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Abstract 

Thermal features of the hexachlorozirconates of the base (designated B) pyridine. 
quinoline (isoquinoline) and acridine, as well as several of their methyl substituted 

derivatives were examined by dynamic and quasi-isothermal-isobaric thermoanalytical 
methods, These measurements enabled determination of the temperatures of phase 
transitions, melting and the onset of decomposition. All the compounds undergo 
dissociation upon increase of temperature, leading to their partial volatilization. It is 
believed that the primary process, which can be summarized with the equation 

(BH)zZrC&(c)+ 2B(g) + 2HCl(g) + ZrCl,(ads) 

is accomplished in several stages, attaining the release of complementary ions from the 
lattice, formation with these of an intermediate conglomerate loosely bound to the crystal 
surface and subsequent dissociation of the latter into base, HCl and ZrCl,. Interaction 
between primarily released molecules was examined at the level of the STO-3G ab inito 
method considering all electrons and the semiempirical AM1 and PM3 quantum chemistry 
methods. Decomposition of the compounds is accompanied by side processes affording 
ZrOz and sometimes carbonization products of the organic constituents. The application of 
the van? Hoff equation to the non-isothermal thermogravimetric curves enabled evalua- 
tion of the enthalpies and temperatures of completion of the thermal dissociation. Using 
values of the former quantity and other thermochemical characteristics available in the 
literature, the enthalpies of formation and the crystal lattice energies of the compounds 
were evaluated. The values of the latter quantity were further estimated following the 
Kapustinskii-Yatsimirskii approach. We tried to reveal relationships between structural, 
energetic and physicochemical features of the neutral and protonated organic bases, 
derived by the semiempirical AM1 and PM3 quantum chemistry methods. Furthermore, an 
attempt was made to correlate the thermal behaviour and thermochemical characteristics 
of hexachlorozirconates with features of these neutral and protonated base molecules. 

INTRODUCTION 

Periodic Group IV tetrachlorides have attracted the attention of 
scientists for a long time owing to their interesting physicochemical features 
[l-4] and their particularly distinct electron acceptor abilities [l-4]. All the 
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are solids (if M, is Zr or Hf) melting at relatively high temperatures. 
Furthermore, M,Cl, and M,Clg- exhibit much lower enthalpies of 
formation than the analogous derivatives of the group IVb elements [5]. 
The explanation of these facts arises from the consideration of possible 
hybridization of the orbitals of the central atom in valence bond terms. The 
tetrahedral and octahedral hybridization in M,Cl, and M,CI- can (in the 
first approximation) be represented as (n - l)dXnsp3-” [22,23] and 
(n - l)d2nsp3 [24,25], respectively. This means that partially occupied 
inner shell d orbitals and outer shells s and p orbitals of M, participate in 
the formation of molecular orbitals. For comparison, hybridization of the 
Group IVb elements in the analogous species is best represented as nsp3 
and nsp3d2, i.e. hybrids are created predominantly from valence shell 
orbitals [6,25,26]. This results in the former species being energetically 
favoured. 

To reveal how these expected differences in the engagement of the 
atomic orbitals of a central atom in hexachlorometallate ions influence the 
thermal and thermochemical stability of salts formed with these, we 
undertook studies on selected hexachlorozirconate derivatives. This group 
of compounds was chosen to enable direct comparison of their behaviour 
with that of hexachlorostannates (Zr and Sn are both fifth row elements) 
investigated in detail in the past [5,10-131. 

The present paper is devoted to studies on the thermal features and 
thermochemistry of hexachlorozirconates of mononitrogen aromatic bases. 
In choosing this group of compounds for investigation, we had in mind that 
the detachment of two Cl- ions from MClg-, in addition to decomposition 
of MCl, to form MCI, or MCI, (Table l), characterizes relatively high 
endothermicity, which implies that none of these processes should occur 
simultaneously. Therefore the investigation of hexachlorozirconates should 
not cause inconvenience arising from these undesirable side processes. 

MATERIALS AND METHODS 

Syntheses 

All reagents were the best grades available and were purified, where 
necessary, by standard methods. The hexachlorozirconates were prepared 
by mixing a solution of ZrCl, saturated with HCl (Aldrich) in absolute 
methyl (ethyl) alcohol, with stoichiometric amounts of organic bases 
dissolved in the same solvent [27,28]. The precipitates formed were filtered 
off, carefully washed with anhydrous tetrahydrofuran, and dried in a 
vacuum desiccator over P,O,. The compositions of the compounds were 
confirmed by determination of the contents of Cl (mercurometric titration 
of chloride ions) and C, H, N (using a Carlo-Erba elemental analyser, 
model 1108). 
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Measurements 

The dynamic thermal analyses were carried out on an OD-103 
derivatograph (Monicon), with a-Alz03 as reference, in a dynamic nitrogen 
atmosphere. The samples, weighing 50 mg, were placed in a shallow 
platinum crucible (cf. ref. 29; Appendix No. 3, crucible No. 2). Other 
operating conditions were as follows: heating rate -5 K min’, sensitivities 
of DTG, DTA and TG galvanometers l/10, l/1-1/5 and 50mg, re- 
spectively. 

Thermogravimetric analyses under quasi isothermal-isobaric conditions 
(Q-mode) [30] were performed on a Q-1500 derivatograph (Monicon) with 
50mg samples placed in a special platinum labyrinth type crucible. The 
samples were heated at a rate of about 3 or 6 K min-‘. The rate of mass loss 
was adjusted to 2 mg min’. 

