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In this work the interaction between peripherally ([3) substituted nickel tetrahydroxyphthalocyanines
(B-NiPc(OH)4 and (3-Ni(O)Pc(OH),4) with p-chlorophenol is theoretically rationalised by performing cal-
culations at B3LYP/6-31G(d) level. Density functional theory (DFT) and molecular orbital theory are used
to calculate the condensed Fukui function for phthalocyanine derivatives and p-chlorophenol, in order to
determine the reactive sites involved when p-chlorophenol is oxidized, and to compare theoretically

predicted reactivity to experimentally determined electrocatalytic activity. Electrocatalytic activities
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of adsorbed NiPc derivatives: ads-a-NiPc(OH)s-OPGE (OPGE = ordinary poly graphite electrode), ads-o-
NiPc(OH)4-OPGE and ads-3-NiPc(OH)4-OPGE are compared with those of the polymerized counterparts:
poly-a-Ni(O)Pc(OH)s-OPGE, poly-a-NiPc(OH)4-OPGE and poly-3-NiPc(OH)4-OPGE, respectively.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Organic materials, such as phthalocyanines, have been used at
electrode interface, in order to tune or improve the electron trans-
fer properties of the electrode [1-4]. Density functional theory
(DFT) methods have proved useful in elucidating chemical proper-
ties when molecules interact [5-8]. The DFT calculations are used
in this paper to study chemical potential (1), chemical hardness
(n) and chemical softness (S) of nickel phthalocyanine tetrasubsti-
tuted with hydroxyl at the peripheral (3) positions (3-NiPc(OH)4
and B-Ni(O)Pc(OH)y, the latter was formed following transformed
[B-NiPc(OH),4 in NaOH to form O-Ni-O bridges [9-11]) on inter-
action with p-chlorophenol. We also determine the reactive site
by making use of the condensed Fukui function [6,12]. The Fukui
function derived by Parr and Yang [6] is related to the electron
density in the frontier molecular orbitals (FMO) and as a result it
plays a crucial role in chemical selectivity [ 13]. In the previous work
[14], the reactivity of B-NiPc(OH)4 and -Ni(O)Pc(OH)4 towards
the electrocatalysis of p-chlorophenol was determined using DFT
methods.

The aim of this paper is to make use of the Fukui function
in order to theoretically investigate if there will be any effect
on selectivity and reactivity of the ring, due to the hydroxy
group substituted at different positions on metallo phthalocya-
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nines (Fig. 1). The Fukui function will give us information on
possible reactive sites on the metallo phthalocyanine, where elec-
trocatalytic oxidation of analytes such as 4-chlorophenol may
occur. The Fukui function plots of three differently substituted
metallo phthalocyanines {non-pheripherally-(a-NiPc(OH)4) and
peripherally tetrasubstituted (3-NiPc(OH),4) and non-peripherally
octasubstituted (a-NiPc(OH)g), Fig. 1} are comparatively studied
and the information was used to explain their catalytic activity
towards the oxidation of 4-chlorophenol. The electrocatalytic stud-
ies of these molecules towards the oxidation of 4-chlorophenol are
also presented in this work. For the electrochemical studies the
NiPc derivatives are adsorbed on ordinary poly graphite electrode
(OPGE) to form ads-f-NiPc(OH)4-OPGE, ads-a-NiPc(OH)4-OPGE
and ads-a-NiPc(OH)g-OPGE or polymerized in NaOH to form,
poly-3-Ni(O)Pc(OH)4-OPGE, poly-a-Ni(O)Pc(OH)4-OPGE and poly-
a-Ni(O)Pc(OH)g-OPGE, respectively. The latter contain O-Ni-O
bridges as discussed above.

2. Theoretical background: interaction and reactivity
descriptors

Chemical potential (), chemical hardness (1) and chemical
softness (S) are three useful molecular indices in DFT framework.
According to Koopman’s theorem [15], the three quantities are
defined by Eq. (1)-(3):

OE 1
n= (aN)u(r) ~ 5( €HOMoO + €LuMo) (1)


dx.doi.org/10.1016/j.electacta.2010.10.007
http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
mailto:t.nyokong@ru.ac.za
dx.doi.org/10.1016/j.electacta.2010.10.007

S. Khene et al. / Electrochimica Acta 56 (2010) 706-716 707

OH
Q HO
OH
z NZN 7N
N N I\V OH N
of JTN—Ni—N N—Ni—N
I . ]
N~ N\ N OH Nx N\ N
I o
OH
(A) (B)
H N& 7 N OH C|OOH
N
—_ N—Ni—N
L
o NsNo-N  oH
(®) (D)

Fig. 1. Molecular structure of (A) 3-NiPc(OH)a, (B) a-NiPc(OH)s4, (C) a-NiPc(OH)g,
and (D) p-chlorophenol.
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where E is energy of interacting molecules, v(r) is the external elec-
trostatic potential an electron at position (r) experiences due to
the nuclei, N is the number of electrons, eyonmo is the energy of
the highest occupied molecular orbital (HOMO) and ejymp is the
energy of the lowest unoccupied molecular orbital (LUMO). Chem-
ical hardness (1) governs reactivity (Eq. (2))[15,16]. When studying
the chemical reactivity of two interacting molecules the chemical
potential (i¢) has an important role to play. In order for a reaction
to proceed via a low-energy path, an electron should be transferred
from a molecule with higher chemical potential to a molecule with
a lower chemical potential [17]. This means that the larger the dif-
ference in the chemical potential between the two molecules, the
easier the reaction will be.

