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The kinetic and thermodynamic stabilities of the group 13 hydrides EHs (E = B, Al, Ga, In, Tl, E113) are investigated by
relativistic density functional and wave function based theories. The unimolecular decomposition of EHz3 — EH + H,
becomes energetically more favorable going down the Group 13 elements, with the H,-abstraction of InHs, TIH3, and
(E113)Hz (E113: element with nuclear charge 113) being exothermic. In accordance with the Hammond—Leffler
postulate, the activation barrier for the dissociation process decreases accordingly going down the group 13 elements
in the periodic table shifting to an early transition state, with activation energies ranging from 88.4 kcal/mol for BHs to
41.3 kcal/mol for TIH3 and only 21.6 kcal/mol for (E113)H; at the scalar relativistic coupled cluster level of theory. For
both TIH; and (E113)H; we investigated spin—orbit effects using Dirac—Hartree—Fock and second-order Maller—
Plesset theory to account for electron correlation. For (E113)H, spin—orbit coupling results in a chemically inert closed
7p12-shell, thus reducing the stability of the higher oxidation state even further. We also investigated the known
organothallium compound TI(CHg)a, which is thermodynamically unstable similar to TIH, but kinetically very stable
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with an activation barrier of 57.1 kcal/mol.

Introduction

The stability and chemical properties of the group
13 hydrides EH; (E =B, ..., Tl) have been a topic of intense
discussion and debate for many decades.' More than 60 years
ago, Egon Wiberg and co-workers claimed the synthesis and
isolation of the group 13 trihydrides EH; (E = B—TI).
However, the last confirmed successful synthesis was gallane
by Downs et al.' who were able to isolate GaHs as a white
solid which melts at —50 °C. Any other attempts to reproduce
Wiberg’s results in the synthesis of InH3 and TIH3 have been
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unsuccessful.® According to several authors,* ® it seems
unlikely that InH3 and T1Hj; are stable enough to be isolated
in the solid phase under normal conditions.

Unlike the group 13 monohydrides (EH), whose gas-phase
stabilities have allowed them to be studied extensively by
spectroscopic methods,” the gas-phase stability of the heavier
InH; and TIH; has been problematic as well. Even two more
recent review articles listed these compounds as being non-
existent in the gas-phase.'” Until very recently, only the
lighter EH; and E,Hg (E=B, Al, Ga) have been studied
extensively through spectroscopy.™'~'? InH; and TIH; were
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only recently synthesized in the gas phase, with TIH; being
produced through laser-ablation matrix-isolation spectros-
copy within hg/drogen or inert gas matrixes at cryogenic
temperatures.

Similar to trihydrides of the group 13 elements, the trialkyl
and triaryl compounds of thallium, for example, TIMes
(Me = CHs), have also been shown to be unstable in the
gas phase.”® In contrast, the trimethyl derivatives of the
hghter group 13 compounds are all thermodynamically stable
species.”* The organothallium compounds are however ki-
netically stable and can be isolated in solid form.>* Unlike the
monohydrides, the monoalkyls of TI(I) have never been
isolated, with one notable exception by Uhl and co-workers,
who in 1997 synthesized for the first time TI[C(SiMes)3].%* In
the solid state this compound adopts an unusual distorted
tetrahedral structure consisting of Tl atoms forming weak
TI—TI bonds. In 1998 Niemeyer and Power reported the
synthesis of the first well characterized thallium monoaryl
employing the very bulky terphenyl substituent 2,6-
Trip,CgH;s (Trip = 1,3,5- iPr;Ce¢H>). It is a monomer even
in the solid state and comprises a singly coordinated thallium
atom.”” Reducing the sterical congestion of the terphenyl
group allowed for the isolation of further thallium(I) aryls
which dimerize or trimerize in the solid state via weak TI—TI
interactions.”® We mention that both cyclogentddlenyl -TI(T)
and -In(I) compounds are well-known.” Most notably
Schumann and co-workers synthesized (i7°-pentabenzyl-
cyclopentadienyl)-thallium(I) in dimeric form in the solid
state with relatively short TI—TI distances.>® The strength of
such TI-TI interactions have been the subject of some
debate.®' A comprehensive review on organothallium(I)
and (II) chemistry has been given by Janiak.>> The only
other monoalkyls of thallium are TI(III) compounds of the
type RTIX, and RTIO (X = OAc, CN, Cl, Br, ...).>*%
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It is well-known that the stability of the group 13 com-
pounds MX;5 (X any ligand) decreases going down the
periodic table, as the highest oxidation state becomes in-
creasingly more unstable.”***> Schwerdtfeger et al. have
shown that the decomposition of TIH; to TIH and H, is an
exothermic process,’ with InH; being borderline.” They
further demonstrated that the decomposition of the lighter
EH; compounds is likely to be thermodynamically unfavor-
able. The reason for the instability of the higher oxidation
states of the gost -lanthanide elements has been debated for
many years.”>**73® Hence, several theories have arisen in an
attempt to explain the low valency nature of these elements.
The primary theorg/ used to explain this phenomenon, devel-
oped by Sidgwick,™ is called the “inert pair effect”, which is
attributed to the apparent inertness of the 6s electrons. This
theory has later been criticized based on two important
points. If the 6s electron pair is particularly inert, then there
should be a large increase in the 6s 10n12at10n potent1a1 gom%
from In to TI, which is not the case.>* Also, the 6s> — 6s' 6p
energy gap for TI" is not unusually large and comparable to
that of Ga*.* Drago™ analyzed the inert pair effect for the
chlorides of groups 13 and 14 and concluded that the low-
valencies are attributed to the decrease in the covalent
contribution to the metal-chlorine bond for the heavier
elements. Schwerdtfeger et al.” also came to the same con-
clusion for the group 13 hydrides and halides. They further
demonstrated that the instability of EHj; is not attributed to
an increase in the metal-hydride bond strength in EH, rather
the breaking of the progressively weaker E—H bonds of the
heavier hydrides and the concomitant formation of a strong
H—H bond led to favorable decomposition of the heavier
hydrides.”

