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a b s t r a c t

Donor–acceptor molecular complexes (adducts ADx) play important role in modern technology. They are
prospective single-source precursors for the synthesis of solid phases by the chemical vapor deposition
(CVD) method. Stability of the complex in the gas phase is an important issue for many practical appli-
cations. High-temperature thermodynamic data for adducts are not readily available, which underlines
the fundamental need for the systematic study of processes which adducts undergo upon heating. Such
processes are: the congruent or incongruent vaporization (sublimation), the reversible dissociation in
the gas phase into the components and the irreversible thermal destruction (pyrolysis).

The static tensimetric method with membrane null-manometer is unique method for studying
donor–acceptor interactions both in gaseous and condensed phases. It is a useful method for: (1) the
evaluation of the complex composition ADx; (2) characterization of the nature of the main process which
the complex undergoes upon heating; (3) determination of the thermodynamic characteristics of such
processes. The static method allows to achieve the true equilibrium state, it is applicable both to the
heterogeneous and homogeneous systems and allows one to measure the vapor pressure—temperature
dependence for the pressure range 1–1000 Torr and temperatures up to 1100 ◦C. For the homogeneous
systems (processes in the gas phase), the vapor composition and the vapor density can be determined,
which allows to calculate partial pressures of three molecular forms in vapors and determine the equi-
librium constant at a given temperature. From the temperature dependence of the equilibrium constant,
the enthalpies and entropies of the respective process can be evaluated.

In the present review the application of the static tensimetry method for the determination of the nature
of the process, vapor composition and thermodynamic characteristics is illustrated on the following
examples:

• Sublimation (vaporization) of the adduct without decomposition.
• Reversible gas phase dissociation of the adduct into components.
• Sublimation (vaporization) of the adduct accompanied by its reversible dissociation into components.
• Complete congruent dissociation of the adduct into gaseous components upon heating.
• Incongruent dissociation of the adduct (subsequent dissociation of the solid ADx adducts into solid

ADx−1 and gaseous D).
• Appearance of the upper temperature limit due to the irreversible thermal destruction (pyrolysis) of

one of the components.

Our results on systematic studies of the thermal decomposition of adducts of group 4,5,13,14,15
element halides (chlorides, bromides and iodides) with group 15, 16 element-containing donors are
presented. Experimentally obtained thermodynamic characteristics of vaporization and dissociation for
more than 50 adducts are summarized for the first time.

Current approaches towards estimation of the sublimation enthalpies of donor–acceptor complexes
are critically evaluated. It is shown, that the widely used approximation (sublimation enthalpy of the
complex equals the sublimation enthalpy of 1 mol of the ligand) generally performs very poor and may
result in large (about 70 kJ mol−1) errors. Its application is not recommended. Moreover, reported values
for the gas-phase metal–ligand bond dissociation energies, based on such approximation, are incorrect
and should not be trusted. Approaches based on the structural information appear to be more perspective.

The structural features of the DA complexes of group 4,5,13,14,15 element halides both in gaseous and
solid states are also summarized for the first time.

© 2010 Elsevier B.V. All rights reserved.

. Introduction

High-temperature gas phase chemistry plays an important role
n modern technology. In particular, the chemical vapor deposition
CVD) method [1–4] is widely used for the production of binary

lize unusual structures. For example, inorganic heterocycles of the
N3P2, N4As, N4P series have been stabilized by Shulz [15–17].

Saturated vapor pressure of the single-source precursor and its
stability in the gas phase are the two most important issues for its
practical application. Thus, there is a fundamental need for the sys-
nd composite materials, such as semiconductors and refractory
itrides and oxides. Donor–acceptor (DA) molecular complexes
Dx (also called adducts) [5] formed by Lewis acids A and Lewis
ases D are prospective single-source precursors for the synthesis
f the solid phases [6–14]. Donor–acceptor interactions often stabi-
tematic study of processes which adducts undergo upon heating.
Such processes are: congruent or incongruent vaporization (sub-
limation), reversible dissociation in the gas phase (into donor and
acceptor components) and irreversible thermal destruction (pyrol-
ysis). Homogeneous gas-phase dissociation of the DA complexes is
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f fundamental interest for the direct determination of the energy
f DA bond rupture in the gas phase.

The group 4,5,13,14 element halides EXn are typical Lewis
cids which readily form stable donor–acceptor complexes with
itrogen- and oxygen-containing donors. In past 20 years there
as been an impressive progress in structure determination of
olecular complexes. Despite many experimental studies, struc-

ural aspects of donor–acceptor interactions are not well addressed
n the literature. In the first part of the present review the struc-
ural features of molecular complexes of group 4,5,13–15 element
alides are summarized.

Thermal stability, vaporization behavior and thermodynamic
haracteristics of the vaporization processes of molecular com-
lexes are only scarcely explored. In reviews of sublimation
nd vaporization enthalpies by Chickos and Acree in 2002–2003
18,19] data for only several DA complexes are provided. Sub-
imation/vaporization enthalpies for several adducts have been
etermined by the isoteniscope variant of a static method and
he Knudsen effusion method. Dissociation enthalpies of gaseous

olecular complexes were the subject of early tensimetry stud-
es by Brown [20] and Tamres [21–23]. As noted by Burkinshaw
nd Mortimer [24] in their 1983 review, results obtained in ear-
ier studies with the isoteniscope method could be the subject of
arge systematic errors due to the presence of the volatile impu-
ities. Many gas phase dissociation enthalpies of the complexes
ave been obtained by thermochemical cycles from measure-
ents in solutions. In such an approach, estimated values for the

aporization enthalpies of adducts are widely used. Such esti-
ations are often made “on a somewhat arbitrary basis” [24, p.

25]. Special reviews devoted to the thermodynamic properties of
aseous donor–acceptor complexes are also few in number. The
hermochemistry of the gaseous transition metal complexes with
igands of 15 and 16 group elements have been reviewed in 1983
y Burkinshaw and Mortimer [24]. In 1993, Airoldi and Chagas
25] summarized thermochemistry of coordination compounds of
roup 12 metal halides (Zn, Cd, Hg). Thermochemistry of selected
iCl4 complexes has been reviewed by Sevast’yanova and Suvorov
26], and that of metal halide complexes with donor ligand pyridine
in 1999 [27]. The relationship between structural and thermody-
amic properties of molecular complexes has been investigated by
omm et al. [28].

In the second part of the present review we briefly describe
tatic tensimetric method and consider its capabilities. Several case
tudies will be explored in detail to illustrate the determination of
omplex composition, and the determination of thermodynamic
haracteristics of processes which donor–acceptor complexes
ndergo upon heating. We also summarize results obtained within

ast decades in our laboratory with static tensimetric method for
he donor–acceptor complexes formed by group 4,5,13–15 element
alides with donor molecules of group 15 and 16 elements. On the
asis of our studies we will show that the widely used estimation of
he enthalpy of the sublimation of the complex as the enthalpy of
ublimation of 1 mol of the ligand [29] is completely erroneous for
he complexes of group 13 metal halides, and should not be used
s a general rule.

. Molecular donor–acceptor complexes of group 4,5,13–15
lement halides

.1. General characteristic
Primary objects, studied by the static tensimetric method in the
resent review, are molecular complexes of group 4,5,13–15 metal
alides. The reaction between a Lewis acid (electron pair acceptor)
nd a Lewis base (electron pair donor) results in the formation of
try Reviews 254 (2010) 2031–2077 2033

the electron donor–acceptor [5] (DA) complex, also called a charge
transfer complex or a Lewis adduct. The first molecular complex
BF3NH3 was produced in early nineteenth century by Gay-Lussac
[30] by the following reaction:

HBF4(g) + 2NH3(g) = BF3·NH3(s) + NH4F(s)

The most common method of the adduct synthesis is an inter-
action between stoichiometric amounts of donor and acceptor
molecules, which can be carried out either directly (without a sol-
vent) or in the non-polar solvent medium.

A + D = A·D
Complexes of A·2D and A·3D compositions can be obtained in

excess of the donor. For example, the reaction of 1:1 SiF4·IPr com-
plex with excess of the N-heterocyclic carbene ligand IPr gives 1:2
complex SiF4·2IPr [31].

Substitution of one donor molecule by another is usually carried
out in solution and is a useful route to new complexes. It was used to
produce [TiCl4(TPPO)2] from [TiCl4(NH3)2] [32] and [SnF4(Ph3PO)2]
from [SnF4(MeCN)2] [33].

Alternative routes, such as oxidative addition, are rarely used.
Complexes of SnI4 and SnBr4 were obtained [34] with qualitative
yield, by the reaction of metallic tin with two equivalents of nPr3PI2
and Me2SBr2, respectively:

Sn + 2nPr3PI2 = SnI4·2PnPr3;

Sn + 2Me2SBr2 = SnI4·2SMe2

Interestingly, in the later case a mixture of cis and trans isomers
was produced.

Synthesis of SnCl4·DICNQ was achieved by slow oxidation of
solution containing SnCl2 and DICNQ in methanol – ethylacetate
(1:3) [35]. Disproportionation of InI in the Py/m-xylene (2:1) solu-
tion at room temperature yielded mer-InI3·3Py [36].

A distinct feature of adduct compounds is their molecular struc-
ture, which is retained both in gaseous and condensed states. For
example, group 13 metal halide monoammiacates EX3·NH3 were
the subject of numerous experimental studies in all states of aggre-
gation. Gas phase electron diffraction studies have been performed
by Hargittai et al. [37–40] and Haaland et al. [41] and indicated
ethane-like molecules with direct E–N bond. Extensive spectral
studies indicate that the molecular structure of gaseous EX3·NH3
adducts [42,43] is retained both in liquid, glassy, and solid states
[44,45]. Comparisons of IR and Raman spectra for the AlCl3NH3
adduct in gaseous, liquid, and solid states are presented in Fig. 1.
Differences in spectra are interpreted in terms of H. . .Cl hydrogen
bonding and the partial ionization in the liquid state [42]. Signif-
icant H. . .X hydrogen bonding in the melt leads to the fact that
EX3·NH3 adducts usually form supercooled melts and relatively sta-
ble glassy states. For example, the glass, obtained by quenching of
the cell with melted AlCl3·NH3 in water, is stable for several weeks
[42]. Ionization degree of molten EX3·NH3 adducts is usually small.
At 200 ◦C the ionization constant for the process:

2AlCl3·NH3 = [AlCl2(NH3)2]+ + [AlCl4]−

was estimated as 3 × 10−3 [42].
More recently, the crystal structure determinations of AlX3·NH3

[46] and GaBr3·NH3 [47] directly confirmed molecular structures of
the solid adducts with evident H. . .X hydrogen bonding (Fig. 2). In
contrast, the complexes with excess ammonia molecules usually

have ionic structures; thus complexes of the AlX3·5NH3 composi-
tion in the solid state are formulated as [Al(NH3)5X]2+2X− [48].

Comparative theoretical study [47] revealed that the molecu-
lar structure of EX3·NH3 adducts is primary due to much stronger
hydrogen bonding and larger stability of the head-to-tail dimers
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to donor–acceptor interactions. A brief summary of the recent
theoretical works on 13–15 donor–acceptor complexes can be
ig. 1. Infrared emission (a) and Raman (b) spectra of AlCl3NH3 adduct in gaseous
re from Ref. [45].

nd tetramers (EX3NH3)2,4 as compared to the contact ion pairs
[EX2(NH3)2]+. . .[EX4]−}1,2. The hydrogen bonding plays an impor-
ant role in structures of all ammonia complexes. Extensive
ydrogen bonded network with two different hydrogen-bonded

nteractions was observed in the structure of trans-SnF4·2ND3
dduct obtained by high-resolution neutron powder diffraction
49]. Head-to-tail packing of the GaCl3·NHiPr2 adduct is also
acilitated by H. . .Cl interactions (Fig. 3) [50]. Interestingly, the
tructures of complexes of group 13 and 14 metal fluorides with
mmonia are quite different from that of their heavier halogenides.
typical feature of fluoride complexes is the increase of coordi-

ation number of the central atom and formation of 2D or 3D
olymeric networks (coordination polymers). For example, the
rystal structure of GaF3·NH3 is formed by two-dimensional lay-
rs of octahedral [GaF5NH3], the gallium atom has coordination
umber 6 [51]. Both ZrF4·NH3 and HfF4·NH3 form conjugated lay-
rs of bicapped trigonal prisms [M(NH3)F7], which are connected
ia edges and corners [52].
Adducts formed by other donors exhibit similar features.
aman spectra of MCl3·POCl3 (M = Al,Ga) [53,54], and MCl4·POCl3
M = Zr,Hf) [55] in the gas, liquid and glassy state indicate molec-
lar complexes of 1:1 stoichiometry formed via oxygen atom of

ig. 2. Solid state structure of GaBr3·NH3 adduct [47]. Projection of the structure
own the b-axis.
and solid states. Taken from Refs. [43,44], respectively. Gas phase Raman spectra

POCl3. Molecular structure of AlCl3·OPCl3 in the solid state was
confirmed by the single crystal X-ray diffraction [56]. IR spectra of
solid complexes of AlX3 with pyridines and pyridine-N-oxides [57]
are indicative of their molecular structure. X-ray powder diffrac-
tion data for AlX3 adducts with pyridines are reported by Wilson
and Worrall [58]. The low conductivity of liquid adducts [59,60]
is also consistent with their molecular structures. Comparative X-
ray and spectral studies of the EX3·terpy adducts also indicate their
molecular structures [61].

The growth of single crystals of adducts is sometimes limited
due to their low solubility. In case of SnCl4·2Py, which is insoluble
in common organic solvents, single crystals were grown from pyri-
dine solution held at ca 220 ◦C in sealed ampoule for 3 days and
allowed to cool slowly [62]. Growth of single crystals of adducts by
slow sublimation in vacuum is also a useful method [47].

In recent years, there are many theoretical studied devoted
found in [63]. Although detailed comprehensive report on theo-
retical studies of donor–acceptor complexes lies out of scope of

Fig. 3. Structure of the GaCl3·NHiPr2 adduct, stabilized by short Cl· · ·H contacts.
Taken from Ref. [50].
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ig. 4. Major structural types of the donor–acceptor complexes of group 13 (a–d), 4
X3·2D; (c) meridional isomer mer-EX3·3D; (d) facial isomer fac-EX3·3D; (e) axial i
somer trans-EX4·2D; (i) cis isomer cis-EX4·2D; (j) EX5·D.

he present review, some related works will be briefly mentioned
elow.

Comparative theoretical studies of complexes of group 13 metal
alides [64–68] and group 14 metal halides [69–75] provided

mportant conclusions concerning the trends in the donor–acceptor
ond energies and reorganization energies. In particular, the
reater Lewis acidity of BCl3 compared to BF3 attracted consid-
rable attention and was discussed in detail [76–78]. The role
f terminal atoms in the complex formation was addressed in
64]. Analysis of the geometrical and energetic changes upon com-
lex formation, based on ab initio studies performed by Horvath
nd Hargittai [79,80], revealed that formation of 13–15 tetrahe-
ral adduct from planar EX3 and pyramidal ammonia molecules
roceeds without an energetic barrier. In contrast, formation of
omplexes with group 14 metal halides requires some barrier, due
o larger distortion energy of tetrahedral acceptor molecules EX4.
he barrier height depends on the stoichiometry and the type of
omplex and increases in order eq-ECl4·Py < cis-ECl4·2Py < ECl4·2,2′-
ipy (E = Si, Ge) [71]. An approach towards the rigorously defined
uantum-chemical analysis of donor–acceptor bond formation was
resented by Frenking [81] and used for a theoretical study of 13–15
dducts [82].

.2. Structural features of adduct compounds
Since the crystal structure is an important factor determining
he complex volatility (value of the sublimation enthalpy and vapor
ressure at a given temperature), a short summary of structural
haracteristics of adducts will be presented. In last 15 years there
14 (e–i), 5 and 15 (j) element halides: (a) tetrahedral EX3·D; (b) trigonal pyramidal
ax-EX4·D; (f) equatorial isomer eq-EX4·D; (g) X-bridged dimer [EX4·D]2; (h) trans

have been made an amazing progress in structure determination
for adducts formed by group 13,14,15 element halides. These data
for the first time will be summarized in the present review. We have
focused our attention only on complexes which exhibit molecular
structures in the solid state.

Major structural types of the molecular complexes of group
4, 5, and 13–15 element halides with coordination numbers 4, 5
and 6 are schematically presented in Fig. 4. Although coordination
numbers higher than 6 are known for the molecular complexes of
group 4 metal halide adducts [83,84] and adducts of indium tri-
halides [85], the structural features of such compounds will not be
considered in the present report.

2.2.1. Tetrahedral EX3·D adducts
The structural parameters of experimentally known gaseous

complexes are summarized in Table 1, and those of the solid
adducts are presented in Table 2. Comparison of structural data
indicates, that the donor–acceptor bond distances for gaseous com-
pounds are noticeably larger than that for the solid adducts. More
clearly it can be seen from Table 3, where the donor–acceptor bond
distances for gaseous and solid adducts are summarized. With the
single exception for the AlCl3·NMe3 adduct, the donor–acceptor
bond lengths in condensed phase are by 0.01–0.11 Å shorter than
those in gaseous state. Mean bond shortening for the solid adducts

amounts about 4.3%. In respect with the observed general trend, the
structural parameters for some adducts, in particularly the bond
distances in AlCl3·NMe3 and BCl3·PMe3 require re-examination.
Note, that extremely large differences were observed for weak (or
so called “partially bonded”) adducts of BF3 with HCN and CH3CN,
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Table 1
Structural properties of gaseous adducts.

Complex r(E–D), Å r(E–X), Å Methoda Ref.

BF3·NH3 1.59(3) MW [86]
BF3·NMe3 1.664(11) 1.354(6) ED [39]
BF3·NMe3 1.674(4) 1.374(2) ED + MW [87]
BF3·NMe3 1.636(4) MW [88]
BF3·NMe3 1.636(4) 1.387(5) MW [89]
BF3·Py 1.669(7) 1.366(2) ED [90]
BF3·Py 1.610(3) MW [91]
BF3·Pyz 1.605(3) MW [91]
BF3·pyrimidine 1.606(3) MW [91]
BF3·HCN 2.473(29) MW [92]
BF3·NCMe 2.011(7) MW [93]
BF3·OMe2 1.730(50) 1.361(8) ED [94]
BCl3·NMe3 1.659(6) 1.839(4) ED [39]
BCl3·NMe3 1.652(9) 1.836(2) ED [95]
BCl3·Py 1.706(12) 1.830(3) ED [90]
BCl3·PMe3 1.941(16) 1.851(7) ED [96]
BBr3·Py 1.694(17) 1.986(3) ED [90]
BBr3·NMe3 1.663(13) 2.001(3) ED [95]
BBr3·PMe3 1.946(29) 2.010(9) ED [97]
AlCl3·NH3 1.996(19) 2.100(5) ED [40]
AlCl3·NMe3 1.945(35) 2.121(4) ED [41]
AlBr3·NH3 1.997(19) 2.264(5) ED [37]
GaCl3·NH3 2.057(11) 2.142(5) ED [38]
GaBr ·NH 2.081(23) 2.288(5) ED [37]
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4InCl3·6NHEt2 is formed by four octahedra fused by Cl edges [296].

2.2.3. Octahedral EX3·3D adducts
In case of aluminum and gallium compounds, interaction

with the excess of monodentate donor molecules often leads
3 3

AlBr3·SbBr3 2.52(2)
axial-SiF4·NH3 2.090

ED – electron diffraction; MW – microwave spectroscopy.

his problem was in details addressed by Leopold et al. [100]. Differ-
nce for the more strongly bound BF3·NH3 adduct is less dramatic
101]. Shorting of the DA bond distance of the solid adduct is pri-

arily due to the increase of the molecular dipole moment in a
olar (or polarizable) medium (so called “dipolar enhancement”
echanism) [100]. High-accuracy computations on BF3 complexes
ith nitriles by Phillips and Cramer [102–104] aim to resolve the

ong standing experiment–theory structure discrepancies [105] for
he weak adducts.

Interestingly, in early electron diffraction study the structure
f gaseous AlBr3·SbBr3 complex was interpreted as ethane-like
olecule with direct Al–Sb bond [98]. Based on these data, for-
ation of 1:1 gaseous adducts was assumed in tensimetry studies

f AlBr3–SbBr3 [106] and GaCl3–SbCl3 [107] systems. In this
espect it is noticeable that X-ray structure determination for the
aCl3–SbCl3 compound showed ionic structure [SbCl2]+[GaCl4]− in

he solid state [108].
Complexes of EX3 with such donor molecules as ammonia, pri-

ary and secondary amines, water, and alcohols, feature hydrogen
onds in the solid state. In particular, BF3 complexes with water
nd methanol form 3D and 1D H-bonded networks, respectively
109].

.2.2. Trigonal bipyramidal EX3·2D adducts
Although for EX3·2D three different isomers are theoretically

ossible (with donor molecules occupying two, one and zero equa-
orial positions), all structurally characterized complexes with

onodentate ligands always have donor molecules in the axial
ositions (Fig. 4b). Only in case of bidentate chelating donors, such
s tetramethylethylenediamine, the donor molecule occupies one
quatorial position, as for example in InI3·tmeda [282]. Major struc-
ural parameters of adducts are summarized in Table 4, and the
tructure of AlCl3·2NMe3 [264] is presented as an illustrative exam-

le in Fig. 5.

As can be seen from Table 5, the donor–acceptor bond length
oticeably increases (by 0.03–0.33 Å) upon addition of the second
onor ligand D to EX3·D adduct. Interestingly, there is no fur-
her elongation of the In–O bond upon further increasing of the
2) ED [98]
eq; 1.612ax MW [99]

coordination number from five (2.258(2) Å for InCl3·2THF) to six
(2.258(56) Å for mer-InCl3·3THF).

It should be noted, that since the In atom prefer higher coor-
dination number 6, indium halides easily form tris-adducts or
oligomer structures with halide bridges. For example, tetrameric
Fig. 5. Solid state structure of AlCl3·2NMe3 adduct. Taken from Ref. [264].
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Table 2
Structural properties of tetrahedral EX3 adducts.

Complex r(E–D), Å r(E–X), Å Ref.

BF3·NH3 1.60 1.38 [110,111]
BF3·NH3 1.5788(15) 1.3837(3); 1.3900(4); 1.3903(4) [112]
BF3·ND3

a (neutron diffraction) 1.554(5) 1.393(9); 1.394(9); 1.400(8) [101]
BF3·NH2Me 1.57 (1.39) [111,113]
BF3·NMe3 1.585(30) 1.39 [111,114]
BF3·Py 1.530(20) 1.410(2) [115]
BF3·Py 1.604(5) 1.330; 1.347; 1.357(4) [116]
BF3·dmap 1.589(5) 1.292(16); 1.310(13); 1.365(13) [117]
BF3·NCH 1.638(2) 1.352(2); 1.362(2); 1.369(2) [118]
BF3·NCMe 1.635 (1.33) [111,119]
BF3·NCMe 1.630(4) 1.334(5); 1.353(3) [120]
BF3·NCPh 1.630(3) 1.364(2); 1.365(3) [121]
BF3·NCCH2F 1.635(6) 1.340(6); 1.354(6); 1.362(6) [103]
BF3·NCCH2Cl 1.640(3); 1.649(2) 1.345(3); 1.358(3); 1.355(3); 1.364(3) [103]
BF3·NCCH2I 1.643(12) 1.374(12); 1.341(13); 1.356(13) [103]
4-N-BF3·1-Me,5-CH2Ph-1,2,4,3-triazaphosphole 1.597(5) 1.373(7); 1.379(7) [122]
2-N-BF3·4,5-diisopropyl-1,2,4,3-triazaphosphole 1.585(2) 1.367(2); 1.375(2); 1.390(2) [123]
BF3·c,c,c,c-[4.5.5.5]-1-Azafenestrane 1.597(7) 1.375(7); 1.395(7); 1.400(7) [124]
2BF3·1,3-dimethyl-1,3-diazolidine 1.650 (2); 1.651(2) 1.372–1.387(2) [125]
BF3·quin 1.601(7) 1.364(4); 1.392 (8) [126]
BF3·imidazole 1.544(7) 1.379(9); 1.378(8); 1.354(9) [127]
BF3·1-[bis(diisopropylamino)boryl]imidazole 1.579(2); 1.575(2) 1.356(2); 1.403(3); 1.353(2) 1.388(2); 1.365(2); 1.371(2) [128]
BF3·8-(2,6-dimethyllpiperidino)-2-methyl-1,9-diaza-8-

borabicyclo[4.3.0]nonan
1.66(1) 1.37(1); 1.37(1); 1.38(1) [129]

S(pz·BF3)2 1.629(3); 1.601(2) 1.354(3)–1.377(3) [130]
BF3·N(SiMe3)PEt3 1.578(3) 1.399(3); 1.397(2); 1.380(3) [131]
BF3·NHPPh3 1.504(8) 1.417(6); 1.394(5); 1.379(6) [132]

1.630(2) 1.376(2); 1.372(2); 1.379(2) [133]

1.621(3) 1.374(3; 1.368(3); 1.370(3) [133]

1.619(2) 1.376(2); 1.366(2); 1.368(2) [133]

BF3·NH2CH2C6H5 1.60(1) 1.31(2); 1.37(1); 1.46(1) [391]
BF3·OH2 1.532(6) 1.382; 1.383; 1.399(6) [109]
BF3·O(CH3)H 1.524(4) 1.355; 1.357; 1.399(4) [109]
BF3·(S,S)-1-Oxo-2,5-trans-diphenylphospholane 1.481(11) 1.359(14); 1.370(16); 1.48(2) [135]
BF3·(E)-3-diethylamino-3-phenyl-2-propenal 1.496(3) 1.370(3)–1.382(3) [136]
BF3·2-methylacrolein 1.587(8) 1.324(11); 1.366(11); 1.369(10) [137]
BF3·diphenyl-2-hydroxy-3,5-di-tert-butylphenyl phosphinate 1.528(3) 1.352(4); 1.366(4); 1.389(4) [138]
BF3·dibenzylidene acetone 1.533(4) 1.364(4); 1.372(4); 1.381(4) [139]
BF3·benzylidene acetone 1.5579(18) 1.3538(18); 1.3594(19); 1.3692(19) [139]
BF3·methyl cinnamate 1.5559(17) 1.3504(19); 1.3505(18); 1.3525(19) [139]
BF3·O CHPh 1.591(6) [140]
BF3·O PPh3 1.516(6) 1.357(5); 1.353(6); 1.334(6) [141]
BF3·O AsPh3 1.486(5) 1.354(5); 1.362(5); 1.352(5) [141]
BF3·1,3-Dimesitylimidazol-2-ylidene 1.635(5) 1.323 [142]
BF3·4,5-dichloro-1,3-dimesitylimidazol-2-ylidene 1.669(6) 1.365 [142]
BF3·dimethylsulfoxonium methylide BF3·CH2S(O)Me2 1.650(2) 1.394(2); 1.400(2); 1.400(2) [143]
Bis-[2-(2-(trifluoroborane)-3-methylimidazolin-2-yliden-1-

yl)ethyl]ether
1.644(2) 1.382(2)–1.3944(16) [144]

BF3·C(NMetBu)anthryl 1.688(3) 1.372(3); 1.373(3); 1.384(3) [145]
BF3·carbene (C(NMe)2(CMe)2)

2,3,4,5-Tetramethylimidazol-2-ylidene
1.638(6); 1.654(6) 1.386(5); 1.387(6); 1.394(6); 1.381(6); 1.387(5); 1.393(5) [146]

BF3·PEt3 2.0280(14) 1.378(2); 1.383(2); 1.384(2) [147]
BCl3·NH3 1.579(4) 1.830(4); 1.847(4); 1.834(3) [148]
BCl3·NMe3 1.610(6) [88]
BCl3·NMe3 1.611 1.836; 1.847 [149]
BCl3·NMe3 1.575(11) 1.831(10) (1.827; 1.839) [150]
BCl3·NMe2F 1.631(7) 1.77(2); 1.827(5); 1.87(2) [151]
BCl3·NMe2Cl 1.670(30) 1.830(20) [152]
BCl3·Py 1.592(3) 1.835; 1.836; 1.839 (3) [153]
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Table 2 (Continued )

Complex r(E–D), Å r(E–X), Å Ref.

