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Catalytic effects of various Schiff base metal(ll) complexes on the reduction of thionyl chloride at glassy carbon
electrode are evaluated by determining the kinetic parameters from cyclic voltammetry technique. The charge transfer
process is affected strongly by the concentration of catalysts during the reduction of thionyt chloride. The catalytic
effects are shown by both a shift of the reduction potential for thionyl chloride toward more positive direction and
an increase in peak current. The diffusion coefficient value, D,, of the 8.17X107° cm*/s was observed at the bare
glassy carbon electrode, whereas larger values (0.9-1.09X10°* cm?/s) were observed at the catalyst supported glassy
carhon electrode. Significant improvements in the cell performance have been noted in terms of both exchange rate

constants and current densities at glassy carbon electrode.

Introduction

The electrochemical reduction of thionyl chioride has been
studied extensively due to its importance in primary bat-
teries.'”? In 2 lithium-thionyl chloride battery, neat thionyt
chioride serves both as a solvent and as a catholyte. The
common electrolyte used for primary active cells is lithium
aluminum chloride (LiAICL) in SOCI; at fairly high concen-
tration. The electrode kinetics of the cathode discharge reac-
tion is rather poor due to the formation of passive LiCl films
at the cathode as a resuilt of the following reaction:

250Ch+4e™—4C1” +5+ 50,
or
4Li+ 280CL—4LiCl+ S5+ S0, ey

On the other hand, the LiC} passive film protects the
underlying Li anode from undergoing spontaneous reactions
with thionyl chloride, the film is also the source of the voit-
age delay owing to its overly passive nature. Thus many
investigators tried to get around this high passivity problem.
One approach to the enhancement of cell performance can
be the addition of catalyst molecules, which makes the rate
of electron transfer faster. It has been shown by Doddapa-
neni’®~2 that adding a small amount of metal phthalocyani-
nes improves cell performance by changing both thermody-
namic and kinetic parameters for the thionyl chloride reduc-
tion. Bernstein and Lever® described the reduction of thionyl
chloride with phthalocyanine molecule in 1,2-dichloroben-
zene.

In this paper, we report the effect of several Schiff base
metal(Il) complexes on the catalytic reduction of thionyl
chloride by evaluating electrokinetic parameters invelved. To
our knowledge, this is the first effort to evaluate the effect
of these catalyst molecules quantitatively.

Experimental

The originals salicylaldehyde (Merck), 3,4-diaminotoluene
{(Aldrich), 25-diaminotoluene hydrochloride (Aldrich), Na;COs,

Table 1. Elementat Analysis Data of the Ligands and Com-

plexes

Ligands & Metal C H N
complexes %) @ (B %)
0-BSDTH; - Cal — 7634 549 848

Foun. — 7638 552 850
Co(ID(e-BSDT)(H;0), Cal. 1386 5930 474 659
Foun. 1384 5932 463 671
Ni(lI}e-BSDTKH,0). Cal. 1380 5933 474 659
Foun. 1398 5993 453 657

Cu(I)e-BSDT) Cal. 1613 6403 409 711
Foun. 1636 6417 399 723
p-BSDTH, Cal. — 7634 549 848
Foun. - 7633 549 84

Co(Ih:Ap-BSDT)(H,0),  Cal 1386 5930 403 659
Foun. 1390 6042 475 668
Ni(I1)(3-BSDT)(H0), Cal. 1380 5933 403 659
Foun. 1401 6051 472 669
Cu(ll)(p-BSDT) Cal. 1613 6403 409 711
Foun. 1631 6450 388 711

Co(NOs)-6H,0, Ni(NOs)+6H,0, Cu(NG;):+4H,0, NaOH, and
ethanol were used. The elemental analysis (carbon, hydro-
gen, and nitrogen) was performed by a Yanaco-CHN coder
MT-3 analyzer, and the metal content was determined by
a Perkin-Elmer model 603 atomic absorption spectrophoto-
meter. The results of elemental analysis of the Schiff base
ligand {0-BSDTH,, p-BSDTH,) and their complexes (M{ID(o-
BSDT), M(ID),(p-BSDT),) are listed in Table 1. Infrared and
UV-vis spectra were recorded by Shimadzu IR-430 infrared
and Hitachi-557 UV-vis spectrophotometers. Thermogravime-
tric analysis was carried out by a Perkin-Elmer model 2
Thermogravimetric Analyzer.

