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We have carried out high-level ab initio calculations on AlH2 and its anion, as well as Franck-Condon
factor calculations, which include anharmonicity and Duschinsky rotation, to simulate the photode-
tachment spectrum of AlH2

−, with the aim of assigning the very recently reported photodetachment
spectrum of AlH2

− [X. Zhang, H. Wang, E. Collins, A. Lim, G. Ganteför, B. Kiran, H. Schnöckel,
B. Eichhorn, and K. Bowen, J. Chem. Phys. 138, 124303 (2013)]. However, our simulated spectra do
not support the assignment of the reported experimental spectrum to AlH2

−. © 2013 AIP Publishing
LLC. [http://dx.doi.org/10.1063/1.4811671]

Very recently, Bowen et al. published the photodetach-
ment spectra of some aluminium hydride anions.1 The first
band of the smallest aluminium hydride anion, AlH2

−, re-
ported has an onset at an electron affinity (EA) value of
∼0.5 eV, and extends to a detachment energy of ∼2.5 eV. The
vertical detachment energy (VDE) and adiabatic EA value ex-
tracted from this band are 1.5 ± 0.1 and 0.9 ± 0.1 eV, re-
spectively. The EA value was estimated assuming that hot
bands often account for the first ∼0.2 eV of observed inten-
sity, and by comparison with previous computed density func-
tional theory (DFT) results.2 However, although the vibra-
tional frequencies of AlH2 are available computationally3–10

and experimentally,4, 5, 7, 11, 12 no vibrational assignment of the
partially resolved vibrational structure in this band has been
given in Ref. 1, presumably because the complexity of the ob-
served vibrational structure precluded any simple or straight-
forward assignment. In this connection, we have carried out
state-of-the-art ab initio calculations and anharmonic Franck-
Condon factor (FCF) calculations,13, 14 in order to simulate
the vibrational structure of the first photodetachment band of
AlH2

−, with the aim of assisting its vibrational assignment.
This procedure has been used successfully to assign the pho-
todetachment spectra of several triatomic negative ions.14–18

However, as will be shown below, comparison between simu-
lated and experimental spectra suggests that the experimental
spectrum assigned to AlH2

− in Ref. 1 is unlikely to be due to
AlH2

−.
In the present work, B3LYP calculations were carried

out using G09,19 while RCCSD(T) and UCCSD(T)-F12x
(x = a or b)20 calculations were performed using MOLPRO21

(see footnotes of Table I for details). Specifically, Al 2s22p6

core electrons were explicitly correlated in both RCCSD(T)
and UCCSD(T)-F12x calculations. Large (up to 5Z quality)
and appropriate (core-valence) basis sets were employed, and
extrapolation to the complete basis set limit (CBS) was car-
ried out using the 1/X3 formula.22 Computed EA values of
AlH2, as well as geometrical parameters and vibrational fre-

a)Authors to whom correspondence should be addressed. Electronic
addresses: bcdaniel@polyu.edu.hk and epl@soton.ac.uk

quencies, for AlH2
− and AlH2 are summarized in Table I, to-

gether with previously published values. Summarizing, com-
puted results obtained in the present study agree very well
with available computed and experimental values. The best
computed EA (or EAe) and EA0 {EAe + zero-point-energy
correction (�ZPE)} values of AlH2 are 1.068 and 1.11 eV
(Table I), which agree very well with that reported in a recent
coupled-cluster study on some group IIIa hydrides (the best
EA value obtained at the CBS limit for AlH2 is 1.10 eV).23

For spectral simulation, 91 and 115 UCCSD(T)-F12b en-
ergy points for the ˜X1A1 state of AlH2

