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ABSTRACT: Molecular structures of series of InBr;Py, complexes (x = 1-3) in 2 IBr,

the solid state have been determined by single crystal structure analysis. For x = 2,

an unexpected dimeric In,BrsPy, structure, which features a nearly planar In,Br4 76 56 -45
unit, has been established. This structure completes the series of known valence- = =
isoelectronic dimeric molecules of group 17 (I1,Cls) and group 1S elements (As,Cl,: AE™, kJ mol”

2PMe;). Theoretical studies at the B3LYP/def2-TZVP level of theory reveal that all

gaseous M,XPy, dimers (M = Al, Ga, In, T]; X = Cl, Br) are energetically unstable 1.Br, Sb.BrPy, 2 InBr,Py,
with respect to dissociation into MX;Py, monomers. This finding is in stark contrast
to the valence-isoelectronic group 17 and 15 analogs, which are predicted to be energetically stable with respect to dissociation.
Thus, additional interactions in the solid state play a crucial role in stabilization of the experimentally observed dimeric In,Br4Py,.
Thermal stability and volatility of InBr;Py, complexes have been studied by tensimetry and mass spectrometry methods. Mass
spectrometry data indicate that, in contrast to the lighter group 13 element halides, species with two In atoms, such as In,Br¢Py,,
are present in the gas phase. Thermodynamic characteristics for the heterogeneous dissociation processes of InBr;Py, (x = 2, 3)

2 SbBr,Py In,Br,Py,
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complexes with Py evolution have been determined.

B INTRODUCTION

Group 13 metal halides are typical Lewis acids that have
numerous applications in modern chemistry. Complexes with
group 15 Lewis bases"” are prospective precursors for chemical
vapor deposition (CVD) of group 13—15 materials.” Volatility
and stability are key features for a successful precursor. The
structure of the precursor in the solid state plays a decisive role
on its volatility. Complexes with molecular structures are
expected to have higher volatility than ionic or polymeric
compounds. One of the crucial factors affecting the complex
stability is the energy of the donor—acceptor (DA) bond.
Pyridine is a useful model ligand for experimental studies of DA
bond breaking because it is thermally stable and easily forms
adducts with group 13 element halides MX;Py, (x = 1-3).
Complexes with x = 1 are the most abundant; they possess
molecular MX;Py structures.”>* % Complexes with two
pyridine molecules exist as either trigonal bipyramidal
molecules MX,Py, or ionic compounds [MX,Py,]*[MX,] ,
whereas complexes with x = 3 form molecular octahedrons
MX;Py;.”~>"'~'* Despite many structural studies, only one
series of AICL,Py, (x = 1—3) complexes was fully structurally
characterized.®

In contrast to lighter group 13 metals, which usually adopt
coordination number 4, indium prefers coordination number
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6."> Such a tendency leads to the formation of a variety of
complexes with unusual structural motifs, for example, in the
recently characterized molecular complex [(InCl;),{o-
C4H,(CH,SEt),};]."° Synthesis of InBr;Py, and InBr;Py; in
acetonitrile solution has been reported, but no structural
information is available.'” Structurally characterized indium (IIT)
halide complexes with pyridine are limited to series of tris
adducts: InCl,Py;Py,"" InBr;Py,-Py,"* and InlsPy;."> Appa-
rently, there are no structural data on mono and bis adducts of
indium halides with pyridine.

Herein, we report the solid state structures, thermal stability,
and volatility of a complete series of indium bromide—pyridine
complexes, InBr;Py, (x = 1—3). We demonstrate that the
complex with x = 2 exists in the solid state in the unusual
dimeric form In,BrsPy,. This unexpected structure prompted
us to perform theoretical studies of M,XPy, dimers (M = Al
Ga, In, TI; X = Cl, Br) and their valence-isoelectronic analogs
of group 17 and 15 element halides. The results of these studies
are also presented and discussed.
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Table 1. Crystal Structure Information for Investigated Complexes

complex
empirical formula
M,
crystal system

space group

a (A)

b (A)

c (A)

a (deg)

p (deg)

7 (deg)

Vv (A%)

V4

T (K)

crystal color/shape
crystal size (mm™)
Peiea (g/cm?)
F(000)

p (mm~")

Toin/ Tonae

abs corr type
wavelength 4 (A)
reflns coll/uniq (Ry,)
uniq reflns I > 20(I)

index range

Omin — Onmax (deg)
completeness to 0,
data/restraints/param
R values (all data)

R values (I > 26(I))
GOF on P

largest diff Ap (e A7)

