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The spontaneous and photolytically induced reactions of AlF and AICI in the presence of HCl and HBr in solid
argon matrices were followed and the products identified and characterized by means of IR spectroscopy. Quantum
mechanical calculations allow for a further evaluation of the properties of the reaction products. These are the
adducts AIF-HCI, AlF-HBr, and AICI-HBr, representing the products of spontaneous reactions, and the trivalent
Al(Ill) hydrides HAIFCI, HAIFBr, and HAICIBr, which were formed upon photoactivation of these complexes. All
three hydrides are planar molecules (Cs symmetry) with bond angles in agreement with the predictions of the
VSEPR theory. In addition, the mixed halides AIFCI,, AIFBr,, and AICIBr, were formed upon photolysis. The bisadducts
AlF-(HCI), and AlF-(HBr), are likely to be the precursors to these species.

Introduction group 13 atom8.Although GaHg is stable in the gas phase

The recent years witnessed the characterization of severaland has a sufﬂuent_ly_ hlg_h_vapor pressure for applications
In CVD processes, it is difficult to handle and decomposes

new hydrides of group 13 elements. These compounds are ; o
of con)éiderable iﬁtere?st because of their potentigl to act asat temperatures higher thanzo_ C. The Monomers Mbi .
metal sources in chemical vapor deposition (CVD) pro- can be genergted and characterized onl_y in inert gas matrices,
cessed,and because of their structural richnéssydrides €.g. t_)y reaction of the metal atom; W'th molecular and/or
show a remarkable mutability, and the H atom can carry atomic hydrogen (see eq J.Matrix isolation has also
either a formally negative or positive partial charge and the
element-H bonds can be either terminal or bridging. Stable
adducts of MH are now known not only for M= B, Al, or

Ga but also, more recently, for In, e.g. (cyclohexi)nHs.2
Without the stabilization by a suitable base, molecular
hydrides of the group 13 elements with the formula MH

M + H, = MH, = MH 2 MH, )

proved to be extremely useful to study new monomer
compounds bearing the formulaMX and HMX,, where
X represents a halogen atom. ThusGdCF and HInCI®

are known only in the form of dimers (M$) for M = B or (4) Downs, A. J.; Goode, M. J.; Pulham, C. R.Am. Chem. S0d989
Ga to be accessible via synthetic routeBhere are also 111, 1936-1937. Pulham, C. R.; Downs, A. J.; Goode, M. J.; Rankin,
known species such as,8aBH, featuring two different sDie‘:g/' H.; Robertson, H. EJ. Am. Chem. Sod991, 113 5149
(5) Pulham, C. R.; Brain, P. T.; Downs, A. J.; Rankin, D. W. H;
* Author to whom correspondense should be addressed. E-mail: Robertson, H. EJ. Chem. Soc., Chem. Comma@9Q 177. Downs,
himmel@achpc9.chemie.uni-karlsruhe.de. A. J.; Greene, T. M.; Johnson, E.; Brain, P. T.; Morrison, C. A;
T Dedicated to Professor Higer Mews on the occasion of his 60th Parsons, S.; Pulham, C. R.; Rankin, D. W. H.; Aarset, K.; Mills, I.
birthday. M.; Page, E. M.; Rice, D. Alnorg. Chem.2001, 40, 3484.
(1) See, for example: Downs, A. J., Eghemistry of Aluminium, Gallium, (6) Kurth, F. A.; Eberlein, R. A.; Schimkel, H.; Downs, A. J.; Pulham,
Indium and ThalliumBlackie: Glasgow, U.K., 1993. C. R.J. Chem. Soc., Chem. Commuad®893 1302.
(2) Aldridge, S.; Downs, A. JChem. Re. 2001, 101, 3305. (7) Pullumbi, P.; Bouteiller, Y.; Manceron, L.; Mijoule, ©@hem. Phys.
(3) Hibbs, D. E.; Jones, C.; Smithies, N. A.Chem. Soc., Chem. Commun. 1994 185, 25.
1999 185. (8) Koppe, R.; Schirckel, H.J. Chem. Soc., Dalton Tran992 3393.
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Matrix Reactivity of AIF and AICI

are among the species with the formulagMX which were resolution of 0.5 and 1.0 cm was used for measurements with
generated and characterized in matrix isolation experimentsthe MCT and DTGS detector, respectively.
by reaction of MX with dihydrogen. HAIG|'® HGaC},! UV photolysis ¢max = 254 nm) of the matrices was achieved

and HInC}? the products of the photoinduced reactions of by the aid of a low-pressure Hg lamp (Graentzel, Karlsruhe)
the subvalent MX species with HX (see eq 2), are known operating at 200 W, the radiation being transmitted through a quartz

representatives of compounds with the formula HMX window. _ o _
Density Functional Theory (DFT) and ab initio quantum chemical

calculations were performed with the TURBOMOLE program

hv y packagé? applying the BP86 and the MP2 methods in combination
M—X + HX g H_M\ @ with an SVP type basis set. Normal coordinate analysis relied on
X the program ASYM 405¢