Relativistic effects also play an important role in determin-
ing the properties of the heavier EH and EH; molecules. The
inclusion of scalar relativistic pseudopotentials has been
shown to decrease the metal—hydrogen bond length of TIH
and TIH; significantly.®’ More importantly, the dipole mo-
ments of TIH and in the eka-thallium (the element with
nuclear charge 113 abbreviated as E113 for the following)
compound (E113)H increased greatly with the inclusion of
scalar reldtivistic effects, despite the decrease in bond
length.* The spin—orbit (SO) splitting of the np"/? and np*?
orbitals in Tl and E113 is already non-negligible (0.97 and
2.79 eV, respectively for the P, /2/2P3/2 splitting).>>*' The
inclusion of spin—orbit effects has also been shown to §reatly
influence the TI—H and (E113)—H bond lengths.”*** Inter-
estingly, the minimum geometry of (E113)H; was calculated
to be T-shaped (C,, symmetry) and not trigonal planar
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(D3, symmetry) like all the other group 13 trihydrides, which
is due to the large relativistic contraction of the 7s orbital and
relativistic 6d expansion allowing for additional 6d-7s mixing
in the metal—hydrogen bond.” We note that relativistic
effects in thallium(I)—carbon force constants such as TIMe3
can be unexpectedly large according to a theoretical study,**
explaining the observed anomaly of the metal—carbon bond-
strength in the series of MMe, compounds of the heavy
elements with M = Au~, Hg, TI", and Pb*". %

Although the energies of the decomposition of group
13 trihydrides EH; have been studied extensively, there
appears to be no study on examining the kinetics or the
mechanism of the decomposition process. We mention,
however, that Merino et al.*® have undertaken theoretical
calculations on the mechanism for the decomposition of the
group 14 tetrahydrides, while the thermodynamics and
relativistic effects in the decomposition was studied earlier
by Seth et al.*® Merino et al. have shown that the decom-
position of these compounds involves a two-step process, in
which the original T; symmetry was broken with the forma-
tion of a bond between two of the hydrogens, leading to a
product of C, symmetry. These product structures were high-
lying local minima for Si, Ge, and Sn but low-lying for Pb,
and they consisted primarily of a hydrogen molecule weakly
bound to the EH; product. In a recent paper van Stralen and
Bickelhaupt studied the oxidative addition versus dehydro-
genation of the Group 14 tetrahydrides reacting with palla-
dium using the zero-order relativistic approximation within
density functional theory.*’ They found the dehydrogenation
enthalpies decreasing down the Group 14 hydrides with the
decomposition of PbH,4 being exothermic in agreement with
previous studies.*® Concerning the transition state it is
unknown whether the group 13 hydrides decompose in a
similar fashion to the Group 14 hydrides. Hence, this paper is
primarily focused on determining the unimolecular decom-
position pathways of the group 13 hydrides EH; from boron
to E113 to their corresponding monohydrides with conco-
mitant loss of hydrogen, that is, EH; — EH + H,. We also
include the decomposition of TIMe; to TIMe and ethane in
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our study to determine a plausible mechanism for this gas
phase decomposition.

Computational Methods

Geometry optimizations were performed using the Gauss-
ian03 program package*® for all of the EH and EH; molecules
(E = B to TI) applying second-order many-body perturba-
tion theory (MP2) and coupled-cluster with single and double
substitutions including non-iterative triples (CCSD(T)) with-
in a fully active orbital space, and density functional theory
(DFT) using Becke’s hybrid functional B3LYP,*® and the
gradient corrected functional PW91°! with augmented corre-
lation consistent triple-¢ basis sets (aug-cc-pVTZ) for boron
and aluminum.>? For gallium, indium, and thallium, we used
augmented weighted-core basis sets of triple-§ quality (aug-
Cc—pWCVTZ).53 Thus, for the gallium, indium, and thallium
compounds the correlation space includes the lower lying
core n(spd) orbitals. For the larger molecule TIMe3, geometry
optimizations were performed using MP2 with a fully active
orbital space together with an aug-cc-pwCVTZ basis set for
TI> and aug-cc-pVTZ basis sets for C and H.>> At the
optimized MP2 geometries (minima and transition state),
we performed single-point CCSD(T) calculations for the
decomposition of TIMe; into TIMe + C,Hg. Relativistic
effects were accounted for through the use of energy-consis-
tent scalar-relativistic small-core pseudopotentials for Ga, In,
and T1.>* For E113, we applied the scalar relativistic pseudo-
potential and corres;saonding valence basis set as published
carlier by Seth et al.*

