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Figure 5. Differential scanning calorimetory thermograms for mixtures of

DC-8 and 1,2-dichloroethane in different ratios (cooling rate 2°Cmin!).
The concentration of DC-8 is noted above each line.

afforded a cholesteric solid film. Although it is not clear how
the solid film is constructed, it is likely that a nonequilibrated
change in the concentration of the DC-8 solution on coating
shifts the temperature region for the cholesteric phase to
lower than that for the static thermotropic phase.

Experimental Section

Dicholesteryl esters DC-n (n =2 -8, 10) were synthesized by condensation
of cholesterol and the corresponding diacids or by oxidizative coupling of
the corresponding acetylene derivatives as reported.”! MIKASA 1H-DX
was used for spin-coating. The surface temperature of the substrate was
controlled and monitored by a drier and an infrared thermometer (TASCO
THI-400S), respectively. For bar coating, a wire bar (Tester Sangyo Co.,
Ltd.; no. 12) was used on a temperature-controlled stage (Iuchi THERMO
PLATE TP-80).
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Al;: A Giant Aluminum Polycation

Lionel Allouche, Corine Gérardin, Thierry Loiseau,
Gérard Férey, and Francis Taulelle*

Aluminum hydrolysis plays a key role in strategic fields like
catalysis, the Bayer process for aluminum production, geo-
chemistry, soil science, water treatment, and material sciences.
However, elucidation of all hydrolyzed aluminum species in
solution has not yet been achieved.l'*! Beyond the monomers
[AI(H,0)¢]** and [AI(OH),]~, only the Keggin polycation
[Al;,(A1O,)(OH),,(H,0)15]7* (e-Aly;) has been identified by
X-ray diffraction (XRD)"'% and characterized in solution by
27Al NMR. Several other species with hitherto unidentified
Al NMR signals at 6 =4, 64.5, 70, and 76 were observed,
along with broad signals in the 5—-12 ppm range. Despite the
numerous aforementioned studies, no new assignment has
been established. In this in situ Al NMR study, thermal
treatment of a &-Alj; solution evolves the new polycation
[Al;)Og(OH)s56(H,0),4]"* (Aly). The 6 =70 and 7-12 NMR
signals are now definitely assigned to this species. The Als,
precipitated as a sulfate and its established structure consists
of two 0-Al;; Keggin units linked by four AlOg octahedra.
Although polyanions reach considerably larger sizes,'!l Aly, is
unique by its size. It is the biggest polycation ever charac-
terized, and the 6-Al;; units have never before been observed,
neither in polycation nor polyanion chemistry.

Polycations are usually based on Keggin structures and de-
scribed in polyoxometalate chemistry.l'>%] Keggin ions iso-
merize under five forms, «, 3, ¥, 0, and ¢, shown in Figure 1a.

Tungstate and molybdate polyanions usually exhibit a- and
B-Keggin structures (with or without cation vacancies) and
can lead to pseudo-Keggin dimers by condensation.['>”]
Dimerisation has never been observed for aluminum poly-
cations, but two polycationic Al;; Keggin isomers are known:
a-Aly; in the mineral zunyitel and e-Al;.> 171 The e-Aly;
polycation is obtained from hydrolysis of an aqueous AICl,
solution by NaOH at 95 °C with a hydrolysis ratio m, =[OH]/
[Al] between 1.5 and 2.5. It has a central AlO, tetrahedron
(narrow Al NMR signal at d =63), surrounded by twelve
corner- and edge-sharing AlO;4 octahedra (very broad NMR
signal around 0 =12). The 1:12 AI'V:AlV! ratio between peaks
at d =63 and 12 confirms the polycation structure. The a-Al;;
cation in zunyitel'® ¥ (synthesized from aluminum hydroxide
and silica under hydrothermal treatment at 300°C) has
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Figure 1. a) Keggin isomers after Baker and Figgis, showing AlO, tetrahe-
dra (red) and AlO4 octohedra (blue).l"” Isomeric differences (light blue/
dark blue octohedra) arise from rotation of three adjacent AlO4 octohedra
through 60°. b) A1 NMR spectrum of aqueous ¢-Al,;. The narrow peak at
0 =63 corresponds to AlQ, sites and the broad region around 6=12
corresponds to AlOj sites.

its AlO, signal at 6 = 721" (observed by solid state MAS %'-
Al NMR) and a broad, unresolved ensemble of signals
between 7 and 12 ppm, corresponding to the shell of AlOy
octahedra.

