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Lattice constants for tetragonal Alz[C6(C00)6] . 16 H,O at 15 K are a = 1555.3(j) and c = 2311.0(g) 
pm, Z = 8, space group I4,lacd. Anisotropic refinement on single-crystal neutron diffraction data led 
to R, = 0.039. The crystal structure is made up by barely distorted AI(H,O)z+ octahedra linked by 
strong asymmetric hydrogen bonds to the [C,(COO),]6- anions yielding a complicated three-dimensional 
framework. Additional water molecules not bound to A13+ participate in hydrogen bonding as well. 
Hydrogen bonds involving water molecules bound to A13+ as proton donors are markedly shorter (0 ... 
Hz0 257.6-266.4 pm) than those with noncoordinated water molecules (271.0 and 272.4 pm). O-H 
bond lengths corrected for thermal motion range from 99.5 up to 101.3 pm. The hexaanion has 222 
symmetry with C-O bonds being equal (125.5-125.7 pm) within the limits of experimental error. The 
O-C-O angles are widened up considerably (124.96 and 126.30”). The C6 ring of the anion deviates 
slightly, but significantly from an ideal hexagon. o 1991 Academic press, IK. 

Introduction 

Mellite (Al,[C,(COO),] . 16H,O) is a natu- 
rally occurring inorganic derivative of ben- 
zene hexacarboxylic acid (mellitic acid). Gi- 
acovazzo et al. furnished an X-ray structure 
analysis based on photographically deter- 
mined intensity data (I). It revealed that 
mellite crystallizes in space group Z4,lacd 
with approximate lattice dimensions a = 
1553 pm and c = 2319 pm in contrast to 

* Dedicated with best wishes to Prof. Dr. H. Jagod- 
zinski on the occasion of his 75th birthday. 

i To whom correspondence should be addressed. 

standard textbooks of mineralogy which 
claim the space group P4,2 or P4,2 with a = 
2200 pm and c = 2330 pm and 18 molecules 
of water per formula unit (2, 3). Giaco- 
vazzo’s results are fully confirmed by our 
study. 

Mellite attracted interest in the course of 
investigations on structure governing princi- 
ples in polymeric coordination compounds 
of anions of various benzene carboxylic 
acids (4-9). These polydentate ligands are 
valuable components for the design of novel 
materials with tailor-made properties prom- 
ising interesting applications in a wide field 
of solid state chemistry. New layer-like 
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structures capable of undergoing topotacti- 
cal intercalation or ion exchange reactions 
are accessible in this way as well as com- 
pounds with zeolite-like or clathrate-like 
structures. The studies proved that in addi- 
tion to the type of cations and anions em- 
ployed a third component of equal impor- 
tance has to be considered: the water of 
crystallization (10-14). Therefore the un- 
derstanding of the hydrogen bonding sys- 
tems is crucial for a successful design of 
these new solid state structures with prede- 
termined structural properties and demands 
precise neutron diffraction data. 

Furthermore, the crystal structure of Al, 
cjK0%51 . 16H,O which consists of 
Al(H,O);+ octahedra linked to the 
[C,(COO),]6- anions by strong intermolecu- 
lar hydrogen bonds shows short water-oxy- 
gen contacts in a range hitherto scarcely 
studied by precise single crystal neutron dif- 
fractometry (15). This work is also part of a 
study focusing on influences on hydrogen 
bonding caused by strongly polarizing ions 
like A13+. 

Experimental 

A single crystal of naturally grown Al,[C, 
(COG),] * 16H,G from Tatabanya (Hungary) 
with dimensions 1.4 x 1.8 x 4.0 mm was 
chosen for data collection on the D9 four- 
circle diffractometer at the Institute Laue- 
Langevin, Grenoble, France, under the fol- 
lowing experimental conditions: measuring 
temperature 15 K chosen to reduce the ef- 
fects of thermal motion and consequently to 
obtain a better definition of positional pa- 
rameters, tetragonal cell with a = 1555.3(5) 
pm and c = 2311.0(g) pm (at 15 K), V = 
5590.2 . lo6 pm3, M, 678.33, Z = 8, Dcalc = 
1.61 g. cme3, space groupZ4,lacd(No. 142). 
Data collection was carried out with thermal 
neutrons of wavelength 71.11 pm, Ge (220) 
monochromator, X/2 contamination filtered 
by 0.25-mm iridium foil. A 32 x 32 pixel 
multidetector was employed and data pro- 

cessing made use of the program 
ADVANCE in order to increase the accu- 
racy particularly on weak reflections (16, 
17). 

