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Reactive Flux Calculations of Methyl Vinyl Ketone Reacting with Cyclopentadiene in Water
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Molecular dynamics and reactive flux simulations of the Digddder reaction of methyl vinyl ketone (MVK)
reacting with cyclopentadiene (CPD) in water have been carried out to calculate the activation free energy
and transmission coefficient for the reaction. For this purpose, an empirical potential energy surface (PES) of
the reaction was developed by first constructing an intramolecular PES of M\@®D using the B3LYP/
6-31+g* level of ab initio theory. This calculation predicts that the reaction barrier height of MV&PD

in the gas phase is 16 kcal/mol. The MVK CPD complex was then surrounded by 215 SPC/F2 water
molecules, and the activation free energy is seen to be reduced by 2.2 kcal/mol compared to that of the gas
phase. The initial conditions for the reactive flux calculations were obtain€a=a800 K by a NoSeHoover

chain dynamics algorithm that was recently developed for this purpose. These calculations show that the
transmission coefficient for the reaction in water is 0.67 and therefore that the dominant solvent effect is the
static reduction in the activation free energy barrier.

I. Introduction solvent environment and compared to other previously published
results and to experiment.

To perform the RF calculations, initial conditions constrained
at a plane dividing the reactant and product regions must be
generated according to the flux-weighted canonical distribition.

gensen et a* have carried out Monte Carlo calculations to | d Vot h d simpl ibl
study solvent effects on the reaction and suggested that theRecemy’ Jang an v ave proposed simpie reversiie
molecular dynamics (MD) algorithms based on Néksover

?hqeues(())lljustéaisnvcng remgg cljlggeirﬁotﬂgdtrr(;%iri]tigﬁnsgt% bg\tﬁi?@hain (NHC) dynamics and successfully tested them for a model

. ' system of coupled harmonic oscillators. The algorithms can
models such as continuum solvent approaches have also beein’ . ; . . ;
employed* to investigate the rate acceleration of Diefsider easily be extended to systems with holonomic constraints, which
reactions in the presence of water. However, in all the theoretical IS re_q_uwed n the sampling proc_edure for the RF |_n|_t|_al

. conditions. Using the NHC dynamics method, the RF initial

models employed so far, dynamic solvent effects on the rate of o X

. - conditions for the MVK + CPD complex in water were
the MVK + CPD reaction have also not been taken into account, o ; .
so the dominant role of the solvent could not be conclusively generated, from which independent RF trajectores were obtained

: " . to statistically average the reactive flux correlation function.

elaborated. The dynamical (transition recrossing) effect can be . . - ) .
) . o - . The sections of this paper are organized as follows: In section
incoporated in terms of a transmission coefficient by reactive h hod f . he i lecul Al
flux (RF) calculations. The main purpose of the present work It e'met od for g:onstruptmg the intramo ecular potential is
. ) L - _described. Then, in section lll the potential of mean force
is to therefore calculate the activation free energy for the reaction S . . . .
. . calculation in water is presented, while section IV describes
in water and then, on the same footing, to calculate the . : : h

) S o ST the reactive flux results. Section V contains concluding remarks.
dynamical transmission coefficient to distinguish between the
two possible sol\;]ent effect_s_ folr_the realctlorll of MV'KQIDD' [I. Intramolecular Potential Energy Surface of Methyl

In our approach, an empirical intramolecular potential energy Vinyl Ketone (MVK) and Cyclopetadiene (CPD)

surface (PES) for MVKt+ CPD was developed using gas phase ] . -
ab initio data at the B3LYP/6-34g* level. This was ac- ~ Let us defineg (i = 1, ..., N — 6) to be the curvilinear
complished by identifying an appropriate reaction coordinate internal coordinates of a reactive species consistirg atoms.
involved in the reaction. This approach is quite similar to a Then, introducing a reaction coordinat that is mainly
method for constructing a reactive PES, which has been appliedresponsible for a large amplitude motion during the reaction
to proton-transfer reactions of polyatomic molecules such as leads to a partition of theNs — 6 internal coordinates into the
malonaldehyde andd®,".8 The interactions between the solute ~ reaction coordinaté and the remaining spectator onegi =
species and the water solvent (or between the water moleculest, .-, 3N — 7). The intramolecular potential energy surface of
themselves) are then included via partial charges and Lennard-the reactive species can next be expressed as
Jones (LJ) potentials. Instead of using a fixed charge model for
the solute, its partial charges are allowed to change along the _ ia .
reaction coordinate in order to reproduce the results of the ab Vaolud€) = Vol&) +5 Z Fi5©Iri — W@l — w(é)]
initio calculations. The free energy of solvation for the reaction . (1)
of MVK + CPD was then obtained by the potential of mean
force (PMF) calculations for both the gas phase and water where Vo(§) is the minimum energy at and F;;(§) are the

