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Calculation of Rate Constants for Proton Transfer between Tethered Oxygens
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To model proton transfer in biological systems, we consider a modifi€}Hsystem, in which each of the
two outermost hydrogens (H*) is assigned a large mass in order to represent a backbone. For the pote
energy surface of our model, we add a harmonic function, called the “backbone term”, to the potential ene
function of Ojama, Shavitt, and Singer ford®,". This backbone term holds the H* atoms apart and, thus,
provides various oxygenoxygen distances and barriers for proton transfer. Variational transition-state theo
(CVT) rate constants converge for H* masses greater than 1000 amu. These rate constants decr
exponentially as the backbonbackbone equilibrium distance increases. CVT rate constants also decrea
as the backbone-term force constant increases and converge in the limit of a large backbone-term force con:
Tunneling effects are more important at low temperature and for larger values of backbone-term force const
or backbone-backbone equilibrium distances. The motion of the system along the minimum energy pa
from the saddle point to the product involves the motion of the proton between two relatively fixed oxygel
followed by fragment motion and relaxation into the product well.

1. Introduction AR Al

Proton transfer is a fundamentally important process in both H
chemistry and biology. For example, the biological mechanisms \
of carbonic anhydrask? histidine decarboxylasg,bovine
plasma amine oxidase,alcohol dehydrogenase, and -~
bacteriorhodopsfT® are all thought to involve proton-transfer 0/
processes. In a biological system, proton transfer can occur by — \
the migration of a proton through the medium, such as water, H
or by the direct transfer of a proton between two large molecules
or membranes. Also, proton transfers between polypeptides and
bases in the gas phd&e? and between water molecules in
acidic solution&14 are of interest to chemists. Here, we
consider direct gas-phase proton transfer between protein chains
or within the backbone of a macromolecule.

In this work, we model a proton-transfer reaction between
two heteroatoms in biological systems. In particular, we
calculate the rate constants for gas-phase proton transfer between

two hydrogen-bonded _hydroxyl groups attached to different Figyre 1. Schematic diagram for the proton-transfer model considered
macromolecules or to different regions of the same macromol- here.

ecule, as shown in Figure 1. In our model, the backbone regions 5:0m is held somewhat more tightly and about 0.5 A closer to
of the macromolecule(s) are replaced with single hydrogen ina packbone.

atoms with a variable mass (H*). Thus, our modelis chemically  ynger the Borr-Oppenheimer approximation, the dynamical
equivalent to studying proton trgnsfer in®*, for which a behavior of the HO,* system is determined by the total
large number of theoretical studies have been perfortié8.  gjecironic energy as a function of the nuclear coordinates, i.e.,
Note that in our model, the proton is transferred between e potential energy surface. Fortunately, several potential
oxygens attached to hydrogens. However, in a biological gnergy surfaces for 4@," are availablé318-20 The potential
system, each oxygen is bonded to a carbon atom of the gnergy surface we use here was developed by Giahall420
backbone. The experimental force constants for these bondsan important feature of this and most other surfaces for the
are somewhat different: 5.42 mdyn/A for the-O bond in HsO," system is a global minimum with an-@D distance of

methanol and 8.45 mdyn/A for the-&4 bond in watef? In approximately 2.4 A and a proton midway between the oxygens.
addition, the CG-O equil.it.JriLIJm bond d?stance .in methanol IS Hence, in the equilibrium configuration ofs8,*, a proton is
1.42 A and the &H equilibrium bond distance in water is 0.96  shared equally between the two water molecules. To represent
A.2L Thus, the major difference in using an-® bond instead  proton transfer between hydroxyl groups attached to macromo-
of a C-0O bond for the H*-O interaction is that the oxygen  |ecular backbones, the potential energy surface for our model
is obtained from that of kD,™ by adding a “backbone term”

® Abstract published irAdvance ACS Abstractfecember 15, 1997. that holds the H*'s apart. This backbone term is taken to be a