Harmonic frequency analyses were performed on the opti-
mized structures to determine if they represent minima or
transition states, as well as to obtain zero-point vibrational
energies, enthalpies, Gibbs free energies, and entropies of the
various species. Intrinsic reaction coordinate (IRC) calcula-
tions> were performed at the MP2 level of theory to obtain
energy profiles in both the forward and reverse directions,
and to ascertain that the transition state connects to the
correct starting and ending points on the potential energy
surface. For the IRC calculations, we used a maximum of 50
stepsin both the forward and the reverse directions with a step
size of 0.1 amu'/? Bohr. For TIMes, we used a maximum of 25
steps in both directions with a step size of 0.2 amu'/® Bohr, as
these computations were very computer time-consuming. To
calculate the weakly bound product between EH and H,, we
used the last point in the IRC analysis and reoptimized their
structures at the MP2 level of theory. Anharmonic correc-
tions to the vibrational modes of EH; were also calculated.
The perturbative approach used here is described in detail b4y
Schaefer and co-workers>® as implemented in Gaussian03*
by Barone and co-workers.>’
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Table 1. Calculated Equilibrium Bond Distances (in A) for the Group 13
Hydrides EH and EH3 (E=B to E113) at Various Levels of Theory

method B Al Ga In Tl El13

Monohydrides EH
B3LYP 1.232 1.665 1.686 1.860 1916 1955

PWI1 1248 1.679 1.694 1866 1.922 1.958

MP2¢ 1216 1.644 1.644 1819 1.872 1.906
CCSD(T) 1223  1.650 1.660 1.836 1.891 1.931

Exp.’ 1232 1.648 1.663 1.838 1.870 -

Trihydrides EH;

B3LYP 1.188  1.582 1.559 1.728 1.745 1.758

PWI1 1.196  1.594 1.564 1731 1.750 1.767

MP2¢4 1181 1.574 1.530  1.692 1.697 1.831/1.635%

CCSD(T) 1.185 1.580 1.546 1.713 1723  1.852/1.652

“ At the Dirac-MP2 level of theory the bond distance is 1.847 A for
TIH and 1.703 A for (E113)H. ” Experimental values from ref 9. ¢ The
structures are of C,,symmetry with one long axial bond distance
ro(E113—H;) and two short equatorial bond distances r.(E113—
H,3). :’At the Dirac-MP2 level of theory the bond distances are
1.703 A for TIH3, and r, =1.772 A and r.=1.632 A for (E113)H with
a bond angle of 101.2° between the axial and equatorial bonds. “ Bond
angles of 98.4° between the axial and equatorial bonds.” Bond angles of
99.4° between the axial and equatorial bonds.

For the hydrides of thallium and element 113, spin-obit
effects cannot be neglected anymore. Hence we performed
four-component all-electron Dirac—Hartree—Fock (DHF)
calculations followed by MP2 at the optimized scalar relati-
vistic geometries. Here we used Faegri’s four component
basis sets for Tl and element 1138 within the program system
DIRAC.* Variational stability in all four-component calcu-
lations was ensured by using dual basis sets®® with the
appropriate kinetic balance condition.®® In all DFC calcula-
tions the (SS|SS) two-electron integrals between the small
components were omltted and the Visscher Coulomb correc-
tion was dpplled instead.®! A Gaussian chdrzge distribution
for the finite-size nuclear model was chosen.®

Results and Discussion

Properties. The optimized structural parameters for the
group 13 hydrides EH and EHj; are listed in Table 1. We
note that the EH; molecules are of 'A} (Ds;,) symmetry,
and the ground states of EH are of 'S* symmetry.”
(E113)H; is an exception to this, as both our MP2 and
CCSD(T) calculations show that the D3, structure repre-
sents a second-order saddle point, and the minimum
structure is a symmetry broken 'A, state of C,,
(T-shaped) symmetry with one long axial and two short
equatorial bonds, in agreement with previous calcula-
tions by Seth et al.** However, density functional calcula-
tions incorrectly predict the trigonal planar D3, structure
as a minimum. It has been pointed out that many density
functionals have difficulties in describing correctly sec-
ond-order Jahn—Teller effects, which requires a correct

(58) Faegri, K.; Saue, T. J. Chem. Phys. 2001, 115, 2456.

(59) DIRAC, a relativistic ab initio electronic structure program, Release
3.1, written by Saue, T.; Enevoldsen, T.; Helgaker, T.; Jensen, H. J. Aa.;
Laerdahl, J. K.; Ruud, K.; Thyssen, J.; Visscher, L. See http://dirac.chem.
sdu.dk; Saue, T.; Fegri, K., Jr.; Helgaker, T.; Gropen, O. Mol. Phys. 1997,
91, 937.

(60) Dyall, K. G.; Faegri, K., Jr. Chem. Phys. Lett. 1990, 174, 25.

(61) Visscher, L.; Aerts, P. J. C.; Visser, O.; Nieuwpoort, W. C. Int. J.
Quantum Chem. Symp. 1991, 25, 131.

(62) Visscher, L.; Dyall, K. G. At. Data Nucl. Data Tables 1997, 67, 207.

(63) Bartmess, J. E.; Hind, R. J. Can. J. Chem. 2005, 83, 2005.
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description of the interacting frontier symmetry-orbi-
tals,®* that is, AtF5 and (E117)F; represent such difficult
cases where density functionals incorrectly describe these
symmetry broken structures.®*%

Our calculated group 13 element-hydrogen bond
lengths are in very good agreement with the available
experimental® or previously published computational
data.”:8:19:40:43.63.6667 'Eor example, if we correct our
scalar relativistic CCSD(T) bond distance of 1.891 A in
TIH by spin—orbit effects obtained from Dirac-MP2
calculations, we get 1.867 Ain perfect agreement with
the experimental value of 1.870 A Our spin—orbit
corrected CCSD(T) value for the bond distance in
(E113)H is 1.728 A and somewhat shorter than the
Dirac-CCSD(T) value previously published by Seth
et al. who predict 1.789 A.® Other CCSD(T) calculations
by Lee and co-workers gave 1.762 A using spin—orbit
relativistic pseudopotentials % Concerning the trihy-
drides EH3, previous coupled cluster calculatlons 19,63,67
gave bond lengths of 1.187 A for BH;® (exp. 1.187 A) 9
1.586 A for AlH3," 1.567 A for GaHs,' and 1.753 A for
InH;." Previous scalar relativistic MP2 calculations on
TIH; gave a TI—H bond distance of 1.728 A 8 and
Seth et al. 43 calculated for (E113)H; r, = 1.798 A Fo =
1.621 A, and an angle between the axial and equatorldl
bonds of 98.6° at the relativistic MP2 level of theory. In
comparison, in almost all cases B3LYP and PW91 pro-
duce bond lengths which are longer than our CCSD(T)
and MP2 values.

