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Abstract The low-lying isomers of Al,H, and their anions
are investigated with the hybrid density functional B3LYP,
the coupled-cluster CCSD and CCSD(T) methods, and the
electron propagator theory. The positive adiabatic electron
affinities 5,798 and 10,112cm™" are predicted for the neu-
tral C,y and Dygq symmetric isomers, respectively. The Dy,
symmetric anion is more stable by 852cm™ than the C,,
symmetric anion. The photodetachment spectra for ALH}
anions at the C,, and D,, symmetries are simulated on the
basis of the Franck—Condon factor calculations, indicating a
reasonable way to study the transition state of the intramo-
lecular torsion process.

Keywords Electron Affinity - Isomer - Dialane(4) -
Franck—Condon factor - Transition state

1 Introduction

Dialanes regarding AIbH, [1], Al,H4 [2] and Al,He [1,3]
are recently studied because of their novel electron-deficient
bonding characteristics. As far as dialane(4) Al,Hy, the salt-
like isomers (1 and 2 as shown in Fig. 1) are predicted to be the
most stable on the basis of ab initio calculations [4]. Isomer
3 is a little less stable than the former two. Conformers 4 and
T12 (corresponding respectively to 5, 3 of Ref. [4]) are the
transition structures, but no information of their relationship
to the stable isomers have been known. On the other hand,
the extremely interesting bonding features, namely the three-
center two-electron (3c-2e) and two-center one-electron (2c-
le) bonds, are found in the anions of dialane(6) Al,Hg [5,6].
To our best knowledge, no studies of the isomerism of dia-
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lane(4) and the radical anions have been reported. We will
study the structural and energetic properties of Al,Hs and
AlLH, , several points will be focused on in this work:

1. Although 1 and 2 isomers are thought to be the salt-like
conformers as Al* combined with AIH, [4], the multiple
3c-2e bonding may be the real factor to stabilize these
two conformers.

2. The transition structures between the most stable isomers
will be located, and the energetic barriers will be pre-
dicted.

3. Electron attachment may break the 3c-2e bond in dialane
[6], what will happen in the Al,H, anions? The bonding
characteristics of the Al,H; anions will be analyzed.

4. The photoelectron detachment spectra of these anions
will be theoretically simulated, hopefully providing assign-
ments for the future experiments.

2 Theoretical methods

Ab initio calculations were performed with Gaussian 98 pro-
gram [7]. As pointed out in our previous work [6,8], elec-
tron correlation effects were essential to predict energies and
geometries in good agreement with the experimental data;
moreover, the polarization functions on hydrogen atoms im-
proved the description of the bridging hydrogen atoms (Hj, or
-H). Thereby, the hybrid density functional B3LYP method
[9,10], the coupled-cluster CCSD theory [11] and the Dun-
ning’s correlation consistent basis set aug-cc-pvDZ [12] were
used in the geometrical optimizations and harmonic vibra-
tional frequency calculations. The chemical bond character-
istics were analyzed by natural bond orbital (NBO) theory
[13]. The NBO analyses transferred the delocalized molec-
ular orbitals (MOs) into the localized ones that were closely
tied to chemical bond concepts. 3c-2e bond search was acti-
vated with 3CBOND keyword [14], using the Hartree-Fock
(HF) canonical wave functions over the CCSD optimized
geometries. The second-order perturbation interaction ener-
gies and hybrid compositions, occupancies and energies of
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Fig. 1 Optimized molecular structures: B3LYP/aug-cc-pvDZ (roman) and CCSD/aug-cc-pvDZ (italic)
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the 3c-2e bonds were calculated. The transition structures
T12 (between 1 and 2 isomers) and T23 (between 2 and
3 isomers) were located by the synchronous transit-guided
quasi-Newton (STQN) method [15], and the energetic extrap-
olated CCSD(T) [11,16] calculations were carried out over
the CCSD optimized geometries.

