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Caffeine (1,3,7-trimethylxanthine) was isolated from black tea and characterized using different
physical methods (determination of melting point, thin layer chromatography, FTIR spectroscopy and UV
spectrophotometry). The corrosion inhibition performance of the caffeine isolate on copper corrosion in
neutral 0.5 mol I NaCl solution was investigated using potentiodynamic polarization and electrochem-
ical impedance spectroscopy measurements. The obtained results show that caffeine effectively inhibited
the corrosion reaction in the chloride solution with an inhibition efficiency of up to ~ 92%. Furthermore,
caffeine was found to function essentially as a cathodic inhibitor by adsorption on the copper surface ac-
cording to the Langmuir adsorption isotherm. The adsorption free energy of ~ —37 kJ mol™ indicates
strong adsorption of the caffeine on the metal surface. Quantum chemical computations and molecular
dynamics simulations were adapted to understudy the adsorption of a single caffeine molecule as well as
a polymeric cluster of caffeine molecules on a model Cu surface at a molecular level and was consistent
with the experimental findings.
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WHXUBHUINJA HA BAKAPHA KOPO3HMJA BO XJIOPUJIEH PACTBOP HA KO®EUH
HW30JIMPAH OJI IIPH YAJ

Kodenn (1,3,7-TpuMeTriKCaHTHH) W30JMUpPaH OF LPH Yaj € KapaKTepu3mpaH co ymorpeda Ha
¢u3nUKE MeTonu (TeMIiepaTypa Ha TOIeme, TeHKocIojHa XxpoMaTtorpaduja, FTIR cnekrpockonuja u UV
cnektpomerpuja). CnocoOHOCTa 32 MHXUOWITMja Ha KOPO3HjaTa Ha H30JIMPAHHUOT EKCTPAKT Bp3 OaKapoT e
ucrmryBana Bo Heyrpasen 0,5 mol I'* NaCl pactBop co mprMena Ha MOTEHIHOIMHAMUYKA [TOTAPH3AIIja
U Ha eJIEKTPOXEMHCKa UMIIeIaHCHa CcIeKTpocKonuja. [lo0MeHnTe pe3yaTaTH MOKaKyBaaT jJeKa KOPEeHHOT
epUKacHO ja MHXMOWpa peakmyjaTa Ha KOpPO3HMja BO XJIOPHUACH pPacTBOp, MPH MTO eduKacHOCTa Ha
nHxuOHIMjaTa u3Hecysa u 10 = 92%. Ilokpaj Toa, yTBpJACHO € Jieka KOPEHHOT BO OCHOBA CIYXKH KaKo
KaTOJCH MHXMOUTOp CO aTcopmiHja Ha OakapHaTa IMOBPIIMHA COTJIACHO aTCOPILMOHATa M30TepMa Ha
Langmuir. Bpexrocta Ha aTcoprumonaTa cioGogHa eHeprmja o ~ —37 kl mol? ykaxysa cnina
aTcopmuyja Ha KO(GEHHOT Bp3 MeTalHaTa MOBpIIMHA. bea NpHMEHeTH KBaHTHOXEMHCKH IPECMETKH U
MOJICKYJTAPHOAMHAMHYKH CUMYJIaLUK 32 MoAo0po pa3dHupame Ha aTCOpIIjaTa Ha eJUHIMYHA MOJEKYJa
Ha KOQEHHOT, KaKo U MOJIMMEpEH KiacTep Ha KOQEHHCKH MOJEKY/IM Ha MOJell Ha OakapHaTa IOBPILIMHA
Ha MOJICKYJICKO HUBO U Ce MOKaXka JIeka ce BO COTJIACHOCT CO EKCIIEPUMEHTAITHUTE PEe3yIITATH.

Kny4ynu 300poBu: aTcopmiriona uzorepma; kodeun; 6akap; Koposuja; HHXHOUIHja
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1. INTRODUCTION

Copper and copper alloys possess certain
superior properties making them useful for a wide
variety of applications including; production of
wires, sheets and pipes, computer and microelec-
tronics, etc. Copper is also used extensively as a
structural material in cooling and heating systems,
power plants, oil refineries, and automobiles. How-
ever, copper reacts easily with oxygen in oxygen-
containing environments to form an oxide layer
[1]. This surface oxide has a duplex structure made
up of an inner cuprous oxide layer and an outer
cupric oxide layer, depending on the electrode po-
tential [2, 3]. Because of limited protection offered
by copper oxides, the metal is susceptible to differ-
ent forms of corrosion, such as uniform and pitting
corrosion, induced by corrosive species like chloride,
sulphate, hydroxide and nitrate ions [4, 5].

