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The structures of a closo-hedral cluster (HAlNH)12 and endohedral complexes 
4/2X@(HAlNH)12 (X = N, P, As, C–, Si–) are studied by density functional theory (DFT) at the 
B3LYP/6-31G(d ) level. The geometries, natural bond orbital (NBO), vibrational frequency 
(�1), energetic parameters, magnetic shielding constants (�), and nucleus independent chemical 
shifts (NICSs) are discussed. It is found that all guest species are minima at the cage center. 
Inclusion energies (�Einc) of all species are negative except those of 4N and 4/2P. In all species, 
the endohedral quartet states (4X) are energetically less favorable than their doublet states (2X). 
The calculations predict that caged X states only donate <0.50 e to the cage and preserve their 
unencapsulated ground states. 
 
K e y w o r d s: density functional theory, endohedral complexes, inclusion energy, quartet 
state, doublet state. 

INTRODUCTION 

Representing a link between isolated molecules and bulk phase clusters of aluminium and nitro-
gen, AlxNy have drawn increasing attention during last years. This is mainly because solid AlN with its 
unusual specific physical properties is of great interest to microelectronic, ceramic, material, and sur-
face sciences [ 1—9 ]. (AlN)12 is a ground state structure with Th symmetry [ 10 ]. The hydrogenation 
reaction of (AlN)12 is exothermal with the hydrogenation heat (�Hh) of –127.813 kJ/mol [ 11 ], so its hy-
dride (HAlNH)12 structure should be more stable. In addition, since this type of cage has a relatively 
larger interspace, the cage break should not occur when guest atoms are introduced. Thus, this type of 
compounds could be designed as novel polyhedral structures. Herein we calculate the structure and 
stability of the (HAlNH)12 cluster complex and its endohedral complexes 4/2X@(HAlNH)12 (X = N, P, 
As, C–, Si–), and the results could provide a valuable reference for the synthesis of novel structural ma-
terials. 

COMPUTATIONAL METHODS 

All calculations were carried out using the parallel version of the Gaussian 03 software package 
[ 12 ]. The configurations of the (HAlNH)12 complex and 4/2X@(HAlNH)12 (X = N, P, As, C–, Si–) en-
dohedral complexes were optimized by the DFT method at the B3LYP/6-31G(d) level. The optimized 
structures were characterized by frequency calculations as the energy minima (zero imaginary fre-
quencies: Nimag = 0). Atomic charges (q) and spin densities (S) were evaluated using the natural bond 
orbital (NBO) analysis [ 13 ]. Thermodynamic parameters (�Einc, �Edef), magnetic shielding constant 
(�), and nuclear independent chemical shift (NICS) were computed at the same level. The results are 
presented in Tables 1—4, and the optimized structures are shown in Fig. 1. 
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RESULTS AND DISCUSSION 

(HAlNH)12 and (HAlNH)12
� . As found previously, (HAlNH)12 in Th symmetry (Fig. 1, a) is an 

energy minimum structure (Nimag = 0). According to the NBO analysis, both Al and N atoms on the 
skeleton of the (HAlNH)12 complex form a 4-coordinated cage structure with an spx (x = 2 � 4) hybrid. 
Al is an electron-deficit atom, correspondingly, N has relatively stronger electronegativity, so the 
(HAlNH)12 compound has obvious ability to receive electrons. In the present work, the structure opti-
mization and energy calculation of (HAlNH)12, and (HAlNH)12

�  were carried out. As shown in Fig. 2, 
we can see that the (HAlNH)12 cage has non-degenerate LUMO-133 (Ag) and distributes fully around 
the cage center, therefore the cage is able to host one additional electron into the LUMO without lowe- 
 

T a b l e  1  
Bond Lengths (R, Å) of (HAlNH)0/

12
�  and X@(HAlNH)12 clusters 

Cluster R(X—N) R(X—Al) R(N—Al)a R(N—Al)b R(N—H) R(Al—H) 

(HAlNH)12 (2.970) (3.100) 1.892 1.949 1.027 1.590 
(HAlNH)12

�  (3.010) (3.060) 1.886 1.949 1.028 1.610 
4N@(HAlNH)12 2.979 3.112 1.897 1.953 1.027 1.591 
2N@(HAlNH)12 2.979 3.111 1.897 1.952 1.027 1.592 
4P@(HAlNH)12 3.005 3.127 1.910 1.964 1.028 1.591 
2P@(HAlNH)12 3.005 3.126 1.910 1.964 1.028 1.591 
4As@(HAlNH)12 3.005 3.124 1.907 1.965 1.028 1.591 
2As@(HAlNH)12 3.005 3.123 1.906 1.965 1.029 1.590 
4C–@(HAlNH)12 3.019 3.062 1.890 1.947 1.025 1.610 
2C–@(HAlNH)12 3.021 3.061 1.889 1.947 1.025 1.610 
4Si–@(HAlNH)12 3.052 3.087 1.908 1.964 1.028 1.609 
2Si–@(HAlNH)12 3.052 3.086 1.908 1.964 1.028 1.608 