InBryPy (1)
C;HBr;InN
433.62
orthorhombic
Pbca

13.2768(4)
11.2949(4)
13.6333(6)

90

90

920

2044.45(13)

8

123(1)

colorless block
0.40 X 0.21 X 0.11
2.818

1568

31.706
0.191/1.000
multiscan

1.54178 (Cu Kar)
6946/1763 (0.0574)
1687
-1S<h<14
-13<k<13
-14 <115
6.08—66.56

0.977

1763/0/91

R, = 0.0737, wR, = 0.1910
R, = 0.0726, wR, = 0.1884
1.082
+3.514/-1.375

InBr,Py, (2)
CyoH,0Breln,N,
1025.44
orthorhombic
Fddd

14.6209(4)
15.5436(5)
25.6230(8)

90

90

90

5823.1(3)

8

123(1)

colorless block
0.16 X 0.14 X 0.09
2.339

3808

22.435
0.114/0.295
analytical

1.54178 (Cu Ka)
4880/1185 (0.0590)
975
-16<h<16
-17<k<17
-25<1<29
4.50—63.25

0.992

1185/0/74

R, = 0.0405, wR, = 0.1027
R, = 0.0363, wR, = 0.0984
1.179
+1.456/—-1.759

InBr;Py; (3)
C,sH,sBr;InN;
591.82
orthorhombic
Pbcn

9.3125(1)
15.0076(2)
13.4349(2)

90

90

920

1877.64(4)

4

123(1)

colorless plate

0.18 X 0.11 X 0.11
2.094

1120

17.528
0.678/1.000
multiscan

1.54178 (Cu Ka)
17314/1653 (0.0300)
1621
—11<h<10
-17<k<17
-15§<I1< 15
5.59—-66.91

0.989

1653/0/102

R, = 0.0171, wR, = 0.0439
R, = 0.0166, wR, = 0.0435
0.950
+0.338/-0.523

LCl, (4)

Clgl,

466.50

triclinic

PT

5.4020(3)
5.6323(3)
8.3070(4)
71.756(5)
78.314(5)
81.092(5)
233.93(2)

1

123(1)

yellow plate

0.27 X 0.10 X 0.03
3.311

208

8.348

0.298/0.806
Gaussian

0.71073 (Mo Ka)
9677/1975 (0.0375)
1727

—-8<h<8
-9<k<9
-13<1<13
3.828—34.964
0.989

1975/0/37

R, = 0.0206, wR, = 0.0365
R, = 0.0267, wR, = 0.0372
0.999

+1.32/-0.67

B EXPERIMENTAL DETAILS

X-ray Crystal Structure Analyses of the Complexes. Analyses

Synthetic Procedures. Due to the high sensitivity of InBr; and its
complexes to moisture, all operations have been performed in a sealed
whole glass apparatus under vacuum. InBr; has been synthesized by
the direct reaction between the elements and purified by multiple (no
less than four times) resublimations in vacuum at 570—580 K. Pyridine
was degassed under vacuum by repetition of freezing/melting cycles,
stored above zeolites in a sealed glass ampule for no less than 2 weeks,
and distilled under vacuum before use. Purity was controlled by mass
spectrometry and tensimetry measurements.

Complex InBr;Py (1). Pyridine (9.5 mg, 0.12 mmol) was condensed
in vacuum to InBry (44.5 mg, 0.125 mmol) by cooling in a liquid
nitrogen bath. Reaction volume was sealed and kept at 440—450 K for
24 h.

Complex InBrsPy, (2). Pyridine (57.4 mg, 0.726 mmol) was
condensed in vacuum to InBr; (137.5 mg, 0.388 mmol) by cooling in a
liquid nitrogen bath. Reaction volume was sealed and kept at 370—380
K for 24 h.

Complex InBrsPys (3). Pyridine (81.1 mg, 1.03 mmol) was
condensed in vacuum to InBry (125.2 mg, 0.353 mmol) by cooling
in a liquid nitrogen bath. Reaction volume was sealed and stored at
370—380 K for 24 h. Single crystals of 2 and 3 were obtained in
different parts of the reaction ampule after 6 weeks at 330—340 K.
LClg (4) was synthesized from elements under argon atmosphere. I,
(253.0 mg, 0.996 mmol) in a Schlenk tube under argon was treated
with an excess of gaseous chlorine. Single crystals, suitable for X-ray
analysis, were obtained by sublimation at room temperature over
several days.