Preliminary NMR experiments on the hydrolysis of AlCl;
solutions at 95°C agree with reported gel-permeation chro-
matography (GPC) results of Nazar et al.®l and indicate that
different species, not always assigned to known species,
develop as a function of time. We therefore initiated in situ
NMR studies of &-Al;; solutions to observe signal evolution
versus time at 95 or 127°C. The results presented here only
concern the 127°C case, since an increase of temperature
affects the rate of evolution but not the species formed.

In the first stage, conditions were established for obtaining
clear solutions with exclusively the e-Al;; polycation (solu-
tion A; see Experimental Section). The existence of e-Al,; was
confirmed by both liquid state 2’ Al NMR (Figure 1b) and by
powder X-ray diffraction after room temperature precipita-
tion of the very insoluble &-Alj; sulfate. A similar NMR
examination of the species in solution and sulfate crystalliza-
tion was the strategy used to characterize Alj,.

Evolution of Al NMR signals from solution A at 127°C
(Figure 2) shows that thermal treatment causes e-Al;; trans-
formation into species containing aluminum in both tetrahe-
dral and octahedral configurations. At 6=70 a signal
increases at the expense of the 0 =63 signal and becomes
dominant after around 5h at 127°C (48 h at 95°C). NMR
signals at 0 =64.5 and 76 appear during thermal treatment.
The very weak & =064.5 signal disappears when the 6 =70
signal reaches its maximum. At this point, a 0 =76 signal
emerges. The signals of the octahedra at 5—12 ppm remain
unresolved. Signals around 6 =0 and in the 5-12 ppm region
do not undergo any chemical exchange. At room temperature,
monomeric [Al(H,O)q]** appears at 0 =0 (Figure 1b). At 6=
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Figure 2. ¥ AINMR spectra of solution A over 20h of thermal treatment at
127°C. Inset: peak areas of the evolving signals of e-Al; at 6 =63 (@), of
0=064.5 (0), of Aly, at =70 (), and of =76 (2). Scales for 0 and A
series have been multiplied sixfold for clarity.

4 a signal is usually observed, this is still ambiguously assigned
but most probably represents edge-sharing [AlO4] octahedra.
Beyond 70°C these two lines coalesce near 6 =0 due to the
large concentration of monomers. No chemical exchange
takes place between signals in the 5—12 ppm and in the 0-
4 ppm ranges. Signals for [AlOq] in the 5—12 ppm range are
assigned to polycationic, external Keggin shells. This allows
selective crystallization of the latter species.

After 5 h of heating at 127 °C (or 48 h at 95°C), the solution
(solution B) is brought back to room temperature; the Al
signals are considerably broader than in the 95 or 127°C
solutions. Some amounts of e-Al,; are still present, but the
spectrum is dominated by 6 =70 and 10 components (Fig-
ure 3a).

To optimize crystallization, the influence of the sulfate-to-
aluminum ratio y was investigated. According to its value,
three new morphologies were obtained. Very small platelet-
and ovoid-shaped crystals appear for high y values. Their
structure determination is currently in progress. For y =0.3,
the large crystals corresponding to Als, have a rhombohedral
shape and were used for crystal structure determination (see
Experimental Section).

After crystallization, an 7 A1 NMR spectrum of the solution
(Figure 3b) shows that most of the 0 =70 and 10 signals have
disappeared and the existence of almost only [Al(H,O)]**
monomers (6 =0) in the remaining solution. Several rhom-
bohedral crystals were collected and redissolved in water. The
resulting solution exhibits a ?Al NMR spectrum (Figure 3¢c)
dominated by 6 =70 and 10 signals, with two more signals at
0=63 and 0, from additional free e-Al;; and from some
monomers, respectively. Despite the presence of the latter
signals, probably coming from intruding e&-Al;; crystals
included during the selection of the rhombohedral ones or
from some dissociation of Alj, this result proves that 6 =70
and 10 signals are indeed a signature of Alj.

