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In this article the tautomerization reaction of the enol form of malonaldehyde is used to investigate
the magnitude and origin of changes in centroid transition state theory proton transfer reaction rate
predictions caused by the quantum dispersion of heavy nuclei. Using an empirical valence bond
method to construct the potential energy surface, it is found that quantization of the nuclear degrees
of freedom of the carbon atoms significantly influences the centroid potential of mean force used to
describe the proton transfer reaction. In contrasglamitio simulation carried out using a recently
developed molecular mechanics based importance sampling mgth@hem. Phys114, 6763

(2001 ] in combination with an accurate density functional theory evaluation of the electronic
energies shows a substantially smaller influence of the quantum nuclear degrees of freedom of the
secondary atoms on the centroid potential of mean force. A detailed analysis of the different
influence of quantization of the nuclear degrees of freedom of secondary atoms observeahin the
initio and empirical valence bond centroid potential of mean force was carried out. It is shown that
for the empirical valence bond potential, a significant decrease of the centroid potential of mean
force arises through the quantum tunneling of carbon atoms in the molecular backbone.
Furthermore, it is demonstrated that in molecular mechanics potentials aimed to describe
intramolecular proton transfer reactions, the functional form of the potential energy terms coupling
the primary and secondary atom motions as the reaction proceeds as well as the mass of the primary
particle can significantly influence the centroid transition state theory predictions of secondary
kinetic isotope effects. Finally, the dependence of the reaction rate predictions and isotope effects on
the choice of reaction coordinate is investigated and the validity of calculating kinetic isotope effects
using the centroid transition state theory formalism is discussed20@L American Institute of
Physics. [DOI: 10.1063/1.1399060

I. INTRODUCTION tope effects occur at atomic centers which are anticipated to
play a peripheral role in the reaction. Studies involving ki-
One of the most interesting aspects of intramoleculahetic measurements in experiments where both primary and
proton transfer processes is the nature in which structurajecondary positions are isotopically substituted are particu-
rearrangements involving the proton are correlated with tot4y|y helpful in predicting the reaction mechanism and have
pological changes in the rest of the molecule as the reactiogeen ysed extensively in the physical organic chemistry
proceeds. Since these correlations reflect the reaction mechge a1 rel

nism, stuc(ijy ﬁf the cqqnec(tjlon betwefefn thc‘; motion of thde However, experimental studies of kinetic isotope effects
proton and the remaining degrees of freedom can providg,g ity by the relatively small number of naturally-

\{aluable insight into how a react!on proceeds. The Correlaoccumng isotopes and by the difficulty of synthesizing
tions between the molecular motions can be probed by ex- : . , : . ) ;

i : . . . chemical species with a particular isotopic labeling. Compu-
amining the changes in reaction rate caused by isotopic suq;—

stitution at different atomic centers. The ratios of observe ational studies of isotope effects, on the other hand, allow

reaction rates for different isotopic compositions of the iCt?ﬁOUS as well as natu_rally-oc.cur.rin'g isotopic changes
chemical species are generally known as kinetic isotope ewh'c_h permit more appreciable kinetic isotope gﬁects to be
fects. Because kinetic isotope effects reflect the nature dfPtained. Unfortunately, the accuracy of numerical calcula-
bonding in the vicinity of the labeled atoms, they providet'ons of isotope effects depends greatly on the method used

useful information about the chronological sequence of© calculate energies of different molecular configurations.
changes in the bonding structure. Kinetic isotope effects ar&lthough accurate predictions of equilibrium and transition
typically differentiated by the location of the isotopic substi- State structures and energies are possible ualmgnitio
tution relative to the atoms involved in bond-breaking andmethods, the computational demand aj initio methods
bond-forming eventsPrimary kinetic isotope effects arise limits the size of the systems which can be analyzed to mol-
due to isotopic substitution at an atomic position in whichecules containing at best several dozens of atoms. One way
the labeled atom is directly involved in chemical bond-of extending the size of systems which can be studied with
breaking or bond-forming, whereasecondarykinetic iso- reasonable accuracy consists of constructing realistic mo-
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lecular mechanics potentials carefully parameterized usingtate theory for activated processesogether with the mo-
ab initio electronic structure methods. A clear advantage ofecular mechanics based importance functioiMBIF)
utilizing an accurate molecular mechanics potential is thesimulation approachare reviewed. In Sec. llI, the centroid
ease of interpreting the way in which a particular type ofpotential of mean force obtained usiiadp initio electronic
interaction or term in the potential affects the magnitude ofstructure methods are contrasted with results obtained using
kinetic isotope effects. In addition, the relation between paran ad hoc molecular mechanics empirical valence bond po-
ticular terms in the potential and the reaction mechanism catential (EVB).” A bond evolution theo® molecular me-
be probed which sheds light onto the connection betweerhanics potential is constructed such that continuous changes
reaction mechanism and isotope effects. A detailed undein the potential surface corresponding to changes in the re-
standing of this connection from simulation is importantaction mechanism induce variable secondary atom isotope
since it can be obtained only indirectly from experimentaleffects in the centroid potential of mean force calculations.
studies. The results obtained utilizing the bond evolution theory po-

A practical way to estimate kinetic isotope effects con-tential are used to investigate the qualitative features of the
sists of using(quantum transition state theories to predict ab initio and EVB potentials responsible for the observed
reaction rates by studying the changes in the potential oflifferences in the centroid potential of mean force in the two
mean force at the dividing surface due to isotopic substitusystems as well as how these features influence the reaction
tions. One of the most intriguing results in recent studies omechanism. The potential of mean force and reaction rates
intramolecular proton transfer reactions demonstrates th&re computed and contrasted using different choices of reac-
quantum dispersion effects of the nuclei of heavy atoms havéion coordinate in order to understand the limitations of cen-
considerable influence on the magnitude of the centroid potroid transition state theory calculations in predicting real
tential of mean force describing the tautomerization reactiorkinetic isotope effects. Several intriguing aspects of the iso-
in acetylacetond These results suggest that it is essential toope effects obtained using mixed isotopic labeling at both
treat the quantum behavior of the nuclei of particular secondPrimary and secondary positions with the EVB potential are
ary atoms in order to obtain accurate reaction rates for somi@terpreted in the context of semiclassical transition state
proton-transfer reactions within a centroid transition statheory. The analysis suggests that tunneling of heavy atoms
theory framework. It is therefore compelling to investigateat secondary positions could be an important aspect in some
how choice of reaction coordinate and details of the potentiaintramolecular proton transfer reactions. Conclusions and
energy surface determine the increased importance of tHgWlications of this work are discussed in Sec. IV.
nuclear dispersion of heavy nuclei on the centroid potential
of mean force.

