=-169.6021



D22=-179.2713
D23=-3.3919
D24=119.3500
D25=179.9891
D26=-179.9514
D27=17.4102
D28=-129.2972
D29=60.6432
D30=120.3390
D31=-120.3043
D32=1.2969
D33=179.4155
D34=179.5397
D35=123.6746
D36=68.3005
D37=62.0893
D38=58.4426
D39=0.0736
D40=119.7199
D41=127.1496
D42=-120.1862
D43=178.4186
D44=-179.8093
D45=179.5019
D46=-30.2454
D47=-178.8402

D48=-0.0598
D49=0.3012
D50=-0.1575

D51=-179.8476
D52=-179.9824
D53=179.8951
D54=-179.8926
D55=179.8489
D56=-81.7949
D57=179.3002

D58=-0.2287
D59=-0.6445
D60=0.0510

D61=-179.9960
D62=179.9913

D63=-179.8879
D64=-179.8700
D65=-178.0390
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D66=114.6178
D67=-177.7647
D68=1.7082
D69=-3.4460
D70=1.3564
D71=179.4189
D72=179.8505
D73=-179.9397
D74=-179.8352
D75=-176.6101
D76=76.9134
D77=-120.1615
D78=119.9038
D79=165.3767
D80=-119.6911
D81=121.2928
D82=-135.8162
D83=120.3122
D84=-119.4211
D85=-58.7928
D86=0.0762
END

Sep 5. Connection Table, MM for ce field atom-types and Force Field Modification

In order to construct a molecular mechanics potential, the program needs to know the connectivity of the
molecular system and the molecular mechanics force field atom-type designations. In this example we are using
the Tripos or Sybyl force field. The Tripos force field does not support either Pd or ferrocenyl ligands, so we
need to modify the standard force field file to handle these groups. Modification of a molecular mechanics force
field without re-parameterization of the force field may not always be appropriate. However, in this case sort of
‘ad hoc’ additions to the Tripos force field can be justified. For Pd, all of the principle interactions will be
contained within the QM region and only weak non-bonded interactions involving Pd will be approximated by
the molecular mechanics potential. The ferrocenyl ligand is assumed to act as a spectator ligand and therefore it
is adequate to simply attain the approximate structure of the complex with the molecular mechanics potential .

In the Tripos force field, the nitrogen atoms of the pyrazole ring should be assigned the ‘N_2' atom-type; the P
atom of the phosphine should be assigned the ‘P_3' atom-type. The Cl, H and Si atoms are given the ‘ClI’, ‘H’,
and ‘Si’ atom types respectively. The carbon atoms of the phenyl substituents are given the ‘C_ar’ atom-type,
while the sp® hybridized carbon atoms are given the ‘C_3’ atom-type.

Connections involving the dummy atom defining the midpoint of the ethene molecule are really not needed since
this atom is contained within the QM region.

For the ferrocenyl ligand the ferrocene force field of Bosnich and coworkers will be used. Four new MM atom
types will beintroduced, C_cp, H_cp and CEN, representing the carbon, hydrogen and centroid of the
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cyclopentadienyl rings, respectively and Fe. In the connection table, the C_cp atoms will be bonded to the
centroid and not the Fe center. The only two bonds made to the Fe center will be to the (two) central dummy
atoms of the Cp rings. In making a connection between the C_cp atom and the centroid, adirect bond will is
made to a QM atom and aMM atom. A warning will be issued during the run but as long as the
‘WARNING_LEVEL’ flagisset to 1 thejob will continue. In this case the link bond between the C_cp atom and
the centroid does not need to be mediated by a capping atom. This bond is used only for the construction of the
MM potential for the ferrocenyl ligand. Special bond stretching, bending, torsion and out-of-plane potentials
need to be added to the force field file. For the most part these parameters are taken from the Bosnich Ferrocene
force field. For example for the bond stretches, the following potentials need to be added to the force field.

# Parameters added for Pd - ethene complex

Ccp C cp 1 1400.00 1.434 From the Bosnich ferrocene force field.
Ccp H cp 1 692.00 1.085 Bosnich
CEN Fe 1 600.00 1.617 Bosnich
CEN C cp 1 600.00 1.220 Bosnich

The forcefield fileis simply atext file and so the above section needs to be added to the ‘BONDS' key block
between the two ‘=======" separator lines. Bond potentials need to be defined between the centroid of the Cp
rings with the Fe center and the carbon atoms.

For the angle and torsion terms, the additions are somewhat more complex. The following angle potential terms
need to be introduced.