Herein we will report on the spontaneous and photolyti- Results
cally induced matrix reactions of AICI with HBr and of AlF . : .
witril HCI and HBr. The spontaneous reactions lead to the AICI_ and HBr. Experlment_s in which AICI was co-
adducts AICIHBr, AIF-HCI, and AIFHBr. Further reactions de_posﬂed together with HBT in an excess of argon gave
can be set in train by the action of photolysis. It has been _ewden_ce for a sharp "’“?‘?‘ strong IR band at 454"%cm
shown previously that the effect of photolysis is to excite |mm_e_d|ately upon deposition due to AIC! monomers. In
the subhalide from its singlet electronic ground state into its addition to this pand, the spectrum contained a somewhat
triplet excited staté These reactions lead to representatives bro_alder abs.orptlon at 425 ctnand a weaker one at 2420
of the general formula HAIXY, where X and Y are two cm belonging _to a first produdta of the reaction of Al.C|
different halogen atoms, namely, HAICIBr, HAIFCI, and with HBr (sqe Figures 1 qnd 2). There followed a period of
HAIFBr. Additionally, AICIBr,, AIFCl, and AIFBp are UV Photolysis of the matrix. In the IR spectrum taken after
formed. The results of this study shed light not only on the this photolysis treatment (see Figure 2), the absorption due

properties of all these compounds, but also on the reactionto prodluctla wz;s Obi_e rved to decrgasg. At the san}ebtlmg,
pathways leading to them and to the Al(lIl) trihalides. The isevetra(lj ntelvz)S% gogifgzggpjgﬁ 7 423 froug f 04 andas,
knowledge of these pathways is most likely of relevance for ocated & T o : o Ly an .cm

a better understanding of the mechanism of Al oxidation by Fr?]n be iasygned t? a secontt)j d:jstmctt gesaéctlon q péﬁ?‘lzt
HX (X = F, CI, or Br) leading in several steps finally to ere aiso were two new bands a an m

AlX 5 belonging to a third produ@®a. Finally, two weak features
' appeared at 616.1 and 560.1 ¢ndue to a fourth product
Experimental Section 4a.

The experiment was repeated, but now with DBr in place
of HBr. The IR spectrum taken upon co-deposition of AICI
relatively low pressures (% 10°°> mbar) onto a polished copper and DB_r nan _excess of solid argon.gave evidence of one
block kept at 12 K by means of a closed cycle refrigerator (Leybold absorption attributable to the D-verSIO.n c.)f' prodaet At
LB 510). The flow of the gas was controlled by a needle valve. 425 cn?, the wavenumber was not significantly affected
AIF and AICI were generated by passing GHIF HCI, respectively, ~ by H/D substitution. By analogy with the experiments
over aluminum (Merck, 99.999%) in a Knudsen-type graphite cell, conducted with HBr, UV photolysis brought about the
heated resistively to 90TC. Hence the AIF or AICI vapor emitted ~ decrease of the absorption due ta. At the same time,
from the cell was co-deposited together with HCI or HBr in an new absorptions were seen to grow in. Four of these, at 1425,
excess of Ar onto the copper block. Other details of the relevant 560/566, 410, and 400 crf are attributable to the D-version
procedures have been described elsewkere. of product2a. The wavenumbers of all observed vibrational

HCI (Messer, 99.995%), HBr (Messer, 99.98%), and €HF modes and their response to photolysis are included in Table
(Messer, 99.995%) were used as supplied and with the quotedq

purities. DCI and DBr were prepared by reaction ofCDwith
SiMe;Cl and PBg, respectively, followed by trap-to-trap distillation.

In the matrix experiments argon gas containing up to 5% of HCI
or HBr was sprayed slowly and typically over a periddloh at

Finally, experiments were conducted with different con-
The purity was checked by gas-phase IR measurements. centrations of HBr in the matrix. The same absorptions were
Infrared spectra of the matrix samples were recorded on a Brukerdmected 'n. these eXp?”mem_S' but the relative 'mer_]s't'es of
113v FTIR instrument equipped with a liquidAooled MCT ~ the absorptions belonging to different produtas-4a varied.
detector, covering the spectral range 40@00 cntt, andaDTGS ~ For low concentrations of HBr in the matrix (2%), the

detector for measurements in the spectral range-200 cntt. A intensities of all absorptions were reduced. However, the
(9) Himmel, H.-J.; Downs, A. J.; Greene, T. Nl. Am. Chem. So200Q (15) Ahlrichs, R.; Ba, M.; Haser, M.; Horn, H.; Kimel, C.Chem. Phys.

122 922. Lett. 1989 162, 165. Eichkorn, K.; Treutler, O.; @n, H.; Haser, M.;

(10) Schrigkel, H.J. Mol. Struct.1978 50, 275. Ahlrichs, R.Chem. Phys. Letl.995 240, 283. Eichkorn, K.; Treutler,

(11) Koppe, R.; Tacke, M.; Schimtel, H. Z. Anorg. Allg. Chem1991, O.; Ohm, H.; Haer, M.; Ahlrichs, R Chem. Phys. Lettl995 242
605, 35. 652. Eichkorn, K.; Weigend, F.; Treutler, O.; Ahlrichs, Rheor.

(12) HAIBr, was also sighted in matrix isolation experiments, but generated Chem. Acc1997, 97, 119. Weigend, F.; Hger, M.Theor. Chem. Acc.
via a different route. See: Mier, J.; Wittig, B.Eur. J. Inorg. Chem. 1997, 97, 331. Weigend, F.; M. Hger, M.; Patzelt, H.; Ahlrichs, R.
1998 1807. Chem. Phys. Lettl998 294, 143.