In the article, the influence of the quantum nuclear dedl. THEORETICAL BACKGROUND AND
grees of freedom of secondary atomic centers is examineGOMPUTATIONAL APPROACH
using both moIechar me(_:har_1ics a_lmﬂ? initi_o elec_tronic A. Centroid quantum transition state theory
structure methods in combination with imaginary-time path-
integral simulation techniques. In this study, the intramolecu- ~ Classical rate theory is a well-established subject and a
lar transfer is considered to occur in a core region of a molhumber of excellent reviews of the subject have appeared in
ecule which is taken to have a structure similar tothe literaturet® The conditions needed for a valid description
malonaldehyde. Because unimolecular reaction rate descrigf @ chemical reaction in terms of mass action kinetic equa-
tions of the gas-phase tautomerization reaction in malonalddions have been largely understobdThese requirements
hyde are not appropriate due to the small size of the molecuconsist essentially of the separation of the time scale charac-
lar system and long quantum coherence time of thderizing the reactive process from the other time scales in the
dynamic$, the potential of mean force calculations carried System.
out here cannot be interpreted in terms of rate constant pre- Assuming that a dividing surface can be identified which
dictions for the proton transfer reaction in malonaldehyde S€parates the reactant subspace of configurational space from
Because the influence of the solvent is neglected in our cafh® product subspace such that all dynamical trajectories
culations of the potential of mean force, one might eXpecfstarted at this surface end up in the subspace toward which
some differences between our results and those that would 88y were initially directed, one can write the transition state
obtained in an actual calculation of the system in a(TST) expression for the reaction réfeas
condensed-phase environment. Howe_ver, it seems reasonable ksT exp(— (0)/kgT)
to assume that the solvent has little influence on secondary Kkyst= e T7d — T
kinetic isotope effects in intramolecular proton transfer TMeit [odQq exp( = $(a)/keT)
reactions. Under these assumptions, the qualitative feature3he first ratio in the product on the right-hand side of Eq.
pertaining to the influence of the quantum nuclear degrees akpresents a kinetic prefactor obtained from integration over
freedom of the secondary atoms on the centroid potential dhe momenta of the system. The reaction coordirtg(te
mean force of malonaldehyde should provide insight intocharacterizes the dynamics of the transition between the re-
real kinetic isotope effects in some intramolecular protonactant and the product, and is defined such ¢{a) =0 is
transfer reactions for which unimolecular rate descriptionghe equation for the dividing surface necessary in the TST
are appropriate. formulation. The mase is an “effective mass” for motion

In Sec. Il, a brief review of centroid quantum transition along the reaction coordinate, and is defined by

(€
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1{aq\2\ 2 posed by periodic boundary condition$’=r{P*)) and

Meff= E ﬁ 3_Xi Y ' 2 _LJ(rl,...,rN) is the potential energy calcula_lted either.ehiy
@=0) initio methods or by a molecular mechanics potential. The

where the configurational average -) in Eq. (2) is a con- first term in Eq.(3) describes harmonic interactions between
strained average performed only at the dividing surface. Ithe beads and is related to the average quantum kinetic en-
Eq. (1), ¢(q)=—ksTIN(Xq(X)—0q)) is defined to be the ergy. In the limit of an infinite number of beads, the discrete
potential of mean force at reaction coordinate vajupeshere ~ representation of the paths becomes exact and averages over
kg is Boltzmann’s constant anis the absolute temperature. the canonical Boltzmann distribution with effective potential
Chemical reactions can be understood in the framework et Yield the full quantum canonical ensemble averages. In
of classical mechanics as thermally activated transitions ba?ractice, however, only approximately 20 beads are required
tween two minima on the potential energy surface. In ordefor each nucleus to obtain converged quantum averages for
for a particle obeying the laws of the classical mechanics ténany systems. The classical limit is recovered as the masses
transfer from one minimum on the potential energy surfacdén—, in which case the polymer representing the quantum
to another minimum, the particle must acquire enough enparticle collapses onto the center-of-massentroid of the
ergy to visit the transition state region during its dynamics.fing polymer

The description of chemical reactions as a semiclassical or P
guantum mechanical process is considerably more difficult ?: — 2 fi(j)- (4)
since quantized vibrational motions can have a considerable P =1

influence on the reaction and a quantum particle can tunnetpe path-integral theory has been utilized to formulate an
through a potential barrier as the reaction proceeds. The napproximate theory of quantum-activated processes using the
ture of quantum dynamics leads to an additional requiremengjea that the full quantum reaction rate is governed by the
in order for a chemical reaction to be described as a firstyctivation free energy for the centroid reaction coordifiate.
order kinetic process: an efficient mechanism must existjgwever, one cannot obtain the real time dynamical evolu-
which leads to the rapid phase decoherence of the wave funggn of the guantum system simply by replacing the classical
tions localized in the reactant and product wells on a timepotential energy surfade by U4 in the Hamilton equations.
scale which is smaller than the reactive time scale. In practice, only static properties can be obtained within this

Much recent work in the development of quantum ratejmaginary-time path-integral approach unless methods of
formalisms has focused on generalizing and extending clagnalytic continuation are uséd.