A guadridentate Schiff base ligand, 3,4-bis(salicylidene dii-
mine) toluene, [0-BSDTH,] and 2,5-bis(salicylidene diimine)
toluene, [p-BSDTH,] were prepared by the following me-
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thod. A 0.1 mole 3,4-diaminotoluene solution in ethanol was
slowly added to the same volume of 0.1 mole salicyladehyde
in ethanol under the nitrogen atmosphere. When the mixed
solution was slowly stirred, a yellow o-BSDTH, precipitate
was obtained.

A 0.1 mole 25-diaminotoluene hydrochloride solution in
ethanol was slowly added to the same volume of 0.1 mole
salicylaldehyde in ethanof under the nitrogen . atmosphere.
When the mixed solution was slowly stitred, an orange

p-BSDTH; precipitate was obtained. The precipitates were .

recrystallized in ethanol and dried under the reduced pres-
sure at 80 T.

The complexes, M(ID(e-BSDT) (M=Co, Ni, Cu), were
prepared by the slowly addition of 0.1 mole 0-BSDTH: in
ethanol to the same volume of 0.1 mole M{ID(NO,).(H.0)s
in ethanol, while stirred under the nitrogen atmosphere.

The complexes, M{II):(»-BSDT),, were also prepared by
the addition of 0.1 mole p-BSDTH, in ethanol to the same
volume of 0.1 mole M(ID(NO,),(H,0); in water, while stirred
under the nitrogen atomosphere. The precipitates obtained
were then recrystallized from ethanol and dried at 80 T
under the reduced pressure.

Single electrochemical compartment cell housed glassy car-
bon wotking (geometric area, 0.071 cm?®), a platinum wire
counter, and a lithium wire reference electrodes. Glassy car-
bon electrode was polished to a mirror finish with 1 pm
alumina powder, subsequently cleaned in an ultrasonic clea-
ning bath for the removal solid particles, and finally rinsed
with a copicus amount of doubly distilled deionized water
before use. The original 1.53 M LiAICL/SOCl, electrolytic
solution (LITHCO) was used. All experiments were conduc-
ted in a glove box under the Ar gas atmosphere. A Prince-
ton Applied Research (PAR) 273 potentiostat/galvanostat was
used for recording cyclic voltammograms, which was inter-
faced by 486 DX microcomputer through an IEEE-488 bus.

Results and Discussion
The results of elemental analysis of the Schiff base ligand
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and their complexes agree well with the predicted composi-
tion of the proposed complexes, as shown in Scheme 1 and
2.

The content of metal in the M(IIL{p-BSDT); complexes
is also in excellent agreement with the proposed complexes
of one base molecule with two metal(Il) ions. All complexes
are insoluble in water but soluble in SOCl, solvent. The ther-
mogravimetric analysis results are shown in Table 2. Hydrate
water molecules are driven away between 80-320 T and
the metal oxides are formed above 600 C for the Co(IR),
Cu(IP, and Ni(Il) complexes.

Tables 3-1 and 3-2 show the infrared spectra data of the
ligands and their M{II}) complexes. The spectra show broad
v(OH) bands of the Co({II) and Ni(II) complexes at 3400 cm ™!,
but does not shown these of Cu(Il) complexes. The IR spec-
tra data suggest that the Co(Il) and Ni(Il) complexes contain
water molecules.” Perhaps v(OH) in the hydrate water may
be in a fairly strongly hydrogen bonded state, which may
weaken the OH stretching motion.

We can also see that v(C=N) bands in the complex are
shifted to the lower energy regions, 1610-1600 cm™! in the
corresponding free ligands.¥ The similar trends are shown
in the case of W(C—0) and WC—N) bands.

