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ABSTRACT: Ab initio and density functional theory molecular
orbital calculations were carried out at both the HF/6-31+G(d)
and B3LYP/6-31+G(d) levels for the four antioxidants, p-hy-
droxycinnamic acid derivatives, namely, the p-coumaric, caf-
feic, ferulic, and sinapinic acid and the corresponding radicals,
in an attempt to explain the structural dependency of the an-
tioxidant activity of these compounds. Optimized resulting
geometries, vibrational frequencies, absolute infrared intensi-
ties, and electron-donating ability are discussed. Both the high
degree of conjugation and the extended spin delocalization in
the phenoxyl radicals offer explanation for the scavenging ac-
tivity of the four acids. In structurally related compounds, the
calculated heat of formation value in radical formation appears
as a meaningful molecular descriptor of antioxidant activity in
accordance with experimental data. This becomes more clear
at the B3LYP level.
Paper no. L8594 in Lipids 36, 181-190 (February 2001).

Structure-activity relationship studies using theoretical meth-
ods are gaining interest among scientists for prediction or elu-
cidation of differences in the activity of series of molecules
(1-6). Phenolic antioxidants such as tocopherols, flavonoids,
and phenolic acids are the most intensively examined cate-
gories because of their broadly accepted biological function
(7-10). Difficulties in theoretical approach are related to the
various factors that determine the performance of a molecule
as an antioxidant; scavenging of free radicals, metal chela-
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tion, and lipophilicity are the most important ones (11,12).
Although a considerable number of molecular descriptors
have been examined, only a few of them prioritize the mole-
cules in accordance to conclusions derived by experimental
data. Various factors have been considered so far for the char-
acterization of free radical scavenging activity of antioxi-
dants, for instance, (i) the difference in the heat of formation
(AHOF) between the antioxidant and the free radical (1-4),
(i1) the spin distribution in the radical (4), (iii) the dissocia-
tion energy of the phenolic O—H bond (5,6,13) and (iv) the
energy-eigenvalue of the highest-occupied molecular orbital
(HOMO) (2,13-16). Owing to the large size of the antioxi-
dant molecules, semiempirical quantum-chemical methods
have been employed in most cases and ab initio calculations
are quite rare (4-6,13,17-19).

Korzekwa et al. (20) proposed that a linear relationship ex-
ists between stability of radicals and activation energies of
hydrogen abstraction in the reaction of a flavonoid with a rad-
ical in a series of analogous substrates. Consequently, the cal-
culated enthalpy difference (AHOF) between the parent an-
tioxidant molecule and its potential radical indicates the rela-
tive order of hydrogen atom abstraction, and the difficult task
of determining transition states could be avoided for the mo-
ment. Based on these, the above hydrogen abstraction scheme
is generally accepted (1,21) for the phenolic acid antioxi-
dants, the parent molecule phenoxyl radical couple exhibiting
the lowest theoretical AHOF value will be considered the one
that most easily allows hydrogen atom abstraction by any free
radical. The derived radical could then scavenge another one.
Hydrogen atom abstraction depends mostly on enthalpy dif-
ferences (as reflected by calculated AHOF values), whereas
radical scavenging depends on the spin distribution. The cal-
culated AHOF values of the parent molecule phenoxyl radi-
cal couples correlate well with the experimental antioxidant
activity trend of the same molecules. This was also found by
both Zhang (1,2) for certain phenolic antioxidants and van
Acker et al. (4) for certain flavonoids. Zhang derived AHOF
values from semiempirical calculations, whereas van Acker
et al., from ab initio ones; still the antioxidants studied by
both exhibited profound structural differences. Moreover, van
Acker et al. effectively used the radical spin distribution to
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account for the ease of a second radical scavenging. Hence,
the molecular descriptors considered to be worth examining
are the AHOF values and the radical spin distribution.

In the present study, high level ab initio and density func-
tional theory (DFT) molecular orbital calculations, at both the
HF/6-31+G(d) and B3LYP/6-31+G(d) levels, are carried out
to optimize the geometries of four structurally related antiox-
idants, p-hydroxycinnamic acid derivatives, namely caffeic,
sinapinic, ferulic and p-coumaric acids (parent molecules)
and the corresponding phenoxyl radicals (Scheme 1). The
geometries of the parent molecules and their phenoxyl radi-
cals, the vibrational frequencies and the electron-donating
ability of the parent molecules are examined and discussed.