A numerical absorption correction (18) 
(calculated p = 1.3 cm-‘) and an isotropic 
extinction correction (19) were applied. A 
total of 4038 reflections up to O,,, = 36 
were recorded and merged to 3331 unique 
reflections (merging R = 0.020). There were 
2337 reflections having Z > 2cr, considered 
observed and employed for structure re- 
finement. Scattering lengths were taken 
from Ref. (20). Refinement on IFI was car- 
ried out using the program system Prometh- 
eus (2Z), minimizing J+(lFOl - ]F# and 
assigning weights l/4,, derived from count- 
ing statistics. Starting parameters were ob- 
tained from the results of the X-ray structure 
determination (I). No significant anhar- 
manic motion could be detected on the hy- 
drogen atoms. Full-matrix least-squares re- 
finement with harmonically anisotropic 
displacement parameters for all atoms con- 
verged at R = 0.048 and R, = 0.039, GOF 
= 1.30 (171 parameters). Final atomic pa- 
rameters are given in Table I. Supplemen- 
tary material has been deposited.’ 

Results and Discussion 

A13+ is situated on a twofold axis of space 
group Z4,lacd (Wyckoff notation 16e). It is 
coordinated by water molecules (O(wl), 
O(w2), O(w3), and O(w4)) in a slightly dis- 
torted octahedral fashion (Fig. 1). A further 
crystallographically independent water mol- 
ecule (O(w5)) has no coordinative contact 
with Al3 + , but is involved in hydrogen bonds 
with water molecules (O(w2), O(w3)) of the 

’ Further details of the structure determination have 
been deposited as Supplementary Publication No. CSD 
55079. Copies may be obtained through Fachinformati- 
onszentrum Karlsruhe, Gesellschaft fur wissenschaft- 
lichtechnische Information mbH, D-7514 Eggenstein- 
Leopoldshafen 2, Federal Republic of Germany. 
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TABLE I 

PARAMETERS FOR A12[C,(C00),] 16H,O 

Al 0.33164(15) 0.5 0.25 0.00293(84) 0.00417(84) 0.00359(81) 0 0 -0.00101(72) 

O(wl) 0.45281(9) 0.5 0.25 0.00489(54) 0.00691(55) 0.00902(53) 0 0 -0.00039(48) 
Ow.) 0.33309(7) 0.61346(7) 0.22181(4) 0.00867(42) 0.00495(40) 0.00862(39) -0.00+54(34) -0.00191(33) 0.00074(33) 
O(w3) 0.32959(7) 0.54165(7) 0.32600(4) 0.00773(42) 0.00912(43) 0.00547(38) 0.00214(34) -0.00106(33) -0.00167(33) 

wJ4) 0.20829(9) 0.5 0.25 0.00456(54) 0.00602(53) 0.00904(55) 0 0 -0.00045(48) 

Ww5) 0.27570(7) 0.79943(7) 0.34470(5) 0.00878(42) 0.00674(42) 0.00839(39) 0.00016(33) 0.00096(34) -0.00100(33) 

O(l) 0.49829(7) 0.14651(7) 0.51657(4) 0.00579(39) 0.01008(41) 0.00561(33) 0.00172(36) -040007(32) 0.00240(32) 

O(2) 0.36139(6) 0.17144(7) 0.49361(4) 0.00452(38) 0.00733(40) 0.00881(39) -O.OoQ19(33) 0.00119(32) 0.00126(33) 

O(3) 0.39024(7) 0.04421(7) 0.39113(4) 0.00572(40) 0.00551(40) 0.00991(39) -0.00112(32) -0.00076(33) 0.00130(33) 

C(l) 0.43663(6) 0.18663 0.375 0.00430(29) 0.00430 0.00441(41) -0.00060(36) -0.00422(26) 0.00022 

C(2) 0.46949(6) 0.21710(6) 0.42767(4) 0.00492(34) 0.00568(35) 0.00381(28) -0.00062(25) 0.00+08(26) 0.00049(27) 

C(3) 0.44078(6) 0.17582(6) 0.48392(4) 0.00508(34) 0.00563(35) 0.00491(30) -0.00037(27) 0.00012(25) 0.00089(26) 

C(4) 0.36800(6) 0.11800 0.375 0.00486(28) 0.00486 0.00549(44) .OOOO9(38) -0.00060(28) 0.00060 

H(1) 0.49183(14) 0.54919(14) 0.24417(10) 0.01702(91) 0.01599(84) 0.02988(98) -.00137(74) 0.00049(81) 0.00298(79) 

