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In this work, 1:1 complexes of the group 13 metal atoms with the group 15 hydrides are prepared with
laser-ablation molecular beam techniques and studied with threshold photoionization and zero electron kinetic
energy photoelectron spectroscopies and ab initio calculations. lonization energies of Btds M = Al,

Ga, In; E= N, P, As) complexes increase in the order<NP < As, whereas bond dissociation energies
decrease down the group 15 hydrides. For a given hydride, the ionization and dissociation energies are different
among the three metals, though the variation is smaller than that of the ligand effect. lonization enhances the
binding between the metal and ligand, and the enhancement is as large as three to five times.

I. Introduction M*—EHs3, using threshold photoionization and ZEKE photo-
electron spectroscopies and ab initio calculations. The IEs of
the ammonia adducts were measured previously and are included
éor comparison. We have found that the coordination of the
tmetal atoms with the hydrides reduces the |IEs of the metals,
and the reduction is greater with ammonia than with phosphine
and arsine. The dissociation energies decrease down the group
15 hydrides, whereas differences among the group 13 metals
are less dramatic with respect to the ligand effect.

Complexes of the group 13 metal atoms with the group 15
hydrides have been a subject of recent experimental and
theoretical studies. They have been investigated as precursor:
for insertion and dehydrogenation products and as being relevan
to chemical vapor deposition processes of the-Milsemicon-
ductor materials. Himmel et al. studied photoactivation of
M—NH3; and M—PH; (M = Al, Ga, In) using IR and UV
visible spectroscopies in argon matriée.They found that
upon 436 nm irradiation the metal atom inserted into arHN
bond of ammonia to form the divalent compound of HMNH
and into P-H bonds of phosphine to form the divalent and ~ The apparatus has been described in detail in a previous
trivalent compounds of HMPHand HMPH. Imura et al. publication? It consists of a Smalley-type cluster soucand
determined the permanent dipole moment of AlH3 using the a two-field space-focused WileyMcLaren time-of-flight mass
electrostatic hexapole methédjoward et al. measured mag- spectrometef? The spectrometer is housed inside a double-
netic properties of AF(NHz),4 using electron paramagnetic walled u-metal cylinder and used for both ion and ZEKE
resonance spectroscopyi Palma et al. recorded ionization  €lectron detection.
thresholds of M-NH3z (M = Al, Ga, In) by photoionization Metal complexes were prepared by reactions of metal atoms
efficiency spectroscop¥? Jakubek and Simard measured reso- With phosphine or arsine (99.999%, Matheson). The metal atoms
nant two-photon ionization spectra of AND3,® and our group were produced by pulsed laser vaporization of a pure metal rod
investigated vibrationally resolved electronic spectra 6flNH3 (Al, 99.999%); In, 99.999%; Aldrich) or an alloy target (GaSb,
(M = Al, Ga, In) with zero electron kinetic energy (ZEKE) 99.99%, Aldrich) with the laser wavelength of 532 nm and the
photoelectron spectroscofy!! Theoretically, Davy and Jaf-  pulse energy of~4 mJ (Quanta-Ray, GCR-3). Phosphine or
frey,12 Sakail® Jursicl4 and Fagstfan et al® calculated the  arsine was mixed with helium gas (Scott-Gross, UHP) at a
complexation energy of AINH3 and the energy barrier for the ~ concentration of 25% and a total pressure of 60 psi. The
Al insertion into an N-H bond to form HAINH,, using various mixture was then pulsed into the vaporization chamber, and the
ab initio methods including HF, B3LYP, MP2, MP4, CBS, gas pulses were synchronized with laser pulses.

QCISD, and CCSD(T). Stkigt,16 Sodupe and Bauschlich&r, Complexes were ionized with UV photons from a frequency-
Alcarri et al.’® and Smith et al® predicted the bond dissociation ~ doubled dye laser (Lumonics, HD-500), which was pumped by
energy of Af—NHs, also at different levels of theory. The bond @ XeCl excimer (Lumonics, PM-884). Their masses were
energy of AF—NHj3 was calculated to be stronger than that of determined with the time-of-flight mass spectrometer. lonization
the corresponding neutral. thresholds were located by recording the mass-selected ion