BCl3·NCMe 1.562(8) 1.826(7); 1.825(4) [120]
BCl3·2-Cl-l,3-dimethyl-1,3,2-diazaborolidin 1.600(7); 1.575 (10) 1.828(7); 1.845(7); 1.852(6); 1.783(7); 1.835(7); 1.842(8) [154]
BCl3·imidazole 1.543 (3) 1.847(2); 1.848(2); 1.865(2) [155]
BCl3·OEt2 1.5430(19) 1.8292(18); 1.8250(17); 1.8361(18) [156]
BCl3·O P(OPh)3 1.511(5) 1.821(4); 1.834(5); 1.818(5) [157]
BCl3·9-fluorenone 1.514(4) 1.811(7); 1.833(5); 1.836(4) [217]
BCl3·PMe3 1.957(5) 1.855(5) [159]
BCl3·P(SiMe3)3 2.022(9) 1.841(9); 1.845(9); 1.857(9) [160]
BCl3·PVi3 1.970(2) 1.841(3); 1.845(2); 1.847(2) [147]
BCl3·PPh3 2.006(3) 1.835(3); 1.837(3); 1.852(3) [161]
BCl3·PPhMe2 1.963(2) 1.836(2); 1.838(2); 1.839(2) [161]
Cl3B·P(Ph)2CH2(Ph)2P·BCl3 1.980(3); 1.995(3) 1.835–1.850(3) [161]
BCl3·As(SiMe3)3 2.118(6) 1.822; 1.837; 1.838(7) [162]
BCl3·AsMe3 2.065(6) 1.828(7); 1.830(4) [164]
BCl3·SC4H8 1.960(3) 1.820(3); 1.828; 1.832(3) [165]
BBr3·NMe3 1.603(20) [88]
BBr3·NMe3 1.594(8) 2.002(7); 2.021(4) [166]
BBr3·NMe3 1.602 2.002; 2.035 [149]
BBr3·Py 1.590(20) 1.990(20) [169]
BBr3·PMe3 1.924(12) 2.022(7) [159]
BBr3·PPh3 1.988(10) 1.978(9); 2.005(8); 2.013(9) [168]
BBr3·PBr3· 2.010(20) 1.960(20); 1.990(10) [170]
BBr3·P(SiMe3)3 1.998(21) 1.995(20); 2.020(18); 2.035(20) [160]
BBr3·PVi3 1.952(2) 2.004(2); 2.005(2); 2.009(2) [147]
BBr3·PHPh2 1.965(4) 1.997(4); 2.010(4); 2.013(4) [171]
BBr3·PMePh2 1.976(9) 2.004(11); 2.010(11); 2.046(12) [171]
BBr3·PnPr3 1.95(1) 2.009(3) [172]
BBr3·PI3 2.01(1) 1.987(6); 2.00(1) [172]
BBr3·AsMe3 2.04(1) 1.99(1); 2.02(1) [164]
BBr3·SC4H8 1.966(13) 1.954(12); 1.998(6) [165]
BBr3·C{N(iPr)C(CH3)}2 1.623(7) 2.013(5); 2.021(5); 2.029(6) [173]
BI3·NMe3 1.584(25) [88]
BI3·NMe3 1.584 2.260; 2.273 [149]
BI3·PMe3 1.918(15) 2.249(12) [159]
BI3·PVi3 1.944(4) 2.226(5); 2.228(4); 2.232(4) [147]
BI3·As(SiMe3)3 2.104(15) 2.216; 2.231; 2.262(14) [162]
BI3·AsMe3 2.030(10) 2.22(1); 2.23(1) [164]
BI3·SC4H8 1.920(10) 2.220(20); 2.240(20) [165]
AlCl3·NH3 1.921(3) 2.108(1); 2.110(1); 2.115(1) [46]
AlCl3·NMe3 1.960(10) 2.110–2.140(10) [167]
AlCl3·NMe3 1.949 2.110; 2.121 [174]
AlCl3·NH(SiMe3)2 1.939(3) 2.115(2); 2.118(1); 2.122(2) [175]
AlCl3·NHCPhNHtBu, N-tert-butylbenzamidine 1.869(3) 2.123(1); 2.124(1) [176]
AlCl3·NPhP(NEt2)2Cl 1.873(2) 2.115(1); 2.119(1); 2.121(1) [177]
AlCl3·NHPh2 1.983(4) 2.090(3); 2.130(2) [178]
AlCl3·NH2

tBu 1.936(4) 2.111(2); 2.120(2); 2.104(2) [179]
AlCl3·quin 1.959(6) 2.096(4); 2.104(4); 2.105(4) [180]
AlCl3·Py 1.930(2) 2.1236(9); 2.1261(9); 2.1165(9) [181]
AlCl3·mpy 1.942(4) 2.109(1); 2.112(4) [180]
AlCl3·dpmpy 1.954(4) 2.082(2); 2.093(2); 2.100(2) [180]
AlCl3·dmap 1.900(5); 1.902(8) 2.102–2.128(3) [182]
AlCl3·tmpH 2.014(2) 2.129(1); 2.136(1) [183]
AlCl3·N(SnMe3)3 1.872(12) 2.138(6); 2.124(6); 2.159(6) [184]
AlCl3·N(SiMe3)BN(SiMe3)2 1.885(2) 2.133(1); 2.130(1); 2.111(1) [185]
AlCl3·N(SiMe3)PiPr3 1.902(2) 2.1313(12); 2.1372(13); 2.1481(13) [186]
AlCl3·N(SiMe3)PCl3 1.942(6) 2.135(3); 2.137(3); 2.138(3) [187]
AlCl3·N(SiMe3)BN(SiMe3)tBu 1.886(2) [185]
AlCl3·NH CMe2 1.898(3) 2.1179(8); 2.1197(12) [188]
AlCl3·N(tBu)SitBu2, additional Cl–Si interaction 1.809(3) 2.106(2) 2.112(2); 2.318(2) Si–Cl: 2.2315(14) [188]
AlCl3·NMe2Si(NMe2)2Cl 1.990(5); 1.972(5) 2.115 (3) 2.111 (3) 2.112 (3); 2.130 (3) 2.118 (3) [189]
AlCl3·C3N3Cl3 2.042(3); 2.067(4) 2.096(2)–2.120(2) [190]
AlCl3·[PCl215N]3 1.977(5); 1.978(5) 2.107–2.110(2) [191]
AlCl3·5-methyl-1,3,5-dithiazinane 1.993(5) 2.101(3); 2.110(3); 2.112(3) [192]
AlCl3·P(SiMe3)3 2.392(4) 2.125(4); 2.118(3); 2.112(4) [193]
AlCl3·THF 1.798(6) 2.095(3); 2.098(4) [180]
AlCl3·OC(NMe2)2 1.769(2) 2.123(2); 2.128(2) [194]
AlCl3·O CClPh (preliminary report) 1.84 2.10–2.13 [195]
AlCl3·O CClPh 1.819(5) 2.079(2); 2.094(3) [196]
AlCl3·O CClEt 1.847(6) 2.094(3); 2.092(3); 2.094(4) [197]
AlCl3·O C(OEt)Ph 1.761(3) 2.110(2); 2.102(2) [198]
AlCl3·O PCl3 1.780(4) 2.093(2); 2.103(2) [56]
AlCl3·O PPh3 1.733(4) 2.099(2) [199]
AlCl3·O P(NiPr2)CHMeCHCHNNMe2 1.748(1) 2.117(1); 2.120(1); 2.112(1) [200]
AlCl3·2-isocyanatobenzoylchloride 1.786(2) [201]
AlCl3·9-fluorenone 1.787(3) 2.097(2); 2.109(2); 2.117(2) [158]
AlCl3·xanthenone 1.764(6) 2.118(4); 2.098(4); 2.116(4) [158]
AlCl3·dibenzosuberenone 1.762(9) 2.102(5); 2.111(3) [158]
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Table 2 (Continued )

Complex r(E–D), Å r(E–X), Å Ref.

AlCl3·o-CH3C6H4COCl 1.824(4) 2.087(2); 2.093(2); 2.104(1) [202]
AlCl3·m-CH3C6H4COCl 1.835 (2) 2.091(1); 2.098(2) [202]
AlCl3·p-CH3C6H4COCl 1.828 (2) 2.098(1); 2.100(1); 2.113(1) [202]
AlCl3·S PPh3 2.297(2) 2.107(2); 2.115(2); 2.120(2) [203]
AlCl3·S PCl(NiPr2)2 2.291(7) 2.100(7); 2.110(7); 2.123(7) [204]
AlCl3·1,3,4,5-tetramethylimidazole-2(3H)-thione 2.2661(13) 2.1242(12); 2.1300(13); 2.1318(12) [205]
AlCl3·Se PPh3 2.452(2) 2.113(3); 2.117(3); 2.119(3) [203]
AlCl3·1,3,4,5-tetramethylimidazole-2-ylidene 2.009(5) 2.121(5); 2.131(3); 2.134(4) [205]
AlCl3·[�1-N-{E,Z-N,N′-bis(2,6-diisopropylphenyl)1,4-

diazadiene}]
1.965(2) 2.0996(1); 2.1010(12); 2.1144(11) [206]

AlCl3·[�1-N-{E,E-N,N′-bis(2,6-diisopropylphenyl)1,4-
diazadiene}]

1.973(4) 2.0893(19); 2.117(2) [206]

2AlCl3·[�2-N,N′-{E,E-N,N′-bis(2,6-diisopropylphenyl)-1,4-
diazadiene}]

2.003(5) 2.096(2); 2.100(2); 2.104(3) [206]

2AlCl3·(Ph2PN)2 1.883(2) [207]
2AlCl3·[Ph(Cl)PN]2 1.900(2) [207]
2AlCl3·(Ph2PO)2CH2 1.756(5) 2.072(4); 2.116(3); 2.133(4) [208]
3AlCl3·1,3,5-C6H3(COOMe)3 1.789(3); 1.786(3); 1.773(3) 2.073(2)–2.102(2) [209]
2AlCl3·C2H4(CO2Et)2 1.794(4); 1.803(4) 2.104(2); 2.092(2); 2.090(2); 2.102(3); 2.102(3); 2.088(3) [210]
AlCl3·MeNO2 1.867(2) 2.103(2); 2.096(1) [211]
AlCl3·PhNO2 1.856(5) 2.091(3); 2.081(3); 2.093(3) [211]
AlCl3·OEt2 1.830(2) 2.0872(12); 2.1212(10); 2.1422(13) [212]
AlBr3·NH3 1.925(17); 1.918(17) 2.25–2.275(6) [46]
AlBr3·B3N3Me6 2.011(8) 2.282(3); 2.268(3); 2.273(4) [213]
AlBr3·NEt3 1.973(8) 2.290 [214]
AlBr3·tmpH 2.009(5) 2.280(2); 2.283(2); 2.300(2) [183]
AlBr3·5-methyl-1,3,5-dithiazinane 1.982(5) 2.270(2); 2.272(2) [192]
2AlBr3·[N2Se2] 1.92(2) [215]
cis-[(tBuNH)(PNtBu)(tBuN·AlBr3){P(H)NtBu}] 1.901(4) 2.2827(14); 2.3133(14); 2.2990(13) [216]
AlBr3·P(SiMe3)3 2.391(6) 2.287(5); 2.290(5); 2.288(5) [193]
AlBr3·O PPh3 1.736(7) 2.245(2); 2.287(2) [199]
AlBr3·9-fluorenone 1.756(9) 2.239(4); 2.253(4); 2.256(4) [217]
AlBr3·THF 1.823(8) 2.262(4); 2.264(2) [218]
AlBr3·OPh2 1.8905(8) 2.2688(9) [219]
AlBr3·diglyme 1.933(9); 1.943(6) 2.377(3); 2.481(1) [220]
AlBr3·1,3-diox 2.052(4) 2.284(3); 2.307(1) [220]
AlBr3·H2S 2.40 2.34 [221]
AlI3·NH3 1.957(19) 2.481(6); 2.499(6); 2.504(6) [46]
AlI3·tmpH 2.038(9) 2.532(3); 2.535(3); 2.540(3) [183]
AlI3·isoquin 1.947(9) 2.500(4); 2.508(4); 2.510(4) [222]
AlI3·AisoH, H[MeC(N{2,6-iPr2C6H3})2] 1.935(6) 2.473(2); 2.530(2); 2.531(2) [223]
GaF3·NH3

b 1.842(14) 1.928(12); 1.9241(6); 1.9336(9) [51]
GaCl3·N(SnMe3)3 1.950(7) 2.180(3); 2.183(3); 2.190(3) [184]
GaCl3·[PCl215N]3 2.048(3); 2.049(3) 2.1425(10)–2.1505(10) [191]
GaCl3·N4PMes*, Mes* = 2,4,6-tBu3C6H2 1.990(4) 2.136(1); 2.146(1) [15]
GaCl3·N3P2Mes* 1.9830(5) 2.1359(6); 2.1501(6); 2.1550(7) [17]
GaCl3·Me3B3N3Me3 2.064(4) 2.146; 1.150; 2.162(2) [224]
[GaCl3{2,6-(2,4,6-iPr3C6H2)2C5H3N}] 2.0563(15) 2.1530(5); 2.1598(6); 2.1725(5) [225]
GaCl3·2-Chlor-l,3-dimethyl-1,3,2-diazaborolidin 2.018(3) 2.149(1); 2.156(1) [226]
GaCl3·NCMe 1.9676(18) 2.1379(7); 2.1432(5) [227]
GaCl3·NH(SiMe3)2 2.011(4) 2.099(2); 2.169(2); 2.1869(18) [7]
GaCl3·NHiPr2 2.000(3) 2.146; 2.154; 2.178(1) [50]
GaCl3·(3,5-Me2-Py) 1.968(1) 2.1517(5); 2.1608(5); 2.1610(4) [228]
GaCl3·FisoH, H[HC(N{2,6-iPr2C6H3})2] 1.941(3) 2.1397(11); 2.1676(13); 2.1683(14) [223]
GaCl3·TMPH 2.050(7) 2.151; 2.161; 2.175(3) [229]
GaCl3·dmap 1.948(2); 1.946(3) 2.1539(9); 2.1580(10); 2.1609; 2.1614; 2.1628(7) [230]
GaCl3·Ph2pzH, 3,5-diphenylpyrazole 1.971(2) 2.1448(13); 2.1568(17); 2.1589(15) [231]
GaCl3·bis(trimethylsilyl)sulfurdiimide 1.965(2) 2.1597(9); 2.1643(8); 2.166(1) [16]
2GaCl3·3,3,5,5-tetramethyl-4,3,5,1,2,6-oxadisilathiadiazine 2.073(2) 2.127; 2.130; 2.152(1) [16]
2GaCl3·(Ph2PN)2 1.937(4) [207]
GaCl3·Hbta 1.968(2) 2.137; 2.147; 2.167 (1) [232]
GaCl3·PPh3 2.3717(16) 2.1677; 2.1679; 2.1696(15) [233]
GaCl3·PEt3 2.3531(5) 2.1746(5); 2.1756(5); 2.1836(5) [234]
GaCl3·PCliPr2 2.380(10); 2.400(10) 2.140(20); 2.150(10) [235]
GaCl3·P(SiMe3)3 2.379(5); 2.380(5) 2.169(4); 2.176(4) [236]
GaCl3·PMe3 2.353(2) 2.171(2); 2.176(2) [237]
GaCl3·Ph2PPPh2·GaCl3 2.4285(6) [238]
GaCl3·dppe·GaCl3 2.3854(8) 2.1608; 2.1620; 2.1648 (8) [239]
GaCl3·4-bis(trimethylsilyl)amino-1,2,4,3,5-triazadiphosphole 1.978(3) [240]
2GaCl3·4-bis(trimethylsilyl)amino-1,2,4,3,5-triazadiphosphole 2.035(4); 2.036(4) [240]
GaCl3·N4AsMes*, Mes* = 2,4,6-tBu3C6H3 1.964(2) 2.1463; 2.1499; 2.1503 (9) [241]
GaCl3·AsMe3 2.4332(12) 2.1709(15); 2.1768(12); 2.1768(12) [242]
GaCl3·THF 1.919(3) 2.1388(8); 2.1405(11) [243]
GaCl3·O PPh3 1.818(10) 2.111(6); 2.112(6) [199]
GaCl3·O PMe3 1.828(6) 2.159; 2.161; 2.162(2) [233]
GaCl3·9-fluorenone 1.915(2) 2.125(1); 2.134(1); 2.143(1) [217]
GaCl3·fluorobenzoyl chloride 1.9646(13) 2.1312(4); 2.1312(4); 2.1342(5) [244]
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Table 2 (Continued )

Complex r(E–D), Å r(E–X), Å Ref.

[(GaCl3)2{�-o-C6H4(CH2SMe)2}] 2.3573(15) 2.1478(14); 2.1530(16); 2.1650(15) [245]
[(GaCl3)2{�-PhS(CH2)2SPh}]· 2.3892(11) 2.1492(12); 2.1509(12); 2.1473(11) [245]
[GaCl3(SeMe2)] 2.4637(7) 2.1700(10); 2.1606(8) [245]
[(GaCl3)2{�-nBuSe(CH2)2SenBu}] 2.4683(11) 2.1624(17); 2.1658(16); 2.1491(17) [245]
GaCl3·IPr (1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene) 2.016(2) 2.173(5); 2.179(5); 2.177(6) [246]
GaCl3·IMes (1,3-dimesitylimidazol-2-ylidene) 1.954(4) 2.1674(8); 2.1674(10); 2.1910(8) [246]
GaCl3·IPrMe (1,3-diisopropyl-4,5-dimethylimidazol-2-ylidene) 2.011(4) 2.203(10); 2.197(11); 2.198(11) [246]
GaCl3·PHC (Bertrand carbene)

GaCl3·CP(2,4,6tBu3C3H2)NC(Me)P(2,4,6tBu3C3H2)
1.994(4) 2.1561(15); 2.1787(15); 2.1836(13) [247]

GaBr3·NH3 1.980(4) 1.974(4) 2.2908(7); 2.3027(7); 2.3032(7); 2.2989(7); 2.3006(7); 2.3068(7) [47]
GaBr3·N(SnMe3)3 1.95385(16) 2.342(3) [184]
GaBr3·PPh3 2.3848(13); 2.3879(13) 2.3048–2.3212(7) [233]
GaBr3·P(SiMe3)3 2.362(4) 2.315(2) [236]
GaBr3·Et2P(CH2)2PEt2·GaBr3 2.3614(13) 2.3033(8); 2.3226(8); 2.3246(8) [242]
2GaBr3·dppe dppe = Ph2PCH2CH2PPh2 2.4002(8) 2.2936(6); 2.3031(5); 2.3125(5) [248]
GaBr3·AsMe3 2.438(2) 2.3154(19); 2.3226(15); 2.3226(15) [242]
GaBr3·9-fluorenone 1.936(4) 2.280(1); 2.283(1); 2.288(1) [217]
[GaI3{trans-(EtO)C(O)C(H)C(H)Ph] 1.966(8) 2.5071(15); 2.5113(15); 2.5130(15) [249]
GaI3·As(SiMe3)3 2.423(7) 2.524; 2.528; 2.552 (6) [250]
GaI3·MeS(CH2)2SMe·GaI3 2.4048(12) 2.5054(7); 2.5316(7); 2.4997(7) [245]
GaI3·SeMe2 2.479(2) 2.5209; 2.5222; 2.5277(2) [6]
[GaI3)2{o-C6H4(CH2PPh2)2} 2.3872(9); 2.3891(9) 2.5143–2.5516(5) [233]
[(GaI3)2{�-Et2P(CH2)2PEt2}] 2.3769(15) 2.5200(10)–2.5418(9) [242]
GaI3·AsMe3 2.4593(13) 2.5300(11); 2.5344(9); 2.5344(9) [242]
GaI3·PPh3 2.413(4) 2.518(2) [251]
GaI3·PPh3 2.416(5) 2.5212(9) [252]
GaI3·P(SiMe3)3 2.347(4) 2.564(2) [236]
GaI3·dppe·GaI3 2.404(9); 2.410(9) 2.481(5)–2.533(5) [252]
GaI3·AsPh3 2.490(1) 2.509(1) [251]
[(GaI3)2{�-Ph2As(CH2)2AsPh2}] 2.4875(10) 2.4885(10) 2.4944(9)–2.5329(9) [242]
GaI3·As(p-MeOC6H4)3 2.509(3) 2.505(1) [253]
InCl3·N(SnMe3)3 2.148(6) 2.3652(15) [184]
InCl3·tris(2,4,6-trimethoxyphenyl)phosphine 2.5281(5) 2.3870(6); 2.4029(6); 2.4056(6) [254]
[InCl3{CN(Mes)C2H2N(Mes)}] 2.200(7) 2.355(2); 2.349(2); 2.353(2) [255]
InBr3·N(SnMe3)3 2.158(8) 2.5081(9) [184]
InBr3·IPr, 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene 2.212(8) 2.4935(14); 2.5000(12); 2.4999(13) [256]
InBr3·IMes, 1,3-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene 2.195(5) 2.4994(8); 2.4935(8); 2.4947(9) [256]
InBr3·CN(iPr)C2Me2NiPr 2.199(5) 2.4915(6); 2.5030(6); 2.5063(7) [257]
InBr3·NH2SiMe3 2.210(9) 2.475(2); 2.474(2); 2.485(2) [258]
InI3·PPh3 2.603(7) 2.677(1) [260]
InI3·PHPh2 2.592(9); 2.605(9) 2.665(5)–2.676(5) [259]
InI3·PHtBu2 2.586(6) 2.679(3); 2.668(2) [259]
InI3·PiPr3 2.569(7) 2.689(3); 2.701(3); 2.705(3) [261]
InI3·P(SiMe3)3 2.537(3) 2.6975(14); 2.6914(16); 2.7252(15) [10]
InI3·O2C13H8 (9-xanthenone) 2.1872(6) 2.654(2); 2.6572(8); 2.672(1) [262]
InI3·AsPh3 2.7238(13) 2.6811(6) [251]
InI3·dppe 2.5871(12) 2.7003(5); 2.7061(5); 2.7420(6) [248]
2InI3·dppe 2.6035(12); 2.5966(12) 2.6523(6); 2.6833(5); 2.7023(6); 2.6843(6); 2.6773(5); 2.6685(5) [263]
2InI3·dppeS2 2.5322(13) 2.6859(5); 2.6901(6); 2.6733(5) [263]

a Neutron diffraction.
b Octahedral geometry, coordination polymer.

Table 3
Comparison of structural properties of some EX3 adducts in gas and crystal state.

Complex r(E–D)gas, Å r(E–D)solid, Å �r(E–D) (gas)–(solid) �r(E–D)/r(E–D)gas, %

BF3·HCN 2.473(29) 1.638(2) 0.835(31) 33.8
BF3·CH3CN 2.011(7) 1.630(4) 0.381(11) 18.9
BF3·NH3 1.590(30) 1.579(2) 0.011(32) 0.7
BF3·NMe3 1.664(11) 1.585(30) 0.079(41) 4.7
BF3·NMe3 1.636(4) 1.585(30) 0.051(34) 3.1
BF3·Py 1.669(7) 1.604(5) 0.065(12) 3.9
BCl3·NMe3 1.659(6) 1.575(11) 0.084(17) 5.1
BCl3·Py 1.706(12) 1.592(3) 0.114(15) 6.7
BCl3·PMe3 1.941(16) 1.957(5) −0.016(21) −0.8
BBr3·NMe3 1.663(13) 1.594(8) 0.069(21) 4.1
BBr3·Py 1.694(17) 1.590(20) 0.104(37) 6.1
BBr3·PMe3 1.946(29) 1.924(12) 0.022(41) 1.1
AlCl3·NH3 1.996(19) 1.921(3) 0.075(22) 3.8
AlCl3·NMe3 1.945(35) 1.960(10) −0.015(45) −0.8
AlBr3·NH3 1.997(19) 1.925(17) 0.072(36) 3.6
GaBr3·NH3 2.081(23) 1.980(4) 0.101(27) 4.9
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Table 4
Structural properties of EX3·2D adducts with CN. 5.

Complex r(E–D), Å r(E–X), Å Ref.

AlCl3·2NMe3 2.1580(16); 2.1662(16) 2.1676(10); 2.1725(5) [264]
AlCl3·2NHMe2 2.051(3); 2.071(3) 2.173–2.178(1) [265]
AlCl3·2NHMe2 2.066(3); 2.058(3); 2.060(3); 2.078(3) 2.182(2); 2.188(2); 2.190(2); 2.172(2); 2.180(2); 2.182(2) [266]
AlCl3·2morph 2.064 (3); 2.093 (3) 2.173(1); 2.197(1); 2.181(1) [267]
AlCl3·2pip 2.070(5) 2.163(2); 2.174(2); 2.190(2) [180]
AlCl3·2THF 1.990(1) 2.163(1); 2.154(1) [268]
AlBr3·2(9-fluorenone) 1.907(6); 1.913(7) 2.304(3); 2.312(3); 2.323(3) [217]
AlI3·2PEt3 2.520(4); 2.528(4) 2.598(3); 2.613(3); 2.619(3) [269]
GaCl3·2(Hbta) 2.169(2) 2.178; 2.204(2) [232]
GaBr3·2THF 2.141(2) 2.3174(4); 2.3303(6) [270]
InCl3·2NMe3 2.320(20); 2.345(19) 2.376(4); 2.343(8) [271]
InCl3·2NH(CH2Ph)2 2.310(10) 2.390(4); 2.395(3) [50]
InCl3·2[5-methyl-1,3,5-dithiazinane] 2.413(3) 2.376(1); 2.383(1) [192]
InCl3·2tmu 2.183(4) 2.359; 2.382(2) [272]
InCl3·2tmtu 2.521(2); 2.531(2) 2.410–2.484(3) [272]
InCl3·2(S PMe3) 2.630(3); 2.663(3) 2.393; 2.396; 2.400(2) [273]
InCl3·2(S AsMe3) 2.594(40; 2.620(3) 2.406(3); 2.412(3); 2.417(4) [273]
InCl3·2dmit 2.516(1) 2.402(1); 2.505(1) [274]
InCl3·2HMPA HMPA: O P(NMe2)3 2.175(10); 2.185(11) 2.371(8); 2.358(3); 2.349(7) [275]
InCl3·2THF 2.257(9) 2.312(5); 2.330(4) [276]
InCl3·2THF 2.265(5) 2.314(3); 2.339(2) [277]
InCl3·2THF 2.259(2) 2.345(1); 2.346(2) [278]
InCl3·2O CPhMe acetophenone 2.250(2) 2.337(1); 2.363(1) [279]
InCl3·2PMe3 2.575(3); 2.576(3) 2.503(3); 2.453(4) [280]
InCl3·2PPh3 2.701(5); 2.723(5) 2.377; 2.382; 2.391(5) [281]
InCl3·2CN(iPr)C2Me2NiPr 2.220(10); 2.236(9) 2.431(2); 2.586(2); 2.578(2) [257]
InBr3·2quin 2.364(3) 2.5271(8); 2.5254(5) [256]
InBr3·N,N′-bis(2,6-diisopropylphenyl)diazabutadiene 2.332(14); 2.314(12) 2.532(2); 2.505(2); 2.539(2) [256]
InBr3·2(S PMe3) 2.653(3); 2.691(3) 2.524; 2.529; 2.531(3) [273]
InBr3·2(S AsMe3) 2.615(3); 2.643(3) 2.539; 2.552; 2.554(3) [273]
InBr3·2dmit 2.528(2); 2.529(2) 2.547–2.680(1) [274]
InBr3·2CN(iPr)C2Me2NiPr 2.230(10) 2.231(10) 2.586(6); 2.744(13); 2.737(12) [257]
InBr3·2THF 2.296(3); 2.288(3); 2.307(3); 2.285(3) 2.4901(7); 2.4839(7); 2.4770(8); 2.4914(7); 2.4811(8); 2.4818(8) [283]
InBr3·2PMe2Ph 2.614(3); 2.622(3) 2.565(2); 2.577(2); 2.606(2) [284]
InI3·tmeda 2.40(2); 2.36(2) 2.744(2); 2.759(2); 2.801(2) [282]
InI3·2PMePh2 2.712(3); 2.719(3) 2.7362(14); 2.762(2); 2.776(2) [284]
InI3·2PPh3 2.86(1); 2.99(1) 2.707(1) [260]
[InI3·dppe]n

a 2.758(6); 2.769(7) 2.729(2); 2.730(3); 2.766(3) [260]
2InI3·3dppe 2.798(3); 2.819(2) 2.742(2); 2.739(2); 2.713(2) [280]
InI3·[OP(p-Anis)3]2 O P(p-MeO-C6H4)3 2.221(3) 2.7184(3) [254]
InI3·2(9-fluorenone) 2.33(1); 2.37(1) 2.644(2); 2.666(2); 2.684(2) [262]
InI3·2AsPh3 2.926(2); 2.990(2) 2.7024(5) [251]
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InI3·2SeMe2 2.7916(2); 2.7951(2)

a Infinite chain.

o formation of ionic species. In contrast, less ionic indium
omplexes favor molecular structures. For example, while in
ase of Al and Ga ionic [M(OC(NH2)2)6]3+3Cl− are formed,
n forms molecular adduct fac-InCl3(OC(NH2)2)3 [11]. As can
e seen from Table 6, InX3·3D complexes are quite common.

eridional and facial isomers are theoretically feasible, and

or monodentate donors both cases are realized in practice
Table 6). Structures of mer-InCl3·3THF [291] and fac-InCl3·3H2O
608] adducts are given in Fig. 6. Donor–acceptor bond dis-
ances are summarized in Table 6. Design of the tridentate

able 5
omparison of donor–acceptor bond distances in EX3·D and EX3·2D adducts.

Complex r1(E–D) in EX3·D, Å Mean r2(E

AlCl3·NH3 1.960(10) 2.162(4)
AlCl3·THF 1.798(6) 1.990(1)
AlBr3·9-fluorenone 1.756(9) 1.910(10)
GaCl3·Hbta 1.968(2) 2.169(2)
InBr3·CN(iPr)C2Me2NiPr 2.199(5) 2.231(10)
InI3·PPhH3 2.603(7) 2.930(70)
InI3·dppe 2.5871(12) 2.764(7)a

InI3·AsPhH3 2.7238(3) 2.958(32)

a Infinite chain [InI3·dppe]n .
2.7313(1); 2.7416(1); 2.7490(2) [6]

ligand allows to obtain desired mer-isomer in case of terpyridil
ligand and fac-isomer in case of substituted triazacyclononane
ligand.

