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In a recent papdD. Antoniou and S. D. Schwartz, J. Chem. Phy&0, 465(1999] we calculated

the reaction rate for a proton transfer reaction in liquid methyl chloride. In that work, we used a
spectral density obtained from a molecular dynamics simulation as input to a quantum Zwanzig
Hamiltonian which we solved using our exponential resummation method. In the present paper we
perform a similar calculation, allowing for a position dependent friction using the method of G.
Haynes, G. Voth, and E. Pollg. Chem. Physl01, 7811(1994)]. Compared with the results of our
previous work, we found that including spatial dependence to the friction led to enhancement of the
reaction rate and to reduction of th&/D kinetic isotope effect. ©1999 American Institute of
Physics[S0021-960809)51715-7

. INTRODUCTION e 'RL'F(0) is the “clamping” approximation where the
8rceF(t) is calculated while holding the reaction coordinate

In the last few years substantial progress has been mam# .
y prog ixed at the top of the barrier.

in the study of quantum reaction rates in solution. Most of . . .
these studies model the coupling of the reaction coordinate to (I;[ Zas b_eci_n esftabllslhed experltr)nent?lly ﬂ:at theAGLI_Et_|s Ia
the environment through a spectral density. The advantage g°° et_scnp IOE E)lrs _ar?ﬁ tnl:rr]n ?r (t)' Syli emsl. ¢ critica

this approach is that one can start from some realistic inte2SSUMption In £qlL.5) 1S that Ine iriction kerne (1) is

molecular potentials and perform a molecular dynamic ?:;psnggr‘.tcgr sﬂ:s E?’Sc::%’;iarfzvrvi\cl;:é I:elz:c?ngs i.(:c;\’c\)'ln
(MD) simulation in order to calculate a spectral density, u ! imu‘ati : ' u

which can then be used in a rate calculation. In a previou ion this assumption is violated. Before we show how we can

papet we applied this methodology to a quantum study Ofmcorporate a spatially_ dependent frictic_)n ip the framework
proton transfer in liquid methyl chloride. A limitation of this of the GLE (and later, in a quantum activation rate calcula-

approach is an implicit assumption that the friction is inde-:E'r?en())’ryv\:)e]c rr;Zi?iotnor:g;l” three important resuilts from the
endent of the position of the reaction coordinate. In the X o
P P The first result is the Kramers—Grote—Hynes théory.

present paper we have repeated our guantum calculation %amerg assumed Markovian dynamics and solved the

the methyl chloride system, this time including a positionF Kker—Plank tion in two limiti for hiah and
dependent friction. In order to explain the methodology we oKKer—riank equation in two imiting cases, for high an
low friction. Further progress along this direction was made

have followed, we will first discuss some concepts and re- . . .
sults from classical rate theory. by Grote and Hyneé€ who included memory effects in their

A large number of activated barrier crossing reactions ir‘tl‘l‘.”“:ge\/:n $q$ﬁt|or} stugy \tNh'Ck:, the}{ solve(? tm trt1het h'gh'
liquids can be adequately described by the generalize iction imit. They found a transter rate equar to the transi-
. . tion state theor(TST) rate, times the Grote—Hynes coeffi-
Langevin equatioriGLE) ) - .
cient kgy=MAg/w,, Where Ny is the frequency of the
. unstable modeat the transition state and, is the inverted
+f dt’ y(t—t')s+F(t), (1.1 barrier frequency. . . _ '
0 The second result, which provided a microscopic foun-
dation to the Langevin equation, was the prob§ Zwanzig
whereV(s) is the potential along the reaction coordinate that when the dynamics of a system obeying the classical
F(t) is the fluctuating force of the environment, am(t) is Hamiltonian
the dynamical friction which obeys the fluctuation—

aV(s)
ds

mgs=—

2 2 2
dissipation theorefn P Pk 1 o oS
H= 2mS+V(s)+§k‘, 7 + 5 Moy ay ma?) |
1 ne 1.3
y(t)= —=(F(0)e"'*"'F(0)). 1.2
kgT is integrated in the bath coordinates, the generalized Lange-

vin equation[Eq. (1.1)] is obtained if one is willing to pass
Here,L is the Liouville operator and the operafrprojecté  to the continuum limit. The coupling of the reaction coordi-
onto the orthogonal complement &f There are good nate to the environment is expressed through the tegs;
argument$” that suggest that a reasonable way to calculatén Eq. (1.3. The GLE viewpoint requires knowledge of the
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dynamical frictiony(t), which can be expressed in terms of tion. The goal of the work presented in this paper is to show
the microscopic coefficients, ,my,wy that appear in Eq. how important this approximation is in a real chemical sys-