If a reaction is to take place, the driving force in a reaction is the
equalization of the chemical potential between the two reacting
species. Changes in the number of electrons and the external poten-
tial will cause the chemical potential of a system to change. If only
infinitesimal changes in u are considered, the following relation is
established, Eq. (4):

0%E Su
du = (W),,(r)dN+/ (W)N(Sv(r)dr (4)

The first term gives the chemical hardness shown in Eq. (2),
which is an important factor governing the reactivity of two chem-
ical species. The second term in Eq. (4) is related to the Fukui

function f{r) which is defined by Eqgs. (5) and (6):

_ du _(3p(r)
10-(55),~ (%),
oE
p(r):<3v(1’)>N (6)

where p(r) is the electron density. In the DFT framework, the Fukui
function is a local reactivity descriptor and provides the reactive
site where the reaction occurs. The Fukui function gives the site of
higher reactivity because the function gives the largest variation in
the electronic density for a molecular system when it accepts or
donates electrons.

The Fukui function (Eq. (5)) is a quantity involving the electron
density of the atom or molecule in its frontier orbitals and has a
local quantity which has different values at different points [18].
This function is indicative of how the electronic density varies at
a constant external potential when there is a change in the num-
ber of electrons in the system. When electrons are added to the
LUMO or removed from the HOMO, the density as a function of N
has slope discontinuities, hence three different reaction indices can
be defined, f*(r), f~(r) and fO(r) which are the Fukui functions for
nucleophilic attack, electrophilic attack and radical attack, respec-
tively. They are defined by Eqgs. (7)-(9):

fHn = (%%Z)Lr) ~ (1) = (1) (7)
frr)=- (%%i)>u(r) ~ pN(r) — pn-1(r) (8)

£ = (3;,53>)V(r) < 3 1ona(n) — a0 = S+ 1)
©)

where f~(r), measures the reactivity towards an electrophile, f*(r),
measures reactivity towards a nucleophile and fO(r) measures reac-
tivity towards radical attack. The quantities pys+1(r), pn(r) and
pn—1(r) are the electronic densities for the system with N+ 1, N and
N — 1 electrons, respectively.

When charges of two interacting molecules are small or may
be zero, for example in a reaction between two neutral molecules,
the maximal Fukui function (f{(r)) site is preferred for the reaction
[18]. When the charges of the molecules are relatively large, then
the Fukui function (f{(r)) needs to be minimised in order for the
reaction to proceed smoothly [18,19].

3. Computational aspects and calculation procedure

In this work, Gaussian 03 program [20] running on an Intel/Linux
cluster was used to perform all DFT calculations. The calculations
were done at the B3LYP level with basis set 6-31G(d) for both
optimization and excited energy calculations (using time depen-
dent density function theory, TDDFT). Gausview 4.1 program was
used for all visualization [20]. B3BLYP employs Becke’s method of
using Lee-Yang-Parr’s gradient-correction, exchange-correlation
density functional, which includes a hybrid of the Hatree-Fock
exchange and the DFT exchange.

Geometry optimization for the ground state of a given molecule
A (e.g. B-NiPc(OH),4) was obtained. From this calculation, the value
of the energy for molecule A with N electrons (E4(N)) and the
Mulliken charges on the kth atom of the molecule (g4, (N)) were
obtained. Single point energy calculations were performed on
molecule A with N—1 and N+1 electrons. Accordingly E4(N — 1),
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Scheme 1. Synthesis pathway for non-peripherally substituted a-NiPc(OH)s.

gak(N—1) and E4(N+1), gax(N+1) are obtained from the calcula-
tions.

Ionization potentials (IP4) and electron affinities (EA,) for
molecule A, are calculated using Eqgs. (10) and (11):

IPy = E4(N — 1) — E5(N) (10)
EAAZEA(N-l-])—EA(N) (]])

From the values obtained for A, absolute electronegativity,
absolute hardness and absolute softness values, xa, 74 and Sa,
respectively can be calculated using Eqs. (12)—(14):

1

XA = E(IPA + EAp) (12)
1

na = E(IPA_EAA) (13)
1

54 = 5 (14)

Mulliken charges for each of the kth atoms in A with N, N—1
and N + 1 electrons, allow for the calculation of the condensed Fukui
function according to Eqs. (15)—(17):

fai = 9ak(Na + 1) — qa(Na) (15)

far = 9ak(Na) — qax(N — 1) (16)

19 = 3 1nNat + 1)~ QaelNa — D] = 3155, + i (17)
Condensed local softness is represented by Egs. (18)-(20):

Sar = Safai (18)

Sak = Safar (19)

Shic = SARi (20)

4. Experimental
4.1. Materials

Nickel acetate tetrahydrate, diazabicyclo{5.4.0}-undec-7-ene
(DBU), 1-pentanol, dimethylsulphoxide (DMSO), dicyano hydro-
quinone, sodium hydroxide, hydrochloric acid, sodium sulphide
nonahydrate (Aldrich), sodium nitrite and p-toluenesulfonyl chlo-
ride were from Aldrich.