There has been little information, however, about the ioniza- signal as a function of laser wavelengths. The ZEKE signal was
tion and dissociation energies of the group 13 metal atoms (Al, produced by photoexcitation, followed by delayed, electric field
Ga, In) with the group 15 heavy hydrides (RHsHs), except ionization. The ion and ZEKE signals were detected with a dual
for the theoretical predictions of the APH; binding3.2° In microchannel plate (Galileo), amplified with a preamplifier
this article, we report a systematic study of the ionization (Stanford Research, SR445), averaged with a gated integrator
energies (IEs) of MEHz (M = Al, Ga, In; E= N, P, As) and (Stanford Research, SR250), and stored in a laboratory com-
the metat-ligand bond dissociation energies of-NEH; and puter. Electric pulses of 100 ns and 1.2 V ¢mvere supplied
by a delay pulse generator (Stanford Research, DG535). Laser
* Corresponding author. E-mail:dyang0@uky.edu. wavelengths were calibrated with titanium atomic transitiéns.
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II. Experimental and Compuational Methods
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Figure 1. Threshold photoionization spectra ofNPH; (M = Al, Ga,
In) and In-AsHs. The wavenumbers are corrected for the field
ionization effect.

Geometry optimization and vibrational analysis were per-
formed with Gaussian 98 computational softwét®ibrational

analysis was carried out to ensure the global minimum was

Li et al.

(a) Ga-PH,

£

7]

=

2

=

: 1 1 1

= 43600 43700 43800
»

5 (b) In-PH,

1 1

42330 42500

‘Wavenumber (cm")

42670

Figure 2. Zero electron kinetic energy photoelectron spectra ofGa
PH; and In-PHs.

(5) cnmr! for In—PHs. These values match the ionization
thresholds measured from the photoionization spectra, but with
much higher accuracy. We were unable to obtain ZEKE spectra
for AlI—PH; and In—AsHs. The Al-PH; and In—NH3 com-
plexes are predicted to have larger geometry changes than Ga
PH; and In—-AsHjz upon ionization. The large geometry varia-
tions lead to slow onsets in the photoionization efficiency curves
of the two complexes (Figure 1a and d), which contribute to
the difficulty in observing the ZEKE signal.

B. Computation. Because there has been very limited
computational work on the IEs of metdigand complexes, we

located in the geometry optimization and to calculate zero point ,/q performed a rather comprehensive investigation with a

vibrational energies. For AINHz, we carried out calculations
with B3LYP, MP2, MP4(STDQ), CISD, QCISD, and CCSD-
(T) methods and 6-31G(d,p), D95+(d,p), and AUG-cc-pVDZ

basis sets. For all other complexes, we performed only B3LYP/

range of electronic structure models and basis sets for the
aluminum—-ammonia complex. The purpose of the systematic
study is to find a best suitable method for the titled molecular
systems. The theoretical models used in this work include

6-311-G(d,p) calculations. Because the triple-split valence basis density functional theory (B3LYP), MallerPlesset perturbation

is not available for indium, the Los Alamos ECP plus DZ basis
(LANL2DZ) was used for this metal atom. IEs and dissociation

energies were corrected for zero point vibrational energies from style 6-31#G(d,p), Dunning-Huzinaga D95-(

the vibrational analysis.

Ill. Results and Discussion

A. Spectroscopy.Figure 1 shows the threshold photoioniza-
tion spectra of M-PH; (M = Al, Ga, In) and In-AsH;. An
electric field of 320 V cm® was applied in the laser ionization
region, and this external field is expected to introduce a red
shift of ionization threshold by about 110 cAh[AE (cm™1) =
6.1 F(V cnT1)12.25 With the correction of the field effect, the
ionization thresholds are measured to be 44050 (100): ¢om
Al—PH;, 43550 (100) cm! for Ga—PHs, 42300 (100) cm!
for In—PHs, and 42750 (200) cmi for In—AsHs. We tried
reactions of Al and Ga with Askl however, no ionized 1:1

MP2, MP4), configuration interaction (CISD, QCISD), and
coupled cluster (CCSD(T)) methods. The basis sets cover Pople
d,p), and Dun-
ning’s correlation-consistent AUG-cc-PVDZ. Figure 3 sum-
marizes the calculated IEs in comparison with the experimental
value. It shows that the B3LYP calculations yield IEs within
600 cnt! of the measured value (39746 cHy whereas other
methods give a difference up to 2200 ©min addition, the
correlation-consistent basis yields the best results with the
electron correlation models, whereas all the three basis functions
give rather similar IEs with B3LYP. The good performance of
the B3LYP method may result from the cancellation of the errors
in the density functional method and the basis set convergénce.
With considerations of the quality and efficiency of the
computation models and the availability of the basis sets for
heavy atoms in the Gaussian 98 software, we have chosen the

complexes were observed under our experimental conditions.B3LYP/6-31HG(d,p) method for the MEH; complexes.