The overall trend is that the E—H bond becomes
weaker with increasing atomic radius going down the
period,”**3 with a subsequent increase in the E—H bond
lengths. The exception being the (E113)—H bond dis-
tances as spin—orbit effects play an important role in
these superheavy element compounds. Here the large
spin—orbit splitting between the 7p;, and 7p3, level with
a subsequent contraction of the 7p , orbital compared to
the scalar relativistic 7p orbital leads to a shorter (E113)—
H distance compared to TI—H as has been pointed out
before.*? Similar effects are seen for the equatorial bond
distance in (E113)Hj;. Interestingly, the bond angles for
(E113)H; are not greatly affected by the inclusion of
spin—orbit effects, see Table 1.

For TIMe and ethane, we calculate TI-C and C-C
bond lengths of 2.297 A and 1.518 A, respectively, at the
MP2 level of theory. The TI-C—H angle 1s 110.4°. TIMe3
adopts a trigonal planar Cs;, geometry, in agreement with
earlier gas-phase electron dlffractlon experiments’® and
quantum-chemical investigations.® Here we obtain the
following MP2 bond distances (in A) and angles (in
degrees): TI—C 2.181, C—H(ip) 1.084, C—H(oop) 1.086,

(64) Schwerdtfeger, P. J. Phys. Chem. 1996, 100, 2968.

(65) Kim, H.; Choi, Y. J.; Lee, Y. S. J. Phys. Chem. 2008, 112, 16021.

(66) (a) Pople, J. A.; Luke, B. T.; Frisch, M. J.; Binkley, J. S. J. Chem.
Phys. 1985, 89, 2198. (b) Treboux, G.; Barthelat, J.-C. J. Am. Chem. Soc. 1993,
115, 4870.

(67) Schuurman, M. S.; Allen, W. D.; Schaefer, H. F., III J. Comput.
Chem. 2005, 26, 1106.

(68) Han, Y.-K.; Bae, C.; Son, S.-K.; Lee, Y. S. J. Chem. Phys. 2000, 112,
2684. (b) Choi, Y. J.; Han, Y.-K.; Lee, Y. S. J. Chem. Phys. 2001, 115, 3448.
(c) Choi, Y. J.; Lee, Y. S. J. Chem. Phys. 2003, 119, 2014.

(69) Kawaguchi, K. J. Chem. Phys. 1992, 96, 3411.

(70) Fjeldberg, T.; Haaland, A.; Seip, R.; Shen, Q.; Weidlein, J. Acta
Chem. Scand. A 1982, 36, 495.
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Table 2. Calculated Harmonic (H), o, and Fundamental Anharmonic (AH), v,
Vibrational Frequencies (in cm ™) for the Group 13 Hydrides EH (E = Bto E113)
at the MP2 Level of Theory”

molecule method w(H) (AH)
BH MP2 2470 (388) 2370
IR (gas)’ 2366.9 2269.2
AlH MP2 1706 (725) 1648
MI-IR (H,/Ar)"S 1591.4
MI-IR (Ne)'® 1610.8
IR (gas)’ 1682.6 1625.2
GaH MP2 1652 (898) 1595
MI-IR (H2)'® 1516.9
IR (gas)’ 1604.5 1548.2
InH MP2 1509 (1006) 1459
MI-IR (H2)* 1393.4
IR (gas)’ 1476.0 1425.8
TIH MP2 1420 (1161) 1375
MI-IR (H,)* 1311.3
IR (gas)’ 1390.7 13453
(E113)H MP2 1462 (1009) 1458

“The calculated IR intensities (in km/mol) are given within parenth-
eses after the harmonic frequency. For the IR(gas) harmonic and
anharmonic frequencies see ref 9 for details.

C—TI-C 120.0, TI-C—H(ip) 111.1 TI-C—H(oop) 108.7,
and torsion angles C—TI-C—H(ip) 0.0, C—TI-C—H-
(0op) 59.0 (ip denotes in-plane and oop out-of-plane). Our
calculated TI—C distance is in good agreement with
previous relativistic fseudopotential MP2 calculations
which gave 2.152 A

The results of our frequency analyses for EH and EH;
are given in Tables 2 and 3 along with literature data. The
vibrational spectrum of trimethylthallium has been in-
vestigated by theoretical and experimental methods in
detail in the past and will not be repeated here.”' Our
calculated frequencies are in relatively good agreement
with the experimental values for all of the EH and EH;
molecules, especially for the out of plane (v,) and in-plane
(v4) bending modes in EH;. The stretching frequencies are
overestimated at the MP2 level of theory and more
accurate coupled cluster calculations are required to
reach experimental accuracy. However, some interesting
trends among the different vibrational modes are found.
The value of the asymmetric stretching mode v; for BH;3 is
significantly larger than that for the symmetric one, v;.
These two frequencies are about the same for AIH;, and
for the heavier trihydrides, the two frequencies are re-
versed, with v3 being smaller than v;. As the hydrides
become less stable with increasing nuclear charge of the
group 13 atom, the asymmetric mode leads toward the
decomposition pathway on the potential energy surface
(see discussion below), which most likely is already
reflected in a lower asymmetric stretching frequency. As
expected, the frequencies of the two bending modes
decrease going down the group. Interestingly, for BH;,
AlH;, and GaHs, the value of v, is less than v4; however,
the ordering of these two modes is reversed for InHj,
TIH;, and (E113)H3, which means that in-plane bending
requires less energy than out of plane bending for the
heavier hydrides. Again, the decrease in the in-plane
bending frequencies for the heavier trihydrides allows

