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Abstract

The combined quantum mechanics/molecular mechanics (QM/MM) and the ab initio molecular dynamics methods (AIMD)

are fast emerging as viable computational molecular modeling tools. Both methods allow for the incorporation of effects that

are often ignored in high level calculations, but may be critical to the real chemistry of the simulated system. In the combined

QM/MM method part of the system, say the active site, is treated quantum mechanically whereas the remainder of the system

is treated with a faster molecular mechanics force ®eld. This allows high level calculations to be performed where the effects

of the environment are incorporated in a computationally tractable manner. With the ab initio molecular dynamics methods,

the system is simulated at a ®nite temperature with no empirical force ®eld. Rather, the forces at each time step are determined

with a full electronic structure calculation at the density functional level. Thus, simulations of chemical reactions can be

performed where ®nite temperature effects are realistically represented. In this paper a brief introduction to both methods is

given. The methods are further demonstrated with speci®c applications to modeling homogenous catalytic processes at the

molecular level. These applications are our latest efforts to build more realistic computational models of catalytic systems at

the density functional level. # 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Homogenous catalytic systems have often been

used to model more complicated heterogeneous sys-

tems. However, even seemingly simple homogenous

systems pose many challenges for computational

quantum chemists. Often times a ®rst-principle's

quantum mechanical calculation involves a stripped

down model that only vaguely resembles the true

system. If large ligand systems are involved they are

most often neglected in high level calculations with

the hope that they do not substantially in¯uence the

nature of the reaction mechanisms. Unfortunately, the

surrounding ligand system, solvent or matrix can often

play a critical mechanistic role. One reasonable

approach to constructing a more sophisticated com-

putational model which approximates these effects is

the combined quantum mechanics and molecular

mechanics (QM/MM) method [1±3], which has

recently received signi®cant attention in addressing

these issues [4]. In this hybrid method part of the

molecule, such as the active site, is treated quantum
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mechanically while the remainder of the system is

treated with a molecular mechanics force ®eld. This

allows extremely large systems that are out of the

reach of pure QM calculations to be studied in an

ef®cient and detailed manner. In addition to neglecting

solvent or ligand effects, many conventional electro-

nic structure studies involve the exploration of the

potential energy surface at the zero temperature limit.

Therefore, ®nite temperature (non-zero) effects are

neglected. Ab initio molecular dynamics methodolo-

gies allow for the exploration of potential energy

surfaces of chemical reactions at ®nite temperatures.

In this paper we attempt to review our experiences

with the application of the QM/MM and AIMD meth-

odologies to transition metal homogenous catalysis.

Additionally, we intend to provide an elementary

introduction to these methodologies since they are

somewhat novel.

2. The combined QM/MM method

The combined QM/MM involves determining the

part of the potential energy surface of a system by an

electronic structure calculation and the rest of the

molecular potential by a molecular mechanics force

®eld calculation. Successful synthesis of the two

methods has the promise of allowing bond breaking

and forming processes of extended systems to be

simulated in computationally tractable times. The

approach is guided by the idea that large systems

can be partitioned into a region which necessitates

a quantum mechanical description (the active site)

while the remainder of the systems acts only as a

perturbation to the QM region and therefore can be

approximated adequately by a molecular mechanics

description [5]. If the partition is made between

separate molecules, then the combined QM/MM

method is rather straightforward since the two regions

interact only through non-bonded terms. Such QM/

MM methods, therefore, concentrate on the appropri-

ate representation of the intermolecular interactions

and have been successfully applied to study solvation

effects, most notably by Gao and coworkers [4,6,7].

However, if the partition occurs within the same

molecule as illustrated in Fig. 1 the coupling of the

two methods is substantially more dif®cult and

dubious. The dif®culty lies in the fact that at least

one covalent bond will involve an atom from the QM

region and one from the MM region. A number of

combined QM/MM approaches have been developed

to tackle this problem, with signi®cant contributions

from Warshel and Levitt [8], Singh and Kollman [1],

Field et al. [2], TheÂry et al. [9] and Maseras and

Morokuma [3].

By way of example, we will describe the QM/MM

method with particular focus on how to deal with the

QM/MM covalent bond. Fig. 1(a) depicts a Ni-dii-

mine ole®n polymerization catalyst, which is parti-

tioned into a quantum mechanics (QM) region and a

molecular mechanics (MM) region. There are two C*±

N bonds labeled that cross the QM/MM boundary with

the N atom residing in the QM region and the C* atom

of the bond contained in the MM region. The immedi-

ate problem that arises is how to truncate the electronic

system of the QM region across the C*±N bonds. If the

MM subsystems were simply removed, the un®lled

valences left to the QM region would pose signi®cant

problems in a standard electronic structure calculation

ultimately resulting in an unphysical picture. The

simplest approach and the approach we have adopted

to overcoming this truncation problem is to cap the

electronic system with `̀ dummy'' hydrogen atoms as

shown in Fig. 1(b). The capped system in Fig. 1(b)

forms what is termed the model QM system for which

a standard electronic structure calculation is per-

Fig. 1. (a) An example of a QM/MM partitioning in a Ni-diimine

olefin polymerization catalyst. This structure represents the `̀ real''

system; (b) The corresponding model QM system for which the

electronic structure calculation is performed. The hydrogen atoms

cap the electronic system and are termed `̀ dummy'' atoms. The

dummy atoms correspond to `̀ link'' atoms in the real system that

are labeled C* in (a).
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formed. It is assumed that the capped QM systems

with the molecular mechanics region acting as a

perturbation represents an adequate model of the

electronic structure of the active site within the real

system.

In the QM/MM method, the energy and gradients of

the `̀ whole'' system are a hybrid or `̀ melting pot'' of

the energy and gradients derived from the QM and

MM calculations. The hybrid gradients and energies

are then used to perform geometry optimization,

transition state searches, or to perform molecular

dynamics on the system as a whole. More formally,

the total energy and gradients of the whole system can

be expressed as

Etotal � EQM � EMM; (1)

@Etotal

@xi

� @EQM

@xi

� @EMM

@xi

; (2)

where the subscript QM refers to the energy and

gradients derived from the electronic structure calcu-

lation, whereas the MM subscript refers to the energy

and gradient terms derived from a force ®eld calcula-

tion. In Eq. (2), the total gradients (or forces) on the

MM atoms are only derived from the molecular

mechanics calculation whereas the gradients on the

QM atoms are the sum of the gradients resulting from

the electronic structure calculation and the molecular

mechanics calculation. When the QM/MM boundary

crosses a covalent bond, Eqs. (1) and (2) present some

problems. The ®rst problem is which molecular

mechanics potentials should be used to described the

potential within the QM region and how should the

QM and MM gradients be combined. For example, the

Ni±N bond in the QM region of Fig. 1 can be

described by both the electronic structure calculation

on the model system and by an MM Ni±N bond

stretching potential. Of course, if both contributions

were included this would result in a redundant and

likely unphysical description of the bond. This leaves

the issue of which molecular mechanics potential

energy contributions to include in the EMM and which

to discard. MM potentials which strictly involve MM

atoms and therefore are in no way treated by the model

QM system must be included. For example, this would

include the C±C bond stretches in the aryl ring of

Fig. 1(a) and the non-bonded interactions between the

two aryl rings. On the other hand, molecular mechanics

potentials which only involve QM atoms, such as the

Ni±N stretch are assumed to be adequately treated by

the QM calculation. Therefore, it would be redundant

to superimpose a molecular mechanics Ni±N stretch-

ing potential on the existing QM potential. When an

MM potential term contains both MM and QM atoms,

such as the H±N±Ni bend potential the issue of

whether to include the potential becomes ambiguous

and this is where the different implementations of the

QM/MM method vary. We will describe the two

approaches that we have adopted to date.

In the scheme originally proposed by Singh and

Kollman [1] all MM potential terms which contain at

least one MM atom are included. Thus, the C*±N bond

stretch is handled by an MM C±N stretching potential.