sical TST to the case of quantum many-body systems. A

purely statistical quantum transition state theory, which does _ _

not require calculation of the explicit time evolution of the B- The molecular mechanics based importance

system, is particularly useful for analyzing “rare events” function method

such as chemical transformations since accurate calculations In imaginary-timeab initio path integral simulations,

of quantum dynamics can presently be carried out only fosampling efficiency is extremely important as accurate elec-
low-dimensional systems and short time intervals. Severakonic structure calculations for each configuration can take
versions of quantum transition state theory have beeminutes on a modern computer. Recently, Iftirateal® pro-
proposed? One of the most successful quantum TST formu-posed a method of improving the sampling efficiencyabf
lation is based on the isomorphism of the discretized Feyninitio simulations. The approach, called the molecular
man path-integral representation of the equilibrium quantummechanics-based importance sampling metlibdMBIF),
mechanical density operator with a classical system in whiclzonsists of utilizing an auxiliary Markov chain with a known
closed-ring polymers represent quantum parti¢fééin this  asymptotic classical distribution to propose trial configura-
approach, quantum particles are mapped onto classicébns for anab initio based Monte Carlo simulation. In this
closed paths(t) in imaginary timet with O<t< 3%, where  scheme, each trial configuration is obtained as the last state
# is Planck’s constant divided bys2™ In practical imple-  in a series of classical updates starting from the current con-
mentations, discretizations of the closed paths leads to afiguration in theab initio simulation. The proposed configu-
isomorphism between the path integral formalism and a sys-ations are then accepted or rejected in &teinitio chain

tem of interacting ring polymers witR beads governed by according to the usual Metropolis—Hastings algoritfimt®

the effective potential It has been demonstrafethat if the auxiliary classical po-
N , P tential function is a reasonably good approximation toghe
U :z Pmy(kgT) z (r)_p(i+1))2 initio energy function, the MMBIF method reduces the inte-
eff ” & 242 =1 : grated correlation time of a simplab initio Monte Carlo

simulation by two orders of magnitude.
12 () () Although the MMBIF method can be implemented for
+Bj21 Ure? .o, 3 the path-integral simulation in a straightforward fashion
yielding integrated correlation times which are roughly com-
whereN is the number of atoms which are treated quantumparable to those obtained in the simulation treating the nuclei
mechanicallyP is the number of beads in each polymex, classically, importance sampling methods can be used to fur-
is the mass of atom, andr() is the position of bead of  ther reduce the integrated correlation time. In a practical
atomi. In Eq. (3), the closure of the Feynman path is im- implementatior?, the efficiency of theab initio path-integral
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simulation can be increased by generating two coupled, non Hg H
Markovian simulations in parallel, one with a limiting distri- O/ o R

4 7

bution determined by ¢+ U2 T—UY, and the second with | i

the desired limiting Boltzmann path-integral distribution de- 3. Cs
- DFT : : pacl He o ey N
termined byU g . The effective potential energiés,; and |2 Hg
UET are calculated via molecular mechanics aidinitio b
potentials, respectively, whil&)S' and UPFT represent the
classical nuclei molecular mechanics and classical nadlei ..
Reactant Transition State

initio potentials, respectively. The superscript DFT refers to
the ab initio method of choice for calculating the electronic FiG. 1. The proton transfer tautomerization reaction in the enol form of
energy of a structure, which in Ref. 9 was chosen to benalonaldehyde. The product stdteot shown is chemically equivalent to
density functional theoryDFT). the reactant state.

The generalization of the MMBIF method to path-

integral simulation is a Monte Carlo method and, in sharp e accuracy of theb initio post-Hartree—Fock meth-
contrast to dynamical methods of sampling the effective disy§s to describe the energetics of intramolecular hydrogen
tribution, there is no need to use sophisticated S,ta,gi”g anfonds can be tested by calculating the magnitude of the gas-
thermostating methods to equilibrate the paths. Iftistial.”  ohase tunneling splitting in malonaldehyde. Although several
have demonstrated that if a reasonably good classical degnradictory results have appeared in the literature over the
scription of theab initio potential is available, the MMBIF ears? the recent calculations of Benderskif al?* using
path_—integral simula’gion method decreases the integ_rated COliccurate instanton methddestimate the energy difference
relation time of a simple DFT Markov chain path-integral peyeen reactant and transition state configuratishewn
simulation by at least three orders of magnitude and is Sigy, Fig. 1) to be 4.3 kcal/mol. The results of these calculations
nificantly faster than path-integral molecular dynamics at &g jn excellent agreement with DFT calculations using the
given level of statistical uncertainty. kinetic-energy dependent PLAP exchange functional, and
with the more computationally-intensive CC8D and G2
estimates. Moreover, the instanton study of the tunneling
splitting®® predicts an “imaginary” frequency at the transi-

In order to calculate accurate centroid potentials of meation state of 1290 cm!, in very good agreement with the
force describing the tautomerization process in malonaldePLAP prediction of 1270 cm' obtained in our study.
hyde, a method for reliably calculating the energies of differ- ~ For the simulations described in the present work,
ent configurations of the system must be available. Classicdhe energies of different configurations were carried out
potentials are usually parameterized to describe only one tassing a modified version of the LCGTO-DFT program
pological arrangement of the bonds in the system generallpEMON-ks3.42%%” The DFT electronic structure calculations
representing a local minimum on the potential energy surwere carried out as in Ref. 22, where the application of DFT
face. As such, chemical reactions involving bond-breakingnethods to hydrogen-bonding systems is discussed in detail.
and bond-forming processes between different stable strué double{ plus polarization(DZVP) orbital basis set was
tures can not be realistically represented. Recently, empiricalsed for all atoms and the convergence level for the SCF
valence bond approacH&save been developed that inter- (self-consistent fieldenergy using the auxiliary fitting basis
polate between the existing descriptions of different localset$? was 0.01 kcal/mol.
minima on the potential energy surface.

The correct energetics in hydrogen-bonded systems andl. RESULTS
in proton transfer reactions are difficult to describe even with The molecular mechanics based importance function

ab initio methods. In particular, DFT studies of weak method was applied to the calculation of thle initio cen-

hydrogen-bonding systems have proved to be partlcularl¥r0id potentials of mean force describing the proton transfer

d!ﬁ'?un and only I|m|ted SUCCess has been aqh|eved N P eaction in the enol form of malonaldehyde depicted in Fig.
dicting the geometries and energies for the important con;

. : . . . The molecular mechanics guiding potential described in
figurations on the potential energy surface using mos

xchan rrelation function@&The non-local exchan ef. 9 was utilized. The reaction coordinajedetermining
exchange-corretation functio - € non-local exchange- g potential of mean force was initially chosen to depend on
correlation schemes developed by Proynov, Vela, an

: . !~ the coordinates of the atoms involved in the bond-breakin
SalahuB! have shown particular promise for the description 9

of hydrogen-bonded systems. Sirai$ al??> have demon- and bond-forming processes,

strated that their kinetic-energy dependent exchange func- do4H9— do7Hg

tionals (BLAP and PLAB performed better than all GGA S S ©)
options(BP86, PP86, PW91BLYP, or other hybrid meth- 407

ods (B3LYP, B3PW91 on systems involving intramolecular In Eq. (5), d;; is the distance between atorandj in the
hydrogen bonds, including the malonaldehyde. The predicsystem if the atoms are treated classically and represents the
tions for equilibrium and transition state geometries as welldistance between the centroids of the ring polymer path-
as the energetics was in agreement with high-quality postintegral representations of the atoimandj when the nuclei
Hartree—Fock calculatiof€€CSD(T) and GJ%2 are represented as paths.

