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Abstract

The complexes formed by photosubstitution of pyrazine (Pz) in octacyanomolybdate(IV) and -
tungstate(IV) with 8-hydroxyquinoline have been assigned the formulae [Mo(CN),(OH),(Pz),(0OX)]
and [W(CN),(OH),(Pz),(0OX).5H,0]. Coordination of Pz as a unidentate ligand by donating a
lone pair of electron from nitrogen is shown by an absorption peak between §—11 p. Mechanism
for the thermal decomposition of the complexes has been given. The formation of tungsten metal
as residue in case of 1l has been confirmed by XRD analysis. The kinetic and thermodynamic pa-
rameters like activation energy (E,), pre-exponential factor (4) and entropy of activation (AS#)
were calculated employing different integral methods of Doyle, Coats and Redfern and Arrhenius.
AH for each stage of decomposition was obtained from DSC.

Keywords: metal-8-hydroxyquinoline complexes, photosubstitution of pyrazine, octacyanomet-
allates, thermal dissociation

Introduction

Pyrazine (Pz) is known to form a variety of complexes with different transition
metals in which it acts as bridging ligand [1], chelating ligand [2] and also bidentate
ligand [3]. The kinetics and thermodynamic properties of different transition metals
containing pyrazine and substituted Pz have been studied because of possible forma-
tion of inorganic polymers, their availability and their thermal stabilities [4-6]. The
thermal study of Pz compounds with first row transition elements has been reported
in which the spectral and other characterization methods have been employed to in-
terpret the type of coordination which takes place with the metal ion [7-8].

The other aspect of the current study is the knowledge of quinones, the hydroxy
quinones and their coordination compounds which are known to possess numerous
chemically and biologically significant properties [9-13]. Thermal investigation on
the chelate complexes of hydroxy-quinolines with bivalent metals have been re-
ported [14]. The thermal behaviour of photoproducts of molybdenum(IV and V) and
tungsten(IV and V) with oxine has been reported [15-16]. The thermal and kinetic

*  Author to whom all correspondence should be addressed.

1418-2874/99/ 8 5.00 Akadémiai Kiadd, Budapest
0 1999 Akadémiai Kiado, Budapest Kluwer Academic Publishers, Dordrecht



154 ALI, MAJID: PYRAZINE COMPLEXES

study of photosubstituted octacyanometallates of molybdenum(IV) and tung-
sten(IV) with different ligands like ethylenediamine, triethylenetetramine and 1,2,3-
benzotriazole forming adducts with 8-hydroxyquinoline have been reported
[17-18].

Keeping in view the interesting and peculiar binding of pyrazine and 8-hy-
droxyquinoline, the title study was undertaken to investigate the thermal behaviour
and mode of coordination of photosubstituted Pz on complexation with a chelating
agent, 8-hydroxyquinoline. The complexes have been characterized by IR and ther-
mal analysis. Mechanism for thermal decomposition of complexes has been given.
Thermodynamic parameters like activation energy (£,), pre-exponential factor (4)
and entropy of activation (AS") have been calculated.

Experimental

Materials and methods

Potassium octacyanomolybdate(IV) and -tungstate(IV) were prepared by the
method of Leipoldt et al. [19]. Pz was of AR grade provided by Sigma Chemical
Company. The solution of 8-hydroxyquinoline was prepared by dissolving 2.0 g of
AR oxine in 100 ml of 2.0 M acetic acid, ammonia was added dropwise to neutralise
the acid. The turbidity produced in the solution was removed by adding one drop of
acetic acid [20].

Synthesis of complexes

The complexes were synthesized by irradiating K4[M(CN)g] [where AM=Mo(1V)
or W(1V)] and Pz solutions of 0.1 M strength in 1:2 ratio under UV light, till the
color of the solution changed to deep red. Irradiation was stopped at that stage and
solution of 8-hydroxyquinoline was added till greenish precipitate in both the cases
were obtained. The precipitates were washed with water and ethanol and dried over
fused CaCl,. The complexes were analysed for C, H, N and metal. The formula for
molybdenum complex was found to be

Mo(CN)2(OH)2(CsH4N2)2(CoH7ON) T for which the observed percentage of C,
H, N and Mo is 46.8, 1.7, 19.5 and 19.6 vs. calculated 46.8, 1.4, 20.1 and 23.0. The
formula for tungsten analog is W(CN)2(OH)>(C4HaN2)2(CoH,ON)I.5 H20 II. The
observed percentage of C, H, N and W is 37.5, 3.0, 15.6 and 29.8 vs. calculated val-
ues 37.2, 3.3, 16.2 and 30.5.

