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Abstract — Thermodynamic characteristics of vaporization and gas-phase dissociation of the complexes
GaClypyz and GaCl;pyzGaCl; (pyz is pyrazine) were determined by static tensimetry with a membrane zero
gage. Structural and thermodynamic characteristics of the complexes were calculated by the B3LYP/pvDZ

guantum-chemical method.

Donor—acceptor complexes of Group Illa elements
with polydentate nitrogen-containing donor ligands
are perspective as starting compounds for precipitation
of binary nitrides and composites based on them [1].
Potential starting compounds should have strong
metal-nitrogen bonds and be sufficiently volatile.
Complexes of such polydentate donors as pyrazine
(pyz) and triazine with boron-containing acceptors
B(N3); and B(CgFs)5 [2, 3], as well as 4,4-bipyridyl
(bipy) complexes with auminium and gallium [4-8]
exist in the crystal state but dissociate into com-
ponents on passing into vapor. The use of auminum
and gallium trihalides as acceptors renders the com-
plexes much more stable. In this connection it be-
comes topical to study the thermal stability of model
complexes formed by Group Illa halides with bi-
dentate donors. Berezovskaya et al. [9-11] synthesized
complexes of AICl;, GaCl,, and GaBrg with bipy and
showed that the adducts pass into vapor but are low-
volatile, and their constituent donor undergo irrever-
sible decomposition above 370°C. It was assumed that
replacement of bipy by the less bulky ligand pyz
would increase the volatility of the complexes.

The purpose of the present work was to study ex-
perimentally the gas-phase complex formation in the
system GaCl;—pyz. In this system, 1:1 (GaCl;pyz)
and 2:1 (GaCl;pyzGaCl;) complexes can form in
principle. In a situation when severa processes occur
simultaneously in the gas phase, quantum-chemical
caculations can be rather helpful.

The calculations were carried out with the use of
the B3LYP/pVDZ [12-14] hybrid density functional
method using the standard GAUSSIAN-94 software
package [15]. Geometry optimization followed by
vibrational analysis were performed; all the resulting
structures correspond to minima on the potential

energy surface. The structures of the complexes under
study are shown schematically below, and their prin-
cipal thermodynamic and structural characteristics are
summarized in Table 1. The structural parameters of
the complex GaCl; with a monodentate donor, pyri-
dine (py), are given for comparison.
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According to the calculations, the bond of GaCl,
with pyz is weaker than with py and bipy. Moreover,
the second GaCl; molecule is much weaker bound
with the donor atom than in the bipy complex. Never-
theless, the calculation shows that the 2:1 complex
(GaClpyzGaCly) should exist in vapor in noticeable
amounts at temperatures of no higher than 300°C.

The gquantum-chemical calculations are qualitati-
vely confirmed by the results of a mass-spectral study
of the vapor composition. The mass spectrum of the
vapor over solid 1:1 and 2:1 complexes is given in
Table 2. It is evident that under conditions of the
mass-spectral experiment no species containing two
gallium atoms were detected in the vapor over the 1: 1
complex. The base peak is formed by the pyz" ion,
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Table 1. Structural and thermodynamic characteristics of donor—acceptor complexes of GaCl; with mono- and bidentate

ligands, as given by B3LYP/pVDZ calculations

AHOZS AS%SS r(Ga-N), T(KYS = 1),
Complex kImol-1 Jmoltkt | e A K kD
GaClz-py 1338 141.2 0.265 2.078 947 8.7
GaCl3-bipy 131.9 136.4 0.265 2.076 967 7.6
GaCl3-hipyGaCl, 118.1 154.4 0.243 2.092 765 0
GaCl3-pyz 115.9 1445 0.237 2.102 802 5.9
GaCl3-pyzGaCl, 87.0 154.8 0.190 2.141 562 0

Table 2. Mass-spectral analysis of the vapor over the GaClspyz and GaCl;pyzGaCl,; adducts

GaCl,pyz, I, % GaCl,pyzGaCls, 1, %
lon m'z 120°C
120°C 170°C 170°C
Exp. onset Exp. end

cl* 35-37 05 3.9 a 10.7 2.7
HCI* 36-38 1.3 41 a 8.9 12.6
CaHN* 51 1.3 2.4 1.3 13 1.8
CgH,N* 52 4.0 5.6 0.9 9.4 47
CgHoN* 53 16.9 20.7 2.0 29.2 18.4
Ga" 69-71 4.9 12.0 6.0 20.1 8.0
C,H,N*(pyz*") 80 100.0 100.0 100.0 100.0 100.0
GaCl* 104-108 15 9.4 33 14.6 6.4
GaCl} 139-145 17.7 85.4 23.8 97.6 61.6
GaCl} 174-182 25 21.0 3.7 185 15.4
GaCl,pyz* 219-225 23.1 23.1 8.2 13.6 27.6
Ga,ClE 313-327 - - <0.1° - -
Ga,Clspyz* 393-407 - - <0.1P - -

a Were not studied. P Content in the vapor from 10-3 to 10-19%. The intensity ratio of the Gay,Clgpyz* and Gay,Clg* ion peaks is