2.2.4. Trigonal bipyramidal EX4·D adducts

Theoretically for EX4·D both equatorial and axial isomers are

possible. Computational studies by Davydova et al. [71] indi-
cate that structural preference depends on the ligand type.
Thus, while for EX4·NH3 complexes only axial isomers are
predicted to be true minima on PES, for EX4·Py complexes

–D) in EX3·2D, Å �r(E–D), Å �r(E–D)/r1(E–D), %

0.202(14) 10.3
0.102(7) 5.7
0.154(19) 8.8
0.201(4) 10.2
0.032(15) 1.5
0.327(77) 12.6
0.177(8) 6.8
0.234(32) 8.6
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Table 6
Structural properties of EX3 adducts with CN. 6.

Complex r(E–D), Å r(E–X), Å Ref.

mer-GaCl3·terpy 2.034(7); 2.110(6); 2.115(6) mer 2.235(3); ax 2.329(3); ax 2.403(2) [285]
mer-InCl3·3Py (and solvated Py) 2.302(7); 2.377(21) mer 2.471(8); ax 2.476(2) [287]
mer-InCl3·terpy 2.2438(16); 2.2697(17); 2.2769(17) mer 2.4080(5); ax 2.4735(6); 2.5155(5) [288]
mer-InCl3·2,6-bis(1-phenyliminoethyl)pyridine 2.247(2); 2.307(2); 2.338(2) mer 2.401(1); ax 2.466(1); 2.473(1) [85]
mer-InCl3·3(4-ethylpyridine) 2.284(9); 2.293(9); 2.370(9) 2.426(7); 2.450(6); 2.475(6) [289]
mer-InCl3·2-[(2-(pyridylamino)phenylazo]pyridine 2.2684(19); 2.2577(19); 2.2220(19) 2.5775(7); 2.3876(7); 2.4968(7) [290]
fac-InCl3·3H2O 2.191(2); 2.205(2); 2.207(2); 2.223(2); 2.217(2);

2.224(2)
2.4232(8); 2.4203(8); 2.4358(8); 2.4403(7);
2.4662(7); 2.4568(7)

[608]

mer-InCl3·3THF 2.235(10); 2.304(9); 2.223(11) mer 2.423(4); ax 2.422(4); ax 2.420(4) [291]
mer-InCl3·3THF 2.243(3) 2.318(3); 2.226(3) mer 2.414(1); 2.405(1); 2.404(1) [292]
fac-InCl3·3DMF 2.214(3); 2.220(2); 2.241(2) 2.439(1); 2.431(1); 2.435(1) [279]
fac-InCl3·3DMA 2.217(3); 2.180(3) 2.461 (1); 2.440(1) [279]
fac-InCl3·3 O C(H)Ph 2.277(12) 2.400(5) [279]
fac-InCl3·3 DMSO 2.191(2); 2.190(2); 2.204(3) 2.465(1); 2.449(1); 2.466(1) [293]
mer-InCl3·3 O PMe3 2.164(11); 2.171(7) 2.459(4); 2.478(5); 2.495(5) [293]
fac-InCl3·3 O PMe2Ph 2.196(7) 2.484(4) [293]
fac-InCl3·3 O C(NH2)2 2.180(2) 2.4696(8) [11]
fac-InBr3·3 DMSO 2.199(17); 2.198(15); 2.200(14) 2.625(4); 2.579(4); 2.620(4) [293]
fac-InBr3·3DMF 2.2287(17); 2.2287(18) 2.2405(17) 2.5893(3); 2.5911(4); 2.5872(3) [283]
fac-InBr3·Me3[9]aneN3 2.355(8); 2.360(7); 2.338(7) 2.6054(11); 2.6053(11); 2.5974(11) [283]
fac-InBr3·bis(2-pyridylmethyl)amine 2.311(6); 2.328(9) 2.5682(13); 2.6060(9) [286]
mer-InBr3·3Py 2.28(3); 2.31(2); 2.32(2) mer 2.593(3); ax 2.611(4); 2.618(4) [294]
mer-InI3·3Py 2.309(4); 2.323(5) 2.8676(3); 2.8390 (6) [36]
mer-InI3·3pic 2.28(3); 2.30(3); 2.34(2) 2.848(4); 2.893(4); 2.803(4) [295]
mer-TlCl3·3Py 2.380(12); 2.482(15) mer 2.520(6) ax 2.498(4) [287]

(b) fac

t
t
i
t
(
[

T
S

Fig. 6. Solid state structures of (a) mer-InCl3·3THF and

he equatorial isomers are more stable. With the increase of

he size of the acceptor atom, the energy difference between
somers becomes smaller. Experimental structure determina-
ions show that both isomers are experimentally realized
Table 7). Representative structures of eq-TiBr4·(2,6-Me2C5H3N)
302] and ax-SiF4·C[N(2,6-iPr2C6H3)CH]2 [31] adducts are given

able 7
tructural properties of EX4·D adducts.

Complex r(E–D), Å

ax-SiF4·C[N(2,6-iPr2C6H3)CH]2 2.004(2)
eq-SiCl4·C[N(Et)CMe]2 1,3-diethyl-4,5-dimethylimidazol-2-ylidene) 1.911(7)
eq-SiCl4·(C{N(2,6-iPr2C6H3)CH}2) 1.928(2)
eq-SiCl4·O C(NMe2)2 1.696(3)
eq-SiBr4·C[N(2,6-iPr2C6H3)CH]2 1.935(2)
ax-GeCl4·NMe3 2.19(3)
ax-SnBr4·AsPh3 2.780(1)
eq-TiCl4·(2-MeC5H4N) 2.185(3)
eq-TiCl4·(2,6-Me2C5H3N) 2.190(2)
eq-TiBr4·(2,6-Me2C5H3N) 2.181(4); 2.176
eq-TiBr4·(2-MeC5H4N) 2.145(7)
ZrF4·NH3

a 2.337(4); 2.359
HfF4·NH3

a 2.290(20); 2.32

a Coordination polymer, capped trigonal prism.
-InCl3·3H2O. Taken from Refs. [291,608], respectively.

in Fig. 7 and major structural parameters are summarized in

Table 7.

2.2.5. Dimeric octahedral [EX4·D]2 adducts
Since in EX4·D the central atom has coordination number 5 and

is not coordinationally saturated, these adducts can easily dimerize

r(E–Xeq), Å r(E–Xax), Å Ref.

1.5736(15); 1.5730(17); 1.5836(17) 1.6462(13) [31]
2.045(5); 2.070(5) 2.225(4); 2.219(4) [298]
2.0696(6) 2.1892(5 [299]
2.073(3); 2.082(3) 2.176(3); 2.209(3) [300]
2.2360(4) 2.4106(7); 2.3765(7) [31]
2.13; 2.15; 2.15(1) 2.24(1) [301]
2.484(1); 2.486(2); 2.484(2) 2.522(2) [8]
2.253(1); 2.211(1) 2.289(1); 2.297(1) [297]
2.2006(9); 2.2019(8) 2.2613(8) 2.2590(8) [297]

(9) 2.3585(14); 2.3564(14) 2.4326(8); 2.4372(8) [302]
2.3245(17); 2.3502(17) 2.4129(17); 2.4202(17) [303]

(4) 1.973(3); 1.959(3) 2.110–2.192(4) [52]
0(20) 1.980(20); 1.960 (20) 2.070–2.220(20) [52]



E.I. Davydova et al. / Coordination Chemistry Reviews 254 (2010) 2031–2077 2043

) ax-Si

t
w
o
[

2

6
c
e
T
S
U
a

T
S

Fig. 7. Solid state structures of (a) eq-TiBr4·(2,6-Me2C5H3N) and (b

o increase coordination number to 6 and form [EX4·D]2 dimers
ith octahedral coordination sphere. Major structural parameters

f such dimmers are summarized in Table 8, and the structure of
TiCl4·CH3CN]2 dimer [311] is presented in Fig. 8.

.2.6. Octahedral EX4·2D adducts
In these adducts the central atom achieves coordination number

by interaction with two donor molecules, which can be placed in
is or trans position to each other. Both cis and trans isomers are

xperimentally realized, as can be seen on the example of trans-
iCl4·2(3,5-Me2C3H2N2) [413] and cis-SnCl4·2CH3CN [365] (Fig. 9).
tructural parameters of compounds are summarized in Table 9.
se of the rigid bidentate ligands, such as 1,10-phen and 2,2′-bipy
llows to obtain cis isomers.

able 8
elected structural properties of dimeric [EX4·D]2 adducts.

Complex r(E–D), Å r(E–Xterm), Å

[TiCl4·POCl3]2 2.10(2) 2.20–2.24(1)
[TiCl4·CH3NO2]2 2.204(6) 2.202–2.206(4)
[TiCl4·CH3COOC2H5]2 2.029(3) 2.222(2)
[TiCl4·C2H5OCOC6H4OCH3]2 1.997(6) 2.233; 2.235; 2.252(3
[TiCl4·(2,6-Me2C6H3NC)]2 2.235(6) 2.198(1); 2.214(2); 2
[TiCl4·THF]2 2.111(3) 2.212(1); 2.225(1); 2
[TiCl4·acetophenone]2 1.9988(14) 2.2155(5) 2.2191(5)
[TiCl4·hydrindone]2 2.026(2) 2.2132(12); 2.2286(1
[TiCl4·benzoyl chloride]2 2.1114(13) 2.1933(5); 2.2133(5)
[TiCl4·p-toluoyl chloride]2 2.1133(10) 2.1971(5); 2.2224(4)
[TiCl4·fluorobenzoyl chloride]2 2.1276(9) 2.1899(4); 2.2241(4)
2TiCl4·MeSSMe 2.712(3); 2.742(3) 2.184–2.200(3)
[TiCl4(MeCN)]2 2.189(3) 2.2096(9); 2.209(1)
[TiCl4(NTMSI)]2 2.131(2) 2.2013(7); 2.2251(7)
�-[TiCl4(N4S4)]2 2.246(2); 2.267(2) 2.219(1); 2.231(1)
�-[TiCl4(N4S4)]2 2.106(4); 2.110(4) 2.216(2); 2.242(1); 2

2.255(2)
[TiCl4(OCMe2)]2, acetone 2.061(1) 2.208(1); 2.222(1); 2
[TiCl4(OCEt2)]2, diethyl ketone 2.043(2) 2.2091(14); 2.2255(1
[TiCl4(OCMeSPh)]2 2.040(3) 2.212(1); 2.198(2); 2
[TiCl4(OSON2S2)]2 2.144(2) 2.206(1); 2.234(1); 2
[TiCl4(EtCOOEt)]2 2.030(6) 2.209(2); 2.237(4); 2
[TiCl4(OC6H8)]2 2.004 2.214; 2.217; 2.231
[ZrCl4·CH3CN]2 2.308(7) 2.344(3); 2.361(2); 2
[ZrCl4(4-ClC6H4NH2)]2, 4-chloroaniline 2.389(2) 2.3362(9); 2.3655(8)
[ZrCl4THF]2 2.206(2) 2.3511(8); 2.364(9);
[ZrCl4THF]2 2.205(2) 2.3712(9); 2.3718(11
[ZrCl4(OCClCH3

tBu)]2, tert-butylacetyl
chloride

2.2065(12) 2.3439(5); 2.3517(4)

[ZrCl4(hydrindone)]2 2.090(3) 2.3500(16); 2.3766(1
[ZrCl4(MeCOO(CH2)5Me)]2 2.111(9); 2.113(9) 2.329(4); 2.342(4); 2

2.361(5)
[ZrCl4(MeCOOEt)]2 2.131(5) 2.362(3); 2.379(3)
F4·C[N(2,6-iPr2C6H3)CH]2. Taken from Refs. [302,31], respectively.

2.2.7. Octahedral EX5·D adducts
Group 15 element halides form molecular complexes of 1:1

composition. Representative structure of the TaCl5·THF adduct is
presented in Fig. 10, and E–D and E–X distances for solid adducts are
summarized in Table 10. The structure may be described as slightly
distorted octahedral, deviation of the EX4 unit from planarity is
usually less than 5◦.

2.2.8. Use of the structural characteristics of adducts in

tensimetry studies

As can be seen from Table 1 and Tables 2–10, structural data
for crystalline adducts are much more abundant than for gaseous
ones. It is important to understand the difference and possibility of
estimation of structural characteristics of gaseous species from the

r(E–Xbridg), Å Ref.

2.44–2.54 (0.1) [304]
2.471–2.478(4) [305]
2.498(2) [306]

) 2.509; 2.498(2) [307]
.208(2) 2.485(2); 2.481(2) [308]
.224(1) 2.451(1); 2.521(1) [309]
2.2295(6) 2.4920(5); 2.5072(5) [244]
1); 2.2336(11) 2.4526(10) 2.5184(11) [244]
; 2.2181(5) 2.4789(5); 2.4939(5) [244]
; 2.2221(5) 2.4569(5); 2.4944(5) [244]
; 2.2246(4) 2.4484(4) 2.5008(4) [244]

2.450–2.482(3) [310]
2.4832(8) [311]

; 2.2601(6) 2.4625(7); 2.4857(7) [312]
2.262(1); 2.312(1) [313]

.259(2); 2.223(2); 2.229(2); 2.458(2); 2.513(1); 2.503(1); 2.514(2) [313]

.230(1) 2.489(1); 2.498(1) [314]
3); 2.243(2) 2.4720(13); 2.4931(14) [134]
.230(2) 2.496(2); 2.481(1) [314]
.190(1) 2.444(1); 2.504(1) [315]
.227(6) 2.490(5); 2.497(2) [316]

2.447; 2.484 [317]
.333(2) 2.602(2); 2.603(2) [323]
; 2.3707(8) 2.5852(8); 2.6186(8) [318]
2.3691(8) 2.5751(8); 2.6228(7) [319]
); 2.3772(9) 2.5838(8); 2.6249(10) [320]
; 2.3624(5) 2.5815(4); 2.5868(4) [244]

9); 2.3834(18) 2.6016(19); 2.6313(15) [244]
.337(5); 2.358(3); 2.355(4); 2.574(3); 2.591(3); 2.594(3); 2.601(3) [321]

2.608(3); 2.614(3) [322]
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Fig. 8. Solid state structure of dimeric [TiCl4·CH3CN]2. Taken from Ref. [311].

tructures of crystals. In studying the thermal behavior of molecular
omplex, structural data offer some help in interpretation of exper-
mentally measured vapor pressure–temperature dependences.

In case of the molecular complexes (adducts) there are three
ajor cases:

1) Formation of crystal is based solely on Van der Waals inter-
actions and the structure of the individual gaseous molecules
is retained in the crystal. As can be seen from Table 3, the
donor–acceptor bond length in crystal is by 4.3% shorter than
in the gaseous adduct. In such a case the knowledge of the crys-

tal structure of adduct allows to estimate the donor–acceptor
bond length in the gas phase and (using for example �H–�r
correlation [28]) the possibility of adduct dissociation with
donor–acceptor bond rupture.

Fig. 10. Solid state structure of TaCl5·THF adduct. Taken from Ref. [470].

Fig. 9. Solid state structures of (a) trans-TiCl4·2(3,5-Me2C3H2N2) and (b) cis-SnCl4·2CH3CN. Taken from Refs. [413,365], respectively.
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Table 9
Structural properties of EX4·2D adducts.

Complex r(E–D), Å r(E–Xeq), Å r(E–Xax), Å Ref

trans-SiF4·2NH3 1.895(2) 1.662(2); 1.671(2) – [324]
trans-SiF4·2NH2Et 1.9183(17) 1.6679(11); 1.6766(12) – [325]
trans-SiF4·2py 1.930(15) 1.640(15) [326]
trans-SiF4·2C[N(2,6-iPr2C6H3)CH]2 2.0088(14); 2.0109(15) 1.6465(17); 1.6648(17); 1.6539(17);

1.6628(16)
– [31]

cis-SiF4·2,2′-bipy 1.972(4); 1.982(4) 1.629(3); 1.632(3) 1.654(3); 1.659(3) [327]
cis-SiF4·phen 1.9922(9) 1.6288(8) 1.6571(7) [328]
trans-SiCl4·2py 1.976(9) 2.183(4) [329]
trans-SiCl4·2(4-Me-py) 1.9835(13) 2.2030(3) – [330]
trans-SiCl4·2(O P(NMe2)3) 1.7696(11) 2.2102(5); 2.2173(6) – [331]
trans-SiCl4·2(3,4-Me2py) 1.990(2) 2.2003(6) [332]
trans-SiBr4·2(3,4-Me2py) 1.991(3) 2.379(1) [332]
trans-SiBr4·2(4-Me-py) 1.979(4) 2.3835(3) – [330]
trans-SiBr4·2py 1.981(3) 2.3827(2) [333]
trans-SiBr4·2(3,5-Me2py) 2.005(5) 2.3763(6) [333]
trans-GeF4·2Py 2.014(3) 1.7678(19); 1.7696(18) – [334]
trans-GeF4·2Py 2.011(4) 1.780(2); 1.782(3) – [335]
cis-GeF4·2,2′-bipy·CH3NO2 2.023(4); 2.029(4) 1.757(3); 1.761(3) 1.777(2) [327]
cis-GeF4·phen 2.046(3) 1.753(2) 1.781(2) [335]
cis-GeF4·tmen 2.068(5); 2.087(3) 1.763(2); 1.756(4) 1.773(3); 1.774(4) [335]
[GeF4-{Ph2P(CH2)2PPh2}] 2.4636(7); 2.4822(7) 1.7731(14); 1.7692(14) 1.7987(14); 1.7829(13) [336]
[GeF4{o-C6H4(PMe2)2}] 2.4273(12); 2.4273(11) 1.772(2); 1.765(2) 1.815(2); 1.809(2) [336]
[GeF4{MeS(CH2)2SMe}] 2.4334(7); 2.4728(7) 1.7487(14); 1.7592(15) 1.7734(14); 1.7764(14) [337]
[GeF4{EtS(CH2)2SEt}] 2.4611(8); 2.4903(8) 1.7507(16); 1.7561(16) 1.7714(15); 1.7761(15) [337]
trans-GeF4·2(O PMe3) 1.898(5) 1.772(4); 1.776(4) – [338]
trans-GeF4·2(O PEt3) 1.904(2) 1.770(2); 1.769(2) – [338]
trans-GeF4·2(O PPh3) 1.925(2) 1.774(1); 1.772(1) – [338]
trans-GeF4·2Et2O 1.975(2) 1.754(2); 1.747(2) [339]
trans-GeCl4·2py 2.02 2.27 – [340]
cis-GeCl4·phen 2.0716(17); 2.0759(17) 2.2232(6); 2.2244(6) 2.2619(6); 2.2799(6) [335]
cis-GeCl4·2,2′-bipy 2.062(4); 2.068(4) 2.241(1); 2.246(1) 2.262(1); 2.272(1) [341]
cis-GeCl4·tmen 2.148(12); 2.156(10) 2.247(3); 2.236(4) 2.253(5); 2.248(4) [342]
trans-GeCl4·2(4-Me-Py) 2.057(2) 2.2670(6) – [343]
trans-[GeCl4(AsEt3)2] 2.4904(9) 2.3296(19); 2.3233(19) – [336]
trans-[GeCl4(AsMe3)2] 2.472(1) 2.307(4); 2.341(4) – [344]
cis-GeBr4·2,2′-bipy 2.070(3); 2.073(4) 2.4202(6); 2.4157(6) 2.4438(7); 2.428(7) [335]
cis-GeBr4·tmen 2.188(5); 2.192(5) 2.4388(10); 2.4372(10) 2.4587(10); 2.4506(11) [335]
cis-GeBr4·phen 2.069(7); 2.078(7) 2.3902(14); 2.3792(15) 2.4289(16); 2.4719(17) [335]
trans-GeBr4·2(3,5-Me2-Py) 2.112(3) 2.458(4) – [345]
trans-GeBr4·2(4-Me-Py) 2.083(3) 2.4425(4) – [346]
trans-GeBr4·2(3,4-Me2-Py) 2.101(5) 2.4392(5) – [346]
trans-SnF4·2ND3 (neutron diffraction) 2.096(4) 1.994(5); 1.986(7) – [49]
cis-SnF4·2,2′-bipy 2.181(3); 2.183(3) 1.924(3); 1.925(3) 1.940(3); 1.948(3) [327]
cis-SnF4·phen 2.157(7) 1.860(8) 1.887(5) [347]
trans-SnF4·2PCy3 2.6538(11) 1.959(2); 1.980(2) – [347]
cis-SnF4·Et2P(CH2)2PEt2 2.6058(9) 1.9532(16) 1.9863(17) [347]
cis-SnF4·MeO(CH2)2OMe 2.144(2); 2.1559(19) 1.9210(18); 1.9234(18) 1.9263(17); 1.9274(17) [347]
trans-SnF4·2O PPh3 2.050(3) 1.928(3); 1.924(3) – [347]
trans-SnF4·2O PMe3 2.045(3) 1.937(2); 1.954(2) – [33]
cis-[SnF4{EtS(CH2)2SEt}] 2.5849(6); 2.6028(6) 1.9298(13); 1.9352(12) 1.9540(12); 1.9490(12) [337]
cis-[SnF4{iPrS(CH2)2SiPr}] 2.5844(7) 1.9341(13) 1.9464(13) [337]
SnF4·(o-C6H4(P(O)Ph2) 2.071(5); 2.088(5) 1.930(4); 1.940(4) 1.941(4); 1.951(4) [33]
cis-SnCl4·2,2′-bipy 2.226(4); 2.247(4) 2.359(1); 2.371(1) 2.391(1); 2.408(1) [348]
cis-SnCl4·phen 2.234(2); 2.241(2) 2.3707(7); 2.3498(8) 2.3779(8); 2.3970(8) [349]
cis-SnCl4·2CH3CN 2.336(23); 2.326(25) 2.341(7); 2.356(7) 2.339(8); 2.355(7) [350]
cis-SnCl4·2POCl3 2.25(5); 2.30(4) 2.31(2); 2.36(2) 2.33(2) [351]
cis-SnCl4·Et2P(CH2)2PEt2 2.6481(17) 2.4084(14) 2.4529(14) [347]
cis-SnCl4·dppen 2.6537(5); 2.6780(5) 2.3745(6); 2.3812(6) 2.4102(6); 2.4138(5) [352]
cis-SnCl4·dppe 2.653(2); 2.679(2) 2.406(2); 2.408(2) 2.402(2); 2.447(2) [379]
cis-SnCl4·2OSMe2 2.110(7–8); 2.377(3); 2.406(3) 2.369(3); 2.396(3) [372]
cis-SnCl4·2O PPh3 2.086(2) 2.3953(10) 2.3853(10) [373]
trans-SnCl4·2THF 2.166(2) 2.3735(9); 2.3828(8) – [374]
trans-SnCl4·2(EtCOOCH CHPh) 2.165 2.376; 2.379 – [375]
cis-SnCl4·2(4-tBuC6H4CHO) 2.168; 2.230 2.354; 2.355 2.356; 2.379 [376]
trans-SnCl4·2dppm 2.649 2.428; 2.450 – [377]
SnCl4·(PhCO)2 2.204; 2.259 2.326; 2.329 2.365; 2.385 [378]
trans-SnCl4·2NHMe2 2.224(6) 2.4045(18); 2.4256(18) – [364]
cis-SnCl4·2NCMe 2.259(2) 2.3635(7) 2.3518(10); 2.3641(10) [365]
cis-SnCl4·2NCMe 2.2567(17) 2.3599(5) 2.3502(8); 2.3617(8) [366]
cis-SnCl4·2NCEt 2.2388(18); 2.2508(18) 2.3634(6); 2.3653(6) 2.3609(6); 2.3699(6) [365]
cis-SnCl4·2NCiPr 2.255(4); 2.260(4); 2.256(4);

2.276(4)
2.3586(11); 2.3520(11); 2.3580(13); 2.3659(11); 2.3684(11); 2.3584(12);

2.3761(12)
[365]

cis-SnCl4·2NCcyclohexyl 2.257; 2.270; no errors 2.3620(4); 2.3682(5) 2.3488(5); 2.3732(5) [365]
cis-SnCl4·2NC(p-Tol) 2.2658(16); 2.2687(16) 2.3606(7); 2.3678(6) 2.3488(7); 2.3560(7) [365]
trans-SnCl4·2Ph2PS2N3 2.238 2.385; 2.418 – [367]
trans-SnCl4·2pyz 2.246(1) 2.3883(4); 2.3980(4) – [368]
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Table 9 (Continued )

Complex r(E–D), Å r(E–Xeq), Å r(E–Xax), Å Ref

trans-SnCl4·2(4-ClC6H4N CHPh),
N-benzyliden-4-chloroaniline

2.267(2) 2.390(1); 2.404(1) – [369]

cis-SnCl4·phen 2.234; 2.251; 2.237; 2.251 2.363; 2.367; 2.367; 2.377 2.396; 2.410; 2.361; 2.390 [370]
cis-SnCl4·phen 2.224(3); 2.238(3) 2.3333(12); 2.3708(10) 2.4095(10); 2.4480(10) [371]
SnCl4·C16H6N6,

dipyrido[f,h]quinoxaline-6,7-dicarbonitrile
2.237(3) 2.3556(10) 2.4200(12); 2.4223(13) [35]

trans-SnCl4·2Et2O 2.191(3) 2.370(1); 2.373(1) – [353]
trans-SnCl4·2O P(NMe2)3 2.13(2) 2.40(1) – [354]
trans-SnCl4·2O C(NMe2)2 2.112(4) 2.388(1); 2.395(1) – [355]
cis-SnCl4·(OCPh)2NH 2.185(3) 2.342(2) 2.369(2); 2.375(2) [356]
trans-SnCl4·2PEt3 2.615(5) 2.445(5); 2.465(5) – [357]
trans-SnCl4·2AsPh3 2.7623(3) 2.4153(8); 2.4239(7) – [8]
trans-SnCl4·2SMe2 2.6208(4) 2.4147(4); 2.4188(5) – [358]
trans-SnCl4·2(1,5-dithiacyclooctane) 2.602(1) 2.414(1); 2.428(1) – [359]
cis-SnCl4·MeS(CH2)SMe 2.710(2) 2.647(2) 2.362(2); 2.343(2) 2.402(2); 2.390(2) [360]
cis-SnCl4·MeS(CH2)2SMe 2.619(4) 2.372(4) 2.413(3) [361]
cis-SnCl4·MeS(CH2)3SMe 2.667(2) 2.378(2) 2.409(2) [361]
cis-SnCl4·o-C6H4(SMe)2 2.659(2); 2.677(2) 2.357(2); 2.357(2) 2.401(2); 2.383(2) [361]
cis-SnCl4·PhS(CH2)3SPh 2.724(5); 2.725(5) 2.379(6); 2.380(5) 2.385(5); 2.376(4) [361]
cis-SnCl4·2detu 2.49(l); 2.52(2) 2.51(2); 2.58(2) 2.55(3); 2.48(3) [362]
cis-SnCl4·2detu 2.494(1); 2.470(1) 2.521(8)a; 2.459(8)a 2.429(1); 2.427(1) [363]
cis-SnCl4·MeSe(CH2)SeMe 2.782(1) 2.376(3) 2.406(4); 2.407(4) [360]
trans-SnBr4·2NHMe2 2.244(3) 2.5707(12); 2.5867(11) – [477]
cis-SnBr4·2,2′-bipy 2.23(1) 2.539(1); 2.541(1) 2.561(1); 2.568(1) [348]
cis-SnBr4·CH2(C ONHMe)2 2.133(6); 2.151(6) 2.531(2); 2.532(2) 2.541(2); 2.553(2) [385]
cis-SnBr4·CH2(C ONHiPr)2 2.158(7); 2.164(8) 2.511(2); 2.518(2) 2.511(2); 2.554(2) [385]
trans-SnBr4·2O PPh3 2.100(8); 2.102(9) 2.511(2); 2.558(2); 2.576(2); 2.584(2) – [382]
cis-SnBr4·2O PPh3 2.080(8) 2.557(2) 2.537(1) [380]
cis-SnBr4·2OSMe2 2.153(15); 2.205(15) 2.531(3); 2.549(3) 2.536(3); 2.548(3) [381]
cis-SnBr4·CH2(C SNHiPr)2 2.576(4); 2.568(4) 2.569(2); 2.574(2) 2.582(3); 2.663(2) [385]
trans-SnBr4·2THF 2.200(3) 2.5307(5); 2.5427(5) – [374]
cis-SnBr4·2deu 2.09(7); 2.36(9) 2.59(2); 2.55(l) 2.56(l) 2.56(l) [362]
cis-SnBr4·{MeC(CH2AsMe2)3} 2.6932(5); 2.7095(6) 2.5479(5); 2.5708(6) 2.5807(5); 2.6340(5) [347]
trans-SnBr4·2O P(NMe2)3 2.09(1) 2.56(1) – [354]
cis-SnBr4·2O SPh2 2.128(11); 2.130(9) 2.496(1); 2.558(1) 2.555(1); 2.558(1) [383]
SnBr4·(OCPh)2NH 2.174(6); 2.195(6) 2.473(2); 2.482(2) 2.528(2); 2.630(2) [384]
trans-SnBr4·2SMe2 2.65(1) 2.554(3); 2.554(4) – [34]
cis-SnBr4·2SMe2 2.692(9) 2.692(8) 2.554(4); 2.532(4) 2.557(4) 2.539(4 [34]
cis-SnBr4·MeS(CH2)3SMe 2.700(7) 2.533(3) 2.562(3) [361]
trans-SnI4·2O P(pTol)3 2.1590(15) 2.76735(17); 2.8158(2) – [388]
cis-SnI4·2OSPh2 2.189(6); 2.249(6) 2.773(1); 2.806(1) 2.776(1); 2.781(1) [389]
cis-SnI4·(o-C6H4(P(O)Ph2) 2.12(1); 2.142(10) 2.772(2); 2.788(2) 2.780(2); 2.807(2) [390]
cis-SnI4·2{MeS(O)(CH2)3SMe} 2.18(1); 2.21(2) 2.788(2); 2.780(2) 2.762(2); 2.802(2) [361]
cis-SnI4·bipy 2.276(20); 2.277(19) 2.787(3); 2.788(2) 2.813(2); 2.819(2) [386]
cis-SnI4·2O PPh3 2.11(2); 2.15(2) 2.783(2); 2.811(2) 2.781(2); 2.816(2) [387]
trans-SnI4·2PnPr3 2.69(1) 2.872(3); 2.863(3) – [34]
cis-TiF4·2O PPh3 2.055(6) 1.813(4) 1.822(4) [391]
cis-TiF4·2Me2SO 1.99(3) 1.745(15) 1.80(2) [391]
cis-TiF4·2Me2SO 1.96(8); 2.02(2); 2.05 1.73(2); 1.76(2) 1.78(2); 1.82(2) [392]
trans-TiF4·2LMe 2.255(4) 1.831(3); 1.835(2) – [393]
trans-TiF4·2LiPr 2.2812 (12); 2.2781(12) 1.8337(8)–1.8409(7) – [393]
trans-TiCl4·2py 2.208;; 2.235 2.396; 2.407; 2.365; 2.446 – [408]
cis-TiCl4·2NCMe 2.187(4) 2.228(2) 2.269(2); 2.288(2) [409]
cis-TiCl4·2PhCN4H 2.265(5); 2.279(5) 2.216(2); 2.231(2) 2.271(2); 2.275(2); [410]
trans-TiCl4·2(3,4-Me2C5H3N) 2.193(2) 2.2971(5) – [411]
trans-TiCl4·2(4-MeC5H4N) 2.191(4) 2.2976(10) – [411]
cis-TiCl4·2N3NHCPh 2.265(5); 2.279(5) 2.216(2); 2.231(2) 2.271(2); 2.275(2) [177]
cis-TiCl4·2NCC6H4(2-SiMe3)2 2.212(10) 2.210(4) 2.271(3) [412]
trans-TiCl4·2(3,5-Me2C3H2N2) 2.146(5) 2.254(3); 2.297(2); 2.303(3) – [413]
cis-TiCl4·2(4-IC3H3N2) 2.235(7) 2.265(2) 2.280(2) [413]
TiCl4·tmen 2.279(7); 2.304(7) 2.254(2); 2.256(3) 2.259(3); 2.280(3) [414]
cis-TiCl4·2Et2O 2.056(20); 2.118(14) 2.197(13); 2.256(8) 2.268(7); 2.273(7) [415]
cis-TiCl4·2THF 2.116(3); 2.118(3) 2.242(2); 2.248(2) 2.283(2); 2.285(2) [416]
trans-TiCl4·2THF 2.050(4) 2.293(2) – [416]
trans-TiCl4·2(2,4-Me2C5H3N) 2.257(3) 2.281(1); 2.295(1) [297]
cis-TiCl4·2CH3CN 2.21 2.216 2.264 [394,395]
cis-TiCl4·2tBuNC 2.240(8); 2.256(6) 2.244(3), 2.218(2) 2.287(3); 2.286(3) [396]
trans-TiCl4·2Py 2.20 2.29 – [397]
cis-TiCl4·2POCl3 [398]
cis-TiCl4·2Et2O 2.21 2.256 2.282 [399]
cis-TiCl4·2Et2O 2.120(6); 2.158(5) 2.250(2); 2.262(3) [399]
cis-TiCl4·MeO(C2H4)OMe 2.1714(16) 2.2307(7) 2.2978(7) [400]
cis-TiCl4(SC4H8)2, tetrahydrothiophen 2.625(7); 2.626(7) 2.232(8); 2.233(8) 2.280(4); 2.280(4) [310]
cis-TiCl4·2SHC6H11 2.663(2); 2.646(2) 2.221(2); 2.226(2) 2.263(2) 2.300(2) [401]
TiCl4·C6H4(OCOC2H5)2 2.068(3) 2.235(2) 2.295; 2.289(2) [402]
cis-[TiCl4{MeS(CH2)2SMe}] 2.6106(9); 2.6010(8) 2.2358(8); 2.2253(9) 2.2907(8); 2.2926(8) [403]
cis-[TiCl4{MeS(CH2)3SMe}] 2.644(2) 2.235(2) 2.285(2) [403]
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Table 9 (Continued )

