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A study designed to refine the procedure for performing ab initio molecular dynamics calculations (AIMD)
on chemical reactions is presented. Of key interest is the calculation of changes in free energy along the
entire reaction path. Several simple elementary reactions are studied with théaanello projector
augmented-wave (CHPAW) density-functional theory (DFT) methodology. The illustrative gas-phase
bimolecular addition reactions are (i)cacomplexation of BH + H,O — H,O-BHj, (ii) the Diels—Alder
reactions of butadiene with etheneHg + C,H, — cyclohexene, 1,3-cyclopentadiene (CP) and ethene, CP
+ C;Hs— norbornene, and the stereoselective reaction of 5-amino-CP with ethene, amihodgi®, —
amino-norbornene, (iii) the carbene cyclopropanatiofCCt C,H,— Cl,C3H4, and (iv) the dimerization of
ketene. These reactions were used to test both the slow-growth and point-wise thermodynamic integration
(STI and PTI) methods of phase-space sampling as well as the-Wuser and Andersen thermostats. It

is found that the PTI technique is potentially superior to the slow-growth method in terms of computational
expense and is at least as accurate. The Nble®ver thermostat appears to be inadequate for most of the
reactions modeled here, whereas the stochastic Andersen thermostat affords more accurate results.

Introduction

In recent years, the range of application of ab initio molecular
dynamics (AIMD) has expanded significantly with publications
extending from small organic reactions to biochemical model-
ing.t~7 An advantage of AIMD is that thermal effects, such as
entropy, are included explicitly. In comparison, conventional
guantum mechanical approaches add entropic effects through
frequency analysis, which can be computationally expensive.
Such an analysis involves the harmonic approximation, which
is not always valid. This point is particularly important in
studies of transition states (TS) where bonds are half-formed
and therefore relatively weak. Examples are being found where
finite temperature reaction paths significantly differ from
statically calculate 0 K paths? making dynamics a valuable
tool in reaction analysis.

An important application of molecular simulations is the
calculation of free energy paths and differenEesMany
transformations of interest, including most chemical reactions,

take place in time scales that are orders of magnitude longer
than those accessible to dynamics simulations. To overcome

this problem, a number of techniques have been developed
including thermodynamic perturbatit'and thermodynamic
integrationt2-15 In this work, we shall focus on the latter.

The calculation of free energy curves along a reaction path
by thermodynamic integration (TI) in conjunction with molec-
ular mechanics is fairly well established. AIMD can be applied

to a number of problems for which molecular mechanics-based

methods are unsuitable such as the making and breaking of

covalent bonds. Although significant work has been carried out
(for example, see refs 215, 7780, and references therein),
the potential of thermodynamic integration in combination with
AIMD for these types of problems has not been fully explored.
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In the current investigation, we examine the performance of
AIMD and thermodynamic integration as applied to a number
of simple bimolecular addition reactions A B— AB. For
reactions of this type, finite temperature effects (entropy) are
substantial allowing the methods used to be thoroughly tested.
Two aspects will be of special interest. The first is a comparison
of slow-growth thermodynamic integration (STI) and point-wise

%hermodynamic integration (PTI) methods. The second will be

the relative effectiveness of the Nosed Andersen thermostats.

In an AIMD simulation the motion of the nuclei is governed
by Newton’s equations. Therefore, in the absence of any other
corrections, AIMD simulations will sample according to the
microcanonical (NVE) ensemble. Most experiments are per-
formed in a macroscopic setting where the samples are held at
a constant temperature and a constant pressure or volume.
Thermostats and barostats are used to regulate dynamics
simulations to enable the sampling of an ensemble other than
the microcanonical. The Nosédoover thermostat—1° a
dynamical friction-based thermostat, and the stochastic ther-
mostat of Andersefi have been used in the past to maintain a
constant temperature. If the formulation of AIMD due to Car
and Parrinell&”2! is applied, as is the case here, then wave
function kinetic energies may also be controlled by a Nose
type thermostat or simply by imposing a constant friction force.
A suitable thermostat in combination with a constant volume
unit cell will give a simulation that samples the canonical (NVT)
ensemble. Alternatively, the isothermasobaric (NPT) en-
semble could be sampled under the control of a thermostat and
a barostat. The systems of interest in the present study are all
rather small making the application of a barostat difficult. We
therefore limit ourselves to the canonical ensemble.

The technique of thermodynamic integration may be used to
determine Helmholtz free energy differences from simulations
that sample the canonical ensemblesis a running parameter
for the progress along the reaction coordinate, then the free
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energy change from one statg,to a second staté, is given least 3 ps and often 5 ps or more depending on whether
by important properties, such as average temperature and average
force on the constraint, were sufficiently stable.

_ b QE(X,S) . b Once equilibrium has been established, the reaction dynamics
AgA= /; Js Dsds B _L [FJJds @) modeling is carried out. In the STI method, the system is moved
a small amount along the reaction coordinate at every time step

where E represents the potentia| energy of the System as aWhile the force along the ConStI’airf‘t'!, is evaluated at each
function of the 3 spatial coordinates, with constraints. Fs time step. The reaction is modeled in both the reverse and the
is the force acting on the chosen constraint. The brackets indicateforward directions. The reactions were remodeled with increas-
an ensemble average of the system at the constraint value ofnd numbers of time steps until the convergence of the forward
the subscrips. The simple formula in eq 1 is correct for certain  and reverse reaction curves was acceptable and the free energy
types of reaction coordinates including those used here. For ahysteresis was within desired error bounds.
general reaction coordinate a more complicated formula is  The alternate to the STI sampling technique, the PTI method,
necessary? The integral of eq 1 is typically evaluated through also involves obtaining forces along the reaction constraint and
a finite difference numerical integration scheme. numerically integrating to find the free energy change. Typically,
Two possible methods to obtain the force data are the slow- data was accumulated at -85 points along the reaction
growth (STI) and point-wise (PTH thermodynamic integration.  coordinate for at least 30 000 time steps (3 ps) at each point to
In the slow-growth approach, the parametés changed by a  average the forces. To obtain the initial geometry, wave function,
very small amount every time step from statéo stateb. The and velocities at each point along the reaction coordinate, a short
value of the ensemble average of the force at each valaésof  slow-growth calculation was performed with input files saved
then taken to be the value of the single force at that time step. at appropriate points. The first half of the time steps at each
The STI method is operated under the assumption that if the point were not included in the force average as they were
system is in equilibrium at the initial statethen, if the change  considered performed only to allow the system to fully
in s for each time step is small enough, the system will retain reequilibrate. Because a large number of points were available
the equilibration. In the PTI method, a small number of points along the STI curve, it was integrated using the simple linear
along the reaction coordinate are chosen and the system idrapezium method, whereas the quadratic Simpson’s method was
allowed to dynamically evolve and sample phase-space at eactused for the PTI integration where fewer points were available.
point for a long time with no data collected between each point.  In the CP-PAW calculations, periodic boundary conditions
The average force at each point is then used as the ensemblgere used in all examples with an orthorhombic unit cell
average of the force in eq 1. The PTI method ensures thatdescribed by the lattice vectors ([0, 14.74, 14.74], [14.74, 0,
equilibration of the system is kept throughout the reaction. A 14.74], [14.74, 14.74, 0]) (bohr, 7.8 A) with the exception of
common problem with the STI method is that of free energy the simulation of the dimerization of ketene which utilized a
hysteresi$®? where the free energy profiles of the reaction slightly larger (0, 17.01, 17.01], [17.01, 0, 17.01], [17.01, 17.01,
simulated in both the forward and reverse directions differ by 0]) (bohr, 9.0 A) cell. The energy cutoff used to define the basis
up to several kcal/mol. This hysteresis can only be eliminated set was 30 Ry (15 au) in all cases. Because the systems of
by new and larger slow-growth simulations. On the other hand, interest are all isolated molecules, only tfeoint in k-space
for the PTI procedure one can simply add more discrete points was included and the interaction between images was removed
until convergence of the integration is achieved or simulate py the method proposed by Ribl.25> The density-functional
longer at any given point to improve equilibration at that point. theory (DFT) functional used was that formed by the combina-
The two sampling methods discussed here should converge tation of the PerdewWang parametrization of the electron gas
the same answer in the limit where the number of times stepsin combination with the exchange gradient correction pre-
(for both methods) and points along the reaction coordinate (for sented by Becké and the correlation correction of Perdéiv.

