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Are the Compounds InHz and TIH; Stable Gas Phase or Solid State Species?
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The stability of the group 13 hydrides in the oxidation statdl of the metal is analyzed by ab initio MP2
calculations suggesting that,hs and ThHe are thermodynamically unstable in both the gas phase and the solid
state. These compounds are, however, kinetically stable in the gas phase, and molecular structures and vibrational
frequencies are predicted. Relativistic effects are discussed for the molecular properties of various thallium hydrides.

Introduction solid,1*5 and solid [GaH]], is possibly an oligomer wittm =
10 i
The stability of the group 13 hydrides [MH (M = B, ..., 419 1n contrast, the monovalent Group 13 hydrides MH have

TI) has been a matter of considerable intérést/er since Egon all been detected in the gas phase and their spectroscopic

Wiberg claimed the synthesis of some of these species more!
than 40 years agd? According to several authdrg%it seems
unlikely that [InHs], and [TIHg], are sufficiently stable to be
isolated, in contrast to Wiberg's early findings. Only BH
B,He,%10 and very recently All1112 GaH,12 GaHg,1° and
InH3,'2 have been studied to any extent by spectroscopic
methods. There is some evidence for hydride formation when
the metals Ga, In, or Tl react with atomic hydrodérEstimates

properties are accurately knowh.Schaefer et &’~19 predicted

the vibrational spectra and stability ofsMs, M3Hg, and MyH12

(M = B, Al, Ga), and it was suggested thatA may be stable
in the gas phase. In general, however, with the exception of
boron hydride2? there are few theoretical investigations of the
stability of group 13 MH compounds or their dimers M#Mg.21-25

To our knowledge, IsHs and ThHg have not been studied by
theoretical methods so far.

of bond stabilities have been mateB,Hs has been isolated
and well characterizet!,[AIH 3], is known as a polymeric
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Computational Method

We carried out relativistic (R) Hartred~ock (HF) and second-order
Mgller—Plesset (MP2) calculations on a series of group 13 hydrides
MH, MH3 (Dan) and MHg (Cap) for M = In and TI126 The definition
for the terminal (t) and bridged (b) hydrogens in theH\d structure is
as follows:

b

t
Homy,,, /\ e Hl
H‘/ \b/ ity

H

The spin-orbit averaged relativistic pseudopotentials for Tl and In
were taken from refs 23 and 27. In order to investigate relativistic
effects we also carried out nonrelativistic (NR) pseudopotential
calculations for the thallium hydrides using the nonrelativistic param-

eters published in ref 23. The basis set for indium was an uncontracted

(7s/6p/2d) valence set as described in ref 25. For relativistic Tl we

used an uncontracted (7s/7p/2d) set, and a (8s/7p/2d) set in the

Hunt and Schwerdtfeger

Table 1. Reaction Energies of all Group 13 Hydrides

M solid eq? eqZ eq3d eq3& eq4d eq4d eq4b gas
B (-16) 73 335 -190 118 —146 —560 yes yes?
Al 100 (6) 65 94 -55 79 75 -330 yes yes
Ga (8) 43 58 —44 58 —68 —277 yes no?
In 43 2 —52 23 —49 -—243 no? no
T 19 -59 -—-37 -—-23 (—8) —182 no no

2In kJ/mol (see Scheme 1). The last two columns are predictions
of the thermodynamic stability of [Mi}, in the gas phasen(= 2) or
the solid stater(= ). If not otherwise indicated, MP2 results were
chosen’ In parentheses are the estimated values obtained from the
additional energy gained by trimerization (see ref t8)alues for B
from ref 8, for Al and Ga from ZPVE corrected CCSD/CISD
calculations of ref 18¢ From QCISD(T) calculations (ref 25) corrected
for ZPVE. © From ref 33 corrected for ZPVE. In the case ofBthe
linear 1=,* state has been chosen; otherwise the doubly hydrogen-
bridged structure has been choseftom ref 16.9 From ref 16.
Estimated value for Tl from ref 36.Atomization energies at 2%5C
taken from refs 1, 31, and 39.

