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o- and B-CuAICl 4 Framework Construction Using Corner-Shared Tetrahedral
Metal—Halide Building Blocks
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Rapid quenching of a melt of CuCl and AlQesults in the formation of the metastable framework structure,
B-CuAlCl,. The structure, determined by single-crystal X-ray crystallography (space Brz@p a = 12.8388(5)

A, b= 7.6455(3) A, anct = 6.1264(3) A,Z = 2), can be derived from a distorted hexagonal closest packed
anion sublattice. Annealing at temperatures above 1QOresults in a phase transition to the more
thermodynamically stable-CuAlICls. The solid solution CuAICL,Bry is described for botlw and$ phases.

The structures ofi-CuAICl, and a-CuAlBr4, determined by single-crystal X-ray diffraction (space grédgc,
a=D05.4409(1) A anct = 10.1126(3) AV =299.37(1) B, Z = 2, anda = b = 5.7321(2) A and: = 10.6046(8)

A, Z = 2, respectively), are derived from a distorted cubic closest packed anion sublattice. The mechanism for
this phase transition is described in relation to that previously described for cristobalite-type structures. The
structures of botl- and3-CuAlICl, reveal large van der Waals channels, which are proposed to be important for
the reversible adsorption of carbon monoxide and ethylene by these materials.

Introduction Structural studies of the copper aluminum halides are rather
sparse, with only two crystal structures reported, including the
Because of the strong Lewis acidic properties of AlGinary structure ofa-CuAlCl;3 (a-CuAlBr,* and a-CuGaCl® are

mixtures with other metathalide salts have received consider- isosructural) and the compoundef@)CUAICl4.° The crystal

able attentiort. However, previous to this work, only one solid- ~ structure of CuGalhas also been reporté®. Our interest in

state compound has been identified from the CuCI/AICI these copper aluminum halide materials stems from a recognition
systen?3 The catalytic activity of the CuCl/AlGImixed—metal that these structures have been assembled from corner-sharing
halide has been the subject of numerous investigafio@si(l) tetrahedral building units, reminiscent of silicate-type construc-
salts are also known to sorb carbon monoxXdad mixtures tions. Given the utility of metal halides in organic synthesis
of CuAICl, with aromatic molecules have exhibited considerable and polymer chemistry, as solid electrolytes, and as optical

utility in the separation of CO from other gas mixtufedn materials, we have begun exploratory syntheses applying
addition, gas-phase studies of the CuCl/Al@Gystem have building-block construction principles to design novel metal
indicated the likely presence of severalBlyCly. 3, species. halide materials. We have already demonstrated that halozeo-

We thought it might be possible to exploit the observed types, of general formula [GANm-Clzr]"", can be constructed
differential speciation of these mixed-metal halides in the gas Yielding frameworks analogous to aluminosilicate zeolies.

phase in our synthetic pursuit of new metastable crystalline Extending this zeolitic analogy, we propose that the copper
phases. aluminum halides will yield a family of GgAlClsm frame-

works, analogous to the known family of aluminophosphates.

(1) Ternary Alloys: A Comprehenst Compendium of #aluated Con- We report here.the synthesis and qharacterizatiqﬂq(bﬂAlcu,
stitutional Data and Phase DiagramBetzow, G., Effenberg, G., Eds.;  the second solid-state compound isolated from the CuCI,AICI

VCH: Weinheim, 1991; Vol. 4, pp 115158. system, and describe the phase transition ffeto o-CuAlCl,
(2) Kendall, J.; Crittenden, E. D.; Miller, H. K. Am. Chem. S0a923 and the small-molecule gas sorption properties. The construc-
(3) (a) Hildebrandt, K.; Jones, P. G.; Schwarzmann, E.; Sheldrick, G. M. 10N of truly open framework metalhalide materials requires
Z. Naturforsch.1982 37B, 1129. (b)a-CUAICI, and a-CUAIBr, by syntheses which employ molecular templates, as we have
Té%tgezli gnalySlS: Yamada, K.; Tomita, Y.; Okuda,JTMol. Struct. already demonstrated for the copper zinc halozeotypes. How-

(4) (a) Johnson, B. H. (Esso Research and Engineering Co.) U.S. Patentever’ the structures of the- and3-CuAICl, demonstrate that