the PTI method) approach infinity. The SHAKE algorithrd® was used to impose constraints. The
. . mass of hydrogen atoms was taken to be that of deuterium, and
Methodology and Computational Details normal masses were taken for all other elements except where

In all cases, simple a priori reaction coordinates, namely noted.
atom—atom distances and center-of-mass distances were used All CP—PAW calculations were performed at a target
in contrast to an a posteriori reaction path such as the IRC by temperature of 300 K. All simulations controlled by a Nose
Fukui23 This was deemed adequate because of the simplicity thermostat included a thermostat acting on the kinetic energy
of the reactions studied. of the wave function. Unless otherwise noted, the characteristic
The Car-Parrinello projector augmented-wave (EPAW)2425 frequency of the thermostat degree of freedom was 30.0 THz
program by Blehl was used for all AIMD calculations. In  for the nuclear thermostat and 150.0 THz for the electronic
addition to Car-Parrinello AIMD, Born-Oppenheimer dynam-  thermostat.
ics’ are often performed in combination with a quantum The Andersen thermostat was applied to the nuclear motion

mechanical treatment of the electronic strucfré* We think by reassigning the velocity i randomly chosen nuclei every
it is likely that the conclusions of the present work can equally n steps whereN and n are chosen to maintain the desired
be applied to BO-AIMD. temperature. In the case of the watborane simulation this

A typical simulation includes the following steps. The amounted to one velocity reassignment every 50 time steps. For
minimum in the potential energy hypersurface of the reactants the butadiene- ethene Diels-Alder reaction the reassignment
or products and the corresponding wave function were obtainedwas applied every 10 time steps. The 1,3-cyclopentadiene
first. The reaction constraint is then introduced, and the system ethene Diels Alder reaction involved two reassignments every
is thermally excited to a temperature of 300 K by exciting the 10 time steps, the 5-amino-1,3-cyclopentadi¢rethene Diels
normal modes of the system by a series of short orthogonal, Alder reaction was carried out with two reassignments every 5
sinusoidal energy pulses. The system is then equilibrated for atsteps, the cyclopropanation used one reassignment every 20
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steps, and the ketene dimerization required one reassignmenby approximately 9.5 bohr, the intermolecular interaction is
every 30 time steps. Thermostat settings were monitored andassumed to be negligible for the neutral reactants. This assump-
adjusted as necessary during the equilibration stage, with thetion was monitored by the criterion that the constraint force
main criteria for adequate thermostating being the mean used was, on average, close to zero at the largest value of the
temperature lying within a range of 30& 10 K and a reaction coordinate. Three constraints are applied to the system.
temperature drift lower than 1 K/ps. In combination with the First, the constraint corresponding to the reaction coordinate is
Andersen thermostat, a constant friction was applied to the waveincluded. Second, no translation of the center of mass of the
function with a value of 0.001 except in the case of the whole system is allowed. Third, rotation of the total system
substituted Diels Alder reaction where a value of 0.002 was about the center of mass is constrained. The entropic contribu-
used. tions to the reaction free energy need to be corrected for this

Although the Andersen thermostat is not commonly used in finite separation and removal of translation/rotation in order to
AIMD simulations, its application presents no particular practical enable correct reaction free energies to be calculated.
challenges. Some care must be taken that the fictitious kinetic ~ The translational partition function¥s
energy of the wave function does not become too large as, in

. . . : ; 2aMkT\3/2

our experience, the stochastic collisions cause it to increase O =( T) iV} 2)
somewhat. This increase was not too drastic for the systems h?
studied here but may become a problem for larger molecules . ) )
where a greater number of collisions would be necessary to WhereM is the total mass of the system or reagent in question
maintain a desired temperature. It should be recalled that, owing@ndV is the volume of the system. From eq 2, the translational
to its stochastic nature, the Andersen thermostat should not be€Ntropy contribution is
used when deterministic properties of trajectories in phase-space 5
are of interest. This issue has no effect in the present study since S = R(In(qT) + i) 3)
deterministic trajectories are not required for the calculation of

free energies, which are ensemble averages. The translational entropy at all stages of a simulation from
The water-borane complexation reaction was modeled with reactants at a reaction coordinate of 9.449 bohr to the product

atime step of 7 au, the butadietieethene Diels-Alder reaction  js taken to be that corresponding to the total mass of the two

had a time step of 5 au, the other Dielslder reactions were  reacting molecules at 300 K. The translational entropy of the

studied with a time step of 7 au, the cyclopropanation reaction reactants in a bimolecular addition reaction is usually taken to

used a time Step of 8 au, and the time Step for the dimerization be the sum of the two reactant entrop?ég'_he correction to

of ketene was 5 au (5 a 0.12 fs). The carbene reaction was the total entropy change due to translation is then found by

performed with the carbene restricted to a singlet state. The subtracting the translational entropy of the reactants from the
internal energy curve of each reaction was obtained by a seriestransiational entropy of the products.

of simulations where the nuclei and wave function were cooled  The rotational partition function of a system is giveri‘as
to O K.
For the purposes of comparison, frequency analyses of the i’z 2KT\3/2 L1LLY2 4
reactants, products, and (if possible) transition state geometries G o, \ K2 (I y ) (4)
of each reaction were performed with the ADF progré&ns?
The functional used in the ADF calculations was very similar where g, is the symmetry number representing the rotational
to that of the AIMD calculations. The gradient corrections were degeneracy of the system and the tetmdor o = x, y, andz,
identical, but tI_1e parametrization of the homo_geneous electronare the moments of inertia about the orthogonal axgs and
gas was that given by Vosko etBIA TZ2P basis setwas used  z As in eq 3, the rotational entropy contribution is
in all static calculations. The integration accuracy was®10
and geometry convergence criteria were 0.00002 au in the S= R(In(q) +§) (5)
energy and 0.0003 au in the gradients. Atomic masses were w2
identical to those used in the AIMD calculations. i . . )
Although the advantages of thermodynamic integration over Unlike the translational entropy, the rotatlor_lal entropy Is
a frequency analysis in the calculation of free energy differences geometry dependent because the moments of inertia depepd on
have been noted, the reactions investigated here have beefn€ positions of the masses. Thgrefore,the amount of rotational
chosen such that the reactant and product molecules are for th&NrOPY removed by the constraint that the total system cannot
most part relatively rigid. Frequency analyses should there- rotate varies as the reaction coordinate varies. F!nally, as_has
fore provide excellent estimates of the free energies of thesealready been noted, at the largest value of the reaction qoordlnate
species and thereby good overall free energies of reaction withthe reactant molecules are assumed to 'be noninteracting and to
which comparisons can be made. Comparisons will also be madeiPrate and rotate as though they were isolated molecules. The
with free energies of activation derived from frequency analyses. tﬁtal entropy of mdtgrnal _mo::on fOf the syster’g at this p|0|rr]1t on
The transition states are likely to be less rigid than the reactant '€ reaction coordinate is therefore assumed to equal the sum
or product molecules, and frequency analyses should provideOf the vibrational and rotational entropies of the isolated

less certain, though probably still reasonable, results for moleculgs. ) . )
comparison gh p y Thus, in a simulation of the reaction-A B — AB the overall

entropy correction from isolated reactants to a reaction coor-
dinate ofsis

Theoretical Details

The reactions discussed in this paper are modeled by starting ~ ASawcor(d = S°(9) + S5(S) — Sp(0) — S(0)  (6)
with the reactants separated by a large distance (reaction
coordinate value of 9.449 bohr (5 A)) and then being brought It is clear that the free energy chang A,EW(S) obtained from
together to form the product. When the reagents are separatech CP-PAW simulation with the constraints described above
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must be corrected by TASsaw corrin Order to obtain the total
classical free energy change

AAGH(S) = AAGI(S) — TAS weonS) (7)
where CM (classical mechanics) refers to the fact that the motion
of the nuclei is described using classical mechanics in the
calculations described here.