(13) Himmel, H.-J.J. Chem. Soc., Dalton Tran2002 2678. (16) ASYM 40, version 3.0, upgrade of program ASYM 20; Hedberg, L.;

(14) Schrigkel, H.; Schunck, SChem. Unserer Zeit987, 21, 73. Mills, I. M. J. Mol. Spectrosc1993 160, 117.
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Figure 1. IR spectrum taken for an Ar matrix containing AICI and HBr

(a) before photolysis and (b) following UV photolysistx = 254 nm).
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Figure 2. IR difference spectra taken for an Ar matrix containing AICI
and HBr after UV photolysisinax = 254 nm) minus before photolysis.

bands due to speci@a and4a gained intensity relative to
the ones due to speci8sa. This might imply tha?a and4a
are the products of reactions witine HBr moiety, while
3ais formed by reaction wittwo moieties of HBr or, more
likely, with the dimer [HBr}.
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Table 1. Observed Wavenumbers (ci) for a Matrix Containing AICI
and HBr/DBr in an Excess of Ar before and after UV Photolygigag
= 254 nm)

HBr DBr depositiod photolysig absorber
2420 b t | la
1959.6 1425 t 2a

644.2 566/560

616.1 616.1 t 4a
588.3 588.3 t 3a
560.1 560.1 ) 4a
552.4/547.7 566/560 t 2a
511.0 511.0 t 3a
462.1 b t 2a
454 454 t | AICI
425 425 ) ! la
404 410 t 2a
272 272 t ! (AICI),

at = increase in intensity. = decrease in intensity.Too weak to be
detected, obscured by more intense absorptions, or outside the range of
detection.

2b
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Figure 3. IR difference spectra taken for an Ar matrix containing AlF

and HCI after UV photolysisiax = 254 nm) minus before photolysis.
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Figure 4. IR difference spectra taken for an Ar matrix containing AlF
and HBr after UV photolysisithax = 254 nm) minus before photolysis.

AIF and HCI. The spectra taken upon co-deposition of
AlF together with 3% HCI in an excess of argon are
displayed in Figure 3. They are dominated by sharp absorp-
tions due to HCI, AIF, and (AIR}” near 2854, 776.3/772.4,
and 431.0 cm®. In addition, the spectrum contained new
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Table 2. Observed Wavenumbers (cA) for a Matrix Containing AlF exposure of the matrix to UV photolysis. All bands assigned
and HCI/DCI in an Excess of Ar before and after UV Photolygiga{ to produthb were observed to shift toward lower wave-
= 254 nm)
— . numbers. The largest effect was observed for the band at
HCl bal depositioft _ photolysi§ _ absorber 2005 cnt?, which shifted to 1437.9 cm, giving av(H)/
%324 igggg f # ;g v(D) ratio of 1.3944:1. The band at 857.8/852.5¢rim the
887.1/884.7  887.1/884.7 1 b experiments with HCI experienced only a small shift to
881.7 882.1 t 3b 856.4/850.9 cm. The band at 655.1 crhwas now observed
857.8/852.5  856.4/850.9 f 2b at 538.3 cm? [v(H)/v(D) = 1.2170:1]. Unfortunately, the
831.3 832.5 1 4b failed to of ; tthe D : ‘e of th
776.3/772.0  776.3/772.0 ' | AIF spectra failed to give any sign of the D-counterparts of the
743.1/736.2  733.3 t | 1b bands at 524.6 and 496.2/490.1 ¢mwvhich were observed
714.8 709.7 f ! 1b in the experiments with HCI and belong to speces The
655.1 538.3 1 2b . . . .
627 1/624.3  627.1/624.3 t 3b fal!ure tq detect these absor.ptlons is cause_d either by lack
524.6 b t 2b of intensity or by the absorptions being outside the range of
496.2/490.1 b f 2b detection of our experiments. The two bands due to species
430.1 430.1 1 | (AIF),

3a showed no shifts, and this possibly implies that they do

a1 = increase in intensityt = decrease in intensity.Too weak to be not contain hydrogen. The two weak features at 887.1/884.7

- h ide th £ o
detected, obscured by more intense absorptions, or outside the range Oand 831.3 cm® were also not affected by substitution of

detection.
HCI by DCI.
Table 3. Observed Wavenumbers (c#) for a Matrix Containing AlF AIF and HBr. The reaction of AIF with HBr was observed
a:ngSH‘anrgBr in an Excess of Ar before and after UV Photolydigiak to follow the same pattern as the reaction with HCI. Thus, a
— - new absorptiorred-shifted from that of AIF at 736.2 cni
HBr DBr depositiod _ photolysis _ absorber was present in the IR spectrum taken immediately upon co-
%‘383 111;‘5'9 ! * 2 deposition and can be assigned to a first producthe Br
873.6 874.0 n 4c analogue oflb. Following 10 min of UV photolysis Amax
871.1 871.1 t 3c = 254 nm), this band decreased and gave way to several
ggf'i’%w §3511f/846.3 } 2 new absorptions. These were located near 199¢ amd at
776:3/772.0 776_3/772_0 i | AlE 858.1/853.8, 650.5, and 486.8 Ch’1 all belonging to a
736.2 735.9 t | 1c common absorbe2c. Additional absorptions due to a third
o o I 2 species3c were observed at 871.1 and 522.2¢nfinally,
486.8 b h 2c the spectrum witnessed the appearance of two weaker
430.1 430.1 t ' (AIF)2 features at 873.6 and 831.1 chdue to a fourth speciet.
at = increase in intensityk = decrease in intensity.Too weak to be In the experiments with DBr in place of HBr, the IR
detected, obscured by more intense absorptions, or outside the range oSpectra again showed an absorption immediately following
detection. deposition due tdlc in its D-version. At 735.9 crr, the

wavenumber was only slightly shifted with respect to that
detected in the experiment with HBr. Upon UV photolysis,

: ) X : the bands due ttc again decreased and several new bands
reaction of AIF with HCI. Following 10 min of UV were seen to grow in, belonging to the D-equivalents of

PhOtOlysiS fmax = 254 nm) of the matrix, the IR spectra roducts2c, 3¢, and4c. The bands due to produ2t were
witnessed the decrease of the bands associated with producgn red-shifted ll'hus the band at 1990 chin the experiment