of the complexes were performed on an Agilent Technologies
(formerly Oxford Diffraction) Gemini R Ultra CCD. Either semi-
empirical'® or analytical absorption corrections from crystal faces'
were applied. The structures were solved by direct methods with the
program SIR-97.*° Full matrix least-squares refinements on F? in
SHELXL-97 were carried out.” The crystal of 1 was twinned. The
data were detwinned with an overlap constraint of 0.8 employing the
CrysAlis software,'® and only the major component was used for
refinement. The remaining increased residual density is located close
to the indium atoms. CCDC 957189, 957190, 957191, and 957192
contain the supplementary crystallographic data for this paper. These
data can be obtained free of charge from the Cambridge Crystallo-
graphic Data Center via http://www.ccdc.cam.ac.uk/products/csd/
request/. Powder diffraction measurements were performed on the
powder diffractometer Bruker D2 Phaser at SPbSU Research Centre
for X-ray Diffraction Studies.

Quantum Chemical Computations. All computations were
performed using density functional theory (DFT) hybrid functional
B3LYP**** in conjunction with a triple-{ quality Ahlrichs def2-TZVP
basis set® (all electrons for H, C, N, Al, Cl, Ga, As, Br; effective core
potentials for In, Sb, I, T1). The B3LYP method has been successfully
applied for the complexes of group 13 metal halides with ammonia®®
and other donors® and provided good agreement with high
temperature thermodynamic data and satisfactory structural data.
Structures of all compounds were fully optimized and verified to be
minima or (in several cases) higher order stationary points on their
respective potential energy surfaces (PES). The GAUSSIAN 09
program package®” was used throughout.
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B RESULTS AND DISCUSSION

Structural Features of InBr;Py, (x = 1—3). Experimental
details on crystal structure for all complexes are presented in
Table 1. In the solid state, 1 adopts the molecular structure
InBr;Py with tetrahedral environment on the In atom revealing
coordination number 4 (Figure 1). This compound is

Figure 1. Molecular structure of complex InBryPy (1) in the crystal.
Selected interatomic distances (A): In1-N1 2.194(7), Inl-Brl
2.4855(11), In1—Br2 2.4697(10), In1—Br3 2.4690(11). Selected
bond angles (deg): Brl—Inl—Br2 110.08(4), Brl—Inl1—Br3
119.03(4), Br2—In1—Br3 118.74(4), N1—-In1—Brl 99.04(18), N1—
In1—Br2 103.47(18), N1-In1—Br3 102.61(18).

isostructural to its aluminum and gallium analogs MX;-Py (M
= Al Ga; X = (], Br).s’6 Compared to complexes of lighter
group 13 analogs, the donor—acceptor bond distance in 1
(2.194(7) A) increases by about 0.16 A in line with the increase
of the covalent radii. Similar In—N distances are reported for
other InBr; adducts with other N-containing donors: 2.158(8)
A in InBry-N(SnMe;);*® and 2.210(9) A in InBry-NH,SiMe;.”’

Unexpectedly, 2 turned out to be a dimer In,BrPy, (Figure
2), featuring a planar In,Br, unit with two bridging Br atoms, all
four Py molecules occupy axial positions, and the coordination
number of In equals 6. This structural type is markedly different
from other complexes of group 13 trihalides of 1:2
composition, which adopt either monomeric molecular
structures with coordination number S (for example, TIBr;-
2Py’), or ionic structures like [AICI,Py,]*[AICI,]” and
[GaCl,Py,]*[GaCl,]~.*" This is only the second example of
such structural type among group 13 element halides: the first
was observed for TL,ClL,2L (L = N-nicotinamide).'® The
pyridine units in 2 are distorted toward the center of the
molecule, the N—In—N angles being 171°. Note that all four
pyridine molecules are aligned in a perpendicular fashion with
respect to the In—In axis. Such an arrangement allows
intramolecular 7—7 interaction between the pyridine rings.

The planar In,Brs motif found in 2 can be also seen in the
solid state structure of low volatile indium tribromide itself.** In
contrast to Al,Brg and Ga,Br, which exist in the condensed
phase as individual dimeric molecules,® solid indium
tribromide is a coordination polymer, the coordination number
(cn.) of In equals 6. The structure can be seen as planar In,Br;
dimers, each indium additionally coordinated by two bromine
atoms from other dimers completing the octahedral coordina-
tion sphere. Experimental In—Br distances are in the range
2.643-2.674 A.

Figure 2. Molecular structure of complex InBr;Py, (2) in the crystal.
Selected interatomic distances (A): In1-N1 2.275(5), Inl—Brl
2.7609(6), In1—Br2 2.5857(6). Selected bond angles (deg): Inl—
Brl—Inl 96.739(3), Br1—In1—Br2 88.84(2), Br2—In1—Br2 99.06(2),
N1-In1-Brl 86.385, N1—-In1-Br2 92.49(10), N1-In1-N1
171.04(16).