(71) (a) Schwerdtfeger, P.; Bowmaker, G. A.; Boyd, P. D. W.; Ware, D.
C.; Brothers, P. J.; Nielsen, A. J. Organometallics 1990, 9, 504. (b) Kurbakova,
A. P; Bukalov, S. S.; Leites, L. A.; Golubinskaya, L. M.; Bregadze, V. 1.
J. Organomet. Chem. 1997, 536—537, 519.
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Figure 1. IRC energy profiles for the decomposition path of EHj;
(E=B to E113) from MP2 calculations.

for easier decomposition of these species, as we shall see
below, the structures at the transition state all occur in-
plane of these molecules.

Thermodynamic Stability. The thermodynamic ana-
lyses for the gas-phase decomposition of EH; and TIMe;
at standard conditions (298 K and 1 atm) are given in
Table 4. The dissociation of EH3 becomes more exother-
mic and thermodynamically favorable going down the
group as pointed out before.” BH3, AlH3, and GaH; are
all thermodynamically stable at 298 K. The decomposi-
tion of InHj is borderline, with small positive value for
AH, and a small negative one for AG at the coupled-
cluster level of theory. TIH; and (E113)H; are both
thermodynamically unstable. Schwerdtfeger et al.” pre-
viously calculated that the MP2 AE + zero-point vibra-
tional correction values for the decomposition of BH; to
TIH; were 89.1, 27.8, 18.8, 4.3, and —11.6 kcal/mol,
respectively, in good agreement with our MP2 results.
Seth et al.*? also calculated the decomposition energy of
(E113)H; to be —30.3 kcal/mol from CCSD(T) calcula-
tions with a spin—orbit averaged pseudopotential, in
reasonable agreement with our Dirac-MP2 calculations.
Concerning the DFT results, the stabilities of all of the
trihydrides are underestimated relative to the MP2 and
CCSD(T) calculations. Interestingly, all of our calcula-
tions predict that InHj is thermodynamically unstable.
Furthermore, our MP2 and CCSD(T) calculations pre-
dict that the decomposition of TIMes is thermodynami-
cally favorable. Concerning our relativistic Dirac-MP2
results, we find that spin—orbit effects significantly lower
the energy of decomposition of (E113)H; by 16 kcal/mol
compared to our scalar relativistic pseudopotential MP2
calculations. This is in accordance with the energetic
spin—orbit stabilization and resulting chemical inertness
of the p,, shell of the heavier hydrides. The thermody-
namic stability of the group 13 hydrides has been dis-
cussed already in great detail before,” and we therefore
turn now to a more detailed analysis of their kinetic
stability.

Kinetic Stability. The decomposition paths from our
IRC calculations at the MP2 level of theory are shown in
Figure 1 for all EH3 molecules, and the structural para-
meters for the corresponding transition states are given in
Table 5. Here we used the atomic labeling schemes as
given in Figure 2 for both EH3 and TIMes. All structures
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Table 3. Calculated Harmonic (H) and Anharmonic (AH) Vibrational Frequencies (in cm ') for the Group 13 Hydrides EH5(E=B to E113) at the MP2 Level of Theory

molecule method v1(A)) sym str v5(A%) out of plane v3(E’) asym str v4 (E') bend

BH; H-MP2 2634(0) 1179(90) 2767(129) 1246(16)
AH-MP2 2585 1167 2719 1234
MI-IR (ﬁr)12 1125 2808 1604
IR (gas)" 1140.7

AlH; H-MP2 1979(0) 746(380) 1975(274) 787(240)
AH-MP2 1964 743 1952 785
MI-IR (Ar)'* 697.6 1882.7 783.5
MI-IR (H,/Ar)"? 697.8 1882.8 783.4
MI-IR (Ar)" 697.7 1882.9 783.6

GaH, H-MP2 2081(0) 760(198) 2074(258) 789(155)
AH-MP2 2061 758 2046 788
MI-IR (H,)"8 719.2 1928.7 758.0
MI-IR (Ar)" 717.4 1923.2 758.7

InH; H-MP2 1921(0) 655(224) 1905(308) 627(187)
AH-MP2 1903 653 1880 625
MI-IR (Ar)"° 613.2 1754.5 607.8
MI-IR (H,)*! 615.3 1760.9 609.1

TIH, H-MP2 1954(0) 705(94) 1924(343) 503(143)
AH-MP2 1932 701 1895 497
MI-IR (H,)? 1748.4

(E113)H; H-MPz& 2290(3) 1001(2) 1664(686)/2197(186) 565(26)/626(37)
AH-MP2? 2236 983 1619/2171 482/621

“The calculated IR intensities (in km/mol) are given within parentheses after the harmonic frequency. All anharmonic frequencies include anharmonic
corrections from MP2 calculations. Unless otherwise stated, the data given are from this study. ” T-shaped C,, structure.