1b and the simultaneous appearance of several new absorp\-Nith HBr appeared at 1455 cthin the experiments with

t@ons. One group of absorptions consisted of not less thanDBr, giving av(H)/»(D) ratio of 1.3677:1. The band at 650.5

five bands, located at 2005,_ 857.8/852.5, 655.1, 524.6, andcm,l was now observed at 488.1 chjv(H)/»(D) = 1.3327:

496'2/499'1 e, all belonging to the same absorkz, . 1]. The smallest shift was monitored for the absorption at

representing a second product of the reaction of AlF with ggg £/053 g ¢, which now occurred at 851.9/ 846.3 chn

HCI. Two new absorptlops at8sl.z ar_1d 627.1/624.3%cm The D-counterpart of the absorption at 486.8 ¢mscaped

can be assigned to a third produt. Finally, two broad detection, most likely because of lack of intensity. Species

and weak bar_1ds appeared at 887.1/884.7 and 831.3 cm 3c again gave rise to two absorptions, with wavenumbers

and were_a_135|gned to a fourth speolda_s , . similar to those observed in the experiment with HBr (871.1
An additional experiment was carried ou'F _W|th DCI |n. and 522.2 cmY). As with 3c, the absorptions due tdc

pIape of HCI. The sp(_actrum taken upon deposition gave agaiNgyhibited no significant changes and were observed at 873.6

evidence for absorptions due to a first, spontaneously formedand 831.1 cmt. The obvious inference is thac and 4c,

product1b of the reaction of AICI with DCI, now in its like 3a,b and4ab, do not contain hydrogen.

deuterated version. These were located at 733.3 and 709.7

cm L In the same way as already reported for the reaction Discussion

of AICI with HBr, additional products can be generated upon

absorptions at 743.1/736.2 and 714.8 énwhich can be
assigned to a first, spontaneously formed producof the

On the basis of the IR spectra, comparison with related
(17) Ahlrichs, R.: Zhengyan, L.. Schiakel, H.Z. Anorg. Allg. Chemi984 species, and the results of quantum mechanical calculations
519, 155. applying ab initio (MP2) as well as DFT (BP86) methods,

Inorganic Chemistry, Vol. 41, No. 19, 2002 4955



HAICIBr (2a), HAIFCI (2b), and HAIFBr @c) will be shown
to be the primary products of the photolytically induced
reactions of AICI with HBr and of AIF with HCI or HBr,

Himmel et al.

Table 4. Comparison between the IR Absorptions Observed and
Calculated for HAICIBr and DAICIBr 2a), HAIFCI and DAIFCI (2b),
and HAIFBr and DAIFBr 2c) [wavenumbers in cmt, with calculated
IR intensities (in km moal?) in parentheses]

respectively. The experiments give also evidence for the

HAICIB DAICIB
presence of the complexes AHCI (1a), AlF-HBr (1b), and | ' - | ' - ,
AICI-HBr (1¢), formed immediately upon deposition, and expt calc expt calc assignment
; ; 1959.6 1959 (111) 1425 1423 (73) ()
which most Ilkely'act as precursors to HAIFCI, I_—|AIFBr, anq 6445 651 (243) 560566 570 (196) V;(d)
HAICIBr, respectively. The photoinduced reactions resultin - 55 4/547.7  552/547 (49) b 451 (43) va(d)
the additional formation of AIFG] AIFBr,, and AICIBE, é04 391((3)4) b400 3792 ()23) wgd;
(3a—c). One possible route to these species starts from the 7, 1%‘; 591 10 1%%4559 v g,
bisadducts AIRHCI),, AIF-(HBr),, and AICk(HBI),, which, ' 69 (59 vle)
however, escaped detection in our experiments. Finddlyc HAIFCI DAIFCI
will be shown to be the trivalent Al-halides ApX, which exptl calcd exptl calcd assignment
were formed in small quantities by reaction with traces of ~5qg5 1973.4 (93) 1437.9  14273(63) (@)
HF and HCI!8 The adducts AIFHF-HCI, AlF-HF-HBr, and 857.8 859.9 2129; 856.4 856.8 21133 Vzga';
HCl i ; 655.1 665.3 (123 538.3 541.6 (116)  va(d
AICI-HCI HBr.are pO.SSIble prefcursors.to these species. All g 8249(52) b 465.3 (20) Vj(a,)
compounds will be discussed in turn, first the adducts-AIX 2226(19) b 2213 (19) ve(d)
HY (X = F or Cl or Y = CI or Br), then the insertion 496.2 478.8 (137) b 376.4 (95) ve(a")
21$§(ucts HAIXY, and finally the trihalides AIXY and HAFBr OAFBT
2: )
AICI -HBr, AIF -HCI, and AIF -HBr, 1a—c. The absorp- expt caled expt caled assignment
i _ ; i 1990 1964.6 (105) 1455 1420.5 (68) vi(d)
tions due tola—c are clpse to the absorptions of AICI (in g50.5 8515 (121)  851.0 848.9 (100) vi(a’)
the case ofla) and AIF (in the case ofb and1c), butred- 650.5 654.3 (141)  488.1 4936 (124)  vad)
shifted by 29.6, 33.2/28.9, and 40.1/35.8 ¢nWe anticipate b 415.4 (51) b 394.3 (20) v4(d)
i i i b 203.0 (11) b 200.6 (11) vs(@)
the species responsible for these absorptions to be the adducts486.8 268.5(120) b 365.8 (82) Vz(a,,)