One of the most important methods for the
corrosion protection of copper is the use of organic
inhibitors; however, widespread application of
many commercial organic inhibitors has been hin-
dered by cost and toxicity considerations. Accord-
ingly, several studies have focussed on identifying
effective, inexpensive and nontoxic alternatives.
Some of such investigations have assessed the cor-
rosion-inhibiting properties of natural products of
plant origin, which have been found to generally
exhibit good inhibition efficiencies [6-13]. This
area of research is significant because plant products
are inexpensive, readily available and renewable
sources of environmentally acceptable materials.
This paper focuses on copper corrosion inhibition
in NaCl using caffeine (1,3,7-trimethylxanthine)
isolated from black tea.

Black tea is usually obtained from the As-
samese plant (Camellia sinensis subsp. assamica)
and is additionally fermented, hence more oxidized
and stronger in flavour than green or white tea [14,
15]. Caffeine (Figure 1) belongs to a class of meth-
ylxanthine alkaloids present in coffee, cocoa beans,
cola nuts and tea leaves [16]. Caffeine is exten-
sively used in the production of non-alcoholic be-
verages and pharmaceuticals because of its stimu-
lating and muscle relaxing properties [17]. Accord-
ingly, the effect of caffeine on human health and be-
haviour has been relatively well documented [18,
19]. Studies on the adsorption and protective effect
of commercially available caffeine on the corro-
sion of various metals and alloys in different ag-
gressive solutions have shown that this organic
compound has a considerable corrosion-inhibiting
potential and, thus, deserves more in-depth inves-

tigation [20-23]. Again, in line with current efforts
at promoting the utilization of biomass resources
for the reasons mentioned earlier, it is also neces-
sary to similarly assess the corrosion-inhibiting
efficacy of caffeine isolated from biomass extracts.

Q CH,
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)
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Fig. 1. Structural formula of caffeine

Interestingly, the present study does not only
experimentally evaluate the corrosion inhibition
performance of caffeine isolated directly from
black tea, but it also attempts to further obtain in
depth mechanistic insights into the corrosion inhi-
bition and adsorption behaviour of caffeine by per-
forming theoretical computations in the framework
of the density functional theory (DFT). This
approach involves analysis of the molecular elec-
tronic structures of the molecule as well as the na-
ture of the molecule-metal interaction via molec-
ular dynamics. Molecular dynamics simulation of
metal-inhibitor interactions considers adsorption of
a single caffeine molecule as well as a polymeric
cluster of caffeine molecules on a Cu(110) slab.

2. EXPERIMENTAL

2.1. Materials preparation

The working electrode was made from cop-
per (99.98% purity). Prior to each measurement, the
electrode surface was mechanically treated by grind-
ing and polishing with different grades of emery
paper, degreased in ethanol and rinsed in bi-
distilled water. The exposed geometric area was 0.2
cm? A new electrode surface was used for each run.
The test solution was 0.5 mol I NaCl, prepared from
analytical grade reagent and bi-distilled water.

2.2. Isolation of caffeine

Caffeine was isolated from black tea (Franck,
Zagreb, Croatia). An amount of 30 g of black tea was
placed in an 800 ml beaker with 7.5 g Na,COs to
which distilled water (400 ml) was subsequently
added. The mixture was boiled for 20 minutes and
filtered using a Buchner funnel. The water filtrate
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was extracted with dichloromethane three times
(1 x 100 ml and 2 x 50 ml). The water and organic
solvent layer were separated by centrifuging. The
dichloromethane extract was transferred into an
Erlenmeyer flask and dried using Na,SO, The dried
extract was further concentrated using a vacuum
evaporator and then cooled in a refrigerator in order
to initiate the crystallization of caffeine. The caf-
feine crystals were separated from solution by fil-
tration using a Buchner funnel. About 0.4332 g of
caffeine was isolated from the 30 g of initial biomass.