The crystal structure (see Experimental Section) reveals a
new aluminum polycation with a formula [Al;Og(OH)se-
(H,0),4]'®* compensated by nine sulfate ions. The polycation
(Figure 3d) results from the combination of two d-Al,; units
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Figure 3. a) Al NMR spectrum of solution B at room temperature.
b) ¥ Al NMR spectrum of solution B after precipitation of rhombohedral
crystals. ¢) ¥’ Al NMR spectrum of the redissolved rhombohedral crystals in
water. d) Polyhedral representation of [0-Al;],[AL(OH)g(H,0)]"*.
Red = AlQ,, blue=AlO, the different shades represent the different
Keggin configuration.

connected by a crown of four [AlQq] octahedra. The formula
of the solid is therefore rewritten [(d-Al;),{Al,(OH)s
(H,0)4}1(SO4)s.

From the structural study, Al;, formation may be described
as follows. During the thermal treatment of &-Alj;, some
dissociate into AlOg monomers that subsequently add to
undissociated e-Al;;. These e-Al;; species with one to three
attached AlOg units (capped e-Alys,,, -Aly3,,, or -Al,;,5) are
prone to isomerization into the respective 0 forms. Once the
isomerization is complete, the species may well be sufficiently
stable to dimerize.

A correlation between the 2?’Al1 NMR chemical shift of the
tetrahedral aluminum and the average Al-O bond length in
AlO, can be made. The chemical shifts of AlO,in &-, -, and a-
Alj; are 6 =63, 70, and 72, respectively, whereas the corre-
sponding mean Al—-O distances decrease from 1.821 A to
1.807 A and 1.796 A. This fits well to a linear relation: d,,_o =
1.98 —0.0026 x 6 (A). The weak variation from ¢ = 63 to 64.5,
which may be commensurate with a variation in d,, o of
0.004 A, is too small to be attributed to an isomerization
process. It is probably reasonable to assign that signal to the
capped e-Alj3,, -Alj3,,, or -Alj;,; species. Isomerization of
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the latter species into the 6 forms will lead to the =70 signal
indistinguishable from that of the Al;,. Further thermal
treatment may lead to a different isomer with a signal at 0 =
76. Zunyite, as we have already quoted, is synthesized at
300°C. Its isomerization activation energy is probably higher.
Thermal treatment at an increased temperature might lead to
the formation of a-Al;; isomer, if concomitant stabilization by
a proper anion occurs.

Nazar etal.l’! already observed the different tetrahedral
species identified in this work. GPC allowed them to separate
the aluminum species. It is worth noting that this elution
sequence of the aluminium species is the same as the
transformation sequence during the thermal treatment (6 =
63, 70, then 76; see Figure 2 inset). GPC ranks, therefore, the
eluted species by their size for a given charge, providing a
qualitative charge-to-mass (z/m) ratio selection. In this
instance, charge-to-mass order parallels thermal stability.
Species Al;y’+ and Aly'®* exhibit a z/m ratio of 10.5 x 1073
and 7.04 x 1073 e g™, respectively. If the NMR signal at 6 =76
would be assigned to a-Al,; isomer, known by GPC to have a
smaller size than Aly, (but identical to that of e-Al,;), it would
imply for this species a charge of 4+ at most, and a z/m ratio
smaller than 7.04 x 103 eg!. Conversely, the 6 =76 signal
might correspond to a larger polycation of proportionally
greater charge. Further work on crystallization and structure
determination of the 0 =76 signal is needed to definitely solve
the NMR assignments.

In situ Al NMR and XRD have allowed us to see that a
thermal treatment of an &-Alj; solution produces a new
aluminum cluster Als,, which consists of two J-Al;; Keggin
units connected by a ring of four octahedral [AlOg] units. The
highly charged Aly, forms from hydrothermal treatment and
appears as the second step of aluminum hydrolysis, after
formation of e-Alj;. It is the first time that a J-Al;; unit,
formed from the isomerization of ¢-Al,;, is characterized. The
heretofore unassigned ?? Al NMR signals at 6 =70 and 10 were
attributed to Alsy. Since Aly, is more temperature resistant
and less sensitive to pH variations than e-Al,;, this compound
will certainly open new developments for elucidating the
different species and the mechanisms involved in aluminum
hydrolysis.?!