Compound 3 exists as a molecular mer-InBr;Py; (Figure 3)
with coordination number 6 of indium, similar to known

Figure 3. Molecular structure of complex InBr;Py; (3) in the crystal.
Selected interatomic distances (A): In1—-N1 2.293(2), In1-N2
2.313(3), In1—Brl 2.6050(4), In1—Br2 2.6436(3). Selected bond
angles (deg): N1-In1-N1 174.50(7), N1-In1-N2 87.25(5), N1—
In1—Brl 92.75(5), N1-In1—Br2 89.21(5), N2—In1—Brl 180.00(2),
N2—In1—Br2 85.54(1), Brl1—In1—Br2 94.46(1).

analogs AICLPy;® InCl;Py;Py,"" InBryPy; Py, InLPy,,"
TICL,Py;-Py, and '' TIBr;Py;.'* Note that the previously
structurally characterized compound InBr;Py;-Py'” contained
additional noncoordinated Py molecules in the crystal lattice. A
synthesis in vacuum by condensation of pyridine to InBr;
allowed to obtain 3 as a solvent-free sample. The molecular
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Table 2. Comparison of Experimental (X-ray) Bond Distances in Solid 1—3 and Computed B3LYP/def2-TZVP Values for the

Gas Phase Complexes

r(In—N) (A) r(In—Br) (A)
compound X-ray B3LYP AV Em— X-ray B3LYP AN —

1 2.194(7) 2310 2.4690(11) 2.504 0.035
2.4697(10) 2.508 0.038

2.4855(11) 2.509 0.023

2 2.275(5) 2.379 2.5857(6) 2.596 0.010
2.7609(6) 2.842 0.081

3 2.293(2) 2.409 2.6050(4) 2.593 —0.012
2.313(3) 2.527 2.6436(3) 2.654 0.010

parameters of the octahedral mer-InBr;Py; unit, found in the
present work, are in good agreement with previously reported
ones for InBr;Py;-Py.'?

The obtained results allow us to discuss trends in structural
parameters in the InBr;Py, series (x = 1—3). Both In—N and
terminal In—Br distances increase with the increasing number
of Py ligands, coordinated to indium (Table 2). The same
trends are observed in the AICI;Py, series as well.%®

The planar In,Br4 unit, found in 2, is unprecedented among
group 13 metal halide complexes with Py. The existence of a
dimeric In,BrPy, instead of the expected monomeric InBr;Py,
or ionic [InBr,Py,]*[InBr,]” is puzzling. Note that valence-
isoelectronic analogs of group 17 and 15 elements also exist as
dimers 1,Cls** and As,Clg-2PMe;,.*® Thus, the structure of 2 fits
to the structural pattern of dimeric planar fragments of group
17, 15, and 13 elements (Scheme 1). To address the question
of the stability of dimeric In,BrsPy, and its analogs, theoretical
studies have been carried out.

Scheme 1. Schematic Representation of the 12-Electron
Valence Shell for Group 17, 15, and 13 Elements in
Structures Featuring Dimeric E,X, Fragment (L = Lewis
Base)

L L L
bk
Br
% \@/CI\@/ ' a \@/CI\A ~ Br\Q/Br\In/
c|/®\m/@ Cl C|/AOS\C|/® Cl B/lo\Br/O\Br
[}

Quantum Chemical Studies. Optimized geometries for
the considered gas phase complexes in the InBr;Py, series (x =
1-3) are given in Figure 4. The meridional isomer of InBr;Py;
is predicted to be by 34 kJ mol™" more stable than the facial
one, in agreement with experimental findings for 3. Optimized
gas phase geometries are in satisfactory agreement with
experimental data for the solid state complexes (Table 2).
Computed In—N distances for gaseous complexes are over-
estimated by 0.1—0.2 A compared to experimental data in the
solid state, which is expected due to shortening of the donor—
acceptor bonds on going from gas phase to the condensed
phase.>* The difference between computed and experimental
In—Br distances is much smaller (0.01—0.04 A), only for 2 the
maximal difference for the bridging In—Br bond length
amounts to 0.08 A (Table 2).