Different physical methods were employed
to characterize the crystalline caffeine obtained
from black tea, including determination of melting
point, thin layer chromatography (TLC), UV and
FTIR spectroscopy. The melting temperature was
determined by differential scanning calorimetry
(DSC) using a Differential Scanning Calorimeter
(Mettler Toledo 823E). The sample (~ 10 mg) was
hermetically sealed in an aluminium pan and
heated at a constant rate over a temperature range
of 25-300 °C. An inert atmosphere was maintained
by purging with nitrogen gas. Thin layer chroma-
tography was performed on a commercial alumin-
ium plate 20 x 20 cm coated with a 0.2-mm thin
layer of silica gel and the crystalline caffeine using
a 9.5 : 0.5, viv mixture of chloroform and ethanol
as mobile phase and visualized under a UV-lamp
(4 = 254 nm). The UV-absorption spectrum of the
extracted crystalline caffeine was obtained using a
UV/VIS spectrophotometer (PerkinElmer Lambda
EZ 201). Quartz cuvettes (Hellma) with an optical
path length of 1 cm and a volume of 1.5 ml were
used. Ethanol and water were used as solvent for
the caffeine. The Fourier transform infrared (FTIR)
spectrum of isolated caffeine was recorded on a
Perkin Elmer FTIR spectrophotometer (Spectrum
One) over a wave number range of 4000 — 650 cm ™
with a resolution of 4 cm™. Samples were prepared
as KBr pellet.

2.3. Corrosion measurements

Electrochemical experiments were con-
ducted in a three-electrode cell using a potentiostat
(PAR M273A) in combination with a lock-in am-
plifier (PAR M5210). A platinum sheet was used as
counter electrode and a saturated calomel electrode
(SCE) as reference electrode. The latter was con-
nected via a Luggin’s capillary.

Measurements were performed in aerated
and stagnant chloride solutions at 25 + 1 °C. Caf-
feine was added in concentrations from 1 x 10™° to
1 x 10 mol I'". The electrode was allowed to stabi-
lize for 60 min before the measurements started. Po-
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tentiodynamic current-potential curves were ob-
tained by changing the electrode potential from —
250 to +250 mV versus the open circuit potential
with a scan rate of 0.2 mV s . Impedance measure-
ments were carried out at the open circuit potential.
The a.c. amplitude was 10 mV, and the frequency
range studied varied from 50 kHz to 30 mHz.

2.4. Computational details

All theoretical computations were performed
within the framework of DFT using the Materials
Studio; MS Modelling 4.0 software (Accelrys Inc.).
The electronic structures of caffeine and the Cu sur-
face were modelled by means of the DFT electronic
structure program DMol® using a Mulliken popula-
tion analysis as well as a Hirshfeld numerical inte-
gration procedure [24, 25]. Electronic parameters
for the simulation include restricted spin polariza-
tion using the DNP basis set and the Perdew Wang
(PW) local correlation density functional.

Molecular dynamics (MD) simulation of the
non-covalent interaction between a single caffeine
molecule as well as a polymeric cluster of caffeine
molecules (constructed using the Polymer Builder
module) and the Cu surface was performed using
Forcite quench molecular dynamics to sample
many different low energy configurations and
identify the low energy minima [26, 27]. Calcu-
lations were carried out, using the COMPASS
force field and the Smart algorithm, in a simulation
box 30 x 25 x 29 A with periodic boundary con-
ditions to model a representative part of the inter-
face, devoid of arbitrary boundary effects. The box
was comprised of a Cu slab cleaved along the
(110) plane and a vacuum layer of 20 A height.
The geometry of the bottom layer of the slab was
constrained to the bulk positions whereas other
degrees of freedom were relaxed before optimizing
the Cu(110) surface, which was subsequently
enlarged into a 10 x 8 supercell. Inhibitor mole-
cules were adsorbed on one side of the slab. The
temperature was fixed at 303 K, with an NVE (mi-
crocanonical) ensemble, with a time step of 1 fs
and simulation time of 5 ps. The system was
guenched every 250 steps. Optimized structures of
caffeine molecules and the Cu surface were used
for the simulation.

3. RESULTS AND DISCUSSION

3.1. Characterization of caffeine

The analysis of the crystalline material iso-
lated from black tea using the DSC, TLC, UV and
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FTIR spectroscopy confirmed the presence of high
purity caffeine.

The thermal behaviour of caffeine is pres-
ented in the DSC thermogram shown in Figure 2
and reveals a sharp endothermic peak at 235 °C,
which is in accordance with published data [16].
As DSC is considered to be a very accurate method
for melting point determination, the data in Figure
2 is positive evidence of isolation of high purity
caffeine.