It has been known experimentally that the Diefdder
reaction of methyl vinyl ketone (MVK) with cyclopentadiene
(CPD) is significantly accelerated in aqueous solvéftdor-

13N—7
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elements of the reduced Hessian matrix consisting of the
spectator variables defined &tin eq 1L,ui(§) (i=1, ..., N —
7) represent the internal coordinates of the spectator variables
corresponding to the minimum energy path aldhgbeying

MRS

ar 2)

For the internal displacement coordinates involving dihedral
angles,r; — u;i(§) is replaced with sinf — u;i(§)] to impose
periodicity.

In the current system of MVK+- CPD (N = 22), one might
in fact choose 2-dimensional (2D) reaction coordinates by
selecting the two forming (or breaking)—€C bond distances
of MVK + CPD, since they obviously exhibit large amplitude
motions during the reaction process. Even though this choice
provides a more flexible and accurate description for PES, it
leads to quite a large number of 2D grid calculations, which is
not yet practical for state-of-the-art ab initio methods with the Figure 1. The B3LYP/6-33-g* transition state structure of MVK-
current system size. Therefore, to make the construction of thecpp. The reaction coordinatechosen in this work is indicated by a
PES more feasible in this case, we have chdsanbe one of white bond.
the two C-C bonds, so that the other«C bond becomes a
dependent variable dh The potential energy surface expression correct ab initio Hessian matrix elements at each of the three
with the one reaction coordinate in eq 1 still requires extensive states, although they are interpolated in an approximate manner

computations o¥(&), ui (&) (i = 1, ..., N — 7), andFi;(&) (i, for the intermediate regions. The main advantage of using eqs
j=1, .., N-=-7). 5 and 6 is that one can avoid calculating all the possible Hessian
The Hessian matrix calculations for a wide rangé td cover matrices by using the ab initio method and fitting their individual

the overall reaction process are computationally demanding. elements [in this case the total number of Hessian matrix
Thus we attempted to introduce more approximate Hessianelements to be fitted isNQ — 1)N/2 = 1770]. Recently,
matrices for the intermediate regions not including reactants, Minichino and Vott# derived a general analytic expression for
transition state (TS), and product, by calculating the individiual the Hessian matrices for spectator variables based on the
matrix elements only for those three states and then connectingminimum coupling approximation. Their method could be used
them smoothly using an empirical switching function. For this as an alternative way to obtain the Hessian matrix elements.

purpose, the following switching function was employed: To find Vo(§) and ui(§), restricted geometry optimizations
From TS to reactant: were carried out for 1.09 A & < 10.0 A at the B3LYP/6-
31+g* level of theory, using the GAUSSIAN 94 quantum
(&) = [(Ezlr2 — )%+ 282 - 351;2]/(52;2 - 51;2)31 chemistry program! and the Hessian matrices were obtained
£, SE<E,, for the three states. The computed transition state geometry is
' ' shown in Figure 1, and the reaction coordinate chosen in this
=1§5<§&, work is indicated by a white line. For convenieneg§g) for
—0E> 3 the reactant state were calculated by the optimizatiod =t
=08~ &, ®) 10.0 A. A total of 25 frames alon§ were computed, and the

resultingVo(€) andui(§) were interpolated by the cubic spline

From TS to product: fit method?!2 The optimized structures of MVK- CPD até =

Prey 2 22 2 2 2 23 3.1, 2.0, and 1.6 A are shown in Figure 2 from left to right,
P = 1(enp = &7+ 287 = 35, V(&0 — 525 ) respectively, to demonstrate the structural changes of MVK
E1p=8=&y) CPD during the reaction. Note that for trajectory calculations
=1,E>E the gradients of the spline fitted variables can be easily obtained
' P by directly differentiating the spline functionals.
=0,8 <&, (4) The fitted minimum energy functioNy(&), is given in Figure

