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energetic and entropic components which are sensitive to small
differences in active site environments.

The total of thermodynamic data gathered for this system, and
the ternary complex for the chicken species of DHFR reported
in the previous paper in this series, are being used to examine the
question of species specificity of trimethoprim for the bacterial
species. The results of these studies are to be presented elsewhere.
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Abstract; A theoretical study based on bidimensional model surfaces that retains the main features of the potential hypersurfaces
has been performed in order to analyze the influence of primary and secondary effects on intramolecular proton transfer tunneling
frequencies of malonaldehyde in the gas phase. To this aim, several isotopically substituted species have been considered.
The tunneling frequency is calculated and compared for the different species. It is found that substitution of the transferring
proton by deuterium or tritium greatly diminishes the tunneling whereas isotopic substitution of hydrogens not directly involved
in the transfer has no appreciable effect when the symmetry of the double well is preserved. However, these secondary effects
dramatically increase only by the introduction of a slight asymmetry in the double well potential by isotopic substitution. All
these results agree with previous experimental data on isotopically substituted malonaldehyde species.

I. Introduction

The possibility of hydrogen tunneling in chemical reactions was
recognized almost from the beginning of quantum theory.! Some
of the most definite information about the part played by the
tunnel effect in many processes comes from the study of isotope
effects!™'S on the rate of chemical processes.

Isotope effects can be classified as primary and secondary
according to whether they involve isotopic substitution in a bond
which is made or broken during reaction (i.e. primary) or in some
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other part of the reacting species (i.e. secondary). Primary
deuterium and tritium isotope effects in proton-transfer reactions
have been extensively used, but much less attention has been given
to the secondary isotope effects.

Experimentally, malonaldehyde (MA) is the prototype and most
thoroughly investigated molecule for the study of proton transfer
in polyatomic systems.2>!5 Regarding the isotope effects in this
intramolecular reaction, the work of Baughcum et al.2 is note-
worthy since the primary and secondary effects are studied by
the substitution of hydrogens by deuterium in different positions.
An important point suggested by the authors is that a small
asymmetry in the molecule induced by isotopic substitution could
have an appreciable quenching effect when the transferring hy-
drogen has been substituted by a deuterium and only a partial
effect when the transferring atom is a hydrogen.

From a theoretical point of view, a number of authors have dealt
with the MA system.'72* However, to our knowledge, the isotopic
substitution is only considered in the work of Shida et al.22 where
the primary isotope effect is evaluated.

The goal of this paper is to theoretically study the influence
of the isotope effects on proton tunneling frequencies by analyzing
several species of MA in the gas phase. Special attention will be
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Figure 1. Intramolecular proton-transfer reaction in malonaldehyde.
Numeration of atoms is used in the text to designate the isotopically
substituted atoms.

paid to the secondary isotope effect in systems where the symmetry
of the molecule is broken.

To designate isotopic species, we will show in parentheses the
isotopic atoms which replace the normal ones at specified positions
and a subscript will be used to indicate the atomic positions as
shown in Figure 1.

The rest of the paper is structured as follows: Section II
describes the calculational details. In sections Il and IV tunneling
in symmetrically and asymmetrically substituted isotopic species
of malonaldehyde are respectively studied. Finally, section V gives
the conclusions.

II. Calculational Details

The theoretical study of tunneling in polyatomic systems is difficult
due to the increasing number of degrees of freedom to be considered. A
very commonly used method to evaluate this quantum effect is to employ
the intrinsic reaction coordinate (IRC)?*"?® as a monodimensional tun-
neling path.

For a transfer of a light atom between two heavy centers the IRC
usually becomes too curved so that from a quantum point of view the
tunneling dynamics does not follow the IRC allowing the tunneling path
to cut the corner. In order to circumvent this problem the use of a linear
path (LRP) has been suggested. 0!

An additional drawback arising from the reduction of the dimen-
sionality is an incomplete introduction of the zero point energy (ZPE)
correction.2* On the other hand, a bidimensional representation of the
potential energy surface based on the monodimensional IRC and LRP
paths and including in some manner the ZPE correction seems to work
well for this system,2

In the following, we will begin in subsection A by obtaining the ab
initio reaction paths which are used in subsection B to build up the
bidimensional surfaces. Then in subsection C the tunneling model used
in this paper will be discussed.

