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Abstract—Reactions of cubane type clusters [EtGaPSi(Me),Thex], [Thex = CMe,(Pr-i)] and {EtInP[Si(i-Bu);]}4
with pyridine were studied. The temperature dependences of vapor pressure over individual solid compounds
were measured using a membrane pressure gauge. At a temperature above 200°C the examined clusters
undergo irreversible thermal decomposition due to instability of organic substituents. According to the
experimental data, the cubane clusters do not react with gaseous pyridine below their decomposition
temperature. Thermodynamic parameters for the isomerization of model clusters [HMPH],; (M = Ga, In) and
their gas-phase reactions with pyridine were calculated by quantum-chemical methods. The addition of
pyridine is thermodynamically allowed only at low temperatures.
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Binary and composite phosphides derived from
Group 13 elements are widely used in microelec-
tronics. Promising initial compounds for their syn-
thesis are oligomeric structures, in particular tetrameric
clusters like [RMPR']y. Up to now, more than 40
compounds derived from Groups 13-15 elements and
having cubane type structure with an M,Y, skeleton
(where M is a Group 13 element, and Y is a Group 15
element) have been synthesized, and their structure
have been determined [1]. All these compounds contain
bulky substituent R or R'. The calculated structural and
thermodynamic parameters of model compounds
[XMYH]s M =AlL Ga,In; Y=N, P, As; X=H, F, Cl,
Br, 1) were given in [2]. As shown in [3], mixed
heterometallic cubane type clusters (i.e., those
containing different metal atoms) are characterized by
almost the same stability as homometallic clusters.

Thermal behavior and reactivity of tetrameric
[RMPR’]; compounds have been studied poorly;
therefore, measurement of their vapor pressure and
determination of their thermal stability limit constitute
important problems. In some cases, the synthesis of
cubane type clusters in nonaqueous solution was accom-

panied by formation of stair-like structures stabilized
by two molecules of donor solvent (Et,O [4, 5] or PR;
[6]), so that the reactivity of cubane type clusters
toward donor molecules is also an important factor.

The possibility for decomposition of the cubane
type skeleton to give stair-like structure by the action
of strong Lewis acids was studied using the reaction
with pyridine as an example. Such process for the
[RGaPR’] cluster is illustrated by the scheme shown
below.

Py P
/Ga;P ~ Ga—P /Y
P—lGa | 2Py /_ / 2Py P—Ga
|/P|7Ga - /Ga—>2 ad
Ga—P Ga—P Ga=P

P/ G/ P/

—Q@Ga Yy
\Py

For the sake of clarity, organic substituents R and
R’ on the gallium and phosphorus atoms are not
shown. In the first step, dissociation of two Ga-P
bonds in the cubane type skeleton is possible with
formation of stair-like structure stabilized by two
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pyridine molecules. In the second step (provided that
excess pyridine is present), further addition of donor
molecules can occur with cleavage of the Ga—P bonds
and formation of [RGaPR'],-2Py dimers stabilized by
dative bonds. Analogous dimers are well known; for
example, [CIAIPSi(i-Pr;)],-2Py was synthesized and
structurally characterized in [5].

In the present work we were the first to study by
experimental and theoretical methods thermal stability
of phosphorus-containing gallium and indium cubane
type clusters and their reactivity toward pyridine as
donor ligand.

TIMOSHKIN et al.

Quantum-chemical calculations were performed at
the St. Petersburg State University using Gaussian 03
software package [7] in terms of the density functional
theory {Becke three-parameter exchange functional
with Lee—Yang—Parr correlation functional B3LYP [8,
9]; LANL2DZ(d,p) basis set [10] supplemented by
polarizing functions as described in [11, 12]}. The
geometric parameters were optimized so that the
resulting structures occupied minima on the potential
energy surfaces. Figures 1 and 2 show the optimized
structures of model gallium-containing compounds.
Indium compounds have analogous structures.