The energetic characteristics of the processes are summarized
in Table 3. The computed gas phase enthalpies for subsequent

Py elimination from InBr;Py, are endothermic by 20, 13, and
96 kJ mol™ for x = 3, 2, and 1, respectively. Because
dissociation is entropically favorable, gaseous 3 and 2 should
easily lose excess of pyridine upon heating, which agrees well
with our tensimetry studies (vide infra). It should be noted that
gaseous In,Br¢Py, (Figure 4c) is metastable because its
dissociation into monomeric InBr;Py, (Figure 4b) is predicted
to be exothermic by SO kJ mol™, in stark contrast to the
experimentally observed dimeric structure of 2 in the solid
state.

We have also computed donor and acceptor reorganization
energies upon complex formation and derived intrinsic values
of the donor—acceptor (DA) bond energy (Table SS,
Supporting Information). The average DA bond energy in
the dimeric In,BrePy, is 93 kJ mol™!, larger than in the
monomeric InBr;Py, (80 kJ mol™). Thus, formation of the
In,BrPy, dimer is favored in terms of In—N bond energy.
However, the reorganization energy of InBr; in monomeric
InBr;Py, is small (12 kJ] mol™') compared to the large
reorganization energy of In,Brs in dimeric In,Br Py, (187 kJ
mol™"). Apparently, high reorganization energy of In,Br, into
the planar form makes formation of In,BrPy, in the gas phase
energetically unfavorable. Thus, the existence of 2 in form of
In,BrsPy, dimers can only be attributed to the solid state
stabilization.

To elucidate the stability of M,X¢Py, complexes for other
group 13 analogs, the geometries of monomeric MX;Py, and
dimeric M,X4Py, species have been optimized (M = Al, Ga, In,
Tl; X = Cl, Br). It should be noted that in case of the gallium
and thallium derivatives, the M,X(Py, structure with planar
M,X, unit turned out to be either a transition state (GaX,,
TICl;) or the second-order stationary point (TIBry).
Optimization without symmetry constrains leads to van der
Waals bound MX;Py, dimers. Thus, the Ga and Tl dimeric
complexes are not minima on PES and should dissociate into
monomers. This is in good agreement with experimentally
observed structure of monomeric TIBr;Py, in the solid state.'*
For aluminum and indium, the M,X(Py, structures are true
minima on PES. Such a difference may be related to the
secondary periodicity.”’

Computational data reveal that all M,XPy, dimers are
metastable with respect to the dissociation into monomers
(Table S4, Supporting Information). It is worthwhile to
compare the energetics of the dissociation with data for their
valence-isoelectronic analogs of group 17 and 15 elements. To
this end, structures of group 17 and 15 compounds I,Cl,
E,ClPy, (E = As, Sb) and their respective monomers have
been optimized. The experimentally known compound
As,Clg(PMe;),> was also studied for comparison. The
optimized structures of In,Cls, Sb,ClsPy,, and In,ClsPy, are
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Figure 4. B3LYP/def2-TZVP optimized geometries of complexes: (a) InBr;Py; (b) InBr;Py,; (c) In,BrPy,; (d) In,BrPy,; (e) mer-InBr;Pys; (f) fac-

InBr;Py;.

Table 3. Computed Thermodynamic Properties for
Dissociation of Gas Phase Complexes®

process AH®,gg AS®,08 AG®4
mer-InBryPy; = (1/ 2)In2Br6Py4 + Py 19.8 65.3 0.3
(1/2)In,Br¢Py, = InBr;Py, —24.9 120.8 —58.0
InBr;Py, = InBr;Py + Py 37.4 148.9 =7.0
(1/2)In,BrPy, = InBr;Py + Py 12.5 13 12.1
InBr; Py = InBr; + Py 95.8 141.8 53.6
In,BrPy, = InBr;Py + mer-InBr;Py, =73 —64.0 11.8
In,BrPy, = In,BrsPy, + 2Py 53.5 348.6 —50.4
In,BrPy, = 2InBr;Py —28.6 170.9 =79.5
In,Br¢Py, = In,Brs + 2Py 96.2 3119 3.3

“Standard enthalpies (AH°,) and Gibbs energies (AG®,5) in kJ
mol™!; standard entropies (AS°) in J mol™" K~'. B3LYP/def2-
TZVP level of theory.

given in Figure 5. Planar D,;, symmetric I,Cly is a transition
state with respect to puckering at B3LYP/def2-TZVP level of
theory, in contrast to the solid state structure.>> Optimization
without symmetry constraints yields a minimum structure
(Figure Sa). It exhibits two planar ICl, moietes joined by a
common edge, with a dihedral angle between planes of 12°.
This structure is only by 0.3 k] mol™" lower in energy than the
perfectly planar transition state of D,, point group. The
nonplanar structure of I,Cls was also reported at B3LYP/3-
21G* level of theory.36 Due to ambiguous DFT results, we
have redetermined the molecular structure of L,Cly (4) in the
solid state. Our findings (Figure 6) reveal a ;S)erfectly planar
molecule in agreement with the earlier study.>* The sum of
angles around iodine is 359.97 + 0.04, indicating square planar

13211

geometry. For reason of the ambiguous DFT results, the data
were also refined against a model in the P1 space group. In this
space group, the molecule is also planar within the standard
deviation of 0.3°. Geometry optimization at MP2/def2-TZVP
level of theory revealed that D,, symmetric structure of I,Clg is
a true minimum on PES.