It should be noted that once a simulation has been performed

the calculation 0AAS o iS Very straightforward because the
translational terms depend only on the nuclear masses and th
temperature, and the rotational term depends only on the mass

of interest.
It might be thought that constraining the overall rotation and

Kelly et al.

were performed using only the Andersen thermostat. In this case
10 000 time steps is equivalent to about 1.7 ps.

The convergence oA with respect to the number of steps
in an STI calculation will be considered first. The free energy
profiles of the 800 000 time step STI simulations are presented
in Figure 1, parts b and c. Under Nogermostat control, the
50 000 time step STI hysteresisAA between the forward and
backward simulations was 3.2 kcal/mol with an average
uncorrected value oAApaw 0of —8.6 kcal/mol. As the number
of time steps increased, the hysteresis decreased to 2.5, 1.6,
0.8, and 0.3 kcal/mol for the 100 000, 200 000, 400 000, and

800 000 time step simulations, respectively. The corresponding

e . ;
of the molecules, the temperature, and the geometry at the Ioc)infesults for the Andersen thermostat-controlled simulation were

0.4,1.1,-0.6,—1.3, and—0.4 kcal/mol. The Nosthermostat
calculations appear to be fairly well converged by the 400 000
time step stage, whereas simulations run with the Andersen

translation of a system may require further corrections to another, . . ostat appear to do a little better and are fairly well

part of the Helmholtz free energy of a reactiohUr (the
contribution to the internal energy due to the heat capacities of
translation, rotation, and vibration). However, in a classical
description each degree of freedom will have an enerdisRfT
irrespective of its type. In a reaction A B — AB the number

of degrees of freedom is equal tdtN3n both sides of the
equation whereN is the number of atoms in molecule A plus
the number of atoms in molecule B. Therefore, classicallit

= 0. This is also the case in the simulations since the number
of degrees of freedom is the saméN(3- 7) at all times. In a
guantum mechanical descriptigkUr may not be zero since
the energy of the vibrational modes is not likely to &R T at

300 K. We do not correct for this in the present work because
calculatingAUt with standard formul&4 requires recourse to
the harmonic approximation, something that we would like to
avoid.

Another contribution toAA that is not included in our
simulations is the change in the zero-point energy (ZPE). There
is no straightforward way foAAzpe to be added to the free
energy curves derived from our simulations. If not for all points

along the reaction coordinate, it can be added to the total reac'[ionfthe STI

free energy change using the results of frequency analyses o
the reactant and product molecules.

We thus will have several values for the change in free energy
of a reaction: AApaw(s), which comes directly from the
thermodynamic integratiom\Acwm(s), which is AApaw(S) cor-
rected as in eq 7AAgm, which is derived directly from a
frequency analysis, and finallgAqw, which is identical to
AAgn but with ZPE neglected antilUt = 0. AAgw should be
directly comparable witt\Acy.

Results and Discussion

BH3; + H,O — H,O-BHa. The first reaction that we shall
discuss is the formation of the Lewis acilase complex of
borane and water. This reaction is not of great interest
experimentally since the #©BH;z; molecule is not found to be

converged by the 200 000 time step calculation.

We turn now to the convergence of the PTI calculations with
respect to the length of the simulation at each value of the
constraint. The Andersen PTI calculations were performed at
18 points in total for 50 000 times steps at each point. The
equilibration was tested by comparing values of the force on
the constraint averaged over the second half of a simulation
starting with total run lengths of 10 000 time steps increased
by 10 000 time steps (1.7 ps) each time. The uncorrected results
of the 10 000, 20 000, 30 000, 40 000, and 50 000 time step
PTI calculations ard\Apaw = —9.7,—10.2,—9.7,—9.5, and
—9.9 kcal/mol, respectively. This suggests a reasonable con-
vergence even after 10 000 time steps at each point along the
reaction coordinate. The converged value is also in good
agreement with the value okApaw Obtained from the STI
calculations. The good agreement is further demonstrated in
Figure 1d where the mean forces found at each increase in time
step are shown in comparison with the force data from an
800 000 step Andersen-controlled STI simulation. The PTI
points run through the middle of the oscillations in the force of

The electronic energy and free energy curves shown in Figure
le offer qualitative insight into the reaction. On the electronic
energy curve, the reaction has no barrier and has an early
decrease in energy, starting at 8 bohr. This indicates a significant
dipole—quadrupole interaction between the water and borane
molecules. The minimum in the electronic energy curve
corresponds to a binding energy of 14.2 kcal/mol. In contrast
to the electronic energy, the free energy does not begin to
decrease below the level of the reagents until the reaction
coordinate reaches 6 bohr. The difference of approximately 3
kcal/mol between the two curves at 6 bohr indicates a significant
entropic effect in the reaction. The free energy curve in fact
has a maximum of about 1 kcal/mol at a value of the reaction
coordinate of around 6 bohr, but given the accuracy of methods
used here, it is not possible to be certain that a maximum should

stable. It is a good subject for the present study, however, as itbe present at all.

includes a very small number of atoms allowing a more

The conclusiveAApaw value will be from the 50 000 time

extensive series of tests of the computational approaches undegtep PTI simulation. Once this is corrected to include entropic

discussion. The reaction has not been studied exhaustivelycontributions according to eqs 6 and 7 we obtacy

previously. The most important work for purposes of comparison
with the calculations described here can be found in ref 35.
The reaction coordinate is chosen to be the oxyg®sron

6.5
kcal/mol. Free energies of reaction can of course be calculated
using the more conventional approach of frequency ana&s.

This was done, and if, as described in the previous section, only

intermolecular distance. The reaction steps are shown graphicallythe classical contributions to the nuclear energy are included, a

in Figure la. STI calculations requiring 50 000, 100 000,

free energy chang&Aqw = —5.8 kcal/mol is obtained in good

200 000, 400 000, and 800 000 time steps were performed usingagreement withAAcy. The various changes in free energy

both Nose-Hoover and Andersen thermostats. PTI calculations

(AA i AARPAW corn AAcm, AAomr, andAAgw) based on PTI are
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Figure 1. BHs; + H,O complexation reaction. Part a shows the product complex, an intermediate separation (6.0 bohr, 3.2 A), and full separation
(9.4 bohr, 5 A). Part b shows the 800 000 step STI Helmholtz free enérgyrofiles for the simulation with the Nogbermostat. Part ¢ shows

the 800 000 step Andersen-STI. Part d shows the Andersen-PTI mean forces in comparison to the forces of the reverse Andersen-STI simulation.
The STI forces are given as a running average of window width of 250 time steps or approximately every 0.001 A change-6 thstdhce,

and the 50 000 time step PTI points are represented by the gray line. Part e shows the PTI free energy cue\@kaimiemal energy curve, both

adjusted to have a value of zero at a separation of 9.4 bohr (5 A).