Table 4. Gas Phase Decomposition Energies for the Group 13 Hydrides (EH; — EH + H,) and for TIMe;"

EH; — EH + H,

-

theory compound E' AE AE + ZPE AH AG AS

MP2 BH; 94.0 94.2 87.3 89.0 80.9 27.2

AlH;3 70.0 344 31.5 33.1 25.2 26.4

GaH; 60.0 18.6 15.2 16.8 8.8 26.8

InH; 53.5 —0.7 —=3.0 —-1.5 -9.3 26.1

TIH; 40.2 —20.7 —22.9 —=21.5 —29.2 25.8

TiMes 56.3 —=25.1 —23.7 —24.4 —=30.3 19.9

(E113)H; 21.1 -21.2 —24.6 —23.1 -29.9 23.0

CCSD(T) BH; 88.4 88.1 81.2 82.9 74.8 27.2

AlH; 65.3 31.9 29.0 30.6 22.8 26.4

GaH; 57.7 17.6 14.3 15.9 8.0 26.7

InH;3 52.6 1.7 —0.5 1.1 —6.7 26.0

TIH; 41.3 —16.6 —18.6 —17.2 —24.9 25.8

TIMe;¢ 57.1 —24.4 —23.1 —23.7 —29.7 19.9

(E113)H; 21.6 —-22.9 —-25.9 —24.4 —-31.6 24.2

B3LYP BH; b 90.8 84.0 85.7 77.6 27.2

AlH; 63.6 28.8 25.9 27.5 19.6 26.5

GaH; 55.5 13.0 9.9 11.5 3.6 26.7

InH; 51.1 =2.1 —4.0 -2.5 —10.3 26.0

TIH; 40.4 —-19.9 —21.6 —-20.2 —27.8 25.7

(E113)H; 19.0 —33.1 —34.0 —33.1 —39.6 21.6

PWO1 BH; 4 93.0 86.3 88.1 80.0 27.2

AlH; 56.1 29.8 27.0 28.6 20.7 26.4

GaH; 49.7 15.8 12.8 14.4 6.4 26.7

InH; 45.9 1.0 —-0.9 0.6 =7.1 25.9

TIH; 359 —15.8 —17.4 —16.0 —23.7 25.6

(E113)H; 16.7 —26.7 —27.6 —26.7 —33.3 22.1
Dirac-MP2 TIH; 41.0 —17.1
(E113)H; 15.0 -37.0

“ All energies in kcal/mol with AS in cal/(mol K) at standard conditions. ® No stable transition state could be located. ¢ The ZPE, enthalpy, and Gibbs

free energy corrections were added from the MP2 vibrational analysis.

of the transition state are planar but breaking C», sym-
metry and only maintaining C; symmetry along the
reaction path. To check for the possibility of a non-planar
transition state structure, we manually adjusted the
geometry of each transition state structure by rotating
leaving hydrogen molecule (H»—Hg) by 30 and
90 degrees out of plane. The structure with H, rotated

out by 30 degrees optimized back to the planar structure.
The one rotated by 90 degrees optimized into a second-
order saddle point with an additional imaginary fre-
quency for rotating the leaving hydrogen molecule out
of the perpendicular plane. For TIMe;, we also obtain an
almost planar TIC; arrangement with the C()—TI1—=C2)—
C3) dihedral angle (0) of 178.9°.
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Table 5. Structural Parameters for the EH; Transition States (TS) and van der Waals Complexes (VDW)“

Inorganic Chemistry, Vol. 48, No. 16,2009 7959

structure M method E—H, E—H, E—H; H,—Hj; H,—E—H, H,—E—H;
TS B MP2 1.216 2.003 1.773 0.768 73.2 95.6
CCSD(T) 1.222 1.962 1.718 0.780 73.4 96.7
Al MP2 1.560 1.782 1.571 1.378 86.7 134.7
CCSD(T) 1.572 1.816 1.583 1.430 83.3 132.5
Ga MP2 1.512 1.769 1.521 1.442 83.2 134.5
CCSD(T) 1.537 1.828 1.544 1.490 80.6 132.2
In MP2 1.661 1.942 1.666 1.473 93.5 140.9
CCSD(T) 1.694 2.021 1.698 1.510 90.8 137.7
Tl MP2 1.659 1.987 1.657 1.495 98.7 146.1
CCSD(T) 1.694 2.070 1.688 1.523 97.8 144.2
El13 MP2 1.689 1.997 1.683 1.441 102.5 147.6
CCSD(T) 1.708 2.054 1.695 1.461 103.2 147.8
VDW B MP2 1.217 2.739 2.542 0.741 70.1 85.7
Al MP2 1.645 2.707 2.786 0.743 62.0 77.5
Ga MP2 1.645 2.768 2.857 0.742 64.2 79.2
In MP2 1.821 2.933 3.083 0.742 62.0 75.8
Tl MP2 1.874 2.905 3.070 0.742 63.7 77.6
El13 MP2 1.905 2.577 2.635 0.747 71.7 88.1
“All bond lengths in A and all angles in degrees. All structures are planar.
Ca
Ha Cs
Hs Hz
Hy C;
Hy
E Ha Tl
(a) (b) ()

Figure 2. Atomic labeling scheme used for the EH; (E = B to E113) transition state (a), TIMe; minimum (b) and transition state (c).

We observe some interesting trends in the transition
state structures of the EH; molecules, which are con-
nected to the Hammond—Leffler postulate for early/late
transition states in chemical reactions.”>’® The overall
mechanism for the decomposition of EHj; involves the
bending of Hp) and Hsy toward each other with a
concomitant weakening of the E—H,)and E—H 3, bonds.
For the two hydrogens which will form a bond along the
decomposition pathway, the E—H) and E—H, dis-
tances decrease dramatically from BH3 to AIH; indicat-
ing a change from a late transition state in BH; to an early
transition state in AlHj. In fact, for the E—H(s bond
distance we observe the trend BH; > AlH; > GaH;.
From InH; to (E113)H; the increasing atomic radius
becomes apparent, and the E—H; bond distances are
about the same for the heavier hydrides, but still smaller
compared to BHs. This trend is further reinforced by the
difference between the E—H,) bond length in the transi-
tion state and the corresponding equilibrium E—H bond
length (see Table 1), that is, the B—H;, bond distance is
close to that calculated for the dimer BH, while for the
heavier hydrides the E—H,) distance is closer to that of
EH;. We note that the overall trends calculated for the
decomposition process are similar to that of the group 14
hydrides discussed by Merino et al.*®