1.79:1.

and the peak intensity of the GaCl,pyz" ion that
contains a gallium-nitrogen bond is 23-28% of the
base peak. Note that the mass spectrum lacks Ga,Clg
ion peaks characteristic of free GaCl; [16]. This find-
ing suggests that either al observable ions are frag-
ment in nature (and the complex is not dissociated
under conditions of the mass-spectral experiment) or
the process is not equilibrium under these conditions.

The ions Ga,Clgpyz" and Ga,Cl: were detected in
the mass spectrum of the 2: 1 sample at 120°C, which
points to vaporization of the GaCl;pyzGaCl; complex
and its simultaneous thermal dissociation; however,
the intensity of the detected ion pesks is low. At
170°C, these ions are absent from the vapor, which
points to a low stability of the 2:1 complex. The
noticeable variation in the intensities of ion peaks

during mass-spectral measurements implies nonequi-
librium character of the processes that occur under
conditions of the mass-spectral experiment that,
however, allowed us to establish existence of a ga-
seous 1:1 complex and detect the 2:1 complex in
vapors at low (120°C) temperatures.

The equilibrium dissociation of the complexes was
studied by tensimetry.

Tensimetric study. Processes in saturated and
unsaturated vapor were studied by a static method
with a quartz membrane zero gage [17]. Four com-
position regions were studied: 1:1 complex with
excess of pyrazine, 1:1 complex, 2:1 complex, and
2:1 complex with excess GaCl;. The plots of sa
turated and unsaturated vapor pressure vs. temperature
for each composition are given in Fig. 1. As the main
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Fig. 1. Plot of vapor pressure (p) vs. temperature (T) for
various experimental series (GaCl:pyz ratios).
(1) Excess pyz, (2) 1:1 complex, (3) 2:1 complex, and
(4) excess GaCls.

problem was the study the unsaturated vapor dissocia-
tion of the complexes, experiments were carried out
with small (~20-100 mg) samples.

Thermodynamic characteristics of the unsatur-
ated vapor dissociation of the 1:1 complex. Two
series of experiments were carried out for this com-
position region: with excess pyz (series no. 1) and
with excess 1:1 complex (series no. 2). In series no.
1, excess pyz suppresses dissociation of the complex,
and, as a result, the pressure of dissociation products
is as low as <3 mm Hg. The thermodynamic charac-
teristics were calculated from the temperature depen-
dence of the equilibrium constant InKY = = f(UT) (cal-
culation by the second law). In the case of low partial
pressures of dissociation products, the calculation by
the second law involved a considerable inaccuracy
(Fig. 2). Therefore, the results were treated using the

dissociation entropy of the complex [134.0 Jmol 1K™
at 600 K], obtained by quantum-chemical calculations
(calculation by the third law).

In series no. 2, assuming that the 2:1 complex is
not formed in vapors, we obtained thermodynamic
characteristics of the dissociation of the complex
GaClspyz by Eq. (2).

GaClgpyz(gas) = GaCls(gas) + pyz(gas). @

The calculation was carried out with account for
GaCl; dimerization [18] [Eq. (2)].

2GaCl(gas) = Ga,Clg(gas)
logKy = 16.14 — 4894/T — 2.013logT.

@
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Fig. 2. Plot of the logk9$ of GaClgpyz vs. inverse
temperature (1000/T) (numbers of series are the same as
in Table 4). (1) Series no. 1 and (2) series no. 2.

Here K, is the equilibrium constant of GaCl; dimeriza-
tion and T absolute temperature. The equmbn um
constant K 5 of the unsaturated vapor dissociation of
the 1:1 complex in the entire temperatures range was
calculated by Eg. (3).

KYS, = (ap)%(py - 2Ap). ®3)

Here p, is the total pressure in the system (mm Hg);
Ap = p, — p', difference between the total pressure p,
and the hypothetical pressure p' of thermal expansion
of the vapor of nondissociated complex. Values of
p'(GaCl;pyz) were determined from the sample weight
and refined during treatment of the experimental data.
The results of the calculations by the second law are
given in Table 3, the dissociation enthal pies are nicely
consistent with those calculated by the third law
(Table 4).