Two bands at 800-830 cm™' and 555-565 cm™?, assigned
to M(ID-N and M(ID-O, are clearly seen in Tables 3-1 and
3-2. According to Ueno and Martell,® charaderistic absorp-
tion bands for M(I)-N and M(II)-O bonds in complexes ap-
pear respectively in the spectral region of 650-850 cm™* and
400-600 cm™’,

The UV-vis spectra (not shown) of the Co(Il}) and Ni(ID
complexes obtained in pyridine show a n-n* ligand field ab-
sorption band at 400 nm and a d-n* charge transfer band
at 470 nm. These observations are consistent with the pro-
posed structure. Figure 1 shows cyclic voltammograms recor-
ded in a thionyl chloride solution containing (a) 0.00 (b} 0.35
(c) 052 (d) 0.76 (e) 0.83 mM Co{lI{o-BSDT). As shown in
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Table 2. Thermogravimetric Analysis Data of the Ligands and Complexes

Ligands & complexes T.GA, Residure (%)

0-BSDTH, Temp. (C) 80-111-360-670 0
Weight loss (%) 0 3040 69.60

Co{l1o-BSDTHH O}, Temp. (C) 80-270-640 18.02
Weight loss (%) 863 7335

Ni(II)(e-BSDT)(H,0). Temp. (C) 80-305-610 17.81
Weight loss (%) 845 7374

Cu(ID{-BSDT) Temp. (C) 80-200-615 21.05
Weight loss (%) 0 789%

»-BSDTH, Temp. (C) 80-127-405-720 0
Weight loss (%) 0 6311 3689

Colll)A(p-BSDT)AH.0)4 Temp. (T) 80-260-680 17.84
Weight loss (%) 849 7367

Ni(ll).(p-BSDT).(H.0) Temp. (C) 80-320-676 18.01
Weight loss (%) 877 7322

Cu(Il)p-BSDT): Temp. (T} 80-250-703 20.54
Weight loss (%) 0 7946

Table 3-1. IR spectra (cm™") of 0-BSDTH, and Its M(II} Comp-

Table 3-2. IR Spectra (cm™") of p-BSDTH. and Its M{I) Com-

lexes plexes
o-BSDTH, Coth Nilh Cudh) Asignment »-BSDTH; Coth NKID Cul Asignment

complex complex complex complex complex complex
3030 m 3400 sb. 3430 st 3030 m
2050 m 3030 m 3050 m 3030 m  v(O-H) hydrate 2850 m

2200 m 2930 m 2930 m v(C-H)(aromatic) 1620 vs 3350 m.b 3300 m.b v(O-H) hydrate
1622 vs 1608 vs 1610 vs 1512 vs  v(CHj) 3000 m 3030 m 3000 m  wWC-H) (aromatic)
1600 s.sh 1600 ssh 1582 s 1598 s w(C=N)(Schiff base) 1565 s 2000 m 2870 m 2000 m  w(CHn)

1528 s 1525 s 1535 s v(C=C){phenyl ring) 1597 vs 1600 vs 1600 vs  wC=N}schiff base)
1560 s 1500 m 1507 m.sh 1507 msh 1570 s w(C-C)(phenyl ring)
1540 m.sh 1245 m.sh 1245 w1250 w w(C=CxXphenyl ring) 1495 m.sh 1520 s 1523 s 1525 s

1140 m 1148 m 1152 s v(C-0) 1480 m 1480 s 1483 m  v(C=CMphenyl ring)
1268 s 1025 w1020 w1030 w v{C-N) 1278 s 1280 m 1282 m 1286 m  vw(C-0)
1178 s 805 w 800 w 802 w 1177 s 1177 s 1180 s v(C-N)
1023 m v(M(II)-N) 1180 s 105 w 1102w 1100 w

750 s 70 m 762 s S(CHXout of plane) 825 w 826 w 828 w  v(MdAD-N)
765 vs 555 w 565 w 555 w  wM(ID-0) 1105 m 725 s 723s 727 s CHXout of plane)

566 w 556 w 555 w wWM(ID-0)

m; middle, vs; very strong s; strong, sh; shoulder, w; weak.

this figure, shapes of voltammogram are affected strongly
by the concentration of catalysts. This is the same with all
M{I) complexes studied, although the extent of effects is
different.