− (1.45 ≤ r ≤ 3.0 Å,
70 ≤ θ ≤ 140◦, energies up to ∼3.16 eV above the minimum)
and the ˜X2A1 state of AlH2 (1.25 ≤ r ≤ 3.0 Å, 75 ≤ θ ≤ 155◦,
energies up to ∼4.24 eV above the minimum), respectively,
were computed and fitted to potential energy functions (PEFs)
of a polynomial form.13, 14 The root-mean-square deviations
of the fittings are 2.3 and 5.2 cm−1. Computed harmonic (ω)
and fundamental (υ) vibrational frequencies, obtained from
variational calculations, of the υ1 (symmetric stretching) and
υ2 (bending) modes of the two electronic states studied are
given in Table I. The harmonic basis sets used in the an-
harmonic vibrational wavefunction calculations for the two
electronic states considered are 〈v1

′′ ≤ 5, v2
′′ ≤ 10〉 and

〈v1
′ ≤ 7, v2

′≤ 18〉. Employing larger harmonic basis sets
gives negligible changes in the computed anharmonic vibra-
tional energies (<1 cm−1). FCFs including anharmonicity and
Duschinsky rotations were then calculated.13, 14 We have also
employed the ezSpectrum code24 to compute the FCFs within
the harmonic oscillator model. Some simulated spectra (com-
puted FCFs fitted to a Gaussian line shape with a selected
full-width-at-half maximum, FWHM) and/or computed FCFs
obtained at various selected Boltzmann vibrational tempera-
tures are shown in Figures 1–3. It can be seen from Figure 1
that the vibrational structures obtained from the two sets of
FCFs at 0 K within the harmonic oscillator model using
ezSpectrum (middle bar diagram) and including anharmonic-
ity using our ANFCF code13, 14 (top trace) are quite similar.
This similarity suggests that anharmonic effects on the com-
puted FCFs are small, and also supports the reliability of the
simulated vibrational envelopes. The effects of hot bands in

0021-9606/2013/139(1)/014301/5/$30.00 © 2013 AIP Publishing LLC139, 014301-1

http://dx.doi.org/10.1063/1.4811671
http://dx.doi.org/10.1063/1.4811671
mailto: bcdaniel@polyu.edu.hk
mailto: epl@soton.ac.uk
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4811671&domain=pdf&date_stamp=2013-07-01


014301-2 Mok et al. J. Chem. Phys. 139, 014301 (2013)

TABLE I. Optimized geometrical parameters (r/θ in Å/degrees), computed harmonic (ω; a1, a1, b2) and fundamental (υ; in square brackets) vibrational
frequencies (in cm−1) of the ˜X1A1 state of AlH2

− and the ˜X2A1 state of AlH2, and computed electron affinities (EAe in eV).

AlH2
− AlH2

Method r, θ ω r, θ ω EAe

B3LYP/6-311++G∗∗ 1.699,94.6 1472,809,1464 1.604,118.1 1813,770,1858 1.05
RCCSD(T)/AVQZa 1.686,95.3 1513,803,1503 1.597,118.5 1857,769,1890 1.06
RCCSD(T)/AVCQZb 1.678,95.1 1514,808,1502 1.588,118.4 1862,775,1896 1.06
RCCSD(T)/AVC5Zc 1.678,95.0 1.588,118.4 1.06
RCCSD(T)/CBSd 1.677,95.0 1.588,118.4 1.07
UCCSD(T)-F12a/AVCQZe 1.678,95.1 1.588,118.2 1.08f

UCCSD(T)-F12b/AVCQZe 1.677,95.2 1519,813,− [1471],[804],− 1.588,118.2 1864,771,− [1825],[778],− 1.07g

Previous works
MRDCI/∼TZPh 1.61,118 1760,750,2240
VWN-PW-P/TZP;DZPi 1.609,118.2 1761,751,1827
CCSD(T,ET4)/TZP;DZPi 1.602,118.7 1865,775,1901
CCSD(T,ET4)/TZP;D95++i 1.608,118.3 1812,760,1849
MBPT2/DZPj 1.558,118.0 1946,712,1999
RCCSD(T)/aug-cc-pVTZk 1.601,118.7
MRSDCI/6-31G(p,spd)l 1.60,119.0
BPW91/6311G∗∗m 1.62,118.1 0.90
B3LYP/6-311++G∗∗ ,n 1.699,94.6 1474,809,1466 1.603,118.1 1817,769,1862 1.10
QCISDo 1.592,118.1 1881,781,1910
Matrix IRp 1770–1795, 766–771, 1806–1825

