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Thermal Stability of Substituted Pyridine Adducts of Bis(acetylacetonato)-
oxovanadium(IV) in Solid State
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The kinetic of the elimination reaction of axial ligand B in [VO(acac):B] complexes (Hacac=acetylacetone;
=pyridine, its derivatives, and ammonia) was studied in solid state by the Coats-Redfern method. The
frequency factor and activation energy were determined, from which the activation free energy (AG*) was
calculated. The AG* values varied with the nature of pyridine derivatives in the range of 99—109 kJ mol~. The
insight into AG* values suggests that the kinetic stability of vanadium-substituted pyridine bond is influenced
by both the basicity (pK.) and heat of sublimation (AHup)) of the axial ligand. Furthermore, the E’ values which
appear to reflect coordination ability of base B were determined by reflectance spectra of the complexes. The E’
value was found to increase linearly with the increase in pK, and AH ) of the axial ligand.

The stability and reactivity of metal complexes have
generally been discussed on the basis of kinetic and
thermodynamic data of substitution reactions in solu-
tion. Since the reactant and product are naturally
solvated with medium molecules, the kinetic and ther-
modynamic data have to be corrected for interaction
between reactants and solvent. On the other hand, the
thermal reaction in solid state will directly provide
information concerning not only the strength of metal-
ligand bond,? but also the formation of intermediate
products.? We studied previously the thermal aniline
elimination reaction of [Co(Hbhpn)A2]X2® and [Ni-
(acac)2A2]® complexes, where Hzbhpn: N,N’-bis(2-hy-
droxyimino-1-methylpropylidene)-1,3-propanediamine,
A: aniline or its derivatives, X: Cl-, Br-, or I- ion,
and Hacac: acetylacetone. The results revealed that
the kinetic stability of metal-substituted aniline bond
for these complexes mainly depends on the pK, and the
heat of sublimation of aniline and its derivatives; a
linear correlation between the experimental AG* of the
elimination reaction and pK. values of the aniline
derivatives was observed except the complexes with p-
chloroaniline and p-bromoaniline having larger heat
of sublimation than other aniline derivatives.

In the present work, thermal analysis has been carried
out on the thermal elimination reaction of a series of
adduct complexes, mono(substituted pyridine)bis(ace-
tylacetonato)oxovanadium(IV) shown in Fig. 1-[I], (ab-
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Fig. 1. [VO(acac)z:B][I] and [VO(acac)z][II].
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breviated as [VO(acac):B], B=pyridine, its derivatives,®
and ammonia) to elucidate the influence of heat of
sublimation of axial ligand on thermal stability of these
complexes. In the thermal analysis of [VO(acac):B]
complexes, it was confirmed that these complexes
endothermically dissociate the axial ligand to give
green [VO(acac)z] complex shown in Fig. 1-[II]. The
activation free energy of the elimination reaction will
be briefly discussed in connection with the nature of
vanadium-substituted pyridine bond.

Experimental

Materials. The parent complex [VO(acac)z] was prepared
as described in the literature.® Its pyridine adducts, [VO-
(acac)2B), were prepared as described in the literature,” except
those with 4-CN-py and 3-CN-py. Because 4-CN-py and
3-CN-py are slightly soluble in ether, they were first dissolved
in a minimum quantity of water and then added to [VO-
(acac)z] in ether. The mixture was refluxed for about 1 h and
solid residue was filtered off as the complex desired. The
ammonia adduct, [VO(acac)2(NHs)], was prepared by the
method of Claunch et al.9 These adducts were identified by
elemental analyses and IR spectroscopy.

Analytical Data for [VO(acac)sB]. Found: C, 52.37; H,
5.45; N, 4.14; V, 14.38%. Calcd for [VO(acac)z(py)): C, 52.33; H,
5.57; N, 4.07; V, 14.80%. Found: C, 52.38; H, 5.74; N, 3.90; V,
13.90%. Calcd for [VO(acac)z(4-CHs-py)]; C, 53.68; H, 5.92; N,
3.91; V, 14.22%. Found: C, 54.58; H, 6.14; N, 3.92; V, 13.33%.
Calcd for [VO(acac)e(4-CoHs-py)]: C, 54.84; H, 6.24; N, 3.76;
V, 13.68%. Found: C, 48.92; H, 4.76; N, 6.93; V, 13.50%. Calcd
for [VO(acac)z(4-CN-py)}: C, 52.04; H, 4.92; N, 7.59; V,
13.79%. Found: C, 49.53; H, 4.78; N, 7.03; V, 13.60%. Calcd for
[VO(acac)z(3-CN-py)}: C, 52.04; H, 4.92; N, 7.59; V, 13.79%.
Found: C, 40.96; H, 4.09; N, 3.20; V, 11.95%. Calcd for
[VO(acac)z(3-Br-py)]: C, 42.58; H, 4.29; N, 3.31; V, 12.04%.
Found: C, 41.68; H, 5.96; N, 4.88; V, 17.83%. Calcd for
[VO(acac)2(NHs)l: C, 42.57; H, 6.07; N, 4.96; V, 18.04%.