TABLE 1: Free Energy Changes for the Reaction A+ B— AB Found from PAW from Simulation with the PTI Method,
Correction Terms, and Comparison Static (ADF) Calculations

reaction thermostat APpaw AAcor?® AAcPe AAgn©® AAgn®e
BH3 + H,O—H,0-BHj3 Andersen -9.9 3.4 —-6.5 -5.8 —-2.9

Diels—Alder (butadiene) Nose —-32.0 —29.6
Andersen —28.8 2.4 —26.4 —26.3 —22.6

Diels—Alder (cyclopentadiene) Noése —-17.4 —-15.0
Andersen —8.6 2.4 —6.2 —6.0 —2.6

Diels—Alder (anti addition) Nose -19.1 -16.9
Andersen —-115 2.2 -9.3 -9.2 -5.9

Diels—Alder (syn addition) Nose —21.8 —19.6
Andersen —-13.1 2.2 —10.9 -9.9 —6.7

cyclopropanation Ndse —56.9 —54.5
Andersen —48.2 2.4 —45.8 —48.3 —44.9
2ketene— diketene Andersen —8.2 2.7 —55 -5.9 —-2.3
2ketene— cyclobutadione Andersen -7.2 2.7 —4.5 -3.0 -0.2

a Correction from eq 92 AApaw corrected as in eq 9.From frequency analysis without ZPE and the QM part of the vibrational internal energy
contributions @ From frequency analysis including all contributioA&nergies are reported in kcal/mol.

given in Table 1 for the B+ H,O reaction (as well as the  to be 10.3 kcal/mol. This result includes ZPE and is, therefore,
other reactions discussed here). The corresponding internalwith the AUgwm value of 11.9 kcal/mol from Table 2.

energy changes of all reactions are given in Table 2.
In the previous study of this reacti®nthe complexation

Diels—Alder Cyclizations. The Diels-Alder reaction is
perhaps the prototypical example of a cycloaddition reaction
energy of BH and HO was calculated at the G2 level and found between two nonpolar molecules. It has been studied extensively
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TABLE 2: Internal Energy Changes for the Reaction A +
B— AB in kcal/mol

reaction AUPAW AUQM' a AUQMb
BH;3; + H,O—H,0-BH3 —14.2 —14.8 —-11.9
Diels—Alder (butadiene) —41.0 —415 —37.8
Diels—Alder (cyclopentadiene) —20.0 —20.0 —16.6
Diels—Alder (anti addition) —24.5 —24.3 —-21.0
Diels—Alder (syn addition) —24.6 —24.9 —21.7
cyclopropanation —61.0 —61.6 —58.2
2ketene— diketene —20.7 —19.9 —16.3
2ketene— cyclobutadione -17.3 -16.2 —-13.4

aFrom frequency analysis without ZPE and the QM part of the
vibrational internal energy contributionsFrom frequency analysis
including all contributions.
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Figure 2. Diels—Alder reaction of butadiene and ethene. Part a shows

the reagents, the transition state (TS), and the product. Part b shows
the internal energy curve and the STI free energy curves from the

forward and reverse 800 000 time step simulations.

by theoreticians with the major points of interest being the
structure of the transition state and the question of whether it
follows a concerted or stepwise mechanism (see refs4d7
and references therein). In the present study, the Bielder
reaction is a logical second step. Like thgOHt+ BH3 reaction,

it is relatively simple and involves a small number of atoms. In
contrast to HO + BHj3, however, the DielsAlder cyclization

has a significant enthalpic barrier making it a somewhat different
problem from the point of view of dynamics simulations. Four
Diels—Alder reactions were studied: butadiene and ethene
(Figure 2), cyclopentadiene and ethene where the diene is
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. . . . Figure 3. Diels—Alder cycloaddition of cyclopentadiene and ethene.

constrained to be in the cis conformer (Figure 3), and the syn part a shows the reagents, the transition state (TS), and the product.
and anti reactions between ethene and 5-amino-1,3-cyclo-pPart b gives the 400 000 time step STI free energy curves for the Nose
pentadiene (Figure 4). These last two reactions were chosen inthermostat-controlled reaction. Part ¢ gives a comparison of the forces

4] B 10
s{ethene-cyclopentadiene) [bohr]

order to see what dynam|cs calculations can tell us about theobtained in the 400 000 time Step Ne-gbcalculation, presented as a

stereoselectivity of the DietsAlder reaction.

running average with a window of 250 time steps and the mean forces

) ) ) . for the PTI calculation. Part d gives the free energy profiles calculated
The reaction coordinate chosen in all cases was the distancey the PTI method and the internal energy profile, where both curves

between the center of the-C double bond in ethene and the are set to zero as a reference at a separation of 9.4 bohr (5 A).
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calculation using the Ndsthermostat in fact appears to be
converged already with the 50 000 time step calculation. In

-
&

M . G contrast, the hysteresis in both of the 50000 time step

/' & e calculations of the butadiene ethene reaction is as large as

Svn ""u [y 4 |2 19 kcal/mol. With the Noséhermostat, the forward and reverse

-
~$4 Anti
\ o
—_—

simulations agree well with each other once 400 000 time steps
aminocyclopenatdiene ‘*‘%U

a)

still unsatisfactory 3 kcal/mol in the 400 000 time step calcula-
tion. To try to improve on this result, a computationally
demanding 800 000 time step (96 ps) simulation was run with
just the Andersen thermostat. The hysteresis in this calculation
is a more acceptable 1.0 kcal/mol. The free energy curves from
norbornene the 800 000 time step STI calculations along with the internal
energy curve are presented in Figure 2b.

To understand why the STI method performs so poorly for
o = 2 R :"‘:‘_“l'_’ti_*r'::’lf\:m _ the butadiene- ethene Diels-Alder reaction in comparison with

i o e * Andersen Thermostat the cyclopentadieng- ethene or BH + H,O reactions, one

] must consider the mechanism of the reactions in question. The
transition state of a DietsAlder reaction has the atoms that
are forming a six-membered ring inGa-symmetric arrangement
where the dieneophile approaches the diene from one side
(Figure 2a). To proceed from the transition state to products in
the case of the butadient ethene reaction, the two former
ethene carbons must twist in such a manner as to give the final
C, symmetry of cyclohexene. This twisting motion involves very
little change of our chosen reaction coordinate, which is the

are included. The hysteresis in the Andersen calculation is a
+ ethene

30 - T . T T T T

g ' 4 6 8 : 10 distance between the midpoint of the etheneCGbond and

Astensaiioeidme ba the halfway point between the two terminal carbons of the

butadiene molecule. This reaction coordinate is therefore quite
o P o TR a poor choice for this part of the reaction and, as we have seen
0+ * i — iiﬁ-,'.'i-ﬁ'-?'u".l-’}".l'i‘,‘.-.. - from the results in Table 3, requires a lot more effort to produce
' ' correct results. The transition from tkig-type structures to the
H Co-type structures shows up as a small shoulder on the free
E energy curves in Figure 2b. Norbornene iiasymmetry like
= the transition state for its formation and the-B distance is
L obviously a good choice of reaction coordinate for the;BH
- H»O reaction, so similar problems do not arise for these two
reactions. The butadiené ethene example is demonstration
- of the need to choose a good reaction coordinate when
calculating reaction free energies using thermodynamic integra-
305 : y : L g i : il tion. For systems more complicated than those studied here it
s(ethene-cyclopentadiene) [bohr] often may become mandatory to use a more versatile reaction
Figure 4. Stereoselective DielsAlder cycloadditions of aminocyclo- ~ coordinate such as an intrinsic reaction coordinate (IRE).
pentadiene and ethene. Part a shows the syn addition (top) and the anti The second interesting result from the data in Table 3 is the
addition (bottom). Part b shows the PTI free energy profiles for the ¢4 that the simulations controlled by the Ndbermostat do
anti addition for both Nosand Andersen thermostats as compared to .
the internal energy curve. Part ¢c shows the Nitegmostat PTI free ”f” give the.same Value_fmAPA,W of the ethener cyclopenta-
energy curve and internal energy curve for the syn addition. Energy diene reaction as the simulations controlled by the Andersen
curves are set to zero at 9.4 bohr (5 A). thermostat even when very large numbers of time steps are used.
The obvious first question is which, if any, of the calculations
midway point between the two carbons of the diene which will is correct. From the static frequency calculations codew
form newo bonds. is determined to be-6.0 kcal/mol.AApaw (NOSB is taken as
The convergence of the slow-growth procedure was testedthe average of the forward and reverse 400 000 time step STI
for the Diels-Alder reactions of ethene with butadiene and simulations giving—16.7 kcal/mol. In a similar fashioAApaw
cyclopentadiene. Simulations controlled by both thermostats (Andersen) are found to be8.6 kcal/mol. Using eq 7 to convert
were performed in both forward and reverse directions with the AApaw into AAcy, we obtainAAcw(Nosg = —14.3 kcal/
50 000, 100 000, 200 000, and 400 000 time steps. The resultsmol and AAcy (Andersen)= —6.2 kcal/mol. The corrected
of these calculations are presented in Table 3. Andersen results agree well with the value from the frequency
Two striking results are apparent from the data in Table 3. analysis. The explanation as to why the Nasermostat
First, the hysteresis in the calculations of the butadierehene ~ Performs to poorly will be deferred for a moment, as the PTI
reaction is much greater than that of the cyclopentadiene  calculations provide clearer evidence for the discussion and
ethene reaction. The cyclopentadienethene results are similar ~ therefore will be described first.
to those of the BB + H»O reaction where the hysteresis is PTI calculations of both reactions using either of the
never greater than 4 kcal/mol and suitable convergence isthermostats were performed. The results of these calculations
reached by the 200 000 or 400 000 time step calculations. Theare summarized in Table 1.
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TABLE 3: AApaw in kcal/mol of Diels—Alder Reactions Calculated by the STI Method