3475347, Oct. 28, 1969. (b) Walker, D. G. (Tenneco Chemicals, Inc.) €ven in the absence of templating species, frameworks con-
Ger. Offen. 2057162, June 3, 1971. (c) Toshima, N.; Kanaka, K.; structed out of two types of tetrahedral building blocks of

Koshirai, A.; Hirai, H. Bull. Chem. Soc. Jpnl988 61, 2551. (d) iynifi ; ; u ”

Toniolo, L. Graziani, M.J. Organomet. Cheml980 194 221 significantly different size can afford more open’ structu_re_s
(5) Hakansson, M.; Jagner, Blorg. Chem.199Q 29, 5241. tha_m an analogous structure constructed from a single building
(6) (a) Walker, D. G.Prepr—Am. Chem. Soc., bi Pet. Chem1983 unit.

28, 746. (b) Hirai, H.; Nakamura, M.; Lomiyama, MBull. Chem.

Soc. Jpn.1983 56, 2519. (c) Hirai, H.; Wada, K.; Komiyama, M. (8) Hoenle, W.Z. Kristallogr. 199Q 191, 141.

Bull. Chem. Soc. Jpn1986 59, 1043. (d) Hirai, H.; Hara, S, (9) Turner, R. W.; Amma, E. LJ. Am. Chem. S0d.966 88, 1877.

Komiyama, M.Bull. Chem. Soc. Jpri986 59, 1051. (10) Burus, R.; Zajonc, A.; Meyer, &. Kristallogr. 1995 210, 62
(7) (a) Schiger, H. Adv. Inorg. Chem. Radiochenmi983 26, 201. (b) (11) Martin, J. D.; Greenwood, K. BAngew. Chem., Int. Engl. EA997,

Schder, H.; Rabeneck, HZ. Anorg. Allg. Chem1978 443 28. 36, 2072.
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Table 1. Lattice Constants foa- and3-CuMX, (A)
a c a b c
o-CuAlICl2 5.4409(1) 10.1126(3) B-CuAlCl2 12.8388(5) 7.6455(3) 6.1264(3)
o-CUAICI3Br® 5.521(1) 10.197(5) B-CUAICI3Br® 12.908(6) 7.684(4) 6.152(4)
a-CuAlIClBr? 5.607(1) 10.315(3) B-CUAICLBr° 13.161(6) 7.875(3) 6.296(3)
o-CUAICIBrg° 5.6778(8) 10.469(2) B-CUAlICIBrs? 13.199(7) 7.871(3) 6.292(3)
a-CUuAlBrs 5.7321(2) 10.6046(8)
o-CuGaCj® 5.415(1) 10.197(4) B-CuGacClP 12.900(11) 7.587(8) 6.153(4)
a-CuGaBg® 5.707(1) 10.669(5)

2| attice constants determined by single-crystal measurements on a CAD-4 diffractdrhattice constants determined by powder X-ray diffraction
using an Enraf-Nonius camera and Si as an internal standard.

Table 2. Crystallographic Data fof-CuAICl, and o-CuAlBr,

Table 3: Atomic Positional Parameters and Isotropic-Equivalent

Displacement Parameters for CuAlRhases

chemical formula B-CUAlICl4 o-CuAlBr,

a, 12.8388(5) 5.7321(2) X y z Beo

b, 7.6455(3) 5.7321(2) 5-CuAIC,

f,'AAg 2'01122‘6‘% %gfgj?g) Cu 033761(4) 0.9939(1) 005994  3.72(3)

2 4 5 Al 0.41292(8) 0.2475(1) —0.4427(3)  1.92(5)

ryy 932,34 410.14 ci 0.40884(8) 0.2508(2) —0.0934(3)  2.71(4)

' - cl2 0.42943(8) 0.7443(2) —0.0592(3)  2.81(4)
o group ez (No. 33) P (No. 112) CI3 0.33722(8) 0.0142(2)  04436(2)  3.00(5)
(Mo Ka), A 0.71073 0.710 73 cla 0.16346(7) 0.9763(1) —0.0661(3)  2.89(5)
. a-CUAIBr,

Pealc, gfm 2.56 3.91 Cu 1, 1Y, 0 2.76(6)

. om e oo Al Y, 0 Y, 1.44(15)

R, 0.038 0.047 Br 0.2591(1)  0.2288(1) 0.12743(5) 2.05(3)