We have also optimized the structures of the bromine
analogs I,Brs and Sb,BrsPy,. The experimentally unknown
LBrs is predicted to be perfectly planar with a sizable
endothermic dissociation enthalpy into IBr; monomers of 71
kJ mol™". The antimony analog Sb,Br¢Py, is also stable with
respect to dissociation into monomeric SbBr;Py (Table 4).
Thus, these molecules should exist in dimeric forms at low
temperatures. Interestingly, our computations predict that I,Br,
is also energetically stable with respect to the dissociation into
IBr and Br, (dissociation enthalpy of 18 k] mol™" per mole of
LBrg), but taking the entropy factor into account, LBrs is
predicted to be thermodynamically stable only below 50 K.

The central atom of all these compounds formally possesses
a 12-electron valence shell (Scheme 1), which exceeds the
Lewis octet rule. Thus, such compounds may be considered as
hypervalent. However, as shown by Noury, Dilvi, and
Gillespie,37 in the experimentally known hypervalent com-
pounds the actual population of the valence shell is smaller than
eight due to electronegativity of substituents, which adopt an
excess charge. We have performed an NBO analysis®® of 2 and
related group 17 and 15 dimers. According to NBO analyses,
the valence shell occupation of the central atom decreases in
order: L,Cl, (5.87) > Sb,Cl¢Py, (3.50) > In,ClPy, (1.54). The
population of Cl atoms (7.3—7.6 electrons in valence shell)
does not change much within the series. Analogous results were
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Figure 6. Molecular structure of ,Cl; (4) in the crystal. Selected
interatomic distances (A): Cl1—I1 2.7103(5), I1—CI2 2.3464(6), 11—
CI3 2.3646(6), 11-11" 4.0056(4), Cl1—Cl1’ 3.7256(10). Selected
bond angles (deg): CI3—I1—-CI2 93.27(2), CI3—I11—CI1 90.542(18),
Cl2-11-Cl1 90.311(19), Cl1-I11-Cl1’ 85.851(16), I1—-Cl1-11’
94.149(16).

Table 4. Computed Gas Phase Thermodynamic Properties
for Dissociation of Valence-Isoelectronic Group 13, 15, and
17 Dimeric Molecules into Monomers“

process AE°, AHg5  AS° AG®q
LCls = 2ICl 72.0 67.3 142.0 24.9
Sb,Cl¢Py, = 2SbCLPy 584 $32 1756 09
As,ClPy, = 2AsCLPy 451 399 1625 -85
As,Cly(PMes), = 2AsCLPMe, 326 276 1653 -216
In,ClgPy, = 2InCLPy, —265 =309 2108 -937
I,Brg = 2IBr; 75.7 70.7 163.1 22.0
Sb,BrPy, = 2SbBr;Py 55.5 498 1822 —45
In,BrsPy, = 2InBr;Py, —44.9 —49.8 221.6 —1158.9

“Reaction energies (AE°)), standard enthalpies (AH®,q), and Gibbs
energies (AG®y;) in kJ mol™; standard entropies AS%,y¢ in J mol™
KL B3LYP/def2-TZVP level of theory.

obtained for the bromine analogs L,Brs (6.13), Sb,ClPy,
(3.68), and In,BrPy, (1.76). Thus, the central atoms in the
studied compounds contain less than 8 electrons in their

valence shell and should not be considered as hypervalent.
Apparently, an increase of the electronegativity differences
between central and terminal atoms in this row results in a
depopulation of the valence shell of the least electronegative
central atom.

Computational studies allow us to conclude that, in contrast
to group 17 and 1S valence-isoelectronic analogs, the observed
dimeric structure of 2 arises rather from the solid state
stabilization.