butadienet ethene cyclopentadienie ethene
number of Nose Andersen Nose Andersen
time steps forward reverse forward reverse foreword reverse forward reverse
50 000 —23.4 —34.9 —19.1 —38.3 —16.9 —-17.4 -8.0 —5.4
100 000 —26.1 —-37.9 —26.8 —36.2 —16.0 —16.3 —12.3 -9.8
200 000 —29.8 —33.5 —25.6 —29.1 —16.0 —16.9 -7.3 —-8.7
400 000 —33.0 —33.9 —25.1 —28.1 —16.8 —16.5 —-9.0 —8.3
800 000 a a —30.3 —29.3 a a a a

a Calculation not performed.

To complete the outline of why the thermostats give differing systems to which it was applied. Possible modifications to the
results for the cyclopentadiereethene reaction, the PTl results  present Noséhermostat which may improve its behavior include
for this system will be discussed first. The PTI value&\édbaw applying a thermostat to each parti€ler using a chain of Ndse
for this reaction are-17.4 kcal/mol (NoSpand—8.6 kcal/mol thermostat4®-51 The Andersen thermostat of course does not
(Andersen) in disagreement with each other but in agreementsuffer from a similar problem as an even distribution of energy
with the equivalent STI result. The free energy profiles for the among all degrees of freedom is implicit in its definiti&h.
Diels—Alder reaction of cyclopentadiene with ethene based on  Other possible causes for the poor performance of thé Nose
PTI calculations with both the N6ssnd Andersen thermostats thermostat may be the removal of the rotational motion of the
and the 0 K internal energy curve are presented in Figure 3d. It overall system and a poor choice of the coupling frequency of
is obvious that the free energy curve with the Ndsermostat the thermostat. The first possibility was tested by rerunning a
does not deviate from the internal energy curve with any real simulation at a large value of the constraint of the amino-
significance. All of the reactions discussed in this paper are cyclopentadienet ethene system with the overall rotation
addition reactions with large negative valuesAfs, and the constraint removed. This led to nearly no change in the rotational
internal energy and free energy curves should not coincide. Thekinetic energy of the individual molecules. To test the second
PTI and STI methods therefore give the same incorrect results, possibility, a series of calculations of the same system were
and the error cannot be attributed to the method of obtaining run with a range of characteristic frequencies of the nuclear
averaged forces. thermostat from 1.0 to 200.0 THz. The rotational kinetic energy

Visual inspection of the NJsBTI calculation molecular  of the individual molecules did change somewhat as a function
trajectories showed that, at long separations, the individual of the frequency but never approached the required value.
molecules do not rotate in any appreciable manner. Thus, it The lack of energy in the rotational modes of the reactants
appears that the rotational modes are not sufficiently excited in the cyclopentadienet ethene Diels-Alder reaction is
by the Nosethermostat in this case. This hypothesis was responsible for the poor results obtained when it is simulated
confirmed by a more quantitative analysis. Taking the point from using the Nos¢hermostat. As detailed in the previous section,
each of the PTI calculations corresponding to the greatestthe translational entropy of the isolated molecules is not included
separation of 9.449 bohr (5 A), the motion of the ethene in the simulations but rotational entropy is. In the course of a
molecule was separated out. By use of standard formulas ofsimulation, this rotational entropy is lost leading to the majority
classical mechanid$, the rotational motion of the ethene of difference between the calculated internal and free energy
molecule was further separated and the kinetic energy aboutcurvesAApaw. If the rotation of the reactants is not treated
the principal axes determined. The nuclei in these simulations correctly, then the simulation cannot hope to give a reasonable
should be equilibrated at 300 K, and therefore, each rotational free energy curve. Because the free energy curve from the Nose
direction should havé/,RT or 0.3 kcal/mol of energy. In the  controlled simulation almost coincides with the internal energy
simulation controlled by the No6séhermostat, the average curve, it is likely that the vibrational modes are also poorly
energies in the rotational modes were 0.005, 0.005, and 0.006equilibrated.
kcal/mol. Furthermore, a line fitted through the total rotational ~ When the PTI results in Table 1 are compared with the STI
energy as a function of time had a gradient-cd.01 kcal/mol reaction energies from Table 3, it is clear that both methods
ps, suggesting that the thermostat was not able to push thegive very similar results (erroneous or not) for these two
rotational modes toward equilibration. In contrast, the Andersen reactions. Although the simulation at each point of the PTI
simulation produced trajectories that have the reactant moleculescalculation lasted 30 000 time steps, all were mostly converged
apparently rotating freely and gave more reasonable averageafter only 10 000 time steps. The cyclopentadienethene
rotational energies of ethene about its principal axes of 0.2, 0.3, reaction again converged more rapidly, but the butadi¢ne
and 0.2 kcal/mol. ethene free energies of reaction were only in error by 1 kcal/

The Nosethermostat uses an extra degree of freedom that mol when comparing the 10 000 time step per point with the
acts as a heat bath for the system of inte¥e$his extra degree 30 000 time step per point PTI calculations.
of freedom has a chosen mass with a corresponding frequency It has already been noted that the Andersen-controlled STI
for coupling with the other degrees of freedom. The thermostat calculation of the cyclopentadiene ethene reaction gives a
currently implemented in the PAW program is an improvement free energy of reaction in good agreement with the energy
on the original Nos¢hermostat? but it appears that it is unable  obtained from static frequency calculations. It follows from
to provide a wide enough frequency spectrum to equilibrate the Table 1 that an equally good agreement is obtained with the
cyclopentadieng- ethene system. It is certainly an improvement PTI scheme. What about the butadienethene reaction? The
over the standard N6shermostat, which was implemented in  best calculations, either PTI or STI giveApaw Of about—29
older versions of PAW. Test calculations with this thermostat kcal/mol (Andersen) and about33 kcal/mol (Nosg Again
found it to be very poor for both butadiene ethene and using eq 7 to conver\Apay into AAcy, we obtain values near
cyclopentadienet ethene systems and a number of others —26.5 kcal/mol (Andersen) and30.5 kcal/mol (No&gwhich
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may be compared with-26.3 kcal/mol from static calculations.  comparable to the slow-growth scheme, the ease of implement-