S1089-5639(97)02722-9 CCC: $15.00 © 1998 American Chemical Society
Published on Web 01/01/1998




182 J. Phys. Chem. A, Vol. 102, No. 1, 1998 Immaraporn and Isaacson

TABLE 1. Barrier Heights (in kcal/mol) for Proton Proton-transfer rate constants were obtained for various sets
Transfer in HsO," between Fixed Oxygens of backbone-term parameters and H* masses using several levels
Ro-o (A) ab initio'* potential function of transition-state theory. In conventional transition state theory
TST)2527 the rate constant at temperaturdor the unimo-
2.60 6.5 8.7
2.80 32.8 32.0 lecular reaction in the present work is given by
harmonic term containing two adjustable parameters, a force TST/m — keT Q¢(T) Vv
kK>(M)=— exp(=V'/kgT) )

constant and an H*H* equilibrium distance (see below). This h Q,(T)

force constant governs the rigidity of the backbone-backbone

separation, while different HH* equilibrium distances result ~ whereks is Boltzmann’s constanh is Planck’s constany/* is

in different oxygen-oxygen distances; this leads to different the classical potential energy of the saddle point relative to the

barrier heights for proton transfer. We note that an extra energy of the hydrogen-bonded reactant at its equilibrium

harmonic term has been used together with ab initio electronic geometry,Qa(T) is the partition function of the reactant, and

energies in studies of the potential energy surfaces for the Q¥(T) is the transition-state partition function at the saddle point.

HsO,™, H4OoLi T, and HO,~ systems by Kar and Schein@.  (In this work, the bound vibrational and rotational motions were

We further note that the use of an extra harmonic function in assumed to be separable, and the vibrational partition functions

the potential energy surface is similar to the technique employedwere computed quantum mechanically within the harmonic

in two studies of proton transfer in water molecule cha#?s. approximation.) An improved version of TST, called canonical

Those authors maintained the linearity of the water chain by variational transition-state theory (CV%3;%° yields more

placing the whole system in a cylindrical harmonic restoring accurate rate constants by optimizing the location of the dividing

potential, in which harmonic terms were connected to each of hypersurface. By locating the dividing hypersurface at the

the oxygens. reaction “bottleneck”, CVT minimizes recrossing effects. The
In real systems, proton-transfer reactions might occur for unimolecular CVT rate constant is given by

various backbonebackbone interactions and for various dis-

GT
tances between donor and acceptor functional groups. Thus, ot _ . KeTQP(TS)
the major goal of the present work is to study the dependences k(M msl h Q.M XPI-Vier(ke Tl (3)

of the proton-transfer rate constant on the distance and rigidity
of the H*—H* separation. In section 2, we discuss the methods whereVyep(s) is the classical potential energy at a point on the
used in this study, and the results are presented in section 3minimum energy path (MEP) corresponding to reaction-

Section 4 summarizes our conclusions. coordinate values, and Q®™(T,s) is the generalized transition-
state partition function ak. Exploration of the MEP is
2. Theory and Computational Methods performed by a steepest-descents method in mass-scaled cool
) ) dinates?® For chemical reactions involving the transfer of a
The potential energy function we use fors®* was hydrogen atom, quantum effects should not be neglected. In

developed by Ojaifeaet al:*2°by fitting a functional form to the present work, these effects are included by multiplying the
a large number of ab initio points computed at the MP2 level cyT rate constant by transmission coefficients obtained from

with an aug-cc-pVTZ basis set. The functional form consists  semiclassical approaches developed by Truhlar é¢2#:
of two-body interactions, three-body interactions, and electro-

static contributions. Although the ab initio calculations are high KEVTS(T) = «EVTe(MKEVT(T) (4)
level, the fit is not quantitatively accurate. For example, the o
energy barriers to proton transfer for two different fixed WwherexCVTC is given by
oxygen—oxygen distances evaluated from the ab initio data and
. . . . CVTI/G _
the fitted potential energy function are compared in Table 1. ¥ (M=