Tensimetry Studies. To obtain thermodynamic parameters
for vaporization and dissociation of 1—-3, a series of vapor
pressure—temperature dependence measurements have been
performed by the static tensimetry method with a glass
membrane null-manometer.”*> Details on tensimetry apparatus
are given in the Supporting Information. Six tensimetric
experiments with molar ratios InBry:Py = 1:1.0, 1:1.1, 1:2.1,
1:2.9, 1:34, and 1:5.0 have been performed. They will be
referred to as experiments 1—6, respectively. In all experiments,
Py was introduced first and its exact amount was established on
the basis of thermal expansion line in an unsaturated vapor
region: n = PV/(RT). After that, the compartment with InBr,
was mechanically broken and the system was stored at room
temperature for about 12—48 h. For each tensimetry
experiment, several series of measurements of vapor
pressure—temperature dependence have been performed (see
Supporting Information for details). In experiments 1 and 2,
noticeable vapor pressure appears only above 470 K (Figure S3,
Supporting Information), which indicates that the solid InBr;Py
complex has low volatility and does not dissociate below this
temperature. Because InBr; has negligible vapor pressure at the
studied temperature interval (InBr; sublimes without melting
and has a vapor pressure of 0.1 Torr at 515 K, sublimation
enthalpy is 147 + 4 kJ mol™" *°), we may assume that Py is the
only gaseous form existing in the system at temperatures below
470 K. Thus, the amount of gaseous Py can be derived from the
measured vapor pressure at a given temperature, which allows
to determine the amount of the complexed Py in the solid state.
Because the amount of introduced InBr; is known, the complex
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composition in the solid state (the parameter x in formulas
InBr;Py,) can be unambigously determined at each temper-
ature (Figure 7). In excess pyridine, the complex InBr;Py; (3)
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Figure 7. Solid state complex composition (parameter x in InBr;Py,)
as function of temperature for experiments 1—6.

is stable with respect to Py loss up to 380 K. Heating to 610 K,
an irreversible thermal destruction of pyridine (black coloring
on the walls of the system) was observed. This indicates a
catalytical role of indium tribromide in pyridine thermolysis,
because pure pyridine decomposes at much higher temper-
atures (1200—1600 K*).

Tensimetric study allowed us to obtain the thermodynamic
characteristics for several processes, listed in Table S (see
Supporting Information for details). To characterize the vapor
composition over InBr;Py,, mass spectrometry studies have
been performed.

Mass Spectrometric Study. The vapor composition over
samples with molar ratio InBry:Py 1:1.0, 1:2.1, and 1:2.9,
identical to the tensimetry experiments 1, 3, and 4, respectively,
were investigated by mass spectrometry. Measurements were
carried out on a ThermoScientific ISQ mass spectrometer with
a direct insert probe controller. An electron ionization energy
of 70 eV was used. After synthesis in a vacuum system, samples
were placed into thin glass capillaries. Those were opened
immediately prior to the measurements. The mass spectra of
the samples were continuously measured at 413 K (for 4 min),
433 K (for 4 min), and 453 K (for 4 min). For all studied
compositions, the mass spectra over the liquid phase (453 K)
are very similar (Table S1, Supporting Information), which
suggests that the Py evolution takes place in the course of the
MS experiment. The resulting samples are essentially enriched
by InBr;. The InBr,Py" ion has the most intensive signal for all
samples, which suggests that monomeric InBr;Py molecules are
present in vapors at these conditions. The ion InBr,Py," has the
second highest intensity in the mass spectrum. Because the
molecular mass of Py (79) coincides with the atomic mass of
7*Br, the distinction between ions has been made by analysis of
isotope pattern (Figures S7—S9, Supporting Information). Ions
containing more than two pyridine ligands were not observed.
The observation of InBr,Py," hints to a vaporization of species

containing two Py ligands. Two possible pathways for the
generation of InBr,Py," ions are possible: a fragmentation of
monomeric InBr;Py, molecule and a fragmentation of dimeric
In,Br¢Py,. The detection of In,Br;Py," ions (with low
intensity) suggests that dimeric In,BrsPy, molecules are present
in vapors. InBr,Py,", In,Br,Py,", and In,Br;Py" might originate
from further fragmentation of In,BriPy,". Note that traces of
In,BrPy," (1.4 X 107*%) and significant amounts of InBr,Py,"
(52%) are detected in the mas spectra of the sample with a 1:1
composition (Table S1, Supporting Information). Supposedly,
InBr;Py is partially ionized in the melt, which can give rise to
metastable In,Br¢Py, dimers:

(InBr,Py,]* (1) + [InBr,]™(I) & In,BrPy,(I) < 2InBr;Py(1)

Note that the bridging In—Br distances in the optimized
structure of In,Br,Py, (Figure 4d) are quite unequal; the one
with tetrahedral In (c.n. 4) is 0.36 A shorter than the one with
octahedral In (cn. 6). The latter distance of 2.982 A is
significantly larger than the computed 2.834 A for In,Br,Py,
and 2.694 A for dimeric In,Brs. Such long distances are
indicative of In—Br bond weakening, which will facilitate
ionization of dimeric molecule in the melt with formation of
[InBr,Py,]* and [InBr,]".