4.2. Synthesis of NiPc derivatives

The synthesis of peripherally substituted nickel hydroxyph-
thalocyanine (3-NiPc(OH)4) has been reported in the literature
[21]. The non-peripherally substituted derivative (a-NiPc(OH)4)
was synthesized and characterized as reported for the ZnPc deriva-
tive [22]. The synthesis of non-peripherally octahydroxy nickel
phthalocyanine (a-NiPc(OH)g) is briefly described as follows (see
Scheme 1):

2,3-Dicyanohydroquinone (1) was converted to 3,6-bis(4-
methylphenylsulfonyloxy) phthalonitrile (2) following the litera-
ture methods [23]. For the synthesis of a-NiPc(OH)g, compound 2
(1g, 2.13 mmol) and dry 1-pentanol (3 ml) were placed in a stan-
dard round bottom flask and refluxed for 30 min. Anhydrous nickel
acetate tetrahydrate (0.13 g, 0.53 mmol) was added to the hot solu-
tion followed by a drop of DBU. The mixture was further refluxed for
7 h to afford a-NiPc(OTos)g (OTos =Tosyl). a-NiPc(OTos)g (0.77 g,
0.53 mmol) was stirred in NaOH (1 moldm~3) solution for 24h
to afford a-NiPc(OH)g. The product was separated and purified
using 1 mol dm—3 sodium hydroxide, 1 mol dm~3 hydrochloric acid
and finally with water. a-NiPc(OH)g was further stirred in hot
methanol:water mixture (1:1) and finally dried at 80°C overnight.

Yield 0.22 g (60%). 'H NMR: 8y (DMSO0), 7.3-7.8 (8H, m, Ar-CH),
5.8 (Ar-OH): IR spectrum (cm~1): 3314 (OH), 3057 (Ar-CH), 1588
(C=C), 1554 (C=N), 1491, 1474, 1361, 1286, 1172, 1142, 1081, 928,
812,747,704, 747. Calc. MS (ESI-MS) m/z: (NiPc(OH)g) Calculated.
699; Found: 699 [M*].

A broad 'H NMR singlet due to hydroxy substituent at 5.8 ppm,
disappeared upon addition of D,0.

4.3. Equipment

TH NMR spectra were obtained, in deuterated solvents, using a
Bruker EMX 400 MHz or Bruker Avance II+ 600 MHz NMR spectrom-
eters. FT-IR spectra (KBr pellets) were recorded on a Perkin-Elmer
spectrum 100 ATR spectrometer. MALDI-TOF mass spectra were
recorded ABI Voyager DE-STR Maldi TOF instrument at University
of Stellenbosch.

4.4. Electrochemical methods

Cyclic voltammograms (CV) were obtained using Autolab poten-
tiostat PGSTAT 30 (Eco Chemie, Utretch, The Netherlands) driven
by the General Purpose Electrochemical Systems data processing
software. A conventional three-electrode set up with ordinary poly
graphite electrode (OPGE) as a working electrode, platinum wire
as counter electrode and Ag|AgCl (3 M KCl) as a reference electrode
was employed. The working electrode (OPGE) was constructed in
house and the conduction between the copper wire and OPG mate-
rial was facilitated by making use of high purity silver paint and
Teflon was used for the outer casing. The OPGE (area=0.44 cm?)
was cleaned by polishing on 800 and 1200 grit emery paper, fol-
lowed by rinsing with ultra-pure Millipore water.

The NiPc derivatives (-NiPc(OH)4, «-NiPc(OH); and -
NiPc(OH)g) were adsorbed onto the OPGE by dipping the electrode
in dry dimethysulfoxide (DMSO) containing NiPc derivative
and allowing the solvent to dry to give adsorbed deriva-
tives: ads-B-NiPc(OH)4, ads-a-NiPc(OH)4 and ads-a-NiPc(OH)g,
respectively. The electrochemical transformation of the NiPc
derivatives in alkaline aqueous solution to form the interconnected
0-Ni-O oxo bridges was achieved by cycling ads-[3-NiPc(OH)s,
ads-a-NiPc(OH); and ads-a-NiPc(OH)g, in 0.1 moldm—3 NaOH,
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Fig. 2. Cyclic voltammograms of (A) ads-a-NiPc(OH)4, and (B) ads-o-NiPc(OH)g
adsorbed on the OPG electrode in 0.1 mol dm~3 NaOH, forming poly-a-Ni(O)Pc(OH)4
and poly-a-Ni(O)Pc(OH)g, respectively. Scan rate=100mVs-!.

giving the polymerized derivatives: poly--Ni(O)Pc(OH)y4, poly-o-
Ni(O)Pc(OH),4 and poly-a-Ni(O)Pc(OH)g, respectively.

5. Results and discussion
5.1. Analysis of derivatives on OPGE

OPGE is made of ordered sheets of hexagonally bonded carbon
atoms arranged in the same direction and has both basal and the
edge planes. Pyrolytic graphite is anisotropic, very reproducible and
slightly denser than natural graphite. It is more porous than glassy
carbon, thus allows easy adsorption of electrode modifiers. Hence
it was employed in this work.