Powder diffraction analyses of residues after dynamic and quasi 
isothermal-isobaric thermal analyses were carried out on a HZGCA 
diffractometer (Carl Zeiss, Jena). 

The procedure described previously [31] was applied to identify the 
gaseous products of decomposition of hexachlorozirconates in the presence 
of oxygen. For this purpose, the sample was placed in a quartz reactor and 
heated at constant temperature in a stream of air. Organic substances were 
trapped inside the reactor on a cold finger, whereas more volatile products 
were carried out of the reactor and absorbed in cyclohexane, an acidified 
solution of KI or water. The liquid phases thus obtained were checked for 
the presence of organic molecules chlorine and HCl. 

From TG curves, such as those shown in Fig. 1, values of the temperature 
(T) corresponding to certain values of the apparent extent of reaction (CX *) 
were derived in the manner described in ref. 14. For each compound 
examined, a set of (Y* vs. T data points was determined on the basis of at 
least three replicate measurements. An example is given in Table 2. 

MO calculations 

Geometries of conglomerates possibly created upon interaction of 
products of the primary thermal dissociation of pyridinium hexachloro- 
zirconate were fully optimized by minimizing the energy with respect to all 
internal coordinates (without any symmetry constraint), considering all 
electrons in the ab initio STO-3G method [32, 331 incorporated in HONDO 

[34] version 8.1. When possible, the optimizations were also performed 
employing AM1 [35] and PM3 [36] methods. The structures of neutral (B) 
and protonated (BH’) base molecules were optimized by the semiempirical 
AM1 [35] and PM3 [36] methods, incorporated in MOPAC [37] version 6.0. 
These calculations were carried out using the precise option to provide the 
strictest convergence criterion [38]. The MOPAC routines were further used 
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TABLE 2 

(Y* vs. T for the initial stage of volatilization of pyridinium (A), isoquinolinium (B) and 
acridinium (C) hexachlorozirconates 

cYQd T/K 

A B C 

0.10 476 473 514 
0.18 492 486 529 
0.26 504 494 541 
0.34 512 501 551 
0.42 519 508 559 
0.50 526 514 567 
0.58 532 520 573 
0.66 527 578 

a Relative to the initial mass of the sample. 

to estimate heats of formation, entropies, energies of LUMO and HOMO, 
energies of orbitals occupied by the lone-pair of electrons (applying 
procedure localized), as well as charge densities on nitrogen atoms [39,40] 
and the lone-pair densities of electrons [41]. 

Calculations were carried out on a Hewlett-Packard model 730 Apollo 
work station. 

RESULTS AND DISCUSSlON 

Thermal behaviour of hexachlorozirconates 

The results of typical dynamic and quasi isothermal-isobaric thermo- 
analytical measurements are shown in Figs. 1 and 2. To facilitate discussion 

Temperature III Ii 

Fig. 2. Quasi isothermal-isobaric analyses of pyridinium (A) and isoquinolinium (B) 
hexachlorozirconates. 
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TABLE 3 

Thermal characteristics of hexachlorozirconates of nitrogen aromatic bases 

No. Substance a Peak temperature h/K Temperature ‘/K 

DTG DTA T ’ ““1 T = “1 

T,, Tm T, A B A B 

1 Pyridine 528 528 
2 2-Methylpyridine 486 

3 3-Methylpyridine 590 582 

4 4-Methylpyridine 512 512 

5 2,4-Dimethylpyridine 
6 2,6_Dimethylpyridine 
7 3,4-Dimethylpyridine 
8 3,5_Dimethylpyridine 
9 2,4,6-Trimethyl- 

pyridine 
10 Quinoline 
11 2-Methylquinoline 
I2 Isoquinoline 
13 Acridine 

506 507 
564 565 
554 554 
502 502 
532 532 

512 511 415 415 469 467 
564 562 454 454 515 513 
514 514 466(d) ’ 425 419 473 471 
576 575 454 540 514 512 

418 418 476 475 
464(d) ‘; 388 386 445 442 
453-463(d) ’ 

438 = 452 ‘; 414 416 505 505 
438-448 ’ 

464(d) ’ 492(d) ‘; 404 400 457 455 
483-493(d) ’ 

417 421 470 469 
440 437 508 505 

437 c 420 425 495 496 
402 400 453 454 
428 429 485 483 

a Name of organic base. b The symbols are taken from ref. 42. T,, temperature of the peak; 
T,, temperature of the solid state phase transition; T,, melting temperature; T,, 
temperature at which the fraction reacted is equal to (Y*. ’ T, or T, determined from DTA 
curves; (d), decomposition. d T, determined by the standard capillary method; (d), 
decomposition. ’ A, determined directly from TG curves; B. predicted by approximation of 
experimental (Y * vs. T dependences with eqn. (5). 

on the thermal behaviour of hexachlorozirconates, characteristic para- 
meters either derived directly from the thermal analysis curves or evaluated 
by approximation of thermogravimetric curves with the van? Hoff equation 
are compiled in Table 3. 