Measurements. The TG and DSC curves were recorded in
a flowing nitrogen atmosphere of 100 cm® min—! at a heating
rate of 10 °C min~! on a Rigaku Denki 8002 thermal analyzer.
a-Al203 was used as reference material. The heat of the
elimination reaction was determined by measuring the DSC
peak area. The instrument was calibrated against the heat of
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transition of potassium nitrate and silver nitrate. The kinetic
analysis under nonisothermal conditions was carried out on
the TG curves recorded at a heating rate of 1 °C min—! for
8—9 mg of sample. The particle size of samples for the
measurements was under 100 mesh.

Reflectance spectra of the complexes in the visible region
were recorded on a Hitachi Model 340 spectrophotometer
equipped with a R-10A integrating sphere, using MgO as the
reference substance.

Results and Discussion

Thermal Analysis. The TG and DSC curves for
[VO(acac)z:B] complexes are shown in Figs. 2-(a) and
2-(b). The DSC data are summarized in Table 1.

As shown in Fig. 2-(a), in the case of [VO(acac)z(py)]
complex, the weight-loss (21.3%) on the TG curve in the
temperature range of 83—142 °C, can be attributed to
the elimination of one mole of pyridine (22.9%). An
endothermic phenomenon was observed on the DSC
curve corresponding to this weight decrease. For other
complexes, the decrease in weight and endothermic
phenomenon corresponding to the ligand elimination
were similarly observed in the range of 90—170 °C; the
weight loss was 25.8% (Calcd 26.0%) for [VO(acac)z(4-
CHs-py)], 29.0%(28.8%) for [VO(acac)z(4-C2Hs-py)l,
26.6%(28.2%) for [VO(acac)z(4-CN-py)], 27.1%(28.2%)
for [VO(acac)2(3-CN-py)), 36.5%(37.3%) for [VO(acac)z-
(3-Br-py)], and 5.8%(6.0%) for [VO(acac)2(NHs)].

The infrared spectra of the decomposition products
were measured at appropriate steps of the reaction
process appearing in the TG and DSC curves. As
mentioned above, [VO(acac)z(py)] loses one mole of
pyridine at about 142°C. The IR spectrum of [VO-
(acac)z(py)] at 142°C does not give the bands of
pyridine ring?®19 at 1444, 1218, and 711 cm~! at room
temperature. However, substantial change in the bands
at 1523, 1371, and 934 cm-! due to the coordinated
acetylacetonatel® were not observed, and the spectrum
of this decomposition product was found to be the same
as that of [VO(acac)z]. Analyses of the infrared spectra
of thermal decomposition products suggested that the
thermal decomposition of complexes was elimination
of pyridine derivatives from [VO(acac)z:B] as expressed

Table 1. DSC Data of [VO(acac)2B] Complexes
AH gup)® AH®
Base pKen —————— (K} —
kJ mol—! kJ mol—1
)33% 5.25 47.8 404 69.4
4-CHs-py 6.02 56.9 421 81.4
4-C2Hs-py 6.17 54.0%* 425 73.2
4-CN-py 1.90 75.6% 399 65.5
3-CN-py 2.28 79.0% 391 68.2
3-Br-py 2.84 59.4* 402 74.7
NH; 9.26 29.0 370 51.3

a) AHw)?, enthalpy of sublimation for pyridine deriv-
atives. *, AH ) values determined by DSC measure-
ment; **, enthalpy of vaporization. b) DSC maximum
peak temperature. c) AH, heat of reaction.
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below:
[VO(acac)2B] ——> [VO(acac)z] + B 1.

As seen in Table 1, the enthalpy changes (AH) for
[VO(acac)z(py)] and [VO(acac)z(4-CHs-py)] were 69.4
and 81.4 kJ mol-1, respectively, which are comparable
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Fig. 2a. TG (—) and DSC (----) curves of [VO-

(acac)2B] complexes; heating rate 10°C min—!. B=
1: py, 2: 4-CHs-py, 3: 4-C2Hs-py, 7: NHa.
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Fig. 2b. TG (—) and DSC (--—-) curves of [VO-
(acac)zB] complexes; heating rate 10°C min~!. B=
4: 4-CN-py, 5: 3-CN-py, 6: 3-Br-py.
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to those of the thermal elimination of [VO(dbm)z(py)]
(71.5kJ mol-?) and [VO(dbm)z(4-CHs-py)] (93.5k]J
mol-1), where dbm is dibenzoylmethane.!?