(1.3 as tem and how the assumption can be relaxed and the result
2 corrected.
Y= CKZCOS{wkt), (1.4) The structure of this paper is as follows. In the next
k Moy section we will show how the GLE can be generalized to

for a discrete bath. It is important to notice that the solution'n?IUde position-dependent friction. _In Sec. Il we wil apply

of the GLE depends only op(t) and not on the particular this method to a quantum calc_ulatlon of proton_ transfer in

set of parameterg,,m,,w, that generate it through Eq. chlori)methane. We_*_‘a"‘? studied this _sy_stem in an earlier

(1.4). We shall see in Sec. Il that the GLE can be generalize&vork_ assuming posﬂmn-mdepquent friction. qu new cal-

for a spatially dependent friction by changing the form of theC_UIa.t'.OnS will show that the posn!on dependent frlc_tloq dpes

couplingc,sq, in Eq. (1.3 [see Eq(2.1) below]. significantly affect both the reaction rate and the kinetic iso-
The third result was the establishment of a connectior}®P® effect.

between the TST and GLE viewpoints by Polf8ke first

solved for the normal modes of the Hamiltonian E#}.3

and then used the result in a calculation of the reaction ratg. SPATIALLY DEPENDENT FRICTION

through the multidimensional transition state theory. Some-

what unexpectedly, he rederived the Kramers—Grote—Hynes A lot of attention has focused recently on the problem of

result. In order to make this result more intelligible we Langevin equation with spatially dependent frictfgn:®

should point out that the modésin Eq. (1.3 need notlex-  There have been two approaches to the problem.

cept in the crystalline caseefer to actual modes of the sys-  The first” is a variational approach that maps the

tem; rather, they represent a hypothetical environfig¢hat ~ POsition-dependent _problem to an eff_ec_tive pargbolic t_)grrier

generates a dynamical frictiop(t) through Eq.(1.4), such transfer problem, with an effective friction that is position-

that when entered in the GLE E€L.1) provides an accurate independent. This approach leads to a result for the rate that

description of the dynamics. This means that the Grote-can be interpreted as a Grote—Hynes coefficient with a

Hynes theory is ransition state theory for this hypothetical Position-dependent friction.

environment The second approathstarts from the modified Lange-
These results solidified our understanding of rates of reVin Ed.(2.2) and uses the equivalence of the Kramers theory

action in solution and led naturally to a scheme for rate calf® the multidimensional TST. It has been establisfiédby

culations that has been employed oftamd uses as input a numerical comparison that there is agreement between the

molecular dynamics simulation: two approaches. _ .

(i) Perform a molecular dynamics simulation and calcu- N this work we shall follow the Langevin equation ap-
late the force—force correlation function, which according toProach. In the spirit of Zwanzig's work we start from the
Eqg. (1.2 is proportional to the dynamical frictiom(t). following Hamiltonian:

(i) Solve the Kramers problem that corresponds to a p2 2 2

. - e s k 1 ckg(s)
dynamical friction equal to the one calculated in stép H= +V(s)+ D, — + =Mwi| gx—
: 2m T |2m, 2 KUK Mo
Then the Kramers—Grote—Hynes correction to the TST rate s k k™K
is obtained. (2.1

Moreover, this scheme has also been used in quanturhhe position dependent part of the friction is manifest in the
calculations, for example in the investigations cited in Ref.spatial dependence of the coupling funct(s). The bilin-
12 and in our previous quantum calculafidor the system ear coupling case is recovered whgs) =s. An assumption
we examine in this paper. The reasoning behind using a mdias been made that the functional form of the coupt(g)
lecular dynamics simulation as input to a quantum calculais the same for all modeds.
tion is that since most of the solvent modes are of low fre-  Carmeli and Nitzan have sho#hthat the dynamics of
guency, they are thermally excited and it is justifiable to usghe Hamiltonian Eq(2.1) is equivalent to that of the effec-
classical dynamics to calculate the spectral density&qd).  tive Langevin equation