For the thin layer chromatography exper-
iment, the plate, after evaporation of the solvent,
was visualized under UV light (with 2 = 254 nm)

ISOLATED CAFFEINE

10 mw

and revealed one brown spot. The R¢ value of the
isolated caffeine was found to be 0.63, which is
consistent with the published data, and is very
close to the R¢ value of the reference sample of
commercial caffeine (0.64) [16]. The characteristic
UV absorption spectrum and absorption maximum
(Amax) Were also employed in identification of the
isolated compound. The Ay Was 272.9 nm for the
isolate in water as solvent and 272.6 nm in ethanol
as solvent, which is similar to the values reported
in the literature for caffeine [16, 28, 29]. The Amax
values of the isolate also coincide with the values
of the reference samples (commercial caffeine).
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Fig. 2. DSC curve of caffeine isolated from black tea
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Fig. 3. FTIR spectra of caffeine isolated from black tea and caffeine from base data of instrument
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The FTIR spectrum of the isolated caffeine
showed comparable absorption bands with that of
standard caffeine (Figure 3). The bands due to
aromatic C—H stretching appear at 3112 cm* (cor-
respond to C—H) and 2954 cm™ (corresponds to
C=H). The C=0 stretching frequency appears at
1701 cm™. The band at 1658 cm ™ is due to C=C
stretching. The band at 1239 cm™ is attributed to
C-N, while that at 1549 cm™ is assigned to C=N.
The obtained results are in accordance with previ-
ously published data [16, 20]. The match between
the spectra of the isolated caffeine and spectra
from the base data was 97.2%. The above findings
all point towards the purity of the caffeine as iso-
lated from black tea.

3.2. Polarization measurements

Figure 4 shows the polarization curves ob-
tained for copper in 0.5 mol I"* NaCl solution with-
out and with the addition of caffeine in different
concentrations (from 1 x 10°to 1 x 107 mol I7%).
The anodic polarization curve for copper in NaCl
solution displayed three distinct regions: a Tafel
region at lower overpotentials extending to the
peak current density at -60 mV, a region of decreas-
ing currents until a minimum is reached, and the
region of second increase in current above —20 mV.

The mechanism of copper dissolution in
chloride media has been extensively studied, and it
has been found to be quite sensitive to chloride
concentration, independent of the solution pH [30-
36]. At potentials close to the open circuit potential
and at CI” ion concentrations lower than 1 mol I,
the copper dissolution process proceeds via a two-
step reaction mechanism. In the first step, a copper

atom is ionised under the influence of a CI" ion,
yielding slightly soluble adsorbed CuCl species at
the electrode, according to:

Cu+Cl" < CuCl+e” (1)

The CuCl has poor adhesion to the copper
surface and in the presence of CI" ions is further
transformed into the soluble cuprous chloride
complex, CuCl, [32]:

CuCl +CI™ — CuCl, 2

At CI" ion concentrations higher than 1 mol I,
cuprous complexes such as CuCls®> and CuCl*
start to appear [33].

At potentials close to the corrosion potential,
the anodic reaction is under mixed charge transfer
and mass transport control kinetics, where the mass
transport limiting step is diffusion of soluble
CuCl, species from the electrode surface into bulk
solution (which results in an apparent anodic Tafel
slope of 60 mV/decade). According to thermody-
namic analysis [36], if the CuCl,™ concentration in
the outer Helmholtz plane exceeds the solubility
equilibrium between CuCl and CuCl, species,
copper will favourably oxidize to CuCl via Equa-
tion 1. Moreover, more insoluble CuCl begins to
precipitate on the copper surface forming a CuCl
salt film, which leads to passivation of the copper
surface and a decrease in the current density. The
anodic peak is, therefore, attributed to the forma-
tion of CuCl film [33]. At higher potentials, Cu is
probably further oxidized to Cu?*, which causes
the current to increase again.

01

NaCl

0.0 1

01 -

-0.3

Potential (V vs. SCE)
o
1

0.4 -

¢ > B o

-5
NaCl + 1x10 " mol I’ caffeine
NaCl + 1x10™ mol I caffeine
NaCl + 1><1O‘3 mol I'' caffeine

Fig. 4. Potentiodynamic polarization curves for Cu in 0.5 mol I* NaCl solution
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The cathodic polarization curve for copper
in NaCl solution displays the current plateau in
potential range from ~ —280 to ~ —430 mV, which
may be attributed to the diffusion controlled reduc-
tion reaction of dissolved oxygen:

0,+2H,0+4e” »>40H  (3)

Addition of caffeine to the NaCl solution did
not notably affect the anodic reaction but remarka-
bly decreased the cathodic current density, as well
as shifted the corrosion potential towards more
negative values. These effects were significantly
enhanced upon increasing the caffeine concentra-
tion. The corrosion potential (Ecy) and corrosion
current density (icorr) Values derived from the po-
larization curves are listed in Table 1.