A, Ab Initio Reaction Paths, Given that the isotopic substitution does
not change the potential energy surface, the structure of the minima and
transition state for proton transfer are the same for all the isotopic species
of MA. The corresponding 3-21G ab initio structures are taken from our
previous paper.?* Conversely, IRC and LRP have to be re-evaluated for
any different isotopic species using the same basis set.

For each isotopic species the IRC has been computed with the Gam-
Ess*? program by going downhill from the transition state to minima in
mass-weighted Cartesian coordinates.’®3* The unique mode with im-
aginary frequency determines the starting direction away from the
transition state. Assuming the harmonic approximation, we chose the
initial step size As that produced the appropriate energy lowering
S(As)2/2, where f is the negative force constant associated with the im-
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aginary frequency. Then the IRC is followed taking successive very small
steps in the direction of the negative gradient, which is equivalent to the
Euler method. An initial energy lowering of 0.0005 hartree and then
successive steps of As = 0.0265 amu!/%A have been used for the pro-
ton-transfer reactions.

The LRP is defined as a straight line obtained by linear interpolation
between the reactant and product in mass-weighted Cartesian coordi-
nates. The origin of axes is always at the center of mass of the molecule,
and the product axes system is orientated in precisely the correct manner
with respect to that of the reactant that the requirements of the linear
path not having any linear or angular momentum generated along it are
fulfilled.®®

B. Bidimensional Potential Energy Surfaces, In principle, in order to
study the tunneling dynamics the exact quantum hamiltonian in the
multidimensional hypersurface of the system should be diagonalized.
However, the number of degrees of freedom involved in the MA system
makes this calculation unattainable. To circumvent this problem we have
fitted** a two-dimensional quartic polynomial approximation that retains
the main features of the true multidimensional surface which are relevant
in tunneling dynamics. This reduces the problem to the diagonalization
of a bidimensional hamiltonian which can be performed using an ap-
propriate basis set. In particular we have considered a potential used
previously for the MA proton transfer by several authors?}2435-38

Vxs) = Vo) + %maﬂ[y -2 ]2 M

where
Vo(x) = —ax? + bx* + dx} 2
g(x) = ex? (3)

The polynomial used for Vy(x) is a simple model for a double well
potential. The parameter d vanishes when the double well is symmetric.
The g(x) formula is usually taken to represent a quadratic coupling.
Finally we note that as mass-weighted Cartesian coordinates have been
used a value of m = | has to be taken throughout all the calculations.

At this point it should be noted that in the multidimensional “real”
surface, the ZPE of 3N - 6 normal modes should be included whereas
only two modes will be considered in the reduced bidimensional surface.
In order to introduce the ZPE of the rest of the vibrational modes, an
adiabatic correction has been adopted as explained in ref 24.

For a symmetric double well the four adjustable parameters a, b, c,
and w have been fitted in such a way that the lengths and the ZPE
corrected energy barriers of IRC and LRP on the bidimensional surface
coincide with the “true” values on the multidimensional surfaces obtained
as described above.

For the other cases, as only a slight asymmetry is induced by isotopic
substitution, the additional parameter 4 is adjusted so that the zero point
energy difference between both wells is reproduced.

To clarify the relationship between the x and y variables and the real
atomic displacements it has to be noted that two kinds of nuclear re-
organization in going from reactants to products can be distinguished.
Motions that strictly come from the geometric difference between reac-
tant and product compose the first group. These motions lead from
reactants to products through the shortest path. The x coordinate in the
surfaces stands for this kind of motion. The displacement of the trans-
ferring H is the dominant component of this coordinate.

On the other hand, the second group of changes consist of distortions
of the reactant in such a way that an approach to the geometry of the
product is not provided but a path with lower energy barrier is allowed.
The y coordinate denotes this kind of motion. In this way, the dis-
placement along the y coordinate takes place only in order to facilitate
the motion along the x coordinate, but the values of the y coordinate are
identical for reactant and product. The more significant component to
this coordinate is the stretching between the hydrogen-donor and hy-
drogen-acceptor oxygen.