For these calculations, the starting geometry was obtained from expVy(s. = T (MK T] oo
the optimized MP2 geometry by varying the-@ distance. z T . fo PSAS(E) exp(—E/kgT) dE (5)
The proton-transfer process was then assumed to occur along ke

the O-0 vector, and the ©H—0 bond angle was restricted
to be linear. While the barriers obtained from the potential
energy function and the ab initio data are in good agreement
for an O-0 distance of 2.80 A, the results differ by 34% for
an O-0 distance of 2.60 A. Nevertheless, we are confident
that the basic topology of the fitted potential energy function is

wheres.CVT(T) is the location of the CVT transition state for
temperaturel. These methods assume that tunneling occurs
through the ground state vibrationally adiabatic potential energy
curve,Vy(s), which is obtained by the addition of the generalized
transition state zero-point energy to the classical energy along

correct, so it should describe the®" electronic energy well the MEP:

enough for the present model. As discussed above, to model F-1

our tethered-oxygen system, we add a harmonic term, called V() = Vyep(S) + ZEWB m(n, =09 (6)
the “backbone term”, to the 4@," potential energy function: = '

_ 1 B2 whereeyigm (Nm = 0,9) is the vibrational zero-point energy of
Vimodel = Viigo,+ + ToKo(Ripe = Ro) @) generalized bound normal mode. Here PSAG(E) is the
semiclassical ground-state probability of tunneling through
where ky, is the backbone-term force constant dRglis the V(S) at total energyE. In the minimum-energy-path semiclas-

backbone-term H*=H* equilibrium distance. In the present sical adiabatic ground-state method (MEPSA®¥2 the tun-
study, we have employed parameter values of 600 mdyn/A neling path is assumed to lie along the MEP. For cases in which
for k, and 4.136-4.830 A forR,. In addition, we have varied  the curvature of the reaction path is significant, inclusion of
m(H*), the atomic mass of H*, from 10 to 10 000 amu. this effect leads to the small-curvature semiclassical adiabatic
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Figure 2. Classical potential energy{er) for k, = 8.0 mdyn/A and Figure 3. Ground-state vibrationally adiabatic potential energy
R, = 4.130, 4.335, 4.500, 4.625, 4.731, and 4.830 A as functions of f, R, = 4.130, 4.335, 4.500, 4.625, 4.731, and 4.830 A aywet 8.0

reaction coordinate relative to the energy of the reactant for tifRat mdyn/A as functions of reaction coordinateelative to the adiabatic
value. energy of the reactant for th&, value.

ground-state approach (SCSABJ® The SCSAG method  parrier. The same trend is also observed in Figure 3, which
generally predicts a larger tunneling contribution _than the showsAVq(), i.e., the difference betwean(s) and the ground-
MEPSAG method does. When the curvature coupling to the state vibrationally adiabatic energy of the reactantkfor 8.0
reaction path is significant in more than one bound mode, a mdyn/A and the same set &%, values as functions of the
modified version of the SCSAG method, called the centrifugal- reaction coordinate. In fact, the presence of both classical and
dominant small-curvature semiclassical adiabatic ground-stategiapatic barriers is mostly determinedRy Generally, there
approach (CD-SCSA@)is recommended. All the calculations g no barrier forR, < 4.1 A (Ro_o < 2.5 A);: fork, = 1 mdyn/
presented in this work were performed with the POLYRATE ' & there is a barrier foR, > 4.1 A. We note that the present

4.0 progran?? classical and adiabatic barrier heights kg 8.0 mdyn/A and
) i Ry = 4.500 A (9.89 and 6.36 kcal/mol, respectively) are similar
3. Results and Discussion to, although somewhat larger than the corresponding MP2 values