To include electron correlation and orbital relaxation ef-
fects in the electron attachments to the neutral and photode-
tachment of the anions, the partial third-order quasiparticle
approximation (P3) of the electron propagator theory [17]
was used to calculate the vertical electron affinities (EA,s)
of the neutral and the vertical detachment energies (VDEs)
of the anions. The adiabatic electron affinity (EA,), EA,, and
VDE values were also calculated at the B3LYP, CCSD, and
CCSD(T) levels,

EAH = E(Mneutral) - E(Ma_nion)
EAU = E(Mneutral) - E(Mr;,utral)
and

VDE = E(Manion) - E(Ma_nion)

where the zero-point vibrational energy (ZPVE) corrections
were considered in the EA, calculations. The respective
optimized geometries were used in the total energy (E) cal-
culations for EA, values, while only the neutral or anionic
geometries were used in the EA, or VDE calculations.

3 Results and discussion

As shown in Fig. 1a, the low-lying neutral isomers 1, 2, 3, 4
and T12 are similar to those optimized at HF/6-31G* level of
theory [4]. The geometrical parameters distinctly differ from
the HF/6-31G* ones, not only due to the electron correla-
tion effect but also the larger flexible basis set used in this
work. In general, the B3LYP optimized parameters are close
to the CCSD ones. 4 corresponds to a transition state of the
intramolecular AlH, torsion process of 3; T12 corresponds
to a transition state between 1 and 2 isomers; The transition
state between 2 and 3 isomers is T23 shown in Fig. 1a. One
3c-2e bond (as discussed in the following text) is broken for
1 — 2; while double 3c-2e bonds are broken for 2 — 3. The
optimization of the anionic structure within Cs, symmetry
limitation failed, finally leading to 27(C,,). The optimiza-
tion of the anionic structures at the D4 and Dy, symmetries
only produced the stable anionic 4 (D5y,). The anionic spe-
cies are shown in Fig. 1b, and the electron densities of the
single occupied MOs (SOMOs) have been plotted with a con-
tour value 0.05. The broken lines shown in 27 (C,,) suggest
that there might be no covalent bonds between Hy, and Al;
atoms, and the extra electron mainly occupies at 3p orbital
of Al atom. The bond length between Al; and Al is signifi-
cantly shortened by ca. 0.1 Ain 4~ (Dyy) with respect to that
in 4(Dyy) or 3(Dyg). The electron density plots indicate that
the extra electron occupies on a r orbital, namely, a two-cen-
ter three-electron (2c-3e) bond Al." Al can be formed in 4~.
However, the 2¢-3e bonds O.".O, N."N, S.-.S, P.- P and Si.".Si
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Fig. 2 Natural atomic populations obtained over the CCSD/aug-cc-

pvDZ optimized geometries. The values in the parentheses are the
Mulliken atomic spin densities for the anions

in the anionic radicals were found to be weaker than the cova-
lent two-electron bonds due to the extra electron occupied on
the anti-bond orbitals [18].

Natural charge population on each atom is presented in
Fig. 2. Both the terminal H (H;) and Hy, atoms are negatively
charged. In particular, the electronic repulsive interactions of
H, atoms cannot simply explain that 3 is more energetically
favorable than 4. Mulliken atomic spin density on each atom
in the anion is also shown in the parenthesis, indicating that
the extra electron is mainly on Al; atom in 27 or two Al
atoms in 4. This is consistent with the electron density plots
in Fig. 1b.