Physical measurements

Determination of carbon, hydrogen and nitrogen was carried out by micro ana-
lytical methods. IR spectra of the complexes were recorded on Perkin Elmer
1710 Fourier transform spectrophotometer in the range of 4000-400 cm™' using
KBr discs technique. The TG was conducted on DuPont 2000 thermal analyser. DSC
was also carried on DuPont 2000 TA system with a differential scanning calorimeter.
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The scanning was done at a rate of 10°C min~'. An aluminium pan was used as ref-
erence under dynamic nitrogen atmosphere. The instrument calibration was checked
by the samples of indium (99.99%) purity. XRD was done at an ambient temperature
on a Philips-Holland XRD unit Model No: Ph 1130/00 using CuK, radiation
(A=1.5405 L) at a scanning speed of 1° min™".

Table 1 FTIR spectral frequencies with their assigments for [Mo(CN),(OH),(C,H,N,),(C,H,ON)] I
and [W(CN),(OH),(C,H,N,),(C,H,ON){.5H,0] IT*

Fr(’;(j];;r;(gicrln 1 Assignment Fré(z)l:sglcg ;CII;I 1 Assignment
3400(s) V(OH) 3400(s) V(OH)
3040(s) V(OH)
3040(s) V(OH) 2560(s) V(N-H)
2400(s) V(N-H) 2120(s) V(C=N)
2100(s) V(C=N) 2080(s) V(C=N)
1600(s) V(=N-H) 1640(s) O(NH,)
(H-O-H) bending
1460(s) Veym(C=0) 1600(s) V(=N-H)
(H-O-H) bending
1380(s) V(-N=N-) 1560(s) v(N=H) bending or
v(C-N)
1320(vs) Viym(C—0) 1500(s) V(N=O0) or ring vib.
1260(vs) V(N-O) due to Pz 1460(s) Viym(C=0)
1240(s) v(N=0) 1400(s) V(-N=N-)
1180(s) asym. ring vibration 1300(s) Viym(C-0)
1100(vs) v(C-0) of oxine or Pz 1260(s) v(-C-N) or
V(-N=0) dueto Pz
900(vs) vibrationdueto Pz 1200(m) v(-N=0)
800(m) v(N-0) 1080(m) v(M-O-H)
840(vs) Mo—O stretching 1040(m) V(N-O) of oxine
760(vs) C-H bond 1000(m) v(C-0)
640(m) v(C-0-Mo-0) 800(m) v(W=0)
540(s) 8, m(C-C-0) 760(s) C-Hbond
500(s) metal-ligand 660(m) v(C-0-W-0)
540(m) &, n(0—C-0)
480(m) metal-ligand
v(M-N)
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Results and discussion

The photoinitiated complexation and kinetics of octacyanometallates of molyb-
denum(1V) and tungsten(IV) with Pz which behaves as an unidentate ligand has
been reported [21]. The substituted complexes of Pz with 8-hydroxyquinoline have
been synthesized and characterized by IR and thermal analysis. IR absorption bands
confirm the presence of coordinating moieties by various characteristic peaks and
contributes towards understanding the behaviour of Pz with the metal in the solid
complexes. The position and the assignment of IR absorption peaks of both the com-
plexes is shown in Table 1. The strong absorption peak at 3400 cm™' is shown by
both the complexes due to O-H stretching vibration showing the presence of hy-
droxyl group. The presence of the coordinated water in 11 is shown by rocking, twist-
ing and wagging mode of water coordinated to metal in the lower frequency region
at 760 and 720 cm™'. Generally aromatic C—H stretching vibrations occur at 3100 to
3000 cm ™, this aromatic C—H stretching bands at 3040 cm™' (vs) are fund for both
the complexes. Complexes in which Pz is bonded through only one of its nitrogen
atoms, an extra absorption bands is found in the region between 1250-909 cm™!
[22]. The appearance of absorption bands due to aromatic ring Pz are at
1180 (vs) em ™', 1100 (vs) cm™ in the complex I and at 1000 (s), 1040 (m),
1080 (m) cm™" in complex I, and the appearance of very strong absorption bands at
900, 1240 cm ™" in Tand at 1280 ¢cm™" in IT attributes towards monodentate behaviour
of Pz. The appearance of the strong absorption peaks at 2100 cm™' (vs) and
2120 em ™' (vs) in I and Il respectively shows the presence of cyanide as v(—C=N).

