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a “hydrothermal NMR tube”® is used instead. The reference 6 =0 was to
an external aqueous solution of AI(NO;); (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 (Mo, 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, A=112.514(1)°, V=14626.6(4) A3, Z=4, puec=
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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eigenvalues, it is a straightforward matter to 0.8
calculate the neutron scattering vibrational
intensities for a hydrogen-containing spe-

. . . . ; 0.5

cies for direct comparison with experiment. n

This reduces the ambiguity in spectral

assignment and provides an additional g, o 041

comparison between the results of calcula-
tion and experiment. Recent advances in
density functional theory (DFT) for large
molecules permit reliable normal-mode
calculations. Recent progress in the meth- 0.0

0.3 =

ods of inelastic neutron scattering spectro- 401

scopy allow use of relatively small samples
and provide improved resolution. Here we
show how these developments fit together.
Dodecahedrane is a particularly nice case
for a neutron scattering study because its
large mass combined with its high symme-
try results in a well-resolved spectrum.

The major results of this study are
presented in Table 1 and Figure 1 (a broad,
complex phonon peak centered at 50 cm™' and extending
from 25 to 75 cm™! is not shown). The first point to note is that
all of the optical (mostly Raman) frequencies are in good
agreement with observed neutron scattering features. This
permits identification of these features as due to A, or H, (or
T,,) symmetry modes. Many other strong features not seen in
the optical spectra are observed as expected, illustrating the
utility of inelastic neutron scattering.

The degree of agreement between the calculated and
observed spectra provides confidence that at least in the
frequency region shown the observed transitions can be

Table 1. Vibrations of dodecahedrane.

Symmetry! Caled [cm~1]) Reported [cm™] INS [cm 1]t
H, 481 479,141 4801 477
H, 518 514
G, 615 607
Ty 639 632
A, 673 679,141 67611 675
T 731 728l 727
G, 843 (845)
H, 852 843,141 840! (845)
T,, 866 (845)
G, 941 930
G, 1016 1007
To 1058 1050
H, 1093 (1089)
H, 1110 1094,141 10921] (1089)
H, 1192 (1164)
H, 1198 1168,141 1164l (1164)
Ty, 1269 1270 sh
G, 1282 1282
T, 1305

Ty, 1309 1310
H, 1316 1320
Ty 1341 129811

G, 1354 1380 sh
H 1367 1324l]

[a] In point group I,. [b] DFT/b3lyp/6-31G**. [c] Values from the inelastic
neutron scattering spectrum. Numbers in parentheses indicate that all
peaks so marked overlap nearby peaks. [d] Raman data from ref. [5].
[e] Raman data from refs. [3, 4]. [f] IR data from refs. [34].
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Figure 1. The inelastic neutron scattering spectrum of dodecahedrane (obtained at ISIS with
TOSCA, sece the Experimental Section). The sample is at a temperature of 15K. The
experimental spectrum is shown in blue. The results of the DFT calculation are shown in red (the
calculated frequencies have been multiplied by a factor of 0.99 to improve agreement with
experiment). The vertical green lines indicate the reported positions of the Raman-active H, and
A, transitions, and the vertical pink lines indicate the reported positions of the IR-active T},
transitions (see Table 1).>] The symmetry labels are from the DFT calculation.

identified with certainty. Some of the bands at higher
frequency are composite and await improvements in resolu-
tion for their separation. In all cases the calculation produces
features with the correct symmetry to account for the Raman
and IR features. In the region below 1200 cm™! the features
are mostly distinct except for the overlapping bands near
850 cm™' and the two pairs at 1100 and 1180 cm~%. All
vibrations give rise to observed features (subject to overlap)—
there are no “silent” modes in the INS spectrum. The origin of
the activity of these skeletal modes with a technique that
depends on the motion of hydrogen atoms is that the rigid
attachment of the hydrogen atoms to their respective carbon
atoms causes them to follow the carbon-atom motions.

The lowest wavenumber features observed at 477 and
514 cm™' are the H, and H, transitions. The relatively high
intensity of these signals may be ascribed to the fivefold
degeneracy. The calculation predicts that these two transitions
should have more equal intensities than is observed (see
below).

No splitting is seen at this resolution for these or any other
isolated transitions. The neutron spectrum is consistent with 7,
symmetry.)] The next four transitions are also resolved
features with degeneracies of 4, 3, 1, and 3, respectively.
These are followed by an overlapping triplet with the
appropriate total intensity and then by three more isolated
transitions with degeneracies of 4, 4, and 3, respectively. The
intensities are roughly proportional to the degeneracies, but
the calculations show that over this spectral region there is a
variation in intrinsic intensity (i.e., a fractional contribution of
hydrogen-atom motion to the total motion of a particular
vibrational normal coordinate) by almost a factor of 2.