For TIMe; we obtain the following MP2 bond dis-
tances (in A) and angles (in degrees) for the transition

(72) Hammond, G. S. J. Am. Chem. Soc. 1955, 77, 334.
(73) Leffler, J. E. Science 1952, 117, 340.

state structure: TI—Cyy 2.277, TI—C(, 2.691, TI—C,
2.457, C1y—Cz) 2.974, C(1)—C) 4.224, C5y—C3) 2.317,
Ciy~TI=Cy 73.0, C)—TI—Cgy 53.3, C)—TI=Cp)—
Cg) 178.9. We find that the mechanism for the decom-
position of TIMejs is quite similar to those of the EH;
molecules in that two of the methyl groups (C(2) and C))
rearrange such that they can form a carbon—carbon
bond. This rearrangement is accompanied by a weaken-
ing of all three TI—C bonds and in line with an early
transition state.

The activation energies (E") at different levels of theory
are listed in Table 4. They decrease toward the heavier
element hydrides as can be clearly seen in Figure 1. As
mentioned before, the decomposition of InH; to
(E113)H;3 are energetically favored and the IRC curves
are typical for an early transition state. Hence the curves
shown in Figure 1 are a nice example of the Bell—Evans—
Polanyi principle’* where exothermic reactions are in
accordance with an early transition state (see ref 75 for
a detailed discussion). Interestingly, the recombination of
BH and H, to BHj; is almost barrierless, indicating that
the BH molecule is highly unstable in the presence of
hydrogen. The density functionals used in this study
cannot properly describe weakly interacting systems,
and we were unable to locate a stable transition state
for the decomposition of BH3, that is, all attempts to find

(74) (a) Bell, R. P. Proc. Roy. Soc. London A 1936, 154, 414. (b) Evans, M.
G.; Polanyi, M. Trans. Faraday Soc. 1938, 34, 11.

(75) Anglada, J. M.; Besalu, E.; Bofill, J. M.; Crehuet, R. J. Comput.
Chem. 1999, 20, 1112.
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Figure 3. Orbital energies for the minimum (M) of D5, symmetry, transition state (TS) and van der Waals (VDW) structures of C symmetry for all EH;

(E=B to E113) compounds.

a van der Waals interaction between BH and H, mini-
mized to the structure of BH3. Moreover, in all cases, the
activation energies obtained from DFT calculations (not
listed here) are lower than those from CCSD(T) theory, in
some cases by more than 4 kcal/mol. In accordance, the
reaction energies from DFT are also lower than those
from CCSD(T), and this difference becomes greater going
down the group 13 element hydrides. We also find that the
activation energies are lowered by roughly 4—6 kcal/mol.
We calculate an activation barrier of 56 kcal/mol from
our MP2 calculations for the decomposition of TIMe;.
This value is similar to the activation energy for GaHs.
Hence, the stability of TIMej; is due to kinetic effects.
Orbital Analysis. The bonding picture of the Group 13
hydrides is rather complex, which can easily lead to the
misinterpretation of the inert pair effect for these systems.
Figure 3 depicts the evolution of the main occupied
orbitals involved in the decomposition of the EH; com-
pounds, that is, from the EH; minimum to the transition
state, and finally the van der Waals product. Because of
symmetry breaking from Ds, to C,, for the minimum
structure of (E113)H3, the le’ orbitals split into 1b, and
la;, and two orbital energies are listed for this case. For
the EH3 molecules the e’ orbitals involve o-type bonding
among two of the valence p-orbitals of the group 13
element and the three hydrogen s orbitals, while the a}
orbital reflects the totally bonding interaction among the
Is orbitals of hydrogen and the valence s-shell of the
group 13 element. While the orbital energies increase
monotonically for the ¢-HOMO, reflecting weaker
Is(H)-np(E) bonding going down the group 13 of

elements, the a) orbital energies exhibit a typical zigzag
behavior pointed out and discussed in terms of the inert-
pair effect by many authors.”*3¢~3% Here we only note that
this alternating trend is not in-line with the valence-ns
ionization potentials of the group 13 atoms.* The excep-
tion to this trend is the a} orbital for (E113)H; which is
rather low because of relativistic effects. We note that the
NBO charges on the group 13 elements also fluctuate in the
familiar zigzag pattern going down the group, see Table 6.

On the product side, the decomposition of EH; leads to
the formation of a van der Waals complex with H, weakly
bound to EH and to the formation of a ¢ bond of the
leaving hydrogen molecule (laj—1a’). In this van der
Waals complex, the H; is slightly polarized by EH result-
ing in negligible charge transfer, that is, the NBO charges
for hydrogen in H; are almost zero which is of no surprise.
In the canonical picture (Hartree—Fock or Kohn—Sham)
the bonding situation in this van der Waals complex is
quite different of what one expects. If we assume that the
group 13 element ns orbital is inert (no sp hybridization),
the HOMO would mainly consist of a o-bonding orbital
between E(p,) and H(1s). This is indeed the case for BH.
However, as shown in Table 6 the charge of the group 13
element increases substantially from B to all the other
group 13 elements, thus leading to a charge depletion in
the valence np orbitals. This goes along with an increased
valence ns admixture in the highest occupied molecular
orbital (HOMO) despite the increasing ns population,
thus contradicting the inert pair effect. Here we see the
formation of a o-bond between the group 13 element and
hydrogen in the EH molecule (1e'—2a’), as well as a o*
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Table 6. NBO Charges ¢ and Metal Valence s- and p-Populations (i, and n,,) of
the Stationary Points of the EH3 Compounds®