The cyanide peak in octacyanomolybdate(1V) is at 2070 cm ™' [23], thus in com-
plexes I and 11 it is shifted to the higher frequency by 30 and 50 cm™' respectively.
In complex I another peak at 2080 (s) cm™', implies the presence of cyano group
with the mode AM—C=N. The coordination of the 8-hydroxyquinoline with octacy-
anometallates of molybdenum(1V) and tungsten(IV) shows the frequency band at
1569 cm™ (s) and 1554 em ™" (vs) respectively due to the v(C=N) stretching [24].
This type of frequency is present in complex I at 1560 (vs) cm™', 1500 (s) cm™
which is attributed due to v(C=N). Free oxine exhibits v(N=0) at 1050 cm ™, besides
absorption peaks due to v(C-0) and v(N-0O). The absorption peaks in complex I due
to oxine are at 1460 (s), 1380, 1320, 110 (vs) cm™" assigned as Vagym(C=0), VIN=N),
Vasym(C—0), V(~C-O) respectively, in complex Il, the absorption band due to
v(—C=0) of oxine is at the same position, the bands due to v(—N=N) undergo a shift
of 20 cm ™! towards higher frequency and the band due to Vasym(C—O) shows a shift
of 20 cm™' towards lower frequency region from that of I. The region between
450-110 cm™! is very significant in which the absorption bands due to -0 modes
appear. In complex I the absorption bands at 500 (s) cm™' shows metal-ligand bond,
540 (s) em™ due to &, (C-C-0), 760 (s) cm™' due to v(C-H). The band at
840 (vs) em™' in complex 1 and 800 (vs) cm™! in complex Il is assigned to M=0
stretching. The absorption bands due to C—H appear at the same position on 760 (s)
in both the complexes. In complex I, other lower frequency bands appear at 640 (m),
540 (s) and 500 (s) assigned as v(C-O-Mo-0), &,,,(C-C-0) and metal-ligand
while the same appear in 1l at 660 (m), 540 (m) and 480 (m) respectively.
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Thermal analysis
[Mo(CN),y(OH),(C4H4N,)»(CoH,0N)T L

The thermal analysis curves (TG/DTG) are shown in Fig. 1. The temperature
ranges and percentage mass losses of the decomposition are given in Table 2. The
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Fig. 1 The TG and DTG curves of I

Table 2 Thermoanalytical data for the decomposition of the complexes:
[Mo(CN),(OH),(C,H,N,),(C,H,0N)] I and
[W(CN),(OH),(C,H,N,),(C,H,ON)I.5H,0] I

Io16 ange/ 7076 max/ Mass loss/% Remarks removal of
°C obs. calc.
Complex 1
90-180 105.1 9.54 10.6 2 moles of CN
180280 186.0 7.0 6.9 2 moles of OH
290-361 349.8 29.5 29.7 1 mole of oxine
380-750 597.7 30.7 32.8 2 moles of Pz
residue is Mo metal
calc.%(19.68)
0bs.%(23.06)
Complex I1
105-134 125.9 4.8 4.4 1.5 moles of H,0
175-245 2102 38.2 374 ! 22{: glf oxine*
258-279 270.6 5.2 5.6 2 moles of OH
300-380 347.0 13.2 13.2 1 mole of Pz
460-510 491.5 8.4 8.6 2 moles of CN

residue W metal
calc.%(30.5)
0bs.%(29.8)
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Fig. 2 The DSC curves of 1