Then one can solve a quantum generalization of the Zwanzig /

Hamiltonian Eq.(1.3); the bath oscillators are considered to mg$= — ﬂ+ ftdt’ dgls(t)] dgis(t’)] y(t—t')s

be quantum mechanical instead of classi{ea shall discuss 9 Jo ds ds

later the validity of this assumptignWe should emphasize dg[s()]

that there is not any oversimplification involved in treating + TF(t), (2.2

the bath as harmonic, since, in the framework of the gener-

alized Langevin equation, the only observable is the frictiorwhereF (t) is the random force when the reaction coordinate
v(t) of Eg. (1.4); therefore we can use in the Zwanzig is clamped on the transition state. Equati@®) shows that
Hamiltonian Eq.(1.3) any harmonic bath that reproduces thethe effective friction kernel is not only nonlocal in time, but
correct friction kernely(t). It is the case, however, that the also depends on a time-correlated product of derivatives of
GLE/Kramers—Grote—Hynes/Pollak approach is still an apthe coupling function. As we mentioned in the introduction,
proximate one. One approximation, as mentioned above, ithe molecular dynamics simulations of the GLE are per-
the independence of friction on the reaction coordinate posiformed by clamping the reaction coordinate on some posi-
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tion along the reaction path. In that caggy/ds is indepen-
dent of time and Eq(2.2) has the form of a GLE with
random force

dg F 2.3
JsF, (2.3
and a friction kernel that satisfies the following fluctuation—

dissipation theorem:
= dg)* F(t)F(O 2.4
Ys(t)—kB—T ds (F(1)F(0))s+, 2.4

where the subscri”™ means that the average is taken with
the reaction coordinate clamped on the transition state.

It is convenient to introduce a new function
dg

ds

2

: (2.9

G(S)E(

whose physical meaning will be clear shortl$(s) obeys
the boundary condition
lim G(s)=1.

s—s”

The bilinear coupling casé.e., position-independent fric-
tion) corresponds t&(s) =1, or equivalently, toy;_+. The
position-dependent friction E@2.4) can then be written as

(2.6

dg\?
'YS(t):(&) Ys#(1) =G(S) ys=(1), (2.7
which shows thaG(s) is the reaction coordinate-dependent
part of the friction.
We should point out that Eq2.7) indicates that the
function G(s) can be obtained from the value of the friction
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FIG. 1. The potential energy surface for the phenol-amine complex. The
position of the transition state is shown at the bottom of the graph.

(c) The friction kernely4(t) is calculated and with the
help of Eqs(2.7)—(2.8); the couplingg(s) is obtained. Then
one solves for the Hamiltonian E¢R.1) to obtain the effec-
tive Grote—Hynes rate.

llI. PROTON TRANSFER IN LIQUID METHYL
CHLORIDE

As mentioned above, the system we will examine is the
proton transfer reactioAH—B=A"—H"B in liquid me-
thyl chloride, where theAH—B complex corresponds to
phenol-amine. There have been several recent quantum stud-
ies of this system. Azzouzz and Borffiperformed two cal-

kernel att=0. This is a consequence of the fact that theculations, one based on centroid theory and another on the
friction kernel is calculated in the clamping approximation. Landau—Zener theory. The two methods gave similar results.
In any case, Eq(2.7) allows for the calculation ofG(s) = Hammes-Schiffer and Tuffy used a mixed quantum-

without the numerical difficulties that plague the long-time classical method and predicted a rate that is one order of

tail of molecular dynamics simulations.
One can invert Eq(2.5 and write

g(s)= J;ds’ VG(s').

Of course, the functiols(s) does not contain any new
information in addition tag(s). The reason that two physi-

(2.9

magnitude larger, and a kinetic isotope effect that is one
order of magnitude smaller than the Azzouzz—Borgis results.
In a previous work we performed a quantum calculation
using the evolution operator technigue we have
develope&? and found results that agreed qualitatively
with those of Azzouzz and Borgis. In this section we will
examine how our previous results are affected when we al-

cally equivalent quantities have been introduced is that ther@W for a position-dependent friction.

are two approaches to the dynamics of charge transfer, as
explained in the introduction: either one starts from the GLE

[when y4(t) is the observable an@(s) is the fundamental
guantity] or one starts from the Hamiltonian E@.1), when
the couplingg(s) is the fundamental quantity. The work of
Voth and collaboratofS™'8 gives a strong indication that

The potential for the phenol-amine complex is shown in
Fig. 1. The intermolecular and the complex-solvent poten-
tials have a Lennard—Jones and a Coulomb component as
described in detail in Refs. 1, 20, and 21. In Ref. 1 we per-
formed a MD simulation with one complex molecule and
255 solvent molecules. The temperature was fixed at 247 K.

these two approaches are equivalent, as in the case of thgoM MD simulation we obtained the friction kerng(t).

position-independent friction.