Here the C*±N bond is not coupled to the N±Hdummy

bond in the QM model system. In one sense this is

appropriate since the C*±N stretching frequency does

not resemble that of the N±Hdummy bond. On the other

hand, if the system is such that the C*±N bond vector is

severely distorted from that of the N±Hdummy bond

vector as illustrated in Fig. 2, this distortion has no

implications to the electronic structure of the model

system. `̀ Resistance'' to the distortion is approxi-

mated by various MM potential terms such as an

out of plane bending potential.

In the prescription of Maseras and Morokuma, a

different approach is taken. In this approach the so-

called `̀ link'' atom, C* in this case, is always placed

along the bond vector of the N±Hdummy bond and

correspondingly all MM forces acting on the link atom

are transferred (in a mathematically rigorous fashion)

to the dummy atom of the QM system. `̀ Resistance''

to the distortion is not accounted for by MM poten-

Fig. 2. Coupling of the atoms in covalent bonds which cross the

QM/MM boundary.
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tials, but is passed onto quantum mechanical system.

Therefore, all MM potentials modeled by the QM

system are not included.2 For example, the C*±N±Ni

MM bending potential is assumed to be adequately

approximated by the `̀ H±N±Ni QM'' potential and is

therefore not included. One advantage of this

approach is that distortions such as that described in

Fig. 2 are transferred to the electronic structure of the

QM system. However, with this approach the link

bonds become unphysical because they are coupled

to dummy atom bonds.

Up to this point, we have described the case where

the molecular mechanics region does not perturb the

electronic structure of the QM region directly (simple

mechanical embedding). Indirectly, the forces acting

on the QM atoms resulting from the MM potentials

can distort the geometry, however, the actual wave-

function or electron density is not perturbed directly

by the MM subsystem. Polarization of the QM system

by the MM region can be approximated by electro-

static interactions using, for example, point charges on

the MM atoms which enter the Hamiltonian of the QM

system. In the case of the DFT Kohn±Sham Hamilto-

nian, the point charges would enter as an external

potential

Ĥ � ÿ 1

2
r2 �

XNQM

I

ZQM
I

jRI ÿ rj �
Z

�0�r0�
jrÿ r0j dr0 � Vxc�r�

�
XNMM




qMM



jR
 ÿ rj : (3)

The last term represents the external potential due to

the point charges assigned to the QM atoms. (There

would of course also be QM nuclear±MM point charge

interaction potential). A host of problems arise with

the electrostatic coupling of the QM and MM sub-

systems. The dif®culties originate in assigning suita-

ble point charges that are realistic and conserve the

total charge of the whole system. Many potential

improvements in the QM/MM methodology lie in

re®ning the electrostatic coupling between the two

subsystems. A good discussion of this can be found in

[5,10].

2.1. Limitations of the QM/MM method

There are of course many limitations to the com-

bined QM/MM approach both those inherent in the

QM and MM methods themselves and those which are

a consequence of the union of the two. (The limita-

tions of the QM and MM methods themselves are

well known and therefore will not be elaborated

upon here.) The overriding problem with the QM/

MM method is that the interaction between the

QM and MM regions is only approximate. Unfortu-

nately, there is no `̀ clean'' way of treating these

interactions and no rigorous formalism for improving

it. Therefore, results should be validated and examined

with care.

Since the electronic system of the MM atoms is not

treated explicitly, electronic effects such as charge

transfer, bond breakage/formation, conjugation or

induction across the QM/MM interface cannot be

modeled rigorously. Thus, judicious partitioning of

the QM and MM regions is necessary for the method

to be applied successfully. Speci®cally, the interface

must be far enough removed from the reaction center

so that there is no signi®cant charge transfer across the

boundary during the simulation, but at the same time,

the QM region cannot be inhibitively large. Another

limitation that the combined QM/MM method has is

that absolute energies can only be compared for

systems with the same number of QM/MM junctions

with the same groups involved at the junctions. One

reason for this is that the number and nature of the

QM/MM junctions greatly affects the absolute elec-

tronic energies of the QM region.

It should also be realized that when a standard

molecular mechanics force ®eld such as MM2 or

CHARMM is utilized, the parameters are not opti-

mized to be used in a combined QM/MM treatment.

Furthermore, molecular mechanics force ®elds are not

®t to the same Born±Oppenheimer potential surface of

a standard QM calculation. Instead, these force ®elds

are generally ®t to room temperature data resulting in

an incompatibility. This is probably not a serious

problem, but it is noteworthy. The hybrid QM/MM

potential can be used just as any other potential energy

surface is used to locate minimum energy geometries,

to locate transition states, to construct reaction pro®les

or to perform dynamics simulations. The one limita-

tion may be in using the hybrid potential to derive

2There is one exception. The non-bonded interactions between

link atom and the QM atoms are included.
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frequencies because of the problems associated with

the potentials at the interface bonds.

Combined QM/MM is ideal for simulating large

aperiodic systems with an isolated reaction center

such as metalloproteins, heterogeneous catalysts, sur-

face reactions and solvent simulations. We have

recently applied the QM/MM methodology to study

a homogenous catalytic system with an extended

ligand system that is too large to study at the full

QM level.

3. Application of the QM/MM method
to homogenous catalysis

Most applications of the QM/MM methodology

(where the boundary cuts covalent bonds) have been

concentrated in the area of protein modeling [11±15].

To date applications to transition metal-based cataly-

sis have been limited. Morokuma et al. have demon-

strated the methodology to the organometallic

reaction of Pt(PR3)2�H2 [16]. We have recently

applied the QM/MM methodology to examine the

role of the bulky substituents in the Brookhart Ni-

diimine ole®n polymerization catalyst [17].

3.1. Brookhart's olefin polymerization catalyst: a

QM/MM study

Ni(II) diimine-based single site homogenous cata-

lysts of the type (ArN=C(R)±C(R)=NAr)Ni±R0� have

emerged as promising alternatives to both traditional

Ziegler±Natta and metallocene catalysts for ole®n

polymerization [18±20]. Brookhart and coworkers

have shown that these catalysts are able to ef®ciently

convert ethylene into high molecular weight polymers

with a controlled level of polymer branching. In this

polymerization system the bulky aryl groups play a

crucial role, since without the bulky substituents the

catalyst acts only as dimerization catalysts due to the

favorability of the b-elimination chain termination

process. From the structure of the catalyst, it is evident

that the bulky aryl substituents partially block the axial

coordination sites of the Ni center. It is likely that this

steric feature which impedes the termination to the

insertion process thereby promoting the intrinsically

poor polymerization catalyst into a commercially

viable one.

With the propose of examining, in detail, the role of

the bulky substituents in the Brookhart polymerization

catalyst we have performed both pure QM calculations

of the system without the bulky ligands and combined

QM/MM calculations on the `̀ real'' system. In the

QM/MM model, the bulky R�Me and Ar�2,6-

C6H3(i-Pr)2 groups are treated by the AMBER95

molecular mechanics potential whereas the Ni-dii-

mine core including the growing chain and monomer

are treated by a density functional potential. Fig. 3

shows the full catalyst system examined where the

carbon atoms with asterisks represent the link atoms at

the QM/MM boundary which are replaced by dummy

hydrogen atoms in the QM model system.

Using the prescription of Maseras and Morokuma

[3] we have combined the AMBER95 [21] molecular

mechanics force ®eld with the Amsterdam density

functional (ADF) [22,23] program system. The QM

system was calculated at the non-local density func-

tional level with Becke's [24] 1988 exchange and

Perdew's [25,26] 1986 correlation functionals. Full

computational details are provided elsewhere [17].