Thermodynamic characteristics of the unsatur-
ated vapor dissociation of the 2:1 complex. As the
content of the 2:1 complex in the vapor is low, we
used the composition with excess GaCl;. The pressure
in the system did not increase after 2-h exposure at
372°C (experiment with a considerable excess of
GaCly). Thus, the concentration of the substance in
the membrane chamber remains constant at this
temperature. The thermal dissociation is reversible up
to 420°C, which is proved by reproducible heating
and cooling data. The shape of the temperature de-
pendence of the dissociation constant is rather com-
plicated, and we cannot use the whole set of points for
thermodynamic calculations. The weights of the
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Table 3. Characteristics of the dissociation of the complexes GaCl;pyz and GaCl;pyzGaCl; into components (unsaturated

vapor). Calculation by the second law?@

dis —
C EXp m(GaX|3/pyZ), V,b |Og K (atm) - a/T + b T , AH diS(T , ASdiS(T ),
omplex T, K av ay av

no. mg ml a b K kJmol Jmol-1k-1

GaClzpyz 2 |14.9/6.8 55.15 559-692 |-6563+86 |6.965+0.134( 625 [125.6+1.6 |133.3+£2.6
(148 points)

GaClypyzGaCl;| 3 |43.8, complex|55.29 628-715 |-5583+138|8.027+0.207| 672 [106.2+2.6 |152.6+3.9
(120 points)

GaClypyzGaCl;| 4 [48.8/6.8 53.76 627-736 |-5434+168|7.981+0.248( 682 [103.1+3.2 |151.8+4.7
(128 points)

GaCl;pyzGaCl; | Average by series nos. 3 627-736 |-5865+144|8.536+0.214( 682 [111.5+2.7 |162.3+4.1
and 4 (248 paints)

@ For series nos. 1 and 5, calculation by the second law is impossible because of the large errors in the low partial pressures of the

dissociation products. bV is the device volume.

Table 4. Dissociation enthalpies of the 1:1 and 2:1 complexes

AHYST, ), kJmolL, calculation
Complex Exp no. | m(GaCly/pyz), mg V, ml Ty K

by the 2nd law | by the 3th law
GaClypyz 1 14.9/13.9 56.25 655 - 121.1+2.0
GaClypyz 2 14.9/6.8 55.15 625 125.6+1.6 1259+1.1
GaClpyzGaCl, 3 43.8, complex 55.29 672 106.2+2.6 98.9+1.0
GaClpyzGaCl, 4 48.8/6.8 53.76 682 103.3+3.2 96.5+1.5
GaClpyzGaCl, 5 95.0/10.1 55.57 646 - 99.7+2.8

components (and complexes) are taken as differences
of large quantities. The inaccuracy in weighing
~0.2 mg produces an error of about 6-8 kJ mol™ in
the calculated thermodynamic characteristics. There-
fore, we used the method of successive approxima-
tions [19] to calculate the dissociation enthalpy and
entropy of the complex. As the first approximation,
we found the gross pressures pg,c, and py,, of GaCls
and pyz from the sample weights and the volume of
the membrane chamber. Then, using Eq. (4), we cal-
culated the equilibrium dissociation constant of the
2:1 complex with account for dimerization of gallium
Eri%kilsloride (Ky) and dissociation of the 1:1 complex
K 1:1/-

dis_ PGac;(2Po — PGacl, — Peacl; — 2Ppyz2)
2:1 7

4

PGacl; + Ppyz + Pcacl; — 2P0 + Ppyz

Paact, = [0.25(Kg)® — Ky(Po — Ppyzl V% — 05Ky,
_ 2po - PGacl; — PGacl,
Poyz = dis
2 + peaciy/Kiq

The resulting dependence of logK%S$ on 1000/T is
nonlinear; the largest deviations are observed in the
high-temperature region. For some points in this
region, the p' values estimated from sample weight
data lead to negative (clearly falacious) partial pres-
sures. By varying the complex weight at 0.2-mg steps
we could plot the regression coefficient R? vs. p'. As
seen from Fig. 3, first R? sharply increases, and then
the dependence rapidly converges to a certain limit.
As the convergence criterion we selected a point
where R? differs from the limiti ng value by 0.01. The
resulting logK 4 values (Fig. 4) were treated by the
least-squares procedure, and the calculated gas-phase
dissociation characteristics are given in Table 3. In-
dependent treatment resulted in a satisfactory
agreement of the results of the two experiements.
Note that the dissociation entropy and enthalpy of the
complex GaCl;pyzGaCl,, calculated with the whole
set of experimental points (Table 3), are overestimated.

