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Table 1  Energy released from the disproportionation reaction

of M"X(g)
reactant product A H/K) - mol™"  Ref
3BCI(g) 2B(s)+BCl,(g) -826 [2]
3AIF(g) 2A1(s) +AlF;(g) -614 [2]
3AICI(g) 2A1(s) +AICI, (s) -420 2]
3GaCl(g) 2Ga(s)+GaCly(s) -237 [3]
3InCl(g) 2In(s) +InCl,(s) -267 (2]
3TICI(g) 2TI(s) +TICl,(s) -109 [2]
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tetrahedron "

A fe A oH 2014 % %22 % % 4H (559-571)



562

BEAREE, BERTHI, ATAS A, B, BRGE, B, Kk

4 4~ ALR, F3 5 $& A — A~ HAT IR B 1 HO-
MO, 3 PUAS I 43 24T T B A AR E v — 1 a,
BB 3 ANt B, REE AIX S TR B A p BLiE
Mo BUE, 5 6, PUBER B FRE .

B I AL R, 43 H gl i 5 B B F AR & ;o -
o MEAE M 158 55 f1 HOMO 5 LUMO [a] 14 88 2%
22, H— e B0 R, A 4R 90 T8 19 6 9 22 /)N, L 7 X 7
A U I R E

MM AIR 43 1 T4 PLIE M RE DL = 22 AR &R 5%
M (1) FCA 7 RO 6P S 55, B A7 )5 7 R A9
FbE A, AL JE - JE] B A I FR Ay 4 R gl K T
AT RLE/N HOMO fyggfE; (2) AT T Al JRF% p #L
AN o BB Y B R B8 L B 5 B DN 2 3k
LR K, LUMO FREZ = .

2004 4, Jean Vollet 2% 4l T & 4 J& 44 K 43
% Al Cpy, (fb &1 6,18 3) , H AI—C,. P KN
233 pm, K T H ik AlCp™ Y 8 K (210 pm),
HOMO-LUMO HERH 0.9 eV, Hi 25 3 Hl i - 27 Fil 3
SYRIh 4.22 eV FL1.73 eV kbl A .

3 A6 LA
Fig.3 Structure of compound Al,,Cp~12"*"

H k&M 6 MERA 1.5 nm, PIA T %
TP Z A H R 1.8 nm 8 AN T B A il Sk
BeILfrsem, 4% 30 A Al JEFIB B =+ i iR 52
BN — A WA R AL, 5E o A AL
54 Cp Mg

Hansgeorg Schnockel % % Al % JE iz oA # 8
(DFT) W58 T A 4 5040 FRR B 40 1) BE 42 AN 30 F 1 245
0T IR T RS SRR I A 2R A A
TR MM 9Kl i 4 TR

M4 sl Al Cp, (1) AL Cp, (4) B EAL Sy
fRBE 4> 52 233 kJ/17.25 mol Fil 2441 k)/17.25 mol
A 90 1 A RS E 3K 5 Z BT SE R 25 RAH ) 5

Chinese Journal of Energetic Materials, Vol.22, No.4, 2014 (559-571)

[, /1 Aly, Cpyy (6) % A2 oAk SO A i AL Cpy (1)
S A2 e i EH Al Cpoy K A2 4K S RE AR 1 AL Cp,
(4) [ 52 AR/, U AL Cp, (4) HBE 5y K8 iR )
oL A SRR AR A +3 A R AL A .

kd-mol”" 1 692Alcp i
+267
17.25AICps (@) (4)
) B9AICP* (g) +5
/i\gs'g?e (9) y AlsoCpyo (9)
_+9AICpS (g) +19AICp, (q)
+- 2004
+1750 2436
1983 | -2441
o3| 1725ACRi@) ()
46A(s) ABAIC)
+23AC83 (g) +23ACps 9)

4 feB.3.5 &6 mfd Ko tae
Fig.4 Combination and decomposition energy of compound

1,3,5and 6

454 AL Cp, (1) BRI ZE I # i 25 00 T B A 5 41
il X —HE 1 7E ORI P HROR BN AICP ™ R B ARS
AR AlCp, 5t AT LA i Al Cp, (2), Aly, Cpy, (6)
1 AL, Cl,,Cp, (10)