The AHOF values, giving information about the ease with
which the radical is formed, are compared, too. The radical
spin distributions, which are measures of the radical stability
since they provide information about the degree of delocal-
ization as well as the electron-donating ability, are also calcu-
lated and considered. Calculations for the molecular descrip-
tors considered in this study are CPU-intensive and physical
memory-demanding. To our knowledge, no ab initio and/or
DFT results are available regarding energetics and structural
parameters for the molecules under examination. The only
relative paper is that of Hueso-Urea et al. (22), in which, some
molecular descriptors have been calculated, using semiem-
pirical approaches, to establish structure-liquid chromato-
graphic retention time relationships for certain phenolic com-
pounds. Neither structural nor detailed frequency data were
given in that paper. The only experimental data available for
the four acids under study are solid-state X-ray crystallo-
graphic studies for caffeic and ferulic acids (23,24) and solid-
state infrared spectroscopic data for all of them (25).

The p-hydroxycinnamic acids under study are widely ex-
amined experimentally, and the order of their activity is well
established in practice. Additional experiments are also car-
ried out to support theoretical results.

MATERIALS AND METHODS

Quantum-chemical calculations. The geometries of all mini-
mum energy structures for all four hydroxycinnamic acid de-
rivatives and the corresponding radicals were fully optimized,
employing the Hartree-Fock (HF) (26) theory (namely, the
restricted HF for the parent molecules and unrestricted HF
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for the radicals) and the Becke’s Three Parameter Hybrid
Functional using the Lee-Yang-Parr correlation functional
theory (B3LYP) (27) of available DFT ones, both with the
6-31+G(d) basis set (28-33). To form the radical, an H was
removed from the phenolic hydroxyl group in each acid. Dif-
fuse functions (32) were added to heavy atoms, e.g., C and O,
and inclusion of d polarization functions (33) on heavy atoms
was considered necessary for the calculation of molecular
properties. Pure d functions were used in the d shells, i.e., the
d functions have five components. C; point group symmetry
for each species was assumed as the initial geometry of the
optimization procedure, and all redundant internal coordi-
nates (34) were fully optimized (35). All calculations investi-
gating the structural parameters of the molecules addressed
here are based on final frequency calculations that provide en-
ergy minima with certainty. For each molecule full optimiza-
tion calculations were performed in an attempt to determine
the closest structure to the global minimum. The nonappear-
ance of negative frequencies was assumed to be evidence for
a global potential energy minimum of each calculated struc-
ture. The GAUSSIAN-94 software package (36), installed on
a Hewlett-Packard 9000 series workstation (model J210 with
128 MB of memory; Hewlett-Packard, Palo Alto, CA), was
used throughout this study.

The 298 K theoretical difference of heat of formation,
AHOF, between the parent phenolic antioxidant, HOFm, and
its free radical, HOFY, produced after the H-abstraction equals

AHOF = HOFf - HOFm + Eh + RT [1]

where HOFf, HOFm, and Eh are the sum of electronic, zero-
point and thermal energies of the radical, the parent molecule,
and the H atom, respectively; R is the gas constant, and T is
the absolute temperature.

Samples and standards. Commercial refined olive oil was
from Elais S.A. (Piraeus, Greece). Sinapinic acid and p-
coumaric acid were from Sigma Chemical Co. (St. Louis, MO),
whereas ferulic and caffeic acids were from Fluka (Buchs,
Switzerland). Silicic acid (100-200 mesh size, Sigma Chemi-
cal Co.), celite (Riedel de Hien, Seelze, Germany), commercial
sucrose, activated carbon (100 mesh size, Aldrich, Dorset,
England), and n-hexane (Riedel de Héden) were used for col-
umn chromatography. 2,2-Diphenyl-1-picrylhydrazyl radical
(DPPH) (approximately 90%) was from Sigma Chemical Co.,
and 2-propanol for spectroscopy was from Merck (Darmstadt,
Germany). All solvents used were of appropriate grade.

Estimation of antiradical activity of the four p-hydroxycin-
namic acids by DPPH and antioxidant activity on olive oil
triacylglycerol fraction. The antiradical activity of the mole-
cules under study was determined using the free radical
DPPH (6 x 10~ M) in ethanol (37). The reduction of DPPH
was followed by monitoring the decrease in its absorbance at
515 nm, automatically recorded every 60 s. The exact initial
DPPH concentration (Cpyppyy) in the reaction medium was cal-
culated from a calibration curve using the equation

AbS; 5 = 11,589 X (Cpppyy) + 0.0027



AB INITIO AND DFT STUDIES OF ANTIOXIDANT ACTIVITY

(correlation coefficient, » = 0.999) [2]

where Abs = absorbance.