Thus, it appears that the simulation of the etheénbutadiene ing the PTI method drove us to restrict ourselves to the PTI
Diels—Alder reaction with the Nose¢hermostat may also  method for the remaining systems. Simulations were run with
underestimate the magnitude AS. both available thermostats; 28 points along the reaction curve

It was noted at the beginning of this section that an important were used for both syn and anti addition pathways with
difference between the DielsAlder reaction and the addition  simulations totaling 30 000 time steps (5.1 ps) at each point.
reaction between ¥ and BH is the presence of an internal The free energy profiles of the simulations controlled by the
energy barrier. Although no special effort was made to find the Nosethermostat are plotted along withet® K internal energy
location of the transition states on the internal energy curve, curves in Figure 4, parts b and c. The free energy profile of the
from interpolation of the available data points they are expected syn addition pathway under Nosleermostating clearly suffers
to be found at values of 4.10 au and 4.18 au of the reaction from the same flaw as that shown by the cyclopentadiene
coordinate for the butadiene ethene and cyclopentadiere ethene calculation controlled by the same thermostat. Only minor
ethene reactions, respectively. The heights of the two barriers,entropic effects are found. Visual inspection of trajectories at
AU*, are 15.3 and 16.9 kcal/mol above the reactants. In a mannerdonger separations confirmed that again no rotational motion
similar to that used for the internal energy transition states, the was present. The Nosmntrolled anti addition pathway free
free energy transition states were found by interpolation among energy profile does not suffer from this problem, or at least not
the Andersen-controlled PTI points. The transition states are in the same blatant fashion as the previous cases, as the final
located at separations of approximately 4.08 and 4.19 bohr with entropic contribution tdAApaw is A(—TS = 5.4 kcal/mol. This
values ofAA,ﬁAW of 24.9 and 26.0 kcal/mol, respectively, for entropic effect is somewhat smaller than might be expected,
the butadiene- ethene and cyclopentadietieethene reactions.  however. Visual examination of trajectories found that some
Although the STI simulations could be used to locate the rotational motion was present in this simulation for large values
transition states without needing to resort to interpolation, the of the reaction coordinate.

PTI results were taken here to be consistent with the rest of the  The free energy curves derived from PTI calculations using
reactions. Again using eq 7, tImA;AW can be converted into  the Andersen thermostat are also plotted in Figure 4, parts b
AAL,, giving values of 28.2 and 29.2 kcal/mol. The entropic and c. Both of the Andersen curves in parts b and c of Figure
contributions to the free energy barriers are approximately 13 4 lie well above the curves from the Nogermostat calculation
and 11 kcal/mol, respectively. The majority, but not all, of the implying that the NoSéhermostat does not perform well in this
entropy is thus lost at the transition state. The transition state case either. Under Nogbermostat control, the corrected PTI
occurs at the same value of the reaction coordinate on theresults are for the anti additiohAAcy = —15.0 kcal/mol and
internal energy scale as on the free energy scale. for syn additionAAcy = —16.9 kcal/mol. The static result was

Just as the free energy changes of reaction calculated fromAAqw = —9.2 kcal/mol for the anti addition amiAqm = —9.9
thermodynamic integration can be compared with equivalent kcal/mol for the syn addition. Both NogeTI results are too
values derived from frequency analyses, free energies oflow, owing to the lack of rotational contribution to the entropic
activation can be compared with results obtained from this change in the reactions. The Andersen-controlled simulations
source. Transition states of the two reactions in question weregive good agreement with the static calculated values with a
found using the ADF program and identical reaction coordinates corrected value oAAcy = —9.3 kcal/mol andAAcy = —10.9
to those taken for the dynamics calculations. The locations of kcal/mol for the anti and syn additions, respectively.
these transition states were 4.08 and 4.17 bohr for the butadiene One of the major point of interest in the Dielalder reaction
+ ethene and cyclopentadiefieethene reactions, respectively. of ethene with 5-amino-1,3-cyclopentadiene is the possibility
Frequency analyses at these geometries confirm that they aréor z-facial selectivity. It has been found that the major product
indeed transition states. Each analysis gives real vibrational of the reaction of a dieneophile with 5-amino-1,3-cyclopenta-
frequencies with the exception of one of about 40672 diene corresponds to preferential approach to the syn face the
AAZM, calculated from the results of the frequency analyses are diene>? The product distribution of these types of reactions is
28.7 and 29.9 kcal/mol in very good agreement with the values generally believed to be under kinetic control. Some rationaliza-

for AAZM from the dynamics calculations. tions of the observed behavior focus on the properties of the
Li and Houk have studied the barriers of the Diefdder reactants, whereas others deal with the properties of the
reaction between ethene and butadiene in some defibm transition states (see refs 44, 52,58, and references therein).

RQCISD(T)/6-31G* and UQCISD(T)/6-31G* calculations they Ultimately, kinetic control implies that two competing processes
obtain somewhat larger values AfJ* of 25.5 and 29.4 kcal/  have different free energies of activation, a quantity that can

mol, respectively. In contrast, the entropic contribution\i&* be obtained from the present calculations.
is found by these workers to be 12.8 kcal/mol in good agreement  The transition state for the syn reaction was found to be at a
with the results given here. value of 4.25 bohr of the reaction coordinate, whereas for the

The cycloreversion of norbornene to form ethene and anti addition it was only negligibly different at 4.26 bohr. The
cyclopentadiene was studied recently at the CASSCF/6-31G* corrected values oAAEM are 28.9 and 25.9 kcal/mol for the
and B3-LYP/6-31G* level$* ZPE was included in these anti and syn reaction, respectively. These results suggest that
calculations, but entropy effects were not. The B3-LYP reaction the syn addition will be favored over the anti reaction in
energy and activation barrier from ref 7418.4 and 22.4 kcal/  agreement with experimental results. For the sake of comparison,
mol) agree quite well with the present results. The agreementthe AU* values obtained from these calculations are 17.0 and
is poorer with the CASSCF results-12.9 and 38.4 kcal/mol).  15.1 kcal/mol with the transition state being at 4.25 bohr in

The other Diels-Alder cyclization reaction considered is both cases. Thus, entropy effects may increase the preference
ethene+ 5-amino-1,3-cyclopentadiene- amino-norbornene  of syn addition over anti, but the change of 1 kcal/mol in the
which has recently been examined both experimertfatind difference between the syn and anti reaction barriers is probably
theoretically*#53 This reaction is depicted in Figure 4a. Having within the error bars of the present method and should not be
established in the previous examples that the PTI method isgiven too much weight.
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The entropic contributions tAAzM are 12 and 11 kcal/mol a)
for the anti and syn reactions, respectively. This constitutes 75

80% of the entropic change to the free energy changes of {
reaction implying that again most, but not all, of the entropy
—_—
>

that is to be lost is gone by the time the reaction reaches the

—_—
transition state. Static calculations were performed to provide
comparisons with the calculated values/oky,,. The transi- ©
tion states located in this case are at 4.22 and 4.23 bohr and
with energies ofAAL,, = 30.4 and 28.3 kcal/mol, respec- dichloro-
tively, for the anti and syn reactions. The free energy barriers dichlorocarbene TS cyclopropane

from frequency analyses are a little higher than those derived + ethene
from dynamics calculations. It is not clear from where the
discrepancy arises, since the free energy and internal energy b) s -
transition states are predicted to be at almost identical values F o,
of the reaction coordinate and the frequency analyses include * A
no frequencies below 100 crh -

The activation energies of the syn and anti DieAdder
reactions of aminocyclopentadiene and ethene were studied
previously by Xidos and co-worketsat the HF/6-31G* level.
Only the relative values of the activation energies were quoted
in this work. The barrier leading to syn addition was found to A
be 1.7 kcal/mol lower in energy than that leading to anti addition
in good agreement with the present results.