Depositions of NiPc derivatives to form ads-[3-NiPc(OH)y4, ads-
a-NiPc(OH); and ads-a-NiPc(OH)s on ordinary poly graphite
electrode were performed by adsorption from 1 x 103 moldm—3
solution of the complex in DMSO. The adsorption was performed
by the dip dry method where the electrode was dipped in a solution
of DMSO containing the NiPc derivative and then dried, resulting
in adsorbed species. This was followed by recording of voltammo-
grams in 0.1 moldm~3 NaOH (Fig. 2). Fig. 2A shows only a weak
feature at ~—0.2 V for ads-a-NiPc(OH )y4, this is due to the ring based
reduction: (NiPc2~/NiPc3~) since adsorbed NiPc complexes do not
show metal based (e.g. Ni''Pc/Ni'"Pc or Ni''Pc/Ni'Pc) processes. On
cycling the adsorbed a-NiPc(OH),4 in NaOH solution, Ni'!/Ni"" cou-

-d.5 -d.4 -0|.3 -0|.2 -d.1 0:0 0:1 0:2 0:3 0:4 0:5
E vs (Ag|AgCl)/V

Fig. 3. Cyclic voltammograms of (i) poly-B-Ni(O)Pc(OH)y, (ii) poly-a-Ni(O)Pc(OH)4
and (iii) poly-a-Ni(O)Pc(OH)s on OPG electrode in 0.1 moldm~=3 NaOH. Scan
rate=100mVs-1.

ple began to form near 0.35 V. The cyclic voltammograms in Fig. 2A
can be explained by the formation of the O-Ni-O oxo bridges in
alkaline aqueous solution and are indication of the transformation
of the NiPc(OH)4 into the O-Ni-O oxo bridged to form poly-o-
Ni(O)Pc(OH)4 [9-11]. Fig. 2B shows the cyclic voltammograms of
ads-a-NiPc(OH)g in 0.1 mol dm~3 NaOH. Unlike the case with poly-
a-Ni(O)Pc(OH),4 (Fig. 2A) there was an immediate formation of
a pair of peaks associated with Ni'!/Ni!! for poly-o-Ni(O)Pc(OH)g
(Fig. 2B). This was followed by a gradual increase of the current with
scanning in 0.1 mol dm~3 NaOH. In the case of the reported ads-3-
NiPc(OH), [14] the formation of Ni'!/Ni'' complexes was immediate
compared to ads-a-NiPc(OH)4 where cycling was needed for for-
mation of the couple as observed in Fig. 2A, showing that the ease
of formation of O-Ni-O bridges depends on the point of substitu-
tion, with formation being easier for the peripherally substituted
derivatives. Comparing the formation of poly-a-Ni(O)Pc(OH)4 with
poly-a-Ni(O)Pc(OH)g, the latter forms O-Ni-O bridges more readily
than the former in that the peaks were formed instantly in the latter.
Thus the ease of formation of the O-Ni-O bridges also depends on
the number of substituents. The scan rate dependence of the peak
current was linear, suggesting surface bound redox processes.

The type of substituent also plays a role. For example
nickel tetrasulfophthalocyanine (NiTSPc) readily forms O-Ni-O
oxo bridges without the need of activation, whereas for nickel
tetraamino phthalocyanine (NiTAPc), activation is needed [9-11].

Fig. 3 overlays the cyclic voltammograms of (i)
poly-B-Ni(O)Pc(OH)4, (ii) poly-a-Ni(O)Pc(OH); and (iii) poly-
a-Ni(O)Pc(OH)g in 0.1 mol dm~3 NaOH. The peaks due to Ni'l/Ni'
are observed at Ey, =0.39V for poly-a Ni(O)Pc(OH)g, 0.40V for
poly-a-Ni(O)Pc(OH)4 and at Ey, =0.28V for poly-[3-Ni(O)Pc(OH )4
in 0.1 moldm~3 NaOH (Table 1). The Ni''/Ni"" peaks for poly-a-
Ni(O)Pc(OH)4 and poly-a-Ni(O)Pc(OH)g occur at more positive
potentials compared to poly-f3-Ni(O)Pc(OH),, suggesting difficulty
of oxidation for the former complexes which are non-peripherally
substituted.

The surface coverage (I", molcm~2) for poly-B-Ni(O)Pc(OH)g,
poly-a-Ni(O)Pc(OH)4 and poly-a-Ni(O)Pc(OH)g was estimated
from the charge under their relative oxidation peak using Eq. (21)
[24]:

Q = nFAT (21)

where Q is the total charge (C), A is the electrode surface area
(0.07cm?2) and I is the surface coverage of the redox species.
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Table 1

Electrochemical parameters for NiPc derivatives and 4-chlorophenol (7 x 10~* moldm~3) electrocatalysis in 0.1 moldm~3 NaOH.

NiPc derivative Ey, vs (Ag/AgCl)/V (Nilll/Nill)a 10'° x I" (mol cm~2)?

umbper O 1Pc derivative molecules® 'S g/AgZ! -choropheno
Number of NiPc derivati lecules®®  EP vs (Ag/AgCl)/V (4-chorophenol)®

ads-B-NiPc(OH)s, - -
ads-a-NiPc(OH)g, - -
ads-o-NiPc(OH)g - -

poly-B-Ni(O)Pc(OH),4 0.28 1.49
poly-a-Ni(O)Pc(OH)4 0.40 0.37
poly-o-Ni(O)Pc(OH)s, 0.39 5.10

_ 0.26
- _d

- 0.41

6.0 x 102 (2.9 x 1013) 0.39
1.5x 1072 (2.9 x 103) 0.42,0.45
2.10x 1013 (3.7 x 1019) 0.37

2 Values for adsorbed species were not determined due to Ni''/Ni"" (or any clearly defined oxidation peak).

b Numbers in brackets are theoretically calculated values.