2005 4F,Jean Vollet 2 * 44 %7 1l 4 19 Al,Cp, 5
[AIBr - NEt, ], (fb &9 8) % T804, In# s IR 8 (1
WV W A28 R, [ B BT s & R 4R, S B &9 9:
Al,, Br,, Cpy , F Ut A B, 38 & 5 7 P A Bl 7= %)
[AIBr, - NEt, ], fiI[ AIBr, - NEt, ], 7£ X 4 ¥ A4~ &l 7=
b SRR S KL T AL, B +2 R +3 s
%4 MgCp, 5 AICI - Et,O J i, 153 Tk &9 10
Al Cl,,Cp, .

&9 9 Ffk &GP 10 B 4R a5, 659 9
M gE e 5 prs

B5 fLaY9 msHkE (Cp  JEH T fifk)
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Fig.6 The structure of compound 13
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Fig.7 Schematic diagram of a PACIS source**’
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Fig.8 Calculated structure of neutral Al,H, with a distorted

tetrahedron**’
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2007 4, A. Grubisic %' 25 & B 85 7O i1 T B
TR B U7 e RIS, SVAS T Rl K el H I A R B R
PACIS ;=) Al H, (4<n<8,0=sm=<10) i 4 g
T3¢ F1 € EAa ( Adiabatic Electron Affinities) {H £
HOMO-LUMORERR , W3 2,71 F H Al H, (AlLH, #I
AlLH,, (5 < n<38) /4 & i 7 35 FRE ¥ AR /)N,
HOMO-LUMOGRERR AR K, 36 B AT 19 45 44 3 AiF A
AR—%,

%2 ALH(m=4,6)F1 Al H,,,(5<n<8) {4 TFEHM
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Table 2 Experimentally and theoretically determined values
of adiabatic electron affinities( £) and HOMO-LUMO gaps for
Al,H, (m=4,6) and Al H, ,(5<n<8)"

E/eV HOMO-LUMO gap/eV

experimental  theoritical experimental  theoritical
Al,Hj 1.35%+0.05 1.45 1.55%+0.15 1.36
Al Hg 1.25+0.15 1.36 1.920.1 1.85
AlsH7 1.9+0.1 2.1 0.95+0.10 0.87
AlgHjg 2.4+0.3 2.17 0.6+0.1 0.51
Al Hy 2.2+0.2 2.17 0.8+0.15 0.58
AlgH7,  2.3%0.2 1.94 1.00.2 1.14

Note: a represents anion.
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I RE B 1 25 R RS AL Ol SRR BB R, HLOR B I B 1
AR 22 AL HT IR B AL HG, 33 9 7 25 44 1) 19 29
T Al—H FH R LT 5 A 174 pm ff K TF
L EH AlLHL(170 pm) .

N IR A BT T E A A AR E T
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L E =1.06 eV,E =1.04 eV,E, =0.98 eV, HIL
A LUAR 2R A TR B A [ O T AIH,
WG, 50T RSF I IEW Tz i LR G YE
KAFTE, HAIH, FITA 2 S ERE RN,

3.3 A@EARAEGHIEEEREREY
3.3.1 BUN(SiMe,), ABREHIMNKEBHEREY

WA RGP R T AASEHR TR
Hb A HAbAE 4 BT R 8l S AL, 8iAE R A% i
AFERFERC SR N A R IE R I 2 S
A AR BB ERC A WVE N R R G W b i —Fh
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i AICH 2 I A BRI, BT 9 26 WA 76 S B 5 A v, 528
A BA T — B R AR AL R, X 3% (]
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ALRG AL, Ry 75, - #E W ALRS AT AL, Ry 78 2 A2 A
Al H5 16y F ] sk 38 2 o

&Y 15 MZEHME 9 Fin, i Al 5T
Kb 7SS ALK R b\ T AR BT 4 BT, G s A 3 Ak 1
Al 25 R A . BFFE 2B X AL 5K
P, JE A RS A B Cy, X R TR B AR A, H
AlLR, FERIXIFRIE N Dy, 7 R P C,, 57 19 e
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N