We finally note that the parameter w is the frequency of the bath
represented by the y coordinate for all the points with x = 0 (this is the
abscissa value at the transition state).

C, Tunneling Model, Assuming that our physical system has two
vibrational states whose energies are close together and very different
from those of all other states of the system, the problem is reduced to
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calculating the proton tunneling probabilities between a double well of
finite barrier involving only these two states.

Let us initially consider that the barrier between wells is infinite. In
this case there will be no tunneling so that two stationary states y; and
¥, with associated energy E, and E, appear, which correspond to the
proton located in each side of the barrier.

When the barrier is finite a coupling W takes place between both wells
so that ¥, and ¥, are no longer stationary states of the system. It can
be easily shown™ that the new stationary states y, and y_ have associated
the following eigenvalues:

E, = WE | + E)) + Y\ (B, - E))* + 4|Wf 4
E_=AHE + E) - W\ (E - E)? + 4w )

Wi, = (G (6)

From the dynamic point of view, if initially the system is in the state
V|, at time ¢ the waye function y(¢) is given by

where

Mo=ﬂﬂ@m9wﬁwmwﬁm9w@mw] ™

where 8 is defined by

2|
tan § = E-E ®
and @ is given by
Wiy = |Wpale’® ()]

The probability amplitude P;, of finding the system at time ¢ in the
state Y, can then be obtained:
4 WP

Py,(t) =
T

. t
_ EZ)Z sin’ [ 4|W12|2 +(E, - EZ)ZE] =

+—E_
—rt) (10

E
= (sin? 9) sin? (

We observe that the probability oscillates over time with a frequency
v, of 2(E, — E_)/h between zero and the maximum value which is equal
to sin? 8. This value indicates the maximum fraction of the proton that
leaks to the other well.

From eq 10 one obtains the tunneling frequency k:

2(E, - E
k=(+—)sin20 (11)

As mentioned above the tunneling probability depends on the vibra-
tional eigenvalues. In order to calculate them we use a basis set ¢,

¢-',n(x:}’) = x{x) &0 - A) (12)

where x; are localized Gaussian functions*®

(13)

x:(s) = (%)l/4 CXP[_TQ(S = 5-’)2

and {,(y — A) are shifted harmonic oscillator basis functions. The value
of the shift A, is given by

- (x|

2

A (14)

mw

Within this basis set we have constructed the matrix representation
of the double well hamiltonian, whose elements have been reported by
Makri and Miller.’® Diagonalization of this matrix provides the energies
(eigenvalues) and wave functions (eigenvectors) of the lowest states.
Good convergence is found by using a 31 Gaussian functions and 4
harmonic oscillators basis set, which gives rise to 124 basis functions for
the total system.

In order to evaluate the energies E| and E, of the states with infinite
barrier, a similar calculation has to be done by considering separately the
two sides of the double well. This calculation is not required when the
double well is symmetric.

(39) Cohen-Tannoudji, C.; Diu, B.; Lalog, F. Quantum Mechanics; John
Wiley & Sons: Paris, 1977.
(40) Hamilton, I. P.; Light, J. C. J. Chem. Phys. 1986, 84, 306.
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Figure 2. ZPE corrected intrinsic reaction coordinate (solid line) and

linear reaction path (dashed line) energy profiles for the (D) isotopically

substituted malonaldehyde. The parameter s stands for the arc length
along each path.

Table I. Lengths and Energy Barriers for the Symmetrically
Substituted Isotopic Systems

isotopic species ASire® ASRe®  Ere®  Ewrd
parent 2.08 0.97 5.31 18.34
(Dy) 2.29 1.28 6.11 19.15
(Ty) 2.45 1.52 6.43 19.46
(Dy) 2.09 0.97 5.31 18.34
(D¢, Dp) 2.10 0.98 5.30 18.33
(Dg.D7.Dy) 2.09 0.98 531 18.34
(D1.Dy) 229 1.28 612 1915
(D¢, Dg,Dy) 2.30 1.28 6.11 19.14
(Dg,D4,D4,Dy) 2.29 1.29 6.12 19.15
(D;,D,,'20,,1205) 2.38 1.29 6.11 19.14

9Total length in amu'/2A. ®Energy barrier in kcalmol™.