Different concentrations (expressed as the number of an-
tioxidant moles per mole of DPPH) were used, and for each
antioxidant, the reaction kinetics were plotted. From these
graphs, the percentage of DPPH remaining at the steady state
was determined. These values were transferred onto another
graph showing the percentage of residual stable radical at the
steady state as a function of the molar ratio of antioxidant to
DPPH. The latter was used to determine the efficient concen-
tration (ECy), which is the amount of antioxidant necessary
to decrease the initial DPPH concentration by 50%. The lower
the ECSO, the higher the antioxidant activity is. Then, the an-
tiradical power (ARP) was calculated as ARP = 1/ECy,

Commercial refined olive oil was purified in our labora-
tory using column chromatography (38) and stored at —18°C
till use. The quality characteristics of the substrate were eval-
uated as reported elsewhere (39). Samples (2.5 g) of purified
olive oil containing phenolic antioxidants dissolved in ethanol
at a concentration of 2.8 x 107> M and control samples were
prepared, and induction periods (IP) at 120°C were estimated
using a Rancimat apparatus (679 Rancimat; Metrohm Ltd.,
Herisau, Switzerland.). IP is considered to be the time period
over which the oil is resistant to oxidation with or without the
presence of antioxidants. Protection factors (PF) were calcu-
lated as the ratio of IP in the presence of the antioxidant/IP of
control, i.e., PF = IP (time units)/IP_ . (time units).

RESULTS AND DISCUSSION

Equilibrium geometries. All tables with the structural data for
all acids and phenoxyl radicals under examination are given
as Supplementary Material (Tables S1-S5), available upon re-
quest from the author. Owing to the lack of structural experi-
mental studies in the gas phase for the same acids, the X-ray
solid-state ones for caffeic (23) and ferulic (24) acids are also
given in Table S1. Although comparison between results in the
gas and the solid state is not allowed, it is simply mentioned
that the corresponding values do not deviate more than 1%.
The resulting structures for the parent molecules (I, p-
coumaric acid; I, caffeic acid; III, ferulic acid; IV, sinapinic
acid), together with the adopted numbering scheme, are given
in Figure 1; those of their radical species (V, p-coumaric acid
radical; VI, caffeic-H acid radical; VII, caffeic-open radical,;
VIII, caffeic acid radical; IX, ferulic acid radical; X, sinapinic
acid radical) in Figure 2. This was easily accomplished, since
in all structures, with only a few exceptions, the dihedral angle
values were either +180° or 0°; planar structures were derived
for the substituents OH and OMe, in excellent agreement with
assumptions made by Wu and Lai (40). Moreover, owing to
the very low deviations derived between the corresponding
structural values of the parent molecules and the phenoxyl rad-
icals, calculated at a particular level, mean structural values
are given in both Figures 1 and 2. In the case of caffeic acid,
possessing two neighboring hydroxyl groups in the phenyl
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ring, three different radical structures were considered. The
first two correspond to the radical structures deriving from the
OH group at C(3), in which the intramolecular hydrogen bond
is retained (VI), or eliminated (VII), the third to the structure
in which an H" was eliminated from the OH group at C(4)
(VIII), leading also to a nonhydrogen bonding structure. The
reason for this separate consideration stems from the fact that
an intramolecular hydrogen bond further stabilizes any mole-
cule.

An unexpected discrepancy, found between the HF and
B3LYP levels of theory geometrical parameters, lies in the di-
hedral angle between the phenyl ring and the carboxyl group
of the caffeic acid, being 8.5° in the former and zero in the
latter. This discrepancy leads to a symmetry point group of
C, for the caffeic acid at the HF level and a corresponding
one of C_ at the B3LYP level. The planar calculated structures
for all acids and radicals at the latter imply that the molecules
are completely conjugated, hence a C, symmetry point group
is also assumed for them.

As shown in both Figures 1 and 2, the phenyl ring and the
carboxyl groups are trans to each other around the connect-
ing carbon-carbon double bond. This is the case at both lev-
els of theory. A trans configuration around the connecting
carbon-carbon double bond accounts well for the correctness
of our results concerning both series of compounds studied,
since a frans configuration leads, in general, to a more ener-
getically stable structure than a cis one.

An inspection of the numbers appearing in Figures 1 and 2
clearly shows that the computed bond distances at the B3LYP
level are constantly slightly higher than those calculated at
the HF level. With only a few exceptions, the computed bond
lengths obtained from both levels of theory are in agreement
within 1.5 %.