¥
1
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Fig.9 The structure of compound 15 1%
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e
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Fig. 10 The structure of compound 16"
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Fig.11 The structure of compound 17 %!
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Fig.12 View of the radical anion Al,,R2;and Al R}, "
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TAMI RS T AL, B2 i i A Ve, OF BB AL,
5 T i £ 52 7 26481 B i 49 2 B

2002 4F, Hansgeorg Schnockel %% 4% R 415 T
AL FI Al 5 e AR (9 L0 (R % M 3. 85, 5 # N
3.83) 3 AL, 1 Al 5 o Al R T 19 73 A ML A 4
B A +0.234 F1+0.217 W45 4 15 16 F1 17 1551
290.71.,0.58.0. 71, [F RE 6 WY A 6 4 198 52 P4
3.3.2 ALX L B4HF

FHEAZILFEA ALX, 90K B3R &9 E
A — FJLF, . AL, Br,, - 12THF (fb&# 20) .
Al,,Cl,, « 12THF (k&% 21) 1 Al,,Cl,, - 12THP ({k
i 22),

TAERT, AT T — M S = BT £ T
TEAE, Y6 436 e IR & R T [ AICp ™ 1,7 [ GaC
(SiMe,), 1,7 [InCp™ ] MI[TIC(SiMe, ), ],*" 4
i R B AT ] — A 2 1T (A 40 000 1) 1 Ak 4 — R
H R RN . 5 R AT A R T i A
2 RGN A5 B Ak, an [ AIBr - NE ] {Hi% )
5 5 T i A LT B 0 5, O S A AL, AR
T,

Al,Bry, « T2THF ™ L4 — {5l F 5 22 T 4 19 60 1%
WAy, JE i AIBr 7] B3 THE JL 45 & 52 5z
15, THF BRI, B Al BT 2 [0 2T £ oo i,
RO TR S EE R AL R N . WA, T
R AL R . AlBr, BRI Al R T
. Br 7 2rfn: THE (9 O B T, #EK[A]:
AlT—AI2 2.650+0.023(2.615) ,Al2—AI3 2.762 +
0.005(282.4),AI3—Al4 2.692+0.016(2.684),
Al4—Al5 2.526+0.019(2.541),AlI5—0O1 1.892 +
0.038(1.937),Al5—Br1 2.299+0.039,

13 L4 20 M9 &5H (C A H JEF R bRt )

[55]

Fig.13 The structure of compound 20
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([AliBuli;: 267.0 ~269.6 pm; [AlCp* ],: 276.9 pm;
[AIBr, - OMePh],: 253.0 pm; &J&4: 286.0 pm),
JEH AT, AlBr, BT 5 12 A AP B — - i A
A 10 A AHE 20 A Br S 0 A T
TR = AT E TS BT — LAY AR b i A A
H, THF J3 7 3k 26 i i Hho0 28 s, PRt , — 1 4 B
PSR AL A AL I AN S F1 AIBr, BAITAH % , T 2
A THF 4y 78 JUBC A7 B, 0 AL, Bry, - 12THF IR A5
i Al, [ AlBr, - THF],, - 2THF,

Al,, Cl,, » 12THF"* F1 Al,, Cl,, - 12THP"' &
Al,,Bry, = 12THF 1 S A2 1y A2 Pk BEE # AR L, AL JE
FIA R ] ar Sy =28 AT CAR—AI ALS fiT A Y
Al—AIEER B BEAEFE B Y B T A 1 Al—X R
RSV RIRZAN K 3 FI T Bk =R AL, S WY
IR RS, IERE AL, CL, - 1T0H,0 (6 &%) 21a) |
Al,,Cly, - 12THF (fL &9 21b) (735 585 5t 5 RoF kAT
TR AE NN AR R RO AR E A

£3 L& 20.21.22 21a 21b 178 Al J5F R P
Table 3 Averaged Al distances of 20,21 ,22,21a,21b **

A
compound

atom 20 21 22 21a 21b

All—AI2 2.650 2.649 2.652 2.615 2.656
Al2—Al3 2.762 2.763 2.762 2.824 2.775
Al3—Al4 2.692 2.692 2.691 2.684 2.695
Al4—Al5 2.526 2.549 2.552 2.541 2.563
Al5—X 2.299 2.173 2.171 2.211 2.212
Al—O 1.892 1.875 1.884 1.937 1.950

Note: Expermental values for 20,21,22; Calculated values for 21a,21b.