The existence of the dimeric molecule In,BrPy, in the gas
phase is intriguing, because complexes of aluminum and gallium
halides with pyridine vaporize in the monomeric form and exist
in vapors as individual MX;Py molecules, which dissociate upon
heating.*' Computational studies reveal that, among the
possible isomers of In,Br¢Py,, only the isomer with Py ligands
attached to the same In atom turned out to be minimum on
PES (Figure 4d). Optimization attempts for the alternative
symmetric isomer (Py ligands coordinated to different In
atoms) resulted in two InBryPy monomers, weakly bound by
van der Waals interactions in a head-to-tail fashion. Thus, the
symmetric 10 e~ valence shell dimer In,Br,Py, is not a
minimum on PES, whereas the asymmetric 8 and 12 e~ valence
shell isomer (Figure 4d) is a true minimum on PES.
Interestingly, similar situation is also observed for valence-
isoelectronic group 15 dimers E,X4 (E = As, Sb; X = Cl, Br).
The E,X4 dimers with a 10 e~ valence shell are not minima on
PES and dissociate into EX; monomers upon geometry
optimization, whereas group 15 donor-stabilized 12 e valence
shell dimers E,X(L, (L = Py, PMe,) are local minima on
respective PES. The optimized structure of As,Cls(PMe;),
(Figure S1lg, Supporting Information) is in good agreement
with the experimental data.*® Note that the 8 e~ valence shell
dimers of group 13 analogs E,X¢ (E = Al, Ga; X = CI, Br) are
stable gas phase species.*” Our results indicate that dimerization
depends on the formal occupation of the valence shell: it is
favored in the case of the 12 and 8 e~ valence shells but
disfavored in the case of the 10 e valence shell.

Bl CONCLUSIONS

The experimentally characterized structures of 1—3 represent
the second example of the structurally characterized series of

Table 5. Thermodynamic Characteristics of the Processes Obtained by Tensimetry Method

process

InBr;Py;-Py(s) = InBr;Py;(s) + Py(g) 325-345
InBr,Py;(s) = (1/2)In,BrPy,(s) + Py(g) 380—440
In,BrPy,(1) = In,Br¢Py,(g) + 2Py(g) 476—-526

temperature range (K)

13213

Thean (K) AH®; (kJ mol™) AS°r (J mol™ K1)
330 347 £ 09 84.6 + 2.7
415 86.7 + 23 189.4 + S.5
501 100 + 11 126 + 23
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MX,Py, adducts (x = 1—3) besides AICL;Py,. In contrast to
ionic [AICLPy,]*[AICL,]™ 8 and monomeric trigonal bipyrami-
dal TIBr;Py,’ 2 exists as molecular dimer In,BrsPy, that
features a planar In,Brg unit and 12-electron valence shell for
the indium atoms. This is only the second example of this
structural type for group 13 metal halides besides T1,Cls(N-
nicotinamide),. Such structures complete the series of dimeric
valence-isoelectronic molecules of group 17, 15, and 13
elements featuring a planar E,X; unit. Quantum chemical
computations reveal that in contrast to the group 15 and 17
analogs, the molecular dimer In,Br(Py, is metastable with
respect to dissociation into monomers.

Tensimetry studies of the InBr;—Py system allowed us to
determine the solid state complex composition at any given
temperature. Complexes with high Py content easily lose Py
upon heating, and thermodynamic characteristics for the
processes of Py loss have been determined. Unlike other
group 13 metal halide pyridine complexes, which are
monomeric in vapors,*' the mass spectrometric studies indicate
the existence of dimeric In,BrsPy, molecules in vapor phase.
Quantum chemical data evidence that such In,BrPy, complex
is metastable with respect to dissociation into InBr;Py
Monomers.

Halogen-bridged dimers of group 17, 15, and 13 elements
with a formally 12 and 8 e™ valence shell of the central atom are
stable or metastable, whereas 10 e~ valence shell halogen-
bridged dimers are not minima on PES. This observation
suggests that the formation of the 12 or 8 e~ valence shell is an
important factor in formation of the dimeric complexes of
heavier main group elements. Yet, unknown valence-isoelec-
tronic dimeric I,Brg and Sb,Br Py, compounds are predicted to
be stable with respect to the dissociation into monomers and
can be regarded as possible synthetic targets.
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