Three processes are believed to dominate the poly-

merization chemistry of the catalyst system, namely,

chain propagation, chain termination and chain

branching, as shown in Fig. 4. The propagation com-

mences from an ole®n �-complex which has been

determined experimentally to be the catalytic resting

state. Insertion of the ole®n into the M±Ca bond forms

a metal alkyl cation. Uptake of the monomer returns

the system to the resting state. Chain termination

occurs via monomer assisted b-elimination, either

in a fully concerted fashion as illustrated in Fig. 4(b),

or in a multistep associative mechanism as implicated

by Johnson et al. [19]. The unique short chain branch-

Fig. 3. Model for the active complex in the Brookhart Ni-diimine

olefin polymerization system. The growing chain is modeled with a

propyl group while the monomer is taken as an ethene. Atoms

highlighted with an asterisk represent link atoms that are replaced

by dummy hydrogen atoms in the model QM system.
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ing is proposed to occur via an alkyl chain isomeriza-

tion process as sketched in Fig. 4(c). In this proposed

process, b-hydride elimination ®rst yields a putative

hydride ole®n �-complex. Rotation of the �-coordi-

nated monomer followed by rotation yields a second-

ary carbon unit and therefore a branching point. It is

important to note that the branching process com-

mences from the Ni-alkyl cation and not the resting

state complex. Since monomer pressure effects the

branching rate, the equilibrium between the free Ni-

alkyl and the resting state is believed to strongly

in¯uence the branching rate. Experimentally the rela-

tive magnitudes of the free energy barriers are ordered

such that propagation<branching<termination.

Table 1 compares the reaction barriers, �Hz, for the

propagation, branching and termination processes for

both the pure QM model with no ligands modeled and

the QM/MM model. Without the bulky ligands, the

termination barrier is approximately 30 kJ/mol less

than the insertion (propagation) barrier, suggesting

that the system would be a poor polymerization

catalyst. This is in agreement with the experiment,

where the Ni and Pd diimine systems without the

bulky ligands are used as dimerization and oligermi-

zation catalysts [29]. When the bulky ligands are

included, the termination and insertion barriers

reverse their orders with a dramatic increase in the

termination barrier. The termination transition state

which is shown in Fig. 5(a) has both axial coordina-

tion sites of the Ni occupied. As proposed by Broo-

khart and coworkers [19,20] the bulky iso-propyl

groups on the aryl rings act to block the axial coordi-

Fig. 4. Proposed reaction mechanisms of (a) insertion, (b) chain termination and (c) chain branching mechanisms for the Brookhart Ni-

diimine olefin polymerization catalyst.

Table 1

Comparison of calculated and experimental barriers

Reaction barriers (kJ/mol)

Insertion Branching Termination

Absolute

Pure QMa (�Hz) 70.3 53.6 40.6

QM/MM (�Hz) 55.3 64.0 77.9

Experimentalb (�Gz) 42±46 ± ±

Relative to insertion

QM/MM (��Hz) 0.0 8.8 22.6

Experimentalc (��Gz) 0.0 5.4d 23.4e

a From Ref. [27].
b From Ref. [28].
c From Ref. [20]. Polymerization of 1.6�10ÿ6 mol of

(ArN=C(R)C(R)=NAr)Ni(CH3)(OEt2)]�[B(3,5-C6H3(CF3)2)4]ÿ

where Ar�2,6-C6H3(i-Pr)2 and R�Me in 100 ml of toluene at 08C
for 15 min.
d NMR studies provide a ratio of 48 isomerization events per 500

insertions, assuming that all branches are methyl branches (methyl

branches are experimentally observed to predominate). Applying

Boltzmann statistics to this ratio at 273.15 K yields a ��G of

5.4 kJ/mol.
e The weight-average molecular weight, Mw, of 8.1�105 g/mol

provides an estimate for the ratio of termination events to insertion

events of 1:28 900. Using Boltzmann statistics to this ratio gives a

��G of 23.4 kJ/mol.
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nation sites thereby dramatically increasing the termi-

nation barrier. In the insertion transition state which is

sketched in Fig. 5(b) the alkyl and ole®n moieties lie

in the coordination plane of the Ni center, removed

from the bulky iso-propyl groups. In this case there is

little steric hindrance to the insertion process. In fact

the addition of the bulky aryl ligands actually reduces

the insertion barrier. This stabilization of insertion

transition state with bulky ligands in the QM/MM

model compared to that without the bulky ligands

Fig. 5. Optimized QM/MM (a) chain termination transition state via b-hydrogen transfer to the monomer and (b) insertion transition state.

MM atoms are ghosted for clarity, while the dummy hydrogen atoms are omitted. Parenthetic values refer to the same geometric parameter

found in the corresponding pure QM geometry. The pure QM model does not contain the bulky ligands. Distances are in AÊ ngstroms and angles

in degrees.
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results from two effects. First, the resting state struc-

ture is destabilized by the bulky ligands, thereby

lowering the insertion barrier by increasing the energy

of the precursor. Additionally, there is the relaxation of

the orientation of the aryl rings relative to the Ni-

diimine ring in the insertion transition state. Physi-

cally, there is a preference for the aryl rings and the

diimine ring to be more parallel to maximize the �-

bonding between the rings. When both axial coordi-

nation sites are occupied as in the resting state and the

termination transition state, the aryl rings are forced to

be perpendicular to the diimine ring. In the insertion

transition state where the axial sites are empty, the aryl

rings can rotate away from the perpendicular orienta-

tions as to enhance the �-bonding interaction between

the rings, thereby stabilizing the insertion transition

state. This concept helps rationalize the observed [19]

increase in activity when the �-system of the diimine

ring is extended. We conclude that the catalyst activity

can be increased by enhancing the �-bonding inter-

action between the diimine rings and the aryl rings.

The chain branching mechanism originally pro-

posed by Brookhart and coworkers [19] involves

discrete ole®n hydride intermediate as sketched in

Fig. 4(c). Our calculations implicate a concerted path-

way since no stable ole®n hydride complex could be

located. (The optimized QM/MM chain branching

transition state is not displayed.) With the hybrid

model, the chain isomerization barrier is calculated

to be 64 kJ/mol, which is only slightly increased from

53.6 kJ/mol in the pure QM model.

Table 1, reveals that the reaction barriers calculated

from our combined QM/MM model are in good

agreement with the experimentally determined free

energy barriers, both in relative and absolute terms.

This contrasts the results of the pure QM study where

the bulky ligands were not modeled and even the order

of the barrier heights is not reproduced. We note that

there is an excellent agreement between the calculated

and experimental chain termination barrier relative to

the insertion barrier. Speci®cally, the QM/MM relative

barrier is ��Hz�22.6 kJ/mol whereas the value

determined experimentally is ��Gz�23.4 kJ/mol.

Our model therefore provides an accurate estimate

of the polymer molecule weight, Mw. It is more

dif®cult to directly compare the calculated barriers

for chain branching with that of the experiment

because in our model we do not account for concen-

tration effects. Fig. 4(c) shows that the branching

commences from the metal±alkyl complex and there

is an equilibrium between with the ole®n coordinated

�-complex. Experimentally, the chain branching

increases with decreased monomer pressure, suggest-

ing that the equilibrium between the �-complex and

the metal±alkyl is crucial To address this issue we are

currently simulating the ole®n capture process with

the combined QM/MM ab initio molecular dynamics

method [30,31].

The QM/MM methodology has been successfully

applied to examine the chemistry of the Brookhart

Ni(II) diimine catalyst for which at least semi-quanti-

tative results have been obtained. Moreover, we have

demonstrated that the combined QM/MM method can

be effectively applied to transition metal-based cata-

lytic processes in a detailed yet ef®cient manner.