¢ The peak for oxidation on bare OPGE (ordinary poly graphite electrode) is 0.38 V.

4 No clearly defined peak.

Using Eq. (21), the total surface coverages of the electrodes
of 5.10, 037, 1.49x 10~'molcm~2 were obtained for poly-
a-Ni(O)Pc(OH)g, poly-a-Ni(O)Pc(OH)4 and poly-B3-Ni(O)Pc(OH),
(Table 1).

The surface coverage values are within the order of magnitude
of surface coverage expected for phthalocyanine molecule lying flat
on the surface (10~19 molcm=2 [25]). Poly-o-Ni(O)Pc(OH)g gave
a surface coverage larger than the monolayer value, while poly-
a-Ni(O)Pc(OH)4 gave a lower value. Only poly-B-Ni(O)Pc(OH),4
gave a value near the monolayer. The differences reflect the ease
of film formation for the NiPc derivatives. Number of molecules
covering the surface area of the electrode was estimated exper-
imentally using the surface coverage above and the geometric
area of the OPGE, whereas the theoretical number of molecules
(in brackets in Table 1) covering the surface area of the electrode
were determined from optimized molecular structures (hence
area of one molecule) using Gaussian at B3LYP/6-31G(d) level
(Table 1). The calculated (theoretical) number of molecules for
poly-a-Ni(O)Pc(OH),4 and poly-3-Ni(O)Pc(OH)y, are larger than the
experimentally determined values, which suggest that the surface
is less than a monolayer. For poly-a-Ni(O)Pc(OH)g the calculated
number of molecules is much lower than the experimental val-
ues, which suggests that the surface coverage exceeds that of a
monolayer.

5.2. Analysis of 4-chlorophenol

Please note that in this section the modified electrodes will
be shown with OPGE at the end (as NiPc-OPGE) since the
cyclic voltammetry on OPGE alone is also studied. Fig. 4A shows
cyclic voltammograms of ads-f-NiPc(OH)4-OPGE (ii), and poly-3-
Ni(O)Pc(OH)4-OPGE (iii) in the presence of p-chlorophenol. There is
an increase in current for poly-3-Ni(O)Pc(OH),4-OPGE as compared
to bare OPGE [14], showing catalytic activity. Catalytic activity is
evidenced by enhancement of currents and lowering of poten-
tial compared to analysis on the unmodified electrode. The peak
potential did not change for poly-B3-Ni(O)Pc(OH)4 but shifted to
less positive values for ads-[3-NiPc(OH)4-OPGE (Table 1), showing
catalysis in terms of lowering of potential. The reduction of Ni(III)
back to Ni(Il) in Ni(O)Pc complexes is generally barely affected by
the chlorophenols [11], but an enhancement in the Nilll peak is
observed when there is catalysis. In Fig. 4A, there is an increase
in the anodic currents relative to the cathodic currents for poly-3-
Ni(O)Pc(OH), in the presence of 4-chlorophenol, hence confirming
electrocatalysis. Plots of current (for p-chlorophenol) versus square
root of scan rate (not shown) were linear for all the modified
electrodes, confirming diffusion controlled mode of transport for
p-chlorophenol.

Fig. 4B shows the cyclic voltammograms of 4-chlorophenol
on bare (i), ads-a-NiPc(OH)4-OPGE (ii) and poly-a-Ni(O)Pc(OH)4-
OPGE (iii). There is no peak observed for the oxidation
4-chlorophenol on ads-a-NiPc(OH)4-OPGE even though there is

one on bare OPGE. It is possible that the 4-chlorophenol peak
occurs beyond the potential range of the OPGE. The peaks observed
near —0.2 for ads-o-NiPc(OH)4-OPGE and near —0.3 for poly-a-
Ni(O)Pc(OH)4-OPGE due to ring reduction (NiPc2~ /NiPc3~) process,

(A)
-0.5 -0.3 -0.1 0.1 0.3 0.5
E vs (Ag|AgCIl)/V)
(B)

-0.5 -0.3 -0.1 0.1 0.3 0.5
E vs (Ag|AgCl)/V)

-0.5 -0.3 -0.1 0.1 0.3 0.5

E vs (Ag|AgCI)/V)

Fig. 4. Cyclic voltammograms of 7 x 10~4 moldm~3 4-chlorophenol in 0.1 M NaOH
on OPGE modified with (A) B-NiPc(OH)4, (B) a-NiPc(OH)4 and (C) a-NiPc(OH)s.
(i) Bare OPGE, (ii) adsorbed complexes and (iii) polymerized complexes contain-
ing O-Ni-0 bridges. (iv) in (B) is for poly-a-Ni(O)Pc(OH)4 on OPG electrode in the
absence of p-chlorophenol (in 0.1 moldm~3 NaOH). Scan rate=100mVs~!.
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as discussed above (Fig. 2A). This process is not involved in the
catalysis of 4-chlorophenol since it is at a much more negative
potential than expected for the catalytic oxidation of this species. It
has been reported that for the oxidation of 2-chlorophenol on poly
NiTSPc (tetrasulfo phthalocyanine) two anodic peaks are observed
[26]. The first appears at the same potential as for the bare elec-
trode, followed by a second peak located at about 30 mV more
positive than that of the potential of Nil!/Ni!! couple in the absence
of 2-chlorophenol but with higher currents. The two peaks are
observed in Fig. 4B for the oxidation of 4-chlorophenol on (iii) poly-
a-Ni(O)Pc(OH)4-OPGE (Table 1). As stated above, the first peak for
oxidation of 4-chlorophenol [26] appears at the same potential as
for the bare electrode, followed by a second peak located at about
30 mV more positive than that of the potential of Ni'/Ni!! couple in
the absence of 2-chlorophenol but with higher currents. We sug-
gest that first peak observed in Fig. 4B(iii) is due to oxidation of
4-chlorophenol on the part of the bare electrode not covered with
and the second peak is due its oxidation on poly-a-Ni(O)Pc(OH)g-
OPGE.

