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bstract

Solid adducts of formula SbI3·L (L = pyridine or 2-, 3- or 4-methylpyridine abbreviated as Py, 2MPy, 3MPy or 4MPy) were synthesized and
haracterized by elemental analysis, IR spectroscopy and thermal analysis. IR data showed that coordination to antimony is through nitrogen. Ther-
al degradation of adducts starts at 431, 423, 413 and 411 K for Py, 2MPy, 3MPy and 4MPy, respectively. Reaction-solution calorimetry was used
o evaluate the enthalpy change of reaction: SbI3(cr) + L(l) = SbI3·L(cr), 61.13 ± 1.75, −82.60 ± 1.55, −67.50 ± 0.97 and −74.10 ± 1.19 kJ mol−1,
espectively. Enthalpy change values for decomposition of adducts, lattice enthalpies and enthalpies of the Lewis acid–base reaction in the gas
hase were calculated through appropriate thermochemical cycles. Mean Sb N bond enthalpies were estimated as 134 ± 3, 154 ± 3, 140 ± 3 and
47 ± 4 kJ mol−1, for Py, 2MPy, 3MPy and 4MPy, respectively.

2007 Elsevier B.V. All rights reserved.
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. Introduction

A recent article described the preparation, characterization
nd kinetic study of adducts of antimony(III) halides with
ethyl-substituted pyridines [1]. The activation energy and pre-

xponential factor for decomposition of these adducts were
eported [1]. Several studies of adducts of 2-methylpyridine, 3-
ethylpyridine and 4-methylpyridine with transition metal salts

ave been reported [2–5], in which the main interest was the syn-
hesis and structure with some data on thermal decomposition
f the complexes. Adducts of antimony(III) halides with ligands
ontaining nitrogen as the donor atom are reported in literature
6–9] but there is no information on the enthalpies of the Sb N
ond with pyridine and its methyl derivatives. The main focus of
his paper is the synthesis of the adducts of antimony(III) iodide

ith pyridine and methyl-pyridines to obtain the enthalpies for

ormation of adducts.

∗ Corresponding author. Tel.: +55 83 3216 7591; fax: +55 83 3216 7433.
E-mail address: mgardennia@quimica.ufpb.br (M.G. Fonseca).
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. Experimental

The solvents used in all preparations were distilled through
n efficient column and stored over Linde 4 Å molecular sieves.
he 2-, 3-, 4-methylpyridines and pyridine (Merck) were used
ithout further purification. The antimony triiodide (Merck) was

ublimed and stored in vacuum. All preparations and manip-
lations were performed under dry condition in a nitrogen
tmosphere.

Adducts were prepared by mixing an equimolar amount of
oth reactants in carbon disulfide with stirring. The liquid amine
as added to the SbI3 solution. Stirring was maintained for 3 h.
fter solvent removal by filtration, the solids were washed with

arbon disulfide and dried in vacuum. The yield was about 80%.
Iodide was determined by potentiometric titration with stan-

ard 0.1 mol dm−3 AgNO3 solution after dissolution of the
dducts in water. Carbon, nitrogen and hydrogen contents were

etermined on a Perkin-Elmer model 2400 analyzer. The melting
oints of all the compounds were measured between PVC win-
ows on Microquimica model MQAPF-301 apparatus. Infrared
pectra at room temperature were made on adduct samples

mailto:mgardennia@quimica.ufpb.br
dx.doi.org/10.1016/j.tca.2007.02.007
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Table 1
Analytical data (calculated (experimental)) for SbI3·L adducts

Adduct %C %H %N %I �Ta (K)

SbI3·Py 10.32 (10.42) 0.87 (0.95) 2.41 (2.47) 65.47 (65.40) 431–540
SbI3·�-Pic 12.08 (11.95) 1.31 (1.23) 2.35 (2.38) 58.32 (58.43) 423–538
SbI3·�-Pic 12.08 (11.88) 1.31 (1.22) 2.35 (2.30) 58.32 (58.06) 413–515
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bI3·�-Pic 12.08 (11.96) 1.31 (1.30)

a With decomposition.