In contrast to the hydrochlorides [43] and hexachlorostannates [12] of 
nitrogen bases examined earlier, none of the hexachlorozirconates studied 
decomposed with complete volatilization. Solid residues always remained 
after dynamic (white or slightly grey in colour) and quasi isothermal- 
isobaric (black in colour) experiments. The amount of solid products in 
dynamic experiments corresponded exactly to ZrO,. The presence of the 
latter compound was confirmed by powder diffraction analysis. On the 
other hand, ZrO, was also found in residues after Q-measurements. A 
possible explanation of these findings is that the oxygen always present in 
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small amounts in the derivatograph oven reacts with the primarily released 
ZrCl,, forming ZrO,. A rough estimate reveals that complete conversion of 
all the zirconium to ZrO, requires only 2.4 and 1.7 cm3 of oxygen in the case 
of pyridinium and acridinium hexachlorozirconates, respectively. The 
colour of the residues is most probably due to carbonization products 
formed as a result of side processes. In dynamic experiments such processes 
are negligible and may be facilitated by the formation of non-volatile ZrO,. 
The latter covers the surface of the analysed material impeding transfer of 
organic molecules released upon primary dissociation to the gaseous phase. 
In quasi isothermal-isobaric measurements, initiation of the decomposition 
process is moved towards higher temperatures, which creates favourable 
conditions for the destruction of organic fragments. 

In the initial stage of the process, during which more than 60% of the 
original sample is volatilized, all thermoanalytical curves have the smooth 
shape (see, for example, Fig. 1) typical of the simple decomposition pattern. 
It is only at higher temperatures, when volatilization is far advanced, that 
side processes causing carbonization of organic constituents come to light. 
For these reasons, the major part of the dynamic thermoanalytical curves 
may be considered as reflecting simple dissociation of the compounds 
studied into HCl, base molecules and ZrCl,, accompanied with subsequent 
oxidation leading to ZrO,. 

Further details are revealed on reviewing the data in Table 3. 
Decomposition of compounds 3 and 7 is preceded by phase transition and 
that of compound 3 additionally by melting. Compounds 4 and 12 undergo 
phase transitions, and 2 and 4 undergo melting, in all cases simultaneously 
with decomposition. Temperatures characterizing thermal dissociation, i.e. 
peak maxima on DTA and DTG curves, as well as Too, and To 1, tend to 
increase upon increase of the molecular mass and size of base molecules. 
The values of all the above mentioned thermal characteristics are similar to 
those for hexachlorostannates [12], but are much higher than those for 
chlorides [43] of the organic bases. Such behaviour may be the consequence 
of the formally higher thermodynamic stability of ZrC1iP and SnClz- salts 
over that of Cl- containing salts, as well as the much lower volatility of 
products of decomposition of both former groups of compounds, i.e. ZrCl, 
and SnCl,. 

Nature of the decomposition of hexachlorozirconates 

The interaction of nitrogen bases with Bronsted acids leads to derivatives 
which exhibit features typical of ionic substances (see references cited in 
[43]. This has recently been confirmed by theoretical calculations of the 
crystal lattice energy of chosen compounds [16-M, 44-461. Namely, the 
predicted electrostatic lattice energies, assuming the ionic constitution of 
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the compounds, correlated well with those obtained experimentally. All 
known features of hexachloroziconates of organic nitrogen bases classify 
them as ionic substances. 

Upon the primary dissociation of salts of nitrogen bases, which can be 
prompted by increasing the temperature, molecules of organic bases and 
Bronsted acids or simple decomposition products of the latter (which takes 
place during dissociation of the compounds studied) are released. Transfer 
of ions, which it is believed are constituents of crystals of salts of nitrogen 
bases, to the gaseous phase is neither probable thermodynamically, since it 
would require much larger amounts of energy than dissociation to neutral 
molecules, nor has it been confirmed experimentally [47-501. It must 
therefore be that ionic fragments in such lattices rearrange before release of 
products to the gaseous phase in such a way that effective charges on these 
diminish, causing a decrease of the electrostatic energy of cohesion. As may 
be expected, this rearrangement is accompanied by proton transfer from a 
position closer to the basic site to one closer to the acidic site and, 
sometimes, by changes in the structure of acidic constituents such as 
facilitate their decomposition (for example, in the case of ZrClg- going to 
ZrCl,). These processes should not involve substantial changes in the 
geometry of molecules, and thus overall decomposition should not require 
the overcoming of an energy barrier higher than the thermodynamic one. 

The HCl and base molecules mainly formed upon decomposition tend to 
evolve into the gaseous phase, since their volatilization temperatures are 
lower than those of decomposition of the corresponding hexachlorozircon- 
ates. ZrCl, is much less volatile (the literature value for the sublimation 
temperature is 604 K [4, S]) and tends to remain in the crucible. This would 
imply that multistage decomposition could take place, but this has not 
actually been reflected in thermoanalytical curves. It must therefore be 
that, simultaneous with the release of ZrCl, from the lattice, its oxidation 
occurs, leading to non-volatile ZrO,, which should follow the equation [9] 