We computed the minimum energy path (MEP) for different Obtained by Kar and Scheirféwith a 6-31-G** basis set (8.60
backbone-term parameters and H* masses by a steepest-descer@@d 4.54 kcal/mol, respectively). In addition, the present
method in mass-scaled coordinates with a step size of 0.0001decrease in the classical barrier heightRgr< 4.500 A is less
bohr, where the coordinates are scaled to a reduced mass of Pronounced than that observed by those authors. Along the
amu. This provides the system geometry and classical energyéaction path, we often found one or more regions where a
Vuver(s), relative to that of the reactant, as functions of the normal mode orthogonal to the reaction path has a double-well
reaction coordinates. At every 0.01 bohr along the MEP, we  Potential and, therefore, an imaginary frequency at the MEP.
performed a projected normal-mode anaffsimd obtained the These modes were ignored for the calculations in these regions.
ground-state vibrationally adiabatic eneryfy(s), of the system. ~ However, these modes affect the shap¥/#) by creating local
Note that, while the potential energy surface is insensitive to Minima along the reaction path, as shown in Figure 3. For
the H* mass, the MEP and, hence, Wg=p(s) andV4(s) curves, example, fork, = 8.0 mdyn/A andR, = 4.500 A, imaginary-
depend om(H*). Unless explicitly stated otherwise, we have frequency regions along the reaction path toward the product
chosenm(H*) = 10 000 amu for the results presented below. side occur fors between 0.18 and 0.90 bohr and &ioetween
Note also that the reaction path is symmetric: the reactant and1-43 and 2.54 bohr. The former explains the sharp decrease in
product are equivalent, and the saddle point lies midway betweenVa(s) for s around 0.70 bohr. In this region, the imaginary-
them. Therefore, we need to discuss only that portion of the frequency mode corresponds to-8-0 inversion. As we
reaction path from the saddle poist= 0) to the productg > continue to move along the reaction path, the frequency of this
0). Figure 2 displayd/vep(s) for k, = 8.0 mdyn/A andR, = mode once again becomes real, angs) increases from the
4.130, 4.335, 4.500, 4.625, 4.731, and 4.830 A as functions of contribution of this mode. After passing the local maximum
the reaction coordinates, This figure shows that the barrier (S = 1.1 bohr),V(s) drops rapidly in part because the mode
height and width increase dramaticallyRsincreases. Thisis  corresponding to ©H—O inversion again has an imaginary
consistent with the relationship between the barrier height and frequency.
the distance between proton-donor and -acceptor groups reported In Figure 4,Vyep(s) is plotted forR, = 4.830 A andk, =
by Scheinef® To understand this behavior, that author assumed 1.0, 2.0, 4.0, 8.0, 16.0, 32.0, and 64.0 mdyn/A. While khe
that the proton-transfer process can be decomposed into twoforce constant has a small effect on reactant and product
simultaneous separate processes: the bond dissociation of th@roperties, it significantly affects the properties of the system
proton from the donor and the bond formation of the proton at the saddle point and along the reaction path. In fact, the
with the acceptor. Qualitatively, the sum of the potentials of classical barrier height increases rapidlykgasncreases from
these two processes should give the proton-transfer potential,1.0 to 4.0 mdyn/A. Fok, > 8.0 mdyn/A, the barrier height
the maximum of which comes from the summation of the increases slowly toward a lardgg limit. We also note that
energies at the crossing point of these two potentials. BasedVuep(s) decreases to zero more rapidly for larggralues. To
on this argument, Scheiner reasoned that the longer the distancexplain these observations, we note that a smaller valug of
between proton donor and acceptor groups, the higher theleads to a less rigid system and allows the oxygen atoms to
intersection of these two potentials, and hence, the higher themove more during the proton-transfer process. In particular, a
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Figure 5. Ground-state vibrationally adiabatic potential enerdy) £ J
fork, = 1.0, 2.0, 4.0, 8.0, 16.0, 32.0, and 64.0 mdyn/A &pe- 4.830 8 450
A as functions of reaction coordinaseelative to the adiabatic energy § J
of the reactant for thak, value. A O-H*
greater shortening of the-dD distance at the saddle point for 325
smaller values ok, leads to a lower barrier height, as discussed 4
below. Similar trends are observed fAV,(s), as shown in 500
Figure 5. ‘ N ' '