mention, however, that these energies moégood estimates

for the sublimation energy. For Althe enthalpy of formation

is known AH; ~ —46 kJ/mol§! from which we estimate that
AUq(1) is probably around 100 kJ/mol, which is substantial and
cannot be neglected. Hence, it seems thatzAfHhermody-
namically stable in the solid phase. Howewkl)y(1) probably
decreases down the group 3 hydrides (as does the oligomer-

nonrelativistic case. The exponents are given in refs 22 and 23. For iZation energy from Al to GaH)'® or may only slightly

H we took a contracted Huzinaga (9s)/[6s] basis’®setith two
p-polarization functions given by Lie and Cleméhtand a diffuse
s-function with exponent 0.01. For ;Hg this resulted in 172 basis
functions contracted to 154 functions making the MP2 calculations very
demanding in computer time and disk sp&telhe full active orbital

space was taken in all MP2 calculations. The energy differences are.

corrected for zero-point vibrational-energy contributions (ZPVE) if not
otherwise stated.

Discussion

We consider the following reaction steps shown in Scheme
1 important for evaluating both the gas phase and solid state

thermodynamic stabilities of the group 13 hydrides. TNidy
values (40 K if not otherwise stated) for each reactiohls-
(1) to AUo(4b)) are listed in Table 1.AUqy(1) is not easy to

obtain from theoretical calculations, because the solid state

structures are not known (except fosHg) and correlated solid
state calculations at the ab initio level are only beginning at

this stage. However, one may attempt to estimate this energy

from the oligomerization energy of the MHcompounds
calculated recently by Schaefer and co-workers for up to {yIH
(M = B, Al, Ga)!81% As shown in Table 1, these energies are
rather small in accordance with the low melting points obtained
for the group 13 hydrides Bls, [AIH 3], and [GaH].'*1(e.g.,
allane decomposes before it melts at €450 °C; borane and
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(26) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.; Johnson,
B. G.; Wong, J. B.; Foresman, J. B.; Robb, M. A.; Head-Gordon, M.;
Replogle, E. S.; Gomperts, R.; Andres, J. L.; Raghavachari, K;
Binkley, J. S.; Gonzales, C.; Martin, R. L.; Fox, D. J.; DeFrees, D. J.;
Baker, J.; Stewart, J. J. P.; Pople, J. A. Program GAUSSIAN92/DFT,
Revision F.3, Gaussian Inc., Pittsburgh, PA, 1993.

(27) (a) Igel-Mann, G.; Stoll, H.; Preuss, Wol. Phys.1988 65, 1321.
(b) Kuchle, W.; Dolg, M.; Stoll, H.; Preuss, HMol. Phys.1991, 74,
1245.

(28) Huzinaga, SJ. Chem. Phys1965 42, 1293.

(29) Lie, G. C.; Clementi, EJ. Chem. Phys1974 60, 1275.

(30) Coupled-cluster or multireference configuration interaction schemes
in order to determine more accurate results for structures and energies

increase from Gaklto InH; according to the often observed
zigzag trend in molecular properties of group 13 compounds
(see discussion in ref 25). We cannot give an estimata by

(1) and will therefore neglect this contribution for a momént.

For the gas phase stability we consider either the decomposion
into M2H, (3a) or into the metal dimers M4a). AUq(3a) can

be estimated from a recent publication by Treboux and
Barthelat®® These authors also give vibrational frequencies for
various MH; gas phase structures. ;Hy and ThH; have been
investigated befor& Figure 1 shows the total energies of these
two reactions AUg(2) + AUqy(3) + ...). In both cases there is

a decreasing trend in the gas phase stability fraigBo Tl,Hs.