It is also observed that, when a substituent hydroxyl or
methoxy group is added to the p-coumaric acid at position
ortho to the aroxyl group (leading to any of the three other
acids under study), particular distortions at bond lengths and
angles appear. It is noteworthy that the existing C(4)—-O bond
distance becomes longer when a hydroxyl group is added, e.g.,
caffeic acid by ca. 0.01 A at both levels of theory, and shorter
when a methoxy is added, e.g., ferulic and sinapinic acids. Fur-
thermore, the existing phenolic O—H bond distance is slightly
shorter in caffeic acid and slightly longer in ferulic and sina-
pinic acids, as compared to the p-coumaric one, at both levels
of theory. This molecular descriptor may be useful in the ex-
planation of the antioxidant activity in a series of homologs,
considering that for larger bond length the hydrogen can be re-
moved more easily, thus forming the phenolic hydroxyl. Phe-
nolic OH bond lengths along with the inhibition of lipid oxida-
tion values of all parent molecules studied are given in Table 1.

An inspection of the figures presented in the table clearly
shows that the B3LYP O-H bond-length values are consis-
tently higher than the HF ones. It is clear that caffeic acid, the
experimentally most active molecule, is the one having the
shortest OH bond length, whereas p-coumaric acid, the weak-
est antioxidant experimentally among the four studied, ex-
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FIG. 1. Equilibrium structural parameters for the I, Il and IV (A), and Il acids (B). Density functional theory (DFT) values are given in parentheses.

Where a particular structural parameter had identical values at both levels of theory, this is given once. Absence of a particular structural parame-
ter value denotes identity to the corresponding one of the other acids. The C2-C3-X angle shown is the one for X = H; the one for X = O is 125.8°

(126.1°).

hibits the second-shortest OH bond length. This could mean
that phenolic OH bond length is not a fruitful molecular de-
scriptor by itself, at this level of theory, to compare antioxi-
dant activity of phenolic antioxidants. Zhang also reached an
analogous conclusion by performing Austin Model 1 (AM1)
semiempirical calculations on flavonoid antioxidants (1).

TABLE 1
O—H Bond Length and HOMO Values, and Inhibition of Lipid
Oxidation of the Four p-Hydroxycinnamic Acid Antioxidants

I v m I
O-Hab 0.9694 0.9744 0.9742 0.9704
O-H¢ 0.9475 0.9502 0.9503 0.9478
HOoMO¢ -0.3090  -0.3029  -0.3021  -0.3100
HOMO® -0.2294  -0.2236  -0.2245  -0.2333
Inhibition (PF)’ 6.2 2.4 1.1 1.05
Inhibition (ARP)8 4.5 2.5 1.8 0.008

2All O-H bond lengths in A.

bparent molecule phenolic O-H bond lengths (DFT level).

“Parent molecule phenolic O-H bond lengths (HF level).

9parent molecule HOMO energy (eV) values (HF level).

€Parent molecule HOMO energy (eV) values (DFT level).

"8This work. HOMO, highest occupied molecular orbital; PF, protection fac-
tor; ARP, antiradical factor; DFT, density functional theory; HF, Hartree-
Fock.
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Formation of a hydrogen bond in both caffeic and ferulic
acids is substantiated by the increase of the C(2)-C(3)-O
angle by approximately 6.0° when a methoxy group is
added to p-coumaric acid, compared to a 6.6° decrease of the
C(3)-C(4)-0O angle when a hydroxyl group is added instead.
Sinapinic acid exhibits the same hydrogen bond structural ef-
fects with ferulic acid, as expected.

There is considerable C—C bond length alteration in the
benzene ring on going from the parent molecules to the phe-
noxyl radicals. As a matter of fact, contrary to the equality of
all C—C bonds in the acids [ca. 1.390 (1.400) A], the two pairs
of C—C bonds, C(1)-C(2), C(1)-C(6) and C(4)-C(3), C(4)-
C(5) in the benzene ring in the radicals are longer than the
C(2)-C(3) and C(5)-C(6) ones by ca. 0.04-0.06 A, indicating
quinoid structure. These deviations however, were larger for
the former pair of C—C bonds corresponding to the C(4)-O’
edge, than the latter corresponding to the C(1)-chain edge.
Wu and Lai (40) also found very similar geometries for
the B3LYP/6-31G(d) level radical structures of both phenol
and anisole. Moreover, the C—O bond of the phenoxyl radical
has considerable double-bond character, as indicated by the
short bond length of ca. 1.238 (1.250) A. The increase of the
C(3)-C(4)-0O(13) angle, on going from VI to VII, is probably
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FIG. 2. Equilibrium structural parameters for the V, IX and X (A), VI (B) and VII (C) radicals. DFT values are given in parentheses. Where a particu-
lar structural parameter had identical values at both levels of theory, this is given once. Absence of a particular structural parameter value denotes
identity to the corresponding one of the other acids. The C2-C3-X angle shown is the one for X = H; the one for X = O is 125.3° (125.5°). The
C2-C3-012, O13-C4-C3, C3-012-H20, and C4-C3-O12 angle values for the VIII radical are 123.6° (123.9°), 121.7°, 111.3° (110.4°), and 116.2°