AR = S||Fo| — |Fell/ SIFol. Ry = [SW(IFo| — |Fe)2/IW|FoqY2 Table 4: Bond Distances and Bond Angles for CuAlRhases

. _ B—CUAICl,

Results and Discussion cu-ci() 2362(1)  AFCI(L) 2.141(3)

Synthesis. The mixed-metal halides, CuAlX{X = ClI, Br) gﬂ:g:gg %ggg% ﬁtg:gg gig%
are readily synthesized in high yield from the melt of CuX and Cu—Cl(4) 2:369(1) ACI(3) 2:143(2)

< ° i

A_IX3 ( 2_50_ C). (Thea phgse also can be synthe3|zed by CH—Cu—CI2 110.88(5) CIEAI—CI2 110.79(9)
simply grinding the two starting materials together in a mortar  <7_c,_ci3 110.04(5) ClLAI—CI3 108.85(8)
and pestle.) Bothta and S phases of CuAlX are colorless Cl1—Cu—Cl4 106.44(5) CIEAI—Cl4 109.37(8)
crystalline solids that can be readily differentiated by X-ray = Cl2—Cu—CI3 111.29(6) CI2Al—-CI3 110.07(8)
powder diffraction (lattice constants are described in Table 1). Cl2—Cu—Cl4 108.96(5) CI2-AI-Cl4 106.87(8)
Slow cooling of the melt to room temperature {&9 quanti- CI3-Cu-Cl4  109.09(5) CI3AI-Cl4  110.89(8)
tatively yields crystallinen-CuAlX,. By contrast, quenching Cu—CI1-Al 113.39(6) Cu-CI3—Al 112.17(8)
the melt, sealed in a thin-walled fused-silica tube, by rapid _Cu—CI2—Al 110.17(7) Cu-Cl4-Al 111.29(7)
immersion in an ice bath provides a quantitative yield of a-CUAICl, a-CuAlCl,
B-CuAlX,. Single crystals ofs-CuAlCl, were obtained from Cu—x 2.3605(8) 2.4797(6)
guenching a larger scale reaction run in a thick-walled fused-  Al-x 2.1449(6) 2.3059(6)
silica reaction vessel. Quenching under these reaction conditions v ~,_x 112.72(3)x 2 113.96(2)x 2
provided a slightly slower coo_Iing p_rofile and yielded a mixture 107.87(3)x 4 107.27(2)x 4
of well-formed rectangular prism single crystalsfCuAlICl, X—Al—X 110.53(4)x 2 111.37(2)x 2
and microcrystallinex-CuAICl,. 110.63(3)x 2 110.66(2)x 2

Similar preparations using the metal bromides or a mixture CU-X—Al 11%'9258((%)X 2 11%%‘%((23); 2

of the chlorides and bromides yield the full range of solid
solutions, CuAICJ_,Br, with x = 0—4 for thea phase but only

not yet been able to prepare the all brompi€uAlBrs. The
o phase of CuGagGlwas previously reportetiand we have
synthesizeq3-CuGaC}, and a-CuGaBg. Interestingly, while

and Ga species are nearly identical.

Structure Descriptions. The crystal structures @f-CuAlX4
(X = CI, Br) have been reported previouslgrystallizing in
the tetragonal space grow#2c (No. 112). Crystallographic
details for the single-crystal refinement of-CuAlBr, are

given in Table 3. Structural details @f-CuAlX, are sum-

p-CuAlCl;.  The single-crystal structural refinement of

a-CuAlCls was previously reported by Sheldrigkand our
x = 1-3 for the 8 phase (see Table 1). No evidence of any single-crystal refinement ofi-CuAlBr, is in agreement with
superstructure due to ClI/Br ordering was observed. We havethe Rietveld structural solution previously reported by Yant&da.
B-CUuAlICly crystallizes with orthorhombiPna2; space group
symmetry (No. 33). Crystallographic details for the single-
crystal refinement ofs-CuAICl, are summarized in Table 2,
the lattice constants expand in the expected fashion for theand atomic positional parameters are given in Table 3. The
bromide/chloride substitution, the lattice constants for the Al lower crystal symmetry of thed phase removes the ideal
tetrahedral symmetry from both the Cygand AICl, building
units such that around each tetrahedron the fou¥distances
and six C-EM—Cl angles are distinct (see Table 4) with average
values of Cu-Cl = 2.361 A, C-Cu—Cl = 109.45, Al-Cl =
2.144 A, and CHAI—CI = 109.47. More interesting is the
summarized in Table 2, and atomic positional parameters arestructural result of framework construction using tetrahedral
building units with distinctly different sizes\M—X = 0.22 A
marized later in the context of comparison with the new = dcy-x — da-x). This effect is most visible in the inter-
tetrahedral nonbonded contacts discussed below. The mis-
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Figure 1. Polyhedral view of3-CuAlCl, looking downc and indicating
the atom labeling scheme. Cu tetrahedra are shaded, and Al tetrahedra