This demonstrates, that while gas phase8AlHe, and GaHg
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Figure 1. Decomposition energieaU, for the group 13 MHs
compounds (M= B, Al, Ga, In and Tl) according to the reactions
shown in Scheme 1.
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Table 2. MP2 Geometries of Group 13 Hydrides MH and MM
= In, TI)?

fM-Ht  Tm—Hb  Tmm a' P AU
InH R 1.838
exptl 1.837
InH; R 1.725 120 18.2
In,He R 1.710 1946 2961 130.2 809 100.1
TIH R 1.896
exptl 1.870
NR 1.924
TH; R 1.728 —58.4
NR 1.831 120 27.9
Tlo2Hs R 1.701 2.003 3.063 1354 80.2 48.8
NR 1.818 2.036 3.145 129.7 78.8 1229

aM—H bond distanceg in A, bond anglest. in deg. Experimental
values are set in parantheses. t denotes the terminal and b the bridgin
hydrogen. a! defines the H-M—Ht angle andx® the H-M-H® angle.
AUq in kdJ/mol (MH; — MH + H; for MH3, and MiHg — 2MHj5 for
MzHe; values are not corrected for ZPVE). R denotes the relativistic
and NR the nonrelativistic treatment.

Table 3. MP2 Vibrational Frequencies of InH, InHTIH, and
TIHg2

Vl(Al') Vz(Az”) V3(E') 1/4(E')
symstr  out of plane asym str bend
InH 1475 (1018)
exptl 1476
InH3 1818(0) 642(321) 1784(344) 690(253)
exptl 608 1755 613
TIH 1329(1205)
exptl 1391
TIH; 1792(0) 673(225) 1741(387) 644(244)

aFrequencies in crmt and absolute IR intensities in km/mol (set in
parentheses). Rotational constants (®minH 4.995 (exp. 4.995, ref
16); InHs a = b = 3.748,c = 1.874; TIH 4.677 (exptl 4.806, ref 16);
TIH; a= b = 3.734,c = 1.867. Isotopes usedH, 9n, and?°5TI.
Experimental frequencies for InHrom ref 11.

(see the discussion in ref 25). ;Hh is borderline, and more

Inorganic Chemistry, Vol. 35, No. 7, 199€087

Table 4. MP2 Vibrational Frequencies and IR Intensitied of
|n2H5 and TbHaa

InzHe T|2H6
v | % |
IRREP mode description (cm™2) (km/mol) (cm™) (km/mol)
Aq vi  »(M—HY)sym 1848 0 1842 0
str
v, v(M—HP) 1372 0 1251 0
vy O(M—HJ) 661 0 628 0
vs4  symring def 164 0 112 0
A, s p(M—Hy) 380 0 381 0
Big ve v(M—HDY) 1177 0 1051 0
vr pu(M—H2) 350 0 161 0
Bw v »(M—HY 1837 522 1831 542
e p(M—H2) 753 261 708 229
vio ring def 202 10 193 2
Bag vii v(M—HY 1831 0 1824 0
V12 pr(M—Hzt) 397 0 404 0
Bau viz  v(M—HP) 1089 420 962 472
vis  pw(M—Hy) 588 259 617 164
Bsy 115 O(M—Hy) 684 0 667 0
Baw s v(M—HY 1841 139 1839 120
vz v(M—HP) 1262 1372 1118 1426
vig  O(M—HJ) 607 834 526 1073

aFor details of the normal mode descriptions see Nakarffioto.
Rotational constants (cm): In,Hs a = 1.307,b = 0.032,c = 0.032;
Tl;Hs @a = 1.264,b = 0.017,c = 0.017. Isotopes usedH, 1*9n, and
205T],

InH and TIH. As shown in Tables 2 and 3, the-¥ bond
distances and stretching frequencies for the dimeric hydrides
are in excellent agreement with the experimental values.
Recently, Pullumbi et al. studied InH at the all-electron CCSD-
(T) level neglecting relativistic effects and obtained a harmonic
frequency of 1406 cm' and a In-H bond distance of.
1.898 A38 Hence, our MP2 stretching modes should be quite
reliable. However, a comparison with the recently measured
vibrational spectrum of Inglin matrix isolation by Pullumbi et
%112 shows that our bending modes may be overestimated (Table
3). These authors also give CCSD(T) frequencies of 1706'cm
(A7), 1704 and 604 cmt (E'), and 582 cm! (A;"). Their
measured relative intensities agree very well with our calculated
ones. A comparison of the frequencies between MH sMiid
M,Hg shows that these three species can be clearly distinguished
in the IR spectrum.