ITI. Tunneling in Symmetrically Substituted Isotopic Species

In this section we will deal with the tunneling effects of mal-
onaldehyde isotopic species where the symmetry of the double well
parent molecule is preserved. According to the methodology
previously presented, the IRC and LRP ab initio paths have been
obtained for the different cases. As an example, the ZPE corrected
IRC and LRP profiles for the (D,) isotopically substituted MA
have been depicted in Figure 2. The lengths and the ZPE cor-
rected barriers for all the studied species are presented in Table
I

From the results presented in Table I some interesting points
can be discussed.

As we are using mass-weighted Cartesian coordinates, when
an isotope substitution affects an atom that moves along a given
path, the path length will increase proportionally to the partici-
pation of the atom motion in the total length of the path. The
LRP consists of motions strictly along the x coordinate. The
transferring proton, atom number 9, is the only one clearly involved
in this path, so an appreciable increment of the LRP length takes
place when hydrogen 9 is substituted by deuterium or, more
appreciably, by tritium.

Obviously, the transferring atom motion also takes place along
the IRC so that the same length increment is observed along this
path with deuterium and tritium substitution. However, the IRC
implies motions not only along the x coordinate but also along
the y coordinate. It has been shown?* that the shortening of the
proton acceptor and proton donor oxygen atoms distance has an
important contribution to the IRC. Therefore, isotopic substitution
of both oxygens by 80 leads to an increment of the IRC length
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Table II. Bidimensional Surface Adjustable Parameters for the
Symmetrically Substituted Isotopic Species
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Table III. Splittings and Tunneling Frequencies? for the
Symmetrically Substituted Isotopic Systems

isotopic species a° b & e isotopic species E,-E? ke

parent 44.8 94.3 0.94 682 parent 8.20 4.92 (1)
(Dg) 29.7 36.2 0.53 676 (Dy) 0.30 1.80 (10)
(Ty) 22.3 19.4 0.38 670 (Ty) 0.03 1.80 (9)

(Dy) 447 941 093 676 (Dy) 7.90 474 (11)
(D¢, Dg) 44 .4 93.2 0.92 671 (Dg,Dy) 7.94 476 (11)
(Dg,D4,Dy) 44.5 93.1 0.93 678 (D¢,D7,Dg) 7.93 4.75 (11)
(D.Ds) 298 362 054 675 (D7.Dy) 0.29 174 (10)
(De.Dg,Ds) 296 358 053 668 (D¢.Ds,Ds) 0.29 174 (10)
(De.D7Dg,Dy) 296 358 053 673 (De.D7.Dg,Dy) 0.29 174 (10)
(D7D, %0, 80;) 294 354 050 638 (D7D, 80, 180y) 0.26 1.56 (10)

2In kcalmol"bA-2%amu!. In kcabmol™»A%amu=2. ¢In mdynA-2,
9In cm™!,

N " '
\\\\\ - = "‘/

E:W/

v(x,r)

Figure 3. A three-dimensional perspective and contour plot of the bi-
dimensional energy surface for the (D) isotopically substituted malon-
aldehyde. x and y coordinates are in amu‘/zvi and the potential energy
in kecal/mol.

whereas in this case the LRP remains almost unchanged.

Finally there are atoms that do not make any noticeable con-
tribution to the path lengths so that an isotopic substitution of
them does not affect the total length of the paths. As seen in Table
I, hydrogens 6, 7, and 8 pertain to this kind of atom.

Regarding the energy barriers, for the IRC the difference
between the isotopic species comes only from the different ZPE
corrections. As this correction depends only on atoms that directly
intervene in a bond that is formed or broken during the reaction,
a higher barrier is obtained only when the transferring hydrogen
9 has been substituted by a heavier isotope. Finally, we note that
as the same correction of the IRC is applied to the LRP, the
barrier variations along this path follow the same trends as those
of the IRC.