Table 1

Corrosion parameters
for Cu in 0.5 mol I'* NaCl solution in the absence
and in the presence of caffeine

Ceaffeine Ecorr icorr
(mol 1Y) oY) (LA cm ) Elp%
0 2047 10.78

1x10° 2321 5.34 50.46
5x10° 0447 4.20 61.04
1x10% 2528 2.39 77.83
5 x 10°* _258.2 152 85.90
1x10° 262.3 0.95 91.19

The values of i decreased mainly due to
the corrosion-inhibiting effect of caffeine and the
negative shift in E.,r upon introduction of caffeine
means that the compound functions mainly by de-
creasing the Kinetics of the cathodic reaction. Since
the transfer of oxygen from the bulk solution to the
copper/solution interface will strongly affect the
rate of oxygen reduction, it can be inferred that an
adsorbed layer of caffeine retards the transfer of O,
to the cathodic sites of the Cu surface. This indi-
cates that caffeine functions essentially as a ca-
thodic inhibitor of Cu corrosion in the chloride
environment.

Table 1 also lists the values of the inhibition
efficiency (IEp%), determined from the corrosion
current density using the equation:

IE, % — foor ~(on ) 100 (a)
ICUrr

where icorr and (icorr)inn are corrosion current densi-
ties without and with inhibitor, respectively. The

inhibition efficiency increased with caffeine con-
centration and the optimum value of ~ 91% was
obtained with 10> mol I'* caffeine.

3.3. Impedance measurements

Impedance measurements were undertaken
in order to obtain physical insight into the proc-
esses occurring at the copper/solution phase
boundary. Figure 5 shows Bode plots (logarithm of
impedance, Z, and phase angle respectively vs.
logarithm of frequency, f) for the Cu electrode in
0.5 mol I* NaCl solution in the absence and pres-
ence of caffeine. At high frequencies (f > 1 kHz),
the impedance response is dominated by the elec-
trolyte resistance. In the medium frequency region,
the linear log |Z| vs. log f relationship with a slope
close to —1 and a phase angle of ~ —70° reflect the
capacitive behaviour of the system. At low fre-
quency, the phase angle (= —40°) and slope of the
log |Z| vs. log f (-0.5) point towards the presence of
a slow diffusion process. It can be seen that the
overall impedance of system increases with caf-
feine concentration, which indicates that the elec-
trode surface gets more protection.

f~ 60
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- 20
NaCl 20

.5
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Fig. 5. Bode plots for Cu in 0.5 mol I"* NaCl solution
in the absence and presence of caffeine

The appearance of more than one time con-
stant in the impedance spectra reflects the diversity
of the interfacial phenomena in the system under
investigation. The equivalent circuit proposed to fit
the experimental data is shown in Figure 6 and
consists of an electrolyte resistance Ry (= 5 Q cm?)
connected with two time constants. The first time
constant observed in the high frequency region
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results from the fast charge transfer process in the
metal dissolution reaction. In this case, R; repre-
sents the charge transfer resistance, and Q; repre-
sents the constant phase element and replaces the
capacitance of the electrical double layer. To ac-
count for the surface layer and diffusion process in
the low frequency region, additional equivalent
circuit parameters were introduced such as R, for
the surface layer resistance, Q. for constant phase
element of the surface layer (Q; replaces the ca-
pacitance of surface layer) and a Warburg imped-
ance W for the diffusion process.

As can be seen, the constant phase elements
replace the capacitive elements in the equivalent
circuit. In many cases, the CPE is introduced to
account for deviations associated with depression
of capacitive loops. The impedance of the CPE,
Zcpe, is described by [37]:

LZepe = [Q(Ja))n Tl

with—-1<n<1,j=v-1and @= 24, while Q is a
frequency-independent constant, being defined as
pure capacitance for n = 1, resistance for n = 0,
inductance for n = -1. Diffusion processes are
characterized by the value of n = 0.5.

®)

Q

Fig. 6. Proposed equivalent circuit for modelling the imped-
ance response of Cu in 0.5 mol I"* NaCl solution
in the absence and presence of caffeine

Table 2

The calculated equivalent circuit parameters
for Cu in chloride solution containing different
concentrations of caffeine are presented in Table 2.
The results obtained indicate that an increase in
caffeine concentration leads to a corresponding in-
crease of charge transfer resistance (R;) and sur-
face layer resistance (R,), while the capacitance of
the double layer (Q.), capacitance of the surface
layer (Q,) and the diffusion element (W) decrease.
This direction of change is attributed to the in-
crease of protective properties of the adsorbed
layer on the electrode surface.