[
For R, = 4.830 A andk, = 64.0 mdyn/A, the geometrical 0.00 075 S(‘t;i}?ﬂ 225 300

changes as the system proceeds along t_he reacti(_)n path fron,“:igure 7. Oxygen-oxygen (O-O) and donor oxygenproton (O
the saddle point toward the product are displayed in Figure 6. 4+ distances as functions of the reaction coordirsdter R, = 4.830
From this figure, we see that the proton first moves from one A andk, = 64.0 mdyn/A.

oxygen to the other, followed by the bending ofB—H angles - .

in the HLO™ moiety. The system then relaxes into the product ngoLoEé: Rate Constants (in s™) for Various H* Masses
well by twisting around the ©H—0 bond axis. The oxygen a

oxygen (O-0) and donor oxygenproton (O-H*) distances ~ MH*) (amu) TST ~ CVT CVT/MEPSAG CVT/CD-SCSAG

are also plotted as functions sfor this set of backbone-term 10 2.47(4) 2.47(4) 4.51(5) 1.09(6)
parameters in Figure 7. Betwesn= 0 ands = 0.7 bohr, the 100 1.75(4) 1.75(4) 3.09(5) 7.41(5)
0-0 distance remains nearly constant as theHD distance 1000 1.67(4) 1.67(4)  2.95(5) 7.08(5)

increases, corresponding to a direct proton transfer between fixed 10000 1.67(4) 1.67(4) 2.94(5) 7.05(5)
oxygens, in qualitative agreement with the behavior observed %, = 8.0 mdyn/A andR, = 4.731 A; power of 10 is given in

in an ab initio study of this system by Kar and Scheiterhe parentheses.

changes in these curves for larger values cbrrespond to the

other motions described above. The same kinds of motion are Since we are modeling a proton-transfer reaction between
observed for smaller values &, except that the relaxation  two hydroxyl groups attached to a backbone, we calculated rate
process involves some other types of motion, e.g-H3-0O constants for H* masses of 10, 100, 1000, and 10 000 amu.
bending along with twisting around the-®—0 bond axis.  The results at 300 K are shown in Table 2 Ry= 4.731 A
This leads to a longer reaction path, as shown in Figures 4 andandk, = 8.0 mdyn/A. No variational effect is observed here
5. We note for the calculation of the rate constants that the because the variational bottleneck is at the saddle point for this
saddle-point geometry has @& axis bisecting the ©H—0 set of backbone-term parameters; hence, both TST and CVT
angle. This gives a factor of one-half in the transition state predict the same rate constants. On the other hand, both
rotational partition function. reaction-path tunneling (CVT/MEPSAG vs CVT) and the
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TABLE 3: Mass-Dependent Properties of the Reactant and 75
Saddle Point for Various H* Masse$
J >—CVT
m(H*) A VR AV J ——— CVT/MEPSAG
(amu) (kcal/mol) (kcal/mol) (kcal/mol) Ia*Ig*Ic*/IaRIgRICR o4t  |=---- CVT/CD-SCSAG
10 41.219 30.281 10.938 0.745
100 38.374 27.231 11.143 0.721 Q
1000 37.697 26.526 11.171 0.714 B0 45
10000 37.517 26.343 11.174 0.713 O | N

3, = 8.0 mdyn/A andR, = 4.731 A.

incorporation of reaction-path curvature (CVT/CD-SCSAG vs
CVT/MEPSAG) are significant for all H* masses. For all
backbone-term parameters, both CVT and CVT/CD-SCSAG rate 1.5 y — T T —
constants decrease as the H* mass increases, and they converge 0 20 40 60 80
for an H* mass of approximately 1000 amu. To understand k, (mdyne/A)
these trends, the mass-dependent quantities in the TST ratesigure 8. Logarithm of the rate constants at 300 K as functionk,of
constant (see eq 2), i.e., the ground-state vibrationally adiabaticfor R, = 4.830 A.
potential energy of the reactant;R, and of the saddle point, o
V,f, the adiabatic barrier height\V,#, and the ratio of the ~ TABLE 5: CVT Rate Constants and Transmission