With the lengths and barriers presented in Table I we have fitted
the parameters in eq 1-3 so that bidimensional analytic surfaces
are readily obtained. The values of the adjusted parameters for
the different symmetric species are shown in Table II. The
frequencies » presented in this table are related to w in eq 1 by
the usual formula

w =2y (15)

For illustrative purposes Figure 3 depicts one of the bidimen-
sional surfaces for the studied cases (the (D) species). As in the
parent malonaldehyde molecule aiready studied,? the x coordinate
coincides with the LRP direction which is mainly represented by
the transferring proton motion. On the other hand, the y coor-
dinate represents the modes that couple to the proton transfer along

2Power of 10 in parentheses. ?Splitting in cm™. ¢Tunneling fre-
quency in s7L.

the IRC. As previously noted, the O—O stretching is the more
significant component to this coordinate.

In the transition state the y direction is orthogonal to the IRC
and the corresponding frequency has a value of ». As seen in Table
I, this frequency presents only small variations along all the
studied isotopes with the exception of the (D;,D,,120,,120;) case
where a lower frequency is obtained. This result agrees with our
previous interpretation as the O—O stretching frequency will be
lower when the mass of the atoms is increased. The value of this
frequency in the transition state for the “true” parent malon-
aldehyde multidimensional surface of 674 cm™ provides further
agreement to that assignation.

For these symmetrical double well problems the energies of the
“uncoupled” E, and E, states are the same and thus

Ey - E_=2|Wy (16)

In this special case sin 8 takes its maximum value of 1 and eq

10 reduces to
E,-E
Pyy(t) = sin? [( +2h )t] (17)

So in this case the tunneling frequency k coincides with the
frequency », with which the maximum leakage of the proton to
the other well occurs.

Table III presents, for the different symmetric substituted
isotopic species, the tunneling splitting (E, — E_) and the tunneling
frequency k. We observe that the isotopic substitution of the
transferring proton (primary effect) leads to a dramatic diminution
of the splitting and, consequently, of the tunneling frequency. In
fact, when hydrogen 9 is substituted by deuterium the splitting
reduces one order of magnitude whereas for the tritium species
the reduction rises to an additional order of magnitude.

On the contrary, substitution of some of the nontransferring
hydrogens by deuterium has only a very minor effect on the
tunneling splitting as seen in Table III. Thus, the secondary
isotopic effect is usually negligible, the splitting depending only
on whether the transferring hydrogen has been deuterated. The
only exception to this fact is found for the isotopically substituted
oxygen species presented in the last row of Table III where a
clearly lower splitting is obtained confirming the participation of
oxygens in the proton transfer tunneling dynamics. We finally
note that these results do not hold for the asymmetrically sub-
stituted isotopic species which will be considered in the next section.

Comparison of our results with experimental results for some
of the studied species® shows that theoretical splittings are always
clearly below the experimental values. However, the relative values
between different isotopic species are consistent with experiment
with the exception of the (Dg,D3,Dg) species where the experi-
mental splitting seems anomalously high.

IV. Tunneling in Asymmetrically Substituted Isotopic Species

In order to evaluate the effect of the breaking of the symmetry
in the tunneling dynamics with isotopic substitution we have
considered two species (Dg,D;) and (Dg,D;,Ds) which can be
compared with the symmetric (Dg,Dg) and (Dg,Dg,Dg) species
considered in the previous section.
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Table IV. Lengths, Energy Barriers, and Double Well Asymmetry
for the Asymmetrically Substituted Isotopic Systems

iSOtOpiC SpeCiCS AS; RC® AS) LRpa E 1RCb E LRPb E ASYMb
(DeDy) 2.09 098 G (eE 0.0
(Dg,D7,Dg) 2.30 1.28 {&o7) 1570} 0.10

9Total length in amu'/2%A. ?Energy in kcal'mol™.