The decreasing trend in Q; and Q. values go-
ing from the uninhibited to inhibited solution and
with increasing caffeine concentration provide di-
rect experimental evidence that caffeine is actually
adsorbed on the Cu surface and displaces the water
molecule and other ions originally adsorbed on the
metal surface. The evolution correlates with the
observed improvement of the quality of the inhibi-
tor film, corresponding to improved charge transfer
resistance. The values of n, associated with Q, are
found in the 0.71-0.78 interval revealing that the
adsorbed inhibitor film is partially heterogeneous.
On the other hand, the different values of n, are
due to the modification of the chemical composi-
tion of the adsorbed film in combination with its
thickness, as suggested by the R, values. Further-
more, according to the plate capacitor model, the
surface film capacity, C, is inversely proportional
to its thickness, d (according to C = &é&/d; & is the
permittivity of vacuum; and ¢ the relative permit-
tivity of the film). Hence, the reduction of Q, with
the increase of inhibitor concentration matches the
corresponding increase in the thickness of the sur-
face layer, which additionally corresponds to an
enhancement in the protective properties of the
surface layer.

Impedance parameters for the Cu in 0.5 mol I'* NaCl solution in the absence and in the presence of caffeine

Ceaffeine Q; x 10° R, Q, x 10° R, W x 10* El,
(mol 1) @*'s"cm?) M kQemd)  (@'s"em?) ki (kQ cm?) (@1 em?) %
0 44.61 0.88 0.32 32.78 0.63 2.20 1.03
1x10° 27.38 0.90 0.71 20.04 0.71 4.92 0.93 54.93
5x 10° 21.17 0.91 0.87 16.11 0.74 6.53 0.85 63.22
1x10* 18.21 0.91 1.50 12.53 0.76 9.46 0.79 78.67
5x 10 14.50 0.93 3.11 10.67 0.78 14.17 0.77 89.71
1x10° 12.37 0.92 4.08 8.42 0.78 17.38 0.74 92.16
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The semicircles in the high frequency region
are generally associated with the relaxation of the
electrical double-layer with their diameters repre-
senting the charge transfer resistance [38—41]. The
smaller the charge transfer resistance, the faster the
corrosion rate. The inhibition efficiency of caffeine
(IE\%) for Cu electrode can be then calculated
from the charge transfer resistance as follows:

|E,%=(Rl)i”7h_Rlx100, (6)

(R )

where R; and (Ry)inn are the charge transfer resis-
tance without and with inhibitor, respectively. The
inhibition efficiency increases with the caffeine
concentration and the inhibition efficiency up to ~
92% could be achieved in chloride solution (Table
2). The inhibition efficiency determined from the
polarization and impedance measurements are con-
sistent.

3.4. Adsorption of caffeine

Adsorption of caffeine on the Cu surface
was further characterized by fitting the experimen-
tal data to several adsorption isotherms. The frac-
tional surface coverage, 9, at different concentra-
tions of caffeine in NaCl solution, c, was deter-
mined from the corresponding polarization and
impedance measurements according to:

0= icorr _i(icorr )inh (7)

cormr

0.0012

0= (Rl()Rinh)_ R, (8)

The Langmuir adsorption isotherm (Equa-
tion 9) was found to most suitably describe the ad-
sorption behaviour of caffeine on Cu:

o

KC:—i
1-6

©)

where K is the equilibrium adsorption constant. The
relation between the equilibrium adsorption constant
and free energy of adsorption AG_, is given by:

K= 1 exp[_AGadsJ: (10)

RT

solvent

where Csovent represents the molar concentration of
the solvent, which in the case of water is 55.5 mol
I, R is the universal gas constant, and T is the ab-
solute temperature. The Langmuir isotherm, Equa-
tion (9), could be rearranged into the following
expression:

1
=—+C. 11
” (11)

Qo

Accordingly, a linear relationship can be ob-
tained when c¢/6 is plotted as a function of c, with a
slope of unity. These plots are shown in Figure 7
and are linear with slopes of 1.08 and 1.07 for both
polarization and impedance data, which suggests
that the Langmuir adsorption isotherm is obeyed.