Experimental Section

Synthesis: NaOH (2M) was added dropwise to an AICl; solution (0.3Mm)
maintained at 95 °C under fast stirring. The hydrolysis ratio was m, =2.46.
The solution obtained (solution A) was cooled. The white precipitate,
which formed when a drop of base was introduced into the AICl; solution,
redissolved immediately under stirring. At the end of the reaction, the
solution was clear and contained only &-Al,; (Figure 1b) and a few [AlOg4]
monomers. Solution A was heated and stirred over 48h at 95°C or 5h at
127°C to form solution B. Solution B was stable for more than 6 months at
room temperature. Crystallization was induced by addition of K,SO,
(0.5M) to SmL of B up to a [SO,]:[Al] ratio y =0.33. After one week at
room temperature, rhombohedral crystals appeared with millimeter
dimensions.

NMR: ? Al NMR has been run on a Bruker DSX-500 spectrometer at room
temperature and on a Bruker AMX-400 spectrometer at 127°C, with 130
and 104 MHz ?’Al resonating frequencies, respectively. A Bruker liquid
probe BBO-10 mm, designed for a very low aluminum background signal,
was used. At room temperature an NMR quartz tube is used. Above 100°C,
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a “hydrothermal NMR tube”® is used instead. The reference 6 =0 was to
an external aqueous solution of AI(NO3); (1m).

X-ray crystal structure analysis: A crystal fragment was placed into a
capillary Lindemann glass to prevent dehydratation. Intensities were
recorded on a Bruker SMART CCD diffractometer (Mog, radiation 4=
0.71073 A, graphite monochromator) at 300 K. An empirical absorption
correction was applied using the SADABS program.!! 45869 unique
reflections (R;, = 0.0746) were used (1.31° < 0 < 29.83°). The structure was
solved and refined using the program package SHELXTL 5.03.22 The
examination of the systematic absences is consistent with the space groups
C2/c (No.15) or Cc (No.9). The structure was first solved in the space
group C2/c. Five sulfate groups were located from the observating
successive Fourier map analyses. One SO,>~ ion is placed nearby on the 2
axis (at 0, y, %), which induces a short S—S distance of 1.45 A. A statistical
disorder must occur for this SO~ ion and the occupancy factor was refined
to 50 %; it corresponds to 4.5 SO, ions for 15 Al atoms (or nine SO~ ions
per Aly). At this stage, some SO,?~ groups were refined with geometrical
restraints and water molecules were located approximately due to their
very diffuse average electronic density. The sulfate counterions may not all
be accurately positioned. With such a strategy the structure can be
described as follows: Al;Og(OH)s(H,0),4(SO4)e- xH,O (x> 35), mono-
clinic, space group Cc (No.9), a=28.0259(5), b=19.4890(3), c=
289883(5) A, p=112.514(1)°, V=14626.6(4) A3, Z=4, pue.=
1.588 gem 3, u =0.452 mm~, crystal size 0.38 x 0.26 x 0.12 mm?>. Crystallo-
graphic data (excluding structure factors) for the structure reported in this
paper have been deposited with the Fachinformationszentrum Karlsruhe.
Further details may be obtained from FIZ, 76344 Eggenstein-Leopolds-
hafen, Germany (fax: (+49)7247-808-666; e-mail: crysdata @fiz-karlsru-
he.de) on quoting the depository number CSD-410995.
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The Vibrational Inelastic Neutron Scattering
Spectrum of Dodecahedrane: Experiment and
DFT Simulation**

Bruce S. Hudson,* Dale A. Braden, Stewart F. Parker,
and Horst Prinzbach

Because of its high symmetry (Z;) the hydrocarbon dodec-
ahedrane (CyH,)!'*l provides a classic case for vibrational
analysis and, as a result, a rigorous test of the methods of ab
initio or density functional normal-mode analysis. Under the
I, point group the 114 normal modes of vibration are classified
into 2A,+1T,,+2T,,+4G,+6H,+3T,,+4T,,+4G,+
4H, symmetry types. There are only 30 discrete vibrational
frequencies due to the high average degeneracy. Of these only
the 3T, modes are active in the IR spectrum and only the 2 A,
and 6 H, modes are active in the Raman spectrum. Thus 19 of
the 30 modes of vibration are unobservable by these optical
methods so long as this molecule retains its high symmetry.

Inelastic neutron scattering (INS) spectroscopy is not
subject to the restrictions of optical selection rules. This
permits all modes to be observed in proportion to the extent
to which hydrogen-atom motions contribute to that mode.
From a set of calculated normal-mode eigenvectors and
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