are not. Selected intertetrahedra-@I distances (A) include CI(H) Figure 2. Description of the pseudo-closest packing da and
CI(1)—CI(3) = 3.845(2), CI(1}-Cl(4) = 3.882(1), CI(1)=CI(4) = and 112 slice ofr-CuAlCl,) indicating the cation ordering into 2
3.777(2), CI(2)-CI(3) = 3.849(2), CI(2)-CI(3")* = 3.865(2), CI(2)- zigzag chains. The small gray spheres represent Al, and the larger black
CI(4) = 3.840(2), CI(9—CI(4') = 3.907(2), CI(3)=CI(4) = 3.753(2) spheres represent Cu. A pseudohexagonal unit cell is outlined. (b) View
and CI(3)—CI(4) — 4.113(2). ' ' of a “110” section of the pseudohexagonal celpe€uAICl, emphasiz-

ing the hexagonal closest packing (010 slice of the real orthorhombic
. . unit cell). (c) View of a “110” section of the pseudohexagonal cell of
matched sizes of the copper and aluminum tetrahedra also resull,_cyA|cl, emphasizing the cubic closest packing (110 slice of the real
in a slightly larger distortion from ideality for the larger Cul tetragonal unit cell).

tetrahedra.

In B-CuAlICls, the CuCl, and AICLy, tetrahedra are con-  3.79 A) across the shortest cross-channel contact and 8.3 A (Cl-
nected through their corners (chloride bridges) into a three- (4)—Cl(4) = 11.71 A) along the widest dimension. The height
dimensional framework structure shown in Figure 1. This of the snaking channels running aloads equivalent to the
extended structure can be described as a vacancy derivative ofattice constant, 6.13 A (free diameter of 2.67 A), while the
wurtzite, ZnS, in which only one-fourth of the tetrahedral sites width varies from CI(1)-CI(3) = 3.75 A to CI(3)-CI(4) = 4.11
are occupied within a distorted hexagonal closest packed A (free diameters of 0.4 and 0.7 A, respectively). The shortest
(.-~ABA...) halide sublattice (Figure 2). The cations effectively cross-channel halidehalide contacts cut the 6-ring orifice. The
break up the closest packed layers into shaking chains of free diameters of these van der Waals channels can be compared
alternating CuGj; and AICly; corner sharing tetrahedra which  with the free distance between van der Waals layers in MoS
run alonga. This chainlike structure is indicative of significant = 0.06 A (5-S= 3.66 A2 and zZrCl= 0.2 A (CI-Cl = 3.61
covalent bonding character in the framework. The layers of A) 13
chains are further connected into a three-dimensional network Although these van der Waals channels are too small to

by corner ?hf?‘“”g t_)etween closest packed '?Vers- _The cationgnsider this system microporous, it is interesting to compare
orderl_ng within a given layer creates vacancies which can t_we the structure of-CuAIC, to that of AgZnP$in which silver
described as “van der Waals channels” between these snaking..iions are “stuffed” into the snaking channels of a ZPS
chains. In addition, t'he ca}tion chains of the A and B layers are o maworki4 These frameworks are isotypic, and their nearly
stacked around & 2wis which creates an additional set of *van jqentical lattice constants suggest that this framework is well

dert:NaaIs channels” Irunﬂmg a:om:g ) | suited toward the incorporation of small guests (note that Cl
These van der Waals channels running alongathedc axes and S~ anions are quite similar in size). In addition, the

are constructed with 6-ring and 8-ring orifices, respectively. The . ture of3-CUAICl, is an analogue ofPna2; cristobalite. s