In Figure 2 and 3, peak currents and peak potentials are
plotted the functions of the catalysts concentration for Co(ll)
(0-BSDT) and Co(ID)(p-BSDT). complexes at glassy carbon
electrode. The magnitude of the reduction current appears
to be a strong function of catalyst concentration in thionyl
chloride solution. It is clear that some M{ID{e-BSDT) and
M(IN.(p-BSDT), show sizable catalytic activities for the re-
duction of thionyl chloride. This fact indicates.that the first
step for the catalytic activity of these compounds must be
the adsorption of catalyst molecules on the electrode surface,

722 s

m; middle, vs; very strong, s; strong sh; shoulder, w; weak.

followed by its own reduction at the electrode, which in turn
reduces thiony! chloride” There is an optimum concentra-
tion for each catalyst at around 0.7-0.8 mM. Figures 4 and
5 show voltamograms of catalytic effect in thionyl chloride
solution containing M(ID)(¢e-BSDT) and M(I),(»-BSDT), at
glassy carbon electrode.

The catalytic effects are clearly seen by both the shift
of the reduction potential for thionyl chloride toward positive
direction and the increase of peak current. Peak currents
and potentials observed for the reduction of thionyl chleride
in the presence of several catalyst molecules are summarized
in Table 4. The peak currents increase for most catalysts,
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Figure 1. Cyclic voltammograms recorded at the glassy carbon
electrode for the reduction of SOCI; solution containing: a) 0,
b) 0.35, ¢) 052, d) 0.76 and e} 0.83 mM Co(ll)(0-BSDT). Scan
rate is 50 mV/s.
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Figure 2. Plots of the peak currentt ps. the concentration of
ratalysts for the reduction of SOC), at glassy carbon electrode:
a} Co(II}e-BSDT) and b} Co{ll)(»-BSDT),.
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Figure 3. Plots of the peak potential vs. the concentration of

catalysts for the reduction of SOCl, at glassy carbon electrode:

a) Co(ll}e-BSPT) and b} Coll).(»-BSDT)..
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Figure 4.Voltammograms recorded at the glassy carbon elec-

trode for the reduction of SOCI; solution at optimum concentra-

tion containing: a) bare, b) Co(IIXe-BSDT). ¢} Ni(lIXo-BSDT),

and d) Cu(ll¥o-BSDT). Scan rate is 50 mV/s.
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Figure 5. Voltammograms recorded at the glassy carbon elec-
trode for the reduction of SOCI; solution at optimum concentra-
tion containing: a) bare, b) Co(Ix@-BSDT),, ¢} Ni(II):{(p-BSDT),,
and d) Cu(Il)(p-BSDT). Scan rate is 50 mV/s.

and potentials shift to positive direction. Thus these com-
pounds show good catalytic activities at glassy carbon elect-
rode. Relative catalytic effects are larger in thionyl chloride
solution containing M(I[}o-BSDT} compared to M(II):(p-
BSDT)..

Cyclic voltammetric experiments only at an “optimum”
catalyst concentration are conducted to evaluate kinetic para-
meters after waiting for some time until voltammograms are
develop to a well defined shape. Voltammograms were taken
after the electrode is immersed in a freshly prepared catalyst
solution. The data, although some scattered points were ob-
served, were reproducible, depending on the status of elec-
trode surface.

Figure 6 shows a series of cyclic voltammograms recorded
at various scan rates ranging from 20-300 mV/sec in thionyl
chloride solution containing 0.65 mM Co{lI)(o-BSDT). Figure
7 shows a plot of peak current vs. v/ (v: scan rate) from
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Table 4, Peak Potentials and Peak Currents on the Reduction
of SOCL at the Glassy Carbon Electrode

Concentration Peak potential Peak current

Catalysts @mM) (Vo5 LLY)  (Ademd)
Bare - 2630 0.0042
Colll)o-BSDT) 0.76 2710 0.0052
Ni([THo-BSDT) 073 2740 0.0045
Cu(ll}{e-BSDT) 0.74 2.740 0.0044
Co(l(p-BSDT), 0.76 2725 0.0047
Ni(IDy(p-BSDT), 0.79 2.700 0.0043
Cu(il)Ap-BSDT), 0.77 2715 00047
0.018 m
0.016
Q.014
“E 0.0121 d
2
§ o.008- b
3 0004 R
£.002+
of -
0002S 3 25 2 1.5 1
Potential, V vs. LifLi*
—— 8) 20mVjs, —— b) 50mV/s, —— ) 100mV/s,
-~ d) 200mV/s, — &) S00mV/s