n KBr disks and films of the liquid between NaCl plates
n a Bomem spectrometer MB series in the frequency range
f 4000–400 cm−1 at a resolution of 4 cm−1 with 30 scans.
hermogravimetric curves were obtained with Shimadzu TG-
0 thermo-balance with dynamic nitrogen atmosphere with a
ow of 50 cm3 min−1 with sample masses of 5.0 ± 0.5 mg and
heating rate of 10 K min−1. DSC curves were obtained with
Shimadzu DSC-50 in nitrogen atmosphere (heating rate at

0 K min−1 and gas flow of 50 cm3 min−1).
Calorimetric measurements were performed in a Hart Sci-

ntific isoperibol solution calorimeter. Ampoules containing
–50 mg of reactant were prepared in a dry-box and broken in
he glass reaction vessel charged with 25 cm3 of calorimetric
olvent at 298.15 ± 0.02 K. The accuracy of the calorimet-
ic measurements was checked by measuring the thermal
ffect of dissolution of Tris-(hydroxymethyl)aminomethane in
.1 mol L−1 standard hydrochloric acid solution. The value
btained, −29.70 ± 0.10 kJ mol−1, agrees with the value of
29.736 ± 0.002 kJ mol−1 reported elsewhere [10,11].

. Results and discussion

Elemental analyses of the solid adducts are in good agreement
ith the proposed general formula, Table 1.
The TG curves of the adducts are shown in Fig. 1. Decomposi-
ion followed similar processes, with the loss of 97–99% of mass,
n a single step. This same behavior has also been observed for
rsenic tri-chloride adducts [6], containing the ligands 2-, 3- or
-methylpyridine in the same molar ratio of 1:1. Temperature

ig. 1. Thermogravimetric data of the adducts SbI3·L containing pyridine and
ethyl-pyridines.
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2.35 (2.37) 58.32 (58.76) 411–414

anges for the thermal adducts’ decomposition are given in
able 1. The melting point measurements indicated that the
ompounds did not melt and the DSC curves confirmed they
ecompose.

The infrared spectra assignments were based on previous
eports [12,13]. The main vibrational absorption bands for
dducts are listed in Table 2. Some bands were shifted when
ompared with the corresponding bands of the free ligand spec-
ra. However, the pattern of the adducts spectra are similar to
hose of the free ligand spectra.

The enthalpy of reaction (�rH
θ
m) of the reaction in condensed

hase,

bI3(cr) + L(l) = SbI3 · L(cr), �rH
θ
m (1)

as obtained from enthalpies of solution (�iH
θ
m) of each reagent

nd the product dissolved sequentially in 2-ethoxyethanol by
pplying the thermochemical cycle

bI3(cr) + solvent = Sol A, �1H
θ
m

ol A + L(l) = Sol B, �2H
θ
m

bI3 · L(cr) + solvent = Sol C, �3H
θ
m

ol B = Sol C, �4H
θ
m

rH
θ
m was calculated by �rH

θ
m = �1H

θ
m + �2H

θ
m − �3H

θ
m

(2)

Since the solutions A and C are thermochemically equivalent,
4H

θ
m = 0. The dissolution enthalpy values are listed in Table 3.

he values �fH
θ
m (adducts solid phase) were obtained with the

ata in Table 4 by reaction (3). Results are shown in Table 5.

fH
θ
m(adduct (cr)) = �rH

θ
m + �fH

θ
m(SbI3)(cr)

+�fH
θ
m(ligand)(l) (3)

The molar enthalpies of decomposition (�DHθ
m) and the lat-

ice molar enthalpies (�MHθ
m) of adducts are related to the

ollowing reactions:
bI3 · L(cr) = SbI3(cr) + L(g), �DHθ
m

bI3 · L(cr) = SbI3(g) + L(g), �MHθ
m
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Table 2
Infrared data (cm−1) for adducts and free ligands

Compound υCC υCC,CN υCC,CN δCH X-sens βCH φCH

Py 1575s 1460s 1421s 1288m 1108w 1146s 718s
SbI3·Py 1599m 1530s 1481m 1235m 1048w 1161s 736s
2MPy 1594s 1478s 1377w 1295m 1101w 1150m 754s
Sbl3·2MPy 1607m 1461w 1384w 1277w 1097w 1165w 751s
3MPy 1579s 1479s 1414m 1191m 1031w 1126m 790s
Sbl3·3MPy 1601s 1536s 1466m 1229m 1112m 1127m 773m
4MPy 1608s 1498w 1418m 1213m 1002m 1059m 802s
SbI3·4MPy 1536m 1595m 1500w 1241m 1048w 1196w 751s

υ, stretch; δ, bending in plane; ω, ring bending out of plane; β, bending out of plane
of bands: s, strong; m, medium; w, weak.