0.0010 | ®  impedance measurement

0.0008 +
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¢/ 6 (mol I'"

0.0004 +
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® polarisation measurement

0.0000 . :
00000 00002  0.0004

0.0006 0.0008 0.0010 0.0012

c (mol I'"

Fig. 7. The Langmuir adsorption isotherms of caffeine adsorption onto a Cu surface
in 0.5 mol I* NaCl solution determined by polarization and impedance measurements
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The free energy of adsorption was calculated
from polarization and impedance data and found to
be equal to —36.54 and —36.97 kJ mol™, respec-
tively. It is well known that values of AG_, in the
order of —20 kJ mol™ or lower indicate a phy-
sisorption, while those of order of —40 kJ mol™ or
higher involve charge sharing or charge transfer
from the inhibitor molecules to the metal surface to
form a coordinate type of bond (chemisorption)
[42, 43]. The magnitude of AG;, suggests a strong
(possibly chemisorptive) interaction between caf-
feine and the Cu surface, which is in the line with

the prediction of the Langmuir isotherm.

3.5. Quantum chemical and molecular dynamics
simulation studies

A realistic route to study the complex proc-
esses occurring between adsorbed inhibiting spe-

(a)

cies and metal surfaces at the molecular level in-
volves computer simulations of suitable models.
The density functional theory (DFT) has been used
widely in this regard. Certain electronic structure
parameters have been correlated with the effect-
tiveness of adsorption-type inhibitors. These in-
clude the energy of the highest occupied molecular
orbital (Enomo), Which is associated with the ca-
pacity of a molecule to donate electrons, the lowest
unoccupied molecular orbital (E.umo) energy cor-
responding to a tendency for electron acceptance
and the HOMO-LUMO energy gap. Others include
charge densities, electronic energies, dipole mo-
ments, molecular surface area, etc. [44-48]. The
geometry optimized structure, HOMO and LUMO
orbitals, total electron density, as well as Fukui
function for electrophilic (f ) and nucleophilic (f*)
attack of the caffeine molecule are presented in
Figure 8.

Fig. 8. Electronic properties of caffeine: (a) optimized structure, (b) HOMO orbital, (c) LUMO orbital,
(d) total electron density, (€) Fukui f~ function, (f) Fukui f* function.
(Atom legend: white = H; gray = C; red = O; blue = N.)
The blue and yellow isosurfaces depict the electron density difference;
the blue regions show electron accumulation, while the yellow regions show electron loss.

The HOMO and LUMO orbitals of caffeine
are more or less spread over the xanthine nucleus,
with the HOMO saturated more or less around the
conjugated pi bond system, while the LUMO is
localized around the individual heteroatoms. The
electron density is spread all around the molecule;
hence we should expect a flat-lying adsorption ori-
entation. The local reactivity of the molecule was
analyzed by means of the Fukui indices (FI) to as-
sess reactive regions in terms of nucleophilic and
electrophilic behaviour. The f~ measures reactivity
with respect to electrophilic attack or the propen-
sity of the molecule to release electrons, while f* is
a measure of reactivity relating to nucleophilic at-
tack or tendency of the molecule to attract elec-
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trons. Our results show that the f~ sites correspond
with the HOMO locations, while the f* sites corre-
spond with the LUMO locations; indicating the
zones through which the molecule would likely
interact with the Cu surface.

The tendency of a given molecule to be ad-
sorbed on a metal surface depends on its electronic
structure or molecular size, respectively giving rise
to chemical deactivation of active corrosion sites
or geometrical blocking. The former effect will be
more pronounced if the functional groups in the
molecule have a high tendency to donate electrons,
as is often reflected by the Enomo and E ymo Vval-
ues. High values of Epomo indicate the disposition
of the molecule to donate electrons to an appropri-
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ate acceptor with vacant molecular orbitals. Simi-
larly, low values of the gap AE = ELUMO — EHOMO
will render good inhibition efficiencies since the
energy to remove an electron from the last occu-
pied orbital will be minimized. The range of the
obtained values of Enomo (-5.513 eV), Eiumo (-
1.947 eV) and AE (3.566 eV) suggest that the in-
teraction of the caffeine molecule with the metal
surface would be mostly noncovalent, but would
rather proceed via noncovalent (physisorptive) in-
teractions [49].

Molecular dynamics (MD) simulations were
also undertaken to illustrate the adsorption of the
caffeine molecule on the Cu surface at a molecular
level. Figures 9a and 9b show representative snap-
shots of the side view and top view of the lowest
energy adsorption orientation for a single caffeine
molecule on the Cu(110) surface from our simula-
tions. The molecule can be seen to maintain a flat-
lying adsorption orientation on the Cu surface, as
expected from the delocalization of the electron
density all around the molecule. This orientation
maximizes contact with the metal surface and,
hence, augments the degree of surface coverage.

Fig. 9. Representative snapshots of the (a) side view and
(b) on-top view of caffeine on the Cu(110) surface (Cu atoms
on the surface plane are represented by the larger spheres on
the Cu slab). The pink dotted lines depict close contact inter-
actions between the molecule and the surface.