H(2) 0.36115(14) 0.66293(13) 0.24199(9) 0.02100(93) 0.01455(84) 0.01999(88) -.00209(71) -0.00548(74) -0.00109(69) 

H(3) 0.29190(15) 0.63948(14) 0.19414(9) 0.02147(97) 0.01950(92) 0.02076(88) -.00025(76) -0.00650(77) 0.00247(75) 

H(4) 0.28093(14) 0.57589(14) 0.34200(9) 0.01643(88) 0.02014(95) 0.01826(86) 0.00417(71) 0.00123(70) -0.00183(73) 

H(5) 0.37829(13) 0.53853(15) 0.35337(9) 0.01448(86) 0.02537(103) 0.01759(83) 0.00329(74) -0.00476(68) -0.00209(75) 

H(6) 0.16989(14) 0.45036(14) 0.24910(11) 0.01707(89) 0.01676(88) 0.03138(106) -0.00294(73) -0.00069(83) -0.00111(86) 

H(7) 0.32578(14) 0.78559(14) 0.32024(9) 0.01890(94) 0.02063(97) 0.02225(95) 0.00050(77) 0.00646(74) -0.00195(77) 

H(8) 0.24795(15) 0.74404(15) 0.35346(9) 0.02240(90) 0.01735(89) 0.02398(90) -0.00473(80) 0.00348(83) 0.00098(77) 

Note. W, water oxygen atom; anisotropic temperature factors in the form e~p(-2a~(U”h~a*~ + ... + 2U’zhka*b” + . ..)). 

Al(H,O);+ octahedron and with oxygen 
atoms of the [C,(COO)JP anion (Fig. 6). 

The Al-H,0 distances (Table II) cover 
the lower range known for sixfold Al-O co- 

H2 
- 

FIG. 1. The AI(H,O)a+ coordination octahedron (15 
K, 50% probability ellipsoids). The twofold crystallo- 
graphic axis runs through O(wl)-Al-O(w4). 

ordination (22). This points to water oxygen 
atoms which are negatively polarized to a 
considerable extent. Thus the bonding order 
calculated employing the method of Brown 
(23) exceeds the expected value of 3 .O mark- 
edly. Since Al, O(wl), and O(w4) lie on the 
same twofold axis, both H,O molecules are 

TABLE II 

THE COORDINATION SPHERE OF Al 

Bonding order 
Al-O(w3) 187.2(l) pm 2 x 0.541 
Al-O(w2) 188.1(l) 2x 0.530 
Al-O(wlj 188.5(3j 0.525 
Al-O(w4) 191.8(3) 0.487 

z = 3.154 
Angles A-Al-B (“) 

AIB 
O(w3)/O(w3)’ 
O(w3)/O(w2) 
O(w3)/O(w2)’ 
O(w3)/O(wl) 
O(w3)/O(w4) 
O(w2)/O(w2)’ 
O(w2)/O(wl) 
O(w2)/O(w4) 
O(wl)/O(w4) 

178.05(15) 
89.99(4) 2 x 
90.03(4) 2 x 
90.98(8) 2 x 
89.02(S) 2 x 

178.63(15) 
89.31(8) 2x 
90.69(S) 2 x 

180.0 

A-B (pm) 
374.4 
265.4 
265.5 
261.9 
265.8 
316.2 
264.7 
270.3 
380.3 

Note. w, water oxygen atom. 
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TABLE III 

WATER AND HYDROGEN BONDS 

Uncorrected 

Riding Model 
bond length 
correction 

O(wl)-H(1) 98.6(2) 
HU)-W) 166.0(2) 
O(wl)-O(2) 261.7(2) 
O(w2)-H(2) 100.0(2) 
O(w2)-H(3) 99.2(2) 
W+W) 159.1(2) 
H(3)-O(w5) 167.7(3) 
O(w2)-O(1) 258.2(2) 
O(w2)-O(w5) 265.7(2) 
O(w3)-H(4) 99.7(2) 
O(w3)-H(5) 98.8(2) 
H(4)-O(3) 158.7(2) 
H(5)-O(w5) 165.6(2) 
O(w3)-O(3) 257.6(2) 
O(w3)-O(w5) 263.8(2) 
O(w4)-H(6) 97.6(2) 
H(WW) 171.9(2) 
O(w4)-O(2) 266.4(2) 
O(w5)-H(7) 98.6(2) 
O(wS)-H(8) 98.5(3) 
H(7)-O(1) 174.0(2) 
H(8)-O(3) 174.7(3) 
O(wS)-O(1) 271.0(2) 
O(w5)-O(3) 272.4(2) 

Note. Distances in pm, angles in (“). 