ZrCl,(ads) + O,(g) + 23-O,(c) + 2cb(g) (1) 
Taking enthalpies of the formation of ZrCl,(g,c) from Table 1, and 
assuming for Af,298H8[Zr02(c)] a value equal to -1097.7 kJ mall’ [3], it can 
be shown that oxidation is exothermic by 227.4 or 116.4 kJ mall’ if the 
substrate is gaseous or crystalline, respectively. The process given by eqn. 
(1) should therefore be spontaneous from the energetic point of view; it 
will, however, most probably require the overcoming of some kinetic 
activation barrier, since earlier studies revealed that oxidation of gaseous 
ZrCl, appears to be second order reaction with an activation energy equal 
to 101.3 kJ mall’ [9]. The occurrence of reaction (1) in dynamic thermo- 
analytical measurements explains the formation of stoichiometric amounts 
of ZrO,. If oxidation ends with reaction (l), then in a stream of gas leaving 
the reaction zone stoichiometric (to ZrCl,) amounts of Cl, should be 
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present. Unfortunately, experiments carried out in a quartz reactor did not 
confirm this. Actually only HCl was found in the gas stream. It must 
therefore be that Cl, reacts subsequently with organic molecules. This latter 
problem has been discussed in more detail in one of our earlier papers [31]. 
The susceptibility of hexachlorozirconates to oxidation has been studied 
earlier by Denisova et al. [51], whose results confirm our findings. 

Taking into account the above considerations, the thermal dissociation of 
the compounds studied can be schematically presented as a sequence of the 
following three steps 

B-H’ . . . Cl- B 
\ 

. ..H.Cl.. 

/ 
ZrCl,(c) & ’ ZrCl, & 

. 
B-H’ . . . Cl- Be . .H.. .Cl 

I II 

(2B, 2HC1, ZrCl,)(ads) + O,(g) & 

III 2B(g) + 2HCl(g) + 2Cl,(g) + ZrO,(c) (2) 

namely (a), rearrangement within the ion triplet (I) towards conglomerate 
II, which most probably takes place on the surface of the crystal; (b), 
dissociation of the conglomerate thus formed towards smaller fragments 
forming a mobile adsorbed phase (III); (c), desorption of products of 
primary decomposition from the surface accompanied by oxidation leading 
to ZrO, and transport of volatile molecules to the gaseous phase. 

The constitution of the ion triplet (I) is identical with that in the crystal. 
Unfortunately, for none of the compounds studied have the solid phase 
structures so far been established. These can not also be determined 
theoretically. Therefore, there is no possibility of obtaining an insight into 
the structure of these species. Attempts to predict the structure and energy 
of conglomerate II were also unsuccessful, as SCF in STO-3G did not 
converge. On the other hand, the quantum chemistry methods appear 
useful in examination of the interaction between base, HCl and ZrCl, 
molecules either adsorbed on the crystal or subsequently evolved to the 
gaseous phase. Examples of the most feasible structures of the conglomer- 
ates thus formed are demonstrated in Fig. 3, whereas Tables 4 and 5 
compile the thermodynamic and structural characteristics of such species 
determined by two semiempirical (AM1 and PM3) methods and the ab 
initio method. As can be noticed, HCl and pyridine dimers, as well as the 
complex of ZrCl, - - - HCl, are only weakly energetically stabilized. Slightly 
more energetically stable is the Py * - . ZrCl, * - * Py conglomerate (Fig. 
3G). The formation of such species does not, however, seem likely in view 
of the experimental facts. On the other hand, the entropy factor acts in the 
opposite direction. This results in stabilization - free enthalpies always 
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G 

Fig. 3. STO-3G optimized geometries of conglomerates involving products of primary 
decomposition of pyridinium hexachlorozirconate (hydrogen bonds are indicated by dotted 
lines). 
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TABLE 4 

Thermochemical quantities for HCI, pyridine (Py) and conglomerates formed by these (see 
Fig. 3), determined by semiempirical quantum chemistry methods at standard temperature 
(298 K) and temperature of completion of (PyH),ZrCl, decomposition (540 K) 

Species Method bdl S,,,/ A Lx&l Ar,swHl .%,,,I A LSWGI 
kJ molF ’ kJ mol-’ Km’ kJmo1 ’ kJ mol-’ J mol-’ Km’ kJmol ’ 

HCI AM1 
PM3 

PY AM1 
PM3 

A AM1 
PM3 

B AM1 
MP3 

D AM1 
PM3 

E AM1 
PM3 

- 102.98 186.7 
-85.65 186.5 
134.08 287.5 
127.09 289.7 

-210.90 316.8 
- 179.91 303.6 
-211.02 308.5 
- 177.51 297.8 

264.78 528.9 
251.09 537.1 
22.39 416.0 
10.99 361.6 

- 158.62 -95.92 204.1 -206.13 
- 141.23 -78.58 203.9 - 188.69 

48.41 159.46 348.2 ~28.57 
40.76 153.70 353.4 -37.14 

-305.31 - 194.90 356.1 -387.19 
- 270.38 - 163.97 342.6 ~348.97 
-302.95 -195.11 347.5 -382.76 
-266.25 -161.75 336.4 -343.41 

107.17 319.55 660.0 -36.85 
91.03 308.3 1 674.1 -55.70 

- 101.58 57.74 501.1 -212.85 
-96.77 46.56 447.1 - 194.87 

being positive for conglomerates engaging products of primary decomposi- 
tion released to the gaseous phase. Moreover, the predicted equilibrium 
constants for the formation of conglomerates are very low in the 
temperature range in which thermal dissociation occurs. This implies that 
base and HCl molecules released to the gaseous phase exist predominantly 
as kinetically free species. 