C. Computational details
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tional quantization of the carbon nuclear degrees of freedom
can be interpreted as a secondary “isotope” effect in which
the most abundant isotope of carbon with mass 12 amu is
substituted by a massiu@ctitious) isotope.

B. Centroid potential of mean force with an empirical
valence bond potential

Recently, the proton transfer tautomerization reaction in
the enol form of acetylacetone was studied using an empiri-
cal valence bond potentialAlthough acetylacetone differs
chemically from malonaldehyde due to the substitution of
hydrogen atoms Hand H; with methyl groups, the chemical
difference between acetylacetone and malonaldehyde should
2 4 o3 o2 o1 o 01 oz o3 o4 have m|n|mal_effect on the mechanism and rate of the proton

reaction coordinate transfer reaction.
- _ _ _ A description of the construction of the empirical va-

FIQ. 2. 'Theab initio potential of mean force for the reaction cgordlnate lence bonc{EVB) potential for the proton transfer reaction in

defined in Eq(5) at T=300 K. The solid lines are the results obtained with . .

classical nuclei, the dotted—dashed line are the results with a quantizedCetylacetone can be found in REFl. The potential energy

transferring proton ki and the long-dashed and dotted lines correspond tosurfaces for the reactant and product states, consisting mostly

o v e o el e T e b a0 Se0dard bon, angle, diedral an nonbonded potentals,

tizing the carbon aton%s in additir:)n tgHO,, and G is at the limit of ¥h2 were Combm.ed into a total potential energy surface that al-

statistical resolution of the simulation (0.15 kcal/iol lows a transition between the reactant and product states. The
diabatic surfaces for the reactant and product states were
coupled through a configuration independent constant energy

All calculations of the potential of mean force include a term parameterized so that the energy difference between
constant factor to ensure that the configurational partitiof€actant and transition state configurations matched that cal-
function for the reactant well is unity. This construction im- culated with arab initio potential at the Hartree—Fock level.
plies that exp—BA(&}=P(&) is the probability density for The electrostatic energy in the EVB potential was calculated
the reaction coordinate in the reactant well. utilizing fixed atomic charges fitted to match the Hartree—
Fock charge distribution around the molecule.

The total potential energy surface for the proton transfer
reaction in acetylacetone described in Ref. 19 was adapted
for the study of the proton transfer reaction in the enol form

In order to calculate the effect of the quantum dispersiorof malonaldehyde. The charges og &hd H; were taken as
of the carbon atoms on the centroid potential of mean forcéhe sum of atomic charges forming the methyl groups in
describing the tautomerization process in the enol form ofcetylacetone, while the ;€Hs and G—Hg bond vibration
malonaldehyde, a series of four simulations was performedparameters were taken to coincide with the same parameters
For each simulation, corresponding to different isotopic subfor the G—H; bond in acetylacetone. The adapted potential
stitutions for the nuclear degrees of freedom in malonaldegives an energy difference of 8.75 kcal/mol between the re-
hyde, the potential of mean force was calculated. In the firsactant and transition state conformations, a value which is
simulation, all nuclear degrees of freedom were treated agbout 0.7 kcal/mol lower than that of the acetylacetone sys-
classical point particles which, in the path-integral languagetem. This difference may be due to Urey—Bradley angular
corresponds to a malonaldehyde molecule substituted withotentials for certain bond angles not included in this study.
fictitious isotopes of infinite mass for all the atoms. In the  The potentials of mean force for the proton transfer pro-
next three simulations, the masses of the transferring protorcess in the enol form of malonaldehyde corresponding to the
the transferring proton and the oxygen atoms, and finally theame isotopic substitutions as in the DFT calculations re-
mass of all the atoms were decreased to values correspongerted in the previous section are shown in Fig. 3. The re-
ing to the mass of their most abundant natural isotopes. Theults in Fig. 3 are similar to those reported in Ref. 2 for all
results of the four simulations in Fig. 2 show that quantiza-combinations of isotopic substitutions. Note that quantization
tion of the transferring proton leads to a decrease of 2.%f the proton decreases the transition state value of the po-
kcal/mol in the normalized potential of mean force at thetential of mean force in the EVB simulation by approxi-
transition state. Further quantization of the oxygen atomsnately 2 kcal/mol, in rough agreement with thaé initio
leads to a negligible change in the potential of mean forceresults. However there are important differences between the
while additional quantization of the carbon atoms lowers theEVB and ab initio simulations with respect to the centroid
centroid potential of mean force at the dividing surface bypotential of mean force. As is evident in Fig. 3, quantization
0.15 kcal/mol, which is roughly the magnitude of the 96% of the carbon nuclei leads to a further decrease in the cen-
confidence interval at the transition state. The decrease in theoid potential of mean force value at the dividing surface by
potential of mean force at the transition state due to addiapproximately 0.8 kcal/mol in the EVB simulation, whereas

Potential of mean force (kcal/mol)

-1 r

A. Quantum nuclear dispersion effects of carbon
atoms on the centroid potential of mean force: Ab
initio potential
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Potential of mean force (kcal/mol)
Potential of mean force (kcal/mol)

_ \ . \ . ) . . . . . . .
-0.5 -0.3 -0.1 0.1 0.3 0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4
reaction coordinate reaction coordinate

FIG. 3. The potential of mean force calculated from the EVB simulation FIG. 4. The potential of mean force calculated from the bond evolution
under the same conditions and with the same labeling of isotopic substitutheory simulations under the same conditions and with the same labeling as
tions as in Fig. 2. The statistical uncertainties for all curves are less thain Fig. 2. The statistical uncertainties in all simulations are approximately
0.15 kcal/mol for the relevant regions of the reaction coordinate. Note theéd.1 kcal/mol in the reactant and transition state regions.

quantization of the carbon atoms leads to an additional drop in the barrier of

roughly 0.8 kcal/mol.

mechanics potential created by a different scheme. For the
a much smallefand possibly statistically insignificantde- ~ PUrPOses of comparison, we have chosen to utilize the mo-
crease of about 0.15 kcal/mol is observed in #ieinitio  ecular mechanics created in the MMBIF method guiding the
calculations. DFT simulation.