Oxidation of 4-chlorophenol on poly-a-Ni(O)Pc(OH)4-OPGE
occurs with currents which are lower than those on bare OPGE,
suggesting no catalytic activity compared to bare OPGE. However,
there is an enhancement in the anodic currents of the Nilll/Nil!
couple in the presence of 4-chlorophenol (Fig. 4B(iii)), compared
with the cyclic voltammogram of poly-a-Ni(O)Pc(OH)4-OPGE in the
absence of 4-chlorophenol, suggesting the involvement of the for-
mer species in the oxidation process of the latter. However, since
the currents for oxidation of 4-chlorophenol on bare OPGE are more
than on poly-a-Ni(O)Pc(OH)4-OPGE, catalytic activity cannot be
proved convincingly.

Fig. 4C shows that the anodic current on bare OPGE
(i) is higher than for ads-a-NiPc(OH)g-OPGE(ii) and poly-a-
Ni(O)Pc(OH)g-OPGE (iii) modified electrodes for 7 x 10~4 mol dm—3
4-chlorophenol. For the ads-a-NiPc(OH)g-OPGE (ii), the currents
for 4-chlorophenol are lower than for poly-a-Ni(O)Pc(OH)g-OPGE
(iii). Figs. 4C(iii) shows that the anodic currents for poly-a-
Ni(O)Pc(OH)g-OPGE in the presence of p-chlorophenol are higher
than the cathodic currents confirming the involvement of the
Ni''/Ni" couple in the oxidation of 4-chlorophenol.

In summary, for the oxidation of 4-chlorophenol on poly-
a-Ni(O)Pc(OH)4-OPGE and poly-a-Ni(O)Pc(OH)g-OPGE, the
observed currents are less than those of the bare OPGE,
with no improvement in potential. However for poly-3-
Ni(O)Pc(OH)4-OPGE higher currents for 4-chlorophenol oxidation
are observed than on bare OPGE showing good electro-
catalytic activity compared to poly-a-Ni(O)Pc(OH)4-OPGE
and poly-a-Ni(O)Pc(OH)g-OPGE. In terms of surface cover-
age, it would be expected that poly-a-Ni(O)Pc(OH)4-OPGE
(I'=0.37 x 10~ mol cm—2) would have lower catalytic currents
than poly-B-Ni(O)Pc(OH)4-OPGE (I"=1.45 x 10~ molcm~2), as
observed. poly-a-Ni(O)Pc(OH)g-OPGE with the largest surface
coverage (I"=5.10 x 101 mol cm~2) would be expected to show
better catalytic activity than the other two. This is not observed
as discussed above since less currents are observed on poly-a-
Ni(O)Pc(OH)4-OPGE and poly-a-Ni(O)Pc(OH)g-OPGE than on bare
OPGE.

It can thus be concluded that non-peripheral substitution (o)
does not favour electrocatalytic oxidation of 4-chlorophenols.
The behaviour could be related to the ease of formation and
nature of the O-Ni-O bridges, which form more readily for
poly-B-Ni(O)Pc(OH)4 compared to either poly-a-Ni(O)Pc(OH)4 or
poly-a-Ni(O)Pc(OH)g. The better catalysis observed for poly-f3-
Ni(O)Pc(OH)4 could also be due to the fact the Ni'!/Ni'l peaks are
observed at a much lower potential (0.28 V) when compared to
poly-a-Ni(O)Pc(OH)4-OPGE and poly-a-Ni(O)Pc(OH)g-OPGE (0.40
and 0.39V, respectively) (Table 1).

Ni#Pe ———= Ni*Pc + e (22)

o]

+ H0 +NisPc —— »
+ CI + 2H*4 & + NiPc (23)

Cl
o]

Scheme 2. Proposed mechanism for the catalytic oxidation of 4-chlorophenols by
poly-B-Ni(O)Pc(OH),4 derivatives.

The mechanism for the oxidation of 4-chlorophenol in basic
media may be proposed as shown by Scheme 2, Eqs. (22) and
(23)[27] on poly-B-Ni(O)Pc(OH)4 where clear catalytic activity was
involved:

In highly basic media (such as 0.1moldm~3 NaOH), 4-
chlorophenol is deprotonated. The first step is the electrochemical
oxidation of Ni"' to Ni' for poly-B-Ni(O)Pc (Eq. (22)), followed by
the reaction of Ni'l with deprotonated 4-chlorophenol in the pres-
ence of water molecules from electrolyte to form benzoquinone
(Eq. (23)). Quinones are well known as products of electrocatalytic
oxidation of chlorophenols [10]. For the adsorbed species, it is pos-
sible that ring based processes of the NiPc derivatives are involved
since Nilll/Ni!! are not known when NiPc derivatives are not poly-
merized.