4. Ab initio molecular dynamics simulations

4.1. What is molecular dynamics?

Conventional electronic structure calculations can

be classi®ed as static simulations. In these calculations

the nuclear positions are optimized to locate local

minima and transition states on the potential surface at

the zero temperature limit. This involves, for each

nuclear geometry, converging the electronic structure

in order to determine the energy and forces on the

nuclei. This information is then used to move the

nuclei to a more optimal geometry. In classical mole-

cular dynamics the nuclei are allowed to move on the

potential surface according to Newton's classical laws

of motion (Eq. (4)) as to simulate nuclear motion at

®nite (non-zero) temperatures

miai � Fi�t� � ÿ @ETOT

@xi

; i � 1; 2; . . . ;Nnuc: (4)

The nuclear motion generated in a molecular

dynamics simulation can be utilized for a variety of

purposes. Stationary points can be optimized by sim-

ply applying friction to the nuclear motion, thereby

causing the system to settle into a local minimum. The

motion can also be used to sample con®guration space

as to construct a partition function from which proper-

ties can be derived rigorously from statistical

486 T.K. Woo et al. / Catalysis Today 50 (1999) 479±500



mechanics. There are also global minimization

schemes which utilize molecular dynamics, such as

simulated annealing. In this section our intent is to

brie¯y introduce the basic concepts involved with ab

initio molecular dynamics and particularly those

issues speci®c to our simulations of homogenous

catalytic systems.

The motion of the nuclei in a MD simulation is

determined by integrating Newton's equations of

motion (Eq. (4)). In other words, given the velocities

and positions at a time t, one determines the same

quantities with reasonable accuracy at a later time

t��t using the calculated forces on the nuclei. With

each new geometry that is generated, the forces on the

nuclei have to be recalculated. In order to simulate

molecular vibrations, the time step �t must be at least

a third smaller than the period of the fastest vibration.

Thus in order to simulate C±H bond stretching which

has a period of 0.01 ps, the �t must be roughly

0.003 ps. Even a relatively short 10 ps simulation

requires over 3300 time steps and therefore 3300

gradient calculations. (To put this in perspective, even

the fastest enzyme catalyzed reactions have turnover

periods of greater than 1000 ps.) For this reason, most

MD simulations are performed with a molecular

mechanics force ®eld. Their computational simplicity

allows for extremely large simulations to be per-

formed including protein folding processes. However,

the empirical nature of molecular mechanics force

®elds has its limitations. For example, transition metal

complexes which are of interest in our research are

problematic because there is currently no force ®eld

general enough to handle all of the complicated

bonding schemes available to these complexes. More-

over, chemical reactions cannot be simulated accu-

rately (if at all) with a molecular mechanics force ®eld.

To overcome these problems ab initio or QM poten-

tials can be used in conventional classical molecular

dynamics. In other words, with the ab initio molecular

dynamics (AIMD) method the forces are not deter-

mined from a molecular mechanics force ®eld, but

rather they are derived from a full electronic structure

calculation at each time step. Although this is com-

putationally demanding, it allows for bond breaking

and forming processes to be simulated and it allows

for molecular dynamics to be performed on systems

where a molecular mechanics force ®eld is not readily

applicable.

4.2. Car±Parrinello ab initio molecular dynamics

Conventional AIMD involves moving the nuclei

with the forces calculated from an electronic structure

calculation. The electronic structure is normally

described by a set of orthonormal molecular orbitals,

'i, which are expanded in terms of a basis set, �k such

that 'i�
P

kcik�k. The optimal coef®cients are solved

variationally with the constraint that the molecular

orbitals remain orthogonal. Generally this is done in a

self-consistent manner by the diagonalization of the

Hamiltonian matrix or equivalent. An alternative

method for determining the optimal coef®cients draws

analogy to nuclear dynamics which is used to optimize

nuclear geometries. By assigning ®ctitious masses to

the coef®cients, ®ctitious dynamics can be performed

on the coef®cients which then move through electro-

nic con®guration space with forces given by the

negative gradient of the electronic energy. The equiva-

lent equations of motion are

��ci;k � ÿ @Eel

@ci;k
� ÿ

X
j

�i;jci;kh	 ij	ki; (5)

where � is a ®ctitious mass, �ci;k the coef®cient accel-

eration, and the last term corresponds to the constraint

force imposed to maintain orthogonality. The coef®-

cients move through electronic con®guration space

with a ®ctitious kinetic energy and by applying fric-

tion the coef®cients can be steadily brought to settle

into an optimal con®guration.

In 1985 Car and Parrinello [32] developed a scheme

by which to perform the nuclear dynamics and the

electronic coef®cient dynamics in parallel as to

improve the ef®ciency of the AIMD method. In this

way the electronic MD and nuclear MD equations are

coupled

��ci;k � ÿ @E

@ci;k
ÿ
X

j

�i;jci;k; mI�xI � ÿrE�xI ; ci;k�:

Formally, the nuclear and electronic degrees of

freedom are cast into a single, combined Lagrangian

L �
X

�ih _	 ij _	 ii � 1
2

X
MI

_R
2

I ÿ EDFT�j	i;R�
�
X

i;j

�ij h	 ij	 ji ÿ �ij

ÿ �
; (6)

where the ®rst two terms represent the kinetic energy

of the wavefunction and nuclei, respectively, the third
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term is the potential energy and the last term accounts

for the orthogonality constraint of the orbitals. The

combined Car±Parrinello Lagrangian ensures that the

propagated electronic con®guration corresponds to the

propagated nuclear positions. Although, the generated

electronic con®guration does not always correspond to

the proper Born±Oppenheimer wavefunction, over

time it generates an electronic structure that oscillates

around it giving rise to stable molecular dynamics.

The coupled Car±Parrinello dynamics, therefore,

results in a speed up over conventional AIMD since

the electronic wavefunction does not have to be con-

verged at every time step, instead it only has to be

propagated. The primary disadvantage of the Car±

Parrinello MD scheme is that the electronic con®g-

uration oscillates about the Born±Oppenheimer wave-

function at a high frequency. Therefore, in order to

generate stable molecular dynamics a very small time

step must be used, usually an order of magnitude

smaller than in conventional ab initio molecular

dynamics.

Although other `̀ ®rst-principles'' methods can be

used, the Car±Parrinello coupled dynamics approach

has mostly been implemented within the density

functional framework with plane wave basis sets (as

opposed to atom centered basis sets). Therefore, Car±

Parrinello ab initio molecular dynamics generally

refers only to this type of implementation. Applica-

tions of the Car±Parrinello AIMD method are con-

centrated in the area of condensed phase molecular

physics.

The use of plane waves has its advantages in that the

computational effort for the required integrations

becomes minute on a per function basis. On the other

hand, an enormous number of plane waves is required

even when pseudopotentials are utilized to approxi-

mate the core. The number of plane waves required to

accurately treat transition metals and ®rst row ele-

ments becomes inhibitively large. This is clearly a

problem in our research on homogenous catalysis

since such systems almost always contain transition

metals and the substrates are often made up of ®rst row

elements. Plane wave basis sets also introduce another

problem when studying homogenous catalysts since

periodic images are created automatically and there-

fore the simulation actually describes a periodic crys-

tal. If non-periodic systems are simulated, then the cell

size of the periodic systems must be suf®ciently large

that the wavefunctions of the images no longer over-

lap. This requires a vacuum region of approximately

5 AÊ between images. This is an issue because the

computational effort increases with the cell size. If

charged systems or systems with large dipole

moments are simulated, the long range electrostatic

interactions between periodic images will lead to

arti®cial effects. Again, this is problematic in our

research since many transition metal catalysts are

charged species.

4.3. Projector augmented wave (PAW)

Car±Parrinello AIMD

The projector augmented wave (PAW) Car±Parri-

nello AIMD program developed by Peter BloÈchl over-

comes the aforementioned problems such that AIMD

simulations of transition metal complexes has become

practical. PAW utilizes a full all-electron wavefunc-

tion with the frozen core approximation which allows

both accurate and ef®cient treatment of all elements

including ®rst row and transition metal elements. In

the PAW method, the plane waves are augmented with

atomic-based functions near the nuclei such that the

rapidly oscillating nodal structure of the valence orbi-

tals near the nuclei are properly represented. One can

think of it as smoothly stitching in an atomic-like

function into the plane waves such that the plane

waves describe regions where the orbitals are smooth,

allowing for rapid convergence of the plane waves.