3, indicating that the transition state occurstat 2.0 A and
where& yp and& ) are the cutoff variables for the interpola-  that the gas-phase barrier height from the reactants to transition
tion from the transition state to the reactants (product). The state is 16.3 kcal/mol. The ab initio barrier heights were also
polynomial functions o€ in egs 3 and 4 are designed to make calculated at the MP2, MP4, and CCSD(T) levels, using the
a smooth transition from 0 to 1. Wiuﬁ{,j(g), Fi"j(g), andej(g) B3LYP/6-31+g* optimized geometries, to investigate more
(i,j =1, .., N — 7) denoted to be the reduced Hessian matrix details of the energetics for the MV CPD reaction. As can
elements for the reactants, the transition state, and the productbe seen in Table 1, surprisingly the MP2 barrier is only 3.4
respectively, the matrix elements&tan be computed by using  kcal/mol, but both the MP4SDQ and CCSD results agree well

with the B3LYP value. The triple substitution effects in the
Fii(&) = Ff']-f ") + Fi’yj[l — &) from TS to reactants coupled cluster method, however, decreases the barrier height

(%) by 4 kcal/mol, but it should be noted that the geometries were

_tep Prq _ P not optimized at this level of theory due to the computational

Fiy(@) = FRyiQ) + Ryl =191 from TS to product cost involved (the B3LYP geometries where used). Such a
geometry optimization might lead to better agreement between

As a consequence, the expressions in eqs 5 and 6 reproducéhe B3LYP and CCSD(T) results. It is also interesting to note
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Figure 2. The B3LYP/6-31g* optimized structures & = 3.1, 1.9948, and 1.5948 A from left to right, respectively. The structure in the middle
corresponds to the transition state geometry.

30.0 . ; T T . — TABLE 2: Partial Charges of the Carbonyl Group (C=0)

of MVK + CPD in the Product, the Transition State (TS),
and the Reactants, Calculated by Using the RESP Method at
the B3LYP/6-31+g* Level of Theory?

200 -
reactants TS product
q(C) 0.73 (0.53) 0.71 (0.56) 0.64 (0.55)
10.0 | - q(0) —0.54 (-0.56) —0.57 (-0.61) —0.53 (-0.54)
2 The values in parentheses are ones obtained by the Mulliken charge
analysis at the HF/631 g(d) level (ref 3).
0.0 |

wheree;j ando;; are the LJ parameters awgglare the partial

charges orith atom. The values of Cornell et ®lwere used

-10.0 + ] for the LJ type interactions with an additional scaling of a factor

1.12 of theo values, and Ewald summation was used to treat
the long-range Coulomb interactions for the sotueater and

T T 0 20 30 a0 50 a0 70 water-water molecules. For water molecules, the SPC/F2

Reaction coordinate ( A ) parameters were employed.
Figure 3. 1D minimum energy surface along the reaction coordinate It is also important to take into account the effects of atomic

& calculated by B3LYP/6-3tg*. The barrier heights are 16.3 kcal/  charge variations in the reactive species as the reaction proceeds.
mol from the reactant to the transition state and 32.2 kcal/mol from |In a manner similar to the Hessian matrix interpolation, a

the product to the transition state. The barrier heights are calculated dynamic model for the solute charges was implemented by
without zero-point vibrational energy corrections. calculating the atomic charges of the three states and interpolat-

Minimum potential energy (kcal/mol)

TABLE 1: Ab Initio Energy Barriers for the Reaction of ing them using egs 3 and 4. In this case, the same cutoff
MVK + CPD in the Gas Phase, Using the 6-3g* Basis Set variables as in the Hessian matrix were used, excepifor
CPD MVK Ts AE* 3.1 A, beyond which the variation in the atomic charges of the
method (au) (au) (au) (kcal/mol) solute was insignifipant. With this procedure thg atomic charges
BLYP®  _194.008 380231155 645452139 979 151 of the squte[qi(E);_l =1,N} were thus parametnzed to depend
B3LYP: —194.110 328—231.247 285—425.331 638  16.3 on only the reaction coordinate The atomic charges of the
MP2> —193.437 312—230.501 802—423.933 727 3.4 solute were computed by the restrained electrostatic potential
MP4SDQ —193.476 373—230.542 106—423.990 341  17.7 (RESP) methot} at the B3LYP/6-3%g* level. The partial
MP4p —193.505 329—-230.570 428 —424.062 266 8.5 Charges on the Carbony| group:é@) in the MVK + CPD