The Al—AsH3; and Ga-AsHs adducts should be formed in the

Table 1 presents the adiabatic IEs, vibrational frequencies,

molecular beams because they are predicted to be more stronglyand dissociation energies calculated from the B3LYP/6+3341

bound than In-ASHs. Itis likely that the IEs of these complexes

(d,p) method. In comparison with the experimental values, the

are higher than the laser energy (5.55 eV) used in the errors in metatligand stretching frequencies are less than 9%,

measurements.
Figure 2 displays ZEKE spectra of G®Hs; and In—PH;. In

whereas the differences in IEs are smaller than 2%. The
theoretical errors seem to be random so that any scaling

both cases, the ZEKE signals are very weak, and the spectrgorocedure will not improve their accuracies. Nevertheless, the

exhibit only one major peak with a width of about 10 ¢n
The peak positions are 43545(5) thior Ga—PHz and 42319-

calculated IEs and vibrational frequencies are in good agreement
with the measured values, though the calculations do not yet
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Figure 3. lonization energies of AtNH; from ZEKE measurements
(dashed line) and various ab initio calculations with the 6-8&1d,p)
(circles), D95+(d,p) (squares), and AUG-cc-pVDZ (triangles) basis
functions.

TABLE 1: IEs (eV), 2 Metal—Ligand Stretching Frequencies
(cm™1), and Bond Dissociation Energies (kcal mott) of

M —EH3; and Bond Energy Differences between M-EH3 and
M*—EH3 (M = Al, Ga, In; E = N, P, As)

vovst Do/Do™9 A (Do*- D)
IE (eV) (cm™) (kcal mol1)  (kcal/mol?)

molecule ZEKE B3LYP ZEKE B3LP B3LYP ZEKE B3LYP

Al—=NHz®> 4.928 4.98 227/339 217/309 9.3/33.2 244 23.9
Al-PH; 5.46 541 135/186 4.7/18.6 121 13.9
Al—AsHs 5.45 104/156 3.4/16.3 12.9
Ga—NHz® 4.976 5.02 161/270 174/266 7.8/31.0 23.6 23.2
Ga—PH; 5.398 5.40 111/159 4.8/19.3 13.8 145
Ga—AsH3 5.45 77/118  3.7/17.1 13.4
In—NHz? 4.921 4.83 141/234 153/234 6.8/289 199 22.1
In-PHz 5.247 5.14 71/130 3.1/16.9 124 138
In—AsHz 5.3¢ 5.20 50/94 2.3/148 112 125

a Adiabatic IEs except for those from threshold photoionization.
b Reference 9¢ Reference 119 Reference 10¢ From threshold pho-
toionization.” v4vst stretching frequencies of the neutral/idrDy/Do*
dissociation energies of the neutral/ion.

achieve spectroscopic accuracy. For meligiand bond ener-
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calculated differences between the-MH3; and M"—NH3 bond
strengths can be compared to the spectroscopic measurements,
as IE(M)~1E(M—EH;z) = Dot (M*—EH3z) — Do(M—EHj3). This
comparison is useful because it provides some measure of
assessing the reliability of the bond energies calculated by the
B3LYP method and is shown in Table 1. It can bee seen from
the table that the absolute differences range from 0.42@

kcal mol1, which account for the relative errors of 2.05.0%.

The best agreement between the theory and the experiment is
for AI—NH3; and Ga-NHs, while the poorest is for AtPHs.

The relative errors are similar for the three indium complexes.

C. Trends in lonization and Dissociation Energies.The
IEs of the M—EH3; (M = Al, Ga, In; E= N, P, As) complexes
are lower than that of the corresponding metal atoms [5.986
eV (Al), 5.999 eV (Ga), 5.786 eV (Inff and shifts are
substantially larger for MNH3 than for M—PHg/AsHs. The
IE values of the complexes for a certain ligand are also different
among the three metals, though the distinction is subtle. As noted
above, the decrease in the IEs from the naked to the ligated
metal is equal to the increase of the bond energies from the
neutral to the ionized complex. The changes in the IEs and bond
energies result from the additional charge-dipole/charge-induced
dipole interactions in the ion and the removal of an antibonding
electron from the neutral. In first approximatf@i® we may
imagine these neutral complexes being formed mainly by the
interaction of the M np with the Efllone pair orbital. In this
interaction, the M np electron may be oriented along theB\
axis or perpendicular to it. In the former case, c8*
configuration is formed, where the orbital retains largely the
EHs lone-pair character and the orbital is basically the M
po. This type of interaction, however, yields a large electron
repulsion because the Mrelectron points toward to the ligand
electron lone-pair. In the latter case,0&r configuration is
created with ther orbital being perpendicular to theVE axis.
The ¢%r configuration should be more stable because of the
reduced electron repulsion and the donation of the ligand
electron lone-pair to the empty Moporbital. Thus, the ground
electronic state of MEH; is expected to béE in Cs, symmetry,
which may undergo Jahfilreller distortion and split into two
nondegenerat®d’ and?A’’ states ofCs geometry. Our B3LYP/
6-3114-G(d,p) calculations predict 2A’ ground state for the
M—NH3 complexes and 8A" ground state for M-PH; and