aAug-cc-pVQZ for all species; Al 1s22s22p6 electrons frozen.
bAug-cc-pwCVQZ and aug-cc-pVQZ for Al and H, respectively; Al 1s2 electrons frozen.
cAug-cc-pwCV5Z and aug-cc-pV5Z for Al and H, respectively; Al 1s2 electrons frozen.
dExtrapolation to the CBS limit using the 1/X3 formula.
eThe various basis sets used for Al (H) are as follows: AO: aug-cc-pwCVQZ (aug-cc-pVQZ); DF: aug-cc-pwCVQZ-MP2FIT (aug-cc-pVQZ-MP2FIT); DF (for Fock and exchange
matrices): aug-cc-pVQZ-JKFIT (aug-cc-pVQZ-JKFIT); RI: cc-pCVQZ-F12_OPTRI (aug-cc-pVQZ-JKFIT). The scaled perturbative triples obtained by a simple scaling factor,
�E(Tsc) = �E(T) × Ecorr

MP2-F12/Ecorr
MP2 have been used throughout.

fUsing computed UCCSD(T)-F12a energies; Al 1s2 electrons frozen.
gUsing computed UCCSD(T)-F12b energies; Al 1s2 electrons frozen.
hReference 3.
iReference 4.
jReference 5.
kReference 9.
lReference 10; UMP2/6-31G(p,spd) results are consistent with MRSDCI results (see references therein for earlier calculations).
mReference 2.
nReference 7; AlH2

− is 25.3 kcal.mol−1 lower in energy than AlH2.
oReference 8.
pReferences 4, 5, 7, 11, and 12.

the simulated spectra obtained at various Boltzmann vibra-
tional temperatures are shown in Figure 1 (0 and 1500 K) and
2 (2500 K). The experimental spectrum of Ref. 1 is given in
Figure 2 for comparison. It can be seen from Figure 1 that the
simulated vibrational structure consists of mainly two pro-
gressions in the symmetry bending (υ2) and stretching (υ1)
modes. This is consistent with the computed geometry change
of ∼23◦ in bond angle and ∼0.09 Å in bond length (see
Table I) upon the AlH2 (˜X2A1) ← AlH2

− (˜X1A1) pho-
todetachment. Although simulated hot bands at elevated vi-
brational temperatures (1500 and 2500 K) complicate the
simulated spectra and increase the spectral intensity of the
photodetachment band in the low EA region (Figures 1 and 2),
the simulated vibrational structure in the bending mode (com-
puted υ2 = 778 cm−1 and experimental values ∼770 cm−1;
see Table I) at the low photodetachment energy region is re-
solvable with an FWHM of 35 meV (∼280 cm−1; the ex-
perimental resolution given in Ref. 1 at 1 eV electron ki-
netic energy). However, although the experimental spectrum

(Figure 2 top trace) has some partially resolved vibrational
structure, the overall vibrational envelope is very different
from those of the simulated spectra obtained at different vi-
brational temperatures. Summing up, it is not possible to ob-
tain a reasonable match between simulated and experimental
spectra. Therefore, it is concluded that spectral simulations
do not support the assignment of the observed spectrum re-
ported in Ref. 1 to be solely due to the AlH2 (˜X2A1) ← AlH2

−

(˜X1A1) photodetachment, or even to this process at all.
The complex vibrational structure observed in the ex-

perimental photodetachment spectrum assigned to AlH2
− in

Ref. 1 does not appear to be due to a single photodetach-
ment band of a triatomic molecular anion. In this connection,
further calculations were carried out on low-lying excited
states of AlH2

−, in order to determine if photodetachment
from some low-lying excited states of AlH2

− may contribute
to the low photodetachment energy region of the first pho-
todetachment band of AlH2

−. At the B3LYP/6-311++G∗∗

level, the ˜X1A1 state of AlH2
− has the outermost electronic
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FIG. 1. Simulated photodetachment spectra (FWHM of 5 meV) from the
˜X2A1 state of AlH2