The plane wave expressions of PAW and those of the

pseudopotential method are similar enough that the

numerical techniques for the most computationally

demanding operations are related and equally ef®-

cient. Therefore, PAW combines the computational

advantages of using plane waves with the accuracy of

all-electron schemes. The details of the implementa-

tion are described elsewhere [33±35]. To deal with

charged systems, PAW has a charge isolation scheme

to eliminate the spurious electrostatic interactions

between periodic images. The charge isolation scheme

involves ®tting atomic point charges such that the

electrostatic potential outside the molecule is repro-

duced (ESP ®t). The ESP charges are then used to

determine the electrostatic interaction between peri-

odic images via Ewald sums. The spurious interac-

tions between images is then subtracted. These

features of the PAW AIMD package make it ideal

488 T.K. Woo et al. / Catalysis Today 50 (1999) 479±500



to study transition metal catalysts at the ab initio

molecular dynamics level.

4.4. Reaction free energy barriers with AIMD

Reaction free energy barriers are routinely calculated

from conventional static electronic structure calcula-

tions. Here, the excess free energy of the reactants and

transition state can be determined by constructing a

partition function from a frequency calculation and

usingaharmonic(normalmode)approximation.Inmost

cases where the interactions are strong, the approxima-

tion is good. However, for processes where weak inter-

molecular forces dominate, the harmonic or quasi-

harmonic approximation breaks down [36]. Alterna-

tively, ab initio molecular dynamics simulations can

be utilized to determine reaction free energy barriers.

An MD simulation samples the available con®guration

space of the system as to produce a Boltzmann ensemble

from which a partition function can be constructed and

used to determine the free energy. However, ®nite MD

simulations can only sample a restricted part of the total

con®guration space, namely the low energy region.

Since estimates of the absolute free energy of a system

requires a global sampling of the con®guration space,

only relative free energies can be calculated.

A number of special methodologies have been

developed to calculate relative free energies. Since

we are interested in reaction free energy barriers, the

method we use in our research is derived from the

technique of thermodynamic integration and is often

termed the potential of mean force method [37,38].

Assuming we are sampling a canonical NVT ensemble

the free energy difference, �A, between an initial state

with ��0 and a ®nal state with ��1, is given by the

following equation:

�A�0!1� �
Z1
0

@A���
@�

d�: (7)

Here the continuous parameter � is such that the

potential E(�) passes smoothly from initial to ®nal

states as � is varied from 0 to 1. Since the free energy

function can be expanded in terms of the partition

function

A��� � ÿkT ln

Z
� � �
Z

expÿ �E�XN ; ��=kT� dXN

� �
(8)

the relative free energy �A can be rewritten as

�A�0!1� �
Z1
0

Z
� � �
Z
@E�XN ; ��

@�
dXN

� ����
�

1A d�;

(9)

or

�A�0!1� �
Z1
0

@E�XN ; ��
@�

� �
�

d�; (10)

where the subscript � represents an ensemble average

at ®xed �. Since the free energy is a state function �
can represent any pathway, even non-physical path-

ways. However, if we choose � to be a reaction

coordinate as to represent a physical reaction path,

this provides us with a means of determining an upper

bound for a reaction free energy barrier by means of

thermodynamic integration. The choice in reaction

coordinate is important since a poorly chosen reaction

coordinate will result in an unfavorable reaction path

and potentially a signi®cant over estimate of the

barrier. The more the reaction coordinate resembles

the intrinsic reaction coordinate (IRC) the potentially

better the estimate. The reaction coordinate can be

sampled with discrete values of � on the interval from

0 to 1 or carried out in a continuous manner in what is

termed a `̀ slow growth'' simulation [39,60] by

�A �
XNsteps

i�1

hf�ii��i; (11)

where i indexes the step number and f� is the force on

the constraint. Here the free energy difference

becomes the integrated force on the reaction coordi-

nate and can be thought of as the work necessary to

change the system from the initial to ®nal state. The

discrete sampling resembles a linear transit calcula-

tion such that a series of simulations is set up corre-

sponding to successive values of the reaction

coordinate from the initial to ®nal state. For each

sample point, the dynamics must be run long enough

to achieve an adequate ensemble average force on the

®xed reaction coordinate. In a slow growth simulation

[39] the reaction coordinate is continuously varied

throughout the dynamics from the initial to the ®nal

state. Thus, in each time step the reaction coordinate is
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incrementally changed from that in the previous time

step. Formally speaking the system is never properly

equilibrated unless the change in the RC is in®nite-

simally small (reversible change). However, the smal-

ler the rate of change the better the approximation.

Since the RC is changed at each time step, the force on

the reaction coordinate is biased depending on the

direction in which the RC is varied. Therefore a

forward and reverse scan of the RC is likely to give

different results as depicted in Fig. 6. This hysteresis,

as it is called, is a direct consequence of the improper

equilibration. Thus it is generally a good idea to

perform both forward and reverse scans to reduce this

error and to determine whether the rate of change of

the reaction coordinate is appropriate. In other words,

a slow growth simulation with virtually no hysteresis

has its RC changed adequately slow, whereas a simu-

lation with large hysteresis has its RC sampled too

quickly. The advantage of the slow growth simulation

is that the dynamics is not disrupted when the reaction

coordinate is changed and hence the system only has

to be thermally equilibrated once. On the other hand,

the method has the disadvantage that both the forward

and reverse scans should be performed.

It should be noted that although the forces at each

time step are determined from a full quantum mechan-

ical electronic structure calculation, the dynamics

itself is still classical. Therefore, quantum dynamical

effects such as the tunneling are not included in the

estimates of the reaction free energy barriers. Since

the classical vibrational energy levels are continuous,

Hvib�
P

RT/2 for all states, the zero point energy

correction and �Hvib are also not included in the free

energy barriers derived from the AIMD simulation.

4.5. Issues with configurational sampling

In order to properly sample the canonical ensemble,

the system must be thermally equilibrated. Thermal

equilibration often done by equilibrating the system at

a particular temperature for a few picoseconds thereby

ensuring that all vibrational modes are excited to an

equal extent. Since we cannot afford to let the system

thermally equilibrate for such a long period before we

begin sampling, we take an alternative approach. To

ef®ciently achieve a thermally equilibrated system,

the nuclei are excited by a series of sinusoidal pulses.

Each of the excitation vectors is chosen to be ortho-

gonal to the already excited modes, thereby ensuring

an evenly distributed thermal excitation [40,41].

Another requirement in order to properly generate a

canonical ensemble is that the temperature be held

constant. The most common procedure and the pro-

cedure we use is to couple the system to a heatbath by

the NoseÂ thermostat method [42]. Applying a separate

thermostat to both the wavefunction coef®cients and

the nuclei ensures a proper NVT ensemble is sampled.

Since the con®gurational averages in classical mole-

cular dynamics do no depend on the masses of the nuclei

[43], a common technique to increase the sampling rate

involves replacing the truemasseswith more convenient

ones. Since nuclear velocities scale with mÿ1/2, smaller

masses move faster and therefore potentially sample

con®guration space faster. As a result, the masses of the

heavy atoms can be scaled down in order to increase

sampling. For example, we commonly rescale the

masses of C, N and O in our simulations from 12, 14

and16 amu, respectively, to2 amu.There isa limit to the

massreduction,becauseatsomepointthenucleimoveso

fast that thetimestephastobereduced.Atthispointthere

is no gain in reducing the masses further because if the

time step has to be shortened, we have to perform more

time steps to achieve the same amount of sampling. It is

for this reason, we generally scale our hydrogen masses

upfrom1to1.5 amuorhigherinordertousealargertime

step.