Kinetic Stability. The thermal stability of com-
plexes has often been discussed in terms of the initia-
tion temperature of decomposition reaction or the
DSC maximum peak temperature. Since the temper-
ature observed on the thermoanalytical curves is affect-
ed by the experimental conditions and the reaction
mechanism, the thermal stability concerning the bond
strength of metal-ligand linkage should be discussed
by using a kinetic parameter rather than the initiation
temperature.

Hence the kinetic analysis was carried out in order to
ascertain the kinetic feature of [VO(acac)zB] complexes.
The rate plot under nonisothermal conditions was
obtained by use of the following Eq. 1 proposed by
Coats and Redfern:12

—log(l — @)
(when n =1) log {W]
1= (1— o)t
(when n #1) log {-—,}—ia—_—o;))——}
o AR 2RT E. .
=loggp (1 TE D) 2303k~ )

where E, is activation energy; 4, frequency factor; «,
molar fraction of complex decomposed; T, absolute
temperature; R, gas constant; ¢, heating rate; and n,
order of reaction. The plot of log{—log(1—a)/(2.30372)}
against 1/T when n=1 gives a straight line, as shown in
Fig. 3. The E, and 4 values were calculated from the
slopes and intercepts of these straight lines, respective-
ly. The activation enthalpy AH* was calculated from
AH*=E,—RT, while the activation entropy AS* was
obtained from AS¥=R[In(Ah/kT)—1], where k is the
Boltzman constant, and A, the Planck constant, assum-
ing the transmission coefficient to be 1. In addition, in
order to disclose the contribution of the entropic term to
the reaction, the activation free energy AG* was calcu-
lated by the relation, AG¥=AH*—TAS*. The kinetic
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characteristics are tabulated in Table 2.

Since the thermal reaction of [VO(acac):B] com-
plexes belongs to the elimination reaction of base B, the
kinetic stability of the vanadium-base bond was ex-
pected to vary with the basicity of the bases. However,
as seen in Table 2, in spite of pK, values of the bases
varying in wide range of 1.90—9.26, the activation free
energy AG* change in narrow range of 99—109k]J
mol-1, On the other hand, when pyridine or its
derivative forms a complex with a transition metal, the
bonding consists of 6 and © interactions between metal
and substituted pyridine. It has been reported that in
the thermal decomposition of [Ag(B):NO3]'® and [Co-
(salen)(B)]*¥ (salen=N,N’-ethylenebis(salicylideneam-
inato)dianion), the complex with 4-CN-py has unusu-
ally large E, value in comparison with those of py,
3-CHs-py, and 3-CN-py complexes. The large E, value
observed in 4-CN-py complex has been interpreted by
taking into account a significant contribution of metal-
base m-back-bonding to the bond stability. In the
present complexes, [VO(acac)2(4-CN-py)] was also ex-
pected to be more stable than [VO(acac)(3-CN-py)],
[VO(acac)z(3-Br-py)], and [VO(acac)z(py)]. However,
no remarkable difference in AG* values among these
complexes was observed.

These facts suggest that the thermal stability of
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Fig. 3. Plots by the Coats-Redfern method for pyri-

dine elimination of [VO(acac)zB] complexes. B=
1: py, 2: 4-CHas-py, 3: 4-C2Hs-py, 4: 4-CN-py, 5: 3-CN-
py, 6: 3-Br-py, 7: NHa.

Table 2. Kinetic Data of Pyridine Derivatives for the Elimination
Reactions of [VO(acac)2B] Complexes

E, AH=*(400 K) AS*(400 K) AG*(400 K)
Base —_— log (A/s71)
kJ mol-! kJ mol—1 J K~ mol-! kJ mol-1

py 12319 16.1+1.2 12019 52+12 9912
4-CHs-py 123110 15.3+1.4 119110 37x15 10512
4-CoHs-py 10319 12.3£1.2 100+9 —20£10 108+0.2
4-CN-py 11314 13.910.6 11014 1116 10510.2
3-CN-py 1191+0.6 14.910.1 1161+0.3 2910.4 1041+0.4
3-Br-py 12617 16.2%1.1 12317 54+7 101+0.7

NH; 157+1 19.240.5 153+1 110£2 109+0.5

E,, activation energy; 4, frequency factor; AH¥*, activation enthalpy; AS*, activation entropy; AG*, activation

free energy.
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Fig. 4. Plots (-@—@—) of AG*/pK. against

AHu)/pK., plots (—A—&-) of E’/pK. against

AH u)/pKs. B=1: py, 2: 4-CHs-py, 3: 4-C2Hs-py, 4:
4-CN-py, 5: 3-CN-py, 6: 3-Br-py, 7: NHa.

complexes is affected by various interactions, including
the metal-base 6-bond, n-bond, and steric interaction.