100.3 H(l)-O(wl)-H(1)’ 104.00(22) 
O(wl)-H(l)-O(2) 162.48(21) 

101.3 H(2)-O(w2)-H(3) 105.59(20) 
100.8 O(w2)-H(2)-O(1) 170.08(21) 

O(w2)-H(3)-O(w5) 168.89(21) 

101.0 H(4)-O(w3)-H(5) 111.77(20) 
100.3 O(w3)-H(4)-O(3) 170.84(21) 

O(w3)-H(5)-O(w5) 171.90(21) 

99.5 H(6)-O(w4)-H(6)’ 104.57(22) 
O(w4)-H(6)-O(2) 161.56(21) 

100.2 H(7)-O(w5)-H(8) 105.85(21) 
100.2 O(w5)-H(7)-O(1) 166.97(21) 

O(w5)-H(8)-O(3) 171.05(21) 

in common planes with Al. The same is true 
in good approximation for O(w2) and O(w3) 
and their H atoms. Only small deviations 
from least-squares planes fitted to these H,O 
molecules and Al occur with O(w2) (9 pm) 
and O(w3) (3 pm). Hence the bonding be- 
tween AP+ and H,O may be considered as 
mainly dominated by electrostatic interac- 
tions. 

There are eight unique hydrogen bonds. 
O(w1) and O(w4) occupying a twofold axis 
(Wyckoff position 16.~) form hydrogen 
bonds (O(wl)-H(1)+..0(2), O(w4)- 
H(6)..*0(2)) having exclusively oxygen 
atoms of the carboxylate groups of the melli- 
tate hexaanion as proton acceptors. The 
fifth unique water molecule (O(w5)), which 

is not bound to AP+ , acts as proton acceptor 
for O(w2) and O(w3) besides carboxylate 
oxygen atoms in the hydrogen bonds 
O(W~)-H(~)~~~O(W~)-H(~)~~~O(~) and 
O(W~)--H(S)~~~O(W~)-H(~)~~~O(~). Table III 
gives bond distances and angles of the hy- 
drogen bonds. A riding model bond length 
correction was applied to all O-H bonds 
yielding distances between 99.5 and 101.3 
pm corresponding well to the high hydrogen 
bonding strength. It clearly shows up that 
the strength of the hydrogen bonds is associ- 
ated to the polarizing effects of A13+ with 
very little influence of the proton accepting 
oxygen atoms-water or carboxylate 
groups. The Al-O(w3) bond is the shortest 
Al-O distance and accordingly the hydro- 
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gen bonds involving O(w3) have the shortest 
mean O..*H,O contact (260.7 pm) while the 
hydrogen bonds with O(w4), which shows 
the weakest Al-H,0 bond, has an O.*.H,O 
contact of 266.4 pm. The hydrogen bonds 
with O(w1) and O(w2) are between these 
margins (mean O..-H,O 262.0 pm for O(w2), 
O.**H,O 261.7 pm for O(w1)). All hydrogen 
bonds involving water molecules coordi- 
nated to A13+ are considerably shorter 
(257.6-266.4 pm) than those with O(w5) act- 
ing as proton donator (271.0 and 272.4 pm). 
The H-O-H angles are mainly similar to 
that known from free water molecules 
(104.00-105.85’“). Only the angle H(4)- 
O(w3)-H(5) (111.77”) is even markedly 
greater than tetrahedral and resembles the 
H-O-H angle in the crystal structure of 

BeSO, . 4H,O (112.7”), which contains 
Be(H,O)t+ tetrahedra linked to the SOi- 
anions by intermolecular hydrogen bonds 
(24). It was assumed (25) that wide H-O-H 
angles occur if the bisector of the lone pairs 
of the water molecule points toward a poly- 
valent metal ion. Obviously this represents 
too simple a model since this coordination 
mode is realized with O(wl), O(w2), and 
O(w4) as well which have quite usual 
H-O-H angles between 104.00 and 105.59”. 