Our ab initio quantum-chemical calculations allow
us to calculate standard dissociation entropy for the
complex. With the standard dissociation entropy
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[141.7 Jmol™t K™ a 700 K], we can calculate the
dissociation enthalpy by the third law. The calculated
data are given in Table 4. The dissociation enthalpies
calculated by the third law are lower than those cal-
culated by the second law. In view of the fact that the
error in weighing a sample of about 0.2 mg produces
the error in the calculated thermodynamlc character-
istics of about 6-8 kJmol™, we prefer the dissocia-
tion enthalpy calculated by the third law: AH de,
(GaClpyzGaCl,) 98.4+3.3 kImol™.

Estimation of vapor composition under condi-
tions of mass-spectral experiment. Taking the value
of K4S for the 2:1 complex from lensimetric data,
we f|nd for the total pressure of 10° mm Hg that the
ratio of the partial pressures of the complex and its
dissociation products at 120°C is 0.16%, and at 170°C
it is only 3.3x1073%, which qualitatively agrees with
the mass-spectral data (traces of the 2:1 complex
were detected at 120°C, and at 1700C the complex
was not detected).

Thermodynamic characteristics of vaporization
of the complexes. The saturated vapor pressure over
a solid 1:1 complex was calculated with the data of
series nos. 1 and 2 from the total pressures with
account for thermal dissociation of the complex [cal-
culated by Eq. (3)] and GaCl; dimerization.

The experimental data for series nos. 1 and 2 a-
lowed us to calculate the temperature dependence of
vapor pressure over a solid 1:1 complex (up to
470 K) and over its melt. The sublimation and vapori-
zation characteristics are given in Table 5. The stan-
dard enthalpy of vaporization was caculated by the
following formula [20].

0.38
ap | 1-298T,

AH 53 = AHY [7ij _
2T 1Ty

Here AHY% is the standard vaporization enthalpy;
AHY®, vaporization enthalpy at temperature T; and
Ters crltlcal temperature. The critical temperature T,
was estimated as T, = 1.41bp + 66 [21]. The normal
boiling point was estimated from tensimetric data.
The standard vaporization enthalpy of the 1:1 com-
plex, AH 298(GaCI3pyz) calculated W|th the data for
series nos. 1 and 2 is 61.9+3.2 kI mol™. To find the
saturated vapor pressure over the melt of a complex,
one should take into account the possibility of inter-
action of the vapors with the melt. Unfortunately, no
data on the solubility of the components in the melt of
the complex are available, and, therefore, in view of
the superposition of dissociation and vaporization
processes, the resulting vaporization enthalpies are
more likely to be an estimate. We also estimated the
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Fig. 3. Plot of correlation coefficient R2 (for the de-
pendence of IogK%i:Si vs. inverse temperature) vs. m/my
(mg, sample weight and m, weight used for calculation
of p). (1) 2:1 complex and (2) excess GaCls.
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Fig. 4. Plot of the logK 43 of GaClgpyzGaCls vs. inverse
temperature (1000/T) (numbers of experiments cor-
respond to Table 4). (1) Series no. 3, (2) series no. 4,
and (3) series no. 5 (large excess of GaCly).

melting enthalpy and entropy of the complex as a
difference of the corresponding characteristics for the
sublimation and vaporization processes:
AH™Y(GaCl,p )1/2) 1245 kJmol™, AS™YGaCl,pyz)
23£13 Jmoal

We have caculated temperature dependence of
vapor pressure for the 2:1 complex from the data for
series nos. 3-5 (up to the melting point of the com-
plex at 303°C). Because of the low saturated valor
pressure of the complex under these conditions
(£ 20 mm Hg), the thermodynamic sublimation charac-
teristics of the complex 2:1 could only be estimated

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol.75 No.8 2005
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Table 5. Sublimation and vaporization characteristics of the complex GaClspyz

logp(mm Hg) = a/T + b AH(T,) AS(T,)

Process Exp. no. | Temperature range, K a A Tans KImol-L Imol-LK-L
Sublimation 1 376-472 (13 points) | -3494+382 | 8.443+0.899 [ 424 | 66.9+7.3 |106.5+17.2
2 347-470 (25 points) | -3236+292 | 7.519+0.717 [ 409 | 61.9+5.6 | 88.8+13.7
All points| 347-472 (38 points) | —-3456+250 | 8.159+0.606 | 410 | 66.2+4.8 |101.0+11.6