5.3. Theoretical results

Molecular orbital calculations together with Fukui func-
tions, hardness and softness indices, were used to analyse the
chemical interaction of 3-NiPc(OH)4 and [3-Ni(O)Pc(OH)4 with p-
chlorophenol.

In this paper the interaction between (-NiPc(OH)4 and p-
chlorophenol and the effect of the central metal is studied further
than reported in Ref. [14], by making use of the condensed Fukui
function (f;k), inorder to increase our understanding of the electron
transfer process. The theoretical calculations are compared with
experimental results.

Fig. 5A shows optimized structure of [-NiPc(OH); and
p-chlorophenol adduct. The energy levels of 3-H,Pc(OH)4, B-
NiPc(OH)4 and 3-Ni(O)Pc(OH)4 and the interaction of the latter two
with 4-chlorophenol were calculated (Table 2). The HOMO-LUMO
energy gaps of B-HyPc(OH)4, B-NiPc(OH), and 3-Ni(O)Pc(OH)4
HOMO-LUMO gap are 2.11eV, 2.19eV and 2.06 eV, respectively
(Table 2).

We previously used the donor acceptor molecular hardness
(npa) factor to study the interaction of p-chlorophenol and the
NiPc complexes [14], the result obtained suggested that the (3-
Ni(O)Pc(OH)4 (npa = 1.87 eV) interacted better with p-chlorophenol
compared to 3-NiPc(OH)4 (nps =1.98 eV). In this work, we used a
more explicit and quantitative description of the interaction energy
between the NiPc complexes and p-chlorophenol which agreed
much better with experimental data. The intermolecular interac-
tion energy calculations were obtained using the supramolecular

Table 2
Calculated HOMO-LUMO energy gaps (eV) in gas phase. References in parentheses.

Molecules |HOMO-LUMO| (eV)
B-H,Pc(OH), 2.11

B-NiPc(OH)4 2.19[14]
B-Ni(0)Pc(OH), 2.06[14]
3-NiPc(OH)4/p-chlorophenol 217
Ni(O)Pc(OH)4/p-chlorophenol 1.64
p-Chlorophenol 6.01
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B-Ni(O)Pc(OH)4 B-Ni(O)Pc(OH)4/p-chlorophenol
(B)

Fig. 5. (A) Optimized structure of 3-NiPc(OH), and p-chlorophenol using B3LYP/6-3g(d). (B) Electron density distribution of 3-NiPc(OH), in the absence and presence of and
p-chlorophenol 3-Ni(O)Pc(OH), in the absence and presence of p-chlorophenol.

LUMO

(A) (B) (€) (D)

B-NiPc(OH)4 B-NiPc(OH)4 / B-Ni(O)Pc(OH):  B-Ni(O)Pc(OH)/
p-chlorophenol p- chlorophenol

Fig. 6. 3-NiPc(OH)4 (A), B-NiPc(OH)4/p-chlorophenol (B), 3-Ni(O)Pc(OH)4/p-chlorophenol (C) and B-Ni(O)Pc(OH)4 (D) frontier molecular orbitals (LUMO).
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approach, using Eq. (24): is the sum total energy of isolated NiPc and p-chlorophenol.
Interaction energy of p-chlorophenol and NiPc complexes was
Eim:Ecomplex—ZEmolecules (24) calculated using DFT calculations to be —205.9kcal/mol (-

NiPc(OH)4) and 19.1 kcal/mol (3-Ni(O)Pc(OH)4). Fig. 5B shows
where Ej is the interaction energy of the molecules, Ecomplex iS the electron density distribution before and after the forma-
the energy of the complex (NiPc/p-chlorophenol) and 3 " Emolecules tion of the adduct. The interaction energy suggests that there

(A)os
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f 0.0
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Fig. 7. Fukui 2D plots of condensed softness for maximum softness, H,Pc(OH)4 (A), B-NiPc(OH)4 (B), a-NiPc(OH)s (C), NiPc (D), and a-NiPc(OH)4 (E). (F) Atomic numbering
in the phthalocyanine molecule which is used for describing peripheral and non-peripheral positions.
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is greater interaction of p-chlorophenol with [3-NiPc(OH), than The opposite was observed when we employed np, values [14].
with B-Ni(O)Pc(OH)4. This is evidenced by shifting of the oxida- The results suggest that one has to be very careful when using
tive peak towards less positive potentials for 3-NiPc(OH), (Fig. 4A) molecular indices to study interaction between supramolecular
compared to 3-Ni(O)Pc(OH), in the presence of chlorophenol. complexes.
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Fig. 6A shows that for 3-NiPc(OH),4 the frontier MO (LUMO)
is localized on the ligand and partly on the Ni atom. Also Fig. 6
shows that the LUMO of (3-NiPc(OH), appear as an antibonding
pi orbital (7*) and the LUMO of (B-Ni(O)Pc(OH), appear as an
antibonding sigma orbital (¢*). When 3-NiPc(OH), interacts with
p-chlorophenol (Fig. 6B) the LUMO shows extensive localization
of MO mainly on the Pc ligand with some on the Ni atom. For
[B-Ni(O)Pc(OH), in the presence p-chlorophenol (Fig. 6D), there
is less extensive delocalization on the Pc ring compared to when
[B-NiPc(OH), interacts with p-chlorophenol. This suggests that for
[3-NiPc(OH), the ring is more extensively involved in the oxida-
tion of 4-chlorophenol when compared to (3-Ni(O)Pc(OH)4. When
adsorbed specie (without cycling or conditioning in 0.1 moldm—3
NaOH) are employed for the catalytic oxidation of 4-chlorophenol,
the oxidation potentials are observed at different values com-
pared to when the electrode has been cycled in 0.1 moldm=3,
suggesting that there are different catalytic sites involved. Fol-
lowing cycling in 0.1 moldm~3, there will be sites containing
Ni'l/Ni!, hence the central metal will be involved in the catalytic
reaction.