Cyclopropanation. The addition of a carbene to an alkene 60—
is an important reaction of divalent carbon and a useful route 2 ' s ‘ : ' 10
to cyclopropane ring structures. The reaction of a singlet carbene Sizaren-Eilens) bl
is believed to proceed in two phases starting with an electrophilic Figure 5. Cyclopropanation of ethene with dichlorocarbene. Part a
approach to the double bond followed by nucleophilic attack at shows the reagents, the transition state (TS), and product. Part b gives
one of the two alkene carbon atoRiThe reaction of dichloro- the free energy profiles calculated by the PTI method and the internal

i ; file.
carbene with ethene has been found to proceed with a zero o neray protie

even negative ethalpic barrfér®? with a free energy barrier  apparent that neither of the molecules was rotating about their
that is believed to be largely entropic in origin. Theoretical respective centers of mass. This is again attributed to thé Nose
studies have largely focused on whether a minimum corre- thermostat unsuccessfully sustaining the energy of the rotational
sponding to a weakly bounc-complex is present in the  normal modes.
enthalpic reaction cunv&.%%°% If such a minimum does exist A total of 29 points along the reaction curve were used for
then a transition state on the enthalpy curve can be presentthe Andersen thermostat. While the PTI calculations of the
The most accurate calculations available at this time Suggestprevious reactions (W|th the exception of the butadieérethene
that no minimum corresponding toracomplex exists, at least  pjels—Alder reactions) were close to converged after only
for the dichlorocarbeneethene reactioff It is well-known that 10 000 time steps and certainly converged by 30000, the
DFT methods are not the best choice for describing weak long- convergence of the PTI with the Andersen thermostat was
range interactions and therefore, calculations of the type somewhat slower. Starting at 10 000 times steps for each point,
described in this paper cannot prOVide further |nS|ght into the convergence of the free energy Change was assessed at incre-
question of the existence of a-complex in the enthalpic  ments of 10 000 time steps until 60 000 time steps (11.4 ps)
reaction curves. However, the calculation of free energy curves yas reached. ThAApaw results for the increasing number of
is under discussion here, and a reaction such as that betWeefﬁmeS Steps are, with the 9.449 bohr (5 A) Separation defined to
CCl, and ethene where most, or even all, of the free energy pe zero as a referenc&Ppay = —47.0,—45.7,—46.8,—48.3,
barrier is due to entropic effects was chosen as another useful-47.6, and-47.6 from least to greatest number of steps. Thus,
test case. convergence withia:1 kcal/mol by the 40 000 time step mark
The reaction of dichlorocarbene ethene— 1,1-dichloro- is suggested. The reason for the poorer convergence is the same
carbene was studied exclusively with the PTI method, using as was the case for the butadienethene reaction. The reaction
both Noseand Andersen thermostats. The total electron spin proceeds with the carbene first approaching the two carbons
of the system was constrained to be 0, corresponding to a singletequidistantly but soon veering nearer to one. The chosen reaction
carbene. The singlet state is expected to be more 8tdhbmn coordinate is a reasonable choice for this process. The ta@ C
the triplet state in this case of a dihalide carbene. The reactionbonds are formed stepwise. It is the formation of the second
coordinate chosen was the interatomic distance between thebond that is less well described by the reaction coordinate as it
carbene carbon and the center of mass of the two ethene carbonsnvolves the three carbons going from a rough L-shape to the
For the Nosdahermostat, a total of 22 points along the reaction cyclopropane structure, a transformation that involves only a
curve was used. At each point a simulation 30 000 time stepsrelatively small change in reaction coordinate.
(5.7 ps) in duration was performed. The corrected free energy  From Figure 5b, it is clear that the free energy curve derived
change was found to bAAcy = —56.3 kcal/mol, and as is  from the calculations controlled by the Andersen thermostat does
visible from the energy profiles shown in Figure 4b, the free deviate from tle O K internal energy curve. Similar visual
energy curve did not deviate in any significant fashion from inspection of the nuclear trajectories revealed that the Andersen
the O K internal energy curve. Upon visual inspection of the thermostat did successfully excite the rotational normal modes
nuclear trajectories at the longer reagent separations, it wasof the system.
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new difficulties due to the possibility of a bifurcation in the
> reaction path.
- The PTI method in combination with the Andersen thermostat
il is now well established as our method of choice for calculating
1& /' _ free energies curves. It was applied to the formation of diketene

with the chosen reaction coordinate being the distance between
diketene the midpoint of the & C double bond of one ketene molecule
to the midpoint of the €0 double bond of the other ketene
molecule. Unfortunately, at present the PAW program does not
offer the option to constrain distances with respect to the
midpoint between atoms but rather allows the distance between

° ( the centers of mass of two groups of atoms to be constrained.
\‘ In all previous examples, the midpoints between atoms that
—) formed part of the constraints were the midpoint between two
atoms of the same element. In this case, the center of mass of
' ; these two atoms is the midpoint between them allowing the
calculation to proceed with no difficulties. For the diketene
. reaction, one of the midpoints is halfway between an oxygen
2xketene TS 1,3-cyclobutadione atom and a carbon atom. To get around this problem the masses
Figure 6. Dimerization of ketene. of the carbon and oxygen atoms in this simulation were
artificially chosen to be equal to each other at 12.0 amu. The
Considering the 60 000 time step Andersen-PTI result as mostuse of incorrect masses for the oxygen atoms should not
accurate, the final, corrected answerAfcy = —45.8 kcal/ introduce any significant errors since it has been shown that
mol. The corresponding frequency analysis resulfgyw = configurational averages derived from dynamics calculations are
—48.3 kcal/mol, without ZPE correction, which indicates a small independent of the masses chosen for the atSms.
overestimation of the free energy change by the Andersen-PTI The reaction of two diketene molecules to form the 1,3-
method. As is visible in Table 2, the internal energy differences cyclobutanedione was also studied with the PTI procedure. In

found in both PAW and ADF are withia=1 kcal/mol; thus, this case, the reaction coordinate was chosen to be the distance
this overestimation is due to the entropy chang&, being between the midpoint of the-&C double bond of each monomer
overly negative in the PAW simulation. molecule. Obviously, it was not necessary to assign an unusual

The internal energy curve of Figure 5b does have a maximum mass to the oxygen atom in this case.
at about 4.5 bohr, but as was noted earlier, the present method Simulations of 30 000 (3.6 ps) time steps in duration were
is not accurate enough to successfully describe such a smallperformed at each point of the PTI calculation with the reaction
barrier. The free energy curve has a maximum at the sameto diketene having 31 points and the reaction to the butadione
distance. Near the free energy transition state the calculated28.
trajectories place the carbene nearer to one of the ethene carbons, The calculation of the butadione reaction curve proceeded

in accordance with molecular orbital symmetry considerafions  without any difficulties giving a corrected free energy of reaction

that would predict a very high barrier for a transition state with  of AAcy = —4.5 (—3.0) kcal/mol and a free energy barrier of
+ .