gies, experimental measurements are not available to evaluaté!—AsHs. The highest occupied molecular orbital (HOMO) of

the quality of the B3LYP calculations. However, the B3LYP

M—EH3; may be a pure M jp character or a mixture of the

results can be compared with previous theoretical studies. Themetal pr with a ligand orbital of an appropriate symmetry. If

dissociation energies of AINH3; were calculated to be 8.6 kcal
mol~! at the CISD/TZ2P level? 9.5 kcal mot?! at MP4/6-
31+G(d,p)//HF/6-31G(d,p}2 11.0 kcal mott at CBS-Q'*and
13.0 kcal mot! at CCSD(T)/6-31G(d,p)//QCISD/6-31G(d,p).
The bond energies of A-NH3 were predicted to be 32.5 kcall
mol~! with the B3LYP/6-313%+G(3df,2p)//6-313#-G(d,p)
method?® 34.9 kcal mof! by MCPF/ANOL7 41.8 kcal mot?
from MP4/6-31G(d)® and 32.8 kcal mol' at HF/6-31G(d)-°

the HOMO were of pure metal character, the IE of the complex
would be little shifted with respect to the metal atom. If the
HOMO consists of a mixture of the Mmpand a filled ligand e
orbital which splits into aand & under JahaTeller distorted

Cs symmetry, the IE of the complex is expected to be lower
than that of the metal atom. The IE reduction can arise from
the destabilization of the HOMO, because the ligand orbital is
lower in energy than M p so that the mixing is in an antiphase

These calculations are compared to the values of 9.3 and 33.2manner about the Msp orbital. Such antibonding mixing is

kcal mol® for the neutral and ion obtained in this work. For

predicted in our calculations, as shown by the-AlH; HOMO

Al—PHj, the bond energies were calculated as 2.7 and 2.6 kcalelectron density map plotted with MOLDEN 3.7 (Figure?3).

mol~1 with CISD/TZ2P2 and MP4/6-3%G(d,p)//HF/6-31G-
(d,p) 2 lower than the B3LYP/6-314G(d,p) value of 4.7 kcall

Furthermore, an electron back-donation may occur from the M
prr orbital to a low-lying empty ligandr orbital and stabilize

mol~1. Clearly, the dissociation energies from various levels of the HOMO. Differential electronic properties among group 15
theory span a wide range of values; experimental measure-compounds have been observed in coordination chendfst.
ments are required to assess the accuracy of the theoreticalt has been known that phosphines and arsines have fairly low-

predictions.

lying empty orbitals acting as acceptors, whereas there is no

Although a direct comparison between theory and experiment strong evidence of ammonia with similar property. Thus, the
is not possible for the bond energies of these complexes, themeasured IEs between the metammonia and metalphos-
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Figure 4. Highest occupied molecular orbital of ANHs.

phine/arsine complexes may reflect the distinctive bonding
properties of these ligands.

The dissociation energies of MEH; decrease in the order
of NHz > PH; > AsHjz for a given metal and A+ Ga > In for
NHs and Al~ Ga > In for PH; and Ash. The Al > Ga > In
order correlates with the extent of orbital overlap and the
magnitude of electron affinities of the metal atofA3he bond
energies of M—EH;z; are about 3-5 times stronger than that of

M—EHj3, but their trend is the same as in the corresponding

neutrals. The binding strengths of'M EHjz are predicted to be
similar to those of the M¥—EH3; complexes, where X is F, Cl,

Br, 1.3 In these mono and trivalent complexes, the ammonia
adducts are bound about twice as strongly as the phosphine an
arsine association complexes. Timoshkin et al. analyzed elec-

trostatic and covalent contributions to the binding in X

EHs; and concluded that while the electrostatic and covalent

contributions were of the same order for the N&tiducts, the
electrostatic contributions were negligible for Pahd AsH.
The weaker electrostatic binding of the heavy hydrides is

Li et al.
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