Table 3
Molar enthalpies (kJ mol−1) for dissolution reactions* in 2-ethoxyethanol

Adduct �1H
θ
m �2H

θ
m �3H

θ
m

SbI3·Py −15.88 ± 0.82a −48.91 ± 1.50a −3.66 ± 0.41a

SbI3·2MPy −15.88 ± 0.82 −62.50 ± 1.22 4.22 ± 0.52
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bI3·3MPy −15.88 ± 0.82 −48.02 ± 0.41 3.60 ± 0.32
bI3·4MPy −15.88 ± 0.82 −54.44 ± 0.80 3.78 ± 0.33

a Data based on four measurements.

These enthalpy values can be calculated by the expressions

DHθ
m = −�rH

θ
m + �

g
l H

θ
m (4)

MHθ
m = −�DHθ

m + �g
crH

θ
m(SbI3) (5)

The values of �DHθ
m and �MHθ

m were derived from the molar
nthalpies of vaporization of ligands [14] and the enthalpy of
ublimation of SbI3 [15], The results are presented in Table 5.
o evaluate the metal–nitrogen bond enthalpy of the adducts,

nformation about the acid–base reaction in the gaseous phase,
rH

θ
m(g) [16–20], obtained from the reaction

bI3 · L(g) = SbI3(g) + L(g), �rH
θ
m

nd �rH
θ
m(g) = �MHθ

m + �
g
crH

θ
m, where the last term is the

ublimation enthalpy of the adduct. The Sb N bond enthalpy is
qual to �rH

θ
m(g) because there is only one monodentate ligand

oordinated to antimony [21]:

D〉(Sb–L) = � Hθ (g) (6)
r m

The mean antimony–nitrogen bond enthalpy, 〈D〉(Sb–N),
epends on the enthalpy of sublimation of the compound, but
ttempts to measure this were unsuccessful due to difficulties

a
a
w
t

able 4
upplementary enthalpies (kJ mol−1) for ligands and antimony(III) iodide at 298 K

ompounds �fH
θ
m(cr, l) �

g
crH

bI3 −100.40 ± 0.70a 101.7
yridine 100.17 ± 0.50b

-Methylpyridine 56.69 ± 0.75b

-Methylpyridine 61.92 ± 0.59b

-Methylpyridine 56.82 ± 1.30b

a Reference [15].
b Reference [14].
; φ, ring bending in plane; X-sens, sensitive to substitution, X = CH3; intensity

n subliming the adducts. To solve this problem, we can assume
he enthalpy �

g
crH

θ
m as being equal (a) �

g
l H

θ
m (lig-

nd), (b) [n �
g
l H

θ
m(ligand)] + �

g
crH

θ
m(SbI3)/(n + 1), (c)

[�g
l H

θ
m(ligand)]

n · [�g
crH

θ
m(SbI3)]

n}1/(n+1)
and (d) �

g
crH

θ
m(Sb

3) [16–21]. The hypothesis “a” is reasonably valid within
10 kJ mol−1 for some sublimed adducts and can be measured

22–24]. The equation we previously established [25] was
dopted here

fH
θ
m(g) = 1.002 �fH

θ
m(s) + 73.874 (7)