GOS0y TISETIA0-20041 108 42058710 180 complex are gven n Table 2 wil he other parameters are
available upon request. Our results indicate that the polarization
@The values were obtained at the optimized geometries for the of the carbonyl bond at the transition state may be somewhat
meth(zds i_ndicated’.The ve_llues were calculated using the B3LYP/6- larger than in the previous Mulliken analysis at the Hartree
31+g* optimized geometries. Fock (HF) leveP The previously calculated oxygen partial
that the BLYP barrier is very close to the B3LYP one for this charges are quite comparable to the current values, but the
reaction. The cutoff variables in eqs 3 and 4 were chosen to becarbon partial charges are consistently smaller than our values
Erp= 175 A Epp= 1.94 A &y, = 2.23 A, and,, = 7.0 A, (¢f- Table 2).
Nonbonded interactions between the atomic sites on the
complex and the solvent water molecules (or between water lll. Potential of Mean Force and Free Energy Barrier of
molecules) consisted of Lennard-Jones (LJ) and Coulomb MVK + CPD in Water

Interactions: To investigate static solvent effects on the reaction of MVK
‘ 1 a9 o \2  [o\e + CPD in wa_ter, PMF calculations were carried out for the
\/:r}‘e’z — ij (—') - (—') @) reacting species. With the current choicefpthe mean force
' dreq T AN T f(€) is simply obtained by
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\/ 2kBTQ 15.0
f(§) = _@ - 8
(&) ETE (8) |
wherell..[4 denotes the average over the restricted ensefble g 100} ; ,' \ -=-= PMF in the gas phase
= &o. The potential of mean ford&/(£) was then calculated by 3 ] — PMFin SPC/F2 water
integratingf(&): =
8 sof o NN
p— — g 1 1 ‘2 ______
W(E) = W(Ee) — ;. dE' (&) © %
E L
whereées is a reference point for the integration. s 00
In our simulations, we averaged over the constrained en- 3
sembles = &y and& = 0. This bias, however, can be removed 3 50
by introducing a weighting factor, such that £
7z 71’2AQ
£ _ L ) . L . ) )
ALY =——7— (10) 0o 10 20 30 40 50 60 70
[Zg Q Reaction coordinate (A)

Figure 4. Potentials of mean forc&\(£)] of the MVK + CPD reaction
in the gas phase and water environmenik a 300 K. The dashed and
solid lines denote the PMFs in the gas and water phases, respectively.

where[l..[4 is the average over the constrained ensemble and
Z: is defined by

N 1938 o : ,

7.=5_-=.= (11) experimental value_, howe_ver, is reasonably _closg to our

¢ S max, dx; calculated value. It is possible that the underestimation of the

solvation free energy in the present work is due to lack of

with m andx; being the mass and Cartesian coordinateishof ~ polarizability of the solute model potential constructed from the

atom for the solute, respectively. For this definitionZZ: is gas-phase B3LYP data, as well as solvent polarizability effects.
a diagonal component of th& matrix corresponding t§ =r, The solute polarization effects might be estimated by using
i.e., G, which is just a reduced mass ™1 + my~L. As a resullt, continuum models of the solvent in the framework of ab initio
[A[ equals’ALd. The probability distribution for the constained ~methods, but these estimates can be ill-defined for such a
ensemble = & and& = 0 is given by complex system. Further improvement could be anticipated if
) the SPC/F2 water potential were replaced by a flexible,
. dI’ 6(& — &) O(&) exp(—FH) polarizable one. Such a model, which accurately reproduces the
P¢(I') dI' = (12) properties of water, does not yet appear to exist.

