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This paper describes experimentally verifiable computational chemistry results of the environmentally benign caffeic acid (CA)
antioxidant. Computations at density functional level (DFT) and its time dependent (TD) extension are carried out to explain
results obtained experimentally in our laboratories. Emphases are on acidity constants, photodegradation, fluorescence quenching
by metal ligation, and UV-Vis absorption characteristics of CA. Additionally, quantitative structure activity indices and composite
maps that visualizing nucleophilicity, electrophilicity, and potential energy surface (PES map) are computed and discussed.

1. Introduction

Phenolic acids are a group of dietary phytochemicals (friend-
ly chemical family) that act as antioxidants and flavorings
and possess disease-preventive properties. Caffeic acid is an
important member of this family and has been investigated
in different international laboratories due to its importance
in pharmaceutical industry and food applications as well as
its ability to suppress tumor development. CA (Figure 1),
3,4-dihydroxycinnamic acid, is a phytochemical existing in
some vegetables, medicinal herbs, and plants [1] and also
in some beverages [1, 2]. Coffee drinking was shown to
increase the incorporation of conjugated forms of caffeic
acid into LDL particles, and the oxidation-resistance of
LDL was increased [3]. Moreover, CA was reported to
have a wide variety of pharmacological activities including
antioxidants [4], immunomodulatory, antiviral, anti-HIV [5],
anticarcinogenic, and anti-inflammatory effect [6-9]. Recent
research has shown that CA and some of its derivatives
can act as substrate for polyphenols oxidases or peroxidases
[10].

A summary of the research work performed so far using
high accuracy quantum chemical methods on polyphenols

has been published [11]. The different groups of polyphenols,
which mostly belong to the Mediterranean food culture,
such as phenolic acids, have been reviewed. The three main
proposed mechanisms through which the antioxidants may
play their protective role, which is the H atom transfer, the
single electron transfer, and the metals chelation, have been
analyzed and discussed in detail. The results represent further
important contribution to the elucidation of the beneficial
effects on health of these substances.

However, detailed investigations are still needed. In order
to shed more light on different important characteristics of
CA, our aim is focused on investigating some characteristics
such as its photodegradation in presence of TiO,, which is
a famous food additive, and the influence of some metal
cations, its fluorescence quenching by metal cations, its
pK, values determination, and detailed quantum chemical
parameters that could be verified experimentally. Further-
more, graphical models computed by DFT method, in par-
ticular, molecular orbitals, electron density, and electrostatic
potential maps will be investigated. The main purpose of this
graphical model visualization is to explore structure-property
relationships in depth by doing analysis of computational
data.



FIGURE 1: The structure and labeling of caffeic acid.

2. Materials and Methods

2.1. Materials. Caffeic acid (ISC company, >98%) was used
as received. Pure grade (Aldrich) solvents were used. Other
chemicals such as hydrated ferric chloride and copper chlo-
ride are purchased from Riedel. Perchloric acid (Merck, 70%
purity) and sodium hydroxide having a minimum assay of
98% from Avondale Labs were used to adjust the pH of the
medium.

2.2. Instruments. UV-Vis absorption spectra were measured
in the range of 250-800 nm using a double beam UNICAM
spectrophotometer model (HeAios «). The source of UV/Vis
irradiation was Xenon discharge arc lamp with PTI model
1010 Housing. Solution pHs were measured by a calibrated
Jenway ion analyzer model 3040.

2.3. General Procedure for the Photochemical Reactions. The
photocatalytic reaction in a double walled quartz cell cooled
by circulated water is carried out using the Xenon Arc
lamp system and monitored spectrophotometrically. All the
measurements were carried out at room temperature =22°C.
A suspension of 1 g/liter of TiO, (Degussa P25) was prepared
in all photocatalytic experiments. CA concentration was kept
at 6 x 107> M for all measurements and reduced to 1 x 107 M
in case of fluorescence measurements.

2.4. Theoretical Computations. Gaussian 09 package program
was used for computational process [14]. Density functional
theory (DFT) method, time dependent-density functional
theory (TD-DFT) method, and B3LYB basis set is used in
calculations.