Figure 6. Scan rate dependency of the voltammograms recor-
ded at glassy carbon electrode for the reduction of SOCI, solu-
tion containing 0.65 mM Co(ll){o-BSDT). Scan rate are a} 20,
b} 50, ¢) 100, 4) 200, and €) 300 mV/s.
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1 e ) Bare, + b}Co(oBSD‘I').j

Figure 7. Plots of #, vs. v'? at the glassy carbon electrode for
the reduction of SOCI, solution containing; a) ¢ and b) 0.76 mM
Co(Il}o-BSDT).

voltammetric results obtained at glassy carbon electrode un-
der the “optimum” conditions. This plot shows linear rela-
tionship. The peak current from cyclic voltammetry in irre-
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Figure 8. Plots of x(i,) vs. (E,—E"") at the glassy carbon elec-
trode for the reduction of SOCl; solution containing; a) 0 and
b) 0.76 mM Co(ID){e-BSDT).

+ b} Cofo-BSOT) |

Table 5. Kinetic Parameters on the Reduction of SOCI; at the
Glassy Carbon Electrode

Concentration D, ke

Catalysts (mM) P emtfs)  (cmfs)

Bare - 0.1389 B8.17E-09 225E-08
Co(ll{o-BSDT) 0.76 01273 103E-08 3.42E-07
Ni(lI{e-BSDT) 0.73 0.1740 1.03E-08 117E-07
Cu(ID)(o-BSDT) 0.74 0.1513 109E-08 2.66E-07
Co(ll)(p-BSDT), 0.76 0.1830 102E-08 2.30E-07
Ni(ID»{p-BSDT). 0.79 0.1868 862E-09 1.24E-07
Cu(ID).(»-BSDT), 0.77 0.1582 108E-08 1.86E-07

versible case is given as follows®
iy = (299X 10 (an,)2AC,*D, Y\ ®

Examination of Eq. (2) reveals that the plot of #, »s. v\
allows us to obtain the diffusion coefficient, provided a and
n, are known. From the relationship of i, with E,®

1,=022MmFAC,*Fexpl — | (anFV/(RTI(E;—E”)] 3)

A plot of In() vs. E,— E* should yield a straight line with
a slope, an,F/RT, and an intercept, n{0227#FAC,*%"), from
which an, and #° values can be calculated, respectively. The
In(i,} vs. (E,— E°") plots are shown in Figure 8 for the reduc-
tion of SOCl; at glassy carbon electrode in the presence of
various catalysts. The an, value obtained from this equation
can be used to evaluate the.diffusion coefficient according
to Eq. (2). Kinetic parameters calculated from these plots
in “optimum” catalyst concentrations are listed in Table 5.
As can be seen Table 5, diffusion coefficient, I, and ex-
change rate constant, #°, are determined to 8.17X107° em?/s
and 2.25X107% cm/s at bare glassy carbon electrode. But
diffusion coefficients are determined to 0.9-1.09X10°% cm?/s
and exchange rate constant are estimated to 1.24-7.42X1077
cm/s at catalyst supported glassy carbon electrode. Signifi-
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cant improvements in cell performance are noted in terms
of both exchange rate constants of up to 10 times and cur-
rent densities of up to 124%.

Most enhancement originates from improvements in appar-
ent diffusion coefficients and exchange rate constants in
thionyl chloride solution containing catalysts. These result
are in accordance with previous cell test results reported
by Doddapaneni'*~% on the reduction of SOCl, solution con-
taining metal phthalocyanine. Relative catalytic effects are
larger in thionyl chloride solution containing schiff base met-
al complexes compared to cobalt phenylporphyrin reported
by authors® From our resuilts, some quadridentate Schiff
base M(I)o-BSDT) and M(ID).(p-BSDT), complexes show
sizable catalytic activities for the reduction of thionyl chlo-
ride.
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