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Effect of Large-Amplitude Vibrations on the Thermodynamics of Malondialdehyde
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A study of the effect of large-amplitude vibrations on the thermodynamic properties of malondialdehyde is
presented. By using ab initio methodology at the MP2(FC)/6-311G(d,p) level, the internal rotation of the
two aldehydic groups is analyzed. Two maxima are localized on the two-dimensional potential surface, and
the global minimum is found in &; conformation. The highest maximum appears because of steric hindrance
between the oxygens, whereas the second maximum is due to steric hindrance between the hydrogens of the
two aldehydic groups. After determination of the nonrigid group of the molecule, we obtain kinetic and
potential functions adapted to the r@presentation. With these functions, the two-dimensional vibrational
Hamiltonian is solved variationally, and the torsional energy levels are calculated for the first time. The
fundamental frequencies of vibration for the two torsional modes are found to be 48.35 and 87:0ITbim

effect of nonrigidity in the thermodynamic properties of malondialdehyde is determined by comparison of
nonrigid and harmonic results. In the nonrigid case, it is found that the increase of the density of states
affects mainly the value of the partition function, whereas its temperature derivative is almost constant.

Introduction different pattern of energy levels. Despite this, the harmonic
approach is widely employed, being easily applied with standard
guantum-mechanical packag€sOn the other hand, the Pitzer
method?! can enhance the results, but it does not consider the
dependence of the kinetic terms on the large-amplitude coor-
dinates. In addition, this method uses a too restrictive expression
for the potential energy.

In this work, we start a theoretical study of the effect of large-
amplitude vibrations on the keteenol tautomerism. Thus, we
begin analyzing the effect of large-amplitude vibrations in the
thermodynamic properties of keto malondialdehyde. For this
tautomer, we develop a two-dimensional vibrational model for
the simultaneous torsion of the keto groups. The model
accounts explicitly for the kinetic and potential coupling between
both torsional modes. In addition, the dependence of the kinetic
Yerms on the torsional coordinates is also considered. By
developing analytic forms for the kinetic terms and the potential
function, the torsional energy levels are calculated for the first
time and introduced into the partition function. The effect of
the nonrigidity of malondialdehyde on its thermodynamic
properties is accounted for by comparison with the predictions
of the harmonic approach. The origin of the discrepancy is
analyzed.

Malondialdehyde is the simplestdicarbonyl compound. It
is an interesting molecule from a biological point of view since
it is one of the most significant products of metabolic or
deteriorative lipid damage. lIts formation during food processing
and storage is used in quality control. In addition, its ability to
react with—NH; groups has carcinogenic and mutagenic interest
because of the possible reaction with free amino acids, proteins,
nucleic acids, and amino phospholipids. The different biological
roles played by malondialdehyhe have been reviewed by
Aubourg?

Malondialdehyde is also the prototype of the ke&mol
interconversion and, in the enol form, the prototype of intramo-
lecular hydrogen bonding and proton transfer. The most stable
tautomer, enol, has been the subject of many theoretical studie
dealing mainly with the problem of proton transfep. In
contrast, very few theoretical studies have been carried out on
the keto form and those mainly involving some aspects of the
conformational preferences of this tautorfiet. The existence
of large-amplitude vibrations in both tautomeric forms makes
malondialdehyde well-suited for analyzing quantitatively the
effect of soft vibrations on the thermodynamics of the keto
enol interconversion, especially the entropic variation. This is
an aspect of the calculation of free energies in nonrigid
molecules, a topic of interest for the modeling of biological
system$. For the treatment of our two large-amplitude vibrations we

In the keto form the two aldehydic groups rotate against the Wil use the pure vibrational Hamiltonial,

CCC frame simultaneously, producing a pair of coupled large-

amplitude vibrations. The result is a stack of torsional energy R 2 2 & aB; 3

levels very different from the predictions of the usual harmonic H= zz Bj—————[+V(6,0) (1)
approach. These large-amplitude vibrations have low-frequency [ 06; 96, 96, 90;

energy levels, which appear as negative exponents in the

partition function. Thus, the thermodynamics of the keto whereB;j are the kinetic terms/ is the potential, an@. andf,
tautomer is especially influenced by these vibration modes. are the torsional coordinates. Equation 1 accounts for the
However, the usual model applied to the prediction of thermo- noncommutability of the momentum operator andBje¢erms.
dynamic properties is the harmonic one, which gives a very The B kinetic terms are obtained ash?g;/2, whereg; are the
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last 2 x 2 elements of the rotationalibrational G matrix12
For our periodic two-dimensional problem, the kinetic terms
and the potential will be expanded in a double Fourier series,

B = nZo(aﬂ’m sinmo,) + by, cos(n@l))n: (0 SIN(B,) +
d; , cosby))
V= Zb(em sin(md,) + f,,cosMmd,)) ) (9, sin(nd,) +
h, cos(0,)) (2)

Figure 1. Numbering convention and origin conformatiafy & 0°,
6, = 0°) for malondialdehyde.