AICI-HBr, AIF-HCI, and AIFHBr, respectively, formed

it ; a mmetry.P Too weak r more inten
spontaneously upon deposition. Support for such an as&gn—absocr?)tsigns’ ﬁ? Y10 theeara;"ggifdgéfgg%n?bscu ed by more intense
1.5844, 2.1091, and 2.2610 A, respectively, andAi—Cl,
which all were found to be formed immediately upon co- H—AI—Br, and C-AI—Br bond angles of 120°1121.F,
and 118.9. The trend of the bond angles (BAI—-CI <
respectively) with HCI in solid argon matrices. A possible H—AI—CI| < H—AI—Br) is thus in full agreement with what
structure for such an adduct was recently suggested by Tackeis anticipated on the basis of simple VSEPR theSrin
Dunne, El-Gamati, Fox, Rous, and Cuffe on the basis of Table 4 the wavenumbers calculated for the molecule in its
optimum geometry and the two relevant isotopic forms are
compared with the experimentally observed values. The
comparison lends support to our assignment. The modes with
characterized by IR absorptions at 1959.6, 644.2, 552.4/high v(Al—H), v(Al—Cl), and v(Al—Br) stretching mode
character,(a), v3(@), andv4(a)] were calculated to have
wavenumbers of 1959, 552, and 438 dprespectively, in
excellent agreement with the experimental values.

In its H-version, produc®b gave rise to five absorptions
located at 2005, 857.8, 655.1, 524.6, and 496.2/490:£.cm
The broad absorption near 2005 c¢hagain occurs in a
region characteristic of the stretching vibration of terminal
Al(lll) —H bonds. We thus anticipatea to be the Al(lll)
hydride HAIFCI, formed by the photolytically induced
calculations using DFT methods (BP86) resulted in a planar reaction of AIF with HCI. Calculations with DFT methods
(BP86) again predict a planar geometry withsymmetry
for such a molecule. The AlH, Al—F, and A-Cl distances
were calculated to be 1.5748, 1.6724, and 2.1022 A, and

ment comes from comparison with related species, namely

the complexes AIGHCI,*® GaCFHCI,'! and InCHHCI,?

deposition of the M(l) halides (M= Al, Ga, or In,

guantum chemical (DFT) calculatioh.
HAICIBr, HAIFCI, and HAIFBr, 2a —c. Product2a of
the photolytically induced reaction of AICI with HBr is

547.7, 462.1, and 404 crh Of these, the absorption at
1959.6 cm! occurs in a region characteristic of theAl—
H) stretching vibration in Al(lll) compounds (cf. HAIGI
1967.6 cm',1® H,AINH, 1899.3/1891.0 cmt,?® H,AIPH
1874.1/1866.1 cni 2Y). The absorptions at 552.4/547.7 and
404 cm! appear in regions whengAl—Cl) andv(Al—Br)
stretching modes are expected to show (cf. HAIGI578.9,
vs 481.3° and HAIBRL v,s 476.0, vs 366.G%9). We thus
anticipate 2a to be the AIl(Ill) hydride HAICIBr. Our

geometry withCs symmetry for this molecule, which is
characterized by AtH, Al—-CI, and ABr distances of

(18) These traces are caused by incomplete reaction of liquid Al metal the H—Al—F. H—AI—Cl. and F-Al

with an excess of HF or HCI, which passed the Knudsen cell (see
Experimental Section).

(19) Tacke, M.; Dunne, J. P.; EI-Gamati; Fox, S.; Rous, A.; Cuffe, LJ.P.
Mol. Struct.1999 447, 221.

(20) Himmel, H.-J.; Downs, A. J.; Greene, T. M.Am. Chem. So200Q

—ClI angles 119.9

122.6, and 117.5, respectively. Again, the bond angles are
in full agreement with the predictions of the VSEPR theory.
The results of the frequency calculations are included in

122, 9793.
(21) Himmel, H.-J.; Downs, A. J.; Greene, T. Morg. Chem2001, 40, (23) Gillespie, R. J.; Hargittai, The VSEPR Model of Molecular Geometry
396. Allyn and Bacon: Boston, MA, 1991. Gillespie, R. Ghem. Soc.