Once the functiorg(s) is known, one can make the fol-
lowing modification to the molecular dynamics Kramers—
Grote—Hynes scheme we outlined in the introduction.

(a) Fix the proton at some positioa and run a MD
simulation. The friction kernel is calculated from the force—
force correlation function.

(b) The previous step is repeated for several values of

Once y(t) is known, one can calculate the spectral density
J(w), defined as the cosine Fourier transformygt):

ok

myw

J(w)=g§k: Slw— ). 3.1)

k
OnceJ(w) is known, the dynamics of the Hamiltonian Eq.
(1.3) has been completely determined and we solved it using
the exponential resummation methgd® We should point
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TABLE |. Comparison of the rati&/kzpg of the quantum rat& overk,pg,
which is the TST result corrected for zero-point energy in the reactant well.
Also shown are the Landau—Zener and centroid calculations from Ref. 20
and the molecular dynamics with quantum transition result from Ref. 21.

This work This work Borgis Borgis Tully
with full g(s) with g(s)=s (LZ) (centroid (MDQT)

9965 1150 907 1221 9080

Gts)

spectral density is peakgdvhich is about 2.5-5 psec. In this
sense, one can say that the proton is much “faster” than the
“slow” solvent.

For the present work we modified our previous calcula-
oy B—— 5 03 06 tion as described in Sec. Il: we fixed the proton at various

s (Angstroms) positions and repeated the molecular dynamics simulation.
_ . - ) We obtained the functio®(s), that we plot in Fig. 2, which

FIG. 2. G(s) is the position-dependent part of the friction. It is not mono- . . . .
tonic for reasons discussed in the text. The dashed lines denote the positiol‘% the position-dependent part of the friction kernel. We will
(from left to right of the reactant well, the transition state, and the productPostpone the interpretation of Fig. 2 until the end of this
well. section. Using Eq(2.8 we then calculated the coupling
g(s), which we show in Fig. 3. Once the couplings) is
known, the Hamiltonian Eq2.1) has been fully determined
and we can proceed with the calculation of the reaction rate.
Similarly to our previous works on the quantum Kramers
problem, we calculated the quantum reaction rate using the
Miller—Schwartz—Tromp formuf4

out that the dynamics of Eq1.3) depends on the bath pa-
rametersc, ,m, ,w, only in the combination that appears in
Eq. (3.1); this statement just rephrases the fact that the dy
namics of Eq(1.3) is described by the generalized Langevin
Eq. (1.1). 1 [+
We found that the spectral density was peaked at low K= Q_f dt'Ce(t’), (3.2
frequency(roughly 10 cmit), which means that most of the R7O

solvent modes are thermally excited. This is consistent wittwhereQg is the partition function of the reactants aGe(t)
the assumption we have used that the spectral density of ttie the flux—flux correlation function

bath can be approximated with the corresponding classical 1

quantity. We also note that the decay time of the quantum  C(t)= —zf dqf dq’

flux—flux correlation function(which determines the time- 4mg

scale of the quantum transfer processas about 0.2-0.5

psec. This is much shorter than the characteristic timescale of X
the solvent(roughly 27 over the frequency at which the

2

|<s’q’le““‘CISQ>IZ} : (3.3

s=s’=0

4sds’

where mg is the proton masst,=t—iB/2 is the complex
time, g is a multidimensional bath coordinate akdis the
quantum Hamiltonian Eg2.1). The integral is evaluated at
the transition stats=s’=0.

Our results for the quantum rate are presented in Table I.
] For comparison, we also show the results of Refs. 20, 21.
The columng(s) =s refers to the position-independent case,
as calculated in our earlier wdrlon this system. Compared
T to our earlier results which assumed position-independent
friction, the rate increased by an order of magnitude.