# Parameters added for Pd - ethene complex

Ccp Ccp C cp 1 78.80 126.0 Bosnich
Ccp Ccp H cp 1 78.80 126.0 Bosnich
CEN C cp C cp 1 0.00 0.0 no potential
CEN C cp H cp 1 0.00 0.0 no potential
C cp CEN C cp 1 0.00 0.0 no potential
C cp CEN Fe 1 100.00 90.0 Bosnich
CEN Fe CEN 1 100.00 180.0 Bosnich
CEN C cp P 3 1 0.00 0.0 no potential
CEN C cp C 3 1 0.00 0.0 no potential

Any angle potentials involving the Cp centroid and any atoms outside of the ferrocenyl ligand have been set to
zero since the centroid was only a construct for the optimization of the ferroceny! ligand. For the torsions, the
following potentials have been added to the standard Tripos force field.

# Parameters added for Pd - ethene complex

P3 CcpCcpCecp 2 2.0000 -2.0 Sybyl *-C ar-C _ar-* aromatic bond
P3 CcpCcpHcp 2 2.0000 -2.0 Sybyl *-C ar-C _ar-* aromatic bond
C3 CcpCecp Hecp 2 2.0000 -2.0 Sybyl *-C ar-C _ar-* aromatic bond
Hcp Ccp Ccp Hcp 2 2.0000 -2.0 Sybyl *-C ar-C ar-* aromatic bond
* Ccp Ccp Ccp 2 2.3500 -2.0 same as SYBYL * C ar C ar C_ar

* Fe CEN * 0 0.0000 -2.0 no potential involving centroid
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* C cp CEN * 0 0.0000 0.0 no potential involving centroid
* C cp C cp CEN 0 0.0000 0.0 no potential involving centroid
Pd P 3 C cp CEN 0 0.0000 0.0 no potential involving centroid
CEN Ccp P 3 Car O 0.0000 0.0 no potential involving centroid
N 2 C3 C cp CEN 0 0.0000 0.0 no potential involving centroid
CEN Ccp C3 H 0 0.0000 0.0 no potential involving centroid
CEN Ccp C3 C 3 0 0.0000 0.0 no potential involving centroid

Here any torsional potentials involving the Centroid atom of the ferrocenyl ligand were set to zero. Torsional
potentials involving atoms outside of the ferrocenyl ligand and having the C_cp-C_cp atoms central atom pair,
these potentials were equated with those of the Tripos‘ *-C_ar —C_ar - * * torsional potentials. Again, these
somewhat arbitrary choices for the MM potentials involving the ferrocenyl ligand are justified by the fact that the
ferrocenyl ligand acts only as a spectator group.

The van der Waals parameters used for the five new atoms types, Pd, Fe, CEN, C_cp and H_cp were taken from
either existing Tripos van der Waals parameters of similar atom-types or they were taken from Rappe’s UFF
(Universal Force Field). They are given below with their origins provided in the “NOTES’ column.

# Parameters added for Pd - ethene complex

C cp 0.1070 3.4000 12.00 same as Tripos C ar
Fe 0.0130 2.9120 12.00 UFF92 Fe6+2

Pd 0.0480 2.8990 12.00 UFF92 Pd4+2

CEN 0.0000 1.0000 12.00 Zero

H cp 0.0420 3.0000 12.00 same as Tripos H

Now that the addition of the new MM potentials and atom-types has been discussed, the
“MM_CONNECTION_TABLE" subkey block is given below. In practice, one typically constructs the input
first, and then runs the program to see what force field potentials/parameters are missing. If any force field
parameters are missing in the force field file, the ADF QM/MM program will print all missing potentials that
need to be defined in the force field and then stop.

MM CONNECTION TABLE

1 Pd oM 2 3 4 0 0 0
2 N2 oM 1 11 14 0 0 0
3 P 3 QM 1 8 22 23 0 0
4 Si oM 1 5 6 7 0 0
5 Cl oM 4 0 0 0 0 0
6 Cl oM 4 0 0 0 0 0
7 Cl oM 4 0 0 0 0 0
8 C cp QM 3 9 24 388 0 0
9 C cp QM 8 10 25 88 0 0
10 C 3 oM 9 11 26 27 0 0
11 N 2 oM 2 10 12 0 0 0
12 C ar QM 11 13 28 0 0 0
13 C ar QM 12 14 29 0 0 0
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58 H