thermal decomposition takes place in four steps. The complex is stable upto 90°C
showing no loss in mass, confirming the complex to be anhydrous as generally un-
coordinated water is removed below 100°C. The two moles of cyanide are lost at
90-180°C, with the DTG maximum at 105.1°C. The observed mass loss is 9.54 com-
pared with calculated 10.67%. This step is followed by a second deep step initiating
from 180-280°C with a DTG maximum of 186.0°C. The observed mass loss is 7.05
vs. calculated 6.97% whichisduetotherelease oftwohydroxide moieties. Thetwo
stepsarenot distinguished from TG duetoimmediateinitiation of'second step but
theDTG curvedemarcatesthetwotransitionsquiteclearly. Thethird stepinitiated
from 290 up to 361°C undergoing a significant mass loss of 29.56 vs. calculated
29.78% due to the removal of a molecule of 8-hydroxyquinoline (oxine). The DTG
maximum is at 349.8°C. The complex then does not undergo any change upto 380°C
after which it starts its fourth decomposition step which continues up to 750°C with
DTG maximum of 597.73°C, involving the mass loss of 30.79 compared to calcu-
lated 32.87% due to loss of two moles of Pz. The observed percentage of residue is
23.06 which is due to Mo metal, the calculated percentage of which is 19.68. The
DSC of the complex carried out in nitrogen atmosphere from room temperature to
500°C is shown in Fig. 2. The curve shows four transitions, three exothermic and one
endothermic corresponding to four mass loss ranges observed in TG curve. The first
exothermic transition starts from 116.37 and stops at 151.44°C with maximum of
127.93°C giving AH value of 14.96 J g™!. The second transition starts from 160.3
and continues upto 199.52 with maximum of 188.43°C giving AH of 28.83 J g™'.
The second transition is followed by the similar type of transition initiating from
205.9 upto 268.0 with maximum of 223.1°C giving AH value of 27.45 J g™'. The last
transition starts from 323.76 up to 375.0 with maximum of 357.5°C giving AH value
of 38.41 I g”!. The maximum value of AH is observed in the last transition confirm-
ing the TG decomposition processes of evolving bulky group of two moles of Pz,
thus showing the higher thermal stability and greater coordination with the Mo atom.
The sequential thermal decomposition steps of TG and DTG are shown in Scheme 1.
The calculated and observed values are represented with or without parentheses re-
spectively.
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Scheme I:

(10.67)

[Mo(CN)(OH),(P2),(0X)] === [Mo(OH),(Pz),(0X)] +

7)

6.9
+2CN(AH =14.96 T g1 (77» [Mo(Pz),(0X)] + 20H(AH=28.83 J g™!)

(29.78)

= -1
29.56 [Mo(P2),] + (OX)(AH=27.45Jg™")

(32.87)
30.79

[W(CN),(OH)»(C4H4N,)»(CoH,0N) L 5SH,0] T

Mo + 2P7(23.06); 19.68%AH=38.41 J g

The TG/DTG of the tungsten analog is shown in Fig. 3. The stoichiometry of the
complex is similar to that of the Mo(IV) except presence of coordinated water,
which is shown by IR absorption peaks due to rocking, twisting and waging modes
of water besides fundamental vibrations. The loss of 1.5 moles of coordinated water
starts from 105 and continues up to 134.15 with DTG maximum of 125.9°C. The
temperature range and DTG maximum justifies the presence of water as a coordinat-
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Fig. 4 The DSC curves of I1
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ing moiety. The observed mass loss is 4.89 as compared to calculated 4.48%. The
rest of the decomposition takes place in four steps supporting the rest of the complex
similar to that of the Mo(IV), but the order of the release of the moieties is just the
reverse of the order as in molybdenum case. The second mass loss step starts from
175.0 and continues up to 245 with DTG maximum of 210.2°C involving the loss of
1 mole of Pz and one mole of oxine. The observed mass loss is 38.29% vs. calculated
37.40. Thecontinuity of first and second transition doesnot makethedemarcation
ofthetwoseparatestepsin TG curvesbutthe DTG curveshowsthetransitionssig-
nificantly. The next stage of decomposition starts from 258 and ends at 279 with
DTG maximum at 270.6°C and is due to the release of two moles of hydroxyl
groups. The observed mass loss is 5.29 as compared to calculated 5.60%. This tran-
sition is followed by the loss of one mole of pyrazine which onsets from 300 and
ends at 380 with DTG maximum of 347°C involving the observed mass loss of
13.23% as compared to calculated 13.29. The last mass loss step starts from 460 and
continues upto 510 with DTG maximum of 491.5°C, this involves loss of two moles
of cyanide with observed mass loss of 8.45 vs. calculated 8.63%. The complex was
subjected to treatment upto 800 but no change was found after 510°C. The residue
was found 29.85 vs. calculated 30.52% due to metal tungsten. The DSC of the com-
plex is shown in Fig. 4. The curve shows two exothermic and one endothermic tran-
sitions. The first transition starts from 109.22 up to 162.8 with maximum at
136.18°C. The heat of reaction involved is 12.85 J ¢”'. The second transition starts
from 187.97 upto 230.32 with maximum at 198.02°C involving AH value of
38.08 J g7!. The third endothermic transition starts from 466.41 up to 584.6 with
maximum at 516.95°C involve overlapping of other transitions also because of the
significant value of AH 109 J g”!. The maximum value of enthalpy observed in this
stage justifies the higher stability and greater coordination of corresponding moie-
ties with the central W atom. The thermal decomposition steps involved are shown
in Scheme I1. The calculated and observed mass loss is represented with and without
parentheses respectively.