Complex r(E–D), Å r(E–Xeq), Å r(E–Xax), Å Ref

cis-[TiCl4{MeSe(CH2)3SeMe}] 2.755(3) 2.247(4) 2.278(3) [403]
cis-[TiCl4{o-C6H4-(SeMe)2}] 2.727(1); 2.744(1) 2.239(2); 2.231(2) 2.267(2); 2.308(2) [403]
trans-TiCl4·2(PHCy2) 2.6372(8) 2.2892(8); 2.2837(8) – [9]
cis-TiCl4·dppe 2.660(2); 2.640(2) 2.265(2); 2.251(2) 2.265(2); 2.296(2) [9]
cis-TiCl4·dmpe 2.582(2); 2.577(2) 2.273(2); 2.288(2) 2.307(2); 2.293(2) [404]
cis-TiCl4·depe 2.5981(9) 2.2758(8) 2.3050(7) [405]
[TiCl4{o-C6H4(PMe2)2}] 2.5733(13); 2.5600(12) 2.2748(12); 2.253(1) 2.2975(13); 2.2938(13) [84]
trans-TiCl4·2O PPh3 1.9229(15) 2.3283(6); 2.3336(6) – [417]
trans-TiCl4·2O P(NMe2)3 1.945(3) 2.3224(14); 2.333(2) – [418]
trans-TiCl4·2O P(NC5H10)3 1.923(3) 2.341(1); 2.343(1) – [32]
trans-TiCl4·2O AsPh3 1.895 2.335; 2.368 – [419]
cis-TiCl4·2OCHMes, Mes = 2,4,6-Me3C6H2 2.091(2); 2.100(3) 2.244(1); 2.231(1) 2.293(1); 2.308(1) [314]
trans-TiCl4·2iPrHNCMe CHCMe O 1.916(2) 2.3726(9); 2.378(1) – [420]
trans-TiCl4·2iPrC6H3NH CC6H4O

(N-(2,6-diisopropylphenyl)salicylimine)
1.895(1) 2.340(1); 2.373(1) – [421]

TiCl4·(OCMe)2O 2.162 2.213 2.267; 2.318 [422]
TiCl4·O3C8H12 2.109(3); 2.136(3) 2.222; 2.227 2.277; 2.321 [423]
TiCl4·(OCMe)2CMe2,

3,3-dimethyl-2,4-pentanedione
2.077(3); 2.086(3) 2.213(1); 2.229(1) 2.264(1); 2.300(1) [424]

TiCl4·o-C6H4(COOiBu)2 2.093(7); 2.113(7) 2.238(3) 2.282(3); 2.305(3) [425]
TiCl4·(COOEt)2CH2, diethyl malonate 2.109(3); 2.136(3) 2.225(2); 2.239(2) 2.273(2); 2.304(2) [426]
TiCl4·(COOEt)2CH2, diethyl malonate 2.102(4); 2.112(4) 2.219(2); 2.233(2) 2.262(2); 2.293(2) [427]
TiCl4·(COOEt)2C CMe2, diethyl

isopropylidenemalonate
2.099(4); 2.118(3) 2.242(2); 2.245(2) 2.298(2); 2.302(2) [426]

cis-TiCl4·(COOEt)2CEt2, diethyl
diethylmalonate

2.092(8); 2.119(7) 2.218(4); 2.242(4) 2.285(4); 2.317(4) [426]

TiCl4·(COOEt)2C2H2, diethyl maleate 2.087(4); 2.098(4) 2.232(3); 2.239(3) 2.276(3); 2.283(3) [426]
TiCl4·(COOEt)2CHCMe, diethyl citraconate 2.068(10); 2.097(9) 2.238(5); 2.242(6) 2.265(5); 2.310(5) [426]
TiCl4·o-C6H4(COOMe)2, diethyl phthalate 2.091(3) 2.226(2) 2.290(2); 2.303(2) [426]
cis-TiCl4·1,2-C6H10(COOiBu)2,

cis-1,2-diisobuthylcyclohexanoate
2.090(12); 2.098(13);
2.062(15); 2.065(14)

2.220(6); 2.234(6); 2.214(6); 2.226(6) 2.303(6); 2.305(6); 2.307(6); 2.308(7) [426]

cis-TiCl4·(nPrOCHPh)2 2.087(18); 2.140(16) 2.111(9); 2.223(10) 2.274(9); 2.297(9) [428]
cis-TiCl4·(PhOC2H4COO)2C2H4,

bis(2-phenoxoethyl) succinate
2.088(5); 2.113(5) 2.197(2); 2.211(2) 2.284(2); 2.293(2) [427]

cis-TiCl4·CH(COOEt)3, triethyl
methanetricarboxylate

2.122(2); 2.144(2) 2.208(1); 2.214(1) 2.260(1); 2.271(1) [210]

TiCl4·(PhCO)2, dibenzoyl 2.146(3); 2.186(3) 2.197(2) 2.281(2); 2.299(2) [308]
TiCl4·O2C12H6, acenaphthenedione 2.194; 2.272 2.199; 2.206 2.262; 2.271 [378]
[TiBr4{MeC(CH2AsMe2)3}] 2.680(3); 2.688(3) 2.407(3); 2.403(3) 2.471(3) 2.445(3) [84]
cis-TiBr4·2CH3CN 2.208(16) 2.390(4) 2.403(6); 2.489(6) [406]
cis-ZrCl4·2CH3CN 2.340(3); 2.324(9) 2.365(3); 2.366(3) 2.417(3); 2.395(3) [407]
cis-ZrCl4·bipy 2.297(9); 2.301(9) 2.383(3); 2.390(3) 2.401(3); 2.410(3) [429]
cis-ZrCl4·phen 2.35; 2.37 2.359; 2.372 2.410; 2.418 [430]
trans-ZrCl4·2DMFA 2.052(8) 2.443(4); 2.445(3) – [431]
trans-ZrCl4·2(1,3-diisopropylimidazol-2-

ylidene)
2.432(3) 2.439(1); 2.437(1) – [432]

trans-ZrCl4·2[1-methyl-3-(1-methylpropyl)-
imidazol-2-ylidene]

2.456(3) 2.436(1); 2.428(1) – [432]

trans-ZrCl4·2[1-methyl-3-(2,4,6-
trimethylbenzyl)imidazol-2-ylidene]

2.448(3) 2.431(1); 2.436(1) – [432]

cis-[ZrCl4(Me2S)2] 2.754(3); 2.788(2) 2.361(2); 2.425(2); 2.386(2); 2.386(3) [83]
trans-ZrCl4·2Et2O 2.186(1) 2.4263(5); 2.4278(5) – [433]
trans-ZrCl4·2py 2.366(12) 2.457(3) – [434]
cis-ZrCl4·2NCMe 2.319; 2.333 2.370; 2.372 2.398; 2.424 [435]
ZrCl4·tmeda, tmeda-N,N,N′ ,N′-

tetramethylethylenediamine
2.4319(17); 2.4337(19) 2.4066(7); 2.4111(5) 2.4281(6); 2.4298(6) [436]

ZrCl4·DAD, DAD = 1,4-diaza-1,3-diene 2.360(2); 2.365(2) 2.3566(8); 2.3724(10) 2.4092(7); 2.4246(7) [437]
cis-ZrCl4·2THF 2.229(10); 2.237(13) 2.389(11); 2.398(8) 2.422(8); 2.425(8) [438]
cis-ZrCl4·2Me2SO2 2.173(6); 2.175(6) 2.367(3); 2.378(2) 2.405(3); 2.422(3) [163]
cis-ZrCl4·2OCMetBu, pinacolone 2.1838(19); 2.1984(19) 2.2855(7); 2.3960(8) 2.4080(6); 2.4414(6) [439]
trans-ZrCl4·2iPrHNCMe CHCMe O 2.052(1) 2.464(1); 2.468(1) – [420]
ZrCl4·N2S2C8H12 2,2′-bi-2-thiazine 2.292(7); 2.301(7); 2.293(7);

2.314(7)
2.370(3); 2.378(3); 2.374(3); 2.381(2) 2.374(3); 2.431(3); 2.408(3); 2.430(3) [440]

cis-ZrBr4·2CH3CN 2.29(3); 2.37(3) 2.509(7); 2.525(7) 2.555(7); 2.562(6) [441]
trans-ZrI4·2(PMe2Ph) 2.774(3) 2.7787(6); 2.7902(7) – [442]
cis-[HfCl4{MeSe(CH2)2SeMe}] 2.844(2); 2.848(2) 2.348(6); 2.364(6) 2.396(6); 2.397(5) [83]
trans-HfCl ·2(1,3-diisopropylimidazol-2- 2.401(2) 2.421(1); 2.419(1) – [432]

(

4

ylidene)

a Average Sn–S(Cl) distance due to disorder.
2) If the acceptor atom in adduct is coordinationally unsaturated,
formation of crystal may lead to increase of the coordina-
tion number due to dimerization (polymerization) of individual
adduct molecules. As can be seen from Table 8, dimerization in
the solid state is very common for adducts of group 4 and 14 ele-
ment halides MX4·D. In such a case upon adduct vaporization
several concurrent processes are expected:
(a) vaporization in form of dimeric molecules (MX4·D)2.
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Table 10
Structural properties of EX5·D adducts.

Complex r(E–D), Å r(E–Xax), Å r(E–Xeq), Å Ref.

PF5·4,5-dichloro-1,3-dimesitylimidazol-
2-ylidene

1.898(3) 1.592; 1.596 1.600; 1.589 [142]

AsF5·4,5-dichloro-1,3-
dimesitylimidazol-2-ylidene

1.991(6); 2.006(5) 1.709; 1.716 1.726; 1.710 [142]

SbF5·pyz·SbF5 2.172(5) 1.861(3) 1.858(4); 1.863(3); 1.870(3); 1.866(3) [443]
SbF5·4,5-dichloro-1,3-

dimesitylimidazol-2-ylidene
2.175(5) 1.863 1.866 [142]

SbF5·NCCN 2.213(5) 1.837(4) 1.814(4); 1.859(5) [444]
SbCl5·NCMe 2.23(4) 2.35(2) 2.33(2); 2.40(2) [445]
SbCl5·NCCl 2.286(5) 2.322(2) 2.336(1) [446]
SbCl5·NCCN·SbCl5 2.663 2.272(1) 2.336(2) [446]
SbCl5·NCNiPr2 2.14(1) 2.329(4) 2.341–2.361(5) [447]
SbCl5·POCl3 2.17(2) 2.32(1) 2.33–2.35(1) [448]
SbCl5·POMe3 1.94(4) 2.34(2) 2.33–2.35(2) [448]
SbCl5·O CO2C2Cl4 2.400(20) 2.280(10) 2.300–2.330(10) [449]
SbCl5·C6H5COCl 2.317(5) 2.318(2) 2.323(1); 2.317(1) [450]
SbCl5·m-CH3C6H4COCl 2.295(3) 2.304(1) 2.324(1); 2.329(1) [450]
SbCl5·p-CH3C6H4COCl 2.253(6) 2.305(2) 2.323(3); 2.314(2) [451]
SbCl5·O CPhCH2Br 2.168(5) [452]
SbCl5·(+)-3-endo-bromocamphor 2.23(1) [452]
SbCl5·OSClMe 2.151(3) 2.320(2) 2.325(2); 2.338(2); 2.347(2); 2.355(2) [453]
SbCl5·OSPh2 2.091 2.314 2.319; 2.333; 2.346; 2.344 [454]
SbCl5·O PPh3 2.039; 2.035 2.363; 2.356 2.322; 2.334; 2.345; 2.371; 2.328; 2.337; 2.344; 2.346 [455]
SbCl5·C17H21Cl5NO2 1.948(4) 2.344(3) 2.341; 2.350; 2.351; 2.354(3) [456]
SbCl5·benzoyl chloride 2.270(2) 2.3014(7) 2.3252(5); 2.3256(5) [244]
SbCl5·HCON(CH3)2 2.048(6) 2.330(3) 2.336; 2.343; 2.353; 2.332(3) [457]
SbCl5·DMSO 2.05(5); 2.10(4) 2.29(2) 2.33–2.37(1) [458]
SbCl5·ONNMe2 2.113(3) 2.344(1) 2.346(1); 2.350(1); 2.345(1); 2.364(1) [459]
2SbCl5·COClCH2CH2COCl 2.428(7) 2.298 (3) 2.322(3); 2.319(3); 2.325(3); 2.303 (3) [460]
SbCl5·O SeCl2 2.042(25); 2.122(23) 2.318(10); 2.346(9) 2.326–2.356(14) [461]
NbCl5·O PCl3 2.16(2) 2.25(1) 2.29–2.35(1) [448]
NbCl5·CH3CN 2.236(4) 2.249(2) 2.317(1); 2.293(1); 2.286(2); 2.319(2) [462]
NbCl5·[NC(CH2)2S(CH2)2CN] 2.259(3) 2.2490(9) 2 2.3148(9); 2.3152(9); 2.3178(8); 2.3347(8) [463]
NbCl5·NCCH2C6H5 2.279(3) 2.258(1) 2.310(1); 2.314(1); 2.316(1); 2.317(1) [464]
NbCl5·NCCCl3 2.343 2.246(3) 2.291(2); 2.301(3); 2.308(3) [465]
NbCl5·NC(CH2)5CN·NbCl5 2.258(6); 2.264(6) 2.252(2); 2.247(2) 2.296(2); 2.306(2); 2.328(2); 2.328(2); 2.308(2);

2.320(2); 2.320(2); 2.326(2)
[466]

NbCl5·(m-CF3)C6H4CN 2.262(6) 2.2499(17) 2.2866(16); 2.3098(16); 2.3187(16); 2.3182(18) [467]
NbCl5·EtCN 2.228(10) 2.225(3) 2.273(12); 2.278(14); 2.315(2); 2.320(3) [468]
NbCl5·HCN 2.306(3) 2.243(1) 2.315(1); 2.312(1) [469]
NbCl5·diox 2.206(4) 2.2637(15) 2.3237(14)–2.3265(15) [470]
NbCl5·TEU 1.9596(12) 2.3375(5) 2.3531(4); 2.3407(4); 2.3488(5); 2.3597(5) [471]
NbCl5·DMF 2.018(10) 2.297(4) 2.331(4); 2.337(3); 2.350(4); 2.366(3) [471]
NbCl5·PMe2Ph 2.673(5) 2.405(5) 2.366(10); 2.362(10); 2.360(10); 2.394(10) [472]
NbCl5·S PPh3 2.6159(8) 2.2952(8) 2.3030(9); 2.3234(9); 2.3386(9); 2.3584(9) [473]
2NbCl5·1,4,8,11-

tetrathiacyclotetradecane
2.713(8) 2.252(8) 2.314(10); 2.299(10); 2.311(11); 2.328(11) [474]

TaCl5·DMF 2.000(12) 2.302(5) 2.329(6); 2.362(4); 2.336(6); 2.338(4) [471]
TaCl5·PhA 2.007(2); 1.991(2) 2.2872(8); 2.3041(8) 2.3597(8); 2.3848(8); 2.3843(9) 2.3314(9); 2.3186(9);

2.3145(8) 2.3184(9); 2.3548(9)
[471]

TaCl5·O PPh3 2.016(12); 2.017(13) 2.325(5); 2.339(5) 2.319(5); 2.333(5); 2.341(5); 2.328(5); 2.365(5);
2.335(5); 2.326(5); 2.342(5)

[471]

TaCl5·THF 2.146(4); 2.149(4) 2.2727(19); 2.2866(15) 2.3155–2.3324(18) [470]
TaCl5·Ph2C O 2.0108(18) 2.3059(6) 2.3304–2.3466(7) [475]

)
5)

(

TaCl5·EtCN 2.21(2) 2.228(5)
TaCl5·[NC(CH2)2S(CH2)2CN] 2.239(6) 2.257(2)
[TaCl5{(2,4,6-iPr3)C6H2CN}] 2.207(2) 2.2668(6
TaBr5·PhA 1.999(8) 2.4451(1

(b) destruction of the coordination lattice and vaporization in
form of MX4·D.

(c) dissociation of MX4·D into gaseous MX4 and D.
(d) disproportionation of the solid adduct: 2MX4·D =

MX4·2D + MX4.
It should be taken into account that new compounds MX4·2D,

MX4·D may exist only in the gaseous or both in the gaseous and
solid states.
3) For many adducts of group 13 element halides (especially Al
and Ga) with excess donor molecules L, transformation from the
molecular MX3·nL to the ionic form [ML6]3+ 3[MX4]− becomes
prominent. In such a case prognosis of the thermal behavior of
adduct is not possible. Since ionic lattices are in general more
2.24(3); 2.290(13); 2.314(4); 2.320(4) [468]
2.313(2); 2.318(2); 2.320(2); 2.332(2) [463]
2.3196(6); 2.3348(6); 2.3393(6); 2.3315(6) [476]
2.5380(16); 2.4736(17); 2.4635(17); 2.4756(17) [471]

thermally stable than the molecular ones, adducts with ionic
structure should have lower volatility. Thus, the knowledge of
the crystal structure of adduct allows one to plan its experi-
mental study by tensimetry methods.

3. Description of the experimental method

3.1. Tensimetric methods and their capabilities
Tensimetry methods allow to measure or determine pressure
both in homo and heterogeneous systems in wide temperature
and pressure range [478–480]. Modern tensimetry methods oper-
ate in very wide pressure range from 10−6 Pa (10−8 Torr) to 107 Pa
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100 atm). Upper limits of the temperature range are determined
y thermal and chemical resistance of the apparatus materials and
ay reach 2000 K. Tensimetry allows to measure the total pressure

total; obtain composition of saturated and unsaturated vapor above
he individual substances and calculate on this basis enthalpies
nd entropies of sublimation and vaporization; obtain equilibrium
onstants and thermodynamic characteristics of gaseous species.

On the basis of tensimetric data one can make a conclusion about
ongruent or incongruent character of the vaporization process,
n other words about stability of the substance upon vaporization.
btained information is used for understanding chemical processes
hich occur in the system in wide temperature range and may

erve as a basis for the thermodynamic description of studied sys-
em. For the complete description of the system not only the total
apor pressure should be measured, but the true molecular vapor
omposition must be known. Depending on the complexity of vapor
omposition, the task of its determination can be solved either by
ensimetry method alone, or with the help of one or several auxil-
ary methods which study properties of the system, quantitatively
elated to the partial pressure of molecular forms. For example,
pectral methods, such as electronic, UV, Raman, IR spectroscopy
ay be used to establish equilibrium constants for complex com-

osition in vapors [44,55,481,482].
In situation when several processes occur simultaneously, care-

ully conducted tensimetry investigation allows, without using
uxiliary spectral methods, to determine the partial pressures of
–3 molecular forms and to compute equilibrium constants of 1–2
quations. If several equilibria exist in the system simultaneously,
ome of them could be studied beforehand in simple systems, and
btained equilibrium constants could be afterwards used as param-
ters when studying more complicated systems. For example, when
he dissociation of complex of group 13 metal trihalide is accom-
anied by the dimerization of the acceptor molecule (group 13
etal trihalides readily form M2X6 dimers at low temperatures),

he dimerization constant of the equilibrium 2MX3(g) = M2X6(g) can
e measured separately in the tensimetric study of the pure metal
rihalide [483,484] and then used as a known parameter.

In practice, the vapor pressure–temperature dependence is usu-
lly measured over the pure adduct, or, alternatively, in the systems
ontaining acceptor A and donor D molecules in different A/D
atio. Obtained information permits to establish the nature of the
rimary process which occurs upon heating of adduct and to deter-
ine its thermodynamic characteristics. In particular, the enthalpy

f the homogeneous gas phase dissociation of adduct into the
onor and acceptor molecules (which determines the energy of the
onor–acceptor bond) can be determined by this approach.

In the present review we will exclusively focus on the results
btained by the static tensimetric method with membrane null-
anometer developed in our laboratory.

.2. Static method

Static method is a direct method of pressure measurement. The
rincipal basis of the all variants of static method is very simple.
he studied system is placed in a closed volume, the pressure in
hich by some means is transferred to the measuring manometer.

here are three variants of a static method:

1) direct method, in which studied system is placed directly in the
manometer knee;

2) isoteniscope method, in which volume with studied substance

(“working volume”) is separated from the measuring manome-
ter by small liquid null-manometer;

3) membrane method, in which working volume is sepa-
rated from the measuring manometer by null-manometer
with elastic membrane. Null-manometer indicates equality
try Reviews 254 (2010) 2031–2077 2049

of pressures in the working volume and in the measuring
manometer.

The lower limit of measured pressure is determined either by the
sensitivity of measuring manometer or, much more frequently, by
the sensitivity of null-manometer. In most experimental works the
lower limit equals to 0.5–1.0 Torr [486]. Using special techniques it
can be reduced to 0.1–0.3 Torr [484]. The upper limit is determined
by the mechanical stability of the apparatus and reaches hundreds
of atmospheres. However, since vapor composition is usually com-
puted using the ideal gas model, the total pressure in the system
should not exceed 1–2 atm.

In contrast to other methods, such as well-known and widely
used Knudsen [478–480,485] and transpiration (flow) [478–480]
methods, in which true equilibrium between the vapor and con-
densed phase is not achievable in principle, the static method
allows to obtain results which correspond to the true equilibrium
state. Since the studied system is kept in the closed volume, time of
the establishing of the equilibrium is practically unlimited. More-
over, in some cases static method allows to study the pressure
changes upon establishing of the equilibrium.

Besides direct measurements of pressure and its dependence
from temperature (or from time) the static method in many
cases allows to obtain additional information about transforma-
tions (chemical reactions) which occur in the studied system
upon temperature increase. In particular, information about the
reversible/irreversible character of the chemical process can be eas-
ily obtained. The temperature, at which irreversible changes occur,
can also be identified. Static method also allows one to explore
homogeneous processes which occur after the complete vaporiza-
tion of the sample. The mean molecular mass of vapor can be easily
obtained and conclusions about the molecular forms existing in
vapors can be made [486]. In addition, static method permits to
study the equilibrium gas phase dissociation of the complex and to
determine the dissociation enthalpies of the donor–acceptor bond
in the gas phase.

It should be noted, that the static method is the only tensimetry
method which allows one to study equilibria in the homogeneous
gaseous systems.

3.3. Static method with membrane null-manometer

All results reported in the present review were obtained by
static method with membrane null-manometer. In this variant the
experimental device is wholly made from glass or quartz; the stud-
ied substance contacts only with these chemically inert materials.
Glass apparatus may be used up to 400–600 ◦C (depending on the
glass type), quartz apparatus—up to 900–1100 ◦C. There are many
types of elastic membrane elements: spiral, bellows, spoon-type,
and plane membranes [478]. One of the variants is a plane mem-
brane null-manometer which was developed in our laboratory by
Novikov and Suvorov [478], and is also widely used elsewhere
[487–491].

Construction details of one of the variants of the apparatus are
schematically shown in Fig. 11. Thin glass membrane (1) separates
a working volume (2) from the compensation volume (3). Fused
to the membrane (1) is the system of two glass rods (4) and (5)
which ends by thin glass needle (6). Upon change of pressure in the
membrane chamber (2) the glass needle (6) changes its placement
relative to the static indicator of null position (7). The positions of
glass needle (6) and indicator of null position (7) are projected on

the screen (11) using an optical projection system (10) with about
30th-fold magnification. Compensation volume (3) via branch (8)
is connected to the measuring stand. Measuring stand consists of
the system of faucets with which pressure in “working” and “com-
pensating” volumes is equalized, and mercury manometer, with
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Fig. 11. One of the variants of a static tensimetric method with membrane null-
manometer. (1) Thin glass membrane; (2) working volume; (3) compensation
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some monovariant equilibrium, for which dependence of the vapor
olume; (4) and (5) glass rods; (6) thin glass needle; (7) static indicator of null posi-
ion; (8) branch to the measuring stand; (9) branches for introduction (or removal)
f additional substances; (10) an optical system; (11) screen.

hich pressure in the compensating volume is measured. Thermo-
tatic zone is showed by broken line. Additional substances can be
ntroduced into (or removed from) the “working volume” via one
r several branches (9). Size of the working volume can be varied in
ide limits; its maximal value is limited by the thermostat dimen-

ions, and the minimal value can be made as small as 0.5–1.0 ml.
he volume is determined by the mass difference between water
lled and empty apparatus. In addition, the volume of the vapor
hase can be lowered up to the desired minimum, for example
.01 ml. Amount of substance, which is necessary for conducting
xperiments with membrane null-manometer, is small. Depend-
ng on the task of the experiment it varies from several milligrams
o several grams.