In order to investigate the origin of the difference be-  1he bond evolution theory principles used in the con-
tween theab initio and the EVB potentials of mean force in struction of _the moleculgr_mechanlcs guiding pc_>tent|al have
more detail, another series of calculations was performed?€€n described in detail in Ref. 9. The potential was con-
First, the EVB potential of mean force for the proton transferSructed as the sum of two terms. The first term consisted of
reaction with quantization of just the nuclear degrees of free@ double-well potential depending on a control parameter
dom representing the carbon atoms @d G was calcu- which is a function of only the coordinates of the atoms
lated. No difference in the EVB potential of mean force directly involved in the bond-brez_iklng and bond-forming .
value at the transition state was determined between treatin%focesfses' The second term conS|st<_ed of a sum of harmonic
only the carbon atoms degrees of freedom quantumpotentlals take_n to depe_nd parametrlqally »nThe second
mechanically and treating all atoms classically. HoweverYPe of potentials describe the evolution of the bond, bond

when the nuclear degrees of freedom of the carbon atoms Gn9l€ and dihedral motions during the reaction.

and G as well as those of the transferring protog Were In Flg. 4,.the centroid potential of mean fprce calculated
treated quantum-mechanically, all the nuclear quantum efifom simulations based on the bond evolution theory mo-
fects in the EVB potential of mean force were recovered. Tdecular mechanics potential is plotted as a function of the
assess how the secondary atom quantization effects influenfgction coordinate for a number of isotopic combinations.
the centroid potential of mean force when the mass of thérhe results for the potential of mean force obtained from the
primary atom changes, another series of simulations was pe§_|mulat|(_)n baged on the b?”d evo_Iutlon t_hec_)ry_ mqlecular
formed. In these simulations, the mass of deuterium and tril'echanics guidance potential are virtually indistinguishable
tium were utilized for the transferring proton, while the from _the ab initio results shown in Fig. 2. Specifically, the
nuclear degrees of freedom of the carbon atogai@ G path integral treatment of the proton degrees of freedom de-
were treated classically as well as quantum mechanicalff€2s€s the potential of mean force value at the transition
The results of these simulations indicate that the secondariat€ Py approximately 2.5 kcal/mol, while a marginally sig-

isotope effects decrease for the EVB system as the mass E}ficlant Ifu.rther dgcreasehin thﬁ potential of mean forc$ of 0.1
the primary particle increases. cal/mol is obtained when the oxygen atoms are “quan-

tized.” In contrast to the EVB simulations, the quantum dis-
persion of the carbon nuclei leads only to a decrease in the
potential of mean force at the transition state of 0.1 kcal/mol,
which is the limit of the statistical resolution of the simula-
In order to elucidate the origin of the influence of the tion. Given that the EVB and bond evolution theory poten-
guantum nuclear degrees of freedom of secondary atoms dials predict quite different isotope effects on the centroid
the centroid potential of mean force, it is helpful to comparepotential of mean force, subtle differences must exist in the
the importance of quantization of carbon nuclear degrees akaction mechanisms predicted by the two molecular me-
freedom in the EVB system with the those in a molecularchanics potentials. In particular, the dependence of the sec-

C. Centroid potential of mean force with the
molecular mechanics guiding potential
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T ‘ ‘ ‘ transition state and product regions. In the bond evolution
T theory potential, the equilibrium C—O bond lengtt® &)
Ny can be obtained by an energy minimization procedure with
0s | S | the control parametef fixed. The linear shape of the projec-
X tion of the path of maximum reaction probabilifgmaximum
\ density of pointsin the (£,\) plane is due to the fact that the
\ bond lengths in the transition state are almost half the sum of
fi ofr 1 their values in reactant and product configurations.
= In order to verify if the departure from linearity of the
projection in the €,)\) plane of the path of maximum reac-
tion probability can give rise to inflated isotope effects due to
the secondary atoms, a modified bond evolution theory po-
tential was constructed in whict®*q &) assumed a hyper-
bolic tangent form with respect t§ (see Fig. % In the
simulations with this modified potential, a significant in-
crease in the importance of the nuclear dispersion of the
carbon degrees of freedom was obtained utilizing the hyper-
FIG. 5. A plot of the maximum density of points in thg {) plane from the bolic tangent over the linear profile fcqj'eq(g)_ More pre-
EVB (dotted ling, bond evolution theorysolid line), and modified bond  ¢isely the secondary isotope effect obtained by quantization
evolution theory(dashed ling simulations.£ is the reaction coordinate de- . . . .
fined in Eq.(5), andx = dc o, ~dc o, is the difference between the carbonyl of the carbon atoms |n.add|t|on to quantization of. the trans-
and enolic bond lengthgyag andX 4 represent thet and values calcu- ferring proton resulted in a Qgcrease in the centroid potential
lated for the product configurations. of mean force at the transition state of 0.4 kcal/mol. The
difference in the potential of mean force for the linear versus
hyperbolic profile supports the hypothesis that the functional

ondary atom isotope effects on the mass of transferring prd©'m ©f the projection in the {,A) plane of the path of the
maximum reaction probability has an important influence on

ton obtained with the EVB potential suggests that the ) - e
coupling between the proton and heavy atom motions coulthe magnitude of the secondary atom tunneling contribution
be described differently in the two potentials. to the centroid potential of mean force. Direct modification

A useful way of probing the nature of the coupling be- of the EVB potential surface to control the synchronous re-

tween the reaction coordinate and the position of the carbofrdanization of the backbone skeleton as the control param-
atoms is to examine scatter plots from the simulationg of €t€ré changes along the path of maximum reaction probabil-

and a variable depending on the position of the carbon afty is challenging to implement. In fact, it is very difficult to
enforce a particular reaction mechanism in the EVB con-

oms. If we denote\=d. o —dc o to be the difference be- X ) -
st4 e . struction of the reaction surface because the reaction mecha-
tween the carbonyl and the enolic bond lengths during thé