Concerning the solid state stability, the decomposition of
M2Hs is clearly driven by the large atomization energies of the
group 13 metals. As a result, solid,hs and ThbHe are
predicted to be thermodynamically unstableJp(1) must be
>185 kJ/mol in order to stabilize 3Hls in the solid state which
is unlikely). BxHs is perhaps borderline, and more accurate
thermodynamic data, especially for reaction 1, are necessary to
draw further conclusions. The energies given for reaction 4b
are atomization enthalpies at 298 K. In order to estimate the O
K values we can use the approximatitblo ~ AH;?% — 298C,

(Cp: specific heat capacity). We find, however, that these
corrections are negligible<8 kJ/mol taking theC, values from

ref 39). At higher temperatures entropy effects could substan-
tially shift all curves shown in Figure 1 to lower energies. We

accurate data are necessary to clearly decide if this compoundherefore calculated the entropy changes of reactions 2 and 3

is thermodynamically stable or not. i and TbHg are,
however, kinetically stable, i.e. a local minimum was found at
the MP2 level. It may therefore be feasible to obtain these

from statistical thermodynamics methods (at 298K) using the
vibrational-rotational constants as listed in Tables 3 and 4 (in J

compounds in matrix isolation or even measure their gas phasess) pullumbi, P.; Mijoule, C.; Manceron, L.; Bouteiller, €hem. Phys.

structures. For this purpose we predict the geometries, vibra-

tional frequencies and IR intensities as presented in Tabtds 2
The quality of our calculations can be judged by comparing

our data with experimental results for the dimeric compounds

1994 185,13.

(39) (a) Chase, M. W.; Davies, C. A.; Downey, J. R.; Frurip, D. J.;
McDonald, R. A.; Syverund, A. N. JANAF Thermochemical Tables,
3rd ed.J Phys. Chem. Ref. Daf®85 14. (b) Brewer, L.; Rosenblatt,
G. M. Adv. High Temp. Cheml969 2, 1.
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mol~1 K™): A§2)= —95 andAS3)= —109 for M = In; angles are assumed to be quite srffallThe MP2 Mulliken
AS(2)= —124 andAS(3)= —110 for M= TI. Applying these atomic charges for In and Tl show an interesting trerd.43

data, InHg is found to be thermodynamically stable only at low for InH, +0.89 for InH;, and+1.10 for InHg; +0.41 (+0,42)
temperatures. The synthesis of gallane is less than a straighfor TIH, +0.96 (1.15) for TIHs, and+1.08 (1.33) for ThHg
forward proceduré. We therefore conclude that isolating (nonrelativistic values set in parentheses). Hence, the hydrogens
[InH3], and [TIHg], in solid form would be an even more are negatively charged as expected. The bridging hydrogen
difficult task compared to [Ga#}l,, and the original synthesis atoms are charged more negatively than the terminal hydro-
described by Wiberg remains very doubtful. gens: H —0.45, H —0.33 in InHg, H° —0.43, H —0.32 in

The low thermodynamic stability of THg can partly be Tl He.

attributed to relativistic effects, i.e. compare the relativistic and
nonrelativistic decomposition energies listed in Table 2. The
relativistic destabilization of Tlklis ca. 86 kJ/mol at the MP2
levell Remarkable is the very large relativistic bond angle
change ofAga. = 5.7° in the H—TI—H! angle of the terminal
hydrogens. This is unusual since relativistic effects in bond 1C950411U
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