Fig. 1. Optimized [B3LYP/LANL2DZ(d,p)] structures of [HGaPH], and its complexes with pyridine. The bond lengths are given in
A, and the bond angles, in degrees. (a) Cubane-type [HGaPH]y; (b) stair-like [HGaPH],; (c) stair-like [HGaPH],-Py; (d) stair-like

[HGaPH],-2Py.
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Model cubane type cluster [HGaPH], (Fig. 1a) is
characterized by high symmetry (7; point group
symmetry); the Ga—P bonds are absolutely equivalent
(2467 A). Cleavage of two Ga-P bonds gives
centrosymmetric stair-like isomer (Fig. 1b) in which
four central atoms in the Ga,P, ring retain their
coordination number (4), while the coordination
number of four terminal atoms changes to 3. This is
accompanied by considerable change in the Ga—P bond
lengths: the Ga—P bonds between the three-coordinate
atoms are shorter by 0.13 A than those in the initialo

(2)
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cubane type structure. In addition, the terminal
phosphorus atoms become strongly pyramidalized.
Due to shortening of the terminal bonds and
pyramidalization of the phosphorus atoms the stair-like
isomer is less stable than the initial cubane type
structure by only 74 (M = Ga) or 96 kJ mol ' (M = In)
despite cleavage of two metal-phosphorus bonds.

Cleavage of four Ga—P bonds in the initial cubane
type structure leads to the formation of coordinately
unsaturated dimers [HMPH], which may have C,,

Fig. 2. Optimized [B3LYP/LANL2DZ(d,p)] structures of [HGaPH], and its complexes with pyridine. The bond lengths are given in
A, and the bond angles, in degrees. (a) cis-[HGaPH],, (b) cis-[HGaPH],Py; (c) trans-[HGaPH],- 2 Py; (d) cis-[HGaPH],-2Py.
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structure with planar Ga,P, ring and C,, structure with
distorted Ga,P, ring. The latter (Fig. 2a) is more stable
by 12 (M = Ga) or 8 kJ mol ™' (M = In).

The calculated thermodynamic parameters of the
gas-phase processes are given in table. Addition of
each pyridine molecule at the terminal atom M in the
stair-like structure is accompanied by an energy gain
of 84 to 98 kJ mol'. Thus addition of two pyridine
molecules completely compensates the energy
consumed for cleavage of Ga—P bonds and skeletal
reorganization from the cubane to star-like structure.

The addition of pyridine molecules occurs
independently, as follows from similar energies of
complex formation with the first and second pyridine
molecules, as well as from similarity of the metal—
nitrogen bonds in the complexes [HGaPH],-Py and
[HGaPH]4-2Py. The complex formation is an
exothermic process but is unfavorable by entropy.
Therefore, the temperature at which the equilibrium
constant is equal to unity (7x-) is very low, and the
formation of [HGaPH];-Py and [HGaPH], 2Py

becomes thermodynamically unfavorable above 207
and 454 K, respectively.

Further addition of pyridine molecules with
formation of dimer complexes is possible only below
350 K. Of the two possible [HMPH],-2 Py isomers, the
cis structure (Fig. 2d) is more stable than #rans (Fig. 2c)
by 11 (M = Ga) and 9 kJ mol ' (M = In); therefore,
only thermodynamic parameters for the formation of
most stable cis isomers are given in table. The reverse
process, i.e., the formation of cubane type structure
(2cis-[HGaPH], 2Py — [HGaPH]; + 4Py) is thermo-
dynamically allowed above 350 K; the corresponding
temperature limit for the indium-containing analog is
as low as 200 K. Thus the calculation showed that
complex formation with pyridine is thermodyna-
mically favorable only at low temperatures.