Enthalpy of volatilization of hexachlorozirconates 

If, as mentioned, primary dissociation of the compounds studied requires 
only the overcoming of the thermodynamic energy barrier, then the system 
should reach equilibrium in a relatively short time. This equilibrium is 
actually accomplished within species involved in the primary decomposition 
and thus may be regarded as corresponding to the process 

(BH),ZrCl,(c) -+ 2HCl(g) + 2B(g) + ZrCl,(ads) (3) 

It can be considered that subsequent oxidation (eqn. (1)) will necessitate 
substantial structural rearrangements within the ZrCl, * * * 0, activated 
complex and will require, as mentioned, the overcoming of a substantial 
kinetic activation barrier, despite the fact that the overall process is 
exothermic. It therefore seems unlikely that secondary oxidation influences 
the equilibrium created upon primary decomposition. Having in mind the 
above considerations, it may be assumed that the experimental extent of 
decomposition (a*) is related to P/P”, where P is the equilibrium vapour 
pressure at a given temperature and P* is the reference (atmospheric) 
pressure. 



T
A

B
L

E
 

5 

St
ru

ct
ur

al
 

an
d 

th
er

m
od

yn
am

ic
 

ch
ar

ac
te

ri
st

ic
s 

of
 

co
ng

lo
m

er
at

es
 

in
vo

lv
in

g 
pr

od
uc

ts
 

of
 

pr
im

ar
y 

de
co

m
po

si
tio

n 
of

 
py

ri
di

ni
um

 
he

xa
ch

lo
ro

zi
rc

on
at

e 

C
on

gl
o-

 
L

en
gt

h 
of

 
St

ab
ili

za
tio

n 
St

ab
ili

za
tio

n 
en

th
al

py
 

’ 
St

ab
ili

za
tio

n 
fr

ee
 
en

th
al

py
 ’ 

E
qu

ili
br

iu
m

 
co

ns
ta

nt
 

d 
m

er
at

e 
hy

dr
og

en
 

en
er

gy
 a

 W
I 

4.
,&

l 
A

,G
/ 

K
,
X
 

10
’ 

(s
ee

 
bo

nd
/A

 
kJ

 m
ol

-’
 

kJ
 m

ot
-’

 
kJ

 m
ol

F’
 

Fi
g.

 
3)

 
ST

O
-3

G
 

A
M

1 
PM

3 
ST

O
-3

G
 

A
M

1 
PM

3 
A

M
1 

PM
3 

A
M

1 
PM

3 

29
8K

 
54

0K
 

29
8K

 
54

0 
K

 
29

8K
 

54
0K

 
29

8K
 

54
0K

 
29

8K
 

54
0K

 
29

8K
 

54
O

K
 

A
 

2.
42

 
2.

41
 

2.
31

 
- 

8.
08

5 
-4

.9
4 

-3
.0

6 
-8

.6
1 

-6
.8

1 
11

.9
3 

25
.0

7 
12

.0
8 

28
.4

1 
8.

1 
3.

8 
7.

6 
1.

8 
B

 
3.

15
 

2.
75

 
2.

63
 

-4
.3

78
 

-5
.0

6 
-3

.2
7 

-6
.2

1 
-4

.5
9 

14
.2

9 
29

.5
 

16
.2

1 
33

.9
7 

3.
1 

1.
4 

1.
4 

0.
52

 

C
 

2.
43

 
-6

.2
82

 
D

 
2.

65
 

2.
43

 
2.

69
 

-5
.7

07
 

-3
.3

8 
0.

63
 

-3
.0

9 
0.

91
 

10
.3

5 
20

.2
9 

9.
51

 
18

.5
8 

15
.3

 
10

.9
 

21
.5

 
15

.9
 

E
 

1.
35

 
2.

59
 

1.
72

 
-6

4.
18

5 
-8

.7
1 

-5
.8

 
-3

0.
45

 
-2

8.
58

 
8.

63
 

21
.8

5 
3.

70
 

30
.9

6 
30

.7
 

7.
7 

22
4.

6 
1.

0 

F 
2.

48
 

-4
.5

41
 

G
 

-3
68

.1
96

 

a 
A

,E
 

re
pr

es
en

ts
 

th
e 

di
ff

er
en

ce
 

be
tw

ee
n 

th
e 

to
ta

l 
en

er
gy

 
of

 t
he

 
co

ng
lo

m
er

at
e 

an
d 

th
e 

to
ta

l 
en

er
gi

es
 

of
 i

ts
 c

on
st

itu
en

t 
pr

ec
ur

so
rs

 
(H

C
I.

 
py

ri
di

ne
 

or
 

Z
rC

I,
).

 
’ 

A
s.

29
8H

 i
s 

th
e 

di
ff

er
en

ce
 

be
tw

ee
n 

th
e 

en
th

al
py

 
of

 f
or

m
at

io
n 

of
 t

he
 

co
ng

lo
m

er
at

e 
an

d 
th

e 
en

th
al

pi
es

 
of

 f
or

m
at

io
n 

of
 s

ub
st

an
ce

s 
(H

C
I 

an
d/

or
 

py
ri

di
ne

) 
ta

ke
n 

fr
om

 
T

ab
le

 
4.