5. Ab initio molecular dynamics as a practical
tool for studying catalysis

Margl and coworkers [44±48] have investigated

several transition metal-based homogenous catalytic

Fig. 6. Schematic representation of the hysteresis in a slow growth

free energy plot. The arrows designate the direction of the scan in

terms of the reaction coordinate.
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systems with PAW AIMD. Recently, we have applied

PAW to examine the chemistry of a Ti(IV) metallo-

cene ole®n polymerization catalyst. In studying this

system we have found that ab initio molecular

dynamics can be used to

1. determine the timescales of processes,

2. efficiently explore complicated free energy sur-

faces in a synergistic fashion with traditional static

methods,

3. find new reactions, and

4. to provide a general way of determining finite

temperature free energy barriers.

Metallocene catalyzed olefin polymerization

technology is expected to revolutionize the

immense polyolefin industry. Amongst the first

metallocene catalysts to have been commercialized

[49] are the mono Cp `̀ constrained-geometry''

catalysts of the form (CpSiR02NR)Ti±X2, where

X�CH3, Cl (e.g. 1). For most group 4 metallo-

cenes, the catalytic resting state is believed to be a

cationic metal alkyl complex, e.g. (CpSiR02NR0)
Ti±R�, where R represents the growing alkyl chain.

Commencing from the resting state Ti-alkyl com-

plex, Fig. 7 depicts the assumed and well-estab-

lished CosseÂe±Arlman mechanism for the chain

growth. Addition of olefin to the resting state forms

an olefin �-complex. From the �-complex a four

centered transition state is formed whereby the

olefin inserts into the Ti±Ca bond. The initial or

kinetic product is a g-agostic Ti±alkyl complex. In

`̀ static'' studies [50] of similar bis-Cp zirconocene

catalysts, the initial g-agostic complex is believed

to rapidly rearrange to the more favorable b-agostic

resting state complex. Olefin uptake and insertion

therefore likely commences from the b-agostic

complex as opposed to the g-agostic complex.

Therefore, to study the insertion process, it is

important to know the structure of the resting state.

5.1. Studying fluxionality and timescales with

AIMD

With the intent of studying the nature and ¯uxion-

ality of the resting state we have performed an AIMD

simulation where R was modeled by a propyl chain

[48]. A propyl group was used as a model for the

growing chain in order to investigate the possible

rearrangement of the assumed g-agostic kinetic pro-

duct of the insertion. Initiated from a g-agostic Ti±

propyl complex, a 4 ps simulation at 300 K was

performed. In order to enhance the sampling, the

masses were rescaled to 5.0 (Ti), 2.0 (Si, N and C),

and 1.5 (H) atomic mass units. Therefore, the time-

scales are ®ctitious and the 4 ps simulation is approxi-

mately equivalent to a 7 ps simulation.

The MD simulation revealed that there was rapid

interconversion between b- and g-agostic Ti±alkyl

complexes. The right-hand side of Fig. 8 shows two

snapshot structures from the simulation representative

of the g-agostic complex and the b-agostic complex.

The two graphs in Fig. 8 trace structural quantities

during the dynamics important in characterizing the

resting state. Graph (a) follows the Ti±Hg distance

while (b) follows the Ti±Hb distances, with the shaded

regions indicating the formation of g- and b-agostic

bonds, respectively. The trajectory reveals that the

propyl chain rapidly interconverts between the g-

and b-agostic alkyl complexes, spending roughly

equal time in each of the conformations. Although

Fig. 7. CosseÂe±Arlman [51,52] mechanism for chain propagation in Ziegler±Natta and single-site olefin polymerization catalysts.
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the timescales in the AIMD simulation are ®ctitious

because of the mass rescaling, the simulation does

demonstrate that the ¯uctuation of the resting state

alkyl complex is extremely rapid. The graphs in Fig. 8

also show that there is always an agostic interaction

present. When the_g-agostic bond is lost, it is imme-

diately replaced by another g-agostic bond or a b-

agostic bond. Thus, the strong preference for the

formation of agostic interactions demonstrates the

stabilization accrued from these interactions. Another

excellent demonstration of the PAW AIMD method to

study ¯uxionality and timescales is that of Margl and

coworkers [53] who have examined the dynamics of

beryllocene.

5.2. Using AIMD to chart reaction paths on flat

potential surfaces

We have used AIMD to chart reaction pathways in

systems with high con®gurational variability. Such

`̀ ¯at'' potential energy surfaces are often dif®cult

and tedious to explore with conventional static meth-

ods. By using the slow growth technique, AIMD can

be utilized to initially scan the optimal reaction path-

way. As demonstrated by the simulation of the resting

state in Fig. 8, the potential energy surface associated

with the constrained geometry system exhibits these

problematic traits. In studying the ole®n insertion

process in the constrained geometry catalyst, initial

static calculations revealed that there were at least four

b-agostic �-complexes that were all within a small

10 kJ/mol range. Rather than explore the insertion

process commencing from each of the four �-com-

plexes, the insertion process was mapped out using the

slow growth method whereby an ethene molecule was

gradually inserted into the Ti±C bond of the Ti-

propyl� resting state. In this simulation the distance

between the Ca and the midpoint of the C±C bond of

the ethene was used as the slow growth reaction

coordinate. A rapid 20 000 time step simulation was

performed where the RC was varied from 5.1 AÊ , a

distance in which the incoming ole®n is too far to form

Fig. 8. Selected structural quantities as a function of the simulation time for the AIMD simulation of the Ti-propyl model of the resting state.

Shaded regions in graphs (a) and (b) indicate agostic bonding. Vertical lines separate where the Ti-propyl cation can be characterized as g- and

b-agostic complexes. Shown to the right of the graphs are two snap shot structures from the simulation characteristic of the g- and b-agostic

complexes.
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a strong �-bond, to a value of 1.9 AÊ . Again the

simulation was thermostated at 300 K and the masses

were rescaled as in the previous resting state simulation.

Fig. 9 depicts several snapshots of the simulation

which provides a qualitative picture of the insertion

process. More detailed monitoring of the structural

and energetic quantities can be found in [48] and are

not shown here. Since the simulation was initiated

from the g-agostic alkyl complex, a weak g-agostic �-

ole®n complex is formed in the early stages of the

simulation. The ®rst snap shot structure in Fig. 9 taken

at a reaction coordinate value of 4.91 AÊ is indicative of

the early complexation. As the ole®n is drawn closer,

the g-agostic �-complex gives way to an `̀ in-plane'' b-

agostic �-complex where the ole®n carbon atoms and

the b-hydrogen are coplanar. The second snapshot

structure at RC�4.38 AÊ is representative of this

`̀ in-plane'' b-agostic complex. As the RC is further

contracted, b-methylene group rotates out of the

coordination plane in order to allow for the a-carbon

and the ole®n carbon bond to form. Such a `̀ out-of-

plane'' b-agostic �-complex is shown in Fig. 9 with a

RC�4.04 AÊ . From here, the transition state and the g-

agostic product are formed at approximately

RC�2.74 AÊ and RC�2.08 AÊ , respectively.

Using the AIMD simulation as a guideline, station-

ary points along the potential surface were mapped

with traditional static methods. (Eventually, the inser-

tion process commencing from all four initial b-agos-

tic �-complexes was examined.) The lowest energy

insertion pathway was indeed found to follow essen-

tially the same pathway as resolved from the MD

simulation. Stationary points corresponding to each of

the structures in Fig. 9 along the insertion pathway

were located which provided an accurate energetic

picture of the potential surface. This application

demonstrates that the AIMD method can be utilized

effectively in a cooperative fashion with the traditional

static methods.