These individual transitions are followed by two pairs of H,
and H, transitions. The H, frequency is above that of the H,
values in each case, as indicated by the fact that the Raman-
active H, transition is seen on the high side of each of the
composite neutron bands. This is consistent with the calcu-
lation. Also, the predicted H,/H, separations of 17 and 6 cm~!
appear to be appropriate to the observations.
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In the region from 1200-1400cm™' a total of eight
transitions are expected with symmetries of T, G, Ty,, Ty,
H,, T,,, G,, H, (in order of increasing frequency). This order
is consistent with the observation of the H, Raman band on
the high-frequency side of the composite band and the
appearance of the IR line due to the T,, transition at a
frequency lower than the Raman line. There are clearly
additional transitions in the INS spectrum at frequencies
lower than the observed IR line, also in agreement with the
calculated state ordering.

This spectrum illustrates the power of INS in the determi-
nation of vibrational transitions that are forbidden by optical
spectroscopies. The spectrum of dodecahedrane is notable for
the absence of phonon side bands, which are usually increas-
ingly important features at higher frequency. This is in
contrast, for example, to the similar molecule adamantane,!”!
where clear phonon wings are observed on all transitions. This
difference is probably associated with the smaller amplitude
of motion of each atom in the larger dodecahedrane species.
The absence of phonon side bands greatly simplifies the
interpretation of the spectrum.

This preliminary comparison also demonstrates the utility
of INS spectroscopy as a method of testing ab initio/DFT or
empirical normal-mode calculations, at least in so far as they
provide an adequate description of the participation of
hydrogen-atom motions in a normal mode of motion. The
new frequencies provided can of course be used for direct
comparison with frequencies calculated using other methods.
In this way a previous empirical normal-mode calculation of
dodecahedranel is seen to be rather inaccurate. Simulations
of the spectral intensity permit added confidence in spectral
assignments, even when there is considerable overlap of
transitions.

The major residual difference between the calculated and
observed INS spectrum is the relative intensity between the
first two peaks (H, and H, symmetry). Another point is that,
in contrast to recent studies of the longitudinal acoustic modes
of n-alkanes,””) we find that for dodecahedrane a slight shift of
the spectral scale is needed to match the spectral features. For
the related molecule adamantane this effect is considerably
larger than for dodecahedane. For the out-of-plane bending
modes of the n-alkanes there is a considerable shift of the
frequencies to higher values relative to those from DFT
calculations that correctly predict the longitudinal acoustic
modes.”] Tt is clear in this last case that this is due to
intermolecular interactions. It is suspected that intermolecu-
lar interactions are the origin of the small shift and intensity
effects for dodecahedrane, but this conclusion is complicated
by the observation that for adamantane an MP-2 calculation
appears to provide much better agreement for frequencies
than does the DFT result. This may be due to compensation of
effects. More work is required to resolve these issues.

Experimental Section

Inelastic neutron scattering experiments were carried out at the ISIS
spallation pulsed neutron source of the Rutherford Appleton Laboratory
using the spectrometer TOSCA 'Yl which had a current configuration of ten
backscattering banks and was located at 12 m from the moderator. The
resolution at this stage is about 2% AE/E full width at half height through
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the energy range presented in this study. The synthesis and characterization
of the dodecahedrane have been discussed.!" 2 The sample was 260 mg of
high-purity solid dodecahedrane in an aluminum foil sachet contained in an
aluminum cell for protection. The cell was mounted in a cryostat held at
15 K. Data were collection for 20 h with ISIS operating at about 180 A of
proton current. The raw data was converted into the dimensionless S(Q,w)
using the standard analysis program GENIE. The spectral data were
collected from 16 to 4000 cm™~". The region above 1600 cm~! was devoid of
recognizable features (as expected) except for a broad CH stretch band.

The optimized geometry and normal modes of vibration of dodecahedrane
were calculated using Gaussian98.1''l The B3LYP density functional was
used with a 6-31G** basis. The neutron scattering spectral calculations
were performed by computing the sum of the squares of the amplitudes of
the hydrogen-atom motion for each normal mode.”!%13 This is the
amplitude of a Lorentzian peak at the normal-mode frequency for each
vibration. The width of the Lorentzian lines was chosen to match the
observed spectrum. This width is a linearly increasing function of
frequency, as suggested by experimental design and calibration experi-
ments.
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