 ’
 A

,G
 

re
pr

es
en

ts
 

th
e 

di
ff

er
en

ce
 

be
tw

en
 

th
e 

fr
ee

 
en

th
al

py
 

of
 

fo
rm

at
io

n 
of

 
th

e 
co

ng
lo

m
er

at
e 

an
d 

th
e 

fr
ee

 
en

th
al

pi
es

 
of

 
fo

rm
at

io
n 

of
 

su
bs

tr
at

es
 

(H
C

I 
an

d/
or

 
py

ri
di

ne
) 

at
 

st
an

da
rd

 
(2

98
 K

) 
an

d 
co

m
pl

et
io

n 
of

 
(P

yH
),

Z
rC

I,
 

de
co

m
po

si
tio

n 
(5

40
 

K
) 

te
m

pe
ra

tu
re

s.
 

‘K
, 

=
 e

xp
(-

A
,G

/R
T

);
 

va
lu

es
 

m
ul

tip
lie

d 
by

 
10

’. 

,_
. 



282 H. Vu Thanh et al./Thermochim. Acta 230 (1993) 269-292 

Values of the extent of reaction listed in Table 2 represent a ratio of the 
mass loss ralative to the initial mass of the sample. They would therefore 
reflect the degree of conversion in the case of complete volatilization. As, 
following decomposition of the compounds studied, stoichiometric amounts 
of ZrO, remain in the crucible, all the originally determined (Y* must be 
modified according to 

(Y = CI */{l - M(ZrO,)/M[(BH>&Cl,]} (4) 

where (Y is the actual extent of decomposition equal to P/P0 and M 
represents the molecular mass of the species given in parentheses. Taking 
thus modified values of (Y and further assuming that the molecules released 
do not interact, the enthalpy of decomposition (AdHe) can be evaluated on 
the basis of the van’t Hoff equation [ll, 121 

lncr = _AJ- +4P 1 -- -- 
4R T 4R T, (5) 

where R is the gas constant, the multipland 4 accounts for the fact that 
primary dissociation of 1 mol of (BH),ZrCl, yields 4 mol of gaseous 
products (eqn. (3)) and T, represents the temperature of the completion of 
decomposition, i.e. the temperature at which P attains Pe. 

To effect the process as close to the equilibrium state as possible, the 
analyses were carried out at a moderate heating rate and using as small a 
sample as possible. Furthermore, the substances were examined in a 
shallow crucible which enabled distribution of samples over a relatively 
large surface. These conditions facilitated free diffusion of volatile products 
and restrained the influence of incidental carbonization. 

The values of AdP’ listed in Table 6 result from eqn. (5) and correspond 
to reaction (3), i.e. the state where ZrCl, remains in a condensed phase. For 
various reasons it is more convenient to present these as standard 
enthalpies of volatilization (Av,298 He), which reflect the complete transfer 
of substances to the gaseous phase. This can be done by increasing A,H* by 
the standard enthalpy of sublimation of ZrCl, (A,&“), equal to 
110.8 kJ mol-’ (according to data listed in Table 1). Furthermore, the A,He 
values refer to the temperature range in which the compounds actually 
decompose. To enable further considerations it was necessary to modify 
these so that they refer to 298 K. The overall modification was, therefore 

I 
T 

Av298HB = A,,H* + ASU&* + A&P f c A,HQ - ACF dT (6) 
298 

where A&P is the enthalpy of fusion, the term 2 A,H* arises from any 
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polymorphic transitions which compounds may undergo between 298 K and 
the onset of the fusion or decomposition process, and S2TgA AC: dT accounts 
for the change in enthalpy resulting from changes in the heat capacities of 
the reactants. Values of A&~ and A,P were estimated by comparison 
of the areas of DTA peaks relevant to phase transitions with those resulting 
from the volatilization process and assuming that the latter areas 
correspond to the AdH8 values listed in Table 6. The estimated quantities 
are shown in Table 6. The magnitude of j& AC: dT is difficult to evaluate 
in the absence of experimental heat capacity data for hexachlorozirconates 
and their decomposition products. Thus we estimated values of the heat 
capacity term assuming that AC? increases by 15R as the result of an 
increase in the possibilities of the storage of energy in translational and 
rotational degress of freedom of molecules released to the gaseous phase. 
The contribution of vibrational degrees of freedom in energy storage 
is similar and small in both gaseous and solid phases, and can be ne- 
glected. Values of j&AC: dT thus determined amount from -18 to 
-28 kJ molP’. 

Values of A v,29xHf‘ obtained according to eqn. (6) are listed in Table 6. 

Thermochemical characteristics of hexachlorozirconates 

Various relationships between the thermochemical quantities charac- 
terizing the compounds studied are presented in the form of a thermo- 
chemical cycle in Scheme 1. All magnitudes in the cycle refer to 298 K and 1 
atmosphere. A,H denotes the enthalpy of formation of a given substance; 

[2n(H)tI]H2t2m(C)C+N2+3C12tZr 
2A&‘CHClI t 2A,,HBl 

t A,,#[ZrCl,] + 2B(,)+ 2HC’bJ)+ ZrC’4(d 

I 

\ 
-A,,,HUBH)2ZrCIGl 

1. U[(BH)2ZrCI,lt 3RT 
(BH),ZrCI 6(e) 

Scheme 1. 
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U + 3RT is the lattice enthalpy; U represents the lattice energy; PA denotes 
the proton affinity of the base; AvH identifies the enthalpy of volatilization; 
and n(H) and m(C) represent the number of hydrogen and carbon atoms, 
respectively, in the simplest stoichiometric unit. 