Harmonic vibrational frequencies and infrared (IR ) inten-
sities of the stable conformers are summarized in Table 1.
Single-imaginary frequencies have been predicted to be i135
(i115)ecm™1,i151 (i165) cm~! and i1011 (i1029) cm™~! for 4,
T12, and T23, respectively, at the B3LYP (or CCSD) level of
theory. The experimental data from Ref. [1] are tentatively as-
signed and compared with the present results. It is noted that
the experimental datum 924 cm™! was assigned to an asym-
metric stretching of the Al(x-H);Al bonds along the Al-Al
axis [1], while here it corresponds to a symmetric stretch-
ing of the Al(u-H)3Al bonds perpendicular to the Al-Al axis
according to the CCSD calculations. There are remarkable
frequency shifts of 27 with respect to 2 although they have
similar geometries. Until now, no experimental IR spectra
of above anions are reported. The IR fingerprints may be ca.
990 cm ™! for2~ and ca. 1,700 cm~! for4—. In fact, 4~ is more
stable by 852 cm~! than 2~ atthe CCSD(T)//CCSD level. The
transition between 2~ and 4~ is energetically unfavorable
because of their distinctly different bonding structures as dis-
cussed below.
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Table 1 Harmonic vibrational frequencies (cm™') and infrared intensities (km mol~") of the stable conformers

Molecule  Method Frequency (Symmetry, Intensity)
1(Csy) B3LYP 368(e”,4x2), 796(e”,550%2), 879(e”,73x2), 1545(e”,80x2); 400(a;,82), 902(a;,819), 1666(a;,83), 1935(a;,308)
CCSD 335(e”,7x2), 806(e”,326x2), 892(e”,42x2), 1559(¢”,41 x2); 398(a;,106), 942(a;,1045), 1691(a;,123), 1950(a;,257)
Exptl?  844.1(e"),> 924(a))°
2(Cyy) B3LYP 325(a;,41), 720(a;,332), 1161(a;,1056), 1549(a;,425), 1890(a;,122); 611(ay,0); 498(b;,26), 1055(b;,425), 1321(b;,2);
120(b,,19), 798(b,,106), 1903(b,,217)
CCSD 330(a;,46), 729(a;,355), 1206(a;,1230), 1568(a;,518), 1899(a;,109); 664(a,,0); 496(b;,24), 1068(b;,415), 1325(b;,6);
130(b,,22), 805(b,,107), 1911(b,,218)
Exptl.? 1156.1(a; )¢
3(Dyg) B3LYP 229(e,67x2), 548(e,69x2), 1866(e,250x2); 337(a;,0), 808(a;,0), 1869(a;,0); 137(by,0); 747(b,,682), 1847(b,,380)
CCSD 318(e,73x2), 557(e,77x2), 1872(e,255x2); 348(a;,0), 815(a;,0), 1876(a;,0); 110(by,0); 755(b,,735), 1855(b,,386)
Exptl.? 747(by), 1825.5(b,), 1835.8(e),® 1838.4(¢),©
27(Cyy) B3LYP 278(a;,23), 768(a;,580), 973(a;,870), 1627(a;,406), 1772(a;,475); 581(a;,0); 246(by,14), 638(by,45), 1744(b1,297);
450(b,,2), 891(b,,321), 1461(b,,10)
CCSD 277(a1,37), 773(a;,548), 993(a;,1059), 1641(a;,491), 1782(a;,394); 600(a;,0); 252(by,4), 656(b1,59), 1754(b1,309);
429(b,,0), 899(b,,389), 1471(b,,9).
4~ (Do) B3LYP 378(ag,0), 799(ag,0), 1751(ag,0); 299(ay,0); 736(by,,341), 1719(by,,721); 310(bag,0); 283(b2y,53), 1723(b2y,909);
467(b3,,0), 1715(b3,,0); 448(b34,37)
CCSD 387(ag,0), 803(ag,0), 1759(ag,0); 310(ay,0); 737(by,,324), 1728(by,,775); 335(bag,0); 287(b24,56), 1730(b2,,905);

468(b3g,0), 1722(b3g,0); 466(b3y,37)

4 From Ref. [1], the symmetry assigned to the experimental data is given in this work

® Two doubly degenerate e” vibrational models are perhaps involved

¢ Symmetric stretching of the Al(u-H)3Al bonds perpendicular to the Al-Al axis

d Assigned to the bridge stretching model of Al,H; in Ref. [1]
¢ Split vibrations due to the matrix effect (see Ref. [1])