6-rings of the snaking channels connect the 8-ring channels, g ¢ristopalite framework is known to be somewhat flexitle,
thus creating a 2-D channel network. The orifices, hOWever, onq seyeral stuffed cristobalite-type structures are repétted.
are not perpend|cular to th'e channel Q|rect|on, resulting in a Evidence for an interaction of this channel structure with guest
small_free d'ameter' The mlsmatched Sizes of the cop_md molecules is found in the adsorption of small molecule gases.
aluminum-halide tetrahedra effectively distort the halide sub-

lattice such that the intertetrahedral-&l contacts (ranging -

from 3.75 to 4.11 A) are significantly larger than the intra- (12 Yg‘é%'fo\jfélR'l W Z%OCrystal Structuresgnd ed.; Wiley: New York,
tetrahedral CHCl contacts (3.50 A and 3.85 A for the Al and  (13) Adolphson, 'DF,)G.; Corbett, J. Dnorg. Chem 1976 15, 1820.

Cu tetrahedra, respectively). This corresponds to cross-channe(14) Toffoli, P.; Rouland, J. C.; Khodadad, P.; Rodier Adta Crystallogr.

_ 1985 C41, 645.
Cl Cfl contacts of up to abo.'.Jt 0.7 é larger than the sum of (15) O’Keeffe, M.; Hyde, B. GActa Crystallogr.1976 B32 2923.
chloride van der Waals radii (1.7 A). The 8-ring channels (16) veganeh-Haeri, A.; Weidner, D. J.; Parise, JSBiencel992 257,

running alonge have a free diameter of 0.4 A (CI@LI(4) = 650.
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observed fora-ZnCl,, ccpl® and orthorhombic ZnG) hepl®
As noted above, the CuAlspecies are isoelectronic to ZnCl
however, the construction using two types of tetrahedral building
units of mismatched size results in ax22 instead of a 1x 1
repeat in the zigzag chains and, thus, larger van der Waals
channels than are observed for ZaClnterestingly, the cation
arrangement in CuGaivhere theAM—X distance is 0.06 A is
identical to that observed for Zngwhere as CuGagwhere
AM—X is 0.18 A is isostructural to CuAIGl

The hcp/ccp phase transition between zinc blende and
wurtzite-type structures has been extensively stutfiedhe
Figure 3. Polyhedral view ofi-CuAlX, looking down. Cu tetrahedra  most straightforward description of this transition involves a
are shaded, buy Al tetrahedra are not. slippage of the closest packed layers via a martensitic-type
transformation (a shearing mechanism between closest packed

In a manner similar to that observed for other Cu(l) Saltpon 5615 with no diffusion of ions). Such transformations generally
exposure to small-molecule gases, such as carbon monoxide of .o, over a broad temperature range and result in the