Possibility of the separate introduction (or removal) of sub-
tances in the “working volume” via branches (9) allows to study
elatively complex systems. Volume of the branches is usually
alibrated beforehand, by this allowing adjustment of the work-
ng volume after the sealing off the branches (9). Construction of
pparatus allows one to introduce/remove substances under high
acuum, which completely eliminates any contact of the stud-
ed substance with air. Before the introduction of the substances,

hole apparatus is degassed under high vacuum (∼10-4 Torr) at

levated temperatures for several hours. This procedure efficiently
liminates residual or “parasitic” pressure (which without such
reatment appears at higher temperatures due to air and moisture
esorption from the walls of the apparatus). In a typical mea-
try Reviews 254 (2010) 2031–2077

surement run with a glass apparatus, the system is placed in the
furnace and heated with a rate of about 1 ◦C per minute. This heat-
ing rate is usually sufficient for establishing of the equilibria for the
fast homogeneous gaseous reactions. For studying heterogeneous
(gas–solid) processes with slow equilibration, apparatus may be
thermostated at a desired temperature for a long (in principle infi-
nite) period of time, which allows one to control the achievement
of the equilibrium state. Temperature is controlled by means of two
chromel–alumel thermocouples, placed in upper and lower parts of
the working volume. The temperature gradient in the system which
heated with speed of 1 ◦C per minute is usually about 1–2 ◦C; it is
much less for the thermostated system.

4. Primary processes upon vaporization of the complex

4.1. General considerations

It is important to note the following:

1. According to the thermodynamic analysis, in homogeneous gas
phase system at the equilibrium conditions the measured vapor
pressure could only increase with temperature increase.

2. If a static method with membrane null-manometer is used, then
the total mass m of the substances in the working volume V is
constant. Therefore, if all processes in the studied system are
reversible (the true equilibrium state is achieved), the measured
pressure is one-to-one function of the temperature, regardless of
the real variance of the system.

3. Change of the phase composition is always accompanied by a
distinct point on the vapor pressure–temperature dependence
curve.

Thermodynamic analysis of complexes of group 13 metal
halides with pyridine, carried out by Sevastianova and Suvorov [27],
reveals that EX3·3Py and EX3·2Py complexes should not exist in
vapors due to the fact that their sublimation enthalpies are larger
than the enthalpy of the donor–acceptor bond dissociation. Upon
heating, these adducts evolve the excess of donor molecules and
form complexes of 1:1 composition EX3·Py. This conclusion can be
generalized to other EXm·nD adducts.

It is convenient to represent results, obtained by the static
method, in the graphical form. In general case the P = f(T) depen-
dence for the adduct AD of 1:1 composition is shown in Fig. 12. The
vapor pressure–temperature dependence curve may be dissected
(splitted) into several zones, number and appearance of which are
dependent on the nature of the occurred process and on the m/V
ratio (m – mass of the substance; V – volume of membrane chamber
(“working volume”)).

Zone 1 corresponds to the vapor-condensed phase equilibrium.
If during the experiment the chemical composition in the con-
densed phase remains constant, then a vapor pressure at a given
temperature does not depend on the mass of the substance, intro-
duced into the working volume. In such a case, upon temperature
increase the measured pressure increases according to the expo-
nential law:

ln
(

P

P◦

)
= −�vapH◦

RT
+ �vapS◦

R

This zone 1 is named “saturated vapor pressure range.” If m/V
ratio is large enough, then only saturated vapor pressure is mea-
sured in the experiment. Strictly speaking, zone 1 corresponds to
pressure from temperature is given by equation of the general type
ln(P/P◦) = −A/T + B. At the same time, the static method alone can-
not provide full information about the nature (detailed type) of
this monovariant equilibrium. Such information can be derived on
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ways. Since for the simplicity reasons in this analysis entropy
◦ ◦
ig. 12. General P = f(T) dependence for the donor–acceptor complex. See text for
etails.

he basis of the analysis of all chemical and physico-chemical data
nown for the studied substance or system.

In case when m/V ratio is small, the substance can completely
aporize upon heating and condensed phase disappears. In such
case zone 2 appears, which is named “unsaturated vapor pres-

ure range”. The moment of disappearance of the condensed phase
orresponds to the break on the exponential P–T dependence curve
point a). Coordinates of this break point are called “point of exit (or
ransformation) into the unsaturated vapor region”. If transforma-
ion into unsaturated vapor occurs at P < 1 atm and T > 400 K, vapor
ehaves as an ideal gas. In this case in unsaturated vapor region
zone 2) vapor pressure upon subsequent temperature increase
hanges according to the law P1/T1 = P2/T2 = const. In other words,
n such a case unsaturated vapor pressure corresponds to the ther-

al expansion line. Value of the P/T constant can be calculated
f mass of the substance m, its molar mass M and working vol-
me V are known. Then P/T = const = (m/MV)R. From the comparison
etween experimentally measured P/T and computed (m/MV)R one
an made definitive conclusion about the correspondence between
he molecular mass of the compound in the condensed phase and

olecular weight of its vapor in the studied temperature range.
t should be noted, that if in some temperature interval unsatu-
ated vapor pressure changes according to the thermal expansion
ine (P/T = const), this definitely evidences absence of the processes

hich are accompanied by the change of number of gaseous moles.
If, upon temperature increase, the process, which is accompa-

ied by the increase of the number of gaseous moles, occurs in
apor, S-shaped zone 3 appears. Strictly speaking, this section cor-
esponds to some bivariant equilibrium. The process “starts” when
he deviation of measured pressure from the thermal expansion
ine becomes greater than the experimental error (point b), and
ends” when deviation of the measured pressure from the new
hermal expansion line (zone 4) becomes smaller than the exper-
mental error (point c). The difference between the initial and the
nal thermal expansion lines 2 and 4 is strictly determined by the
hange of the number of gaseous moles in the equilibrium pro-

ess. However, similar to the case of zone 1, information about the
etailed type of this bivariant equilibrium may be obtained only on
he basis of the analysis of all chemical and physico-chemical data
nown for the studied substance or system.
try Reviews 254 (2010) 2031–2077 2051

Since only the variance of the corresponding equilibria deter-
mines the appearance of the zones shown in Fig. 12, the general
type and the sequence of the segments (zones) on the P = f(T) depen-
dence diagram remains the same for the large number of chemical
systems. Any thermodynamic investigation starts with identifi-
cation of the equilibrium, which establishes in the system, and
thermodynamic characteristics of which are necessary to deter-
mine. Often word “equilibrium” is substituted by word “process”,
under which one understands reversible process which leads to
establishing of the equilibrium in the system.

Present review is devoted to the problem of thermal stability of
molecular complexes or adducts ADx. In general case one can con-
sider P = f(T) dependence which includes two primary processes:
vaporization of adduct and its dissociation into components in the
gas phase. As a rule, general features of the P = f(T) dependence
remain the same regardless of the chemical nature of the studied
complex. Of course, in the real system these two major processes
may be accompanied by others, such as polymerization (dimeriza-
tion) of the acceptor molecules A, formation of the solutions of the
dissociation products in the melt of the complex, or irreversible
pyrolysis of the organic ligand D. Carefully conducted tensime-
try investigation can either avoid or take into account undesired
processes in the system.

4.2. Concurrence between vaporization and dissociation on the
example of the adduct of 1:1 composition

Let us consider two principal processes: vaporization of the con-
densed (solid or liquid) adduct AD (process 1) and its dissociation
in the gas phase (process 2):

AD(cond) = AD(gas), K1 = PAD (1)

AD(gas) = A(gas) + D(gas), K2 = PA × PD

PAD
(2)

Relative overlap of these processes in the temperature range is
determined by values of the respective Gibbs free energies:

�(1)G
◦ = �(1)H

◦ − T�(1)S
◦

�(2)G
◦ = �(2)H

◦ − T�(2)S
◦

For the following analysis let us make several assumptions:

(1) Since each process is accompanied by 1 mole gas increase, for
the simplicity let us assume that �(1)S◦ = �(2)S◦.

(2) Let us assume that if value of K2 ≤ 10−6 then dissociation of the
gaseous adduct AD is negligible and only AD(gas) exists in vapors.
Accordingly, if K2 ≥ 10+6 then adduct dissociation is complete
and vapor consists only from the molecules of the dissociation
products A(gas) and D(gas).

(3) Note that PAD is the partial pressure of the saturated vapor of
the adduct AD and it is in general not equal to the measured
total pressure in the system Ptotal.

Thermodynamic characteristics of processes (1) and (2) are
independent from each other, since these processes are governed
by different forces: vaporization is determined by intermolecu-
lar interactions, while gas phase dissociation strongly depends
on the intramolecular donor–acceptor interaction (energy of the
donor–acceptor bond). Therefore, in general, superposition of the
vaporization and dissociation processes may occur in different
changes are assumed to be equal (�(1)S = �(2)S ), concurrence
between processes is determined by values of their respective
enthalpies �(1)H◦ and �(2)H◦. Let us analyze four different scenaria,
which are dependent on relative values of �(1)H◦ and �(2)H◦.
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Fig. 13. Schematic P = f(T) dependence for the vaporization and gas phase dis-
sociation of the molecular complex AD. Different P = f(T) dependence lines
I, II, III, IV represent cases of concurrence between vaporization and dis-
sociation. I. �(1)H◦ � �(2)H◦; adduct AD vaporizes without dissociation. II.
�(1)H◦ = �(2)H◦; adduct AD vaporizes with noticeable dissociation into components.
III. �(1)H◦ > �(2)H◦; upon vaporization adduct AD dissociates considerably, but not
completely. IV. �(1)H◦ 	 �(2)H◦; adduct AD completely dissociates into components
upon vaporization. aI , aII , aIII , aIV – respective points of exit into unsaturated vapor
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egion. b – start temperature for the measurable equilibrium dissociation of the
dduct. c – end temperature for the measurable equilibrium dissociation of the
dduct.

I. In the first scenario �(1)H◦ � �(2)H◦ and adduct AD will vapor-
ze without decomposition.

For example, if at boiling point of the adduct (K1 = P◦
AD = 1) we

ssume that K2 = 10−6, we obtain

−�(1)H
◦

RT
+ �(1)S

◦

R
= 0,

−�(2)H
◦

RT
+ �(2)S

◦

R
= −13.8

Taking into account our assumption that �(1)S◦ = �(2)S◦, we
nd:

(2)H
◦ − �(1)H

◦ = 13.8RT,

here T – the boiling point of adduct.
It should be noted, that if the boiling point of adduct equals

00 K, then value of 13.8RT ≈ 57.4 kJ mol−1. Taking into account that
n the real systems the value of the dissociation entropy �(2)S◦ is
enerally larger than that of the vaporization entropy �(1)S◦, for the
dducts which are vaporized without dissociation into components,
aporization (sublimation) enthalpy must be by about 60 kJ mol−1

maller than the enthalpy of complex dissociation into components
n the gas phase.

Curve I in Fig. 13 corresponds to the vaporization of the small
mount of pure adduct without decomposition (saturated vapor
egion, zone 1). At low temperatures, after the exit of the system
nto the unsaturated vapor region at point “aI”, the dissociation
f adduct is practically absent (K2 ≤ 10−6) and vapor pressure ini-
ially follows the thermal expansion line P∗

(AD) (zone 2). The crossing
oint “aI” is easily obtained by the extrapolation of small parts of

n(P/P◦) = f(1/T) curves in saturated and unsaturated vapor regions.
ith a temperature increase value of the dissociation constant K2

ncreases and at some temperature it becomes greater than 10−6

point “b”). At this point, vapor pressure of the dissociation products
ecomes larger than the experimental error of pressure measure-

ent, and measured total pressure Ptotal starts to deviate upwards

rom the thermal expansion line P∗
AD. As a result, S-shaped zone

appears, which represents vapor pressure–temperature depen-
ence for the gas phase dissociation of adduct according to Eq. (2).
t some temperature value of K2 becomes equal to one, and then
try Reviews 254 (2010) 2031–2077

the partial pressures of adduct AD and its dissociation products A,
D are comparable to each other (of the same order of magnitude).
As the temperature increases, the equilibrium (2) of the dissocia-
tion of adduct more and more shifts to the right side. Above point
“c” K2 ≥ 10+6, the partial pressure of adduct PAD approaches zero
and the total pressure approaches the thermal expansion line of
the dissociation products (zone 4), Ptotal = P∗

A + P∗
D, where P∗

A and
P∗

D – vapor pressures of the ideal gases A and D.
II. In second scenario, let us assume that enthalpies of vapor-

ization and gas phase dissociation of the adduct are equal,
�(1)H◦ = �(2)H◦. Then �(1)G◦

T = �(2)G◦
T and since at the boiling

point of adduct K1 = 1 and �(1)G◦
T = 0, then �(2)G◦

T also equals zero,
K2 = 1, and dissociation degree ˛ = 50%. In this case, after the point
of exit into unsaturated vapor (point aII), vapor pressure continue
to grow steeply and determination of the temperature of the point
of exit into unsaturated vapor from the P = f(T) curve is not straight-
forward. More precisely coordinates of point “aII” are determined
by the break of the line on the logarithmic graph ln(P/P◦) = f(1/T).

III. In third scenario, let us consider the situation when upon
reaching the point of exit into unsaturated vapor region the adduct
dissociates considerably, but not completely (�(1)H◦ > �(2)H◦). This
case is represented in Fig. 13, curve III. In unsaturated vapor
region, curve in zone 3 approaches the thermal expansion line
of the dissociation products P∗

A + P∗
D. The shape of the mea-

sured P = f(T) dependence clearly indicates the end part of the
S-shaped dissociation curve, indicating final stages of the adduct
dissociation.

IV. Finally, as last scenario, �(1)H◦ 	 �(2)H◦. Assuming that at
the boiling point of adduct K2 = 10+6, we obtain:

�(1)H
◦ − �(2)H

◦ = = 13.8RT

where T – the boiling point of the adduct.
At 500 K, �(1)H◦ > �(2)H◦ by 57 kJ mol−1. In this case, upon

vaporization there are no gaseous molecules of the adduct present
in the gas phase, adduct completely dissociates into gaseous com-
ponents A(gas) and D(gas). After the exit into the unsaturated vapor
region (point “aIV”), measured vapor pressure follows the sum of
thermal expansion lines of individual components P∗

A + P∗
D. The

crossing point “aIV” is easily obtained by the extrapolation of small
parts of P = f(T) curves in saturated and unsaturated vapor region.

Usually, the experimentally measured unsaturated vapor region
has rather small temperature range (it is often limited by side pro-
cesses, such as thermal destruction of ligands). In practice, one
or maximum two unsaturated vapor pressure zones can be com-
pletely measured in a single experiment (either zones 2 and 3
or zones 3 and 4). Therefore, it is hard to distinguish the case of
the vaporization of adduct without dissociation from vaporization
with complete dissociation into components by just looking on the
P = f(T) dependence alone, since in both cases in the unsaturated
vapor region pressure follows the thermal expansion line. To distin-
guish between those cases, information about mass of the sample
m and volume of the measuring chamber V is needed. One can find
out if thermal expansion line corresponds to P∗

AD or P∗
A + P∗

D by com-
puting the mean molecular weight of vapor from the m/V ratio,
since molecular mass of the adduct MAD and mean molecular mass
of the donor and acceptor components M(A+D) = 0.5 (MA + MD) are
significantly different.

From our thermodynamic analysis it follows that if the gas

phase dissociation enthalpy is by 60 kJ mol−1 less than vaporization
enthalpy, the adduct content in vapors will be negligible.

In the next chapter, we will discuss in more detail several illus-
trative examples of the tensimetric investigation of donor–acceptor
complexes.
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. Illustrative examples

Several important case studies, illustrating different cases of
ehavior of complex compounds upon heating will be presented
elow in detail. A summary of all studied systems and determined
hermodynamic characteristics of various processes involving
onor–acceptor complexes will be presented in Section 6 of present

eview.

.1. Vaporization without dissociation and subsequent thermal
issociation and pyrolysis of the AlI3·Py complex

The possibility of vaporization of the complex without dissocia-
ion into components is primarily determined by the strength of the
onor–acceptor bond. Complexes with strong bonds have higher
robability to exist in vapors. Aluminum–nitrogen bond is one of
he strongest donor–acceptor bonds, and due to this strength the

olecular complexes of aluminum trihalides with thermally stable
mines do vaporize without decomposition and exist in vapors in
ide temperature range (it can reach 100◦) without noticeable dis-

ociation into components. One of such complexes is AlI3·Py, which
aporization was studied by static method [492].

Preliminary experiments showed that complex AlI3·Py is sub-
imable in vacuum without noticeable decomposition and only
bove 200 ◦C has vapor pressure, measurable by the static method.
ince the melting point of complex is 110 ◦C [493,494], the static
ethod can be used to study liquid–vapor equilibrium and to obtain

hermodynamic characteristics of the vaporization process.
First, vapor composition over the complex should be determined

nd possibility of thermal dissociation into components in the gas
hase should be checked. To this end, measurements with small
mount of the complex (to obtain unsaturated vapor range) have
een carried out. Obtained results for the several heating/cooling
uns of the series 2 are given in Fig. 14. In addition, the thermal
xpansion line P∗

AlI3·Py, computed from mass of the complex and
he volume of the system, is given in Fig. 14:

∗
AlI3·Py =

(
m

V

)(
R

M

)
T

here m, mass of the complex; V, volume of the measuring cham-
er, M, molar mass of complex, R, universal gas constant, T, absolute
emperature.

It can be seen, that after the transition into the “unsaturated
apor range” at 315 ◦C (Fig. 14, point a), experimentally measured
ressure Ptotal follows the thermal expansion line P∗

AlI3·Py until
10–415 ◦C. From this follows, that:

1) Mean molar mass of vapor equals to the molar mass of the
complex AlI3·Py.

2) In 315–415 ◦C temperature range, there are no processes which
lead to change of the mean number of gaseous moles in the
system.
Therefore, at such conditions complex AlI3·Py is stable and exist
n vapors in monomeric form. Process of thermal dissociation of the
omplex into components is noticeable above 415 ◦C. Starting from
his temperature the measured pressure Ptotal is greater than pres-

able 11
hermodynamic characteristics of vaporization process of AlI3·Py [492].

Series m, mg Temperature range, K ln(P/P◦) = −A/T + B

A B

1 >400 506–688 (96 points) 7976 ± 88 10.643 ± 0.08
2 57.55 516–658 (62 points) 8296 ± 113 11.110 ± 0.11
Fig. 14. Vapor pressure–temperature dependence for the complex AlI3·Py.

sure computed according to the thermal expansion line P∗
AlI3·Py. As

follows from good agreement between heating and cooling runs,
dissociation process is reversible up to 470 ◦C. Subsequent pro-
longed heating above 470 ◦C results in irreversible growth of the
total pressure due to thermal decomposition (pyrolysis) of the Py
ligand (Fig. 14, runs 3–5). Therefore, determination of the thermo-
dynamic characteristics of the reversible homogeneous gas phase
dissociation is possible only for the narrow temperature interval
(415–470 ◦C).

In this interval, adduct reversibly dissociates into gaseous com-
ponents according to equilibrium:

AlI3 · Py(gas) = AlI3(gas) + Py(gas)

We must note that peculiarity of the system, such as very narrow
temperature range and small dissociation degree of the complex
at these conditions (dissociation pressure does not exceed 6 Torr)
does not allow to obtain trustworthy results on the gas phase
dissociation of AlI3·Py(gas). Our estimated values are �dissH◦

709 =
(156 ± 7) kJ mol−1, �dissS◦

709 = (146 ± 9) J mol−1k−1.
From the fact that dissociation of the complex starts only after

415 ◦C, it follows that vapor pressure over the liquid complex is
determined only by its vaporization:

AlI3 · Py(liquid) = AlI3 · Py(gas)

For the determination of thermodynamic characteristics of vapor-

ization process, two sets of experiments have been carried out.
Data obtained in series 1 (with large amount of the complex,
∼400–500 mg) are more reliable since they are measured in wide
temperature (200–405 ◦C) and pressure (2–280 Torr) range.

Tmean, K �vapH◦
T
, kJ mol−1 �vapS◦

T
, J mol−1 K−1 Tb.p. , K

8 598 66.3 ± 0.7 88.5 ± 1.2 749
5 587 69.0 ± 0.9 92.4 ± 1.5 747
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Fig. 15. Vapor pressure over the complex GaCl3·NH3.

Vapor pressure of the complex, obtained on the basis of 96
xperimental points, is given by the equation:

n
(

P

P◦

)
= −(7976 ± 88)

T
+ (10.643 ± 0.088)

Thermodynamic characteristics of vaporization process are
iven in Table 11. Comparison of A and B coefficients in
n(P/P◦) = f(1/T) dependence, enthalpies and entropies of vaporiza-
ion, boiling temperature of the complex (obtained by extrapolation
f ln(P/P◦) = f(1/T) equation on P = 1 atm) shows good agreement
etween first and second series, but results from series 1 are taken
s reference values.

It should be noted, that monitoring the irreversible thermal
yrolysis of the complex with formation of carbon on the walls
f the system in the temperature range 498–512 ◦C (Fig. 14, runs
–5) allowed to estimate activation energy of pyrolytic process
s 210 kJ mol−1 [492], which is significantly less than activation
nergy of free Py pyrolysis (439 ± 8 kJ mol-1) [495].

.2. Vaporization of the complex which is accompanied by the
artial gas phase dissociation. GaCl3·NH3 complex

Thermal behavior of GaCl3·NH3 complex has been studied
496] up to 510 ◦C, since above this temperature the irreversible
mmonolysis process starts [497]. First, an excess amount of
aCl3·NH3 was introduced into apparatus and its saturated vapor
ressure was measured up to 938 Torr (curve I, Fig. 15). After that,
ome (unknown) amount of complex was condensed in one of the
arts of the measuring chamber and sealed off. Vapor pressure of
aturated and unsaturated vapor was measured (curve II, Fig. 15).
or the identification of the process upon vaporization of the com-
lex let us consider results obtained for the unsaturated vapor
ange first.

.2.1. Unsaturated vapor range
Unsaturated vapor pressure has been measured in temperature

ange 400–510 ◦C. Measured total pressure Ptotal in the unsaturated
apor range (Fig. 15, zone II) deviates from the thermal expan-

ion line P* which indicates adduct dissociation. The shape of the
urve allows to conclude that this is a beginning of the dissociation
rocess. Preliminary experiments showed that the partial pres-
ure of the Ga2Cl6 dimer formed by complex dissociation in the
tudied temperature range is less than 0.5 Torr, which is less than
Fig. 16. Illustration of method of self-consistent approximations on the dependence
of the lg KP versus 1/T for GaCl3·NH3.

experimental uncertainty (1–2 Torr). This allows one to completely
neglect dimerization of GaCl3 and compute vapor composition by
solving the system of following equations:⎧⎪⎨
⎪⎩

Ptotal = PGaCl3·NH3
+ PGaCl3 + PNH3

P∗
GaCl3

= PGaCl3·NH3
+ PGaCl3

P∗
NH3

= PGaCl3·NH3
+ PNH3

(3)

where Ptotal – measured total pressure; PGaCl3·NH3
, PGaCl3 , PNH3 –

partial pressures of GaCl3·NH3, GaCl3 and NH3, respectively; P∗
GaCl3

and P∗
NH3

– hypothetical pressures of non-interacting components
(net composition of GaCl3 and NH3, respectively).

For the individual complex GaCl3·NH3 due to the stoichiometric
reasons P∗

GaCl3
= P∗

NH3
and the system of Eq. (3) can be rewritten as

(4):⎧⎪⎨
⎪⎩

Ptotal = PGaCl3·NH3
+ PGaCl3 + PNH3

PGaCl3 = Ptotal − P∗
GaCl3·NH3

PGaCl3 = PNH3

(4)

where P∗
GaCl3·NH3

– hypothetical vapor pressure of non-dissociated
adduct, computed according to the thermal expansion line drawn
throughout the point of exit into unsaturated vapor range.

Values of the partial pressures and equilibrium constants for the
process:

GaCl3 · NH3(gas) = GaCl3(gas) + NH3(gas),

KP = PGaCl3 PNH3

PGaCl3·NH3

=
(Ptotal − P∗

GaCl3·NH3
)2

2P∗
GaCl3·NH3

− Ptotal

are given in Table 12 and lg K = f(1/T) dependence is shown in Fig. 16.
As can be seen, initial data points (series 1a) cannot be approx-

imated by the straight line. Evidently, assuming that adduct is not
dissociated at the first point of the unsaturated vapor region, we
introduced a systematic error. The influence of this error is smaller
in the region of larger dissociation degree, i.e. error is minimal for
the high temperature points. In such situation, finding of the real
values of KP is possible by method of consequent approximations.
Assuming that at last two points of series 1a values of KP are clos-
est to the true values, we extrapolate K up to the point with the

lowest temperature KP(703 K) = 0.98 and find the corrected value of
P ′∗

GaCl3·NH3
corresponding to the breaking point:

P ′∗
GaCl3·NH3

= (Ptotal + KP) −
√

KP(Ptotal + KP)
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Table 12
Unsaturated vapor composition and dissociation constants of GaCl3·NH3 adduct.

T, K Ptotal, Torr Initial (“zero”) approximation Third approximation

PGaCl3 = PNH3 , Torr PGaCl3 ·NH3
, Torr KP × 103 PGaCl3 = PNH3 , Torr PGaCl3 ·NH3

, Torr KP × 103

703 494.2 12.2 469.8 0.417 28.0 438.2 2.354
713 507.2 18.4 470.5 0.947 34.3 438.6 3.529
723 520.8 25.1 470.6 1.761 41.3 438.2 5.122
733 535.0 32.5 470.1 2.956 48.9 437.2 7.197
743 549.9 40.5 468.9 4.603 57.1 435.7 9.846
753 565.4 49.1 467.1
763 581.5 58.4 464.7
773 598.4 68.4 461.5
783 615.9 79.1 457.7
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ig. 17. Temperature dependence of the logarithm of dissociation constant lg KP

ersus 1/T for gaseous GaCl3·NH3.

Then for 703 K we obtain P ′∗
GaCl3·NH3

= 473.2 Torr (original value
∗
GaCl3·NH3

= 482.0 Torr). Repeating all computations with a new
′∗
GaCl3·NH3

value, we find values of lg KP = f(1/T) in the first approx-
mation (line 1, Fig. 16). Deviation from linearity in this case is
onsiderably smaller compared to “zero” approximation (curve
a), but still noticeable. Therefore, we performed computations

n second and third approximations with P ′′∗
GaCl3·NH3

= 469.1 and
′′′∗

GaCl3·NH3
= 466.2 (lines 2 and 3, respectively). For the fourth

pproximation obtained value within experimental error agrees
ith that of the third approximation, therefore self-consistence is

chieved and one can use results of the third approximation. Note,
hat as a result of performed approximations, the original value
f P∗

GaCl3·NH3
changes from 482.0 to 466 Torr (only by 16 Torr or

3%). Therefore, method of consequent self-consistent approxima-
ions indeed corrects the absolute value of P∗

GaCl3·NH3
but does not
ontradict original assumption about small dissociation degree of
aCl3·NH3 in unsaturated vapor region. Thus, dissociation degree
= PGaCl3 /Ptotal at 703 K equals 5.7%. Table 12 summarize final

esults, and dependence of lg K from 1/T is shown in Fig. 17. Least

able 13
apor composition of the saturated vapors taking into account equilibrium dissociation o

T, K Ptotal, Torr PGaCl3 = PNH3 , Torr

532 18 0.1
559 35 0.4
580 55 0.8
618 138 3.1
645 248 7.3
664 369 12.9
673 436 16.6
693 632 28.4
708 828 41.7
716 938 50.5
6.791 66.0 433.4 13.23
9.657 75.5 430.5 17.42

13.34 85.7 427.0 22.63
17.99 96.6 422.7 29.05

squares method (LSM) treatment yields the following equation:

ln KP = (17.96 ± 0.20) − 16809 ± 92
T

(T = 703 − 783 K) (5)

�dissH◦
743 = (134.3 ± 0.8) kJ mol−1,

�dissS◦
743 = (141.4 ± 2.5) J mol−1K−1

We must point out, that in this particular experiment neither
mass m of the GaCl3·NH3 adduct nor volume V of the system have
been used to derive thermodynamic characteristics of the dissoci-
ation process.

5.2.2. Saturated vapor range
Now let us turn our attention to the saturated vapor range.

Complex GaCl3·NH3 melts at 124 ◦C [498], therefore vapor pressure
measurements in the experiment correspond to the vaporization of
the liquid complex. Taking the total pressure as PGaCl3·NH3

(neglect-
ing dissociation of the complex) from ln(P/P◦) = f(1/T) one should
obtain values of vaporization enthalpy and entropy. However, such
treatment does not take into account the adduct dissociation. At
the highest temperature 443 ◦C dissociation degree of GaCl3·NH3
adduct equals 6.5%, which is considerable. Using determined ear-
lier characteristics of the dissociation of the gaseous adduct (Eq.
(5)), equilibrium dissociation of the complex in the saturated vapor
region has been taken into account. Partial pressure of the pure
(non-dissociated) adduct in the saturated vapor region can be found
using the system of following equations:⎧⎪⎪⎨
⎪⎪⎩

Ptotal = PGaCl3·NH3
+ PGaCl3 + PNH3

KP = PGaCl3 PNH3

PGaCl3·NH3

PGaCl3 = PNH3
from which PGaCl3·NH3
= (Ptotal + 2KP) − 2 KP(Ptotal + KP)

Selected results are given in Table 13 and Fig. 18. As can be seen
from Table 13, at the highest temperatures of the saturated vapor
region the difference between total pressure and partial pressure

f the GaCl3·NH3 complex.

PGaCl3 ·NH3
, Torr ln(PGaCl3 ·NH3

/P◦)

17.7 −3.76
34.2 −3.10
53.4 −2.66

131.8 −1.75
233.3 −1.18
343.2 −0.80
402.9 −0.63
575.2 −0.28
744.5 −0.02
836.9 0.10
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Table 14
Thermodynamic characteristics of adduct vaporization computed from the total pressure Ptotal and partial pressure of GaCl3·NH3 adduct PGaCl3 ·NH3

over the GaCl3·NH3 melt.