59 C ar

60 C_ar

61 C ar

62 C ar

63 C_ar

64 H

65 H

66 H

67 H

68 H

69 C ar

70 C_ar

71 C_ ar

72 C ar

73 C_ar

74 C 3

75 H

76 C_3

77 H

78 C_3

79 H

80 H

81 H

82 H

83 H

84 H

85 H

86 H

87 H

88 CEN

89 CEN
SUBEND

MM

MM
MM
MM
MM
MM

MM
MM

MM

MM
MM
MM
MM
MM
MM
MM
MM
MM

53
22
59
60
61
22
59
60
61
62
63
30
69
70
71
30
69
70
71
72
73
74
74
74
78
78
78
76
76
76

39

Sep 6. LINK_BONDS

In this example there are 6 link bonds as depicted in Figure 5-3a. The link bond parameters o for each of these
bonds will be determined by comparing bond lengthsin the X-ray structure of a similar bis-trichlorosilyl Pd
complex with that of the calculated pure QM gas-phase structure of the QM model system. Asshown in Figure
5-3b al link bonds will be capped with Hydrogen atoms. Although the MM connection table defines direct bonds
between atoms 8 and 9 (C Cp atoms) with the centroid of the Cp rings, they are not mediated by capping atoms.
In other words the Cp centroid is defined asa MM atom-type not aL| atom type. Therefore, no link parameters
are necessary for those two bonds.
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LINK BONDS

atoms alpha dummy

22 - 3 1.2990 H
23 - 3 1.2990 H
24 - 8 1.3200 H
25 - 9 1.3200 H
27 - 10 1.3710 H
30 - 14 1.3800 H
SUBEND

Sep 7. CHARGES

In this example, the Pd center has aformal positive charge. In order to obtain the proper electronic structurein
the calculation of the QM model system, we must define in the ADF input aformal positive charge with the
CHARGE keyword.

CHARGE 1 {note this is in the main ADF input}
The original Tripos force field was parameterized without explicit electrostatic terms. Thus, we will use this
convention and turn off the electrostatic coupling between the QM and MM regions using the
ELSTAT_COUPLING_MODEL keyword in the QMMM key block.

ELSTAT COUPLING MODEL=0
Although this may seem like a dubious choice, experience with organometallic complexes has shown that thisis
agood approximation. For other types of molecular systems, namely amino and nucleic acidsit is not a good

choice to turn off the electrostatic coupling between the QM and MM regions. Furthermore, force fields designed
for this biochemical species almost always have charges included in the parameterization process.

Sep 9. Putting it all together: The whole ADF QM/MM input.

The whole ADF QM/MM input for the sample system is given below. Some comments are provided in bold.
Additionally, some lengthy sections have been omitted that have already been given in full above.

TITLE Complex force field Example of Pd+-Ethene complex.

MAXMEMORYUSAGE 60
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NOPRINT SFO

Fragments

Pd T21.Pd.3d.rel

C T21.C.1ls.rel

Si T21.Si.2p.rel

Cl T21.Cl.2p.rel
T21.H.rel
T21.N.ls.rel
T21.P.2p.rel

End

RELATIVISTIC SCALAR

COREPOTENTIALS ADF.tl2 ++
Pd 1
P
Si

2

3

cl 4
N 5
6

7

END

SYMMETRY NOSYM
CHARGE 1 CHARGE is defined from the QM model system

GEOMETRY
LINEAR TRANSIT 4
ITERATIONS 2
HESSUPD BFGS
CONVERGE E=2.0E-3 GRAD=0.002
DIIS N=5 OK=0.005 CYC=2
END

XC

LDA VWN

GGA Becke Perdew
End

Integration 3.0 3.0



SCF
Iterations 60
Converge 1.0E-06 1.0E-06
Mixing 0.20
DIIS N=10 OK=0.500 CX=5.00 CXX=25.00 BFAC=0.00
LShift 0.00
End

OMMM
FORCE FIELD FILE sybyl.ff
OUTPUT LEVEL=1
WARNING LEVEL=-1
ELSTAT COUPLING MODEL=0

MM CONNECTION TABLE
SAME AS IN ABOVE

SUBEND
LINK BONDS
atoms alpha dummy

22 - 3 1.2990 H
23 - 3 1.2990 H
24 - 8 1.3200 H
25 - 9 1.3200 H
27 - 10 1.3710 H
30 - 14 1.3800 H

SUBEND
END

ATOMS internal
SAME AS IN ABOVE
END

GEOVAR

SAME AS IN ABOVE
END

END INPUT
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