S dr O — &) 0() exp(—fH)

Recently, Jang and Vathproposed several reversible MD IV. Reactive Flux Calculations of MVK + CPD in Water
algorithms based on Nosé¢oover chains to generate trajectories
according to canonical distributions. In the present work their
velocity Verlet algorithm (VV-13° was employed to generate
the initial conditions according t@g(l“) in eq 12. For more
details of the algorithm, the reader should refer to ref 9. K

The total MD system consisted of the MK CPD complex K === BEE)IH — B [E(t)]0 (13)
and 215 SPC/F2 water molecules in a cubic box of side length k
19.5 A. A total of 41 frames along (1.3 A < &£ < 7.5 A) were . . . .
equilibrated for 20 ps, and the corresponding PMF values were Wherekis the true rate constari(ty) is the reaction coordinate
sampled for 2550 ps. A time step of 0.25 fs was used in the at plateau times,, and 6, is a step function, such tha, is
trajectory integration. The resulting PMF curves of MK unity only if &(tp) is in the product region and zero otherwise.
CPD in both the gas and aqueous phases are shown in Figurd Ne notations.l.[J andLl.Ll in eq 13 denote averaging over a
4. For comparison, in the Monte Carlo simulation of Jorgensen norr_n_allzed flux welghteq _c_anonlcal_dlstnbutlo_n function \_N_lth
et al.34 only free energies of solvation were computed along Positive and negative |_n|t|al reaction coordlr_late_ velocm_es,
the reaction path, using a rigid model of both solute and solvent. "espectively. The normalized flux weighted distribution function

As seen in Figure 4, including the molecular vibrations in atT = (x,p*) in Cartesian coordinates is given®y
the solute leads to substantial changes in the free energy barrier,
even in the gas phase. The gas-phase minimum energy barriers @) dl" 5[£(0) — &£7] Qp[ié(O)]|§(0)| exp(—p£H)
at the B3LYP/6-3%-g* level are 32 kcal/mol (from the product ~ P(I') dI' = " .
to TS) and 16 kcal/mol (from the reactants to TS), but our PMF S dr 6[&(0) — £16,[+&(0)]I£(0)| exp(-AH)
calculations show that the corresponding free energy barriers 14
are 16.4+ 0.1 kcal/mol and 11.7% 0.9 kcal/mol, respectively.

The deviations mostly result from thermal excitations of Where&* is a plane dividing the reactant and product regions
vibrational modes of the reaction complex. of a reactive system consisting bfatoms, and;(0) and&(0)

The reactive free energy barrier of MVK CPD in water is are the reaction coordinate and velocity, respectively, at the
calculated to be 9.5 1.0 kcal/mol, which is smaller than the initial time t = 0. In this work, bond length constraints have
gas-phase value by 2.2 kcal/mol. This value is less than thenot been employed.
result derived from the experimental data (3.8 kcal/dvoénd The flux weighted distribution in eq 13 can also be rewritten
the theorectical value of Jorgensen et al. (4.2 kcal/mbljhe as

In reactive flux calculations, the dynamic transmission
coefficient k, which corrects the transition state (TST) rate
constantk™T, can be calculated by virtue of the formula
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P(D) dr = [dr o(& — £) 0(2) exp(-pH) '
£104:8) ex - 52/ ar o - £ 08) =
exp(-pH) [ o' 1£10,£) ex ~ 556278 (15)

The average value of the step functi@s&(t)] sampled by the
distribution in eq 15 exactly reproduces that of eq 14, and a
proof is given in the Appendix. The flux averages in eq 13 can
be expressed in more practical terms as

[ dUPD) [ dE P (E1X)Z0,[&(t,)]

BE(11 =
dr P(T)Z
faeoz
with
L . 10 1
e
PH) (1) €& = Sl a7

Sy d€1E10,E) exil— 5 552 %)

where P®(£'|x) is the conditional probability of the reaction
velocity & for a given value oik. [The superscripts+) and

(=) represent the forward and backward reaction velocities,
respectively.] For the sampling of a negati§e it can easily

be generated by usinB®(&'|x) and just reversing the sign
without resampling®)(&'|x). The canonical MD algorithm in
ref 9 was used to generate the distributionP(T) in eq 12.
Thus, after the canonical equilibrium Qg(l“) is reached, one
has to assign only the value &f simply usingP®(&'|x) in eq

17.