5.3. New reaction pathways with AIMD

In studying the b-hydride elimination process in the

constrained-geometry catalyst with a slow growth

simulation, the PAW AIMD simulation generated an

unexpected but more energetically favorable reaction

which the static calculations did not detect. The

product turned out to be the most favorable unim-

olecular chain termination process which was later

observed experimentally. Fig. 10 shows the b-hydride

Fig. 9. Selected snapshot structures from the AIMD slow growth simulation of the olefin insertion in the constrained geometry catalyst. The

snapshots provide qualitative picture of the insertion mechanism. The reaction coordinate (RC) used in the simulation was the distance

between the a carbon of the Ti-alkyl moiety and one of the carbon atoms of the olefin.
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elimination process that was to be examined and the

allyl dihydrogen formation process that was actually

observed.

A slow growth simulation designed to determine the

reaction free energy at 300 K of the b-hydride elim-

ination process to form a ole®n±hydride complex was

performed [54,55]. In this simulation the distance

from Cb to the Hb±Hb midpoint was used as the

reaction coordinate. Commencing from the b-agostic

alkyl complex the Cb±Hb distance expanded during

the simulation. Plotted in Fig. 11 are various structural

and electronic quantities which best characterizes the

reaction observed. Up to a reaction coordinate value of

approximately 1.6 AÊ , the expected b-elimination pro-

cess progresses as anticipated. However, at a reaction

coordinate value of roughly 1.6 AÊ all of the quantities

traced in Fig. 11 change dramatically, marking the

rapid formation of the allyl±dihydrogen complex from

the transient ole®n hydride complex. Graph (a) shows

the rapid formation of the dihydrogen bond with the

simultaneous breaking of the Cg±Hg bond. The Ti±C

distances in graph (b) illustrates the change in the

bonding description between the C3 fragment and the

Ti center. With two short and one long Ti±C distances

a b-agostic alkyl interaction dominates the initial part

of the simulation. When the allyl complex forms, all

three Ti±C bond distances converge suggesting the h3

bonding pattern of the allyl. Plot (c) follows the net

ESP ®tted charges on the Ti, Hb and Hg atoms, again

revealing an abrupt change at approximately

RC�1.6 AÊ . The sudden deionization of the Ti center

suggests that the formation of the allyl moiety stabi-

lizes the complex through electron donation to the Ti

center.

Static calculations on the ole®n±hydride and the

allyl±dihydrogen complex reveal that the allyl±dihy-

drogen complex is in fact 22 kJ/mol more stable than

the ole®n±hydride suggesting that the unimolecular b-

elimination process does not form an ole®n hydride,

but in fact produces dihydrogen and an Ti±allyl com-

plex. Spurious formation of hydrogen gas has been

observed in slurry phase metallocene catalyzed ole®n

polymerization experiments [56,57] providing experi-

mental evidence of the allyl formation.

It is important to state that the actual thermody-

namic product of b-hydrogen elimination ± namely

the allyl dihydrogen complex ± was ®rst located by

AIMD simulations and would not have been found

Fig. 10. Chain termination initiated from the b-agostic alkyl complex was expected to give rise to a olefin±hydride complex. Instead, as shown

by the molecular dynamics simulation, the olefin±hydride complex was only briefly formed before giving rise to a more stable alkyl

dihydrogen complex.

Fig. 11. Selected structural and electronic quantities as a function

of the reaction coordinate for the slow growth simulation of the

uni-molecular chain termination process. The dramatic change in

the plotted quantities at a RC value of 1.6 AÊ marks the formation of

the unexpected allyl±dihydrogen complex.
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otherwise by us. This shows the uniquely powerful

predictive ability of the AIMD method, which

searches con®guration space more globally instead

of locally and thus has a greater chance of hitting

unexpected, but important, reaction paths and pro-

ducts.

5.4. Reaction free energy barriers with the slow

growth AIMD simulations

The previous examples nicely demonstrate that the

slow growth technique can be used to chart `̀ dif®cult''

potential energy surfaces for static calculations. As

previously outlined in Section 4.4, the slow growth

method can also be used to estimate free energy

barriers by means of thermodynamic integration.

We have applied the slow growth technique to esti-

mate the free energy barriers at 300 K of four chain

termination processes associated with the constrained

geometry catalyst. Illustrated in Fig. 12 are the four

processes: (a) hydrogen transfer to the monomer, (b)

b-hydrogen elimination, (c) ole®nic C±H activation

and (d) is an alkyl C±H activation. Since this method

for the determination of reaction free energy barriers is

somewhat novel, free energy barriers of the same four

processes were then calculated using more established

`̀ static'' methods and compared.

For processes (a), (c) and (d) which involve the

transfer of a hydrogen from one carbon to another a

special mid-plane reaction coordinate was developed.

The `̀ mid-plane'' reaction coordinate is depicted in

Fig. 13. If C1 is the carbon the hydrogen atom is

initially bound to and C2 is the carbon atom that

the hydrogen is to be transferred to, then the mid-

plane plane reaction coordinate is de®ned as the ratio

r/R, where R is the length of the vector between C1 and

C2 and r is the length of the projection of the C1±H

vector onto the vector R. The reaction coordinate

constrains the H atom to lie on the plane perpendicular

to and passing through the end point of the vector r.

When the mid-plane RC is small, the hydrogen is still

bound to C1 while when it is equal to 0.5 the hydrogen

Fig. 12. Four chain termination processes studied with the slow growth AIMD method in order to estimate reaction free energy barriers. (a)

Hydrogen transfer to the monomer, (b) b-hydrogen elimination, (c) olefinic C±H activation and (d) is a alkyl C±H activation.
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lies halfway between the two carbons. The mid-plane

constraint was used because it is presumed to be the

most reversible reaction coordinate for the transfer

process and therefore the least susceptible to large

hysteresis. For process (b) the hydrogen transfer to the

metal, the distance from Cb to the center of mass of the

two Hb atoms was utilized as the slow growth reaction

coordinate.

In each of the simulations the system was thermo-

stated at 300 K and the masses were rescaled as in

previous simulations of the Ti constrained-geometry

catalyst. About 35 000 time steps were performed for

each simulation or approximately 6 ps of real time (9±

12 ps when mass rescaling is considered). Both for-

ward and reverse scans were performed from the

reactant to the approximate transition state. In the

static calculations, reactants and transition states were

fully optimized without constraints. Frequency calcu-

lations were performed on each of the stationary

points and the calculation of the free energies followed

standard text book procedures [58]. Full details of the

calculations can be found in [47].

Table 2 compares the free energy barriers of the

static calculations to those obtained by the Car±Parri-

nello simulations. It is important to note that although

the Car±Parrinello method involves a quantum

mechanical calculation to determine the electronic

structure, the actual dynamics is purely classical in

nature. Therefore, quantum dynamical effects such as

the zero-point energy correction are not accounted for.

As a result, in Table 2 there are two columns referring

to the static calculations, one with all of the quantum

dynamical effects eliminated for a more proper com-

parison and one with the quantum effects included.

Although there are several important differences in the

two simulations, the static and dynamic free energy

barriers are in remarkable agreement with one another.

The mean absolute deviation between dynamically

and `̀ statically'' (i.e. from the partition function of

a harmonic oscillator) derived �Fz values is 3.3 kJ/

mol (signed mean: ÿ0.3 kJ/mol), and 8.8 kJ/mol

(signed mean: ÿ6.6 kJ/mol) if one corrects for the

terms not present in the molecular dynamics simula-

tions.

These results clearly demonstrate that the molecular

dynamics simulations both complement and further

corroborate the results of the static calculations well.

Fig. 13. Definition of the mid-plane reaction coordinate.