Experimental studies were performed with
[EtGaPSi(Me),Thex]s [Thex = CMe,(i-Pr) (I) and
[EtInPSi(i-Bus)]4 (II). Preliminarily, we measured the
temperature dependences of vapor pressure over pure
compounds I and II. The vapor pressure over the solid

Calculated [B3LYP/LANL2DZ(d,p)] thermodynamic parameters of gas-phase processes

Process AH%sil AS§?8, ; AGg%il AGgooil Tg-1,
kJ mol Jmol™ K kJ mol kJ mol K
Gallium clusters
[HGaPH],; — stair-like [HGaPH]4 74.1 70.5 53.1 389 1051
[HGaPH], + Py — stair-like [HGaPH]4 Py -18.1 -87.4 7.9 255 207
[HGaPH], + 2Py — stair-like [HGaPH]4 2Py -116.0 —-255.6 -39.8 11.8 454
[HGaPH], — 2 cis-[HGaPH], 177.8 226.7 110.2 64.4 784
cis-[HGaPH], + Py — [HGaPH], Py —84.1 -149.9 -39.4 9.2 561
cis-[HGaPH], + 2Py — cis-[HGaPH],-2Py —-154.6 -301.5 —64.8 -39 513
[HGaPH], + 4Py — 2 cis-[HGaPH], 2Py —-131.5 -376.3 -19.3 56.6 350
Indium clusters
[HInPH], > stair-like [HInPH],4 95.1 75.7 72.5 57.2 1256
[HInPH]4 + Py — stair-like [HInPH], Py 11.2 —78.8 347 50.6 -
[HInPH]4 + 2Py — stair-like [HInPH]4-2Py -78.1 —240.3 —6.5 42.1 325
[HInPH]4 — 2 cis-[HInPH], 222.0 232.2 152.8 105.9 956
cis-[HInPH], + Py — [HInPH], Py —78.8 -147.2 -34.9 5.2 535
cis-[HInPH], + 2Py — cis-[HInPH],-2Py —-147.6 -299.0 —58.5 1.9 494
[HInPH]4 + 4Py — 2 cis-[HInPH], 2Py -73.2 -365.8 35.8 109.7 200
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samples of I and II at 150°C was insignificant (less
than 5 mm). Both compounds are stable under these
conditions. Their slow decomposition started at ~200°C.

No increase in the overall vapor pressure was
observed when cluster I was kept for 1 h at 200°C
(vapor pressure 8 mm), whereas prolonged heating at
that temperature was accompanied by slow
decomposition. Heating of cluster II for 13.5 h at 198—
203°C resulted in increase of the overall vapor
pressure by 1 mm, i.e., by a value appreciably exceed-
ing the experimental error. Irreversible thermal decom-
position occurred at an appreciable rate on heating to
235-240°C. Low vapor pressure and narrow temper-
ture range (limited by nonequilibrium thermal dis-
sociation) did not allow us to determine thermo-
dynamic parameters for vaporization of I and II.

The reaction with pyridine was studied as follows.
A 24.37-ml reactor was charged with a small amount
of pyridine (14.6 mg), and the temperature dependence
of vapor pressure of pure pyridine was measured. The
P-T plot is shown in Fig. 3. The ratio P/T = (m/M)(R/V)
is proportional to the concentration of pyridine in the
system. At 78°C, the entire amount of pyridine is
transferred to the gas phase, and further change in its
pressure with temperature conforms to its thermal
expansion (P/T = const). The data obtained for two
successive heating—cooling cycles are very consistent,
indicating that the results are reproducible.

After two heating—cooling cycles, a 0.946-ml ampule
containing 119.1 mg of compound I was opened within
the reactor, the system was kept for several hours at
room temperature, and the vapor pressure was
measured while continuously heating at a rate of 0.5—
1 deg min'. Taking into account that the ratio of
pyridine to compound I was 1.68:1, the formation of a
complex with pyridine should be accompanied by
considerable decrease in pressure. However, the
experimental data (Fig. 3) indicated the opposite.

At high temperature, the P/T ratio in the system
compound I-pyridine (with account taken of increase
in the volume after opening of the ampule with I) was
even greater than the P/T ratio for pure pyridine. We
believe that the difference may be attributed to
“parasite pressure” which appears while weighing a
sample of I (see Experimental). In fact, the P/T value
for the system compound I-pyridine at low
temperature is greater than P/T for saturated vapor of
pure pyridine. The vapor pressure in the system I-Py
was measured during three successive heating—cooling
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Fig. 3. Plots of the P/T ratio (mm K ") versus temperature (°C)
for (/) individual compound I, (2) pyridine, and (3) I-Py.

cycles. The results were generally consistent; however,
each subsequent heating—cooling cycle was accom-
panied by a slight increase in P/7, presumably due to
partial decomposition.