The analytic expression & in eq 11 depends on the choice
of the dividing plane. Using a Cartesian coordinate expression,
Otter and Briel¥® have introduced an unstable normal mode
Q: (i.e., a normal mode having a negative eigenvalue at a
transition state) for the definition of the plane in their RF
calculations. Often it is convenient to express normal modes in
3N — 6 curvilinear internal coordinates:

3N—-6

Q=Y L, (§-%) (18)
]Z ] S i

whereL;;~ are the elements of the transformation matrix from
the internal coordinatgsS} to the normal coordinatd€);} and
{&;j} are the internal coordinates at the transition state. If the
unstable normal mod€); is used for the definition ofg,
substitutings = Q; into eq 11 and using eq 18 gives

3N-6 3N—6 3N
Z.= Z Z Llj_lLl,k_l Z B mi_lBi,kT
& & =
3N-6 3N-6
= Z kz Ly ‘Gl Dk =I[L G (L ) T1s
& &

(19)

whereB; are the elements of thg matrix, and theG matrix
is defined to beG = B-M~1-BT.17 In general theG matrix at
an instantaneous position can be written as

G=G,+ AG (20)

whereGy is the matrix evaluated at the transition state A2l
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is the remaining term depending on the deviation from it. Then
Z: can be rewritten as

Z.= L Gy(L 71)T]1,1 +[LAGH(L 71)T]1,1

=1+ AZ (21)

The first term in eq 21 is unity, since™Go 1L = | by the
definition of theL matrix8 The value ofZ: begins to deviate
from unity, depending on the magnitude/i, as the molecular
complex moves away from the transition state, which has also
been pointed out by Otter and BriéfsThe choice of the
dividing plane as the unstable normal mode is particularly useful
in the case that many degrees of freedom contribute to defining
a reaction coordinate of a system. This definition can also
provide a natural choice of the RF plane for reactive systems
whose PES are parametrized by the intrinsic reaction coordinate
(IRC),}9 since& = Q is closely related to the IRC.

In the current case, however, one can choose a simple bond
distance for the reaction coordinate (i.&.= r). In this case,
noting thatZ: = Gz = m 1 + m~%, the expression in eq 16 is
simplified to

B [Et)]L = [ dT PYD) [ d& PE X0 [EL)] (22)

Then the transmission coefficient in eq 13 is calculated by

= [dr PYT) [i7d& [POEX)6,[EtN] —
POE )6, [Et,)] (23)

After & is sampled usin@®)(&'|x), it should be transformed
into the corresponding Cartesian velocities. According to Otter
and Briel's approach® the Cartesian velocity of thigh atom
contributing from only& can be obtained by

3N—-6

Vi = Mi_llz'f' Z Ii,ij
J=

3N—-6

=M, %t Z liLine & (24)
£

where the subscrigt(€) in the L = matrix denotes the internal
coordinate variable correspondinggpandl;; is the 3-dimen-
sional eigenvector transforming ti& normal coordinate into
the mass-weighted Cartesian components oftthatom. Here
M;~%2is the 3x 3 diagonal matrix with the same elements of
m~Y2 Thel matrix in eq 24 is directly obtained by diagonalizing
the Hessian matrix in the mass-weighted Cartesian coordinates
at the transition state, anfl is a 3 x 3 rotation matrix
representing an instantaneous body-fixed frame without overall
rotation and translation.

To find the rotation matrix, the authors of ref 17 employed
a numerical scheme based on the NewtBaphson procedure.
In this work, however, we have derived such a matrix directly
by introducing an Eckart framd@2f = (f, f,, f3), such that

f = F-(FT-F) 2 (25)
F=(FLF,Fy (26)

N
feSam @129 e

whereci, is one of the Cartesian components of tfth atom
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1.0 T T T T calculated. For this purpose, an empirical intramolecular PES
of this reaction was developed, using the B3LYP/6-81 level
of ab initio theory. The B3LYP/6-3tg* reaction barrier along
the minimum energy path is predicted to be 16.3 kcal/mol in
the gas phase. The B3LYP method employed here proved to
be a reasonable choice for describing the energetics of the
reaction, as was supported by higher levels of ab initio methods
such as MP4SDQ and CCSD, although MP2 turns out to
perform poorly in this case. The PMF calculations show that
the reactive free energy barrier for MV CPD in water is
9.5 kcal/mol, which is smaller than the gas phase value by 2.2
kcal/mol. In comparison with the available experimental value,
this effect is somewhat underestimated by around 1.6 kcal/mol.
Reactive flux calculations find that the transmission coefficient
06 . \ . . is 0.67, clearly indicating that the dominant solvent effect is a
0.00 0.05 0.10 0.15 0.20 0.25 static modification of the activation free energy barrier. The
Time (ps) improvement of the underlying modeling techniques used in

Figure 5. Transmission coefficient for the MVK + CPD reaction this paper is the subject of ongoing research in our group and
in water. A total of 2000 trajectories have been averaged, and their g|sewhere.
initial conditions were obtained at = 300 K.