The following relationships result from Scheme 1 

A,,H*[(BH),ZrCl,] = 2A,,H0[HCl] + 2A,,H*[B] + A,,H*[ZrCl,] 

- A,H*[(BH),ZrCl,] 

Ue[(BH),ZrCl,] = 2Af,pH0[BH+] + A,,He[ZrClgp] 

- A,,H*[(BH),ZrCl,] - 3RT 

(7) 

(8) 

and 

A,,He[BH+] = A,,HOIB] - A,,H*[H+] - PA[B] (9) 

The enthalpies of formation of crystalline hexachlorozirconates and the 
crystal lattice energies of the compounds are shown in Table 6. To 
determine these quantities, we used literature values of the enthalpies of 
formation of the nitrogen bases (Table 6). Proton affinities (PAS) listed in 
Table 6 were either taken from the literature or estimated using data from 
the AM1 method. PA values shown in Table 7 were also obtained on the 
basis of eqn. (9) and using the heats of formation of B and BH’ predicted 
by the AM1 and PM3 methods and the experimental value of the heat of 
formation for the proton (1536.2 kJ molJ’) [21,59]. Other necessary values 
for determination of A,,H*[(BH),ZrCl,] and U*[(BH)2ZrCl,] were as 
follows (in kJ molJ’): A,,He[HCl] = - 92.3 [21], A,,He[ZrCl,] = -870.3 
[20] and A,,H*[ZrCli-] = -1526 [20]. 

To shed more light on the crystal lattice energy problems, we further 
invoked an approximate method developed originally by Kapustinskii [60] 
and Yatsimirskii [61]. According to these authors, the crystal lattice energy 
of ionic compounds can be expressed by the equation 

U/kJ mol-’ = 120.2 (=r)G-Z, 

r, + rA 

l _ 0.0345 + o 087(r 
* 

+ r 
T-C + r* 

C A 

) 1 
where (En) is the total number of ions in the simplest stoichiometric unit of 
the molecule, Z, and Z, denote the numerical values of the charges of 
cation and anion, respectively, and r, and r, are the “thermochemical” 
ionic radii (in nm). For r ZrCl; a value equal to 0.376 nm, which was obtained 
from eqn. (lo), was assumed using the available data for the crystal lattice 
energies of alkali metal hexachlorozirconates [20] and the relevant radii of 
the cations from ref. 63. The lattice energies evaluated on the basis of the 
Kapustinskii-Yatsimirskii equation are given in the last column of Table 6. 
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Structure, energetics and physicochemical features of organic bases 

As the compounds studied are all made up of the same hexachloro- 
zirconate anion and the protonated molecules of various nitrogen bases, it 
may be expected that their behaviour and, particularly, their thermal and 
thermochemical features will be predominantly dependent on the structure 
and properties of cationic fragments. To reveal how such dependences are 
represented, it is necessary to know these latter characteristics. Unfortun- 
ately, for the relatively large group of organic bases involved in the salts 
studied, it is difficult to find in the literature a survey of structural, 
thermochemical, energetic and electronic distribution data. Therefore, to 
enable a thorough discussion on the above mentioned problems, various 
structural and physicochemical features for neutral and protonated 
nitrogen bases applying AM1 and PM3 quantum chemistry methods were 
predicted. These are compiled in Table 7. 

It is generally recognized that salts containing nitrogen bases are formed 
as the result of hydrogen bonding interactions (IN-H - . * (A)). The 
consequence of such interactions is protonation of base molecules, which 
should in some way be dependent on their proton affinities. Therefore, the 
knowledge of PAS and factors influencing these may be important in 
understanding the thermochemistry of the compounds studied. For these 
reasons, the main emphasis in the discussion below is concentrated on the 
relationships between PAS and various features of the base molecules. 

It is chiefly worth noting that the heats of formation and proton affinities 
of bases are better reproduced by AM1 than by PM3, which is in 
accordance with the results of recently published studies [65]. Generally, 
however, conformity of theoretically predicted and experimental values is 
not very satisfactory. Nonetheless, careful analysis of heats of formation of 
neutral and protonated forms enabled the prediction of more reliable 
values of proton affinities for 3,4-dimethyl- and 2,4,6_trimethylpyridine, and 
also for 2-methylquinoline (Table 6), than estimated earlier [12,43]. 

As proton affinity reflects the ability of molecules for proton attachment, 
it could be expected to be directly related to the excess of a negative charge 
imparted to the nitrogen atom (ref. 66 and others cited therein). Net atomic 
charges on N do not actually show any correlation with predicted proton 
affinities. It may, however, be noted that the excess of negative charge on 
the nitrogen of neutral forms is diminished after protonation, which is 
particularly noticeable when analysing PM3 data. Different dependence is 
predicted from the Mulliken population analysis in the AM1 method; 
namely, excess of negative charge at nitrogen increases after protonation. 

The next feature which could be considered as corelating with proton 
affinity would be the density of the lone pair of electrons. Generally, values 
of this quantity vary only slightly from compound to compound, and 
differences observed do not follow the tendency of proton affinity changes. 
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Energies of the LUMO (lowest unoccupied molecular orbital), HOMO 
(highest occupied molecular orbital) and non-bonded orbital (occupied by a 
lone pair of electrons) represent the characteristic features of both neutral 
and protonated forms of nitrogen bases but, unfortunately, do not seem to 
correlate with proton affinities. 