(22) Mtller, J.; Wittig, B. Eur. J. Inorg. Chem1998 1807.
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Table 4, which compares the theoretical with the experi- [v(H)/v(D) = 1.3650:1] according to the calculations can
mental values for the two isotopomers HAIFCIl and DAIFCI. again be assigned to th€Al—H) stretching fundamental,
Our experiments hit on not less than five of the six vibrational v1(a), which was observed near 1990 chjv(H)/v(D) =
fundamentals of HAIFCI and four of the fundamentals of 1.3650:1] in the experiments. Next comes the mode at 851.5
DAIFCI. According to our calculations, thgAl —H) stretch- cmt [v(H)/v(D) = 1.0031:1] according to the calculations
ing vibration should occur at 1973.4 cf in satisfactory and 858.1 cm! [v(H)/»(D) = 1.0077:1] according to the
agreement with the observed wavenumber (2005%rithe experiments, exhibiting a high contribution from th@\l —
v(H)/v(D) ratios calculated and observed (1.3826:1 and F) stretching fundamental;,(a). The absorption at 654.3
1.3686:1, respectively) give support to this assignment. Nextcm ™! [v(H)/»(D) = 1.3256:1] in the calculations can again
comes the mode with a high degreew¢Al —F) character, be assigned to a mode with-plane Al—H rocking funda-
located at 857.8 cm in our experiments. Again the mental charactens(@), and the experimental wavenumber
calculated wavenumber (859.9 chhis in excellent agree-  (650.5 cnT?) andv(H)/v(D) ratio (1.3327:1) are in excellent
ment with the experimental one and compares with a value agreement with the calculated values. The experiments
of 892.4 cm™ for the similar mode of FAI(@,.2* The band succeeded also in detecting an absorption at 486.8,,cm
at 655.1 cm? [v(H)/v(D) = 1.2170:1] in our experiments  which is a strong candidate for theut-of-plane Al—H
can then be assigned to a motion with a high contribution bending modeys(d'), calculated to appear at 468.5 tin
from the in-plane Al—H rocking fundamentaly;(a). At Normal Coordinate Analysis. On the basis of the
665.3 cn1t [v(H)/v(D) = 1.2284:1] the calculated value is experimentally observed wavenumbers, a normal coordinate
close to the experimental one. The observed wavenumber isanalysis was carried out for each of the three hydrides
also close to the wavenumber of the similar mode in HAICI HAICIBr, HAIFCI, and HAIFBr. The following six (not
(654.5 cntY). The w4(d) mode, which can roughly be normalized) symmetry coordinates were used in this analy-
described as am-plane deformation mode of HAICIF, is  sis: S = r(Al-H), S = r(AlI-F), S = 6(H-Al-Y) —
observed at 524.6 cm and calculated to occur at 524.9 S(H—AI—-F), S;=r(Al-Y), S = 6(X—Al-F), &% = y(H—
cm 1. Additionally, the spectra gave evidence for an absorp- Al—F-Y). For HAICIBr, a force constanf(Al—H) of 222
tion at 496.2 cm! attributable to a mode with a high N m~! was derived. This value is in good agreement with
contribution from theout-of-plane Al—H bending mode,  that derived previously for HAIGI(219 N n7%).2° The force
ve(&"), of HAICIF. The calculations predict a value of 478.8 constanf(Al—Cl) of HAICIBr was determined to be 266 N
cm ! for this mode. The only vibration of HAIFCI that m~! and compares with values of 277, 274, and 292 N m
escaped detection was thg(@) mode, which is calculated  derived for HAICL,1° AICI3,2> and CIAIO?® Finally, the
to appear at 222.6 cm, i.e., near the limit of detection in  normal coordinate analysis yielded a value of 223 N'm
our experiments, and to carry very little intensity. for the force constarf(Al—Br). Again, the agreement with
The circumstances of its formation and the wavenumbersthe force constants in other Al(Ill) compounds featuring
of its vibrational modes suggest tht is the Br equivalent  terminal Al-Br bonds is pleasing (cf. AIBr223 N n1t 27
and BrAlG, 255 N mt 28, For HAIFCI, force constants
f(Al—H), f(Al—F), andf(Al—CI) of 204, 476, and 327 N
m~! were derived. The value fof(AlI-F) is in good
agreement with those derived fffAl —F) of FAIO (501 N
m™1),26 AlF3 (487 N n1%),2° and FAI(Q), (493 N n11).24
The increase of the force constd(il —Cl) with respect to
that of HAICIBr reflects the higher electronegativity of the
fluorine ligand. Finally, HAIFBr is characterized by force
constant$(Al —H), f(Al —F), andf(Al —Br) of 230, 423, and
248 N ml, respectively. The force constaf{iAl—Br) is
larger for HAIFBr than for HAICIBr, showing again the
effect of the fluorine ligand.
AICIBr ,, AIFCI,, and AIFBr,, 3a—c. The spectra taken
) ) upon photolysis contained additional features at 588 and 511
of 2b, namely the Al(Ill) species HAIFBr. DFT calculations -1 for AICI and HBr, at 881.7 and 627.1 crhfor AIF
resulted in a planar energy minimum structure with-A, and HCI, and at 871.1 and 522.2 chfor AIF and HBr,
Al—F, and AF-Br bond lengths of 1.5762, 1.6741, and \hich belong to a third reaction produ@a—c. These
2.2551 A and H-AI—F, H-Al-Br, and F-Al—Br angles absorptions exhibited no shift when HCI was replaced by

of 119.3, 122.7, and 118.0. Again the observed IR pcj Thus the product responsible for these absorptions is
spectrum shows characteristic vibrational modes which lend 4t likely to contain hydrogen. There is also no sign of any

support to our assignment. Table 4 compares the calculated

and experimental wavenumbers for this species. The general25) Schrickel, H.Z. Anorg. Allg. Chem1976 424, 203.
(26) Schrigkel, H.J. Mol. Struct.1978 50, 267.

. . 1

level of agreement is pleasing. The mode at 1964.6'cm  57) geattie, I. R.: Horder, J. K. Chem. Soc. A969 2655.

(28) Bahlo, J.; Himmel, H.-J.; Scfinkel, H.Inorg. Chem?2002 41, 2678.

(24) Bahlo, J.; Himmel, H.-J.; Schiokel, H. Angew. Chem2001, 113 (29) McCory, L. D.; Paul, R. C.; Margrave, J. L. Phys. Cheml963 67,
4820; Angew. Chem., Int. EQ001, 40, 4696. 1986. Snelson, AJ. Phys. Cheml1967, 71, 3201.
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Table 5. Comparison between the IR Absorptions Observed and Table 6. Comparison between the IR Absorptions Observed and
Calculated for AICIBs (3a), AIFCI; (3b), and AIFBE (3¢) Calculated for AICiBr (4a), AlF,CI (4b), and AIRBr (4c)
[wavenumbers in ¢, with calculated IR Intensities (in km mol) in [wavenumbers in crmt, with calculated IR intensities (in km nid)) in
parentheses] parentheses]