Scheme 1I:
(4.48)
4.89

[W(CN),(OH),(Pz),(OX)0.5H,0] [W(OH),(Pz),(0X)] +

4)

+ 1.5H,0(AH=12.85 T g”") (3387_29> [W(CN),(OH),(P2)] + Pz +

_ (5.60) (13.29)
+OX(AH=38.08J ¢ ) =, [W(CN),(Pz)] + 20H
( g) = [W(CN),(Pz)] 3

8.63
[W(CN),] + Pz(AH=109.1 J g™") % W +2CN(29.85);30.52

XRD analysis

The interplanar ‘d’ spacings of the residue of 11 were determined and found to be
in accordance with the reported data for the W metal.
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Observed ASTM File W-4-806
d/L 1/% d/L 1/%
2.238 100 2238 100
1.582 60 1.582 15
1.292 40 1.292 23

Mo complex I loses CN in the first step whereas in tungsten analog 11, CN is lost
in the final step showing that in Il cyanide is strongly coordinated, hence removed at
a higher temperature. The stronger coordination can be as a result of effective orbital
mixing of metal and ligand which is influenced by two factors (1) the radial exten-
sion of the metal d orbitals and (2) energy difference, AE, between the metal orbitals
and ligand (1) orbitals. Greater interaction is expected for the orbitals which are
close in energy. The ability for metal-ligand orbital interaction is enhanced if the
metal d orbitals extend far into space, enabling effective overlap with T (CN") orbi-
tals of the ligand [25]. Since 5d orbitals are more close in energy than 4d orbitals,
hence will extend more overlapping with Tt orbitals of ligand. Moreover the value
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of the 10Dq increases when going from first to second transition series [26]. These
considerations show that 5d orbitals have greater ability to form strong bond be-
tween metal and cyanide than 4d orbitals.

Kinetic parameters

Three different methods were employed for evaluation of kinetic data from these
results. Thermodynamic parameters like activation energy (%,), pre-exponential fac-
tor (4) and entropy of activation (AS*) for different decomposition steps for com-
plexes I and 11 are tabulated in Tables 3 and 4 respectively. Using Doyle’s [27, 28]
method modified by Reich and Stivale, reduction equation for degradation equation
comes to be:
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Table 3 Activation energy, frequency factor and entropy of activation for
[Mo(CN),(OH),(C,H,N,),(CoH,ON)] I

Stage Parameters Tor max’ K Doyle C;:;jc;r;d Arrhenius

I E (k] mol™) 107.5 101.7 108.8
As™ 378.4 13.0 7.1 11.8

AS*(J k7 mol™) -225.6 —230.6 —226.4
11 E,/kJ mol™ 18.8 11.7 20.9
AT 459.0 1.2 49 0.04