This relationship relates data of standard molar enthalpy
f formation in solid state with data in gaseous state for a
eries of compounds with sublimation enthalpy in the range
f 64–90 kJ mol−1 [26]. The values of molar enthalpy of for-
ation in gaseous state for adducts described in literature [14]
ere estimated by each of the four hypotheses and Eq. (7). In

ome cases, the regression generated values that agreed with
ata obtained from the first hypothesis ‘a’. However, for other
dducts, the regression generated values that agreed with the
nes obtained from hypothesis ‘b’ [27]. This behavior suggests
hat the hypotheses ‘a’ and ‘b’ would be appropriate only in
ome cases. Therefore, to estimate the molar enthalpies of for-
ation for the adducts in the gas phase by Eq. (7) and the four

ypotheses, the following methodology was adopted: (i) firstly,
ormation enthalpies of adducts in the gaseous phase were esti-
ated by means of each of the hypotheses; (ii) each value was

ubstituted in Eq. (7) for calculating the formation enthalpies of

dducts in the solid state; (iii) the enthalpies of formation of the
dducts in the solid state obtained from Eq. (7) were compared
ith the values obtained for �rH

θ
m (solid) (Eq. (3)); (iv) finally,

he most adequate hypothesis supplies a formation standard

θ
m �

g
l H

θ
m(ligand) �fH

θ
m(g)

± 1.50a 1.30 ± 1.66
40.24 ± 0.71b 144.56 ± 0.50b

42.46 ± 1.07b 99.16 ± 0.75b

44.43 ± 0.83b 106.35 ± 0.59b

45.31 ± 1.93b 102.13 ± 1.42b
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Table 5
Standard molar enthalpies (kJ mol−1) for the antimony adducts

Measurement SbI3·Py SbI3·2MPy SbI3·3MPy SbI3·4MPy

�rH
θ
m −61.13 ± 1.75 −82.60 ± 1.55 −67.50 ± 0.97 −74.10 ± 1.19

�fH
θ
m(cr) −61.57 ± 1.95 −123.96 ± 1.86 −107.19 ± 1.33 −111.08 ± 1.90

�DHθ
m(g) 101.37 ± 1.80 125.06 ± 1.88 119.55 ± 1.28 112.81 ± 2.27

�MHθ
m −203.07 ± 2.41 −226.76 ± 2.41 −221.25 ± 1.97 −214.51 ± 2.72

�fH
θ
m(g)b 11.68 ± 2.93 −54.18 ± 3.03 −32.87 ± 2.61 −44.21 ± 3.65

〈D〉(Sb–N)a 162.83 ± 2.51 184.3 ± 2.63 169.20 ± 2.14 175.80 ± 2.98
〈 4 ± 3
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D〉(Sb–NN)b 134 ± 3 15

arameters assigned with ‘a’ and ‘b’ were estimated using the first and second

olar enthalpy for the adduct, �fH
θ
m(solid) that is neared to

he value derived from Eq. (3).
The values of �fH

θ
m(solid), �fH

θ
m(g) and 〈D〉(Sb–N) of

dducts are shown in Table 5. The 〈D〉(Sb–N) bond enthalpies
ere estimated based on two hypothesis The 〈D〉(Sb–N) bond-

ng enthalpies by using hypothesis ‘a’ and hypothesis ‘b’ are
hown in Table 5. The difference (a − b) equals to 28.65, 29.62,
8.63 and 28.19 kJ mol−1 for the adducts with Py, 2MPy, 3MP
nd 4MPy, respectively. According with item (iv), hypothesis
b’ was considered as the best route for estimating the standard
olar enthalpy of sublimation of the adducts.
The molar enthalpies of formation of the adducts in the con-

ensed phase showed a substantial difference between the adduct
ith pyridine as a ligand and those with methyl-pyridines. This

uggests the substitution of one hydrogen atom by a methyl
roup increased the ligand basicity.

The mean antimony–nitrogen bond enthalpies for arsenic
dducts AsI3·3MPy and AsI3·4MPy were 155 and 167.7
J mol−1 [28], respectively. 〈D〉values in antimony adducts were
ower than in the arsenic series, in agreement with the higher
cidity of the arsenic(III) iodide.

For a series of adducts with the same stoichiometry, �Sθ val-
es can be considered constant and a direct correlation between
Gθ and �Hθ values can be obtained. Based on this assumption,

he stability order of the adducts is 2MPy > 3MPy > 4MPy > Py.
he standard molar enthalpies of formation of the adducts in con-
ensed phase (�rH

θ
m) can be used to order the donor strength

f the ligands [28]. The same sequence was observed in relation
o �MHθ

m, �DHθ
m, �fH

θ
m and 〈D〉. This order is the same order

btained from pKa of the ligands [29].
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