AICIBr; (3a) AIFCI; (3b) AIFBr; (30 AICI,Br (4a) AlF.CI (4b) AlF2Br (40
exptl calcd  exptl calc@ exptl calc@ assignment exptl calcd exptl calcd exptl calc@ assignment
511 498 (145) 881.7 880.5(107) 871.1 865.0(101)v1(aw) 560.1 556 (148) 831.3 826.4 (144) 831.1 808.2 (143)vi(an)
b 265(2) b 426.1(7) b 300.4 (6) vo(ay) b 3146) b 496.4(34) b 396.9 (52) vo(ae)
b 98(22) b 1478(@®6) b 102.5 (2) va(ay) b 131(5) b 2219(29) b 202.5 (21) va(aw)
588 583(132) 627.1 629.8(181) 522.2 517.2(184)wva(by) 616.1 610 (137) 887.1 945.6(110) 873.6 940.3 (102)va(bz)
b 116(4) b 201.9(20) b 210.1 (37) vs(b1) b 187 (26) c 193.7(13) c 172.2 (8) vs(by)
b 176 (20) b 2265(54) b 173.6 (14) ve(bp) b 119(4) b 259.6(83) b 260.3 (71) ve(bo)

aCy, symmetry.? Too weak to be detected, obscured by more intense aCy, symmetry.? Too weak to be detected, obscured by more intense
absorptions, or outside the range of detection. absorptions, or outside the range of detection.

v(Al—H) stretching vibrations associated wisla—c. The ~ ©observed at 588 and 511 cf The mode at 588 cni can

absorptions are, however, close to two of the absorptionsP€ assigned to the antisymmetric-ABr stretching mode,
due to HAICIBr, HAIFCI, and HAIFBr, which may indicate ~ V4(by), which is calculated to appear at 581 timThe
some structural similarities. The bands at 88136)(and ~ absorption at 511 cn belongs to the AkCI stretching
871.1 @c) cnL occur in a region where(Al —F) stretching fundamentala/l(al)l; the calculations predict a wavenumber
fundamentals of Al(Ill) species are expected to show. The Of 507 cni* for this mode. The absorptions due to AlRCI
absorptions at 58836) and 627.1 gb) cm ! are strong (3b) at 8_81.7 and 627.1_ cm can then be assigned to the
candidates fon(Al—Cl) stretching fundamentals. Finally, Symmetric AEF stretching fundamental(a;), and the
the absorptions at 51B€) and 522.2 8c) cm* occur in a antisymmetric A+Cl stretching modey4(b,), for which the
region characteristic of(Al—Br) stretching modes. The calculations yielded wavenumbers of 880.5 and 629.8'cm
obvious inference is tha@a—c are the mixed Al(lll) halides respectively. These two modes carry most of the IR intensity.
AICIBr, AIFCl,, and AIFBp. Of these, only AICIBs has to Finally, bands at 871.1 and 522.2 chwere assigned to
our knowledge been studied previously in matrix isolation Product3c. Of these, the band at 871.1 ctrcan again be
experiments? and the reported vibrational properties tally 2assigned to the(Al—F) stretching mode(a,), which is,
nicely with those observed here. as anticipated, only slightly affected by replacement of the
DFT calculations were employed to characterize further W0 Cl atoms by Br atoms. The experimental value is in
these species. Like HAICIBr, HAIFCI, or HAIFBr, the good agreement with the calculated one (865.0%¢nThe
molecules exhibit a planar global energy minimum structure, Pand that carries most of the intensity can be attributed to
this time resulting irC,, symmetry. Because of the increased the antisymmetric AtBr stretching mode,va(by). Our
electronegativities of its ligands, the AF distances of calculations resulted in a wavenumber of 517.2 tfar this
AIFCI, and AIFBE, are slightly shorter than those of HAIFC| ~ mode.
and HAIFBr, respectively. For the same reason, the @l AICI2Br, AIF 2Cl, and AlF2Br, 4a—c. The IR spectra gave
distance in AIFGlis shorter than those in HAIFCI, HAICIBr, ~ €vidence for a fourth reaction product. The absorptions at

or AICIBr; (see below and Table 10 for a more detailed 616.1 and 560.1 cr due to specieda occur in a region
evaluation of the structures). characteristic of(Al —ClI) stretching modes. The absorptions

at 887.1 and 831.3 cm (4b) and at 873.6 and 831.1 ch
(4c) most likely belong ta’(Al —F) stretching fundamentals.
The detection of two A+Cl modes of4a and two A-F
modes of4a and4b (asymmetric and symmetric stretching
fundamentals) indicates the presence of two Cl atond&in
and two F atoms idb and4c. Thereforeda—c are likely to
be the Al(II) halides AIC}Br, AIF,CI, and AlRBr.
Calculations were again performed to simulate the IR
properties. Table 6 includes a comparison between the
wavenumbers observed and calculated for these species. In
pleasing agreement with the experimental results, the cal-
culations predict the symmetric and antisymmetric-£l
(AICI,Br) and Al-F (AIF,Cl and AlF,Br) stretching modes
. . . to give rise to the most intense absorptions in the IR
Table 5 compares the experimental IR properties with spectrum. With wavenumbers of 610 and 556 (AKG),

those calculated for the molecules in their global energy 945.6 and 826.4 (AKTI), and 940.3 and 808.2 crh the
minimum structure. Two of the six vibrational modes of the calc.ulated wav.enumber’s are in .fair agreer.nent with the

molecules were detected. For AICIRBa), absorptions were observed ones.