Al,,Cl,, + T2THF Fl Al,, Cl,, - 12THP %f 25 5 Fil
KAy AR R, HLIR I8 5] 100 °C LA b B, 25 40 ff
AICL, - 12THP HIBA TR 55 A 0 v AR B TR I
BT AR A R A o

R gk EiR B K 14 DL AL,CL, - T0H,0(s) +
ALLCl, - 2H,0(s) BB R 45, % B Hr 4 (24AICI(g)
+12H,0(g) ) M Jj 2% b i s 4 9% (16Al
(s)+4AICl, - H,O(s)+4AICl, - 2H,0(s)) #4F T it
BRI AR 21a(s) A SR AICH K AEE AL
LI, 2Bt 81% Yy RE e, AT HERT AL, X, - 121
(X=Br,Cl;L=THF;TPF) & AIX B fL 40 AIX, Fil Al
) R TE] 4 S5, 3 ) TR AL T A A B W Ak R 1) AL 3 A
EHREAEER XL,
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AE
kJ-mol”
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z
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5625 |- [12/B-A"(s)4AI(S)H4AICI; HO(s)+4AICk 2H0(s) |
6020

14 Al,Cl,, - 10H,0(s) +Al,Cl, - 2H,0 (s) i # & 5 11y
Aoy A
Fig.14 Energetic situation of Al,,Cl,, - 1T0H,O(s)+ Al,Cl, - 2H,0

(s) model™

|16Al(s)+4AICI3 H,O(s)HAICI; 2H0(s) |

3.3.3 ALR,(n=4)E4HF

BT RTSCHTA M AL H, 41, ALR, (n=4) 48 4 i
YR IUR : ALR (L5 23), ALR';X (R’
=PtBu, X=CI,Br) (fbk &%) 24),Al,Br, - 4L (L =
NEt) (fb& 9 25) 07 DL R 78 56 % oh o4 i 21 i 1] 2
THEAL (e 27).

BFFE N AR DL/ Tk (BE AR EE R 3 2 1) IRA Y
VA, AEZ 1200 K B BE FLJE K T4 4604 F, 1
77 K iS5 AIBr'** 3£ 25 200 K T8 Jk 4b 2345 5|
VAR BV, LiPtBU, A 5 18 THR 2 =
T B 25 LiBr [ (A 0 0, 5% B2 v T IR ee e o 4%
Hy AL Br(PBu, ) s (fLA 9 24a) , 3 AL R i 7 v i #%
T AlLCI(PtBu,) . (k&% 24b) , 1M ALLR', tb& Y Al,
(PtBu,) (fL&4 23 ) B it A 2 — JA U A6 T A €0 1 1
W AR

M 15,5 AL H, FEL, (L4423 458 Pe K i i
OB BB A K B Al—AL . 281 pm ( A5 3%)
F1312 pm(CHFEE) 5 T340 0 FR 1L 4 4 24a
24b Sf UL, HAL AR E L ALH, MRS Z; Hiba
23 24a i1 24b (& 16) i 2 Al—P 4 (240 pm) %
T 140 LB B 9 Al—P—AL &% (246 pm) .