In the region near the transition point to unsaturated
vapor, the saturated vapor pressure in the system I-Py
is considerably lower than the saturated vapor pressure
of pure pyridine. This deviation originates from dis-
solution of cluster I in liquid pyridine (a yellowish
solution over crystalline compound was observed by
the end of experiment). The P/T values in the region
corresponding to unsaturated vapor indicate that no
interaction occurs between compound I and pyridine in
the examined temperature range.

Analogous experiments were performed with the
system compound II—pyridine [pyridine sample weight
56 mg, compound II sample weight 200 mg, system
volume 39.53 ml, volume of the tube with compound
I 2.16 ml, ratio pyridine-compound II 4.75:1].
Likewise, no interaction between [EtInPSi(i-Pr;]4 and
pyridine was observed (Fig. 4).

We can conclude that cubane-type clusters I and I1
do not react with pyridine below their decomposition
temperature. This is consistent with the results of
quantum-chemical calculations on the reactivity of I
and II toward pyridine. Their low reactivity at reduced
temperature may be related to the effect of blky
organic substituents which hamper attack by the donor
molecule.

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol. 79 No. 6 2009
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Fig. 4. Plots of the P/T ratio (mm K ') versus temperature
(°C) for (/) individual compound II, (2) pyridine, and
(3) LI-Py; (a) heating and (b) cooling.

We also examined thermal decomposition of
individual compound II. The overall pressure in the
system considerably increased with time on heating at
227+10°C over a period of ~150 h. Figure 5 shows the
P/T plot versus time, which is an S-shaped curve
typical of autocatalytic processes. The system was then
cooled with liquid nitrogen (the vapor pressure was
~2 mm), and the vapor pressure was measured as the
temperature rose. A sharp increase in pressure was
observed in the temperature range from —100 to —60°C;
these findings indicate that the main decomposition
products are gaseous substances which condense at the
temperature of liquid nitrogen.

EXPERIMENTAL

Compounds I and II were synthesized as described
in [13, 14], traces of solvent were removed by
continuous evacuation over a period of 2 h, and the
compounds were placed into ampules which were
sealed under reduced pressure. Both substances were
colorless powders which turned yellowish on heating.
Taking into account high hygroscopicity of compounds
I and 11, all operations were performed in preliminarily
evacuated jointless glassware, which completely
excluded contact with atmospheric oxygen and moisture.
Because of low volatility and thermal instability,
compounds I and II were packed into ampules by
pouring in evacuated glass systems. In doing so, a thin
layer of substance remains at the place where the
ampule is sealed off. As a result, a part of a substance
undergoes decomposition which produces a small
parasite pressure. Therefore, in each heating—cooling
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cycle of individual compounds I and II, the parasite
pressure calculated by averaging P/T values in the
initial period with account taken of thermal expansion
was subtracted from the overall pressure.

Pyridine was preliminarily purified by distillation
under reduced pressure to remove dissolved gases. It
was then purified by keeping over preliminarily
calcined NaA and CaA zeolites, and its purity was
checked by gas chromatography on a Tsvet-560
chromatograph.

Mass spectrometric study on compounds I and IT
(MKh-1321 instrument; electron impact, 70 eV) re-
vealed their appreciable volatility at 170°C. The P-T
dependences were measured by the static method using
a glass membrane pressure gauge [15]. The setup was
made of molybdenum or quartz glass. The pressure
was measured with an MChR-3 manometer with an
accuracy of 0.1 mm. The temperature was controlled
using two chromel-alumel thermocouples with an
accuracy of +0.05°C, and the thermoelectromotive
force was measured using a Shch-1516 digital volt-
meter. The volume of the membrane chamber was
determined from the weight difference between the
empty system and that filled with water; the error in
the volume measurement was +£0.02 ml (0.1% for a
~20-ml setup).
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