 
 

 

a The N—Al bond fusing two 6-membered rings.  
b The N—Al bond between the 4- and 6-membered rings.  

The numbers in parentheses represent the distance from the cage center to a vertex, N or Al.  
 

T a b l e  2  
The natural charges (q) and spin densities SX(e) of (HAlNH)0/

12
�  and X@(HAlNH)12 clusters 

Cluster qX SX qN qAl qH(N) qH(Al) 

(HAlNH)12   –1.730 1.672 0.446 –0.389 
(HAlNH)12

�    –1.742 1.643 0.431 –0.415 
4N@(HAlNH)12 0.114 2.879 –1.736 1.670 0.446 –0.390 
2N@(HAlNH)12 0.101 0.963 –1.736 1.670 0.446 –0.390 
4P@(HAlNH)12 0.057 2.746 –1.733 1.672 0.446 –0.391 
2P@(HAlNH)12 0.045 0.916 –1.732 1.672 0.447 –0.390 
4As@(HAlNH)12 0.127 2.687 –1.738 1.669 0.446 –0.391 
2As@(HAlNH)12 0.119 0.897 –1.735 1.669 0.446 –0.391 
4C–@(HAlNH)12 –0.522 2.664 –1.736 1.681 0.434 –0.419 
2C–@(HAlNH)12 –0.494 0.895 –1.735 1.680 0.432 –0.418 
4Si–@(HAlNH)12 –0.501 2.832 –1.732 1.676 0.432 –0.417 
2Si–@(HAlNH)12 –0.494 0.945 –1.732 1.675 0.432 –0.417 
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Fig. 1. Optimized geometric configurations of (a) (HAlNH)12 and (b)  
                                           X@(HAlNH)12 cages 

 
ring the high symmetry. Indeed, the (HAlNH)12

�  cage in Th sym-
metry is an energy minimum on the B3LYP/6-31G* potential en-
ergy surface. As compared to the parent (HAlNH)12 cage, the en-
ergy reduces slightly, with the values being –3581.9873 and  
–3581.9898 a.u. respectively. On the other hand, in Tables 1 and 2, the skeleton of the cage swells 
slightly and tends to be a sphere. Because of the hybrid bonding effect of N and Al, the 4- and  
6-membered rings both deviate from the plane. When an electron was added, the H atoms bound to 
negative N (–1.730 e) all get electron of 0.015 e correspondingly; those bonded to positive Al 
(1.672 e) all obtain 0.026 e. Because N and Al obtain different number of electrons, i.e. Al obtains 
more electrons than N (0.029 vs 0.012 e), therefore, the ionicity of the N—Al bond weakens slightly 
and at the meantime, their bond distances also change. In detail, N—Al bond distances on the 6/6 ring 
decrease, and those on the 4/6 ring generally do not have any change, but periphery N—H and Al—H 
bond distances increase. The partial reason is that the antibonding orbitals of periphery N—H and 
Al—H bonds accepted electrons (0.002 e/Al—H* and 0.006 e/N—H*), and thus the bonds became 
eaker and longer. The distance between the cage center and the apex N atom increases; on the con-
trary, that from the cage center to the apex Al atom decreases. Consequently, the rings on the cage sur- 
 

face tend to be a plane. This indicates that the bond angles 
(N—Al—N) of the 6-membered rings turn bigger after get-
ting electrons, namely N—Al—N increases from 114.3 to 
117.6�. If the electrons are removed from (HAlNH)12, ac-
cording to the Jahn-Teller effect, degeneracy of HOMO 
(Tg) is eliminated, and the symmetry decreases resulting in 
the configuration changes. Thus, the (HAlNH)12 cage struc-
ture with Th symmetry could provide electrons to some ex-
tent and could be used as electron acceptor; the adiabatic 
electron affinity (EA) was calculated for attaching one elec-
tron to form (HAlNH)12

�  (EA = 6.56 kJ/mol) [ 14 ]. There-
fore, the addition of one electron does not necessarily lead 
to symmetry lowering, and such a novel structural model of 
(HAlNH)12 can significantly stabilize the capsulated guests.  