ethylene, botho- and f-CuAICl, adsorb 0.5-1 equiv of gas  gpservation of a variety of polytypes arising from different
per formula unit by gravimetric analy_ses. Exposure to ethylene stacking sequences along the fad 10stacking directiorf%
for longer periods of time resulted in a greater uptake due t0 gy contrast,a-zZnCl, and orthorhombic ZnGlare derivatives
olefin polymerlzat|or_1. This fadsorbed gas is als_o readily of the C9 structure type (“high cristobalite” ancPria2;
removed, as determined gravimetrically, upon heating to 100 ¢istopgjite”, respectively), which can be interrelated simply by
C or by moderate vacuum. However, as noted below, the roiation about two noncollinear axes, which each contain one
reversible gas sorption _results in a phaS(_a transition fronBthe ot the 2 axes of the tetrahedra, as described by O'Keeffe and
to thea phase. A previous report also indicates th?t for the yde1s This latter structural interconversion, depicted in Figure
polymerization of ethylene by CuAlgand (GH5)AICI *...an 4b, can be accomplished completely without distorting any
_unusual ability to produce straight chain dlmers_ and t_r|_mers..." tetrahedra or breaking any bonds. While our CuAi@hterials
is observed? We believe that these channels, in addition to a 5y stryctural analogues of the zinc chlorides, this latter type of
flexibility of this framework, may be responsible for this yhage transition is not possible given the connectivity imposed
observed small-molecule adsorption and catalytic selectivity. by the two different sizes of tetrahedral framework building
B-CuAlICl 4 to a-CuAlCl,4 Phase Transition. Annealing a  units. Interestingly$3Cu and?’Al NMR and3CI NQR studies
sample of3-CuAICl, overnight at 100C results in a quantita-  of a-CuAlX, (X = Cl, Br) by Yamadaet al3® give indication
tive conversion to thew phase. Similarly, when the adsorbed of Cu ion mobility with an onset around 16T. This is well
gas (see above) is removed under vacuum, one is left with below the temperature reported for reorientation of the aluminate
completely thea phase. The reverse of this phase transition jons, which is approximately 188C for AlBr,~. Copper ion
(o to B) was never observed when samples equilibrated at diffusion alone cannot convert thephase to thg phase since
temperatures below the melt were quenched. Thus we believean anion rearrangement is required to transform an hcp anion
that thes phase is a kinetically trapped metastable phase. Whensublattice to a ccp sublattice. Similarly, a layer slippage
the 5-CuAlICl, to a-CuAlICl, phase transition was followed by  mechanism cannot account for the significantly different tem-
differential scanning calorimetry (DSC), a small endotherm was peratures for copper and aluminum mobility. Becausestte
observed with an onset of S& previous to the melt at 236 o phase transition is observed at approximately the temperature
°C. reported for Cu ion mobility but below the temperature of
To begin to understand this phase transition, it is important aluminate reorientation, we propose a mechanism by which (1)
to recognize that whereas tighase of CuAlCjis constructed half of the Cu ions migrate within a given layer, resulting in a
from cation ordering in one-fourth of the tetrahedral holes in a ZnClx-type lattice (Figure 4a), such that (2) thando phases
pseudohexagonal closest packed halide sublatticey fhtease can be interconverted by simple torsion of the corner-connected
is constructed from the same pseudo closest packed layers butetrahedra (Figure 4b), followed by (3) diffusion back to sites
stacked in a cubic closest packed fashion (Figure 2). Irathe more suited to the mismatched size of the GuGInd AICL,
phase the ordering of the layers of closest packed halides andetrahedra (Figure 4a). The structures of,RE5i0s2! and
the cation zigzag chains requires a stacking sequence ofCuGak'® adopt the proposed intermediate (or transition state)
...AdBb'CCAa'Bb’'Cc'Ad ..., in which each layer of zigzag structures, adding support to this mechanism. Studies to identify
chains is shifted by/s, 26, Y in the pseudohexagonal cell of this intermediate are in progress.
the ccp lattice. This 6-fold stacking sequence is determined Upon the adsorption and removal of the small-molecule gases
by the aluminum positions as the copper positions stack with a such as CO and ethylene, noted above, we also obserye the
three-layer repeat. The stacking of the zigzag chains imxthe phase to be completely converted to the more thermodynami-
phase results in the formation of an orthogonal set of large van cally stableo. phase. This reversible adsorption of gases and
der Waals channels shown in Figure 3. These, along with thethe corresponding phase transition occur readily at room
intralayer zigzag channels, provide a three-dimensional van dertemperature, implying yet a different mechanism for the phase
Waals channel structure with dimensions very similar to those transition. Nevertheless, the flexibility of this framework is
observed in thg phase. The existence of both ccp, and hcp,

polymorphs of a material is quite common and is in fact also (18) Brehler, B.Z. Kristallogr. 1961, 115, 373.
(19) Yakel, H. L.; Brynestad, Jnorg. Chem.1978 17, 3294.
(20) (a) O’Keeffe, M.; Hyde, B. GPhilos. Trans. R. Soc. London, Ser. A

(17) For example, see: (a) Kitazawa, T.; Kikuyama, T.; Takeda, M.; 198Q 295 553. (b) Rai, K. NActa Crystallogr.1971, A27, 206. (c)
lwamoto, T.J. Chem. Soc., Dalton Tran$995 3715. (b) Frostang, Bol'shakov, A. F.; Dmitrenko, A. O.; Abalduev, B. zv. Akad. Nauk
S.; Grins, J.; Loueer D.; Werner, P. Eolid State lonic988 31, SSSR Neorg. Matet979 15, 1528. (d) Plyusnin, A. B.; Dubrovina,