The user-friendly Spartan’l4 parallel 64-bit version
(Wavefunction Inc., USA) quantum chemical package is also
used within the framework of DFT and TD-DFT (with 6 MOs
taken into account in the CI). Data is visualized by Gausview
05 program (in case of Gaussian 09 computations). 12-core
pro-MAC computer was used to perform the computations.
The geometry optimization of CA was carried out in vacuum
as implemented in the Gaussian 09 package [14]. The geom-
etry of CA was optimized using B3LYP [15] functional with
the 6-31G”-basis set, which is a good compromise between
accuracy and efficiency. Using 6-311G” basis set improves the
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TaBLE 1: TD-DFT computed UV/Vis Allowed Transitions of CA
(most strong only) in gas phase.
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FIGURE 2: Computed UV/Vis spectra of H;A [CA neutral (red)],
H,A™ [CA Anion (cyan)], HA> [CA Di-anion (green)], and
A’ [CA Tri-anion (purple)] in aqueous phase. The inset shows
experimentally measured absorption spectra of CA (0.6 x 107* M)
in media of different pHs.

UV-Vis absorption spectral parameters. Molecular surfaces
are calculated using B3LYP with 6-311G" basis set. First
excited state (S;) calculations are obtained at Configuration
Interaction Singles (CIS) level with similar basis sets (6-
31G").

DataGraph 3.2 (Visual Data Tools, Inc., US) software was
used for data handling and Graphical representation of the
TD-DFT UV-Vis electronic spectra.

The UV/Vis spectrum was also studied in gas phase.
Solvation energies were calculated using Spartan 14.

3. Results and Discussion

3.1. Absorption Spectrum of Caffeic Acid (CA). The absorption
spectrum of CA depicted in the inset of Figure2 shows
3 bands at around 315nm, 278 nm, and 217 nm in slightly
acidic medium (pH 5.9). Theoretically calculated electronic
transitions as well as its intensities and MOs involved are
given in Table 1 and Figure 3. The most important transition
(at 30730 nm and f = 0.521) is of charge transfer character
that originated mostly from HOMO mainly localized on
the catechol moiety to the lowest unoccupied MO (LUMO)
mainly spreading over the rest of the molecular fragment
containing the carboxylic group. The gas phase UV/Vis
transitions and the calculated spectrum in aqueous medium
(Table1 and Figure 2) are in good agreement with the
experimentally measured one shown as inset in Figure 2.
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FIGURE 3: MOs involved in the UV/Vis electronic transitions of Table 1.
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FIGURE 4: Thermodynamic cycle to compute pK, for an acid HA (see the text).

The CA molecule consists of specified p-electrons sub-
systems, the propenoic acid, and the catechol aromatic ring.
The obtained spectrum most probably indicates that none of
the observed bands are due to a transition characteristic of
only one subsystem of the molecule. Hence, CA molecule
consists mainly of one pi system and not of a number of
independent p systems [16]. Similar observation has been
reported for cinnamic acid [16]. However, charge migration
during light absorption induces CT character of the longest
wavelength transition as indicated in Table 1 and Figure 3.
The MOs shown in Figure 3 is characterized by a number
of nodes, indicating a disturbance of the pi system of CA
molecule leading to limited CT character of the electronic
transitions. The source of disturbance of the pi system is
due to building up of opposing electric dipoles between
the electron-withdrawing carboxylic group and the electron-
donating vinyl group. This results in low intensity and high
energy of the observed bands [16]. This is confirmed by
the small value of the computed dipole moment in the
S, state (2.14 Debye), which is decreased in the S; (1.02
Debye) state. This is also verified by the observed negative

solvatochromism of CA [17] where its longest wavelength
band is shifted to longer wavelength in nonpolar solvent due
to stabilizing the S, relative to the S, state.

3.2. Acidity Constant (pK,) Determination

3.2.1. Experimental Determination of CA Acidity Constants
(pK,). To determine the acidity constants of CA sets of
absorption spectra were measured in different pH solutions,
which are set to different values by means of sodium hydrox-
ide and perchloric acid. Clear isosbestic points emerged by
changing pH due to the equilibrium between the protonated
and deprotonated CA species (see inset of Figure 2).

3.2.2. Computational Model for the pK, Calculation. Ther-
modynamic cycle depicted in Figure 4 shows the relation
between the thermodynamic parameters of gas and aqueous
phase. It can be calculated from (1)-(3) as follows [18]:

pK AG(aq)

=— 4 a
* 2303RT :
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FIGURE 5: Effect of light irradiation time on the absorption spectrum of CA (0.6 x 10™* M, pH = 3.3) in aqueous medium in presence of TiO,

(0.5g/L) (r = —0.996).