&4 23 TG LA DL F =/ EEE. (1)1
Wy ALR F ALRL fg 5 b R (AR N
1.5)5 (2) HAsigstgnm AR R AR (i fin
FERE 5 (3) Mo s b il 52 g 4 A2 il 94 ALRS &
e e B AR, FIAIR' KR IE I, T B A 1
AIR' % AR AL 2 BE (A 1 ALCs) AL AIR' ) B %8 W HF
B, b AL A AT R TE WP i ALRTY R B — A
A fe A
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RE TR TE Mo

15 fbi 23 sty
Fig. 15 The structure of compound 23"

16 fL4 4 24a fil 24b f9Z5 g 1>
Fig.16 The structure of compound 24a and 24b"™*’

SR, 76 AIX(X =CI,Br) I8 H I ik &9 23 .
24a F1 24b 1) 50 o FR AR H: /9 52 2%, 301 18] A2 08 i
Al—ALHE 38 25 P BE IO B 5 52 0 i & 2 o 31 H Ri
Wk ALY 23 .24a F1 24b i [N HLILE A 75 ) 52
Bk

ALR' g 7r THERIE LS AL H, AL, S8 T X -1k
G 23 kUL RBECESEML P T EHES Al 4ith
ME, AL, HRES A Al—P—Al f#JE i, Patrick
Henke Z£°° DI AL HLT 584~ PHY 52 i 2 1 AlLH,
(PH,), BBIRIISUE T % AL .

i T2 C &6 U RIE T ALR, (n=4)
MR A A i p T I 3 & 2%, H AT C Rk %
FAVAF M RA LT =28 (1) Mk ALR, K5+ 1Y
B 5 DU AR B AL TR G R R 1 5
— A AL LA HIRIBTJ2 ALCp, 7 )5 (2) B—Avk
NZEFFINRR ALCL) g AL 1 b 1A 4544 2 Al Br, - 4L
(L=ether) """ & & 47 — 4> F 1 0 DU 57 38, B AT
2e-2cHL T-45¥); (3) A PES(Photoelectron Spectros-
copy) (7 2  BHEFATHEIE LB AL R AL S 1 5
AW R AN AL DR TSR A, T )
EATABCE AR 07 B R 5 &R
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3.4 B Jellium #FERZHE) Al)" HEHFERR

Jellium FERIE5 R 1 ALY S0 58 AR SRR IC & 1)
B — > L 43 3, [R) B2 0 9 K R AR L A ) E AT
BN A =R S i

P& Havermann " 158 & B, 045 Jellium A 7 &
0 M L T BOM TR B 35 5 0, A0 2R D AR A | T T A4
AN [R) 3 AR A 28 0, HERE B 8 Ak 29 LT £ 5
FEIR A AT 58 L RS B0 W] 2 7 6 W 14 1
49788 A 0 AR B 1) 1 B8 AN 2% 3 AR K1 5 0, T A
H s 2 2 S SO AR ARG B B R e
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THCE FFA A AN TR C A4 1 D B P R A AR AL, X 2 e
T2 BRI T .

o5 AT B R A PR B A A Jellium BRI ZE
AT TR T sz g

2008 4F, Schnockel H 4:7° 45 1 4 4 8,20 .40,
58 .70 FFEMr L R H B SE i B AR E L AL F AL
1AL & A 20 FT 40 A, B Jellium BEAYAE
X4 FECR TR A R E P S

AL TEVEZ 58 B I ST AR A B
PR A B, A Leuchtner %7 R 91 h
R MHAAAE . ALLEE 41 Ml HEX Toe
WA Hw 40 S0 LT OH BT 1 B P LT O
AFFE Jellium B8R, 5558 AL HA 38 AL 7, 0
e A ARG B AL EE AL, B 250 B2 A0 55 8, ik
LA R I A AR E .

Jellium 1) 1] BRASE Y 4 |32 o FH T f B AL 7R i
TS AE T B BB LA T AL B 40 M T,
Horpo Ry mAR NS, BT Ar i, BA
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Vo A0k S

rel. energy
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Fig.17 Schematic energy diagram for degradation of the Alj,

cluster in the presence of CI}*
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Al B F BB AE CL A4, JE I #5176 107 Pa,
JLTAB 5 ol FH G ROk g T g2 5] AL AL L AL
BT A RN TR