TABLE 1. Character Table for the G 4 Group in
To account for the correct symmetry properties, these expansiondvilondialdehyde

must be adapted to the totally symmetric representation of the Gs E (13)(45)(67)(89) E* (13)(45)(67)(89)*
nonrigid group of the molecule. The Hamiltonian, eq 1, will A, 1 1 1 1
be variationally solved in the free rotor basts. A 1 1 -1 -1

After calculation of the torsional energy levels, the thermo- B: 1 -1 -1 1
dynamic properties of malondialdehyde will be statistically B2 1 -1 1 -1

calculated from the partition function. Thus, . . .
harmonic and nonrigid approaches have been calculated with

3N-8 the PARTI program’
= exp[—vy(i)/2kTJ/(1 — exp[—v,(i)/KT]) x
9= 4% Il_l PEvoll)/2KTIC PEvo(/KT) Results and Discussion
s The numbering convention used, the two torsional angles,
> expl-¢/kT] (3) 61 (0sCsC2C1) and6; (04C1C2Cs), and the origin conformation
) (61 = 0°, 6, = 0°) for malondialdehyde are shown in Figure 1.
. . . . . The nonrigid group for the double rotation of the keto groups
with ¢ and g being the translational and rotational partition g 5 G, group with operationgE, (13)(45)(67)(89) E*, (13)-

functions, (45)(67)(89)%. These operations correspond to the identity,
ol the simultaneous inversion and interchange of the torsional
0, = (2tMKT/h)™V angles, the inversion of the torsional angles with respect to the
CCC frame, and the interchangefand,, respectively. This
q, = (@"40)(kD¥(ABO]"? (4) group is isomorphic t&;,, and its character table is shown in
Table 1.
Here,M is the total massg the Boltzmann constartt,the Planck A conformational analysis is performed on the and 6
constant.T the absolute temperaturé,the volume, ands the angles from 0to 180 in increments of 6D(specific stationary

symmetry number, i.e., the order of the rotational group of the Points, such as global minimum and saddle points, are also
molecule, and®, B, C are the rotational constants. In eq 3 the determined). The positive sense of rotation is defined as
product runs on the harmonic vibrations and the summation clockwise when looking from Cor Cs to C;; see Figure 1. At
corresponds to the vibrational levels for the two large-amplitude €ach point the molecular geometry is fully optimized. The
modes. The thermodynamic properties are calculated with the global minimum is found in th€; symmetry conformatio,

usual statistical formula@l = 263), 02 = —120.62. These data agree with thé,U.ZO’
conformation obtained in ref 8, at the MP4(SDTQ)/6-31G(d,p)/
G=—-RTIn Q+ RTd In Q/3V); 16-31G(d,p) level, by keeping the first angle frozen at 0n

the equilibrium conformation, the rotational constants are
found: A = 0.4350 cm!, B = 0.1089 cm?, andC = 0.0936

H= RTZ(a In Q/aT)y, + RTM@ In Q/3V); cmL. Atthis point, a normal mode analysis is performed. The
calculated harmonic frequencies are found (in"&m 67.89,

S=RT(OIn Q/aT), +RINQ 127.79, 245.63, 472.65, 656.41, 719.62, 866.35, 942.44, 1071.25,
1107.33, 1223.47, 1323.67, 1428.14, 1441.68, 1455.95, 1771.28,
1787.37,2970.30, 2997.46, 3072.31, and 3141.09. An analysis

U= RTZ(B In Q/aT)y ®) of the normal coordinate composition shows that the two first

modes correspond mainly to the internal rotation of the keto

Computational Details groups.

The molecular geometry, the normal mode analysis, and the To derive a pot(_ential form for both inte_rnal rotatio_ns, Fhe total
kinetic and potential functions for malondialdehyde are obtained €nergy data are fitted to a double Fourier expansiofhiand
from ab initio results using the correlated, triple split plus 92 Of Symmetry adapted to the eepresentation of the group.
polarization 6-311G(d,p) basis set. Correlation energy is 1Nus, the potential function, eq 2, adopts the form
accounted for at the MP2 (frozen core) level. All the calcula-
tions are carried out using the GAUSSIAN 94 pack#jeThe V= ZZCmn(cos(’n@l) cosff,) + cosfif,) cosmb,)) +
rotationat-vibrationalG matrix and the kinetic terms for large m zn
amplitude vibrations are obtained using the KICO progtam, Sa(Sin(mo,) sin(nd,) + sin(nd,) sin(md,)) (6)
whereas the vibrational energy levels are variationally calculated
with NIVELON.® The thermodynamic properties in the The resulting potential function is shown in Table 2 and the
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180 TABLE 3: Torsional Energy Levels for the Double Rotation
of the Keto Groups in Malondialdehyde; The First Energy
Level Is Placed at 94.42 cm! of the Potential Well;
130 Symmetry Referred to the G, Nonrigid Group
v vz symm v (cm?)
0 0 a 0.00
601 by 0.00
= & 0.05
by 0.05
,E} o 1 0 a 48.35
2 & 48.36
b, 48.40
by 48.40
o 2 0 2 68.01
& 68.02
by 76.34
-120 bz 76.37
0 1 2 87.01
. & 87.09
=180 . by 98.68
180 b, 98.82
1 1 & 114.45
& 114.60
b, 129.81
Figure 2. Potential energy surface for the simultaneous rotation of by 131.12
the keto groups in malondialdehyde. The interval between isopotential
lines is 200 cm. Darker zones represent low-energy zones. obtained from the rotationalvibrational G matrix!2 at each