TABLE 2: Experimentally determined and theoretically calculated
pK, values of CA.

This work Literature values™ Theoretical value™”
pK, 4501 3.6-4.49 4.05
pK, 86+02 8.6-9.3 6.27
pK,, 103+ 0.1 10.3-12.7 10.23
*See [12].

**Obtained from the quantum chemically calculated Gibbs free energies
(Section 3.2.2).

which is a rearranged form of the famous thermodynamic
relation AG = —RT In(K,):

AGq) = AG"y + AG 1, (A7) + AG g, (HT)

solv
1 ®)
= AG’ gy (HA) +7.91 (K mol "),

AG', = AG" (A7) + AG'( (H") - AG", (HA).  (3)

The quantity 7.91 (kJ mol ") is the suggested correction value
to coupe with standard free energy when changing the state
from gas phase to aqueous [18]. Details of the methodology
and used thermodynamic quantities are discussed in detail
elsewhere [18]. Here we used the gas phase free energies
AG’, and the solvation free energies AG', directly obtained

solv
from the computations. Using literature value of AG°g(H+)
and AG,,(H"), —0.00711 and —0.414 au, respectively, we
were able to determine pK, values given in Table 2. Good
prediction, at least in the trend, could be obtained. It is
worth notifying that one should apply (2) and (3) taking
into account the corresponding species generated step wisely
from ionizing the tribasic CA (H;A) to H,A™, HA?",and A>
species.

The values of Table 2 obtained theoretically correspond to
the following stepwise dissociations:

pKal: H3Aaq - Hanr + H2Aaq7 (4)
pK,,: HyA,,~ — H, "+ HA, (5)
pK,p: HA, " — H "+ A, > (6)

Table 3 contains the data used for pK, determination.

3.3. Photocatalytic Studies. CA solution was prepared at pH =
3.3. It continuously irradiated by xenon arc lamp at different
time intervals. UV-Vis spectrum is monitored spectropho-
tometrically and depicted in Figure 5. The determined zero-
order rate constant equals 0.09 min~' Figure 5. Change in
Bond Order (Mulliken) upon irradiation is computed. Shad-
owed bonds in Figure 6 exhibit largest change in BO pointing
to the most probable bond cleavage locations leading to
photodegradation.

3.3.1. The Effect of Metal Ions. We observed similar behavior
in presence of Fe’* or Cu®" chloride. However, in case of
absence of metal ions and in presence of Cu®" and Fe’”, the
rate of degradation is lowered in the order 0.37 > 0.09 >
0.05min ", respectively.

Consequently, iron ion is the most photostabilizer of CA.
Most probably this is due to strong ground state complex
formation that alters electronic structure and strengthens
molecular bonds. Similar results based on both theoretical
and experimental results of AI** ions with CA have been
reported [19].

It is also worth pointing out that the presence of cations
in the solution could act as electron scavenger leading to
reduce photocatalytic efficiency of TiO,. When adding Cu**
or Fe’* the increase in the stability may be attributed to the
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TABLE 3: Gibbs free energies used for calculating pK_, , obtained in this work.

AG H,A H,A~ HA* A¥ HY
Gas” —648.5100 —647.956533 —647.28500 ~646.457122 ~0.00711
Solvation™* -70.7 -329.5 -812.5 -1676.9 -1087
*a.u. units.

**kJ mol .

FIGURE 6: Change in Bond Order (Mulliken) upon irradiation. Shadowed bonds exhibit largest change in BO pointing to the most probable
bond cleavage locations leading to photodegradation.
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FIGURE 7: Emission spectra of CA (1 x 107° M) in presence of various concentrations of CuCl, and Stern-Volmer plot.

Cu*/Cu** or Fe**/Fe’* redox couple functions that short-  constant and its value represents the association constant of

circuit the TiO,. Similar effects were reported for Cu** ions  the complex (K,).

in photocatalytic decomposition of phenol by TiO, [20]. The quenching of fluorescence of CA was studied by
The following section will show that fluorescence quench- ~ observing the changes in emission intensity in presence of

ing of CA induced by addition of metal ions supports the ~ Fe™ or Cu** chloride. The fluorescence quenching experi-
suggestion of ground state complex formation as the main  ments were carried out at different quencher concentrations.
reason for the observed extra photostabilization by cations. The complexes formed with both Cu*? and Fe™ ions are no-
fluorescence exciplexes since there is no shift appearing in the
3.4. Metal Tons-Induced Fluorescence Quenching of CA. The  fluorescence band.
dependence of the fluorescence as a function of the quencher The variation of emission spectrum of CA (1x 10™° M) in
concentration follows the Stern-Volmer relation: Fy/F = presence of various concentrations of CuCl, is represented in
1 + K, [Q], where K, is the Stern-Volmer quenching rate ~ Figure 7. The quenching rate constant K, (90.638 KkL-mol™")
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TABLE 4: Frontier Orbital Energies and the determined reactivity descriptors [13]: chemical potential y, hardness (1), and softness of CA
molecule.