Source pressure for computation ln(P/P◦) = −A/T + B �H◦
T
, kJ mol−1 �S◦

T
, J K−1 mol−1 Tb.p. , K
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line is denoted P*(GaI3·Py). The difference between total pressure
Ptotal and P* equals to the vapor pressure of one of dissociation
products and will be denoted �P:

�P = Ptotal − P∗
GaI3·Py
A B

Ptotal 8444 ± 55 11.97 ± 0
PGaCl3 ·NH3

8241 ± 51 11.60 ± 0

f the GaCl3·NH3 adduct is considerable (about 100 Torr). This dif-
erence also affects thermodynamic characteristics of vaporization
rocess (Table 14). Our final recommended values for the vapor-

zation enthalpy and entropy of the GaCl3·NH3 complex are:

vapH◦
624 = (68.4 ± 0.4) kJ mol−1,

�vapS◦
624 = (96.3 ± 0.4), J mol−1K−1

.3. Vaporization of complex which is accompanied by the
ignificant dissociation in the gas phase. Vaporization and
quilibrium dissociation of GaI3·Py adduct

In many cases dissociation of adduct is already significant in the
aturated vapor pressure region. Therefore, at the point of exit into
he unsaturated vapor region, comparable quantities of AD and its
issociation products are present in vapors. In such a case deter-
ination of the P∗

AD from the P = f(T) dependence alone (as may be
erformed for the AlI3·Py adduct, Section 5.1, Fig. 14) is not possi-
le. Correction of P∗

AD by method of self-consistent approximations
described in Section 5.2 on the example of GaCl3·NH3 adduct) is
lso not possible, since it assumes that adduct dissociation in vapor
hase is very small. In such a situation, knowledge of the mass and
olume of vapor is required for the determination of the P∗

AD via
quation:

∗
AD =

(
m

M

)(
RT

V

)
(6)

here m – mass of vapor, V – volume of the system, M – molecular
ass of the adduct, T – temperature and R – gas constant.
The error in P∗

AD is primarily determined by the experimental

rror in determination of mass of the adduct m. On the one hand,
ass of the adduct should be small in order to achieve the exit into

he unsaturated vapor region, on the other hand the small value of
is determined with large experimental error. This problem is spe-

ific for the group 13 metal trihalide complexes, which are highly

ig. 18. Logarithmic dependence of the saturated vapor pressure over GaCl3·NH3

ersus 1/T. 1 – total pressure; 2 – partial pressure of the GaCl3·NH3 adduct.
70.0 ± 0.5 99.3 ± 0.5 705
68.4 ± 0.4 96.3 ± 0.4 710

hydrolysable and must be handled in wholeglass systems under
vacuum. In order to obtain more reliable values of the equilibrium
constants, additional experiments should be performed, which are
carried out with excess of one of the components. Introduction
of the additional Donor or Acceptor component shifts the equi-
librium in favor of complex formation and allows one to confirm
the independence of the equilibrium constant from the chemical
composition of the system.

Let us in more detail consider results obtained for the GaI3–Py
system [499]. Thermal behavior was studied up to 422 ◦C. Four
independent experiments have been carried out, which differ by
component ratio n(GaI3)/n(Py) and m/V ratio (mass of the substance
to the volume of measuring chamber). Both saturated and unsat-
urated vapor pressure regions have been measured. The summary
of performed experiments is given in Table 15, and selected results
are shown in Fig. 19.

In series 1, small amount of the complex was introduced into
the measuring chamber and vapor pressure–temperature depen-
dence has been measured (curve 1, Fig. 19). Regions of saturated
and unsaturated vapor are clearly distinguishable.

5.3.1. Unsaturated vapor region
Since mass of the complex and volume of the measuring cham-

ber is known, hypothetical vapor pressure of the non-dissociated
adduct P∗

GaI3·Py can be computed according to Eq. (6). In Fig. 19 this
Fig. 19. Vapor pressure–temperature dependence for GaI3·Py system.
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Table 15
Summary of the performed experiments in GaI3·Py system.

Series Temperature interval, K m, mg n(Py)/n(GaI3) V, ml Comment

1 293–639 49 (GaI3·Py) 1:1 32.77 Unsaturated vapor
2 293–693 5.75 (Py) 29.2 (GaI3) 1.12:1 27.34 Unsaturated vapor
3 293–683 170 (GaI3·Py) 1:1 –a Saturated vapor
4 293–693 31.6 (Py) 81.6 (GaI3) 2.29:1 34.13 Saturated vapor

a Volume was not measured.

Table 16
Computations of vapor composition and equilibrium dissociation constant in GaI3·Py system (series 1).

T, K Ptotal, Torr P∗
(adduct)

, Torr PGaI3 = PPy, Torr PGaI3 ·Py, Torr KP × 103

653.4 132.1 115.1 17.0 98.1 3.88
661.3 136.2 116.5 19.7 96.8 5.28
667.7 139.2 117.6 21.6 96.1 6.39
671.3 141.0 118.3 22.7 95.5 7.10
676.2 143.5 119.1 24.4 94.8 8.26

25.7 94.3 9.22
27.2 93.3 10.43
28.9 92.3 11.91
29.6 92.1 12.52
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680.8 145.6 119.9
684.3 147.8 120.6
687.8 150.1 121.2
691.1 151.4 121.8

At point of exit into the unsaturated vapor �P = 17 Torr which
mounts more than 12% from the total pressure. This shows notice-
ble adduct dissociation. It is well known that gallium trihalides
orm dimeric molecules in the gas phase. Comparison of Ptotal and P*
hows, that at 690 K dissociation degree amounts to 30%, and partial
ressures of GaI3 and Py are about ∼30 Torr each. Using dimeriza-
ion constant from [500], computed vapor pressure of the Ga2I6
imer at these conditions is only 0.06 Torr, which is considerably

ess than experimental error of the vapor pressure measurements.
t lower temperatures PGa2I6 will be even smaller. Therefore, in fur-

her considerations vapor pressure of Ga2I6 was assumed negligible
nd it was assumed that gallium triiodide exists only in monomeric
orm GaI3. Computation of the unsaturated vapor composition is
arried out according to the system of the equations, which is analo-
ous to system (5) from the previous chapter. Results are presented
n Table 16.

For the determination of more reliable equilibrium constant,
nd confirmation of its independence on the vapor composition,
second experiment was carried out with small excess of Py (ratio
(Py)/n(GaI3) = 1.12:1). At such ratio of the components P* is the
um of the hypothetical vapor pressures of undissociated adduct
∗
GaI3·Py and excess Py (P∗

Py′ ):

∗ = P∗
GaI3·Py + P∗

Py′

Since masses of the components and volume of the system
volume of vapor) are known, values of P∗

GaI3·Py and P∗
Py′ may be

omputed at any given temperature:

∗
GaI3·Py =

(nGaI3·Py

V

)
RT and P∗

Py′ =
(

n′
Py

V

)
RT

here n′
Py corresponds to the excess Py with respect to complex of

:1 composition.
Computation of the equilibrium constant of the gas phase dis-

ociation process in this case:

aI3 · Py(gas) = GaI3(gas) + Py(gas) (7)

as carried out according to formulae:
diss
P = PGaI3 PPy

PGaI3·Py
=

(Ptotal − P∗)(Ptotal − P∗ + P∗
Py′ )

2P∗ − Ptotal − P∗
Py′

esults of computations of vapor composition and equilibrium con-
tant are given in Table 17.
Fig. 20. lg K = f(1/T) dependence for the dissociation of the GaI3·Py adduct.

All data on the equilibrium constants of the process (7), obtained
in experiments 1 and 2, are given in Fig. 20 as lg Kdiss = f(1/T)
dependence. Data for several heating and cooling runs of both
experiments are presented (more than 50 independent experi-
mental data points in total). Data of individual runs are slightly
different from each other, but the difference is not systematic and
caused by statistical errors of the experiment. For the equation
ln Kdiss = −A/T + B, A and B coefficients have been computed using
LSM separately for the each experiment and for all experimental
data points. They are summarized in Table 18. From these data ther-
modynamic characteristics of the GaI3·Py adduct dissociation have
been obtained.

5.3.2. Saturated vapor region
Now, when ln Kdiss = f(1/T) dependence for the gas phase dissoci-

ation of the adduct is known, lets turn our attention to the saturated

vapor pressure region. Melting point of the GaI3·Py complex is 98 ◦C
[501]. For the determination of vaporization characteristics, a spe-
cial experiment with larger (by 3.5 times more than in experiment
1) amount of complex was carried out. The measured vapor pres-
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Table 17
Computations of vapor composition and equilibrium dissociation constant in GaI3·Py system (series 2).

T, K Ptotal, Torr P*, Torr PPy, Torr PGaI3 , Torr PGaI3 ·Py, Torr KP × 103

658.4 120.5 109.2 23.1 11.3 86.1 3.99
663.7 123.2 110.1 25.0 13.1 85.1 5.06
675.1 128.5 112.0 28.6 16.5 83.4 7.45
679.1 130.2 112.7 29.7 17.5 82.9 8.25
683.5 143.5 113.4 31.1 18.8 82.3 9.35
688.2 134.2 114.2 32.4 20.0 81.8 10.42
692.4 137.1 114.9 34.7 22.2 80.2 12.64
685.0 133.6 113.6 32.3 20.0 81.4 10.44
681.2 129.4 113.0 28.6 16.4 84.4 7.31

Table 18
Thermodynamic characteristics of the GaI3·Py adduct dissociation.

Series Temperature range, K ln KP = −A/T + B Tmean, K �dissH◦ , kJ mol−1 �dissS◦ , J mol−1 K−1

A B

8.28
6.65

7.22
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1 655–695 15,658 ± 345 1
2 655–695 14,552 ± 553 1

All points 14,944 ± 668 1

ure – temperature dependence is given in Fig. 19, curve 2. Vapor
ressure is noticeable above 200 ◦C and corresponds to vaporiza-
ion of the complex. Compared to the AlI3·Py adduct, which was
table in the saturated vapor pressure range, GaI3·Py is dissociated
n vapors (dissociation degree is about 30% at 690 K), and the mea-
ured vapor pressure in the saturated vapor region Ptotal is the sum
f partial pressures of the adduct and its dissociation products. Dis-
ociation should be taken into account for the determination of
he saturated vapor pressure of the pure adduct. Temperatures, at
hich dissociation of the complex is significant, are close to the

ritical temperature of pyridine (620 K) [502], therefore pyridine
olvation in the melt of the complex can be neglected.

Vapor pressure–temperature dependence for the vapor pres-
ure of pure (undissociated) GaI3·Py complex is given in Fig. 19,
urve 3. Results of one of the heating are given in Table 19. LSM
reatment of all data points yielded the following equation:

n
P

P◦ = (13.38 ± 0.40) − 9878 ± 322
T

(465 − 695 K)

nd thermodynamic characteristics of the vaporization of the
dduct:

vapH◦
580 = (82.0 ± 2.7) kJ mol−1,

�vapS◦
580 = (111.1 ± 3.3) J mol−1 K−1

n order to suppress the dissociation of the complex, experiment 4
ith twofold excess of Py was carried out (curve 4, Fig. 19). From the

nitial part of the curve one can see interaction of excess of Py with
he melt of the complex. However, at temperatures when vapor
ressure of the complex is noticeable, full amount of the excess
y exists in the gaseous phase. Additional amount of Py suppress
issociation of the complex, and the saturated vapor pressure of
ndissociated adduct can be obtained from the difference between
he measured vapor pressure and the vapor pressure of thermal
xpansion of pyridine excess, denoted as P(Py)′.

At 600 K the saturated vapor pressure of undissociated adduct is
40 Torr, and the value of equilibrium dissociation constant is 0.4
Table 19). At excess vapor pressure of Py (240 Torr) the vapor pres-
ure of dissociation product of the complex (GaI3) is only ∼0.1 Torr.
t maximal temperature 680 K the vapor pressure of dissociation
roducts increases to 4 Torr, which is still considerably less than
he saturated vapor pressure of GaI3·Py adduct (∼180 Torr).
675 130 ± 2.9 151.7
675 121 ± 4.7 138.1

675 124 ± 5.0 143.0

For this experiment the following system of equations was used
for computing vapor composition:⎧⎪⎪⎨
⎪⎪⎩

Ptotal = PGaI3·Py + PGaI3 + PPy

P∗
GaI3

= P∗
GaI3·Py = nGaI3 RT

V
= PGaI3·Py + PGaI3

P∗
Py = P∗

GaI3·Py + P∗
Py′ = nPyRT

V
= PGaI3·Py + PPy

Results are given in Table 20. The comparison of obtained
vapor pressures of the undissociated adduct with values shown
in Table 19 gives reasonable agreement between the two exper-
iments, but not the exact match. Introduction of highly hydrolyzed
substances in the measuring volume is a complicated task. In
most of the cases the mass of substance is obtained as a dif-
ference between masses of a glass capillary with and without a
substance. The mean error in determination of the mass of the
substance is about ±0.5 mg. As a result, a systematic error is intro-
duced into the value of P*, and therefore, �P which affects the
computed on its basis equilibrium partial pressures. For the anal-
ysis of this factor computations of partial pressures have been
performed on the basis of two extreme values of mass of Py:
(mPy = 31.65 mg и mPy = 32.95 mg), which differ only by 1.3 mg.
However, this small mass difference significantly change the line of
thermal expansion of the excess pyridine P∗

Py′ , computed on its basis
ratio P∗

Py′ /T changes from 0.4003 to 0.4288 (about 7% increase). As a
result, computed partial pressures change significantly (Table 20),
which seriously affects determined thermodynamic characteris-
tics. Therefore, data from experiment 4 should be used only as
a confirmation of the thermodynamic values of vaporization of
GaI3·Py adduct, obtained in experiment 3 (Table 19). Thus, the error
in determination of the thermodynamic characteristics for GaI3·Py
adduct primarily depends on the error in determination of P*/T,
which for this particular system can be obtained only with use of
the mass of the substance. More accurate value of P*/T is deter-
mined directly from the tensimetric data (provided that there is a
range with constant P*/T), as was shown for AlI3·Py adduct (Section
5.1). Another example of the successful use of this approach will be
discussed in the following chapter.
5.4. Vaporization with congruent dissociation of the solid adduct
into gaseous products. System SnCl4–dioxan

Investigation of the SnCl4–dioxan system exemplifies the use of
tensimetric method for the solution of the following problems:
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Table 19
Computation of the vapor composition for series 3 and 4 in GaI3–Py system.

T, K Ptotal, Torr KP × 103 PGaI3 , Torr PGaI3 ·Py, Torr

Series 3
476.5 1.3 0.0007 –a 1.3
524.2 5.9 0.013 0.4 5.1
553.1 12.2 0.055 0.7 10.8
592.0 36.6 0.33 2.8 31.0
602.4 46.3 0.51 3.85 38.6
615.1 64.6 0.85 5.85 52.9
657.8 172.2 4.11 20.25 131.7
661.9 188.2 4.72 22.65 142.9
665.7 204.9 5.37 25.15 154.6
674.5 246.4 7.20 31.65 183.1
678.2 262.2 8.12 34.55 193.1
682.3 286.7 9.28 36.1 214.5
684.8 301.4 10.03 40.9 219.6

T, K Ptotal, Torr m(Py) = 31.65 mg m(Py) = 32.95 mg

PPy′ , Torr PGaI3 ·Py, Torr Ppy′ , Torr PGaI3 ·Py, Torr

Series 4
590.15 261.1 236.3 24.9 253.1 8.0
604.6 281.8 242.0 40.0 259.2 22.6
616.1 299.9 246.6 53.3 264.1 35.8
624.2 314.8 249.9 64.9 267.7 47.1
658.0 387.7 263.4 124.3 282.2 105.5
663.4 401.1 265.6 135.5 284.5 116.6
675.2 434.8 270.3 164.5 289.5 145.3
678.1 443.6 271.5 172.1 290.8 152.8
681.7 454.1 272.9 181.2 292.3 161.8
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686.4 466.4 274.8
691.4 476.9 275.5

a Less than experimental error.

. Determination of the number of complexes formed in the system
SnCl4–dioxane and their chemical composition.

. Determination the principal character of the process upon heat-
ing of adducts.

. Determination of thermodynamic characteristics of this process.

Data on complex formation between SnCl4 and bidentate
xygen-containing donor dioxan (DO–C4H8O2) are controversial.
ccording to Rheinboldt [503] product of interaction has SnCl4·2DO
omposition; however cryoscopy titration of SnCl4 by dioxan in
enzene indicates formation of adduct of SnCl4·DO composition
504]. Tensimetric method allows one to determine both the num-
er of complexes and their chemical composition. To this end,
wo series of experiments have been carried out [505]. Vapor
ressure–temperature dependence measurements were carried
ut from 25 to 250 ◦C. At higher temperatures irreversible ther-
al destruction of dioxan was evident. Measured vapor pressures

aried from 1 to 790 Torr.
The sequence of experimental measurements will be considered

n the example of series 1, where measurements on pure DO and
hen on its mixture with SnCl4 were carried out. Initially, 0.0209 g
f DO was introduced into the measuring chamber (V = 30.19 ml)

nd its saturated and unsaturated vapor pressures have been mea-
ured. Good agreement with literature data indicates purity of the
ubstance.

In the unsaturated vapor region (temperatures 60–180 ◦C, pres-
ures 150–200 Torr) vapor pressure of DO follows the thermal

able 20
hermodynamic characteristics of adduct vaporization computed from the partial pressu

Series Temperature range, K ln(P/P◦) = −A/T + B

A B

3 465–695 9878 ± 322 13.38 ± 0.40
4 565–695 9487 ± 415 12.53
191.6 294.3 172.1
194.6 295.1 175.0

expansion line. This line is characterized by the constant ratio P/T,
which in turn connected with m/V ratio:

P

T
=

(
m

V

)(
R

M

)

If values of P/T and (m/V)(R/M) are not in agreement with each
other, and the difference is greater than the experimental error,
this indicates systematic error on the mass of the substance. Mea-
sured PDO/T for pure DO is 0.4761 ± 0.0019 and it is constant within
whole temperature range. This confirms the absence of associa-
tion of DO molecules in vapors, absence of significant adsorption
of DO on the surface of apparatus and the absence of chemical
interaction with material of apparatus. From P/T ratio one can
obtain the amount of substance in known volume of the mea-
suring chamber nDO = (P/T)(V/R) = 2.303 × 10−4 mol. The amount
of DO in the apparatus, obtained from the mass of the sample,
equals 2.375 × 10−4 mol. The difference between values amounts
3%, which upon converting to mass of dioxan equals 0.6 mg, which
can be attributed to weighting error (see previous chapter). Amount
of DO obtained from P/T ratio in unsaturated vapor range is more
trustable and will be used in the following analysis. Thus, the first
experiment in series I allowed to confirm the purity and precisely

determine quantity of dioxan in the system.

After that small amount of SnCl4 was introduced into the appa-
ratus via special compartment. Amount of SnCl4 was chosen so, that
part of dioxane will be in excess with respect to the complex of 1:1
composition. Upon introduction of SnCl4, the volume of measured

re of GaI3·Py adduct over the GaI3·Py melt.

Tmean, K �vapH◦ , kJ mol−1 �vapS◦ , J mol−1 K−1

580 82 ± 2.7 111.1 ± 3.3
630 78.8 ± 3.5 103.8
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Table 21
Details of experiments for the determination of complex composition in system SnCl4–dioxan.

Series P1/T Pexcess/T Ptotal/T P1/T − Pexcess/T = n1 Ptotal/T − P1/T = n2 Complex composition n2/n1

1a 0.4826 ± 0.0040 0.2179 ± 0.0048 0.7530 ± 0.0040 0.2647 0.2704 1.022

c
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2b 0.5203 ± 0.0030 0.3037 ± 0.0052 0.7379 ± 0.0023

a In series 1, first component DO, second – SnCl4.
b In series 2, first component SnCl4, second – DO.

hamber lowers due to sealing off some branches, and PDO/T ratio
hanges accordingly to 0.4826 ± 0.0040 and will be denoted later
s P1/T (Table 21).

Immediately after the introduction of SnCl4 into the measure-
ent chamber, the reaction between DO and SnCl4 starts. As a

esult, white solid substance is formed, and some amount of color-
ess liquid remains. A priori, one can assume three possible cases:

1) Interaction leads to formation of complex of 1:1 composition,
which in excess of DO partially forms SnCl4·2DO complex. Pres-
ence of the liquid phase after the interaction allows to dismiss
this case immediately.

2) Complex of 1:1 composition is formed and excess of DO remains
as a liquid phase.

3) Complex SnCl4·2DO is formed, and the liquid phase corresponds
to SnCl4.

For the correct choice between cases 2 and 3, additional exper-
mental data are necessary. After the mixing of components,
pparatus was heated in order to achieve equilibrium and then
apor pressure–temperature dependence was measured. Obtained
ata are shown in Fig. 21 (curve 1). In this curve four regions can
e identified. Region “a” coincides with saturated vapor curve of

ure DO and lies very far off from the saturated vapor pressure
f SnCl4. That confirms case 2—formation of the solid SnCl4·DO
dduct which is not soluble in excess of dioxane. Region “b” cor-
esponds to the unsaturated vapor pressure of DO excess. From

Fig. 21. Vapor pressure temperature dependence in SnCl4–dioxan system.
0.2166 0.2176 1.005

the P/T ratio in this region, the exact amount of DO excess is given
by equation Pexcess/T = 0.2179 ± 0.0048, which allows to compute
vapor pressure of DO excess at any given temperature.

In region “c” the vapor pressure of complex is measured. Finally,
a region “d” (from 184 to 216 ◦C) corresponds to the total tran-
sition of system into the homogeneous gaseous state (pressure
follows the thermal expansion line, ratio Ptotal/T = 0.7530 ± 0.0040
(Table 21).

At the end of first series, the following values have been mea-
sured: P1/T – total amount of DO in the system, Ptotal/T – total
amount of all gaseous substances in the system, Pexcess/T – amount
of excess (not complexed) DO (Table 21).

Difference Ptotal/T − P1/T = P2/T allows to determine quantity of
second introduced component (SnCl4) and establish the ratio of
components in first series: 35.9% (molar percent) SnCl4 and 64.1%
(molar percent) DO. Difference P1/T − Pexcess/T = n1 gives amount
of complexed DO, while Ptotal/T − P1/T = n2 gives amount of com-
plexed SnCl4. Ratio n2/n1 describes complex composition (ratio of
the components in the complex).

Series 2, represented by curve 2 in Fig. 21, was carried out anal-
ogously to series 1, but SnCl4 was introduced first. Excess of SnCl4
was used in series 2; its amount in the system was 68.61% molar
percent. Values of P/T for this series are also listed in Table 21. The
ratio of amounts of reacted compounds definitely establishes the
complex composition as 1:1. No other species are formed under
experimental conditions, and excess components vaporize sepa-
rately from the complex.

For the determination of the main character of the process
upon complex vaporization, series 3 and 4 with small amounts
of specially prepared complex have been studied. Obtained P = f(T)
dependences are shown in Fig. 21 (curves 3 and 4). Each of these
curves is composed from two regions: the region “c” corresponds
to vapor pressure of the solid complex, and the region “d” corre-
sponds to the unsaturated vapor (homogeneous gas phase system).
For the region “c” vapor pressures in series 3 and 4 are in good agree-
ment with each other. Points of exit into the unsaturated vapor
are sharp and very well defined. In series 3 the unsaturated vapor
region exists from 157 to 250 ◦C, in series 4—from 160 to 310 ◦C.
Ratios of P/T are constant within 1–2% for these temperature ranges,
which indicates the absence of processes in the gas phase which
are accompanied by the change of number of gaseous moles. This
is possible in two cases: either the gaseous complex is stable and
does not dissociate in this temperature range or the complex is
completely dissociated and only donor and acceptor molecules are
present in the gas phase.

For the determination of vapor composition for the unsatu-
rated vapor range the values of mean molecular mass of vapor
have been computed Mexp = (m/V)R/(P/T) (Table 22). In the last col-
umn the theoretical values of molecular mass of vapor (Mtheor)
are given. They are computed for the two extreme cases: (1)
for the total dissociation of the complex upon vaporization
(Mtheor(SnCl4 + DO) = 174.3); and (2) assuming the sublimation of

complex (Mtheor(SnCl4·DO) = 348.6). Comparison with the experi-
mentally obtained value Mexp = 175 ± 3 in series 3, 4 confirms the
complete dissociation of complex into components upon vapor-
ization. The mean molecular masses of vapor for the experiments
1 and 2 with non-stoichiometric ratio of components are also in
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Table 22
Determination of mean molecular mass of vapor in the system SnCl4–dioxan.

Series Amounta, g V, ml P/T Mexp Mtheor

For dissociation For sublimation

3 0.0194 28.95 0.2387 ± 0.0039 175 ± 3 174.3 348.6
32
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4 0.0140 14.9 0.3333 ± 0.00
1 0.0519 30.2 0.7530 ± 0.00
2 0.0807 32.5 0.7379 ± 0.00

a Total mass of introduced substances.

ood agreement with theoretically predicted values, computed on
he basis of the assumption of complete dissociation of complex in
he gas phase. This allows us to conclude, that upon heating of the
olid SnCl4·DO complex, dissociation process occurs:

nCl4 · DO(solid) = SnCl4(gas) + DO(gas) (8)

or the determination of its thermodynamic characteristics,
special experiment was carried out, in which the vapor

ressure–temperature dependence was measured over the large
about 3 g) amount of solid SnCl4·DO complex. The use of large
mount extends the saturated vapor region up to the atmospheric
ressure (in this particular experiment the maximal measured
apor pressure was 790 Torr) and also lowers the influence of
hanges in the composition of condensed phase. For a given tem-
erature, the equilibrium constant of Eq. (8) was computed as

diss =
(

Ptotal

2

)2

rom the experiments 1 and 2 with non-stoichiometric amounts
f components, the equilibrium constant was computed using the
ollowing formulae:

diss = (Ptotal − Pexcess)(Ptotal + Pexcess)
4

here Pexcess – pressure of the excess component.
The data points from different series in 100–190 ◦C tem-

erature range are well approximated by the single equation
n Kdiss = −(17684 ± 5.7)/T + 36.82 ± 0.78, which suggests validity of
he used model. Thermodynamic characteristics of process (8) have
een obtained:

(8)HT
◦ = 149.79 ± 0.13 kJ mol−1;

(8)ST
◦ = 311.6 ± 5.0 J mol−1 K−1

The total pressure over the solid complex SnCl4·DO in
00–190 ◦C temperature range can be computed using the equilib-
ium constant Kdiss, since ln(Ptotal/P◦) = 1/2 ln Kdiss + ln 2. The total
ressure over the solid complex is given by the equation:

n
(

Ptotal

P◦

)
= −

(
8842.05 ± 2.86

T

)
+ 19.10 ± 0.40

It should be specially pointed out, that the solid SnCl4·DO com-
lex is insoluble both in excess of liquid SnCl4 and in excess of

iquid dioxane. It is exactly this fact that allowed the trustful
etermination of the amount of the excess component from the
xperimentally measured thermal expansion lines.

.5. Subsequent ligand dissociation from the solid adduct.
lumazene–pyridine system

In previous chapters, the thermal behavior of complexes of

:1 composition has been considered. In the present chapter
he thermal dissociation of complex of 1:3 composition will
e discussed. Trimeric iminoalane 1,3,5-trimethyl-2,4,6-tris(2,6-
iisopropylphenyl)alumazene [2,6-(i-Pr)2C6H3NAlMe]3 (AZ) is
lso known as an “inorganic benzene” [506–508]. It is a Lewis
176 ± 2 174.3 348.6
150 ± 1 147.5
206 ± 1 206.4

acid which forms mono, bis, and tris adducts with Lewis bases
[509,510]. Bis and tris adducts with pyridine (Py) were synthe-
sized and structurally characterized by NMR spectroscopy, X-ray
diffraction analysis and quantum chemical computations [511].
The melting point of alumazene is 272 ◦C, and both complexes
AZ(Py)2 and AZ(Py)3 melt at 251 ◦C. The thermodynamics of com-
plex formation has been investigated experimentally by the static
tensimetric method [511]. Complexes with excess donor ligands
usually undergo subsequent dissociation to form complex of 1:1
composition. Thermodynamic characteristics of the AZ(Py)x (x = 2,
3) complex dissociation in the temperature range 25–200 ◦C have
been derived from the vapor pressure–temperature dependence
measurements.

In all experiments, the following efficient measurements
scheme has been employed. First, an approximately known amount
of Py was introduced in the system of the known volume V.
The small sealed ampoule of calibrated volume containing the
known mass of AZ was placed inside the working volume before-
hand. The thermal expansion of Py in the unsaturated vapor range
has been measured at least two times. From the P/T = (m/M)(R/V)
equation the amount of introduced pyridine has been deter-
mined with high accuracy. After that, the ampoule with AZ was
mechanically broken inside the working volume. Yellow color-
ing was observed immediately after breaking of the ampoule.
After the overnight equilibration at room temperature, the vapor
pressure–temperature dependence measurements have been per-
formed.