V aporization 1 482-535 (13 points) | -2608+114 | 6.556+0.221 | 508 | 49.9+2.2 | 70.4£4.2

2 477-543 (22 points) | -2858+104 | 6.958+0.206 | 510 | 54.7+2.0 | 78.0£3.9

All points| 477-543 (35 points) | -2853+123 | 6.980+0.241 | 510 | 54.6+2.4 | 785+4.6

Table 6. Thermodynamic dissociation characteristics of
the complexes at various temperatures, as given by
B3LYP/pVDZ calculations

Our present results reasonably agree with the cal-
culated dissociation characteristics of the complexes
(Table 6). The calculated dissociation enthalpies are
underestimated compared to experiment. This finding

_ GaCl,pyzGaCl, = allows us to state that a complex stable by the results
GaClapyz=GaCls + PYZ| ooy 007 + Gacl,  of calculations a the B3LYPIpVDZ level of theory

T K should be stable in experiment.

! AHOT), | ASYT), | AHO(T), | ASY(T),
kdmol=t [Jmol~tk-1| kImolt |JImol-1K-1 EXPERIMENTAL

298 115.9 1445 87.0 154.8 In view of high hygroscopicity of the compounds
500 112.9 136.8 83.9 147.0 under study, all operations, starting from their syn-
600 111.3 134.0 82.3 144.1 thesis and purification before filling tensimetric
700 109.7 131.6 80.8 141.7 devices, were carried out in all-soldered evacuated
glass systems completely excluding contact with
with a great inaccuracy: AH E‘é@' (GaClpyzGaCl,) atmospheric air and moisture. Pyrazine was purified

921494 kJmol™ and ASEY(GaClpyzGaCls)
182.7+17.5 Imol™! K™L. Because of the small sample
weights of the complex and superposition of the dis-
sociation and vaporization processes, the vaporization
enthalpy of the 2:1 complex is impossible to estimate
quantitatively.

The results of this study establish existence in the
GaCl3—pyz system of 1:1 and 2:1 complexes that
pass into vapor. Vaporization processes are com-
plicated by equilibrium thermal dissociation of
gaseous GaClgpyz and GaCl;pyzGaCl; complexes.
Therewith, the latter complex exists in noticeable
amounts only when excess GaCl; is present. The re-
sulting data allowed us to determine the following
thermodynamic characteristics.

T, K AHg, kdmol™! AD;, Jmol~tK-?
GaClpyz
Sublimation 410  66.2+4.8 101.0+11.6
Vaporization 510  54.6+2.4 785+ 4.6
Dissotiation 625 ~ 124.2+2.8 133.6+2.6
GaCl;pyzGaCl,
Sublimation 537  92.1+9.4 182.7+17.5
Dissotiation 667  98.4+3.3

by multiple resublimation in a vacuum. Gallium tri-
chloride was synthesized from elements and additi-
onally purified by multiple resublimation in a vacuum.
Adducts were synthesized from components in a
vacuum; the 1:1 complex was synthesized with
excess pyrazine and the 2:1 complex, with excess
galium trichloride. The systems were heated for 12 h
a 200°C, after which excess components were re-
moved by vacuum sublimation. The 2:1 and 1:1
adducts were additionally purified by vacuum distilla-
tion at 280-300°C. The resulting complexes represent
colorless crystalline substances melting at 199°C
(GaClspyz) and 303°C (Ga,ClgPYz). Their melts tend
to supercool (to 152 and 272°C, respectively). Above
350°C, solid complexes get black, but the repro-
ducible heating thermograms suggest only dlight
pyrolysis. Note that the complexes are more stable in
vapor than in the condense phase. Thermal dissocia-
tion in unsaturated vapor is reversible up to 420°C, as
evidenced by the reproducible heating and cooling
data. At temperatures above 440°C (experiment with
the 2:1 complex), the pressure in the system irrever-
sibly increases (pyrolysis of the complexed donor).

Processes in saturated and unsaturated vapor were

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol.75 No.8 2005
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studied by static tensimetry with a membrane zero
gage. The pressure was measured to 0.1 mm Hg with
an MChR-3 mercury gage. The temperature was
controlled with two thermocouples (chromel-aumel),
the thermal emf was measured with an Shch-1516
digital voltmeter, the temperature was accurate to
+0.05°C. The volume of the membrane chamber was
found from the difference in the weights of water-
filled and empty systems. The error in the volume was
+0.02 ml, that is 0.04% at the system volume of
50 ml.

Mass spectrometry was performed on an MKh-
1321 instrument, ionization energy 70 eV, batch
temperatures 120 and 170°C.
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