. . : z nism is sensitively dependent on the off-diagonal coupling
reaction, a plot of the maximum density of points in a scatterterm coupling the diabatic states for the reactant and product
plot of £ and\ (see Fig. %illustrates the qualitative differ- ping P

. . . : configurations.
ence in the coupling of heavy and light atoms in the EVB C N —
and bond evolution potential simulations. In the case of the It is intriguing that the quantization of only the carbon

bond evolution theory simulations, the curve describing theatoms G and G has a significant influence on the magnitude

trajectory of the maximum density of points in théX) of the secondary isotope effects obtained with the EVB po-

: . ; ) terntial. Becausa depends on the position of the carbon as
plane as the reaction proceeds is a straight line. In the case 0 . : .
the EVB simulations, however, the same trajectory has well as of the oxygen nuclei, the departure from linearity of

hyperbolic tangent profile suggesting that the path of maxf—;[’he path of maximum reaction probability suggests that the

. I : carbon as well as the oxygen atoms should be important in
mum reaction probability on the EVB potential energy sur- : . .
) oo the isotope effects. Furthermore, other choices\ aivhich
face has a substantially enhanced projection ghiat the . .
L . . .~ .. depend on the nuclear position of the carbon atoyjgi@e
beginning of the reaction and has an increased projection.

. . o similar scatter plots indicating that this atom should also con-
ontoA in the neighborhood of the dividing surface compared: . :
. . . tribute to the secondary isotope effects. The favored role of
to the trajectory for the bond evolution theory potential.

In the bond evolution theory potential, the bond vibra-the carbon atoms £and G in the secondary isotope effects

tion potentials describing the evolution of the carbonylic,IS currently being investigated.
C5;-0,4, and enolic, G-O; bonds during the proton transfer
reaction are of the forfh

-

D. Centroid potential of mean force and kinetic
isotope effects

Veo=k(€)(doo—d*( €)%, ©®) When unimolecular reaction rate descriptions of proton
where the force constaki¢) depends linearly on the reac- transfers are valid, the centroid potential of mean force can
tion coordinate interpolating between its value in the reactanbe used to estimate quantum rate constants. Under these con-
and transition state configurations. The equilibrium bondditions, it is important to assess the accuracy of the centroid
length d®*q &) in the potential depends parametrically én  TST approximations to the true quantum rates. The accuracy
and interpolates parabolically between values in the reactandf centroid transition state theory in predicting quantum re-
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TABLE I. 96% confidence intervals for centroid transition state rate constants using the EVB potential.

Reaction Isotopic
coordinate substitution H ’H SH
& e 5.55 ..7.42< 1¢° 5.39 ..7.12x 10 2.07---2.6x10°
100c 1.41:--1.88x 10° 1.73 . .2.44x 10 1.17---1.51x 10
& 2c 5.49 ..7.37x1C° 4.89 --6.46x 10 2.22-..2.82x10
100c 1.43 .-1.91x 10° 1.91: --2.67x 10 1.15 - -1.48x 10
&y 2c 5.1 --6.81x 10° 6.11---10.5x 10 2.96 - -4.46x 10
100¢c 1.26 --1.93x 10° 2.29 ..3.6x10 1.86 - -2.69x 10’

action rates depends substantially on the temperature aariational bound theorem for the centroid transition state
which the reaction takes place. It has been demonstrated thapproximation to the full quantum rate, the selection of the
centroid transition state theory becomes identical to classicddest reaction coordinate is much more difficult in a quantum
transition state theory for condensed phase systems in thmntext than in a classical context. Until an exact theory for
high-temperature approximatibnwhen all particles behave the dynamical recrossing factor appropriate for centroid tran-
classically. Furthermore, studies of reaction rates using ursition state theory is formulated, the question of which reac-
bounded one-dimensional potentials have shown that thgon coordinate gives the best centroid TST estimate to the
centroid transition state theory works well for transitions in-true quantum rate cannot be resolved.

volving symmetric barriers®® for all temperatures. Although In order to assess the sensitivity of the centroid potential
centroid TST often fails for asymmetric transitions for un- of mean force results to the choice of reaction coordinate, all
bounded one-dimensional potentials in the low-temperaturéhe potentials of mean force obtained in the previous sections
(tunneling regime, no significant departures from resultshave been recalculated using a reaction coordinate depending
calculated using exact quantum theory have been observed am the positions of the primary as well as on the secondary
the high, intermediatésemiclassical or in the crossover in- atoms. In addition, two other reaction coordinates were in-
tervals of temperatur® 32 For one-dimensional potentials vestigated. First, to compare the reaction rates estimated in
with a parabolic barrier, the crossover temperature betweethis study using the EVB potential with similar results ob-
the low temperaturétunneling and the intermediatésemi-  tained in the tautomerization of acetylacetone from Ref. 2,

classical regimes in the absence of any dissipation is giverthe reaction coordinaté, was used, wheré, is given by
by ro,*ro,
T ho's ; §2=| Ty~