In the experiment with excess of alumazene (volume of the sys-
tem 27.18 ml, mass of alumazene 171.2 mg, the mass of pyridine
(from the P/T value) 9.33 mg, AZ:Py ratio 2.23:1) it was shown that
introduced Py interacts with solid AZ (yellow color). Py almost
completely binds with AZ, even at 100 ◦C (the measured resid-
ual vapor pressure at 100 ◦C is less than 5 Torr, as compared to
100 Torr for the unsaturated vapor pressure of introduced amount
of Py). Subsequent heating up to 200 ◦C revealed the irreversible
pressure increase which was accompanied by green discoloring of
the system and was attributed to the irreversible thermal decom-
position. Thus, it was not possible to measure the equilibrium
thermal dissociation of the solid monoadduct AZ(Py) due to side
pyrolytic processes. Nevertheless, our experiments show that the
monoadduct is quite stable with respect to the equilibrium disso-
ciation into AZ and Py (at least up to 200 ◦C) and it is more stable
compared to bis and tris adducts (vide infra).

Three series of measurements were performed with excess of
Py with respect to AZ. The alumazene-to-pyridine AZ:Py ratios
are: 1:20.8 in series 1; 1:3.3 in series 2; and 1:5.5 in series 3. The
vapor pressure–temperature dependences for all series are given in
Fig. 22. Details of the measurements for the series 3 are illustrated
in Fig. 23 as P/T dependence from the temperature. In a typical run,
the vapor pressure of pure pyridine was measured first in satu-
rated and unsaturated vapor pressure regions (solid circles). Then

the ampoule with alumazene was mechanically broken (yellow
coloring was observed immediately); the system was allowed to
stay overnight. Then measuring the vapor pressure–temperature
dependence was performed by repeating heating/cooling cycles
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Fig. 22. Vapor pressure–temperature dependence in alumazene–pyridine system.
Only heating data points are given. Yellow points – first series (AZ/Py ratio 1:20.8),
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and (10)) and allows to determine the thermodynamic properties
of corresponding processes (Table 23).

The experimentally observed increase of the complex stability
from tris to bis adducts in the solid state dovetails both with the
lue points – second series (AZ/Py ratio 1:3.3), red points – third series (AZ/Py ratio
:5.5). (For interpretation of the references to color in this figure legend, the reader

s referred to the web version of the article.)

everal times. At first heating (red triangles), the thermal expan-
ion of Py occurred at much lower pressures, indicating that Py
as complexed with alumazene. Taking the differences in thermal
xpansion lines of Py before and after complexation, formation of
olid AZ(Py)3 was confirmed. At about 400 K the first exponential
ncrease of pressure has occurred, followed by another thermal
xpansion line. We attribute this exponential increase to the release
f the first mole of gaseous Py from the solid AZ(Py)3, and formation
f the solid AZ(Py)2. Note that at cooling, the exponential pressure
ecrease was absent and the pressure followed along the thermal
xpansion line. This indicates that gaseous pyridine does not read-
ly react with solid AZ(Py)2. We attribute the difference between
he heating and cooling data points to the fact, that establishing
f the equilibrium between gaseous pyridine and solid AZ(Py)2 is
inetically limited due to the slow diffusion of pyridine vapors into
he solid sample. The similar situation was observed for the dehy-

ration of MnCl2·H2O complex, where establishing the equilibrium
rom above (on cooling) proceeds 10–15 times slower than estab-
ishing the equilibrium from below (on heating) [490]. However,
fter the overnight stay at room temperature, the second heat-

ig. 23. P/T – temperature dependence for the first two heating-cooling runs for the
hird series of experiments (AZ/Py ratio 1:5.5).
try Reviews 254 (2010) 2031–2077

ing/cooling run (white rhombs) showed good reproducibility with
the first one. This observation indicates that liquid pyridine reacts
with AZ(Py)2 overnight, which dovetails with the fact that tris-
adduct is formed only in mother liquor solution containing the
excess of liquid Py. At the second heating/cooling run, in addition to
the reproducible first exponential increase of pressure, the second
exponential increase of pressure was observed about 450 K, fol-
lowed by another thermal expansion line. We attribute this second
exponential increase of pressure to the release of one gaseous mole
of Py from the solid AZ(Py)2. On cooling, data points are system-
atically higher due to the slow reaction between gaseous Py and
the solid AZ(Py). Differences between measured thermal expan-
sion lines agree well with each other and confirm formation of the
tris-adduct.

Obtained results for all three series with different alumazene-
pyridine ratios are presented in Fig. 22. For the sake of clarity, only
data for selected heating runs are given.

Due to the fact that prolonged heating at temperatures about
200 ◦C results in slow irreversible decomposition of the com-
pound (seen by the loss of reproducibility of the subsequent
heating/cooling runs and the dark green discoloring of the sam-
ple), for the thermodynamic analysis data for the few first heating
runs only were used in the each series. The following processes
were attributed to the exponential pressure increase:

AZ(Py)3(solid) = AZ(Py)2(solid) + Py(gas), K(9) = PPy (9)

AZ(Py)2(solid) = AZ(Py)(solid) + Py(gas), K(10) = PPy (10)

For both equilibria, the equilibrium constant K is equal to the partial
pressure of pyridine. Plot of lg K versus 1000/T for both processes is
given in Fig. 24 and clearly indicates consistence between the differ-
ent experimental series. The pyridine excess shifts the dissociation
of the complex to higher temperatures, therefore in series 1 only
couple of points correspond to the exponential zone of complex dis-
sociation, while more points appear in series 3. The most number of
points was obtained in series 2, but they correspond to very narrow
temperature interval. Since results of all series satisfactory agree
with each other, this confirms the proposed model (reactions (9)
decrease of Al–N(Py) donor–acceptor bond distance found by X-ray

Fig. 24. Logarithm of the equilibrium constant versus reverse temperature. Yellow
points – data of the first series, blue points – second series, red points – third series.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of the article.)
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Table 23
Thermodynamic characteristics of dissociation process of complexes of alumazene with pyridine.
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200 ◦C the composition of the liquid phase changes until azeotrope
composition is reached.

In the unsaturated vapor region (Fig. 25, zone II on curves 2 and
3) for both compositions the total pressure is significantly less than
Process Temperature range, K

AZ(Py)3(solid) = AZ(Py)2(solid) + Py(gas) 369–419
AZ(Py)2(solid) = AZ(Py)(solid) + Py(gas) 435–468

nalysis and with the theoretical trend of complex stability found
y DFT computations [511].

.6. System ZrCl4–POCl3

The system ZrCl4–POCl3 was studied in the condensed phase
512–514]. Although the liquid–vapor phase diagram has not
een studied in detail, the distilled product is an azeotrope of
ZrCl4·2POCl3 composition [515,516] with boiling point 360 ◦C
515]. The molecular mass of the azeotrope at 370–400 ◦C is about
50 [516], which is considerably higher than the mean molecular
ass for the mixture of non-interacting ZrCl4 and POCl3 in 3:2 com-

osition (M = 201), but twice as low as for the hypothetical complex
ZrCl4·2POCl3 (M = 1007). Authors [516] assume that azeotrope is
mixture of complexes formed between ZrCl4 and POCl3.

Vapor pressure–temperature dependence in the system was
easured for five different compositions in the temperature range

0–500 ◦C and pressures up to 800 Torr [517–519]. Depending on
he ratio of the components, at room temperature the following
hases exist:

Amount of ZrCl4,
molar percent

Condensed phase composition

0–33.3% POCl3; crystals of ZrCl4·2POCl3 and its solution in POCl3
33.3–50% Crystals of ZrCl4·POCl3 and ZrCl4·2POCl3
50–100% Crystals of ZrCl4 and ZrCl4·POCl3

Special attention was paid to the unsaturated vapor region.
xperiments were carried out in the following way. The known
mounts of the component (in series 1, 2, and 5 – POCl3, in series 3
nd 4 – ZrCl4) has been placed into the membrane chamber and the
apor-pressure temperature dependence was measured in the sat-
rated and unsaturated vapor regions. For both components the
ransition into the unsaturated vapor is marked by the distinct
reak point on the curve P = f(T). In the unsaturated vapor region
apor pressure follows the thermal expansion line, which agrees
ith the known fact of the stability of source components in the

tudied temperature range. Using the average P1/T value from the
nsaturated vapor range and the known volume of working cham-
er, the exact amount of the first component was established. After
hat a known mass of the second component was introduced in the
pparatus, and its exact amount was refined from the difference
etween Ptotal/T and P1/T.

As an example let us consider the vapor pressure–temperature
ependence for two compositions: with excess of ZrCl4 (exper-

ment 5, 62.8% ZrCl4) and ZrCl4·2POCl3 with excess of POCl3
experiment 2, 21.7% ZrCl4).

In Fig. 25 the P = f(T) dependence is given for pure POCl3 (curve 1)
nd mixtures of 62.8 and 21.7% ZrCl4 (curves 2, and 3, respectively).
s can be seen from Fig. 25, in case of pure POCl3 the transition from
aturated (I) into unsaturated (II) vapor is marked by the distinct
emperature point (52 ◦C), above which vapor pressure follows the
hermal expansion line. In contrast, curves 2 and 3 exhibit smooth
apor pressure–temperature dependence both in the saturated and
nsaturated vapor pressure regions and do not have distinct break

oints on the P = f(T) curves.

For the composition of 62.8% ZrCl4 the noticeable saturated
apor pressure appears only after the melting (which, according to
he phase diagram, occurs about 200 ◦C). With the further temper-
ture increase the melt is enriched by low-volatile ZrCl4, until the
ean temperature, T, K �H◦
T, kJ mol−1 �S◦

T, J mol−1 K−1

4 78 ± 3 180 ± 8
1 91 ± 3 191 ± 7

azeotrope of the 3ZrCl4·2POCl3 composition is formed [515,516],
which vaporizes without changing the composition of the liquid
phase.

To establish the “exit point” of the transition into the unsat-
urated vapor region, literature values about the saturated vapor
pressure above the azeotrope were used [515]. Evidently, if at a
given temperature the measured vapor pressure is lower compared
to the saturated vapor pressure of azeotrope, the system belongs
to the unsaturated vapor region. This is illustrated in Fig. 26, where
graphs of lg P = f(1/T) are given for the saturated vapor of ZrCl4 and
azeotrope (lines 1 and 2, respectively) and the total vapor pressure
in the system with 62.8% ZrCl4 (curve 3). At first, the measured
vapor pressure is close to the saturated vapor pressure of ZrCl4,
after that it is close to the vapor pressure of azeotrope and finally
system transforms into the unsaturated vapor region.

For the composition of 21.7% ZrCl4 (Fig. 25, curve 3) the excess
of POCl3 vaporizes first in the saturated vapor region (I) and after
that solid ZrCl4·2POCl3 dissociates into the gaseous POCl3 and solid
ZrCl4·POCl3. Due to the large excess of POCl3, decomposition of the
adduct occurs at higher temperature (compared to the reported by
Larsen et al. [512]). After the melting of the solid phase at circa
Fig. 25. Vapor pressure–temperature dependence for ZrCl4–POCl3 system. I – sat-
urated vapor region; II – unsaturated vapor region. 1 – POCl3; 2 – 62.8 mol% ZrCl4;
3 – 21.7 mol% ZrCl4; 4 – thermal expansion lines.
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ig. 26. lg P = f(1/T) dependence for ZrCl4POCl3 system. 1 – ZrCl4; 2 – azeotrope
ixture; 3 – 62.8 mol% ZrCl4.

he sum of the partial pressures of non-interacting components
curve 4). However, with the temperature increase, both curves 2
nd 3 smoothly approach respective lines 4 and overlap with them
t temperatures 450–500 ◦C.

Vapor pressure–temperature dependences for other experi-
ents with different ZrCl4/POCl3 compositions are similar to that of

escribed above. For all experiments, the mean molecular mass of
apor, Mmean, computed for the unsaturated vapor region is larger
ompared to Mtheor, computed on the basis of non-interacting com-
onents (Table 24).

Thus, the mean molecular mass of vapor in the system
rCl4–POCl3 definitely points out on the interaction between ZrCl4
nd POCl3 in the gas phase. It is interesting to note, that in exper-
ment 5 a mixture of the composition close to azeotrope has been
tudied. In this case at 372 ◦C and 578 Torr the mean molecular
ass Mmean equals 225, which is more than Mtheor = 203 but twice

s less as 450, determined by Niselson et al. at 370–400 ◦C [516]. A
riori, one can assume formation of gaseous complex compounds
ith general formulae xZrCl4·yPOCl3.

The tensimetric study, carried out in wide temperature and com-
osition range, allows to estimate the complex composition (x, y) in
apors. The criterion of the correctness of the derived complex com-

osition is the independence of equilibrium constant of complex
issociation from the composition of the system. The computation
f vapor composition in the system formed by three compounds can
e carried out using three independent equations, which connect

able 24
omparison of different models of complex composition in system ZrCl4–POCl3.

Series Complex 1:1 Complex 1:2 Complex 2:1

A B A B A B

1 12,358 19.8 12,093 19.3 14,976 21.9
5 13,118 20.5 14,693 22.3 13,832 21.6

Difference 760 0.7 2600 3.0 1144 0.3
try Reviews 254 (2010) 2031–2077

partial pressures with the experimentally studied characteristics.
For the studied system, the following system of equations can be
written:⎧⎪⎨
⎪⎩

Ptotal = PZrCl4 + PPOCl3 + PxZrCl4·yPOCl3

P∗
ZrCl4

= PZrCl4 + xPxZrCl4·yPOCl3

P∗
POCl3

= PPOCl3 + yPxZrCl4·yPOCl3

where Ptotal – total pressure; PZrCl4 , PPOCl3 , PxZrCl4·yPOCl3 – partial
pressures of ZrCl4, POCl3 and complex respectively; P∗

ZrCl4
and P∗

POCl3
– hypothetical partial pressures of non-interacting components.

Solution of this system with respect to PxZrCl4·yPOCl3 yields:

PxZrCl4·yPOCl3 =
(P∗

ZrCl4
+ P∗

POCl3
) − Ptotal

x + y − 1
= �P

x + y − 1

If x = y = 1, PxZrCl4·yPOCl3 = �P, and if x = 1, y = 2 or if x = 2, y = 1, then
PxZrCl4·yPOCl3 = �P/2.

Comparison of A and B coefficients in equation ln Kdiss = −A/T + B
for series 1 and 5 (which are the most different in chemical com-
position) is given in Table 24.

The error in determination of each coefficient is about 5–6% and
it is evident, that the complex of 1:2 composition can be ruled out.
However, the choice between 1:1 and 2:1 complexes cannot be
made on the obtained data alone. Complex 2:1 was ruled out due
to the absence of dimerization of ZrCl4 and due to the monodentate
nature of POCl3. Mass-spectrometric study of vapor composition
over the complex ZrCl4·POCl3 showed absence of ions which corre-
spond to other compositions. Therefore, in the following treatment
it was assumed that only one complex, ZrCl4·POCl3, is formed in
the vapor phase.

The computation of partial pressures and equilibrium constants
was carried out in the temperature interval 320–500 ◦C according
to the following dissociation process:

ZrCl4·POCl3(g) = ZrCl4(g) + POCl3(g)

Kdiss = PZrCl4 PPOCl3
PZrCl4·POCl3

Results are given in Table 25. On the basis of the data obtained, A and
B coefficients in the equation ln Kdiss = −A/T + B have been computed
and respective thermodynamic characteristics of the complex dis-
sociation process in the gas phase have been derived (Table 26).
Results obtained for the different stoichiometric ratios are in good
agreement with each other (Table 26).

Obtained thermodynamic characteristics were corrected to the
standard conditions. To this end, heat capacities of ZrCl4 and POCl3
have been taken from [520], and the heat capacity of the gaseous
complex has been estimated using Kelley rules [521,522]. Esti-
mated value for the process of gas phase dissociation of the complex
�Cp(gas) = 8 J mol−1 K−1.

Dissociation of the solid ZrCl4·POCl3(s) was not studied, since
the vapor pressure over the solid compound is small and cannot be
measured by the static method. Vapor pressure becomes notice-
able only at temperatures higher than the melting point of the
adduct. In such situation, due to partial dissociation and different
solubility of the dissociation products in the melt of the complex,
determination of the equilibrium constant of gas phase processes
over the melt of the complex is not straightforward. Vapor composi-
tion strongly depends on the composition of the liquid phase. Since

our primary goal was determination of thermodynamic character-
istics of the individual complexes, vapor pressures over the melt
were not studied.

In contrast, the solid complex ZrCl4·2POCl3 has significant vapor
pressure, which allowed to study its dissociation. As a result of the
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Table 25
Vapor pressures, composition and mean molecular mass of unsaturated vapor in system ZrCl4–POCl3.

Series Experimental details ZrCl4, molar% T, K Ptotal, Torr PZrCl4 , Torr PPOCl3 , Torr PZrCl4 ·POCl3 , Torr Mmean

1 P∗
ZrCl4

= 0.098·T, P∗
POCl3

= 0.540·T,

V = 25.3 ml, Mtheor = 165
15.4

602 358 33 299 26 178
628 385 46 324 15 172
651 404 52 341 11 170
673 423 60 357 6 168
707 448 65 379 3 166

2 P∗
ZrCl4

= 0.101·T, P∗
POCl3

= 0.366·T,

V = 26.7 ml, Mtheor = 170
21.7

597 256 38 196 23 185
614 271 46 209 16 181
637 288 55 223 10 176
654 298 59 232 7 174
687 319 67 248 3 172

3 P∗
ZrCl4

= 0.344·T, P∗
POCl3

= 0.460·T,

V = 24.7 ml, MT = 188
42.7

630 445 153 228 62 213
655 489 187 263 38 202
674 515 205 283 27 197
689 535 218 298 19 194
711 560 234 315 12 191

4 P∗
ZrCl4

= 0.649·T, P∗
POCl3

= 0.502·T,

V = 26.2 ml, Mtheor = 198
56.3

644 685 361 267 57 215
663 728 395 297 36 208
679 756 415 315 26 205
698 786 435 333 18 203
716 812 452 347 13 201

5 P∗
ZrCl4

= 0.624·T, P∗
POCl3

= 0.370·T,

V = 26.4 ml, Mtheor = 203
62.8

645 578 339 175 64 225
663 617 372 203 42 217
685 654 401 226 27 212
713 693 429 248 16 208
749 737 460 269 8 205

Table 26
Thermodynamic characteristics of the ZrCl4·POCl3 complex in the gas phase.

Experiment Mol% ZrCl4 Temperature range, K ln KP
diss = −A/T + B �H◦

T
, kJ mol−1 �S◦

T
, J mol−1 K−1

A B

1 15.4 602–707 12,158 19.526 101.3 ± 5.9 162.3 ± 11.3
2 21.7 591–687 12,273 19.779 102.1 ± 4.2 164.4 ± 6.7
3 42.7 630–711 12,549 19.733 104.2 ± 3.8 164.0 ± 5.9
4 56.3 641–711 12,066 19.641 100.4 ± 5.0 163.2 ± 7.9
5 62.8 645–749 12,618 19.894 104.6 ± 2.5 165.3 ± 3.3

Mean value 673 12,342 19.710 102.5 ± 4.2 164.0 ± 7.1
Standard value 298 98.7 ± 4.6 157.3 ± 7.9

Table 27
Thermodynamic characteristics of the dissociation of solid ZrCl4·2POCl3.

Experiment Temperature range, K ln K = −A/T + B �H◦
T
, kJ mol−1 �S◦

T
, J mol−1 K−1

A B

1 378–452 7576 15.29 62.8 ± 1.3 126.8 ± 2.5
2 378–452 6724 13.35 56.1 ± 1.3 110.9 ± 2.5

p
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Mean value 415
Standard value 298

artial dissociation of ZrCl4·2POCl3, a mixture of 1:1 and 1:2 com-
lexes is formed. As follows from the ZrCl4–POCl3 phase diagram,
his mixture melts in the temperature range between eutectic and
he melting point of adduct. For ZrCl4·2POCl3 melting occurs at
79 ◦C, which determines the upper temperature for the mea-
urements. At this temperature both the vapor pressure of the
ndividual ZrCl4 and its complex of 1:1 composition is less than
–2 Torr, while the vapor pressure of dissociation of the solid
rCl4·2POCl3 amounts to 180–220 Torr. From this follows, that the
otal vapor pressure in this system essentially equals to the partial

apor pressure of POCl3.

Therefore, in considered temperature range the process of dis-
ociation occurs:

rCl4·2POCl3(solid)=ZrCl4·POCl3(solid)+POCl3(gas) K=PPOCl3 = Ptotal
59.5 ± 3.4 118.9 ± 8.0
67 ± 8 138 ± 21

Computed coefficients A and B in equation ln Kdiss = −A/T + B,
and thermodynamic characteristics of ZrCl4·2POCl3 dissociation,
are given in Table 27. The standard values of thermodynamic char-
acteristics of the process of adduct dissociation were obtained by
using estimated change in heat capacity (vide supra). Thus, con-
ducted tensimetric study allowed to establish both the complex
composition and obtain thermodynamic characteristics of its dis-
sociation.

6. Summary of the studied systems and obtained

thermodynamic characteristics

Thermodynamic characteristics of various processes obtained
with the static method are summarized in Table 28. They are
grouped according to the process nature. In Table 29 we sum-
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Table 28
Summary of the thermodynamic characteristics obtained by static method.

Process Temperature range, K Mean temperature, K �H◦
T
, kJ mol−1 �S◦

T
, J mol−1 K−1 Ref.

Homogeneous gas phase dissociation
AlCl3·NH3 (g) = AlCl3 (g) + NH3 (g) 663–815 739 137.2 ± 3.8 120.5 ± 9.2 [549]
AlBr3·NH3 (g) = AlBr3 (g) + NH3 (g) 705–783 744 143.9 ± 4.6 141.0 ± 6.3 [525]
GaCl3·NH3 (g) = GaCl3 (g) + NH3 (g) 673–783 728 134.3 ± 0.8 141.4 ± 2.5 [496]
GaBr3·NH3 (g) = GaBr3 (g) + NH3 (g) 675–783 729 137.2 ± 0.8 157.7 ± 2.5 [496]
InCl3·NH3 (g) = InCl3 (g) + NH3 (g) 723–803 763 112.1 ± 5.4 117.6 ± 7.1 [526]
InBr3·NH3 (g) = InBr3 (g) + NH3 (g) 715–803 759 114.2 ± 6.3 129.7 ± 8.4 [526]
AlI3·py (g) = AlI3 (g) + py (g) 671–747 709 156 ± 7 146 ± 9 [492]
GaI3·py (g) = GaI3 (g) + py (g) 655–695 675 124 ± 5 143 [499]
GaCl3·pyz (g) = GaCl3 (g) + pyz (g) 559–692 625 124.2 ± 2.8 133.6 ± 2.6 [527]
GaCl3·pyz·GaCl3 (g) = GaCl3·pyz (g) + pyz (g) 627–736 667 98.4 ± 3.3a 141.7a [527]
AlCl3·POCl3 (g) = AlCl3 (g) + POCl3 (g) 630–818 724 188.8 ± 3.3 128.0 ± 5.4 [528]
GaCl3·POCl3 (g) = GaCl3 (g) + POCl3 (g) 578–758 668 90.0 ± 1.3 130.5 ± 0.8 [529]
FeCl3·POCl3 (g) = FeCl3 (g) + POCl3 (g) 573–808 691 119.2 ± 2.5 114.2 ± 4.2 [549]
GeBr4·POCl3 (g) = GeBr4 (g) + POCl3 (g) 410–562 486 43.1 ± 6.3 118.4 ± 6.3 [530]
TiBr4·POCl3 (g) = TiBr4 (g) + POCl3 (g) 448–653 551 56.5 ± 2.1 126.8 ± 4.2 [531]
ZrCl4·POCl3 (g) = ZrCl4 (g) + POCl3 (g) 591–749 670 102.5 ± 4.2 164.0 ± 7.1 [519]
HfCl4·POCl3 (g) = HfCl4 (g) + POCl3 (g) 629–756 693 91.2 ± 3.8 150.6 ± 6.3 [519]
SbCl5·POCl3 (g) = SbCl5 (g) + POCl3 (g) (50) (126) [532]
NbCl5·POCl3 (g) = NbCl5 (g) + POCl3 (g) 533–685 609 64.9 ± 3.8 123.4 ± 4 [533]
TaCl5·POCl3 (g) = TaCl5 (g) + POCl3 (g) 71 ± 4 130 ± 4 [534]
SnBr4·POBr3 (g) = SnBr4 (g) + POBr3 (g) 443–581 512 53.6 ± 6.3 137.7 ± 6.3 [535]
ZrBr4·POBr3 (g) = ZrBr4 (g) + POBr3 (g)a 623–673 648 (86)a (134)a [536]
AlCl3·PCl5 (g) = (1/2)Al2Cl6 (g) + PCl3 (g) + Cl2 (g) 926 926 142 (188) [549]
FeCl3·PCl5 (g) = (1/2)Fe2Cl6 (g) + PCl3 (g) + Cl2 (g) 744–903 824 176 ± 59 243 ± 79 [549]
AlBr3·PBr3 (g) = (1/2)Al2Br6 (g) + PBr3 (g) 483–549 516 36.8 ± 6.3 75 ± 12 [106]
GaCl3·SbCl3 (g) = GaCl3 (g) + SbCl3 (g) 483–529 506 64 ± 3 129 ± 6 [107]
AlBr3·SbBr3 (g) = (1/2)Al2Br6 (g) + SbBr3 (g) 525–620 573 34.3 ± 6.3 63.2 ± 12 [106]

Dissociation of liquid adduct
BiCl3·2POCl3 (l) = BiCl3 (g) + 2POCl3 (g) 78.7 192.5 [532]

TiCl4·POCl3 (l) = TiCl4 (g) + POCl3 (g) 379–418 399 97.5 ± 4 220.1 ± 4 [524]
100.4 ± 2.9 229.3 ± 6.3 [519]

SbCl5·POCl3 (l) = SbCl5 (g) + POCl3 (g) 273 119.2 (243) [532]
AlCl3·PCl5 (l) = (1/2)Al2Cl6 (g) + PCl3 (g) + Cl2 (g) 627–655 641 192 ± 13 226 ± 21 [549]
AlBr3·PBr3 (l) = (1/2)Al2Br6 (g) + PBr3 (g) 483–549 516 36.8 ± 6.3 75 ± 12 [106]

Dissociation of the solid adduct
GaCl3·NH3 (s) = GaCl3 (g) + NH3 (g) 624–743 684 (222) (280) [537]
AlBr3·NH3 (s) = AlBr3 (g) + NH3 (g) 609–747 678 (234) (285) [537]
TiCl4·2CH3CN (s) = TiCl4 (g) + 2CH3CN (g) 328–443 386 210 ± 2 464 ± 3 [538]
SiCl4·2py (s) = SiCl4 (g) + 2py (g) 333–393 363 217 ± 3 523 ± 7 [539]
TiCl4·2py (s) = TiCl4 (g) + 2py (g) 478–543 511 268 ± 3 460 ± 6 [540]
SiCl4·bipy (s) = SiCl4 (g) + bipy (g) 473–513 493 170 ± 7 315 ± 15 [541]
GeCl4·bipy (s) = GeCl4 (g) + bipy (g) 473–553 513 171 ± 7 307 ± 15 [542]
TiCl4·bipy (s) = TiCl4 (g) + bipy (g) 573–663 618 203 ± 21 259 ± 33 [543]
BCl3·POCl3 (s) = BCl3 (g) + POCl3 (g) 293–341 317 104.2 ± 5.0 290 ± 13 [544]
BBr3·POCl3 (s) = BBr3 (g) + POCl3 (g) 313–378 346 84.5 ± 3.3 193.7 ± 6.3 [537]
GaCl3·POCl3 (s) = GaCl3 (g) + POCl3 (g) 298–273 298 160.7 283.7 [537]
SnCl4·2POCl3 (s) = SnCl4 (g) + 2POCl3 (g) 288–328 308 197.9 ± 4.6 528 ± 10 [545]

TiCl4·POCl3 (s) = TiCl4 (g) + POCl3 (g) 136.7 ± 4 324.0 ± 4 [524]
323–379 351 141.0 ± 3.3 336.8 ± 8.4 [519]

TiCl4·2POCl3 (s) = TiCl4 (g) + 2POCl3 (g) 308–378 343 199.2 ± 4.2 479.9 ± 12.1 [545]
TiBr4·2POCl3 (s) = TiBr4 (g) + 2POCl3 (g) 180 (351) [536]
SbCl5·POCl3 (s) = SbCl5 (g) + POCl3 (g) 158.2 (343) [532]
NbCl5·POCl3 (s) = NbCl5 (g) + POCl3 (g) 199.9 (335) [532]
TaCl5·POCl3 (s) = TaCl5 (g) + POCl3 (g) (230) (368) [532]
SnCl4·C4H8O2 (s) = SnCl4 (g) + C4H8O2 (g) 373–463 418 149.79 ± 0.13 311.6 ± 5.0 [505]
SnCl4·C4H10O2(s) = SnCl4 (g) + C4H10O2 (g) 373–473 423 166 ± 3 346 ± 8 [505]
AlCl3·PCl5 (s) = (1/2)Al2Cl6 (g) + PCl3 (g) + Cl2 (g) 531–627 579 268 ± 13 347 ± 21 [549]
GaCl3·PCl5 (s) = GaCl3 (g) + PCl3 (g) + Cl2 (g) 573–643 608 307.5 ± 41.8 416.7 ± 46.0 [546]
TiCl4·PCl5 (s) = TiCl4 (g) + PCl5 (g) 370–500 435 148.5 ± 2.9 275.7 ± 5.9 [547]

Subsequent dissociation of the complex
NH4[AlCl4](s) = AlCl3·NH3 (s) + HCl (g) 451–574 513 77.4 115.1 [549]
AlCl3·NH4Cl (l) = AlCl3·NH3 (solut.) + HCl (g) 581–690 636 65.7 77.4 [549]
AZ(Py)3 (s) = AZ(Py)2 (s) + Py (g) 369–422 396 78 ± 3 180 ± 8 [511]
AZ(Py)2 (s) = AZ(Py) (s) + Py (g) 435–468 452 91 ± 3 191 ± 7 [511]

AlBr3·1.5pyz (s) = AlBr3·pyz (s) + (1/2)pyz(g) 408 14 28 [548]
401–414 408 59a 140a

ZrCl4·2POCl3 (s) = ZrCl4·POCl3 (s) + POCl3 (g) 378–452 415 59.5 ± 3.4 118.9 ± 8.0 [545]
HfCl4·2POCl3 (s) = HfCl4·POCl3 (s) + POCl3 (g) 383–462 423 81.2 ± 5.0 164.0 ± 8.4 [545]
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Table 28 (Continued )

Process Temperature range, K Mean temperature, K �H◦
T
, kJ mol−1 �S◦

T
, J mol−1 K−1 Ref.