(115.2°), respectively. For abbreviation see Figure 1.

due to the elimination of the O(13)...(H(20) hydrogen bond-
ing. Moreover, the reduction of the C(4)-C(3)-O(12) angle
and the concomitant increase of the C(2)-C(3)-O(12) one
could be attributed to the H(20)...(H(16) repulsion.

Agreement between the computed values for the bond an-
gles, obtained at both levels of theory, is within 1% or better.
Dihedral angles calculated at both levels of theory are identi-
cal. However, this is mainly observed between p-coumaric
and ferulic molecules and less for the sinapinic and caffeic
ones (within 1%). The C—C and C—C-C phenyl-ring bonds
and angles, and the phenolic C—O and O-H bonds are in ex-
cellent agreement with others derived theoretically (41) for
the 2,6-dimethylphenol at the UHF/6-31G(d) level of theory;
still, this is also the case with the carboxylic C-O, C=0 and
O-H bonds (42).

Vibrational frequencies. Frequency values calculated at
the HF level contain known systematic errors (electron corre-
lation is not taken into account, whereas B3LYP calculations
include it) that produce an overestimate of about 10% com-
pared to the experimental values. Therefore, it is usual to
scale frequencies predicted at the HF level by an empirical
factor of 0.8929 (43-45) along with one of 0.9613 (43-45)
for the B3LYP model of DFT theory. The harmonic oscillator

approach, which is used for calculated frequencies, usually
produces higher values than the fundamental ones. Owing to
the large size of the frequency tables for all acids under study,
their unscaled calculated harmonic frequencies and infrared
intensities are given as Supplementary Material (Tables
S6-S9), available upon request from the author. An inspec-
tion of the figures presented in those tables clearly shows that
the B3LYP frequency values are, contrary to those of the bond
lengths, consistently lower than the HF ones with a minor ex-
ception for those between 200 and 450 cm™".

From all frequency values in Tables S6-S9 (available from
the author upon request), only a few have been properly
scaled and their values are given in Table 2. Those were cho-
sen based upon the importance of the bond and the intensity
of the corresponding absorption. Carboxylic acids, for in-
stance, are mostly characterized by the O—H and C=0 stretch-
ing bands (46). Table 2 includes the scaled calculated fre-
quency values for these latter bands, as well as those for the
phenolic O-H ones, along with their intensities, vibrating
atoms, corresponding experimental frequencies in the vapor
phase (47,48), and percentage differences between scaled cal-
culated and experimental ones. The above frequencies are
well characterized as stretch bands, since both their atom’s

Lipids, Vol. 36, no. 2 (2001)
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TABLE 2

The Most Important Scaled (sc.) Calculated Harmonic Frequencies
of the Four Acids, at Both Levels of Calculations, Along

with Their Corresponding Experimental (exp.) Ones

and the Unscaled Infrared Intensities?

HF DFT
VeXpb VSC< VSC<
Acid Bond (em™ A (@em™) DP (cm™)  DP
1 O-H(20) 3651 119 3656  0.14 3596  1.53
O-H(19) 3582 166 3606 0.66 3545  1.04
Cc=0 1762 478 1762  0.00 1715  2.74
I O-H(21) 3651 143 3665 038 3616  0.97
O-H(20) 3651 151 3638 036 3574  2.15
O-H(19) 3582 169 3614 0.88 3556 0.73
Cc=0 1762 923 1772 0.56 1710 3.04
1 O-H(24) 3582 172 3630 132 3552  0.84
O-H(@23) 3582 169 3606 0.67 3544  1.07
Cc=0 1762 482 1763  0.06 1714  2.80
v O-H(28) 3582 178 3633 1.40 3547  0.99
O-H(27) 3582 171 3606 0.67 3546  1.01
Cc=0 1762 477 1764  0.11 1715 2.74

The % V. /Veyp, discrepancy percentage (DP) is also shown.
bThe corresponding experimental values are from References 46-48.
“Intensity of absorption at the HF level (arbitrary units).

orientation and eigenvector orientation lie on a single plane.