o kg (7

ro,~To,

®

||ro4_ro7|| '
where »™® is the “imaginary” frequency calculated at the Finally, the Taction coordinate
transition staté? In the general multidimensional case, the
crossover temperature can be approximated by considering $3=0.461— -, 9
the tunneling process as one-dimensional in an effective po- 4
tential whose barrier frequency is equal to the imaginary frewhere A =dc o, —dc o, is the control parameter introduced
quency calculated at the multidimensional transition state gepreviously andd,=1 A is a scaling length to make the re-
ometry. This approximation suggests that reactions at rooraction coordinate dimensionless. Note tkatdepends on
temperature are dominated by quantum corrections to thecoordinates of both primary and secondary atoms. The form
mal hopping? if the imaginary frequency is roughly below of Eq.(9) is determined by the best linear combination of the
1400cm™ 1. This condition on the magnitude of the barrier variablesé; and\/d, which approximates the projection of
frequency can be taken as an approximate upper bound fohe path of maximum reaction probability in thé;(\/dg)
using variational centroid TST methods to estimate quantunplane.
rate constants at room temperature. Table | summarizes the estimated 96% confidence inter-
An important decision in the study of chemical reactionsvals for reaction rates calculated within the centroid transi-
is the choice of a reaction coordinate. In classical mechanicgion state theory framework for the EVB potential. In all
it has been demonstrated that TST provides an upper limitalculations the quantum degrees of freedom of all nuclei
for the true chemical reaction ratéFor a good choice of were represented in the imaginary-time path-integral formal-
reaction coordinate, the re-crossing factor is near unity anésm by closed-ring polymer beads, except for the simulations
can be neglected. In practice, the variational bound of TSTorresponding to the rows witf%C where the carbon atoms
rate constants is often implemented by approximating thé&€; and G were treated as point particles. Treating the carbon
true reaction rate by the smallest TST rate obtained for difatoms as point particles is equivalent in the path-integral
ferent choices of reaction coordindfeThe advantage of language to studying reaction rates in a malonaldehyde mol-
such an approach is that the potential of mean force is a statgcule labeled at the two carbon centers with very heavy iso-
correlation function that can be obtained without simulatingtopes, here taken to have a mass of 100 amu. In addition, in
the true dynamics of the system. However, as there is noases where the carbon atoms were treated as point particles,
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the mass of 100 amu was used for the carbon atoms in the
calculation of the effective mass prefactor given in E). C= ",
In all calculations the most naturally abundant isotopes were 2 sin(u*/2)
used for the oxygen atoms,@nd G, the hydrogen atoms
H;, Hs and H;, and for the carbon atom,Gvhile isotopes
'H, 2H, and®H were used for the transferring proton. As can — hw'lksT ande! is the imaginary frequency calculated at

be seen in Table |, the secondary kinetic isotope effect P'%he transition state configuration. It should be noted that only

dicted with centroid transition state theory depends signifiz e ate tunneling contributions can be calculated with Eq.

cantly on the mass of the transferring proton for all reaction(ll) since this equation requires thaf<2, or, equiva-

coordinates considered. lently, that the temperatur€ is in the thermal hopping and
quantum corrections regime above,.'°® These findings

uf

(11

significant departures from the rule of geometric mean have
been observed for several systethsin Eq. (11), u*

E. Secondary kinetic isotope effects depending on have been generalized in the physical organic chemistry lit-
the mass of the primary particle and secondary erature in which significant deviations from the rule of geo-
atom tunneling effects metric mean are interpreted as an indication of tunneling for

Semiclassical transition state thet$® can provide Poth the primary and secondary atoms?

valuable insight into the nature of secondary kinetic isotope S ¢@n be seen in Table centroid transition state theory
effects whose magnitude depends on the mass of the primaWed'CtS .k|net|c isotope effects which do not obey the r.ule of
particle. Semiclassical transition state theory assumes thgE€Cmetric mean for the malonaldehyde system described by
several energy levels lie below the top of the barrier separalt-he EVB potential. Indeed, in the EVB ;lmulatlons It was
ing the reactant and product subspaces of configuration spa@8Served that the decrease of the potential of mean force for
and that the transfer over the barrier is describedlagsical ~ the Proton transfer reaction due to the quantization of the
dynamics. As a consequence, tunneling effects due to thaeavy atoms depends on the mass of the proton. Calculations

quantum nature of the dynamics at the top of the barrier ar/€ré carried out to estimate the zero point energy contribu-

neglected in semiclassical TST. However, zero-point vibrallons to the rate constant by computing the vibrational fre-

tion terms are incorporated in an approximate fashion irfluencies in the reactant and transition state configurations.
which the anharmonicity of vibrations and coupling betweenUsing the calculated EVB reactant and transition state fre-

normal modes are usually neglecféd’ Under these condi- quencies to estimate the zero-point vibration effects from
tions, the reaction rate is found to depend only on(tias- primary and secondary atoms in the semiclassical TST ap-

sica) barrier height of the reaction and on the vibrationalProximation, it is apparent that the rule of geometric mean

frequencies calculated in the reactant and transition stafgr® iS satisfied. This therefore suggests that zero-point vi-

configurations. Provided the semiclassical TST approximaPrations alone are unlikely to account for the secondary iso-
tions are valid and tunneling contributions to the reactioniOP€ €ffects observed with the EVB potential, even when
more accurate methods which include vibrational anharmo-

rate are relatively small, in the limit of high-temperature """ i . !
where the parameter=7w/ksT<2 for all the frequencies nicities and mode coupling are utilized to estimate the zero-
eooint vibration effects.

o of the normal modes in the equilibrium and transition stat ) .
configurations, it can be shown that the following equation is ~ 1he parameter, wherer is defined to be

8
obeyed (9 (09
K(P:9) k(P9 r=In 55 In NTRCL

(12

In —=In—7—, (10
k(p:s) k(P".s")

is often used in the physical organic chemistry literature as a
wherek(®9 is the rate constant when the primary and secquantitative measure of the extent of breakdown of the rule
ondary atoms are in their most abundant isotopic fopraed  of geometric mean. Figure 6 displays the probability of the
s. In this notation, the rate constekif'+ corresponds to the estimated value of calculated using the data in Table | for
rate of proton transfer when isotopic substitutions have beeprimary atom isotope$H and*H and secondary atom iso-
made for the primary atoms alone. Equati@f) is known as  topes?C and!%C. Care should be exercised to avoid over-
the rule of geometric meati,which states that the mass of interpretation of the results in Table | and Fig. 6. As can be
primary atoms does not modify the magnitude of secondargeen in Table | and Fig. 6, different choices of reaction co-
kinetic isotope effects and vice versa. Although the rule ofordinate yield slightly different results for individual kinetic
geometric mean was originally derived in the high temperaisotope effects and the probability densityradefined in Eq.
ture limit in which% o< 2kgT, experiments have established (12). As no information concerning recrossing factors for the
that the range of validity of the rule extends to intermediatethree choices of reaction coordinate is available, it is difficult
temperature®® Semiclassical TST calculations for rate con- to assess which particular reaction coordinate provides a bet-
stant calculations based on simplified models have consiger estimate of the real isotope effects. Although some re-
tently reported negligible deviations from the rule of geomet-searchers believe that a lower quantum centroid TST rate
ric mean>’ However, when tunneling contributions are indicates a better choice of the dividing surfaCein the
incorporated in an approximate fashion by multiplying theabsence of an exact variational principle requiring recrossing
semiclassical TST reaction rates by the truncated Bell’s tunfactors to be smaller than unity in quantum centroid transi-
neling correction factdf ¢, where tion state theory, there is little evidence to suggest a preferred
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0.1 ‘ T ‘ - ‘ ‘ ‘ system, the magnitude of the secondary isotope effect on the
B potential of mean force was found to vary significantly with
the mass of the transferring proton. When unimolecular cen-
troid TST rate descriptions are appropriate, this variation
suggests the mass of the primary atom influences the magni-
tude of secondary kinetic isotope effects, a phenomenon
which is considered to be a signature of secondary atom
tunneling effects in the physical organic chemistry
literature3®
Significant tunneling contributions to secondary kinetic
isotope effects have been demonstrated to be important in
several reaction¥, including some occurring in biochemical
systems such as alcohol dehydrogenase enzymatic
. — reactions'®~*?In these systems, the tunneling contributions
0 : ‘ ‘ - : to secondary kinetic isotope effects have been interpreted
0 1 2 3 4 5 6 7 8 . . ips .
¢ (dimensionless) using simplified models of the potential energy surface and
Bell's treatment of the tunneling effett>"*°In these stud-
ies, an increased secondary atom contribution to the negative