MO energy (eV) ¢ = (gnomo + &Lumo)/2 1= &wumo ~ €Homo S=1/n
Ehomo = —5.84

~3.765 415 0.241
ELumo = —1.69
300 300 2100
5
H1
H7
C7
1
C9
-192 -192 —2000

EPS map (S, state) A cut-away of EPS map EPS map in the S, state

FIGURE 8: EPS maps of CA in S, and S, states showing PE range in kJ mol™' (EPS map giving the electrostatic potential at locations on total

electron density surface corresponding to overall molecular size). Higher EPS in S, state with positive values at both molecular ends could
be used as indicator for bond rupture at the -C,=Cg- group.

LUMO map (nucleophilic indicator)

0.03 0.03
0 0

FIGURE 9: Nucleophilicity map. The LUMO map, wherein the absolute value of the LUMO is mapped onto the total SCF calculated electron
density, providing an indication of nucleophilic reactivity (blue region is the highest reactive nucleophilic site).
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FIGURE 10: Electrophilicity map. The HOMO map, wherein the absolute value of the HOMO is mapped onto the total SCF calculated electron
density, providing an indication of electrophilic reactivity (blue region is the highest reactive electrophilic site).
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FIGURE 11: Tonization potential map. The local ionization potential map, defined as the sum over orbital electron densities, pi(r) times absolute
orbital energies, € i, and divided by the total electron density, p(r). The local ionization potential reflects the relative ease of electron removal

(ionization) at any location around CA molecule.

was determined from Stern-Volmer linear plot (with 0.996
correlation coefficient) between the fluorescence intensity
of CA as a function of various concentration of CuCl, in
Figure 7.

Similar results were obtained for FeCl; with much higher
value of K,, (363.625kL-mol™") reflecting the enhanced
stability of the excited state complexes of iron relative to
copper. Similar effects were reported for Cu* ions in a study
on the photocatalytic decomposition of phenol at the TiO,
[20].

3.5. Graphical Models and Molecular Reactivity [15, 21-23]. In
order to visualize the structure-properties relationships we

computed the electrostatic potential energy surface (ESP
map), Figure8, LUMO maps, Figure9, HOMO maps,
Figure 10, and ionization energy map, Figure 11. Moreover,
reactivity descriptors such as chemical potential (y), hardness
(), and softness (S) of CA have been computed and tabulated
in Table 4. Each of those surfaces and reactivity descriptors
provides invaluable information about CA molecule such
as its molecular shapes and electrostatic energy stability, its
behavior towards nucleophiles, electrophiles, and its local
ionization energy. These are presented in Figures 8-11, which
are self-illustrative.

The chemical potential 4 measures the escaping tendency
of electron from equilibrium (could be considered as the



negative value of the electronegativity of the molecule) and
the global hardness 7 can be seen as the resistance to charge
transfer (or the band gap), while softness S gives indication of
how large is electron transfer to/from the molecule when the
chemical potential changes [13].

4. Conclusion

The computed parameters that characterize molecular prop-
erties of CA are correlated with the experimental data.
The origin of UV/Vis electronic transitions is assigned. The
change in the computed bond orders during light irradiation
sheds light on the photodegradation initial step.

Computed acidity constants satisfactorily correlated with
experimentally determined pK, values.

Molecular graphical surfaces showed the maps of nucle-
ophilicity, electrophilicity, ionization energies distribution,
and the electrostatic potential energy maps. Chemical poten-
tial, hardness, and softness reactivity descriptors are also
computed using HOMO-LUMO energies. These results give
important information of the CA molecular reactivity.

The conclusions derived from this work can be very useful
in the understanding of the chemical processes undergone by
CA, which may contribute to a deeper understanding of the
nutritional value of the foods where this molecule appears.
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