The first band examined corresponds to the phenyl O-H
stretching frequencies. Those appear in the region of
3665-3630 cm_l, where caffeic and ferulic acids define its
two far ends, respectively. The corresponding absorption of
p-coumaric acid is found at 3656 cm_l, since there are no
neighboring groups that would lead to a variation of the ex-
pected value. The formation of an intramolecular hydrogen
bond between the two properly oriented neighboring hydroxy
groups in caffeic acid leads to both a strengthening of the free
O-H bond and a concomitant weakening of the one partici-
pating in the hydrogen bond, as compared to that of p-
coumaric acid. In effect, this leads to both a shift toward
higher frequency values (3665 cm™) for the former bond and
a shift toward lower frequency values (3638 cm™) for the lat-
ter, followed by a simultaneous narrowing of both bands. This
narrowing is further substantiated by its frequency intensity,
since a high frequency intensity results in a narrow absorp-
tion bandwidth. This band narrowing will be discussed in the
following section with respect to the corresponding absolute
infrared intensities. Owing to the intramolecular hydrogen
bond formation, the existing O—H covalent bond in the newly
formed five-membered ring becomes weaker in all acids ex-
cept p-coumaric. The corresponding absorption appears at a
lower value (3633 cm™') in sinapinic acid rather than in p-
coumaric one (3656 cm™!). The O-H phenyl group frequency
value for ferulic acid (3630 cm_l) is very close to that of
sinapinic acid because of the formation of an analogous five-
membered intramolecular hydrogen-bonded ring. The lower
frequency values derived for these latter two acids, as com-
pared to that of caffeic (3665 cm_l), is in excellent agreement
with the known fact that the hydroxy group is a better elec-
tron donor than the methoxy one (49).
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In a similar manner, the scaled calculated carboxylic O-H
stretching frequency values range between 3606-3614 cm™!
and are always lower than the scaled phenolic ones (see also
Table 2). Moreover, it is easily seen that there are no large dis-
crepancies between the carboxylic carbonyl C=0O group
stretching bands for all acids.

So far, each particular theoretical frequency value shown
in Table 2 has been both assigned and explained regarding its
relative shift in the infrared spectrum region. Frequency in-
formation from infrared and Raman spectra in the gas phase
was not available for any of the molecules under study. Vapor
phase frequency values (46—48) of the most characteristic
groups closely match the calculated ones of the four acids
under study. In particular, the OH stretching frequency of m-
and p-substituted alkylated phenols, in vapor phase, appears
as a single band in the region of 3360-3642 cm™! (48), and
its mean value, 3651 cm_l, is representative for comparison
with p-coumaric acid. A frequency value lower than 3651
cm™! should be considered for the vapor phase of caffeic acid
owing to formation of an intramolecular hydrogen bond (46).
The OH stretching frequency is found at 3595-3569 cm™!,
when phenol exhibits an —OR group as an o-substituent (48).
Hence, the mean value, 3582 cm_l, of this latter frequency
range was considered as the corresponding one for the vapor
phase phenolic OH frequency values for both ferulic and
sinapinic acids. The OH stretching frequency is found at
3585-3580 cm_l, in the o,B-unsaturated monomeric car-
boxylic acids (47); its mean value, 3582 cm_l, was consid-
ered as the corresponding one for the vapor-phase carboxylic
OH frequency values for all acids. Finally, the vapor phase
C=0 band is near 1764—1760 cm™" in o,B-unsaturated car-
boxylic and its mean value, 1762 cm_l, was considered as the
vapor phase carboxylic C=0 frequency for all acids.

An inspection of the values given in Table 2 clearly indi-
cates that: (i) the calculated results coming from either level
of theory are in excellent agreement with those in the vapor
phase to within 1.5 %; (ii) most of the calculated frequency
values are larger than the available vapor phase ones; (iii) the
scaled calculated frequencies at the HF level better approxi-
mate vapor phase ones; (iv) scaled calculated HF frequencies
are always larger than the DFT ones.

Absolute infrared intensities. The ab initio unscaled ab-
solute infrared intensities for the four acids under study are also
given in Table 2. An inspection of those values clearly shows
that the intense infrared modes occur within the 1500-1800 and
3500-3700 cm™! regions. Unfortunately, there are no available
experimental intensities in the gas phase for any of the four
acids under study to compare with. Usually, individual band
intensities cannot be accurately measured experimentally due
to overlap with neighboring frequencies. However, calculated
intensities of nonoverlapping bands occasionally deviate more
than 50% from experimental ones (50).