131. A. N.; Finarev, M. S.Sa. Phys. Crystallogr1979 24, 344.
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Figure 4. Representation of the proposgdo a phase transition in CuAlGl (a) Description of the Cu ion migration required to convert the
“closest packed layers” af- and5-CuAlCl, to that of the CuGat and NaZnSiOs-type “closest packed layers.” (b) Ball and stick representation

of the cristobalite-related hcp and ccp M¥4 structures that can be interconverted by twisting of the constituent tetrahedra. The- mmetizl
connectivity is highlighted to emphasize the identical connectivity of these frameworks. Ten of the anions are numbered to articulate the structura
reorientation.

expected to be responsible for both fhéo a phase transition  according to literature metho@.CuBr, AlBrs, GaCk, and GaBs were

and the ability to absorb small molecule gases into channels purchased from Aldrich and purified by sublimation. CO and ethylene
that are theoretically too small for the guest molecules. Further Were purchased from National Welders and used after passage through
studies to understand the adsorption of gases into these noveft drying column 64 A molecular sieves. All powder X-ray diffraction

frameworks are in progre&3 measurements were obtained using an Enraf-Nonius Guinier camera
' and were indexed with respect to a silicon standard.
Experimental Section Syntheses. (ap-CuAlCls. A 0.49 g (5 mmol) amount of CuCl

and 0.67 g (5.0 mmol) of AlGlwere ground together with a mortar
General Procedures. All reactions were performed under inert  and pestle and placed into a Pyrex ampule unger The ampule was
atmosphere conditions in aMilled glovebox or on vacuum or Schlenk  then evacuated (0.5 mTorr) and flame-sealed. The reaction tube was
lines. AICkL was purchased from Fluka and purified by literature heated to 250C, melting the reactants. The furnace was then turned

procedured® CuCl was prepared from Cu metal and Cu(@Idrich) off and allowed to cool to ambient temperature, yielding pure crystalline
a-CuAlICls. This material can be further purified by sublimation by
(21) Joubert-Bettan, C. A.; Lachenal, R.; Bertaut, E. F. Parthd, Solid allowing one end of the Pyrex tube to extend outside the tube furnace.
State Chem1969 1, 1. However, upon sublimation some crystalline AJ@& almost always

(22) The ethylene adduct has to date been the most amenable to study byobserved, indicating some disproportionation into CuCl and AICI

X-ray diffraction. Four of the characteristic lines for the ethylene 3 3
adduct are as follows, witd in A (% intensity): 6.274 (100), 5.595 (b) B-CUAICl,. A 100 mg (0.43 mmol) amount af-CUAICI: was

(70), 3.646 (15), and 3.046 (70), which can be indexed to a tetragonal placed in a 1.0 mm walled fu_sed silica tube which was then eva_cuated
cella=b=6.299(3) A andc = 11.99(1) A. Lines consistent with and flame-sealed. The reaction vessel was then heated taC25itil

a~/2 x ~/2 superstructure are observed upon longer exposure to the material melted. The reaction vessel was then plunged into an ice
ethylene. bath to quench the reaction mixture, resulting in a quantitative yield of

(23) (a) Wilkes, J. S.; Levisky, J. A;; Wilson, R. A.; Hussey, Clhorg. B-CUAICI,. Larger scale reactions and reactions in fused-silica tubes
Chem.1982 21, 1263. (b) Gale, R. J.; Osteryoung, R. A.,Molten
Salt TechniquesLovering, D. G., Gale R. J., Eds.; Plenum: New
York, 1983; Chapter 3. (24) Kauffman, G. B.; Fang, L. Ylnorg. Synth.1983 22, 101.




1346 Inorganic Chemistry, Vol. 37, No. 6, 1998

with wall diameters of greater than 1 mm generally yield a mixture of
the o and 3 phases.

(c) CuAICl4—Bry. Mixed-halide materials were prepared for both
the oo and theS phases according to the above methods using CuCl,
CuBr, AICI;, and AIBr, respectively.

X-ray Structural Determination. (a) Crystal Structure Analysis
of B-CuAICl.. A colorless single crystal g8-CuAlICl, (0.3 x 0.1 x
0.05 mm) was sealed within a 0.3 mm Pyrex capillary under dry
nitrogen. Lattice constanta,= 12.8388(5) Ab = 7.6455(3) A, and
c=6.1264(3) AV = 601.36(4) &, were obtained from centering 24
reflections 36< 20 < 41°, Z= 4. Systematic absences were consistent
with the orthorhombic space groupna2; (No. 33), which was

Martin et al.

pressure, gold-lined DSC capsules in a nitrogen-filled glovebox. The
sample was transferred to a Perkin-Elmer DSC7 instrument and heated
at a rate of 10C/min from room temperature to 30C.