The calculated value for th/D kinetic isotope effect
(KIE) is shown in Table Il. In order to understand this result
we return to the Hamiltonian E§2.1). Thes-dependent part
is

gis)

2t

. . . ' . TABLE Il. Comparison of theH/D kinetic isotope effects. The methods of
-0.6 -0.3 0 0.3 0.6 calculation are the same as in Table I.
s (Angstroms)

This work This work Borgis Borgis Tully
FIG. 3. The coupling functiog(s). The deviation from a straight line is the  ith full g(s) with g(s)=s (LZ) (centroid (MDQT)
deviation from bilinear coupling. The positions of the transition state, the.
reactant, and product wells are also shown by the dashed vertical lines, 37 83 40 46 3.9
similarly to Fig. 2.
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ﬁgZ(S) IV. DISCUSSION

c
+, —+ . . .
V() Ek kawﬁ qo; C9(s) 3.4 In this paper we calculated the rate for a proton transfer
reaction in liquid methyl chloride. In our previous work on

For this argument we consider the potential with theoor- his system we used a quantum Hamiltonian like Bigd)

dinates fixed atj, because of the separation of timescales o ith bilinear coupling of the reaction coordinate to the bath.

the reaction coordinate transfer and solvent modes that wWas e corresponding classical system, this approximation is

explained earlier. In Fig. 3 we can see that near the trans't'oequivalent to assuming that the dynamics is described by the

state,s=0, the functiong(s) is almost linear, which means GLE E : . . -
! ) o . _ g. (1.1 with spatially independent friction. In that
that the third term in Eq3.4) is linear ins and the second is work we found resultgsecond column in Tables | and) I

positive and proportional te”. T_he sSquare of the efiective that were in qualitative agreement with Ref. 20.

frequen(_:y at the top of the parner IS proportlonal to the sec- Numerical simulations have shown, however, that for

ond derivative of Eq(3.4) with respect s, .Wh'Ch means  some systems the friction kernel depends on the reaction
that the freque_ljcy at the top_of the barrier is reduce_d. Com(:oordinate. The GLE can be generalized for a spatially-

pared to the bilinear case this frequency reduction is Iargerdependent friction kernel as described in E(@1)—(2.4).

since the slope aj(s) near the trans!t|on state=0 IS I‘?rger We performed a MD simulation that generated the coupling
tha_n the slope of Fhe b|||r_1ear functl_cg(s):s. This f'?" functiong(s) and our new quantum rate calculation resulted
tening™ of the barrier top is responsible for the reduction 0fin a value nine times larger than our previous result that had
the value of the K”.E' . . assumed a position-independent friction. As can be seen in
We shall now discuss the shape(s) that is shown in Table I, our result for the rate is now in very good agreement

Fig. 2; n p?”'c‘%'ar vge hr?ve to eXP'a'” WL@(S) IS nﬁt a  with Ref. 21. On the other hand, even though our new cal-
monotonic function, but has a maximum between the r€aCe lation for theH/D KIE reduced our previous result by

tant well and the transition state. Let us recall a model noN: ore than half, it is still in better agreement with Ref. 20.

I?near COLfglliQ% function that has been used frequently in theﬁnfortunately, our calculation did not resolve the discrep-
literature. =" ancy between the results of Refs. 20, 21. Nevertheless, our
g(s)=s+ es[l—e*32’252], (3.5 work makes clear that relaxing the assumption of a spatially

) ) . ) . independent friction can have substantial effects on the cal-
wheree is a nonlinearity parameter, while the width param- cyjated quantum reaction rate.

eter § determines the length scale of the nonlinear coupling.  only 10 years ago, a multidimensional quantum calcula-

For small displacements from the transition stste=0, We  tion of reaction rates in a condensed phase would be consid-
can make a Taylor expansion g{(s) and then calculate greq all but impossible and one would have to settle for some

G(s)=(dg/ds)*: type of Landau—Zener calculation, or to use the Wolynes’
3e 9e2—5¢ formula?® In the last 5 years such multidimensional quantum
G(s)=1+ —s°+ ——s* (3.6 calculations have become routine after the development of
5 45 : )
several methods that we mention briefly below.
A very interesting feature of Ed3.6) is that there is a Our exponential resummation meth@d® a Monte

qualitative change as we move from strong to weak nonlinCarlo path integral method, and Pollak’s perturbation
earity. Fore>5/9, Eq.(3.6) increases monotonically when method?® all start from the Zwanzig Hamiltonian Eq1.3).
we move away from the transition state. For weak nonlinearThe importance of spatially dependent friction points out the
ity however, where<<5/9, G(s) has the form of an inverted need for more microscopic quantum methods for multidi-
double well, exactly like our result in Fig. 2. Even though mensional systems.
this argument explains the shape®fs) shown in Fig. 2, it
is not very meaningful to carry this analogy further since theACKNOWLEDGMENTS
model function Eq(3.5 assumes a symmetric potential en-
ergy surface. With this caveat in mind, in the framework of
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