A thorough inspection shows that the hy- 
drogen bonds link the Al(H,O)i+ octahedra 
to the anions yielding an intricate three-di- 
mensional framework. O(w1) and O(w4) 
connect in the [OOl] direction and parallel to 
(001) neighboring anions, which are oriented 
perpendicular to each other (Fig. 2). A simi- 

FIG. 2. Hydrogen bonding between O(wl), O(w4), and oxygen atoms (O(2)) of the carboxylate 
groups of the mellitate hexaanion viewed in the [llO] direction, which is the direction of a twofold 
crystallographic axis running through the anion along the C(l)-C(4) bond. O(w1) and O(w4) lie on 
another twofold axis (see Fig. 1). These hydrogen bonds establish an infinite three-dimensional connec- 
tion between the anions. The central anion, the atoms of which are represented as black balls, is 
orientated perpendicular to the paper plane and is the common reference point of Figs. 2-6 (arbitrary 
atomic radii in Figs. 2-6). 



FIG. 3. The same arrangement as shown in Fig. 2 the C, ring plane of the central anion (black balls) 
viewed in the [OOl] direction. It clearly comes out that perpendicular to the planes of the other anions. 

is 

FIG. 4. Viewed in the [ 1 IO] direction: It is shown how gen bonds establish a three-dimensional framework as 
O(w5) connects neighboring anions by hydrogen bonds those shown in Figs. 2 and 3. 
taking O(1) and O(3) as proton acceptors. These hydro- 
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FIG. 5. The arrangement of Fig. 4 viewed in the [OOl] direction. These hydrogen bonds involve anions 
aligned parallel to each other. 

lar connection is established by O(w5) tak- lecular ring of hydrogen bonds together with 
ing 0( 1) and O(3) as proton acceptors stem- O(w.5) (Fig. 6). O(w3) connects anions lying 
ming, however, from anions with C, rings perpendicular to each other taking O(w5) as 
aligned parallel to a common plane (Fig. 4 a proton acceptor for H(5) (Fig. 6). 
and 5). O(w2) does not link adjacent anions The [C,(COO),]6- anion has crystallo- 
as it is solely participating in a quasiintramo- graphic 222 symmetry with its center of 

TABLE IV 

THE [Cs(COO),]6- ANION 

W-C(2) 140.3(l) C(l)-C(4) 151.0(l) 
C(2)-C(2)’ 139.6(l) CWJJ3) 151.7(l) 
C(3)-O(1) 125.6(l) C(3)-O(2) 125.7(l) 
W-O(3) 125.5(l) 
C(2)-C(l)-C(2)’ 120.46(7) C(2)-C(l)-C(4) 119.77(5) 
C(l)-C(2)-C(2)’ 119.70(8) C(l)-C(2)-C(3) 119.56(8) 
C(3)-C(Z)-C(2)’ 120.69(g) O(l)-C(3)-O(2) 124.96(10) 
O(l)-C(3)-C(2) 117.31(9) O(2)-C(3)-C(2) 117.70(9) 
O(3)-C(4)-O(3)’ 126.30(9) O(3)-C(4)-C(1) 116.85(8) 

Note. Distances in pm, angles in (“), 
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FIG. 6. A view in the 11101 direction shows hvdrogen _ - 
bonding of O(w2) and d(w3) with O(w5) acting as pro- 
ton acceptor. O(w2) is involved in a quasi-intramolecu- 

gravity at 0, 0.25, 0.125 (Wyckoff position 
Sb). The C, ring is in good approximation 
planar (maximum deviation from least- 
squares plane, 2.6 pm). The carboxylate 
group with C(3) (C(3), O(l), and O(2)) is 
tilted against the C, ring plane by 54” and 
suffers from a higher steric repulsion than 
the carboxylate group with C(4) (C(4), 2 x 
O(3)), which is approximately perpendicular 
to the C, ring with a dihedral angle of 71”. 
Thus C(3) deviates by 16.5 pm from the 
mean plane fitted to the C, ring, whereas 
C(4) lies ideally in that plane. The C-O bond 
lengths are identical within the limits of ex- 
perimental error (125.5-125.7 pm, Table 
IV). The C-C single bond with C(3) is 
slightly longer (C(2)-C(3), 151.7 pm) than 
that with C(4) (C(l)-C(4), 151.0 pm) obvi- 
ously due to steric reasons (vide supra). The 
O-C-O angles of both unique carboxylate 
groups are widened up considerably (124.96 
and 126.30”). Bond distances and angles of 
the C, ring deviate slightly, but significantly 
from an ideal hexagon. A TLS analysis (26) 

lar ring of hydrogen bonds, thus not contributing topo- 
logically to the three-dimensional connection between 
the anions. 

did not yield any evidence for significant 
rigid body motion. 
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