. o ) point of the conformational analysis. We observed thaBje
TABLE 2: Potential and Kinetic Terms Expansions for the andB.» pure kinetic terms vary from 4.6 to 2.09 chwhereas
Internal Rotation of the Keto Groups in Malondialdehyde: 62 PU ry ' : 1
Expansion Terms in cnt?; Correlation and Standard the couplingBy1, 62 term, changes from-2.79 to—0.05 cnT™.
Deviation Are Included These data show an important kinetic coupling between both
motions. Similarly to the potential, the kinetic terms are

term Vv Bo161 = B2 Bo1,62 - .
expanded on anaymmetry adapted double Fourier expansion.

800 (constant) 5%03?396 024326 :8'%3 The results are collected in Table 2. Using the potential and
Cﬂ 231.13 —0.082 0.001 kinetic expansions, the Hamiltonian, eq 1, is variationally solved
o 28.89 0.442 —0.203 in the free roto_r basi¥ To_ factori_ze by _symmetry the
Ca 121.40 —0.134 —0.025 hamiltonian matrix, the following basis functions are used for
Coz 49.57 0.081 —0.032 each representation of the, Group,
Cso —140.45 0.187 —0.091
Ca2 67.03 —0.035 —0.028 .
Con 8.92 0,043 0,002 a;. cosfmb,) coso,) + coshel? cosmo,) x .
Su —126.47 —0.036 —0.333 sin(md,) sin(nd,) + sin(n,) sin(mo.)
Sa 13.25 0.125 —0.079
S 76.61 0.081 —0.018 i . .
S 11326 20336 0.102 a,: cosfmd,) sin(nd,) + sin(nd,) cosfmb,)
S3 —13.08 0.253 —0.041
R 0.99985 0.99872 0.99999 b.: cosfm@.) sin(n®.) — sin(h®.) cos
o (cm) 7.73 0.160 0.019 1 Mg,) sin(6;) (n6,) coso,)

two-dimensional potential hypersurface in Figure 2. Bouma and P2 €0S(nd,) cos@d,) — cosdy) cosmd,) x

Radom® in a previous two-dimensional study performed using sin(mé,) sin(nd,) — sin(nd,) sin(md,) (7)

fixed distances and angles at the HF/STO-3G and HF/4-31G

levels, found qualitatively similar results. However, our surface  The obtained torsional energy levels are collected in Table
exhibits four equivalent global minima, owing to the; G 3. The pattern of energy levels is far from the stack of equally
symmetry. A secondary minimum (104.84 chis found at spaced energy levels predicted by the harmonic approach. The
0, = 71.97, 0, = 124.27. The highest maximum (1431.46 fundamental frequency of vibration is 48.35 thfor the first
cm™1) is found in thed; = 0°, 6, = 0° (origin) conformation. mode and 87.01 cni for the second. These data can be
This maximum appears as a consequence of sterical hindranc&ompared with the 67.89 and 127.79 <nharmonic results;
between the two oxygens. For a similar reason, a smaller see above. As expected, our values are smaller since the

maximum (1019.31 cri) appears at; = 180, 6, = 18C° harmonic frequencies computed at the HartrEeck and
because of sterical hindrance between the hydrogens. Thecorrelated levels overestimate the experimental retilts.
minimum along thed; = 6, diagonal C, symmetry) is found The effect of nonrigidity in the thermodynamic properties of
to be 106.82 cm! at §; = 6, = 101.78. This point is our molecule is accounted for by comparison with the harmonic

characterized as a first-order saddle point on the glohiai results. Thus, internal energy, entropy,S enthalpyH, and
dimensional hypersurface. These angle values are smaller tharGibbs energyG, are obtained for both the harmonic and the
the 61 = 0, = 110° and thef; = 6, = 106.9 results obtained nonrigid models. In the harmonic case the canonical ensemble
by Mack for C, conformations in a one-dimensional study at consists of a mixture of two enantiomers. These enantiomers
the HF/4-31G and HF/6-31(d,p) levels, respectively. Another correspond to torsional angles éf = 2.63, 6, = —120.62
minimum (444.68 cm?) appears at; = —0, = 124.55. and 0, = 120.62, 6, = —2.63, respectively. Taking into
The kinetic terms for the rotation of the keto groups are account that the molecular partition function is the same for
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Difference (%) methanolk® we trace the origin of the difference between
2.0 — harmonic and nonrigid models to the behavior oQrand @

In Q/aT)y. Figure 3 shows that this difference is higher for In

15J Q than for @ In Q/dT)y. Both curves are almost parallel,

although the InQ increases faster with temperature.
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