Table V. Bidimensional Surface Adjustable Parameters for the
Asymmetrically Substituted Isotopic Species

isotopic species a® b & M d
(De,Dy) 44.6 93.6 0.92 674 041
(D¢,D3,Dy) 29.7 36.0 0.53 667 0.18

2In kcabmol"bA-2amu™!, ¢In kcalmolhA4amu=2 ¢In mdyn-A2,
4In cm™!. ¢In kcabmol hbA»amu/2,

Table VI. Energy Differences and Tunneling Frequencies® for the
Asymmetrically Substituted Isotopic Systems

isotopic species E; - E,? sin? 9 »e k
(D¢,Dy) 24.9 0.081 1.56 (12) 1.30(11)
(Dg,D4,Dy) 28.4 0.00044 1.70 (12) 7.4 (8)

9Power of 10 in parentheses. ®In cm™, ¢Ins™.

Table IV presents the lengths and ZPE corrected barriers along
the IRC and LRP paths for both asymmetrical species. The
asymmetry of the double well is denoted in the last column of
Table IV where the energy difference between both wells E sgyy
is calculated. Due to this slight asymmetry, two different barriers
have to be given for both the IRC and LRP paths.

When comparing the data in Table IV with the same results
for the symmetric (Dg,Dg) and (Dg,Dg,Dg) species presented in
Table I, we note that the change of D, by Dy does not produce
any notorious variation in the calculated lengths and barriers so
that the only difference comes from the small asymmetry character
(0.1 keal/mol) introduced.

With the lengths and barriers of Table IV we can now obtain
analytical bidimensional surfaces by fitting the parameters in eq
1. Results are presented in Table V.

Results in Table V are again readily comparable to those of
the corresponding symmetric species shown in Table II with the
addition of the term d which now, given the asymmetry of the
system, has a nonzero value,

In order to determine the vibrational levels of these asymmetric
systems, (4) and (5) can be written in the form of a limited power
series expansion in |Wy,|/(E, — E,) up to a second order. The
following expressions are obtained:

[Wial?
_= - (18
) )

|W1l?
E,=E + 19
s=Er g (19)
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where it has been assumed that E, > E,.

Table VI gives the main parameters that characterize the
tunneling dynamics of these systems. The last column in Table
VI, which gives the tunneling frequency, can be readily compared
with the same magnitude in Table IV for the corresponding
symmetric species. This comparison clearly shows that now the
purely secondary effect which presents the (D¢,D;) species is
already very important, the tunneling frequency having been
clearly reduced. For the (Dg,D;,Dy) species where both primary
and secondary effects are present the quenching of tunneling by
secondary isotopic effect is still magnified so that a very low value
of k is obtained.

The reason for the difference between asymmetric and sym-
metric secondary effects can be analyzed by looking at the sin? 6
and », values whose product gives the tunneling frequency. It is
clearly seen that the sin? 6, which gives the fraction of the proton
that tunnels to the other well, dramatically diminishes as compared
with the value of unity for the symmetric cases. This effect cannot
be totally compensated by the larger frequency »,, with which the
maximum of probability density oscillates between both wells in
the asymmetrical species.

Our results agree with a previous assumption done in order to
interpret the microwave spectra of malonaldehyde and some
isotopically substituted species.’ In that work it was assumed that
a small asymmetry in the potential could have a more appreciable
quenching effect when the transferring proton is substituted by
a deuterium. Similar symmetry-breaking effects to the ones
reported here have also been previously predicted for other in-
tramolecular proton transfer reactions,*.4

V. Conclusions

In this paper we have presented a theoretical study of the
primary and secondary effects on proton tunneling dynamics of
malonaldehyde. From a chemical point of view it has been shown
that primary isotopic effects which take place by substitution of
the transferring proton by deuterium or tritium leads to a con-
siderable diminution of the tunneling frequency. On the other
hand, substitution of hydrogens not directly involved in the proton
transfer leads to a secondary effect which is negligible when the
symmetry of the double well is preserved. However, if only a small
asymmetry is introduced by isotopic substitution, the secondary
effects dramatically increase. This quenching of tunneling by
asymmetric isotopic substitution is still more important when the
transferring proton is also substituted by a deuterium.

Finally it can be noted that the results presented here seem to
confirm that our working bidimensional model retains the main
features of the potential energy surfaces which are necessary in
order to correctly evaluate the tunneling dynamics of the system
and, therefore, it can be used to describe a variety of chemical
problems.

(41) Kunze, K. L.; De la Vega, J. R. J. Am. Chem. Soc. 1984, 106, 6528.
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