To quantitatively appraise the interaction be-
tween caffeine and the Cu surface, the adsorption
energy (E.gs) was calculated using the relationship
in Equation (12):

Eas = Etotal - (ECaf + ECu)' (12)

ads

A negative value of E. corresponds to a
stable adsorption structure whilst Ec,f, Ecy and Eqota
correspond respectively to the total energies of the
caffeine molecule, Cu(110) slab and the adsorbed
caffeine/Cu(110) couple in the gas phase. The total
energies were calculated by averaging the energies
of the five most stable representative adsorption
configurations. The magnitude of our obtained E.gs
value of —56.0 kcal mol™ is, however, not in full
agreement with the strong caffeine-Cu interaction

as predicted experimentally from the AG_,; values.

Molecular dynamics simulations were also
undertaken to assess the adsorption characteristics
of a polymeric cluster of caffeine molecules, which
will better mimic the actual situation within an ad-
sorbed inhibitor layer. The polymeric cluster was
generated from the caffeine molecule (repeat unit)
using the Polymer Builder (MS Studio 4.0). The
resulting polymer conformation (Figure 10a),
which is somewhat unrealistic, was further modi-
fied using the Amorphous Cell module to generate
chains containing sequences of backbone dihedrals
typical of those found in actual melts or in ideal
solutions [50-52].

(a)

Fig. 10. Caffeine polymer
(a) initial and (b) optimized structure

The Amorphous Cell construction tempera-
ture was 303 K, while the number of conforma-
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tions, number of molecules and target density
within the confined layer were all unity. The lattice
parameters were kept analogous to those of the Cu
(110) slab. The reconstructed polymeric cluster of
caffeine molecules (Figure 10b) was subsequently
superimposed on the Cu(110) slab using the Layer
Builder [53]. The Cu(110) slab was first built and
relaxed by minimizing its energy via molecular
mechanics using the Discover minimizer (MS Stu-
dio 4.0) [54]. The surface area was increased and
its periodicity changed by constructing a 10 x 10
super cell with a vacuum slab of thickness 30 A.
The resulting layered structure (Figure 11) then
contains the Cu(110) slab, the polymeric cluster of
caffeine molecules and the vacuum.

Fig. 11. Interaction of the polymeric cluster of caffeine
with a Cu(110) slab

Quantitative appraisal of the interaction en-
ergy of the polymer and the surface was calculated
as follows:

Einteraction = Etotal - (ECu + Epolymer) (13)

Ewa IS the energy of the surface and the
polymer, Ec, is the energy of the Cu surface with-
out the polymer, Epoiymer is the energy of the poly-
mer without the surface and the interaction energy
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Einteraction = —421.52 kcal mol™. As expected, the
interaction energy is enhanced by increasing the
number of caffeine molecules on the Cu surface,
with a value of —421.52 kcal mol™, which is in the
range of chemisorptive interactions predicted by

the AG,,, values. In other words, the polymeric

ads
cluster of caffeine molecules interacts more
strongly with the Cu(110) surface than the single
molecule. This could be related to the observed
trend of rapidly increasing inhibition efficiency
with increase in caffeine concentration and proba-
bly accounts for the high inhibition efficiency of
caffeine as observed experimentally.

4. CONCLUSIONS

Caffeine was isolated from black tea, and
characterization of the isolate by melting point de-
termination, R; value, IR and UV spectra con-
firmed the presence of high purity caffeine.

The inhibitive properties of caffeine towards
the corrosion of copper in NaCl solution invest-
tigated using the potentiodynamic polarization and
EIS measurements established that the caffeine
was a very good cathodic inhibitor, with an inhi-
bition efficiency up to ~ 92%. The mechanism of
the corrosion inhibition process is based on the
adsorption of the caffeine on the active corrosion
sites. The adsorption behaviour can be described
by the Langmuir adsorption isotherm, and the
value of the standard free adsorption energy of
~ —37 kJ mol™ indicates strong adsorption of the
caffeine on the copper surface.

Molecular dynamics simulation of metal-
inhibitor interactions considered adsorption of a
single caffeine molecule as well as a polymeric
cluster of caffeine molecules on a Cu(110) slab.
The magnitude of the obtained binding energies
confirms that the polymeric cluster of caffeine
molecules interacts more strongly with the Cu sur-
face, implying that binding energy is enhanced by
increasing the number of caffeine molecules on the
Cu surface, in agreement with the experimental
findings.
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