. . . Coefficients at 300 K and Saddle-Point OxygerOxygen
product of the three principal moments of inertia at the saddle §igiances Ro_o) for Various ky Values?
point to that of the reactanta*Ig*Ic*/IaRIgRICR, are listed in
Table 3 for the same set of backbone-term parameters as in ko (Mdyn/A)  Roo(A)  KWVT(s7)  wMEPSAC  wobmscsae

Table 2. From this table, we note thA¥, increases as the 1.0 2.638 5.46(6) 7.88 18.9
H* mass increases. This is becalsB decreases more rapidly ‘21-8 %;ég %-;g(i) ig-z 2‘13-%
thanV,* does as the H* mass increases. The increagevi : : 58(4) ’ )

. . 8.0 2.790 1.67(4) 17.6 42.4
leads to the decrease in the predicted rate constants between 15 2803 1.15(4) 18.1 42.4
m(H*) values of 10 and 1000 amu. For large H* masses, the 32.0 2.810 9.54(3) 18.2 42.4
decrease iR for increasingn(H*) is almost the same as that 64.0 2.813 8.71(3) 18.3 42.3

in VaF, and the moment of inertia ratio is relatively constant.
These result in the convergence of the predicted rate constants
for m(H*) = 1000 amu. Since, in our model, the H* atom process, as is evident from Table 5. Similar behavior was
represents the backbone of a very large molecule, we have takembserved in an ab initio study of this system by Kar and
the value ofm(H*) to be 10000 amu in the rest of the Scheine? This leads to lower proton-transfer barriers and
calculations presented herein. larger predicted rate constants for smakgvalues. Tunneling
The backbone term in our model potential energy function effects also play an important role in the dynamical behavior
represents the potential energy of a “spring” that holds the two of the system, especially at low temperature and for ldge
H* atoms apart. Fok, = 8.0 mdyn/A andm(H*) = 10 000 values. The CD-SCSAG method predicts more tunneling than
amu, this term yields a frequency of about 50¢érfor the H*— the MEPSAG method for alf; values. This is expected because
H* stretch. We have already noted how the backbone-term of the effects of reaction-path curvature. Tunneling contribu-
force constantky, affects theViyep(s) and Vy(s) curves. This tions from energies below 2.5 kcal/mol are no larger than 8%
force constant also affects the proton-transfer rate constant andor all the k, values studied here. Thus, by considering only
other dynamical properties, because it determines the overallthe shapes of th¥,(s) curves in Figure 5 above an energy of
flexibility of the system, as discussed below. CVT, CVT/ 2.5 kcal/mol, we might expect larger transmission coefficients
MEPSAG, and CVT/CD-SCSAG rate constants at 200, 300, for smaller k, values. However, the exponential factor,
and 400 K fork, values from 1.0 to 64.0 mdyn/A arig) values expVa(sCVT(T))/ksT], in the transmission coefficient (see eq
from 4.130 to 4.830 A are listed in Table 4S in the Supporting 5) is larger for a higher adiabatic barrier. This factor offsets
Information. We note that there is a variational effect (CVT the Boltzmann average of the tunneling probabilRyAS(E),
vs TST) only forR, = 4.130 A andk, = 1.0 mdyn/A and for in the largek, transmission coefficients, yielding larger trans-
R, = 4.500 A andk, = 1.0 mdyn/A. This results in increases mission coefficients fotarger k, values. We note that fdk,
in some of the predicted rate constantskashanges from 1.0 = 1.0 and 2.0 mdyn/A andR, = 4.130 A, the transmission
to 2.0 mdyn/A for thes&, values. A logarithmic plot of the  coefficients are less than one (see Table 4S). This results from
predicted rate constants at 300 Kkgdor R, = 4.830 A is also the fact that, for these sets of backbone-term parameters, the
shown in Figure 8. These rate constants computed both withoutadiabatic energy at the CVT transition state lies below the
and with the inclusion of reaction-path tunneling decrease very maximum of the ground-state vibrationally adiabatic cu/&.
quickly for k, values between 1 and 8 mdyn/A, while for higher To correct the MEPSAG and CD-SCSAG transmission coef-
ko, values, the rate constants approach a lkighimit. To ficients for the contributions from tunneling energies that lie
understand these results in more detail, the CVT rate constantbetweenV,(s-“VT(T)) andVAC, an additional factor, called the
and transmission coefficients at 300 K and the saddle-point classical adiabatic ground-state (CA&}ransmission coef-
oxygen—oxygen distance foR, = 4.731 A and variouk, values ficient, is included in the MEPSAG and CD-SCSAG rate
are shown in Table 5. All of these properties tend toward a constants, making them smaller than the CVT rate constant in
largek, limit. The reason for this is that for a lardg value, these cases. In summary, we find that the more flexible the
the H*~H* distance, and hence, the-® distance, remains  system (i.e., the smaller thg value), the faster the proton-
nearly constant all along the reaction path. However, for a small transfer reaction. When the system is very rigid, the effects of
k, value, the system is more flexible, and the oxygens move tunneling are expected to play a more important role in the
closer together at the saddle point during the proton-transfer dynamical behavior.