FIG. 6. The probability density for defined in Eq.(12) using primary
isotopes'H and®H and secondary isotopé&C and*®®C. The skewed prob- ; . . }
ability densities are obtained using the probability densities for the reactior?'genv""Iue of the Hessian of the mass-welghted pOtentlal en-

ergy calculated at the transition state configuration is be-

rates in Table I. The solid line corresponds to reaction coordifiga@d the

dashed and dotted lines correspondjcand &, respectively. lieved to account for the increase in the dependence on the
mass of the secondary atoms of the tunneling corrections. As

these considerations are not dependent on the details of any

reaction coordinate choice, particularly since the reaction Coépecific model, the predictions are likely to be correct in a

ordinates result in overlapping confidence intervals for mosbualitative sense and offer am posteriori explanation for

reaction rates. One can perhaps view the inability to identifymany of the experimental results where the breakdown of the

a preferred reaction coordinate as leading to a brogute- rule of geometric mean is observed. However, the use of

norma) probability density of p_os_sible Vall_JeS pﬂescribed simplified models and the approximate treatment of tunnel-
by the envelope of the three distributions in Fig. 6.AIthoughing effects in the Refs. 37 and 39 precludes any accurate
prediction of secondary kinetic isotope effects. More accu-

it is likely that the envelope of the three distributions in Fig.
6 is a conservative estimate of the uncertgl_nty,me €NVE" " rate calculations could be based upon realistic molecular me-
lope of the probability density in has negligible area in the : . . : . . .
. : ) : o chanics potentials which describe chemical events in combi-
semiclassical TST region=1. This result implies that the . . . .
; nation with centroid quantum transition state theory
breakdown of the rule of geometric mean calculated by cen- . . .
troid TST is likely to be valid for any reasonable choice of methods. Such calculations have been carried out by Hinsen
ind Roux via computation of the EVB centroid potential of
ean force for the proton transfer process in the enol form of

reaction coordinate and strongly suggests the rule of geomel-
ric mean does not hold when exact dynamical methods are . :
) afcetylacetone. In their study, Hinsen and Roteported a
used to calculate reaction rates. The breakdown of the rule 0 . N : .
substantial contribution of the quantum dispersion of the

geometric mean suggests that tunneling of the carbon atoms . . )
is an important component of the reaction mechanism in thgucleqr carbon. degrees of freedom to the barrier helght n
EVB study of the tautomerization process in the malonaldep(:"mro!d potential of mean force_. In the_presc_ant ar_tlcl_e_, the
hyde “core,” and is likely to be important in proton transfer potent]al energy tgrms responsible for mduc;ng significant
reactions in which secondary kinetic isotope effects aretunnellng cont_rlbutlons to secondary carbon |sotop§ _effects
found to depend on the mass of the transferring proton. on th(_a potential of mean forge were analyzed u_t|I|z|ng an
empirical valence bond potential adapted to describe the pro-
ton transfer reaction in malonaldehyde. Several factors were
IV DISCUSSION AND CONCLUSIONS found to significantly influence the magnitude of the isotope
In this article the origin and magnitude of centroid TST effects on the potential of mean force in a proton transfer
calculations of secondary isotope effects in intramoleculareaction where the motion of the primary atom is coupled to
proton transfer reactions have been investigated for molecihe motion of secondary atoms. First, important tunneling
lar mechanics andb initio potentials. The core region of the contributions to secondary isotope effects are expected if the
transfer process was modeled to have the chemical topologyotion of the secondary atoms is significantly more pro-
of malonaldehyde for which very accuradb initio centroid  nounced in the neighborhood of the transition state surface
TST calculations are possible. It was demonstrated that pdhan in the reactant well. Second, a increase in the mass of
tential energy terms coupling the motion of the transferringthe primary atom also decreases the magnitude of the tunnel-

proton with the motion of secondary atoms can induce ang contribution to the secondary isotope effects.
In contrast to the results based upon the EVB potential,
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breakdown of the rule of geometric mean predicted using
imaginary-time path-integral calculations. Such a scenariavhen an accurat@b initio electronic structure calculation

arises in the proton transfer reaction in malonaldehyde demethod based on density functional theory with a PLAP ex-
scribed by an empirical valence bond potential. In the EVBchange functional is used for the core proton transfer region,
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the quantum effects of the heavy nuclear degrees of freedofreedom of the secondary atoms are not treated quantum-
have only a marginal statistical significance, contributing tomechanically. In particular, when calculating proton transfer
at most 0.2 kcal/mol to the total decrease in the centroideaction rates, the nuclear degrees of freedom of the second-
potential of mean force at the transition state. It was showrmary atoms which are coupled significantly with the motion of
using the bond evolution theory potential that this differencethe primary atom should be treated quantum mechanically.
could be attributed to a smaller projection in the transitionThese findings have important implications to the way in
state region of the most probable reaction path onto motionghich path-integral calculations of reactive processes are de-
of the carbon skeletal atoms. Our results appear to be isigned.

moderate disagreement with a very recait initio path-
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