AS*(J k7 mol™) 2472 -235.2 2752
11 E,/kJ mol™ 40.6 375 57.7
AT 622.8 2.9 2.8 3.2

AS (T k" mol™) —242.0 2425 —241.4
v E,/kJ mol™ 22.6 23.4 57.5
As™ 870.7 1.1 44 22

AS' (0K mol™) -252.8 —241.4 -247.1

Table 4 Activation energy, frequency factor and entropy of activation for
[W(CN),(OH),(C,H,N,),(C,H,ON)1.5H,0] II

Stage Parameters Tor max’ K Doyle C;:;jc;r;d Arrhenius

I E/(kJ mol™) 473 41.4 48.5
As™ 389.9 4.7 1.1 3.6

AS (T k" mol™) —234.4 2459 —236.6
11 E,/kJ mol™ 44.8 47.7 69.0
AT 483.2 43 0.5 5.8

AS (T k" mol™) -236.7 -253.6 2342
11 E,/kJ mol™ 5.4 0.0 13.4
AT 543.6 0.3 6.0 0.1

AS*(J k7 mol™) -261.5 -235.7 2712
v E,/kJ mol™ 33.5 14.6 41.0
As™ 620.0 25 43 24

AS' (0K mol™) 2432 -238.9 -243.7
\% E/kI mol™ 14.2 14.6 523
As™ 764.5 0.8 40.6 2.7

AS' (0K mol™) -254.2 -240.1 -2443
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lo Pr_ £, + lo A
Swaer " °%(rA)

where pr=t/(RH)= —dw/dt and (RH)=heating rate

On plotting logpt/w vs. 1/7, the value of £, is obtained from the slope of the plot us-
ing the relation £,=—4.6x slope. The activation energies of 1 for four decomposition
steps are 25.7, 4.5, 9.7, 5.4 kcal mol™! and for five stepsof Il are 11.3, 10.7, 1.30, 8.0
and 3.4 kcal mol™'. The pre-exponential factor (4) is obtained from the intercept of
the plot and entropy of activation (AS”) from a general equation:

exp—— (A)

where £ is the Boltzmann constant, % is the Plancks constant and T is the peak tem-
perature. Using Coats and Redferns [29] method, the plot of log[-In(1-a)]7? vs. 1/T
results in a straight line for a first order reaction with the slope £,/2.303R. The value
of A is obtained from the intercept of the plot and entropy of activation (AS*) from
the general equation (4). The activation energy values for I are 24.3, 2.8, 8.9 and 5.6
and for IT are 9.9, 11.47, 0, 3.59, 3.53 kcal mol™". The activation energy was also de-
termined from Arrhenius equation [30] by calculating the kinetic data from TG
curve using the equation:

—dx /d¢ = kx"

where x amount of the sample undergoing the reaction, # is the order of the reaction
and £ specific rate constant. On measuring & at several temperatures, graph of logk
vs. 1/T gives a straight line whose slope is —£,/2.3R and intercept is 2.3 logA. The
activation energy values (£,) for different four steps of I are 26.0, 5.0, 13.8 and
13.8 kcal mol™! and for five steps of stage II are 11.6, 16.5, 3.23, 9.88,
12.58 kcal mol ™.

From a comparative view, in complex 1 (Table 2), it is evident that greater the ac-
tivation energy, greater is the entropy of activation. Negative values of entropy of ac-
tivation indicate that the activated complexes have a more ordered structure and that
the reactions are slower than the normal [31]. In complex 11 (Table 3), values from
Coats and Redfern and Arrhenius method are more in agreement than Doyle’s
method, showing direct proportionality of activation energy and entropy of activa-
tion energy values. Lozano [32] found that the greater enthalpy and lower activation
energy values are responsible for greater binding between pyridine and molybdenum
atom in the complexes. Hence lower value of activation energy and entropy of acti-
vation shows strong coordination between the molecules. In complex I, the values of
E,and AS" is maximum for stage I, corresponding to the release of two moles of cya-
nide at the very beginning of thermal decomposition process, hence justifying the
least binding with the central Mo atom. In complex 1I though the values from Coats
and Redfern and Arrhenius are close in agreement, the values from Arrhenius are
much more reliable, showing the maximum value of E, and AS” for stage 1 corre-
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sponding to the release of water at the very onset of thermal reactions justifying the
least binding with W atom.

L
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