4/2X@(HAlNH)12 (X = N, P, As, C–, Si–). Geometric 
Configuration and Charge Distribution. When a 4/2X 
guest is introduced into the cage (Fig. 1, b), part of elec-
trons will transfer to the cage skeleton. For the atomic se-
ries (N, P, As) the number of transferred electrons of quar-
tet states (4X) is slightly more than that of doublet states 
(2X) (Table 2), whereas it is reverse for C–and Si– negative 
species. There is negligible electron transfer between the 
guests and the cage framework (Table 2); the spin densities 
(SX) of 4/2X (X = N, P, As, C–, Si–) generally do not have 
larger changes, with spin densities of 2.664 � 2.879 e for 
quartet states (4X) and 0.895 � 0.963 e for doublet states 
(2X), thus it still can be considered to approximately pre- 
 

Fig. 2. HOMO and LUMO plots of (HAlNH)12 (a, b) and  
                                      (HAlNH)12

�  (c) 
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T a b l e  3  

Total energies ET (a.u.), lowest vibrational frequencies �1 (cm–1), zero-point energy (eV), gap �Eg (eV),  
inclusion energies �Einc (kJ/mol) and deformation energies �Edef (kJ/mol)  

Cluster ET �1 ZPE �Eg �Einc 
a �Edef 

b 

(HAlNH)12 –3581.9873 140.5 8.11 7.12  0.0000 
(HAlNH)12

�  –3581.9898 133.2 8.01 2.07(�) –6.5637 60.1239 
4N@(HAlNH)12 –3636.5619 147.4 8.13 7.54 25.9924 –6.8263 
2N@(HAlNH)12 –3636.5237 145.1 8.11 2.09 –150.7037 –6.8263 
4P@(HAlNH)12 –3923.1802 152.7 8.10 7.44 171.1826 1.5753 
2P@(HAlNH)12 –3923.1599 152.4 8.09 2.70 56.4482 1.5753 
4As@(HAlNH)12 –5815.6705 149.0 8.11 6.98 –11.0271 1.8378 
2As@(HAlNH)12 –5815.6508 140.0 8.08 2.39 –21.0040 2.1004 
4C–@(HAlNH)12 –3619.9789 136.3 8.16 6.15 –386.7361 58.0235 
2C–@(HAlNH)12 –3619.9551 124.8 8.15 3.41 –521.9493 61.9618 
4Si–@(HAlNH)12 –3871.4036 149.4 8.07 4.90 –25.7300 75.6144 
2Si–@(HAlNH)12 –3871.3888 124.7 8.04 2.22 –107.1204 76.9271 

 
 

 

a Inclusion energy: �Einc = E[X@(HAlNH)12] – E(X) – E[(HAlNH)12].  
b �Edef = E(HAlNH)12(strain) – E(HAlNH)12 is the deformation energies of cage (HAlNH)12 due to X or e 

insertion. 
 

T a b l e  4  

Magnetic shieding constants (�) and Nucleus independent chemical shifts (NICS) of clusters 

NICS a � Cluster 
4-ring 6-ring X Al N 

(HAlNH)12 –4.40 –0.40 (–0.64) 487.38 204.58 
(HAlNH)12

�  –4.49   0.03 (3.25) 493.62 202.72 
4N@(HAlNH)12 –4.32 –0.21 271.17 486.60 203.71 
2N@(HAlNH)12 –4.89   1.85 –1963.24 486.89 205.31 
4P@(HAlNH)12 –4.27   0.16 751.42 487.01 197.84 
2P@(HAlNH)12 –4.20   2.99 –3683.03 486.99 207.60 
4As@(HAlNH)12 –4.30  0.17 2503.74 487.81 197.48 
2As@(HAlNH)12 –4.15 –5.84 –8238.16 487.65 208.10 
4C–@(HAlNH)12 –4.26 –0.05 193.29 494.62 202.91 
2C–@(HAlNH)12 –2.80 –0.18 –1045.76 493.67 209.65 
4Si–@(HAlNH)12 –4.20   0.18 674.72 496.60 195.96 
2Si–@(HAlNH)12 –4.90 –0.13 –2097.75 493.91 209.10 

 
 

 

a The NICS values were calculated at the center a face (0) of 4-ring and 6-ring respectively. The numbers in 
parentheses represent the � values of cage center. 
 