MnCl2·H2O (s) = MnCl2 (s) + H2O (g) 353–500 425 62.5 ± 0.2 124.6 ± 0.5 [490]
298 63.5 ± 0.5 127.5 ± 1.2 [490]

(1/2)CuCl2·2H2O (s) = (1/2)CuCl2 (s) + H2O (g) 358 58.04 ± 0.07 143.3 ± 0.2 [491]
298 58.6 ± 0.2 145.1 ± 0.6 [491]

Vaporization
AlBr3·NH3 (l) = AlBr3·NH3 (g) 514–698 606 80.3 ± 2.1 115.9 ± 3.8 [525]
GaCl3·NH3 (l) = GaCl3·NH3 (g) 531–716 624 68.4 ± 0.4 96.3 ± 0.4 [496]
GaBr3·NH3 (l) = GaBr3·NH3 (g) 67.4 ± 1.3 94.1 ± 2.5 [496]
AlI3·py (l) = AlI3·py (g) 506–688 597 66.3 ± 0.7 90.5 ± 2 [492]

GaI3·py (l) = GaI3·py (g) 465–695 580 82 ± 2.7 111.1 [499]
630 78.8 ± 3.5 103.9

AlBr3·pyz (l) = AlBr3·pyz (g) 552–586 569 48 ± 2 65 ± 3 [548]
GaCl3·pyz (l) = GaCl3·pyz (g) 477–543 510 54.6 ± 2.4 78.5 ± 4.6 [527]
GaCl3·pip (l) = GaCl3·pip (g) 463–548 506 66.8 ± 0.2 98.1 ± 0.4 [550]
AlCl3·POCl3 (l) = AlCl3·POCl3 (g) 461–621 541 69.9 ± 3.8 106.3 ± 6.3 [528]
GaCl3·POCl3 (l) = GaCl3·POCl3 (g) 473–273 473 (50) (88) [537]
FeCl3·POCl3 (l) = FeCl3·POCl3 (g) 408–588 498 59.9 ± 7.5 94.6 ± 13.4 [549]
FeCl3·PCl5 (l) = FeCl3·PCl5 (g)a 107.1a 105a [549]
[Li(dpm)]4 (l) = [Li(dpm)]4 (g) 550–581 566 96.5 ± 1.3 142.1 ± 2.3 [486]
Hf(tfac)4 (l) = Hf(tfac)4 (g)b 403–423 413 83.2 ± 2.0 149.5 ± 5.0 [489]
Hf(ptac)4 (l) = Hf(ptac)4 (g)b 424–472 448 91.2 ± 0.3 153.7 ± 0.6 [489]
Zr(hfac)4 (l) = Zr(hfac)4 (g) 366–456 411 48.6 ± 0.6 94.5 ± 1.3 [551]

Melting
AlCl3·NH4Cl (s) = AlCl3·NH4Cl (l) 11.7 37.7 [549]
AlBr3·pyz (s) = AlBr3·pyz (l) 549 549 27 ± 5 53 ± 9 [548]
GaCl3·pyz (s) = GaCl3·pyz (l) 475 475 12 ± 5 23 ± 13 [527]
AlCl3·POCl3 (s) = AlCl3·POCl3 (l) 461 461 37.7 ± 6.3 81.6 ± 13.4 [528]

TiCl4·POCl3 (s) = TiCl4·POCl3 (l) 379 379 37.7 ± 8 104.6 ± 8 [524]
40.6 ± 4.6 107.5 ± 10.0 [519]

AlCl3·PCl5 (s) = AlCl3·PCl5 (l) 627 627 75 ± 17 121 ± 29 [549]

Sublimation
AlBr3·NH3 (s) = AlBr3·NH3 (g) 609 609 (92) (142) [537]
GaCl3·NH3 (s) = GaCl3·NH3 (g) 624 624 (88) (138) [537]
InCl3·NH3 (s) = InCl3·NH3 (g) 298 298 (146) [526,537]
AlBr3·pyz (s) = AlBr3·pyz (g) 496–546 521 75 ± 5 118 ± 9 [548]
GaCl3·pyz (s) = GaCl3·pyz (g) 347–472 410 66.2 ± 4.8 101.0 ± 11.6 [527]
GaCl3·pyz·GaCl3 (s) = GaCl3·pyz·GaCl3 (g) 537 537 92.1 ± 9.4 182.7 ± 17.5 [527]
AlCl3·POCl3 (s) = AlCl3·POCl3 (g) 461 461 107.5 ± 5.0 187.9 ± 14.6 [528]
GaCl3·POCl3 (s) = GaCl3·POCl3 (g) 298 298 64 (146) [537]
TiBr4·POCl3 (s) = TiBr4·POCl3 (g) 298 298 126 (226) [536]
SbCl5·POCl3 (s) = SbCl5·POCl3 (g) 298 298 (109) (218) [532]
NbCl5·POCl3 (s) = NbCl5·POCl3 (g) 298 298 107.5 (218) [532]
TaCl5·POCl3 (s) = TaCl5·POCl3 (g) 298 298 (113) (230) [532]
[Li(dpm)]4(s) = [Li(dpm)]4(g) 537–545 541 198.0 ± 1.5 329.4 ± 27.8 [486]
Cu(thd)2(s) = Cu(thd)2(g) 434–468 451 111.6 ± 2.1 199.8 ± 4.2 [552]
Al(acac)3(s) = Al(acac)3(g) 423–467 446 121.8 ± 1.5 235.5 ± 4.3 [488]
Hf(tfac)4(s) = Hf(tfac)4 (g)b 358–398 378 126.5 ± 1.8 257.5 ± 4.7 [489]
Hf(ptac)4(s) = Hf(ptac)4 (g)b 386–423 405 121.5 ± 0.8 225.3 ± 2.0 [489]
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Hf(dpm)4(s) = Hf(dpm)4 (g)b 453–603

a Entropy of the process is fixed (either computed by quantum chemical method
b Joint treatment of data, obtained by static and flow methods.

arize all systems studied in our laboratory using static method
ith membrane null-manometer and report the approximate con-

ent of the complex molecules in vapors. The results show, that
he presence of the DA complexes in vapors is significant in many
ystems.

In the present review reported thermodynamic characteristics
f processes are attributed to the mean temperature of the studied
emperature interval. In order to correct these data to the standard
emperature, the knowledge of the heat capacities of all studied

ompounds is required. Such data are not known for the majority of
he studied complexes. There are several methods for estimation of
aporization and sublimation heat capacities. Application of these
ethods for organic compounds has been analyzed by Chickos et

l. [523]. In some cases the uncertainty in the estimated value is
99.1 ± 0.8 141.8 ± 1.4 [489]

timated), enthalpy is computed using equation �H◦
T = −RT ln KT + T�H◦

T.

greater than the value itself, and in the present review we report
original experimental data obtained at elevated temperatures.

7. Estimation of the sublimation enthalpies for
Donor–acceptor complexes

7.1. A critical note about the widely used approach toward
estimation of vaporization enthalpies of the donor–acceptor
complexes
The strength of the metal–ligand donor–acceptor bond is one of
the fundamental characteristics of the complex. The closest value
which can be measured directly is the enthalpy of the homogeneous
complex dissociation in the gas phase. Since the experimental stud-
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Table 29
Summary of the experimentally studied donor–acceptor systems and complex content in vapor.

System (adduct) Temperature range, K Adduct content in vapora, % Ref.

TiCl4·POCl3 323–418 Not observed [524]
TiCl4·POCl3 373–433 Not observed [519]
TiCl4·2POCl3 308–378 Not observed [545]
TiCl4–PCl3b 411–559 Not observed [547]
TiCl4·PCl5 373–673 Not observed [547]
TiCl4·2py 460–615 Not observed [540]
TiCl4·bipy 573–663 Not observed [543]
TiCl4·2CH3CN 413–658 Not observed [538]
TiBr4·POCl3 472–653 6% [531]
TiBr4·POBr3 471–673 Not observed [531]
TiBr4·2POBr3 473–573 Not observed [536]

ZrCl4·POCl3 597–749 14% [519]
ZrCl4·2POCl3 <453–463 Not observed [545]
ZrCl4–POBr3 >573 Not observedc [536]
ZrBr4–POCl3 >573 Not observedc [536]
ZrBr4·POBr3 623–673 16% [536]

HfCl4·POCl3 629–756 10% [519]
HfCl4·2POCl3 453–463 Not observed [545]

NbCl5·POCl3 533–685 5–10% [533]
TaCl5·POCl3 293–673 Present [534]
TaCl5·POCl3 533–661 10% (at 533 K) [532]

WCl6–POCl3b 527–653 Not observed [553]
WOCl4·POCl3 503–623 Not observed [553]
WCl5·POCl3 543–653 Not observed [534,554]

FeCl3·PCl5 744–813 2.5% (at 747 K) [549]

FeCl3·POCl3 793–868
573–808 91% (at 573 K) [549]

BCl3·POCl3 348–373 Not observed [544]
BBr3·POCl3 413–561 Not observed [537]

AlCl3–PCl3b 452–672 Not observed [549]
AlCl3–SbCl3 504–672 Not observed [549]
AlCl3·PCl5 529–653 8% (at 653 K) [549]
AlCl3–SbCl5b 467–660 Not observed [549]
AlCl3·POCl3 630–818 90% (at 684 K) [528]
AlCl3·NH3 663–815 94% (at 773 K) [549]
AlBr3·AsBr3 513–693 Not observed [106]
AlBr3·PBr3 483–549 7–18% [106]
AlBr3·SbBr3 525–620 12–20% [106]
AlBr3·POCl3 Not observedc [537]
AlBr3·POBr3 Not observed (decomposition to AlOBr + PBr3 + Br2)c [537]
AlBr3·NH3 711–773 96% (at 711 K) [525]
AlBr3·pyz 603–660 100% (at 660 K) [548]
AlBr3·pyz·AlBr3 >543 60% (at 543 K) [548]
AlI3–POCl3 Not observedc [537]
AlI3·NH3 573–723 Present (ammonolysis)c [537]
AlI3·Py 671–747 100% (until 683 K), 92% (at 743 K) [492]
AZ(Py)3 369–422 Not observed [511]
AZ(Py)2 435–468 Not observed [511]

GaCl3·PCl3 473–643 Not observed [107]
GaCl3·SbCl3 483–529 6% [107]
GaCl3·PCl5 653–773 Not observed [546]
GaCl3·POCl3 573–583 55% [537]
GaCl3·NH3 703–783 94% (at 703 K) [496]

GaCl3·pyz 559–692 91% (at 673 K) [527]

GaCl3·pyz·GaCl3 627–736 0.2% (at 383 K) [527]
0.05% (at 673 K)

GaCl3·pip 463–548 Presentc [550]
GaBr3·NH3 675–783 90% (at 675 K) [496]
GaI3·py 665–695 70% (at 690 K) [499]

InCl3·POCl3 <373–273 Not observed [537]
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Table 29 (Continued )

System (adduct) Temperature range, K Adduct content in vapora, % Ref.

InCl3·NH3 703–803 60% [526]
InBr3·NH3 703–803 60% [526]

SiCl4·2py 328–463 Not observed [539]
SiCl4·bipy 523–573 Not observed [541]

GeCl4·bipy 523–663 Not observed [542]
GeBr4–POCl3b 410–562 3% (at 410 K) [530,536]
GeBr4–POBr3

b <573 Not observed [530,536]

SnCl4·2POCl3 <328 Not observed [545]
SnCl4·C4H8O2(dioxan) 423–573 Not observed [505]
SnCl4·C4H10O2 423–573 Not observed [505]
SnBr4–POCl3b 423–573 Not observed [535,536]
SnBr4–POBr3

b 443–573 1% (at 443 K) [535,536]

SbCl3·POCl3 473–673 Not observed [532]
SbCl5·POCl3 <623 1% [532]
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BiCl3·2POCl3 653–773

a Maximal adduct content.
b No complex exists in the solid state.
c Side reactions occur.

es of the dissociation of the gas phase complexes (presented in
ections 5.2 and 5.3) are relatively rare, most thermochemical stud-
es are carried out in solutions and data for the gas phase processes
re derived by means of the thermochemical cycles. For exam-
le, for the evaluation of the metal–ligand donor–acceptor bond
trength the following cycle is widely used (Scheme 1):

In order to complete the thermochemical cycle, the sublima-
ion enthalpy of the complex �subH(AD) is required. Sublimation
nthalpies can be measured directly by calorimetry method
555–557]; derived from the vapor pressure measurements by the
tatic tensimetry method (vide supra). Knudsen-effusion technique
485,557–565] and flow (transpiration) method [486,489,566–568]
re also used for their determination. However, such experi-
ental studies are very demanding and relatively rare. Recent

xamples include comprehensive determination of the sublimation
nthalpy of copper(II) complex with 3-methylpentane-2,4-dione
y the Knudsen-effusion technique as well as direct microcalorime-
ry [557]. Similar Knudsen-effusion technique was employed
o determine standard enthalpy of sublimation of bis(2,2,6,6-
etramethylheptane-3,5-dionato) dioxouranium(VI) {uranyl(VI)
ipivaloylmethanate, UO2(dpm)2} [558]. The sublimation enthalpy

f the complex of Li with dipivaloylmethane has been obtained by
he Knudsen-effusion method with MS analysis of the gas phase
n the temperature range 400–450 K [559]. Enthalpies of vaporiza-
ion of volatile nickel complexes bis(N-R-salicylaldimine)nickel(II)
R = Me, Et, n-Pr, n-Bu or n-pentyl) have been determined by tran-

Scheme 1. Thermochemical cycle for the DA complex of 1:1 composition.
Not observed [532]

spiration method [568]. Static method with capacitance gauge was
used for the determination of low vapor pressures (10−1 to 103 Pa)
of four low volatility precursors [569].

It should be noted, that for some complexes the sublima-
tion/vaporization enthalpy cannot be measured directly due to the
thermal instability of the complex in the gas phase. Since sublima-
tion enthalpies of many complexes are not readily available, the
estimation of the sublimation enthalpy of the complex becomes
an important issue. The most widely used approach states that the
sublimation enthalpy of the complex is equal to the sublimation
enthalpy of one mole of the ligand:

�subH◦
T (EXm · nL) = �subH◦

T (L) (11)

This approximation was proposed for the sublimable group 12
adducts by Jorge, Airnoldi and Chagas [29]. Approximation (11) was
justified in a sense that the intramolecular interactions in crystal
structure of the free ligand L and the complexes MX2nL are similar,
since the primary intramolecular contacts are those between atoms
of the ligand L. These results are in accord with recent theoreti-
cal findings [566,570] that that the metal atom has only moderate
(less than 10 kJ mol−1) contribution to the lattice energy. The larger
the molecule, the smaller the metal contribution [566]. Approach
(11) is supposed to hold for the complexes with large ligands L.
Validity of this approach for the sublimable group 12 adducts is
illustrated in upper part of Table 30. Approximation (11) works
within ±10 kJ mol−1 for the complexes of the group 12 element
halides. It also works well for Zn porphyrine complexes, as fol-
lows from the experimental works of Patiño [571,572]. However,
when other transition metal complexes are taken into account (the
bottom part of Table 30), the approximation (11) is off by about
40 kJ mol−1.

In 1989, Chagas and Airnoldi [573] tested several models for the
estimation of the sublimation enthalpy of the complexes and con-
cluded that the approximation (11) provides the best fit. From this
time, many authors cite Chagas and Airoldi paper and use approx-
imation (11) for the estimation of the enthalpies of dissociation of
gas phase complexes [574]. In recent years, approximation (11) has

become so widespread in the literature, that it is considered a mere
routine by some researches [575–599]. Authors simple state that “it
was necessary to assume that the molar standard enthalpies of the
adducts were equal to the enthalpy of sublimation or vaporization
of one mol of the respective ligand”.
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Table 30
Sublimation enthalpies (kJ mol−1) of the adducts of group 12 metal halides and their ligands and other transition metal complexes.

Complex �subH◦ (complex) �subH◦ (L) �(�subH◦)a Ref.

[Cd(mcyt)2Cl2] 145 ± 20 141.8 ± 8.8 3.2 ± 22 [600]
[Hg(mcyt)2Cl2] 159 ± 19 141.8 ± 8.8 17.2 ± 21 [600]
ZnCl2·4tu 90 ± 20 93.7 ± 10 −3.7 ± 22 [605]
CdCl2·4tu 75 ± 20 93.7 ± 10 −18.7 ± 22 [605]
HgCl2·4tu 101 ± 20 93.7 ± 10 7.3 ± 22 [605]
Zn(TPP)porphirine 183 ± 3 171 ± 2 12 ± 4 [571,572]

Mean asolute deviation (group 12 halides) 9.3 ± 22

[Co(cyt)2Cl2] 162 ± 14 147.2 ± 2.6 14.8 ± 14 [600]
[Mn(cyt)2Cl2] 153 ± 21 147.2 ± 2.6 5.8 ± 21 [600]
Ni(pd)2 132 ± 10 68 ± 10 64 ± 14 [600]
Pd(pd)2 132 ± 17 68 ± 10 64 ± 20 [600]
Pt(pd)2 133 ± 9 68 ± 10 65 ± 13 [600]
Cd(pd)2 154 ± 22 68 ± 10 86 ± 24 [600]
Ni(salox)2 112 ± 29 105.2 ± 10 6.8 ± 31 [600]
Ni(Hdmg)2 139 ± 6 91.1 ± 1 47.9 ± 6 [600]
Pt(Hdmg)2 153 ± 13 91.1 ± 1 61.9 ± 13 [600]
[Mn(hoqu)2] 226 ± 14 108.8 ± 10 117.2 ± 17 [600]
[Co(hoqu)2] 200 ± 10 108.8 ± 10 91.2 ± 14 [600]
[Ni(hoqu)2] 139 ± 6 108.8 ± 10 30.2 ± 12 [600]
[Cu(hoqu)2] 170 ± 3 108.8 ± 10 61.2 ± 10 [600]
[Zn(hoqu)2] 178 ± 6 108.8 ± 10 69.2 ± 12 [600]
[Cd(hoqu)2] 154 ± 22 108.8 ± 10 45.2 ± 24 [600]
[Pd(hoqu)2] 168 ± 4 108.8 ± 10 59.2 ± 11 [600]
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Fe(Cp)2 74.9 ± 1.7

Mean asolute deviation (all data)

a �(�subH◦) = �subH◦ (complex) − �subH◦ (L).

However, the Chagas and Airnoldi fit was based on the assump-
ion that the metal-oxygen dissociation energy should be linearly
ependent on the reaction enthalpy of the complex formation

n the solid state. It is obvious, that different adducts have dif-
erent structures in the solid state, and therefore intramolecular
nteractions (packing) should affect the reaction enthalpy in the
olid state. Different complexes have different coordination envi-
onment (for example, octahedral and tetrahedral complexes)
nd therefore their sublimation enthalpies should be different.
his is especially significant in the case when the complexes
dopt polymeric (oligomeric) structures in the solid state, as for
xample Mn and Ni complexes with bridging halide ions. Differ-
nt complexes, therefore, should have very different sublimation
nthalpies.

Widespread use of approach (11) leads to results which clearly
ontradict the experimental observations. If one assumes that the
ublimation enthalpy of the EXn·mL complex is indeed equal to the
ublimation enthalpy of the ligand L, then the complex would be
ublimable more easily than the ligand L. This follows from the fact
hat sublimation entropy of the complex is equal or larger than that
f the ligand, and therefore the partial pressure of the complex at
given temperature should be equal or even larger than the pres-

ure of the ligand. Therefore, sublimation of any EXn·mL complex
hould proceed even more easily compared to the free ligand L. This
s not the case observed experimentally, since it is clearly stated
hat complexes do not exist in vapors below their decomposition
emperature [575–599]. The fact that complex does not undergo
ublimation at the same conditions when ligand L sublimes, directly
ndicates the failure of the approximation (11).

The melting point of the compound is one of the indicators of
he intramolecular interactions in the crystal. It is interesting, that
ome correlation exists between the melting points of complexes
nd respective ligands for the adducts of group 13 metal halides

n − v type molecular complexes) [501]. Melting point of the adduct
s always higher compared to the melting point of free ligand L,

hich indicates different intermolecular interactions. This may be
ue to “head-to-tail” interactions of polar adduct molecules, which
re responsible for the dramatic donor–acceptor bond shortening
36.4 ± 0.3 38.5 ± 1.7 [606]

43 ± 32

from the gaseous to the silid state in so called “partially bonded”
molecules [100].

Already in 1984 Burkinshaw and Mortimer [600] stated: “When
values for the enthalpies of sublimation of transition metal com-
plexes have not been available, a number of authors have assumed
these values to be the same as those of the uncomplexed ligand.
Only where the structure of the crystalline ligand remains virtually
unchanged on complexing with the metal, so that intermolecular
forces will be similar in both the uncomplexed ligand and metal
complex, do we expect the enthalpies of sublimation to be sim-
ilar. Unfortunately, there are insufficient structural data to take
this analysis further”. Except for Ni(salox)2, the intrermolecular
hydrogen bonding in the ligand differs considerably from that in
transition metal complex [601].

Now, when more thermochemical and structural information is
available, it is clear, that the approximation (11) does not hold. For
example, it completely fails for the complexes of the group 13-14
halides, as can be seen from Table 31. It is not surprising, since usu-
ally donors are much more volatile compounds than complexes.
Almost all donor molecules do exist in vapors, while examples
of gas phase complexes are limited. Most donor molecules have
molecular crystal structure, while many complexes are ionic. One
should not use the sublimation enthalpy of a molecular donor com-
pound as a valid estimation for the sublimation enthalpy of the ionic
(or polymeric) complex.

One can trust neither trends nor values for the gas phase
metal–ligand bond dissociation energies, obtained with use of
the approximation (11). Nevertheless, using estimated �subH(AD)
values in the thermochemical cycle (Scheme 1), in many works
[575–599] authors repeatedly state that “standard enthalpies of
the Lewis acid/base reactions in the gaseous phase” have been
obtained. Especially troubling is the fact that authors report the
standard deviation of the gas phase dissociation energy of the

Metal–ligand bond with accuracy of about 6 kJ mol−1 or less,
while the sublimation enthalpy used to calculate those values
may be as wrong as 90 kJ mol−1 (Table 31). Sevast’yanova and
Suvorov [27] reviewed sublimation enthalpies of 8 donor–acceptor
complexes of group 13 halides with pyridine, obtained by differ-
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Table 31
Sublimation enthalpies (kJ mol−1) of the adducts of group 13–14 metal halides and their ligands.

Complex �subH◦ (complex) �subH◦ (L) �(�subH◦)a Ref.

BBr3·Py 110.0 ± 2.5 40.0 ± 0.2 70.0 ± 2.5 [607]
AlCl3·Py 128.4 ± 2.3 40.0 ± 0.2 88.4 ± 2.3 [607]
AlBr3·Py 109.4 ± 2.1 40.0 ± 0.2 69.4 ± 2.1 [607]
GaCl3·Py 106.6 ± 6.0 40.0 ± 0.2 66.6 ± 6.0 [607]
GaBr3·Py 99.0 ± 3.0 40.0 ± 0.2 59.0 ± 3.0 [607]
AlCl3·Et3N 96.3 ± 1.9 34.94 ± 0.06 61.4 ± 1.9 [607]
AlBr3·Et3N 107.1 ± 2.5 34.94 ± 0.06 72.2 ± 2.5 [607]
AlCl3·Pip 110.7 ± 2.8 39.3 ± 0.2 71.4 ± 2.5 [607]
AlBr3·Pip 116.8 ± 3.2 39.3 ± 0.2 77.5 ± 3.2 [607]

Mean 70.6 ± 3.0

GaCl3·pyz·GaCl3 92.1 ± 9.4 40.5 ± 1.7 51.6 ± 9.6 [527]
GaCl3·pyz 66.2 ± 4.8 40.5 ± 1.7 25.7 ± 5.1 [527]
AlBr3·pyz 75.0 ± 5 40.5 ± 1.7 34.5 ± 5.3 [548]

AlBr3·NH3 (92)b 31 (195 K) 61 [537]
GaCl3·NH3 (88)b 31 57 [537]
InCl3·NH3 (146)b 31 115 [526,537]

AlCl3·POCl3 107.5 ± 5.0 53.0 (274 K) 54.5 [528]
GaCl3·POCl3 64 53.0 11 [537]
TiBr4·POCl3 126 53.0 73 [536]
SbCl5·POCl3 (109) 53.0 56 [532]
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NbCl5·POCl3 107.5
TaCl5·POCl3 (113)

a �(�subH◦) = �subH◦ (complex) − �subH◦ (L).
b Estimated value.

nt methods. Most reliable sublimation enthalpies of complexes
directly measured by the sublimation calorimetry) are in the
ange of 100–125 kJ mol−1, while sublimation enthalpy of Py is
nly 43 kJ mol−1. In this particular case approximation (11) leads
o the mean error of the metal–ligand dissociation energy of about
0 kJ mol−1. This value is clearly higher than the overoptimistic
rror bars of 1–6 kJ mol−1 repeatedly reported in the literature
575–599].

Nowadays much more thermochemical information is avail-
ble for the gas phase complexes (Table 28), see also references
485,560–565] for recent data obtained by Knudsen method. Now
t is a time to re-evaluate the widespread usage of the approach
11). We must stress the point, that many metal–ligand bond ener-
ies, reported in the literature [575–599] as “experimental” values,
n fact result from the approximation (11) and cannot be trusted.
he mere fact of publication [575–599] of more than 20 papers
ontaining such values does not make them correct. All these
experimental gas phase metal–ligand dissociation energies” are
n fact very crude approximation.

.2. Estimation of the sublimation enthalpies based on structural
ata

From the previous discussion, it is clear that more reli-
ble models for the estimation of the sublimation enthalpies of
onor–acceptor complexes should be developed. Such approaches
ust include the structural information, since the structure of

he solid compound determines its volatility. Nowadays the solid-
tate structures are available for many complex compounds.
otable efforts in the direction of the development of the

tructure-thermochemical approach include programmed use of
he Cambridge structural database. The TOPOS program package
as employed to analyze the intermolecular contacts and calculate

aporization enthalpies of 570 molecular organotitanium coordi-

ation compounds [601].

There are lattice energy computations on the basis of struc-
ural data in the solid state using atom–atom potential (AAP)

ethod [565,570,602]. However, validity of current semiempiri-
al approaches is not very high and depends on the studied system.
0 54.5 [532]
0 60 [532]

For example, calculated lattice energies for Pd(II) chelates satisfac-
tory agree (largest deviation 22.7 kJ mol−1) with the experimental
sublimation enthalpies [566]. However, for some compounds data
obtained using different potentials are different by 60 kJ mol−1,
while for other compounds the difference is not so dramatic.
Authors conclude, that the “classical AAP technique is problematic
for the most interesting complexes with weak intermolecular con-
tacts” [570]. Computed and experimental sublimation enthalpies
of molecular strontium and barium �-diketonates with crown lig-
ands differ by 38 and 61 kJ mol−1 for [Sr(15C5)(C5O2F6H)2] and
[Ba(18C6)(C5O2F6H)2], respectively [603]. Results of the X-ray pho-
toelectron study of electron density distribution in palladium(II)
�-diketonate complexes [604] indicate that vaporization enthalpy
depends not only on van der Waals interactions but also on the
electrostatic interactions between molecules in the crystal. A new
method, which will take into account “interaction between the
electron density in the crystal, but not between atoms” is proposed
[570].

Further developments in the structure-thermochemistry
approach, in particularly experimental studies on the vapor-
ization/sublimation enthalpies and crystal structures of the
complexes are needed in order to build a more reliable model for
the estimation of the sublimation enthalpy of the complex to make
prognosis of volatility of novel promising single-source precursors
based on structural data.

8. Conclusions

In the present review basics of the static tensimetric method
with membrane null-manometer and its application for studying
donor–acceptor complexes have been summarized. Several case
cases of the application of the tensimetry method for studying
thermal behavior of different DA complexes were discussed. Ther-
modynamic characteristics for more than 90 processes for about

50 adducts have been summarized for the first time. On the basis
of our findings, the widely used approximation of the sublimation
enthalpy of the complex as the sublimation enthalpy of one mole
of donor molecule should not be used. Published literature data on
the gas phase bond dissociation energies, based on such approx-
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mation, can be as wrong as 70 kJ mol−1 and shall not be trusted.
urther experiments are needed to recommend a new scheme for
he estimation of sublimation enthalpies of complexes. This new
cheme is expected to be based on the structural information which
s nowadays available for many molecular complex compounds.
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[510] J. Lőbl, M. Necas, J. Pinkas, Main Group Chem. 5 (2006) 79.
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