− to the ˜X1A1 state of AlH2 using computed anharmonic
FCFs obtained with the UCCSD(T)-F12b/ACVQZ PEFs of the two states
involved at the Boltzmann vibrational temperatures of 0 (top trace) and 1500
(bottom trace) K, and computed harmonic FCFs (middle bar diagram) using
B3LYP/6-311+G∗∗ geometries and vibrational frequencies (at 0 K).

configuration of . . . (1b1)2(5a1)2 and the lowest-lying triplet
state is a 3B1 state with a . . . (5a1)1(2b1)1 electronic
configuration. At the TD-B3LYP/6-311++G∗∗ level, the first
excited singlet state is a 1B1 state (Table II). However, the
˜A1B1 state has a computed negative EA value (−0.227 eV) to
the ˜X2A1 state of AlH2 (Table II), and hence this state will not
be further considered. For the ã3B1 state, further calculations
were performed at the RCCSD(T)/ACVQZ and UCCSD(T)-
F12b/ACVQZ levels, and the results are given in Table II.
FCF calculations for the AlH2 (˜X2A1) ← AlH2

− (̃a3B1) pho-
todetachment were carried out within the harmonic oscillator
model, and the computed harmonic FCFs together with those
of the AlH2 (˜X2A1) ← AlH2

− (˜X1A1) photodetachment are
shown in Figure 3 (top bar diagrams). The AlH2 (˜X2A1)
← AlH2

− (̃a3B1) photodetachment has a very strong adiabatic
vibrational component, and very weak stretching and bending
progressions, consistent with the very small computed geom-
etry change upon photodetachment (Tables I and II). Com-
paring the experimental spectrum in Figure 2 (top trace) with
the computed FCFs in Figure 3 (top bar diagrams), it is clear
that including the AlH2 (˜X2A1) ← AlH2

− (̃a3B1) photode-
tachment does not help to match the simulated spectra to the
observed spectrum assigned to AlH2

− in Ref. 1.
In our recent work on the simulation of the photodetach-

ment spectrum of CCl2−,25 it was found that only part of the

FIG. 2. Comparison between simulated (bottom trace; FWHM = 35 meV, at
2500 K) and experimental (top trace from Ref. 1) photodetachment spectra of
AlH2

−. Top trace reprinted with permission from X. Zhang et al., J. Chem.
Phys. 138, 124303 (2013). Copyright 2013 AIP Publishing LLC.

experimental photodetachment spectrum26 could be assigned
to CCl2−. Subsequently, it was found that the earlier experi-
mental spectrum of Ref. 26 contained contributions from both
CCl2− and CHCl2−, because the mass resolution of the mass
analyser used in the experiment did not allow complete sepa-
ration of CCl2− and CHCl2−.27 We have, therefore, also con-
sidered the AlH3 (˜X1A1

′) ← AlH3
− (˜X2A1) photodetachment

in the present investigation, in case the experimental photode-
tachment band assigned to AlH2

− may contain contributions
from the AlH3 (˜X1A1

′) ← AlH3
− (˜X2A1) band. Computed

B3LYP/6-311++G∗∗ results on AlH3 and its anion are sum-
marized in Table II. Computed FCFs obtained within the har-
monic oscillator model are shown in Figure 3 (bottom bar
diagram). The vibrational structure of the AlH3 (˜X1A1

′)
← AlH3

− (˜X2A1) photodetachment is very simple with a
very strong adiabatic vibrational component and some weak
vibrational components, namely {v1

′(a1
′)} = 1 (AlH sym-

metric stretching mode) at 0.676 eV and {v1
′ = 1, v2

′(a2
′′)

= 1} (a2
′′ umbrella mode in D3h symmetry of AlH3 and

a1 in C3v symmetry of AlH3
−; see Table II) at 0.765 eV.