Table 2

Comparison of the `̀ static'' and `̀ dynamic'' reaction free energy barriers

Process Free energy barrier �Fz (kJ/mol) at 300 K

Car±Parrinello simulationa,b Staticc Static with quantum effectsd

(a) Hydrogen transfer to monomere 43�8 43.0 40.1

(b) Hydrogen transfer to metalf 57�3 65.4 53.9

(c) Olefin s-bond metathesise 87�5 93.8 91.7

(d) Alkyl s-bond metathesise 70�3 81.2 72.3

a Does not include any quantum dynamical corrections such as zero-point energy correction. Additionally, since the classical vibrational

energy levels are continuous, Hvib�
P

RT/2 and �Hvib�0 for the MD simulations.
b Reported values are the average of the forward and reverse scans. The reported error bars are half the difference between the forward and

reverse scans.
c Does not include zero-point energy correction and �Hvib to more correctly compare with Car±Parrinello MD free energies

(�F��HelÿT�Stotal).
d Includes zero-point energy correction and �Hvib (�F��Hel��Hvib��ZPEÿT�Stotal). Does not include quantum tunneling.
e An ethyl group is used to model growing chain in the static simulation whereas a propyl group is used to model the growing chain in the

molecular dynamics simulation.
f A propyl group is used to model the growing chain in both static and dynamic simulations.
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The Car±Parrinello molecular dynamics method pro-

vides a general method of calculating accurate free

energy barriers that are in excellent agreement with

established static methods. We reiterate here that the

Car±Parrinello simulations do not include any quan-

tum dynamical effects. However, it is apparent from

Table 1 that the relative vibrational enthalpies and

zero-point energies are a minor factor in the reactions

studied. Finally, we point out that both static and

dynamic methods do not account for quantum tunnel-

ing effects.

Plotted in Fig. 14(a) is the free energy pro®le

obtained from the forward and reverse slow growth

simulation of the alkyl s-bond metathesis chain ter-

mination reaction displayed in Fig. 12(d). For this

process the hysteresis is small with the forward and

reverse estimates of the reaction free energy barrier

differing by only 6 kJ/mol. Furthermore, in both cases

the transition state occurs at the reaction coordinate

value of RC�0.5. The average slow growth value of

70 kJ/mol is in reasonable agreement with the static

free energy barrier of 81 kJ/mol when all quantum

effects, not taken into account in the AIMD simulation

are factored out. When the quantum effects in the

static estimate are included the free energy barrier of

72 kJ/mol is in better agreement with the slow growth

result.

Shown in Fig. 15 is the optimized transition state

structure from the static calculation and a snapshot

structure taken from the transition state region of the

forward scan of the slow growth simulation. The

similarity in the two structures is striking, further

showing that the AIMD slow growth method for

determining reaction barriers provides results in good

agreement with more established static techniques.

6. Combined QM/MM ab initio molecular
dynamics

The combined QM/MM methodology can be easily

embedded within the Car±Parrinello framework

allowing for ab initio molecular dynamics simulations

of extended systems to be performed ef®ciently. We

have implemented the combined QM/MM methodol-

ogy of Singh and Kollman [1] within the PAW code by

Fig. 14. The integrated force on the reaction coordinate traced as a

function of the mid-plane reaction coordinate for the AIMD

simulation the alkyl s-bond metathesis chain termination reaction.

The box on the forward scan marks the point in the simulation at

which the snap shot structure shown in Fig. 15 is taken from.

Fig. 15. Comparison of the static and dynamic transition state structures for the alkyl s-bond metathesis chain termination reaction. The static

structure is a fully optimized transition state whereas the MD structure is simply a snap shot structure extracted from the forward scan of the

slow growth simulation.
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extending the Car±Parrinello Lagrangian (Eq. (6)) to

include the MM subsystem:

L �
X

�ih _	 ij _	 ii � 1
2

X
MI;QM

_R
2

I;QM ÿ EDFT�j	i;RQM�
�
X

i;j

�ij h	 ij	 ji ÿ �ij

ÿ �� 1
2

X
MI;MM

_R
2

I;MM

ÿ EMM�RQM;RMM�: (12)

The last two terms in Eq. (12) are the kinetic energy

of the MM nuclei and the potential energy derived

from the MM force ®eld. With the intent of validating

the combined ab initio molecular dynamics Car±Par-

rinello QM/MM methodology we have applied the

method to determine the free energy barrier of the

hydrogen transfer to the monomer chain termination

process (Fig. 4). As in the static QM/MM calculations

presented in Section 3, the bulky R�Me and Ar�2,6-

C6H3(i-Pr)2 groups were treated by a molecular

mechanics potential whereas the Ni-diimine core

including the growing chain and monomer will be

treated by a density functional potential. Full details of

the simulation can be found in [59].

Plotted in Fig. 16(a) is the free energy pro®le for the

QM/MM AIMD simulation and the pure QM simula-

tion without the bulky ligands. As expected there is a

dramatic increase in the termination barrier when the

bulky ligands are added. The estimated free energy

barrier of 62 kJ/mol at 300 K is in good agreement

with the experimental value [19] of �67 kJ/mol at

272 K. Plotted in Fig. 16(b) are various structural

quantities that characterize the transfer process.

Plotted in graph (c) is the relative molecular

mechanics van der Waals energy for the interactions

between the bulky aryl ligands and the active site

propyl and ethene group. This plot reveals that the

steric interaction between the active site moieties and

the aryl ligands increases as the hydrogen transfer

process occurs. This is a result of the expansion of the

active site during the hydrogen transfer process. Dis-

played in Fig. 17 is a snapshot structure of the slow

growth simulation taken from the transition state

region. The analogous transition state structure from

a static QM/MM calculation is shown in Fig. 5(a).

Again there is a strong similarity in the static and

dynamic results.

The applicability of the combined QM/MM ab

initio molecular dynamics approach to study large

transition metal catalytic systems has been demon-

strated. In applications where static QM/MM methods

may be inadequate the QM/MM MD methodology

shows particular promise. One such application is to

reactions which have no enthalpic barrier on the static

0 K potential surface. The capture of the monomer in

the Brookhart catalyst system as shown in Fig. 4 is one

such case [30,31]. Another promising area of applica-

tion, which we intend to explore in the future, is the

simulation of solvent effects in chemical reactions.

With the inclusion of electrostatic coupling into this

method such that the electronic structure of the QM

system (solute) can be polarized by electrostatic

in¯uences in the MM system (solvent), the in¯uence

Fig. 16. Selected structural and energetic quantities as a function

of the reaction coordinate from the combined QM/MM simulation.

(a) and (b) Selected distances. (c) The molecular mechanics van der

Waals interaction energies between the two bulky aryl groups and

the active site ethene and propyl groups relative to the resting state

value. The energies plotted have been `̀ smoothed'' and are the

running average over 500 time steps.
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of solvent can be approximated. Such coupling is

currently being developed and validated in our lab.

7. Concluding remarks

With the methodologies presented here, the com-

bined QM/MM method and the ab initio molecular

dynamics method, we are moving towards more rea-

listic computational simulations of complex systems.

The QM/MM method allows for the simulation of

large systems at the ab initio level without completely

neglecting the groups and substituents not within the

active site. As demonstrated by our QM/MM calcula-

tions of the Brookhart polymerization catalyst, these

outer groups can often play a crucial role in the

chemistry. Since the stereoselectivity in many hetero-

geneous and homogenous catalytic systems is con-

trolled by steric interactions there is great potential for

the combined QM/MM method to be utilized effec-

tively in such areas. The ab initio molecular dynamics

method also shows great potential for becoming a

standard computational chemistry tool particularly for

exploring processes which have a high degree of

con®gurational variability. We have applied the meth-

odology to several transition metal-based homoge-

nous catalytic systems, clearly demonstrating the

usefulness of the method. The union of the two

methods, the combined QM/MM ab initio molecular

dynamics method, allows ®nite temperature simula-

tions to be performed on extended aperiodic systems.

With electrostatic coupling, the combed QM/MM

molecular dynamics method is a very promising tool

for including solvent effects. Indeed with the combi-

nation of these techniques we are developing more

realistic models of catalytic systems which can take

into account large ligands, ®nite temperature effects

and potentially solvent effects. Although we have

demonstrated all the methodologies on homogenous

catalytic systems, all of the methods are quite amic-

able to being applied to heterogeneous systems.
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