As it was discussed before, formation of a five-membered
intramolecular hydrogen-bond ring results in both a shift and
a narrowing of the band corresponding to the covalent partic-
ipating OH bond. The narrowing of the band is also substan-
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tiated by its frequency intensity, since a high frequency inten-
sity leads to a narrow absorption bandwidth. Based upon the
calculated frequency intensities, it was shown that sinapinic
acid exhibits the largest intensity value for the O—H stretch-
ing frequency, whereas p-coumaric acid the smallest. As a
matter of fact, the effect of hydrogen bond formation is to in-
crease the IR intensity and decrease the O—H stretching fre-
quency (46). Sinapinic and ferulic acids, and to a minor ex-
tend caffeic acid, do exhibit stronger intensities of absorption
as compared to those of p-coumaric acid due to intramolecu-
lar hydrogen-bond ring formation. It is well known that the
stronger the hydrogen bond, the larger the OH stretching fre-
quency shift toward a lower value (46), which predicts that
hydrogen bonds formed in ferulic and sinapinic acids will be
stronger than those in caffeic acid.

Heat of formation, AHOF values. Both Figures 1 and 2
clearly show that planar structures were derived. Structure
planarity strongly supports complete conjugation within par-
ent and radical molecular species. Intramolecular H-bond in-
teractions found between the two neighboring phenolic hy-
droxyl groups in caffeic acid and between the phenolic hy-
droxyl group and the methoxy one in ferulic and sinapinic
acids, as well as in caffeic-H acid radical, further strengthen
stabilization of these molecules. The calculated AHOF values
of the parent molecule-radical couples are shown in Table 3,
which clearly states that the latter exhibits the lowest AHOF
value among all radicals studied at both levels of theory. Caf-
feic acid has been reported to be more active than its counter-
parts (51-57). Sinapinic and ferulic acids present some an-
tioxidant activity, whereas p-coumaric is almost inactive.
These findings also are in agreement with experimental data
given in Table 3.

AHOF numbers in Table 3 also indicate that there are sig-
nificant energy differences between most phenoxyl radicals
studied; the corresponding energy differences are in the range
of 2—-19 kJ/mol (DFT) and 3-23 kJ/mol (HF). The significant
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energy differences between the AHOF values at both levels
of theory provide a secure and ready way to put the struc-
turally related compounds under study in an order according
to their antioxidant activity. Such differences have not been
found by using semiempirical levels of theory (1). The incon-
sistency observed at the HF level, between the calculated
AHOF value-trend and the experimental scavenging activity
trend for some of the radicals studied, could be due to the fact
that at this theoretical level electron correlation is not taken
into account, whereas DFT calculations include it. The en-
ergy differences between ferulic and p-coumaric (DFT) and
sinapinic and ferulic (HF) acids are small (2-3.3 kJ/mol).
This is also the case with the experimental PF and ARP val-
ues of the former pair of compounds. The hydrogen-bonding
interaction has a large stabilizing effect of ca. 23 kJ/mol (HF)
or 34 kJ/mol (DFT) on the VI as compared to that of VII.
Analogous stabilization effects have been observed in the
case of the catechol radical where the corresponding energy
gain was in the range of 15-25 kJ/mol (4). The higher value
derived for the stabilization effect of the H-bond at the DFT
level could be attributed to the functional model used. Actu-
ally, the precise choice of nonlocal functionals remains a mat-
ter of some uncertainty for the H-bonding interaction calcula-
tion. According to Gresh et al. (58) the Local Density Ap-
proximation seriously overestimates at 37 kJ/mol, whereas
various nonlocal functionals provide lower energy results.
The spin density values of the atoms constituting the radi-
cals studied are shown in Figure 3. An inspection of the num-
bers presenting in Figure 3 shows that the computed spin den-
sity values at the HF level are consistently higher than those
calculated at the B3LYP level. If oxidation takes place in the
phenolic OH, the spin delocalization spreads over all atoms
participating in the extended conjugation system of the mole-
cule. At each particular theoretical level, the spin density val-
ues on similar atoms are almost identical, so that the delocal-
ization is large in all radicals studied. The planarity of the rad-

TABLE 3
AHOF Values of the Phenoxyl Radicals, and Inhibition of Lipid Oxidation of the Four p-Hydroxycinnamic Acid Antioxidants

VI X IX \% VIl VIl
HOFm#b -1,702,667.85 -2,106,364.34 -1,805,790.91 -1,505,191.55 -1,702,667.85 -1,702,667.85
HOFf € -1,701,069.03 —2,104,748.41 -1,804,154.88 -1,503,557.31 -1,701,032.67 -1,701,021.89
HOFm¢ -1,692,808.52 —-2,094,074.43 -1,795,190.96 -1,496,289.63 -1,692,808.52 -1,692,808.52
HOFf€ -1,691,350.62 -2,092,592.33 -1,793,705.10 -1,494,819.00 -1,691,325.58 -1,691,318.76
AHOF"8 291.56 308.66 328.77 326.97 327.91 338.70
AHOF" 156.00 180.19 183.94 168.72 181.03 187.86
Inhibition (PF)’ 6.2 2.4 1.1 1.05 — —
Inhibition (ARP)/ 4.5 2.5 1.8 0.008 — —

2 All energies in k)/mol.
bSum of electronic and thermal energies of parent molecule (DFT level).

€Sum of electronic and thermal energies of free radical produced after H-abstraction (DFT level).