Samples of-CuAlICl, were loaded in to 0.5 mm quartz capillaries,
heated for 24 h at 50, 75, 100, and 1Z5 and then quenched to room
temperature. The capillaries were then transferred to an Enraf Nonius
X-ray Guinier powder camera. Powder patterns were then analyzed
for the presence afi- or -CuAlCl,.

Samples of 100 mg af-CuAlICl, and 5-CuAlCl, were sealed into
fused-silica tubes and then heated to 100, 125, 150, 175, 200, and 225
°C (+1 °C), respectively, for 24 h and then quenched into an ice bath.
X-ray powder patterns were taken of these samples to determine the

confirmed in the subsequent refinement. Lattice constants and sys-product composition.
tematic absences were confirmed by zero- and first-layer Weissenberg  Gas Sorption. Samples of approximately 20 mg (0.086 mmol) of

photographs. Data were collected on an Enraf-Nonius CAD-4 diffrac-
tometer at 22C with monochromated Mo & radiation, &h, +k, =+I,
0 < 20 < 50°). The structure was solved using SIR92 and refined
using the NRCVAX program® The residuals wer®(F) = 0.029,
Ry = 0.038 for 943 independent reflection8 2 50°, | > 0.54(1), and

o- or 3-CuAlCl, were placed onto a platinum TGA pan under a flowing
stream of dry nitrogen (20 psi supply to instrument) on a Perkin-Elmer
TGA7. The sample was then exposed to a stream of CQO.ld; 20

psi supply to instrument) in addition to the nitrogen carrier gas. When
no more gas was being adsorbed, the sample gas was shut off and the

55 variables. The rectangular prismatic crystal required no absorption sample was heated to 10C under a stream of dry nitrogen to drive

correction f = 54.4 cntY). It was not possible to refine the absolute

structure due to the pervasive pseudosymmetry occurring in the Cl,

Cu, and Al sublattices.

(b) Crystal Structure Analysis of a-CuAlBr 4. A colorless single
crystal ofa-CuAlBr, (0.35 x 0.4 x 0.25 mm) was sealed within a 0.3
mm Pyrex capillary under dry nitrogen. Lattice constaats; b =
5.7321(2) A anct = 10.6046(8) AV = 348.44(3) &, were obtained
from centering 24 reflections 3% 20 < 38, Z = 2. Systematic
absences were consistent with the tetragonal space d¢té2p (No.
112) which was subsequently confirmed in the final refinement. Data
were collected on an Enraf-Nonius CAD-4 diffractometer atQ2vith
monochromated Mo K radiation, ¢&h, £k, £I, 0° < 26 < 60°). The
structure was solved using SIR92 and refined using the NRCVAX
programs3 The residuals wer®(F) = 0.046,R, = 0.047 for 425
independent reflections2< 60°, and 17 variables. An empirical
absorption correction derived frog scans of several reflections was
applied to all datay{ = 259 cnr). The Rogers chirality parameter
was refined to a value of 0.9(1), confirming the absolute configuration.

(c) B-CuAlCl, to o-CuAlCls phase transition. Samples of
B-CUuAlCl, (10—-20 mg) were placed into hermetically sealed high-

(25) Gabe, E. J.; Le Page, Y.; Charland, J.-P.; Lee, F. L.; White, P.. S.
Appl. Crystallogr.1989 22, 384.

off the adsorbate. The identity of the final product was confirmed by
powder X-ray diffraction.

Alternatively, 100 mg (0.43 mmol) samplesafor 5-CuAICl, were
placed in a reaction vessel that could be opened to a gas line. The
loaded reaction vessel, closed under 1 atm s carefully weighed
on an analytical balance. The reaction vessel was then open to 1 atm
of CO or GHs gas for 112 h and then weighed again to determine
the gas uptake. After exposure to moderate vacuum (0.1 Torr) or
standing overnight in a nitrogen-filled glovebox, all samples that had
been exposed to CO o8, were observed to be completely converted
back too-CuAlICl,, as determined by Guinier X-ray powder diffraction.
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