_ Z2AlC _2AlC —2AlC
A|13 IH

55— B, AL R R A AL T A ) )
CALLClL, ] 7o A 25 B 07 o B 3 H 38, X5 7 AR I )
BH K - 450 k) - mol™', fE 107 Pa JE J1 F,
CALLCL, TR BT IR 3l F0 e 3l ik BE L I oK DR 4 1
MR, TE—THILHF R P, [ALLCL, T3k
Al CITFT AICH, 55 40 2 0] B8 B0 /) — 80 123
Al CEL AR 2, FEUCRE I Y AICH T ALY, o TR TN
B AT AL CUE i & i L+ 2 —Fb . RNLHY)
MR HCA k =0.09 7', HOR B 75 A £ 31, O 35
10 s—> Cl 20 745 —A> AIL #50 T Rl , IF 8 72 75 —
AN0.1s N T B Al %, 2010 4F, Hansgeorg
Schnockel ** I\ 78 i B M AEAE T, i Al +Cl,
SRR 5045 AL v ] 1A 9 2y g 27 A58 R T fige o hy 4
B -T2 B, HLAE G BN R A 3 2 4% 08 T Langevin
B

Al; Al

7

4 BHESRE

R AR IC & W0 — A8 B0 G, 5 1% 2 9 40
KB, P 19 G BT I AR AN )5 Hod Al sy
MF R RS S5 AT M S A E, AT 0 7
+3 4 Z 8], iR T B Jm Al F+3 f Al JCER 4 ]
PR SCRR R T 73 W P 0 00 2K I3 1R BE 40K 5B R T
RIE; &4 TR AI—AlL SR, H AL H Al A
ST BB AL B O A B AR SN, A RO RS T AL YIS
P, MK BB BREAEE AP SEHLRIIR N —ER
R BRI A& SRR AR
P A BT B BR R BE 5 40, I O AOK SR8 BT 3%
REAPREHR 22 48 3 BE AL P PR AR A9 35 4, o35 RE S
AR REH2E (19 B 755 T T 114 P R S o

AR A B Al BEBRUE AT AE T G S IR I
PRI BA R e A IR I SRR 51, 5 )5 i 9T
TAERPNEL R ILA T i F 2 (1) 40K BR % 45 9 70
TEMM B (2) ®&ETERNBETE; (3) TE&MR
E5E; (4) 79y 0 S 56 A BRI 55T .

A BE AR A 25 60 R T 5 4 B A AL, AT R
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ARz ERE, A& W0 Al JTER 1995 PR S L
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Progress of Structure Characteristics on Several Kinds of Low-valent Aluminum Cluster Complexes

XUE Lin-jun' | Bl Yan-gang', REN Hao-yue’, QIU Shao-jun’, ZHAO Feng-qi’, YANG Li' , ZHANG Tong-lai'
(1. Beijing Institute of Technology, Beijing 100081, China; 2. Xi'an Modern Chemistry Reserch Institute, Xi'an 710065, China; 3. Baicheng Ordnance Test
Center of China, Baicheng 137001, China; 4. Petrochina JiLin Petrochemical Company Fertilizer Factory, Jilin 132021, China)

Abstract; The low-valent aluminum cluster complexes with abundant Al—Al bonds and Al—R bonds is reviewed in order to pro-
vide a new way to synthesize novel metal-rich materials with special properties. The average oxidation number of aluminum clus-
ter is between zero and three. The preparation of the predecessor of aluminum cluster complexes AIX(X=F, Cl, Br, I) were intro-
duced, and the recent advances in the low-valent aluminum cluster complexes were reviewed, containing organometallic cluster
complexes, metalloid aluminum cluster complexes and Al7™ aluminum cluster complexes with jellium model. The structure char-
acteristics of the low-valent aluminum cluster complexes were analyzed including formation mechanism, coordination mode, per-
formance characteristic, atom and so on. Finally, the suggestions on further study of the low-valent aluminum cluster complexes
are presented. The novel metal-rich materials have vast potential for future development in many fields such as energetic materials,
heat conducted materials and superconducting materials, which could be prepared by reacting between appropriate ligand and
predecessor.

Key words: inorganic chemistry; energetic materials; nano-aluminum cluster; predecessor; ligand; structure characteristics

CLC number; T)55; 0O612.3 Document code: A DOI; 10.3969/j.issn.1006-9941.2014.04.025

CHINESE JOURNAL OF ENERGETIC MATERIALS b M A 2014 % #2224 %44 (559-571)