(30) Pong, R. G. S.; Shirk, A. E.: Shirk, J. $. Chem. Phys1979 70 Comparison between the Structures of the Character-
525. ized Al(Ill) Species. Table 7 compares the dimensions for
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Table 7. Calculated Distances (in A) and Bond Angles (in deg) of the Al(Ill) Species Studied in This Work

HAICIBr HAIFCI HAIFBr AICIBr AIFCl» AIFBr; AICI,Br AlIF.CI AlF2Br
Al—H 1.5844 1.5748 1.5762
Al—F 1.6724 1.6741 1.6651 1.6680 1.6608 1.6621
Al—CI 2.1091 2.1022 2.1000 2.0890 2.0974 2.0827 2.2333
Al—Br 2.2610 2.2551 2.2495 2.2437 2.2464
H—AI-F 119.9 119.3
H—AI-CI 120.1 122.6
H—AI—Br 121.1 122.7
F—AI-F 118.1 118.6
F—AI-CI 117.5 119.1 120.7
F—AlI—Br 118.0 118.8 120.9
Cl-Al-ClI 121.8 119.2
Cl—Al—Br 118.9 119.7 120.4
Br—Al—Br 120.6 1225

all Al(Ill) species studied in this work. From this comparison activation (see eq 4). Experiments with Al atoms and;NH
it can be seen how the different electronegativities of the
ligands influence the bond distances and the bond angles. Y

The bond lengths are short if the overall electronegativity ax + ny A, AIX® (HY), v X—A]/ o)
of the ligands is high. Thus, e.g., the-AF bond length is " v

shortest in AIRCI, which exhibits the highest overall

electronegativity of its ligands and increases in the order yglecules gave evidence for the Al(Il) bisamide Al(NH
AIF:Cl < AlF,Br < AIFCI, < AIFBr, < HAIFCI < HAIFBr. which is, in the same way, likely to be formed by photo-
The force constant$(Al—F) follow the opposite trend,  jnguced hydrogen elimination from the bisadduct Al
decreasing in the row AEl > AlF,Br > AIFCI, > AIFBr, The reactions yielding AICIB; AIFCIl,, and AIFBE and

> HAIFCI > HAIFBr. In HAIFCI, for example,f(Al—F) dihydrogen were calculated to be exothermic 5847,
amounts to 501 N i, but in HAIFBr it is reduced to 423 —330.8, and—317.6 kJ mot®,

N m~%. The Al=H, AI=Cl, and A-Br bond lengths follow  ynder the conditions of the experiments, there also
the same pattern. Additionally, the bond angles are small if appeared weak IR absorptions which can be assigned to the
ligands with high electronegativities are involved, in agree- yixed halides AIGIBr, AIF,Cl, and AIRBr (4a—c). AICI,-
ment with the predictions made by the VSEPR mé@@hus Br is most likely formed as a product of the reaction of AICI
in HAIFCI, for example, the bond angles follow the order yith poth HBr and HCI, the latter being present in traces
F—AI—=Cl < H-Al—F < H—AI—Cl, reflecting the increas-  qye to incomplete reaction with liquid Al in the Knudsen
ing electronegativity in the direction H Cl < F. The largest a1 In the same way, AKEl and AlRBr are products of

bond angle is adopted for-HAI—Br in HAIFBr (122.7), the reactions of AIF and HF with HCl and HBr, respectively.
which features the combination of atoms with the smallest absorption attributable to a photoproduct of (AIF)

total electronegativity. appears in the IR spectra. Most likely, photolysis achieves
Reaction PathwaysAICIl and AlF have each been shown decomposition of (AIF)to give two AIF molecules, which
to form an adduct of the form ABHY (X = For Cl, Y = subsequently react with HCI or HBr in the ways described

Cl or Br) upon co-deposition together with HClor HBrina  perein.
solid Ar matrix. These adducts are photolabile and undergo
conversion to the Al(lll) hydrides HAIXY upon UV pho-
tolysis @ = ca. 254 nm). The overall photoinduced reactions
of AIF with HCI or HBr to give the Al(lll) species HAIFCI In this work the reactions of AICI with HBr and of AIF
and HAIFBr, respectively, and of AICI with HBr to give  ith HC| and HBr were studied experimentally in a solid
HAICIBr (see eq 3) proceed exothermally, the calculated A; matrix by IR spectroscopy, including the effects of

Conclusions

reaction energies being204.7,—-197.4, and-214 kJ mot, isotopic substitution, and theoretically by quantum chemical
respectively. calculations. Twelve species were characterized, most of
X them for the first time. These were the adducts AiBr,
hv / AlF-HCI, and AIFHBr and the monomeric Al(lll) species

\. 7 HAICIBr, HAIFCI, HAIFBr, AICIBr 5, AIFCI;, AIFBr,, AICI-
Y Br, AIF.Cl, and AIRBr. The adducts AIGHBr, AlF-HCI,

In addition to HAICIBr, HAIFCI. and HAIFBr, the and AIFHBr were spontaneously formed upon co-deposition

experiments gave evidence for the photoinduced formation of the reactants. They can be converted by UV photolysis

of AICIBr,, AIFCIl,, and AIFBE, (3a—c). These species are into_the new AI(III) hydnde_s_ HAICIB, HA.lFCI' and
most likely the products of the reaction of AICI and AIF HAIFBr, respectively. In addition, the experiments gave

with two molecules of HBr or HCI. A possible route to these evidence for the presence of AlCIBas the product of the

species starts with the bisadducts AICI(HBIAIF(HCI),, (31) Gaertner, B.; Himmel, H.-Jnorg. Chem2002 41, 2496. Kasai, P.;
and AICI(HBr),, which eliminate dihydrogen upon photo- Himmel, H.-J.J. Phys. Chem. 2002 106, 6765.
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photoinduced reaction of AICI with two molecules of HBr, such as the oxidation of aluminum metal by hydrogen
and of AIFCL and AIFBK, as products of the reaction of AIF  halides, e.g. HCI, leading in several steps to AICI

with two molecules of HCI and HBr, respectively. The trends

in the calculated bond lengths and angles were established Acknowledg_ment. The a_uthor_s thank the Deutsche For-
for all the species addressed in this work. In addition to the schungsggmem_schaﬁ for financial support and the award of
characterization of several new monomeric aluminum com- & Habilitationsstipendium to H.-J. H.

pounds, this work should shed light on fundamental processesSC020275A
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