aR, = 4.731 A; power of 10 is given in parentheses.
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12.5 tunneling is not significant. However, for larger@ distances,
| VT tunneling is expected to be very important.
—— CVT/MEPSAG
10.0 N CVT/CD-SCSAG 4. Summary
= J In this work, we have studied a highly idealized model for
~ 75 symmetric proton transfer between oxygens attached to molec-
) . A -
o ular backbones. Canonical variational transition state theory
i (CVT) has been used to compute proton-transfer rate constants
5.0 - The potential energy surface we have used is a combination of
that of Ojamia et al'*#20 for HsO,* and an extra harmonic
1 “backbone term”. The key parameters of the model are the mass
2.5 — T T T of the backbone, the oxygeioxygen distance, and the flexibility
4.00 425 4.50 4.75 5.00 of the system. The latter two are controlled by the backbone
R, (A) term.
Figure 9. Logarithm of the rate constants at 300 K as functionBpof The predicted rate constants were found to converge for a
for k, = 8.0 mdyn/A. backbone mass of 1000 amu. As expected, we found that the
TABLE 6: CVT Rate Constants and Transmission energy barrier to prqton transfer i.S dependent upon the
Coefficients at 300 K and Saddle-Point OxygerOxygen backbone-backbone distance, as this affects the oxygen
Distances Ro-o) for Various R, Valuest oxygen (O-0) distance at the saddle point. Specifically, we
R (A) Roo (A) KT (sY) (MEPSAG ,.CD-SCSAG found that there is a barrier to proton transfer for a backbone
backbone distance greater than 4.1 A, corresponding to a
jégg g:ggg g:gggég i:%‘ %:22 minimur_n sao!dle-point ©0 distance of 2.5 A_, which is_, shorter
4.500 2592 2.64(9) 455 8.54 than typical distances between heteroatoms involved in hydrogen
4.625 2.652 1.01(7) 8.84 223 bonding in proteins and other large molecufedn addition, a
4.731 2.716 1.78(5) 13.3 36.1 larger saddle point ©0 distance leads to a higher barrier; this,
4.830 2.787 4.47(3) 17.5 42.3 in turn, leads to a nearly exponential decrease in the predicted
ak, = 2.0 mdyn/A; power of 10 is given in parentheses. rate constant. In general, the predicted rate constant at room