Table 2 Relative energies (kcal mol~ 1) with respect to the neutral 1(Csy)

1(Csy) 2(Cyy) 3(D24) 4(Dap) T2(Cy) T3 (Coy)?
B3LYP 0.00 1.89 10.51 11.98 242 54.32
B3LYP+ZPVEP 0.00 1.78 9.22 10.65 2.23 51.63
CCSD 0.00 0.46 9.79 10.81 1.38 58.83
CCSD+ZPVE 0.00 0.41 8.49 9.46 1.18 55.74
CCSD(T)¢ 0.00 1.17 11.06 12.13 1.77 57.36
4 Relative to 2(Cyy)
b The zero-point-vibrational energy corrections are included
¢ Over the CCSD/aug-cc-pvDZ optimized geometries, and without the zero-point-vibrational energy corrections
Table 3 Second-order perturbation interaction energies (kcal mol~') for the staggered (Dyq) and eclipsed (Dy,) conformers®
Neutral Difference Anion Difference

3(Dyg) 4(Dyy) Staggered — Eclipsed ng 47 (Dqy) Staggered — Eclipsed
All vicinal® 0.00 2.72 —-2.72 0.00 4.88 —4.88
All geminal® 69.88 74.68 —4.80 49.44 41.68 7.76
Others® 10.16 8.08 —2.08 43.89 7.02 36.87
Total 80.04 85.48 —5.44 93.33 53.58 39.75

2 Over the CCSD/aug-cc-pvDZ optimized geometries

b Optimized geometrical parameters: Al-Al = 2.58 A, AI-H, = 1.63 A, /H,AlH;, = 125°
¢ Only interactions involving adjacent atomic centers, none of which is in common

4 Only interactions involving at least one common atomic center
¢ Only interactions involving Rydberg, core electrons or lone pair

Table 2 lists the relative energies of the neutral isomers
with respect to 1. The stability order is in agreement with the
previous conclusion [4]: 1> 2> 3> 4. To break one of the tri-
ple 3c-2e bonds may cost ca. 2 kcal mol~!; while to break two
3c-2e bonds together will cost more than ca. 40 kcal mol !,
estimated from the relative energies of T12 and T23.

Now we focus on the staggered (Dyq) or eclipsed (Dzy)
preference of Al,H,. Since the hyperconjugation in the

anions is a major structural determinant [19,20], these intra-
molecular interactions are discussed here. Table 3 lists the
vicinal, geminal, and other components of the second-order
perturbation interactions energy. The more stable conform-
ers exhibit the smaller interaction energies, thereby the anion
prefers Dy, symmetry and the neutral is of Dyq symme-
try. AI-H/Al-H* interactions are the main contributions of
the vicinal part, but they disappear in the D,y symmetric
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Fig. 3 Torsional potential curves of the neutral 3(D,q) or 4(D5y) and
the anion 47 (D5y,). Zero energy points are arbitrarily taken at 90 and 0°
for the neutral and anion, respectively

conformers and only very small amount is owing to them
in the D,psymmetric ones. The strong Al-H/AI(3p)* inter-
actions (12.08 kcal mol~! included in the other hyperconju-
gations) in the D,4 anion suggest that the rotation of AlH,
group needs a considerable energy. Torsional potential curves
of the neutral and anion with the geometrical relaxation were
calculated at the B3LYP level and shown in Fig. 3. It is clear

that 4 is the torsional transition state of 3(D,4), while the an-
ion at the Dyq symmetry may correspond to a higher-order
saddle point on the anionic potential surface. The latter may
be due to the = bond (the SOMO of 47) breaking during the
torsion.

In contrast to the previous NBO analyses [4], the typical
3c-2e bonds are observed in 1 and 2 isomers. Table 4 sum-
marizes the hybrid composition, occupancy and energy level
of each important chemical bond. However, more p hybrids
are predicted on Al; atom in 1 or 2, due to no terminal H
atoms combined with it. The doubly occupied Al-Al bond
in 4 exhibits the small occupancy and higher energy level
because of its less stability with respect to 3. No covalent
chemical bond is predicted between two Al atoms and no
3c-2e bonds exist in 27. In the 2¢c-3e Al.-.Al bond of 4, the
SOMO occupies at the higher-level 7 orbital, while the other
two electrons form a o bond.