Cz, symmetry. The corrected free energy bardeicy, is 11.7  AAL, = 26.4 (29.9) kcal/mol at a value of the reaction

kcal/mol. The PTI method thus predicts a large entropic barrier coordinate of approximately 3.9 (3.9) bohr (2.06 A). The values

for the reaction of dichlorocarbene with ethene in agreement jp parentheses are the Corresponding numbers derived from
with experimental results. This result is also in agreement with frequency calculations.

earlier frequency analysis calculations of the free energy barrier
heighf364 but disagrees somewhat as to the location of the

transition states with the previous calculations giving values of 55 4 mostly formed €C bond but with a largely unformed

3.8 bohf® and less than 4.25 boff. C—0 bond and has a geometry with symmetry rather than
Dimerization of Ketene. The final reaction that will be the Cs symmetry of the product moleculgsee Figure 6). CISD
discussed is the 2 2 cycloaddition of two ketene molecules.  calculations put the length of the-€ bond at 3.33 bohr (1.76
The ketene functional group is highly reactive and is used to A), the C-O bond distance at 5.05 bohr (2.67 A), and the
form cyclobutane rings through 2 2 cycloaddition reactions ~ O—C—C—C dihedral angle at 56°.7* The trajectories obtained
with alkenes. It is so reactive that it often reacts with itself in from our simulations show that at the transition state and for
a 2+ 2 fashion to form a 1,3-cyclobutadione. The simplest somewnhat larger values of the reaction coordinate the mode
possible ketene, commonly called ketene, is somewhat exceporresponding to changes in this dihedral angle is very soft
tional in that even in the absence of a catalyst it mainly (95%) allowing large amplitude vibrations: so large, that in some cases
dimerizes to form methyleng-propiolactone (diketenéf, the dihedral angle became close to 18@using the simulation
Figure 6a, with only a small amount {6%) of the dione  to fall into the minimum corresponding to the cyclobutadione
formed®® A few computational studies of the dimerization of product. In other words, there is a bifurcation in the minimum
ketene have been published, mainly looking at the structure of energy path with one branch leading to each of the known
the transition state and why the lactone is the major product products. Motion of the simulation along one part of the
rather than 1,3-cyclobutanedioffe.? bifurcation is prevented by the constraint required for thermo-
It may seem initially that dimerization of ketene does not dynamic integration. Motion in the other direction is not
offer anything new as a test case when compared with the otherrestricted, however, and can lead the simulation to wander a
reactions discussed here. However, it turns out that studyinglong way away from the desired reaction path. This problem
this reaction using thermodynamic integration does create somecan be particularly problematic if, as is the case here, the

The PTI calculation of the reaction to form diketene was not
so straightforward, however. The transition state of this reaction
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potential energy surface is flat and perhaps decreasing in energy The convergence analysis of the PTI method indicates that,
in this direction. Unfortunately in this case, the value of the while the error does decrease with the increase of the times
constraint where the bifurcation occurs4.15 bohr or 2.20 A) steps used at each point, any number of time steps over 10 000
corresponds to a butadione structure near its local minimum. per point will usually give convergence #ol kcal/mol as long
The ensemble average forces at the points in the PTI as the reaction coordinate chosen is a good one. More time steps
calculation that wandered into the butadione minimum were per point are needed if the reaction coordinate is less than ideal
unreasonably high causing the calculated free energy of reactionas was the case for the butadiehesthene and the cyclopro-
to be significantly in error. The alternative STI method was panation reactions. Because the integration procedure used for
attempted but also fell into the alternative minimum, resulting the PTI method involves a local quadratic approximation
in a completely unreasonable free energy curve as the continual(Simpson'’s rule), the positions of the PTI points will give the
small stepping of the constraint tore the molecule apart. most accurate results when they are dense enough to make that
The simple-minded solution to the problem was to ignore assumption valid. It has been our experience that around the
any contributions to ensemble forces once a simulation had transition state, a spacing of 0.125 bohr (approximately 0.07
entered the cyclopentadiene minimum. This resulted in three A) is required, whereas at long reagent separation 0.5 bohr (0.26
of the PTI points at reaction coordinates of 3.75 (25 000), 3.875 A) is sufficient. Once this sufficient number of points has been
(21 000) and 4.0 (7000) bohr having less than the desired reached or surpassed, we have estimated the numerical error of
number of 30 000 time steps. The number of time steps in the integration to be withint0.5 kcal/mol by adding and removing
simulations before the trajectory wandered into the undesired mean force points at various positions along the reaction
minimum are listed in parentheses after the reaction coordinatecoordinate. In terms of computational expense, once equilibra-
values. Calculations with the reaction coordinate chosen to betion has been performed, the PTI method will take ap-
between 4.1 and 4.2 bohr gave less than 5000 usable time stepproximately 300 000 to 1500000 times steps to provide
and were discarded. Integrating the average forces obtained fromaccurate results. In contrast, the slow-growth method appears
the acceptable parts of the trajectories resulted in a correctedio require at least a 400 000 time step simulation, in both
reaction free energy to diketeéAcy = —5.5 kcal/mol and a  directions; thus, at least 800 000 time steps and possibly up to
corrected barrier at 3.69 bohr (1.95 A) Aﬁ*c,v, = 31.5 kcal/ 1 600 000 time steps are required. Overall, the PTI method may
mol. The equivalent values from frequency calculations-e5e&9 require less computational time that the STI scheme. Further-
and 34.7 kcal/mol. The good agreement between the dynamicmore, it has the added advantages that many PTI points may
and static results, particularly for the overall reaction energy be run concurrently and a given PTI calculation may easily be
for which frequency analyses should perform very well, suggests improved?©
that the simple-minded approach used here to deal with the  The net translation and rotation of the system was removed
bifurcation may work well. in all AIMD calculations. It has not been established exactly
Rather than applying the rather ad hoc approach describedyhat the effect of this is on the rotation of the individual
here, the formation of the undesired product could be preventedreactants, though it was assumed here that they can rotate freely
by the application of an artificial repulsive potential. This if their interaction with each other is negligible. Given the good
method has the advantage that longer and better equilibratedygreement between theAcy and AAqy values for each of
simulations could be performed. the free energies of reaction, it seems that this assumption is
These calculations predict that the free energy barrier to the reasonable. However, it should be kept in mind that the rotation
formation of diketene is in fact rather higher than the barrier to of the separated reactants is not completely free. For example,
formation of 1,3-butadione and that the diketene is the observedihe rotation of two molecules in the same direction about the
product because of thermodynamic control. This is contrary to axjs passing through the center of mass of each is not allowed
the conclusions drawn in previous publicatiéis where the it the rotation of the total system is constrained. Essentially,
barrier to the formation of diketene is lower. Only the enthalpy  the removal of the system’s angular momentum about its center
barrier was discussed in these papers. The internal energysf mass will impose a constraint, of unknown form, on the

barriers in the present calculationsy*, are calculated to be  jngividual rotations of the reagents about their molecular centers
16.4 and 21.2 kcal/mol for the butadione and diketene reaction, of mass that may affect the rotational entropy of the system.

respectively. The difference betweaw* and AAEM is close

to 10 kcal/mol for both reactions, so entropic effects do not
appear to favor one path over the other. It therefore might be
expected that the conflicting predictions are due to the differing
quality in electronic structure methods used. The CCSD(T)
numbers from ref 72 are likely to be the most reliable though
the basis set used in this work was relatively small.

It is well-known that for small systems the standard Nese
Hoover thermostat does not produce ergodic trajectdfis’>76
At the inception of the work described in this paper, it had been
expected that the improved thermostat suggested byhiBfo
would not provide similar problems. Clearly, given the results
described here, although the improved thermostat is superior
to the standard version, it is still not satisfactory for the present
purposes. The obvious next step is to try the Nddeover chain
thermostat? an alternative improvement upon the basic for-

We now address several general points concerning all systemsnulation. Rather than repeat the numerous calculations already
studied. The temperatures at each point of the PTI simulationsdiscussed with a third thermostat, three test calculations were
was monitored, with averages taken over the last half of the performed with a NoseHoover chain thermostat of length six.
time steps taken. The mean temperatures were within the rangeThe systems chosen were that for which thédBlemproved
of 300 & 15 K. Assuming that internal energy and entropy thermostat performed the most poorly (the syn Digddder
changes are not significantly affected within this temperature reaction of ethene and amino-cyclopentadiene) and two other
range, the definition oAA = AU — TAS can give a simple randomly chosen reactions (the Dielslder reaction of ethene
relative error estimate of the entropic contribution to the free and butadiene and the dimerization of ketene). All test calcula-
energy as follows: error 15 K/300 K= 5%. This temperature  tions were at a value of the reaction coordinate of 9.449 bohr
error is likely within +0.5 kcal/mol for the systems studied. (5 A) where the reactant molecules should be free to rotate.

Concluding Remarks
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