A similar conclusion arises from the analysis of structural characteristics, 
i.e. bond lengths and orders. Each quantum chemistry method used 
predicts a characteristic set of data. Comparison of values within a chosen 
set reveals that these are very similar for all the molecules and small 
differences do not actually reflect variation of proton affinities. 

Examining the data in Table 7 more carefully, further interesting 
relationships may perhaps also be found. 

The above discussion clearly indicates that the PAS of bases actually do 
not correlate with any of their features chosen for consideration. 
Nevertheless, data compiled in Table 7 present a unique collection of 
important physicochemical characteristics for the most representative 
members of the group of nitrogen aromatic bases, which can be useful in 
examining many other problems. 

Behaviour of hexachlorozirconates versus features constituting these 
aromatic bases 

All nitrogen bases are thermodynamically unstable, since their enthal- 
pies of formation are positive (Tables 6 and 7). This instability increases 
with an increase in the number of benzene rings in the aromatic system and 
decreases with an increase in the number of methyl substituents attached to 
the pyridine aromatic system. The corresponding hexachlorozirconate salts 
are thermodynamically stable, as their enthalpies of formation are strongly 
negative (Table 6). In this latter case, trends of stability changes follow 
those observed for the constituent aromatic bases. 

Enthalpies of volatization (Table 6) are very similar for all the 
compounds studied and do not seem to show any correlation with size, 
proton affinity or any other feature of organic bases. Values of Av,29RHe are, 
however, generally lower for hexachlorozirconate than for the correspond- 
ing hexachlorostannate salts. 

Crystal lattice energies do not vary markedly from compound to 
compound, although they show a downward trend when moving from 
pyridine to acridine (Table 6). Proton affinities of nitrogen bases tend to 
increase in the same direction. The relationship between lattice energies 
and PAS is somewhat unexpected, as an increase in the ability of bases to 
undergo proton attachment should rather cause the reverse effect. It must 
therefore be that an increase in dimensions of cationic fragments 
predominantly causes a decrease of energy of cohesion. This latter 
statement conforms with several empirical rules [67]. 
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According to eqn. (lo), crystal lattice energy may be considered as an 
additive quantity. This additiveness is reflected through “thermochemical” 
radii of ions; therefore, using these radii, evaluated on the basis of known 
crystal lattice energies, the lattice energies of other compounds can be 
predicted. Such values for the compounds studied are demonstrated in the 
last column of Table 6. Crystal lattice energies originating from experiment 
are approximately equal to those predicted by eqn. (lo), using “thermo- 
chemical” radii for cations evaluated on the basis of the crystal lattice 
energies of hexachlorostannate salts [12]. Conformity is excellent taking 
into account that both sets of data were obtained independently. This 
implies that the additivity rule is roughly obeyed. When “thermochemical” 
radii of cations originating from chloride salts were used [43], the crystal 
lattice energies were on average 130 kJ mall’ higher than those resulting 
from experiments. In the latter case, therefore, the Kapustinskii- 
Yatsimirskii theory fails. The conclusion which arises from the above 
considerations is that the Kapustinskii-Yatsimirskii approach applies well 
to compounds similar in the chemical and structural sense. On the other 
hand, “thermochemical” radii, being in fact quantities characterizing 
protonated nitrogen bases, do not show any correlation with their structural 
and physicochemical features. 

CONCLUSIONS 

The present paper has provided new information on the thermal 
behaviour of several simple representative hexachlorozirconates of nit- 
rogen aromatic bases. Moreover, careful analysis of the thermogravimetric 
curves enabled evaluation of the enthalpies of thermal dissociation and, 
subsequently, determination of basic thermochemical quantities for the 
compounds, namely the enthalpies of formation and the crystal lattice 
energies. It was also revealed that experimental crystal lattice energies of 
hexachlorozirconate and hexachlorostannate [12] salts of organic bases 
reproduce each other quite well by the Kapustinskii-Yatsimirskii equation. 
This paper proves again the usefulness of thermoanalytical methods in 
studying thermal behaviour and evaluating thermochemical characteristics 
for solid substances. 

A reaction scheme similar to that given by eqn. (2) was originally 
proposed to explain the mechanism of sublimation of ammonium salts 
[68-711. We adopted this idea earlier to account for the dissociation of 
chlorides [43,72] and hexachlorostannates [5,12] of nitrogen bases. 
Although the scheme demonstrated by eqn. (2) is very similar to that 
presented in our earlier papers, the meaning ascribed to individual stages is 
in some sense new. 

The qualitative considerations concerning the reaction mechanism were 
reinforced by the quantum chemistry calculations (semiempirical and at 
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the ab initio STO-3G level), enabling prediction of structures and 
stabilization energies (enthalpies) of species which may be formed as a 
result of interactions of primary decomposition products, i.e. HCl, ZrCl, 
and base molecules. Moreover, inclusion of entropy changes permitted 
prediction of free enthalpy changes which accompany such interactions 
and, consequently, equilibrium constants for the formation of the corres- 
ponding conglomerates. The latter considerations revealed that, when 
released upon thermal dissociation, molecules remain in the gaseous phase 
as kinetically free species. These findings are quite new and shed a new light 
on the nature of the thermal dissociation of complex organic ionic 
substances at the molecular level. 
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