Interestingly, the vibrational envelope of the AlH3 (˜X1A1
′)

← AlH3
− (˜X2A1) band based on the computed FCFs is very

similar to that of the first band observed in the photoelec-
tron spectrum of CH3,28 though the vibrational assignments
are different {similar B3LYP and harmonic FCF calcula-
tions on CH3/CH3

+ were carried out and gave a very strong
adiabatic vibrational component and a weak vibrational
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TABLE II. Computed results (r, θ , ω, and EA in Å, degrees, cm−1, and eV) of the lowest-lying triplet and singlet
excited states of AlH2

−, and the ground electronic states of AlH3
− and AlH3.

AlH2
− ã3B1 ˜A1B1

B3LYP/6-311++G∗∗ TD-B3LYP/6-311++G∗∗

r/θ 1.625/118.9 1.616/122.1
ω(a1,a1,b2) 1705, 722, 1736 1720, 677, 1776
EA 0.406 −0.227

RCCSD(T)/ACVQZ
r/θ 1.6119/117.98
EA 0.451

UCCSD(T)-F12b/ACVQZ
r/θ 1.6116/117.90
EA 0.458

B3LYP/6-311++G∗∗

AlH3
− (C3v; 2A1) AlH3 (D3h; 1A1

′)
r/θ (HAlH) 1.632/112.6 1.584/120.0
ω 582(a1), 761(e), 1698(e), 713(a2

′′), 799(e′), 1939(a1
′),

EA (EA0) 1712(a1) 1949(e′) 0.378 (0.437)

progression of double quanta in the v2
′(a2

′′) umbrella mode
of CH3

+ in agreement with the assignment given in the exper-
imental study28}. The similarity in the vibrational envelopes
between the AlH3 (˜X1A1

′) ← AlH3
− (˜X2A1) photodetach-

ment and the CH3
+ (˜X1A1

′) ← CH3 (˜X2A1) photoionization

FIG. 3. Computed harmonic FCFs of the AlH2 (˜X2A1) ← AlH2
− (̃a3B1) and

AlH2 (˜X2A1) ← AlH2
− (˜X1A1) photodetachments at 0 K (top bar diagrams),

and the AlH3 (˜X1A1
′) ← AlH3

− (˜X2A1) photodetachment at 0 K (bottom
bar diagram; inserted the experimental spectrum assigned to AlH3

− from
Ref. 1). Inset reprinted with permission from X. Zhang et al., J. Chem. Phys.
138, 124303 (2013). Copyright 2013 AIP Publishing LLC.

is because CH3 (CH3
+) are valence isoelectronic with AlH3

−

(AlH3), and the corresponding potential energy surfaces are
also similar (both ionizations are from a very flat C3v structure
to a D3h structure). In any case, computed FCFs of the AlH3

(˜X1A1
′) ← AlH3

− (˜X2A1) photodetachment band obtained
here raise another issue: the assignment of the experimental
photodetachment spectrum to AlH3

− in Ref. 1 is doubtful, as
it is unlikely that the photodetachment band of AlH3

− would
have such a complex vibrational structure as shown in the ex-
perimental spectrum assigned to AlH3

− in Ref. 1 {see inset
(a) in Figure 3 bottom half}.

Summarizing, we have carried out state-of-the-art
ab initio calculations on AlH2 and AlH2

−. Using computed
UCCSD(T)-F12b/AVQZ PEFs, anharmonic FCFs including
Duschinsky rotation were computed. Simulated photodetach-
ment spectra, which include hot bands obtained at various vi-
brational temperatures, were compared with the experimental
spectrum assigned to AlH2

− in Ref. 1. It is concluded that the
observed spectrum cannot be due to AlH2

−. In addition, pho-
todetachment from low-lying excited states of AlH2

− and also
possible contamination of the photodetachment spectrum as-
signed to AlH2

− by AlH3
− were considered, but both consid-

erations could not resolve the discrepancies between the sim-
ulated spectra obtained in this work and the observed spectra
assigned to AlH2

− and AlH3
− in Ref. 1. In conclusion, the

assignments of the experimental photodetachment spectra of
AlH2

− and AlH3
− in Ref. 1 are doubtful. Further investiga-

tions are required to establish the molecular anions associated
with the observed spectra reported in Ref. 1, and to record the
photodetachment spectra of AlH2

− and AlH3
−.
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