The oxidation process of p-chlorophenol is viewed as a nucle-
ophilic attack of 3-NiPc(OH)4 by p-chlorophenol. According to Egs.
(7)-(9) and (15)-(17), in order to calculate the Fukui function and
condensed Fukui function (f{r) andeJ;), one needs to determine the
electron density of the molecule and the charges of the atoms in the
molecule. In this work we have used the Mulliken gross population
analysis for g4, Eqs.(15)and (18) to determine the condensed Fukui
function and the condensed local softness.

Tetra substituted phthalocyanine derivatives contain a mix-
ture of four possible structural isomers, with the position of the
substituents being at 2(3), 9(10), 16(17) and 23(24) for the periph-
erally substituted derivatives and at 1(4), 6(11), 15(18) and 22(25)
for non-peripherally substituted derivatives (see numbering in
Fig. 7). However for the purposes of the present calculations, the
substituents have been fixed to one position on each benzene
group. Fig. 7A-E gives us a clearer picture of what is actually hap-
pening to the carbons attached to nitrogens when HyPc(OH), is
metallated. Comparing Fig. 7A and B, we see that the condensed
local softness (less reactive) values for carbons at 5, 12, 19, 26
(red region) lie below the ones at 7, 14, 21, 28 (blue regions),
for unmetallated H,Pc(OH)4 (Fig. 7A). Upon metallation (Fig. 7B)
the condensed local softness values for carbons at 5, 12, 19, 26
(red region) have increased (more reactive) to a point where
they have surpassed the values for carbons at 7, 14, 21, 28 (blue
regions).

Fig. 7A and B suggests that when Ni is inserted into the
ring, the carbon atoms at 5, 12, 19, 26 (red region) are acti-
vated differently compared to unmetallated. The 5, 12, 19, 26
(red region) carbons are situated on the side where the OH is
substituted and show greater local softness (hence greater reac-
tivity). The carbons at 7, 14, 21, 28 (blue regions) are situated
on the side where there are no OH substituents and have lower
local softness values (less reactive compared to 5, 12, 19, 26 car-
bons). This suggests that even though the OH substituents have
no effect on the bond length between the Ni atom and the N
[14], it has some distabilization effect on the 5, 12, 19, 26 car-
bons for 3-NiPc(OH),. Fig. 7D shows that for unsubstitured NiPc
all the carbons are activated equally compared to 3-NiPc(OH),.
Fig. 7C suggests that, for a-NiPc(OH)g, the Ni atom is made softer
or more reactive relative to all other atoms. The Fukui plots of
a-NiPc(OH)g suggests that if this complex was to be used for elec-
tro catalytic oxidation of p-chlorophenol, catalysis through the
nickel atom would be favoured over the ring. Fig. 7E shows the
Fukui plots of a-NiPc(OH)4, showing that only the carbons are
activated. It is observed experimentally that a-NiPc(OH)4 and a-
NiPc(OH)g shows bad catalytic activity towards the oxidation of

4-chlorophenol compared to 3-NiPc(OH), in terms of catalytic cur-
rents (Fig. 4).

6. Conclusions

NiPc  derivatives:  poly-a-Ni(O)Pc(OH)4-OPGE,  poly-a-
Ni(O)Pc(OH)g-OPGE and poly-3-Ni(O)Pc(OH)4-OPGE and their
adsorbed counterparts (ads-o-NiPc(OH)4-OPGE, ads-a-NiPc(OH)g-
OPGE and ads-3-NiPc(OH)4-OPGE) were studied for their catalytic
activity towards the oxidation of p-chlorophenol. In terms of
electrocatalytic activity, poly-a-Ni(O)Pc(OH)4-OPGE and poly-
a-Ni(O)Pc(OH)g-OPGE, showed evidence for the involvement
of the Ni"l/Ni'" couple in the oxidation of 4-chlorophenol, but
the catalytic currents were less than those of the bare OPGE.
Poly-[3-Ni(O)Pc(OH)4-OPGE showed higher currents than the bare
OPGE showing good electrocatalytic activity compared to for poly-
a-Ni(O)Pc(OH)4-OPGE and poly-a-Ni(O)Pc(OH)g-OPGE. We have
shown, using interaction energy values that when p-chlorophenol
interacts better with 3-NiPc(OH)4 than [3-Ni(O)Pc(OH)4, hence the
former is a better catalyst in terms of lowering of overpotential.
We have used the condensed Fukui function to determine the
reactive sites where electron transfer would take place between
p-chlorophenol and the nickel phthalocyanine complexes. We
have theoretically rationalised the interaction of p-chlorophenol
with nickel phthalocyanine complexes.
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