The CCSD and CCSD(T) methods failed in the EA, cal-
culations of 1(Cs,). 2A; state was reached at the B3LYP
level while E state was predicted at the P3 level, indicat-
ing the significant effects of the electronic relaxations in-
volved in the latter method. Only is the vertical electron
attachment to 1(Cs3,) endothermic. The vertical attachments
to form the other two stable anions are exothermic with 3,000
~ 6,000cm~!. In Table 5, the distinct differences of EA,,
EA, and VDE values can be found among the various the-
oretical methods. The VDEs for 2~ and 4~ are 6,735 and

Table 4 Hybrids, occupancies and energy levels of some selected natural bonds over the CCSD/aug-cc-pvDZ optimized geometries

Hybrid Composition Occupancy Energy(au)
1(Csy)? Al —Hp—Al, 0.2474(sp?0%8 d%30)Al,+0.4554(sp*** d°9)Al,+0.8552(sp**)H,, 1.9731 —0.5103
2(Cyy)? Al —Hp—Al, 0.2581(sp?*10 d%30)Al,+0.3973(sp>?8 d%16)Al,+0.8806(sp* " )H, 1.9733 —0.5262
3(Dyg) Al —Al 0.7071(sp'4® d*92)Alx2 1.9149 —0.4143
4(Dyy) Al —Al, 0.7071(sp"?° d*92)Alx2 1.9052 —0.4098
27(Cyy ) Al,—H, a: 0.4553(sp>%° d%99)Al,+0.8904(sp’ ) H, 0.9275 —0.3081
B:0.4536(sp>77 d*9%)Al,+0.8912(sp”*)H, 0.9291 —-0.3077
4~ (Dy) Al —Al, a: 0.7071(sp" % d*OH)Alx2 0.9967 —0.0482
a:0.7071(sp">! d*03)Alx2 0.9713 —0.2832
B:0.7071(sp"® d*03)Alx2 0.9804 —0.2617
4 No bond is formed between two aluminum atoms
b No three-center bonds Al;-Hy-Al, are formed
Table 5 Vertical and adiabatic electron affinities (EA, and EA, in cm™') and the vertical detachment energies (VDEs in cm™')
1(Csy) 2(Cy) 3(Da4) VDE
EA, EA? EA, EA EA, EA? 27(Cyy) 4~ (Dqy)
B3LYP*¢ —2689° 6,189 5,728 6,813 4,787 11,356 7,323 12,336
CCSD* A 5,651 4,602 5,796 3,577 9,955 6,383 10,813
CCSD(T)¢ f 5,391 4,940 5,798 3,955 10,112 6,684 11,236
p3d —5097¢ 4,791 2,839 6,735 11,106

# Corresponding to the anion 27 (Cyy)
b Corresponding to the anion 4~ (Dyy)

¢ Over the respective optimized geometries and including the zero-point-vibrational energy corrections in the EA, calculations
4 Over the CCSD/aug-cc-pvDZ optimized geometries and without the zero-point-vibrational energy corrections

¢ Corresponding to 2 A state
! Failed in convergence
2 Corresponding to 2 E state
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Table 6 Theoretical values of Franck-Condon (FC) factors and transition energies (TE in cm™ ) in the photoelectron spectra of 27(C,y) and

4~ (Dyy,) isomers

Assignment® TEP FC(>0.01) Assignment? TEP FC(>0.05)°
27(Coy)—>2(Cyy) 47 (Dap)—>4(D2n)