As mentioned before, our previous studies3:¥ for the
thermal reactions of [Ni(acac)z2Az] and [Co(Hbhpn)-
Az2]X2 complexes revealed that the thermal stability of
these complexes is influenced by the heat of sublima-
tion of base A itself as well as basicity of the base. As for
[VO(acac)zB], it is assumed that the thermal stability
may be influenced by the thermal properties such as the
heat of fusion and vaporization in the following
equation:

AG* = apK, + BAH ), (2)

where a and 8 are constants determined by the reaction
system, and AH ) is the heat of sublimation (sum of
heat of fusion and vaporization). Dividing both sides of
Eq. 2 by pK. yields Eq. 2”:

AG*/pK. = a + BAHyu)/pKa, (2")

If the above assumption is adequate, a straight line with
slope B will be obtained. As shown in Fig. 4, the plot
between AG*/pK. and AH su)/pK. indicates that AG¥/
pK. and AHuw)/pK, bear a linear correlation. This
result suggests that the thermal stability of [VO(acac)zB]
complexes investigated here depends mainly on the
basicity and the heat of sublimation of base B.
Reflectance Spectra. The reflectance spectral data
for [VO(acac):B] are summarized in Table 3. The
lowest energy band can be assigned to 2E«2B; transi-
tion and the second band to 2B1«2Bg transition (10 Dg).
Selbin et al.1® reported that a parameter Dj2, the
difference in positions between the first and the second
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Table 3. Reflectance Spectral Data of
[VO(acac)2B] Complexes
in Solid State

Band1 Band 2 Di2 E’
Base
cm™? cm™! cm™! kJ mol—?

PY 12890 17300 4410 52.7

py® (13000) (17390) (4390)
4-CH3s-py 13000 17240 4240 50.7
4-CaHs-py 12990 17180 4190 50.1
4-CN-py 12950 17060 4110 49.1
3-CN-py 13120 17180 4150 49.6
3-Br-py 13370 17270 3900 46.6
NH; 12630 17180 4550 55.4

E’, Calculated from D,z values.

band maxima, is more sensitive than 10 Dq in the
coordination ability of ligands. Then, the Dy values
for these complexes were determined and converted to
energy E’(kJ mol-!) as shown in the 5th column of
Table 3.

The tendency in E’ value for each complex is similar
to that for AG* value as described above. In other
words, no dependence of E’ on basicity of the bases was
observable. Therefore, in this case, Eq. 2” was assumed:

E’/pK, = o’ + B’AH up)/pKa, (2”)

where a’ and B’ are constants. Asseen in Fig. 4, alinear
correlation was observed between E’/pK, and AH su)/
pK.. These results support the assumption that the
stability in connection with the strength of metal-
ligand bond is affected by the electron donating power
and the heat of sublimation of base B.

Variations in the values of AG* and E’ with different
ligand can be attributed to changes in the strength of
metal-ligand o-bond, the magnitude of metal-ligand
n-bond, and the steric interaction. The basicity of
ligand will relate to the strength of 6-bond. However,
it is difficult to evaluate the degree of the character of
n-bond and steric interaction. Although the heat of
fusion and vaporization of ligand does not necessarily
reflect the character of n-bond and steric interaction,
both the characters may have correlation to the ther-
mal property through hydrogen bond and van der Waals
force. Therefore, the thermal properties such as heat
of fusion and vaporization were used for explaining
the difference in AG* and E’ values. Thus, the thermal
stability of [VO(acac)2B] complexes seems to depend
mainly on the pK, and AH s of base B. A similar ob-
servation has been reported for dehydration-anation
reaction of [Cu(en)2(H20)2]X2!® (en=ethylenediamine,
X=Cl~, Br- ion) and CoClz-nH20 (n=1—6)1? to dis-
cuss the influence of intermolecular hydrogen bonds
on the activation energy and the enthalpy change of
dehydration reaction.
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