Transmission function
e e
o0 -1

e
a

at the transition state specified in a body fixed frame ®nd Acknowledgment. Y.P. thanks S. Jang for the helpful
an instantaneous position vector of theh atom. Note thaF; discussions during this study. This research was supported by
are 3-dimensional column vectors. This procedure to find the a grant from the Air Force Office of Scientific Research. We
rotation matrix is quite efficient and easy to implement, since acknowledge generous grants of Silicon Graphics Origin 2000
it requires only matrix inversion and diagonalization of the 3 computer time from the Utah Center for High Performance
x 3 Gram matrix ET-F).2! Using the current configuration of  Computing and the National Center for Supercomputing Ap-
the system, the Eckart frame defined' in eqs-23 is calculated plications (MCA941P017N).
once every time the reaction velocifyis sampled. After the
pure Cartesian components are evaluated using eq 24, they are .
added to the existing velocities obtained by the MD runs Appendix
described in the previous section to complete the sampling of
eq 15.

One can also implement the above algorithmPgi(I') in a
different sampling scheme developed by Carter ét hi.their

method, the dynamic correction factoin eq 13 is written as (] = ’f dl' (& — £%) 0(&) exp(—pH) fm d&' x
0

. [Z.Y2E0)0[E(t,)] B

[Z.7%E(0)0,[£(0)]0

where [J.[{u denotes averaging ove?:(x)-P(pX|x), each of

Denoting the step functiofi,[£(t)] to be F(€,,t), the average
value of F with the distribution of eq 15 is given by

@8 E1048) exd 5 pEz R D[ far o - £) x
O(E) exp(-pH) [ o' £10,6£8) exp(~ 5 852, % |

which is defined in egs 4 and 6, respectively, in ref 22. In this (A1)
case, one can use only the configurational part sampled by our

pg(r) for Ps(x) and then generate momentums usR(@*|x), Let us introduce generalized coordinates and their conjugate
which are just Maxwellian distributions in the absence of the momentumsdj, ..., Gan-1, &, Pad, -.., Pan—1, PP). Then, using
molecular constraints. dp? d€ dpf = Z:~1 dp? dE d&,'6 the change of the integration

For the RF calculations, the reactive species surrounded byvariablesdp® d& dpf to dp? d& d& leads to a partition of the
the periodically replicated 215 water molecules was constrainedkinetic energy term, such that
at&* = 2.04 A (i.e., the transition state) and equilibrated for 40
ps atT = 300 K. Then a total of 2000 RF initial conditions T=T.+T (A2)
(including both positive and negative reaction coordinate a ¢
velocities) were generated according to eq 14 for the subsequent o o ]
recrossing dynamics runs. The resulting transmission function WhereTq and T are the individual kinetic terms depending on
«(t) is plotted with respect to time in Figure 5, showing good P (i =1, ..., N — 1) and§, respectively. In particular, note
convergence toward the plateau region in 0.2 ps. The transmis-that Tz = Y,5Z:71%. (See ref 17 for more details) As a
sion coefficientc of the reaction of MVK and CPD in water is ~ consequence, eq Al becomes
found to be 0.67. Thus, based on eq 13, we conclude that the
dominant effect of the solvent is a static one, i.e., a reduction T + :
in the activation free energy by-2+ kcal/mol, and that the T+ U J da-dp® d& dE Z. 7 o(& — &) 6(8) exp[-A(T, +

dynamical recrossing effects are rather minimal by comparison. P - 1.5 -1,
Y ¢ Y comp Te+ V] [ 6 1210, exp(~ 5857 E)F (A3)
V. Concluding Remarks

In this work the free energy barrier and the transmission Integrating eq A3 with respect tband changing the order of
coefficient for the reaction of MVK+ CPD in water has been integration variable' gives
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