09 5796 1.00 09 10295 1.00
2 6072 0.32 4) 10683 0.09
12 6300 0.04 2 10915 0.11
6} 6569 0.20 8! 11008 0.53
122} 6577 0.01 4)8) 11486 0.05
115} 6764 0.02 228) 11718 0.06
8} 6788 0.20 8 11901 0.14
2460 6846 0.12 12 12055 0.87
226, 7123 0.01 412} 12442 0.07
317, 7124 0.01 212} 12675 0.09
228) 7342 0.01 8112} 12858 0.47
6 7342 0.03 228112, 13478 0.05
618, 7561 0.04 82121 13661 0.13
12(1) 7578 0.01 12% 13814 0.35
2462 7619 0.02 83122 14617 0.19
8 7781 0.02 82122 15420 0.05
111 7802 0.02 123 15574 0.08

2 Vibrational models are numbered from the small to the large for 27(C,,) and 4~ (D5y,) (see Table 1)
b The CCSD/aug-cc-pvDZ geometries and harmonic frequencies are used in the calculations

¢ In Fig. 4, the FC >0.01 are included

11,106 cm™!, corresponding to the 27(>* B;) — ' A and 4~
(> B3,) — ' A, transitions, respectively.

To simulate the photodetachment electron spectra, the
Franck-Condon factors for the 27(> B;) — 2(' A;) and 4~
(* B3u) — 4(' A,) transitions were calculated using the CCSD
geometrical Hessians and the respective equilibrium geom-
etries of the neutral and anion. The theoretical details can
be found in Ref. [21]. The positions of the 0-0 transitions,
5,796 and 10,295cm™!, were determined from the differ-
ences in the CCSD energies of the neutral and anionic
species and corrected for the differences of the ZPVEs. The
values of Franck—Condon factors reported in Table 6 indicate
that the first (b,), second(a;), third(b;), fifth(b,), sixth(a;),
seventh(b), eighth(a, ), eleventh(a;) and twelfth(b,) will con-
tribute to the vibrational structure in the photoelectron spec-
trum of the 2~ (% B;) — 2(* A)) transition; while there are
more vibrational modes contributed to the spectrum of the
4-(2 By, — 4(! A,) transition. The calculated Franck—Con-
don factors for these two transitions were convoluted with
Gaussian lineshapes (FWHM =100 cm~') and the resulting
theoretical spectra are shown in Fig. 4. Here it is noted that 4
is the transition state of the intramolecular torsion process of
3, the spectrum of the 4~ (> B3,) — 4(! A,) transition could
be used to study this intramolecular process (see Fig. 3).
The stronger peaks can be recognized from Table 6. The
previous transition state spectroscopy only focused on the
transition states of the intermolecular reactions [22-24], no

studies on the transition state of the intramolecular process
are reported. If the anionic intermediates in the intramolecu-
lar processes such as torsional isomerism and proton-tranfer
tautomerism are energetically stable, the photoelectron spec-
troscopy will again be a promising way to study these states
directly.

4 Conclusion

Ab initio methods regarding B3LYP, CCSD and CCSD(T),
and the P3 electron propagator theory have been used in
the studies of Al,Hs and Al,H; . Multiple 3c-2e bonds are
found in the 1(C3y) and 2(C,,) isomers, while ionic con-
former Al~ - --AlH4 is found for 27(C,,) and 2c-3e bond
is formed in 47 (D,y). 1(Csy) and 47 (Dy) may correspond
to the global minima on the neutral and anionic potential
surfaces, respectively. The positive adiabatic electron affin-
ities 5,798 and 10,112cm™! are predicted for the neutral
2(Cyy) and 3(D,q) isomers, respectively. The 47 (D,y) anion
is 852cm™! more stable than 27(C,,) anion. The photo-
detachment spectra for Al,H,; are simulated on the basis
of the Franck—Condon factor calculations, in particular, the
4= Bs,) — 4(' A,) transition indicates a reasonable way
to study the transition state of the intramolecular torsion
process.
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Fig. 4 Theoretical photodetachment electron spectra of 27(Cy,) and
4~ (Dyy), based on the calculated Franck—Condon factors
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