serve its atomic ground state. So, the conclusion can be drawn that the interaction between the guest 
atom X and the (HAlNH)12 complex is weak, and various bond lengths of the cage skeleton do not 
largely change (Table 1).  
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Energy Parameters and Stability. The harmonic frequency of 4/2X@(HAlNH)12 (X = N, P, As, 
C–, Si–) cage structure was calculated by the B3LYP/6-31G* method. The lowest vibrational fre-
quency �1 could reflect whether the imaginary frequency exists in the structure or not. As the calcula-
tion results show, all �1 are positive (Nimg = 0) suggesting that the configuration of the complex with Th 
symmetry locates at the stable position of the potential energy surface (PES) and represents a stable 
structure. Since the skeleton vibrational frequency is sensitive to a change in the molecular structure, 
this series of compounds could be identified by the characteristic spectrum and provide a theoretical 
reference for experimental synthesis. 

As expected, the total energies of the doublet state of 2X@(HAlNH)12 (X = N, P, As, C–, Si–) was 
more than those of the quartet state of 4X@(HAlNH)12 (X = N, P, As, C–, Si–); the increased values are 
about 0.01 � 0.04 a.u. A comparable trend is observed for the HOMO-LUMO energy gap (�Eg); �Eg 
of double states decreases by 3.84 eV in the average value. 

Inclusion energy �Einc. �Einc denotes the energy change in the reaction X + (HAlNH)12 	 
	 X@(HAlNH)12. As shown in Table 3, all �Einc are negative except those of 4N and 4/2P, thus indi-
cating that the embedding of the X atom into the cage is an exothermal process and does not need en-
ergy to promote it. In addition, due to a larger interspace of the cage, an efficient bond between the X 
atom at the central position and atoms at the cage face could not exist, and the interaction among them 
represents an obvious nonbonding property. This long-range interaction consists mainly of electro-
static and repulsive interactions caused by electron cloud overlapping. In Table 2, charges transferred 
on X guests are relatively small (<0.5 e), so the electrostatic interaction is relatively weaker, and the 
repulsive interaction caused by electron cloud overlapping is dominating. 

From the viewpoint of thermodynamics, �Einc of the double states are more negative than those of 
the quartet states (Table 3). This is due to that the energy of the double free state 2X is higher relative 
to that of the quartet free state 4X; once caged �Einc of 2X@(HAlNH)12 complexes becomes more exo-
thermic, so a comprehensive conclusion could be drawn that the inclusion energy �Einc of the double 
state is relatively more negative. For example, �Einc of 4N@(HAlNH)12 is positive (26.0 kJ/mol), 
whereas that of 2N@(HAlNH)12 is negative (–150.7 kJ/mol); �Einc of 2P@(HAlNH)12 is less positive 
than that of 4P@(HAlNH)12 (56.4 vs. 171.2 kJ/mol), and �Einc of 2As@(HAlNH)12 is more negative 
than that of 4As@(HAlNH)12 (–21.0 vs. –11.0 kJ/mol) respectively. Furthermore, negative �Einc in 
Table 3 reveal that the process of C– and Si– insertion is exothermic (–386.7/4C– vs. –521.9 kJ/mol/2C– 
and –25.7/4Si– vs. –107.1 kJ/mol/2Si–) indicating that the corresponding encapsulation is energetically 
favorable. 

Deformation energy �Edef. �Edef is the energy change in the parent cage due to X or e insertion. 
We can see from Table 3 that when an electron is included in the cage, the rings on the cage surface 
tend to be planar; which results in further enhancement of the bond tension and an increase in the �Edef 
value (60.1 kJ/mol).  

For the same reason discussed above, encapsulated 4/2C– and 4/2Si– anions donated more electrons 
( � 0.5 e) to the cage skeletal anti-bonding (Al—H* and N—H*) orbitals, which leads to an increase in 
their cage deformation energy (�Edef), namely the �Edef value of atomic series (N, P, and As) is  
–6.8 � 2.1 kJ/mol, while for the anions series (C– and Si–), �Edef is 58.0 � 77.0 kJ/mol. As compared to 
the inclusion energy �Einc, this type of the energy change caused by the allosteric effect is not very 
large. During the embedding of X and its transferring in or out of the cage, the deformation energy 
�Edef is only a small part of the releasing energy, and it is not a dominating factor affecting the ther-
modynamic and dynamic stability.  

NICS and the Magnetic Shielding Constant (�). The NMR data based on B3LYP/6-31G(d) of 
the complexes are listed in Table 4. The analysis was carried out as follows.  