9Sum of electronic and thermal energies of parent molecule (HF level).

€Sum of electronic and thermal energies of free radical produced after H-abstraction (HF level).

"Calculated at the DFT level.

8The sum of electronic and thermal energies of the H atom are —1309.75 and —1304.39 kJ/mol in the DFT and the HF levels of theory, respectively.

'_fCalculated at the HF level.
"IThis work. For abbreviations see Table 1.
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FIG. 3. Calculated atomic spin densities (DFT values are given in parentheses). Values of >0.01 are only shown; the benzene ring and the olefinic
hydrogens, possessing 0.01 spin values, are omitted for clarity. For abbreviation see Figure 1.

icals leads to their full conjugation, and this, in turn, to an ex-
tended spin delocalization. Van Acker et al. (4) reached an
analogous conclusion. The excellent delocalization possibili-
ties of the radicals under study could account for their poten-
tial radical scavenging activity. Absence of a high amount of
localized spin in these compounds may diminish the possibil-
ity to initiate a radical chain reaction (4). It is worth mention-
ing that, contrary to the HF spin density values for the VIII,
the DFT ones clearly show that almost all spin remains in the
benzene ring and its substituents, and the delocalization pos-
sibilities are limited. This fact could account for a lower an-
tioxidant activity. The inferior antioxidant activity of VIII, as
compared to that of VII, could be due to its higher calculated
AHOF value, hence to its relatively harder tendency for hy-
drogen atom abstraction.

Molecular electron-donating ability. In an attempt to in-
vestigate whether the antioxidant activity correlates with the
redox potentials, the HOMO energy-eigenvalues were calcu-
lated at both levels of theory. HOMO is a parameter repre-
senting molecular electron-donating ability. Calculated
HOMO values are also listed in Table 1. Numbers in the table
clearly show that p-coumaric acid, exhibiting the lowest ex-
perimental antioxidant activity, is the one with the lowest
HOMO energy-eigenvalue at both levels of theory. This could
account for its low experimental antiradical activity. How-
ever, caffeic acid, despite having the highest experimental an-
tioxidant activity, exhibits the second-lowest HOMO energy-
eigenvalue. Considering that an electron-donating group, for
instance, the second hydroxyl of caffeic acid, should increase
the HOMO energy-eigenvalue and reduce the O—H bond
strength at the same time (16), the relative HOMO-energy
order of the two acids appears correct. Nevertheless, the fe-
rulic acid HOMO energy-eigenvalue, which involves a less
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electron donating group (methoxy) than the hydroxyl one of
caffeic acid, should lie in between those of p-coumaric and
caffeic acids. Consequently, HOMO energy-eigenvalue dif-
ferences among those three acids are not suitable to predict
antioxidant activity, although redox potential is expected to
be directly related to their antioxidant activity. Zhang reached
an analogous conclusion (16) by performing semiempirical
calculations on phenolic antioxidants.

With the exception of the AHOF value, none of the re-
maining molecular descriptors by themselves could be safely
used for the explanation of the antioxidant activity of the four
molecules under examination. All parent-molecule phenoxyl-
radical couples under study exhibit a high degree of conjuga-
tion, owing to their planarity. All radicals have almost equal,
although large, spin delocalization. Both findings could ac-
count for their potential radical-scavenging activity. The
higher antioxidant activity of caffeic acid, among the rest,
should be attributed to its lower AHOF value, which arises
from the less-energy-demanding hydrogen atom abstraction.
It is also observed that relatively large AHOF value differ-
ences could lead to important changes in reactivity of a mole-
cule in vitro and possibly in vivo. However, VII exhibits less
antioxidant activity than VI, due to both its higher AHOF
value and its limited spin delocalization. Considering that the
structures of the four antioxidants studied exhibit slight dif-
ferences and only one parameter is considered, the data ob-
tained from experimental procedures and theoretical calcula-
tions are in good agreement. DFT calculations afford a good
descriptor, AHOF, to correlate well with the antioxidant ac-
tivity in molecules exhibiting similar structural parameters.
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