B Al Ga In Tl El113

Min  ¢M) 042 133 106 119 096  0.54
(M) 095 081 092 089 104  1.42
nyM) 163 085 102 094 105 121

TS gM) 030 081 062 080  0.66 040
(M) 172 104 117 LIl 130  1.63
mM) 197 113 120 110 110 113
q(H) —032 —034 —024 —031 —024 —0.15
g(H>) 0 —033 =029 —037 —037 —0.30
g(Hy) 002  —0.14 —0.09 —0.2 —0.05 0.05

VDW ¢M) 038 065 061 065 064  0.56
(M) 179 183 185 186 189  1.93
n(M) 082 050 053 049 048  0.54
g(H) —038 —0.65 —0.61 —0.65 —0.64 —0.56

“Min denotes the minimum, TS the transition state, and VDW the
van der Waals complex of the decomposition product. For the VDW
complex the charges for H, and Hj are between —0.01 and +0.01. We do
not list the values for MH as they are almost identical to MH in the VDW
complex.

antibonding HOMO between E and H (le¢/—3a’) as
shown on the right-hand side in Figure 3. However, the
NBO analysis tries to identify Lewis structures and leads
to a more localized picture. Here the contributions from
the valence s and p orbitals of the group 13 element to the
E—H bond in the VDW product are: 15% s and 85% p
(B), 11% s and 88% p (Al), 10% s and 89% p (Ga), 9% s
and 90% p (In), 7% s and 92% p (T1), and 5% s and 95% p
(E113). This rather indicates diminishing s-character for
the heavier elements and is in-line with the inert-pair
effect. Hence, one has to be careful what bonding picture
is applied.

The driving force for the decomposition reaction is the
formation of a stable o bond for H,. However, a sig-
nificant portion of the activation energy comes from the
formation of the antibonding 3a’ orbital, and the energy
difference to the ¢’ orbital of EH3 decreases going down
the group (0.163, 0.148, 0.134, 0.130, 0.114, 0.025 au for
B, Al, Ga, In, Tl, E113, respectively). The NBO charges
on the group 13 elements decrease from the educt to the
transition state and further to the product, reflecting
already partial reduction of the group 13 atoms in the
transition state. The decrease toward the transition state
in charge varies from 0.12 for E113 to as much as 0.52 for
Al. The charge transfer of typically 0.2—0.3 electrons
comes primarily from the H¢;) and Hs, atoms in the
transition state structures and going into the valence s
and p orbitals of the group 13 element as one expects. The
only exception to this trend is BH3, as the transition state
is very late in the reaction profile and is almost entirely
product-like. Moreover, the transfer of electron density in
the transition state becomes smaller going down the
group 13 elements as the transition state becomes more
educt-like, with E113 even showing a decrease in the
valence p occupation toward the transition state. Going
from the transition state to the van der Waals product, the
charge of the group 13 atoms decreases by a further 0.3—
0.5 electrons, with the exception being E113, whose
charge actually increases by 0.14 because of relativistic
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effects. Interestingly, the valence p populations of all of
the group 13 atoms decrease along the reaction path going
to the van der Waals product. We also see that the d
orbitals become slightly more involved in the bonding
going down the group, with (E113)H; having an overall d
occupancy of n, = 9.84 electrons in the minimum struc-
ture, while for the other group 13 hydrides d-participation
can be neglected (e.g., ny = 9.96 for TIH; and 9.98 for
TIH;). Seth et al.** predicted that the reasoning behind a
T-shaped minimum for (E113)H; could be due to the
mixing of the 6d and 7s electrons, and that E113 behaves
like a (very) late transition metal.

For the sake of completeness, we give the NBO charges
for the organo-thallium compounds. For TIMe we have
q(Tl) = 0.70 and ¢(C) = —1.25, and for TIMe; ¢(Tl) =
1.37 and ¢(C) = —1.03. For the transition state we get
q(Tl) = 063, q(C(l)) = _105, q(C(z)) = _062, and
q(Cz) = —0.58. In ethane we have ¢(C) = —0.50. The
situation for TIMes is similar to that of TIH;, but thereis a
significant decrease in charge on the Tl atom with a
concomitant increase in charge on C,) and Cs for the
transition state while the charge of C(;y does not change
significantly going from the minimum to the transition
state.

Conclusions

Wave function and density functional based methods were
used to investigate in detail the gas phase decomposition
pathways of the group 13 hydrides, EHs, (E=Bto E113). For
the hydrides of Tl and E113, we also performed Dirac-MP2
calculations to include important spin—orbit effects. All of
the transition state structures are found to be planar, and the
IRC analyses revealed that the decomposition process is
described by two hydrogen atoms bending toward each other
to form a H—H bond, with a concomitant weakening of two
E—H bonds and the breaking of C,, symmetry. All of our
calculations showed that the activation energy decreases
significantly going from B to E113, with the activation barrier
being only 21 kcal/mol for (E113)H; from our MP2 and
CCSD(T) calculations. The activation energy for BH; is close
to its decomposition energy, that is, the formation of BH3
from BH and H, is almost barrierless. The in-plane bending
modes for the EH3; compounds decrease going down the
group, so much that the Ds, structure becomes a second-
order saddle point for (E113)H;. Spin—orbit coupling also
plays an important role in lowering the activation barrier by
6 kcal/mol for (E113)H. We also provided a detailed orbital
analysis to rationalize our results. We finally mention that at
low temperatures a bimolecular decomposition process
2EH3 - E2H6 - E2H4 + H2 g E2H2 + 2H2 should be
considered as well which could have lower barriers. However,
these calculations are far more computer time intensive and
will be the subject of our future investigations.
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