Nuclear independent chemical shift (NICS) values could be used as the aromatic criterion [ 15 ]. 
A negative value of NICS indicates that it has aromaticity, and a positive one suggests anti-
aromaticity. The NICS value of the central position in the (HAlNH)12 cage is 0.64, which denotes 
weak anti-aromaticity and no shielding effect on the central position. Similarly, 6-membered rings of 
the cage surface are also non-aromatic (NICS = �0.05 � 2.99, except that of 2As). However, aromati-
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city is exhibited in the centres of 4-membered rings of the cage surface. The 4-membered ring is rela-
tively smaller with a stronger overlap of electron cloud due to the formed Al—Al bond, so the centre 
position has stronger aromaticity and the magnetic shielding effect. When an X atom is introduced into 
the cage, the aromaticity change is generally the same as that of the (HAlNH)12 cage surface, which 
further proves that the interaction between the guest atom X and the (HAlNH)12 cluster occurs mainly 
in the cage. 

Magnetic shielding constant (�) values at the centre of the parent and (HAlNH)12
�  cage are –0.64 

and 3.25 ppm [ 16 ]; the relative chemical shift 
 = –3.89ppm [
 = �(freeX) – �(endoX)], and the 
magnetic shielding effect is enhanced. The � values of a free X atom are as follows: 4N: 324.73 ppm, 
4P: 960.52 ppm, 4As: 2869.84 ppm, 4C–: 268.83 ppm, 4Si–: 878.79; 2N: –2642.18 ppm, 2P:  
–21413.80 ppm, 2As: –10195.60 ppm, 2C–: –1902.53 ppm, 2Si–: –2580.21 ppm. When quartet ground-
state atoms are embedded in the cage, their � values decrease (Table 4). Their relative chemical shifts 
(
) are: 
4N: 53.56 ppm (16 %), 
4P: 209.10 ppm (22 %), 
4As: 366.10 ppm (13 %), 
4C–: 75.54 ppm 
(28 %), 
4Si–: 204.07 ppm (23 %). The positive sign of the chemical shifts (
) is due to the deshielding 
effect of the cage. The above values are all positive, thus suggesting the occurrence of charge transfer 
and weakening of the magnetic shielding effect. When doublet state atoms are embedded in the cage, 
the � values increase (Table 4), and their relative chemical shifts (
) are: 
2N: –678.93 ppm (26 %), 

2P: –17730.77 ppm (83 %), 
2As: –1957.44 ppm (19 %), 
2C–: –856.77 ppm (45 %), 
2Si–: –482.46 
(19 %). These values are all negative, thus suggesting the enhanced magnetic shielding effect when 
the doublet state atoms are inserted in the cage. This change order is consistent with the inclusion en-
ergy �Einc of the X guest, namely �Einc of the double state is comparably more negative. 

On the other hand, in Table 4, the � values of Al and N atoms in the (HAlNH)12 complex are 
487.38 and 204.58 ppm respectively. After introducing the guest atom X, both Al and N atoms obtain 
a small number of electrons, so the � values of Al and N atoms slightly change. 

CONCLUSIONS 

The (HAlNH)12 cluster with Th symmetry is a stable structure (Nimg = 0) and has the ability to 
store electrons, therefore, the (HAlNH)12

�  cage in Th symmetry is an energy minimum on the 
B3LYP/6-31G* potential energy surface. As compared to the parent cage (HAlNH)12, the energy is 
slightly reduced. After the insertion of guest species 4/2X, the obtained endohedral complexes 
4/2X@(HAlNH)12 (X = N, P, As, C–, Si–) are still stable and keep Th symmetry. There is negligible 
electron (< 0.5 e) transfer between the guests and the cage framework; the spin densities (SX) of 4/2X 
(X = N, P, As, C–, Si–) generally do not have large changes, thus it still can be considered to approxi-
mately preserve its atomic ground state, and furthermore, the result predicts that the parent cage has 
the stored magnetic energy. From the viewpoint of thermodynamics and with regard to changes in 
several energy parameters, the conclusion could be drawn that the main factor affecting the stability is 
the cage effect between 4/2X guests and the (HAlNH)12 complex. Furthermore, the inclusion energy 
(�Einc) also depends on this effect. So, a comprehensive conclusion could be drawn that the 
4X@(HAlNH)12 quartet states complexes have relatively higher energies (�Einc) and the double state 
structure of 2X@(HAlNH)12 complexes is stable with the relatively lower inclusion energy (�Einc); this 
change order is consistent with the relative chemical shifts (
) of the X guests. 
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