temperature decreases by-% orders of magnitude as the

We now consider the effect of thR, parameter in the backbone-backbone distance parameter increases from 4.13 to
backbone term on the predicted rate constants listed in Table4-83 A. The predicted rate constants were also found to increase
4S. Figure 9 contains plots of Idg(at 300 K vsR, for k, = as the degree of rigidity of the system decreases, as this leads
8.0 mdyn/A. This figure shows that the CVT rate constant 0 @ shorter ©-O distance at the saddle point and, thus, to a
decreases rapidly with increasify. In fact, logk) decreases lower barrier. H_ence, our model indicates that the proton-
nearly linearly withR, for R, > 4.335 A. Similar trends are transfer process is more rapid for shorter backbdma:kbone
observed for the CVT/MEPSAG and CVT/CD-SCSAG rate distances or more flexible backborleackbone interactions. In
constants. However. the CVT/MEPSAG and CVT/CD-SCSAG addition, tunneling effects were found to be most important for
rate constants do not decrease quite as rapidly as the CVT raté high _degree of rigidity, for a Iarge backbone-backbone
constants with increasing, because of the effects of reaction- separation, anql for low temperature. Finally, the protc_)n-transfer
path tunneling, as discussed below. Rate constants for othePTOCeSS described by our model was found to consist of three

backbone-term force constants exhibit similar behavior. As Eegrly dlsgmcé ;()jhases: motion of thi fra%rglents_fr(;m the
shown in Figures 2 and 3, a largB value leads to higher ydrogen-bonded reactant geometry to the saddle-point fragmen

barriers in theVyen(s) and Vi(s) curves. This explains the geometry, proton transfer from the donor oxygen to the acceptor

i oxygen with a relatively fixed ©0 distance, and motion of
observed decrease in the CVT rate constant asRthealue Yo y

) We miaht al h o fici the fragments to the hydrogen-bonded product geometry.
Increases. We might also expect the transmission Coefliclents g, iher“jnvestigations involving alternate treatments for the
to be smaller for a large¥y(s) barrier. However, as noted

) o imaginary-frequency normal modes orthogonal to the MEP and
abovg,_ the. expl(s-<T(T))/keT] factor in the t_ran§m|55|on for incorporating the high degree of reaction-path curvature in
coefficient is also large when they(s) barrier is high and  he calculation of the transmission coefficients are currently in
actually Iead§ to.anncreasmg.trgnsmlssmn coefhgent for progress. We are confident that this work provides greater
increasingR, in this case. This is demonstrated in Table 6, nsight into direct proton-transfer processes in biological systems
which lists CVT rate constants and transmission coefficients at gjnd demonstrates the utility of the present model for the
300 K and saddle-point ©0 distances for variouR, values  description of other, e.g., nonsymmetric, proton-transfer reac-
for k, = 2.0 mdyn/A. The increases in the transmission tjons.
coefficients for increasin&, partly offset the dramatic decrease
in the CVT rate constant factor in the CVT/MEPSAG and CVT/ Acknowledgment. The authors are grateful to Dr. Steve

CD-SCSAG rate constants for increasRgvalues. Therefore,  Scheiner for suggesting the ideas used in the model presentec
the effects of reaction-path tunneling are predicted to be most here and to Dr. Lars Ojatedor providing his potential energy
important for largeR, values and low temperature. As expected, surface. All calculations reported here were carried out on the
the CD-SCSAG method yields larger transmission coefficients Miami University DEC AlphaServer 2100 computer, and the
than those from the MEPSAG method. Furthermore, a larger computer time is greatly appreciated.

Ry, value leads to a larger H*H* separation; hence, the-@D

distance at the saddle point also increases with incredjng Supporting Information Available: Table 4S gives CVT,
Our model indicates that the proton-transfer process occurs mostCVT/MEPSAG, and CVT/CD-SCSAG rate constants at 200,
rapidly for small O-O distances, e.g., around 2.5 A, where 300, and 400 K for the model proton-transfer process considered
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herein. Results are listed f&g = 1.0, 2.0, 4.0, 8.0, 16.0, 32.0,
and 64.0 mdyn/A and fdR, = 4.130, 4.335, 4.500, 4.625, 4.731,
and 4.830 A (2 pages). Ordering information is given on any
current masthead page.
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