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Abstract

Attenuated total reflection Fourier transform infrared spectra are recorded for a number of diamond molecules (or higher diamondoids)
in the spectral range between 650 and 3000 cm~'. Molecules studied are diamantane, triamantane, [121]tetramantane, [123]tetramantane,
[1(2,3)4]pentamantane, [12(3)4]pentamantane, 3-methyl-[1(2,3)4]pentamantane, and [12312]hexamantane (cyclohexamantane). Spectral
trends are clearly recognized throughout the spectra revealing the general fingerprint of this class of molecules. In general, the spectra show
good agreement with density functional theory calculations at the B3LYP/D95(d,p) level of theory.

© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Diamondoid molecules consist of a diamond-like car-
bon cage, where all carbon atoms are sp> hybridised, and
dangling bonds at the edges of the systems are terminated
with hydrogen atoms. The smallest member of the family,
adamantane (C;oH¢) is made up of the central cage of a
single diamond unit cell and was first synthesized by carbo-
cation equilibration in 1957 by von Rague Schleyer [1]. The
next members of the family are diamantane and triaman-
tane possessing two and three diamond cages, respectively.
For higher diamondoids, starting with tetramantane (four
cages), structural isomers can be formed.

Diamondoids show remarkable rigidity, strength, and
thermodynamic stability, as well as interesting electronic
properties [2], which may be of use in chemical, polymer,
and pharmaceutical applications, as well as in
nanotechnology.
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Moreover, there has been substantial interest in the
spectroscopic properties of this class of molecules from
an astrophysical view-point. Not only have nanometer-
sized ‘diamond-like’ molecules been found in meteorites
[3], the occurrence of these compounds as isolated gas-
phase molecules in the interstellar medium, has also been
suggested, based on the observation of infrared absorption
[4] and emission [5,6] bands around 3.5 pm (2880 cm™ ') in
the spectra of protostars as well as the post-AGB object
HR 4049 [6]. This band has been assigned to the tertiary
sp® carbon (i.e., carbon bound to three carbon atoms)
C-H stretching mode [7], but other explanations have also
been put forward [8,9]. Further evidence for the existence
of interstellar diamondoid molecules could be obtained
by comparing the complete vibrational spectra of such
diamondoids with astronomical data [10].

Although the very smallest members of the diamondoid
family can now be readily synthesized, this is not the case
for species larger than triamantane. Hence, in spite of the
wide interest in diamondoids, relatively few studies have
been reported on the characterization of these molecules.
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A recent breakthrough in diamondoid research was the dis-
covery that higher diamondoids can be isolated from petro-
leum, which was shown for species up to the size
undecamantane (11 cages) [11]. As a result, various analyt-
ical techniques including GC/MS and NMR have been
applied to identify and characterize these novel species [12].

From a spectroscopic point of view, only Raman spectra
of a selection of diamondoids with a size ranging from ada-
mantane to [121321]heptamantane have been published
very recently [13]. In addition, theoretical methods have
been applied to predict the vibrational spectra of some of
these molecules. An extensive computational study of
adamantane and some of its ionic and dehydrogenated
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Fig. 1. Higher diamondoid structures considered in this work. Hydrogen
atoms have been omitted for clarity; all structures are fully saturated. The
smallest member of the family, adamantane, is shown for comparison. The
arrow indicates the carbon atom where by the substitution of a hydrogen
atom for a methyl group, the 3-methyl-[1(2,3)4]Jpentamantane is formed.

radical species was reported by Yan et al. [14]. For the ada-
mantyl closed-shell cation, an experimental infrared spec-
trum was also obtained [15]. The Raman spectrum of
crystalline cyclohexamantane was interpreted with density
functional theory (DFT) calculations by Richardson
et al. [16]. An infrared spectroscopic study on deposited
diamondoid nanoparticles (5-350 nm in size) focusing on
the 3 um spectral range was successfully interpreted with
DFT computations on individual molecular diamondoid
structures, giving insight into the size dependence of the
spectra [17].

To our knowledge, no infrared spectra have to date been
reported for individual higher diamondoid molecules.
Moreover, no direct comparison between theoretical and
experimental spectra for these molecules has been reported.
In this contribution, we present the first infrared spectra for
a number of higher diamondoids, and present an analysis
based on DFT computations of the vibrational spectra.
The systems studied are diamantane, triamantane,
[121]tetramantane, [123]tetramantane, [1(2,3)4]pentaman-
tane, [12(3)4]pentamantane, and [12312]hexamantane
(cyclohexamantane), which are shown in Fig. 1. (Note that
we follow the nomenclature introduced in ref. [18].) In
addition, we present the infrared spectrum for the
[1(2,3)4]pentamantane molecule methylated at the position
of the arrow in Fig. 1 (3-methyl-[1(2,3)4]pentamantane).

2. Methods
2.1. Experimental

Higher diamondoid species (size going up to undec-
amantane) have been isolated from petroleum oil by vacu-
um distillation, high-temperature pyrolytic destruction of
non-diamondoid species combined with chromatographic
techniques [11]. The size and shape separations are per-
formed using high performance liquid chromatography in
ultrahigh purity. The molecules studied here are neutrals,
fully sp® hybridized molecules with completely hydrogenat-
ed surfaces plus one mono-methylated species.

The attenuated total reflection Fourier transform infra-
red (ATR-FTIR) spectra of the diamondoid molecules
were recorded with the use of a Thermo Nicolet Avatar
370 FT-IR spectrometer and an ATR accessory with a
ZnSe ATR crystal. The spectra of [12(3)4]pentamantane
and 3-methyl-[1(2,3)4]pentamantane were recorded in Bris-
tol (UK) at slightly higher resolution, using a Perkin-Elmer
‘Spectrum One’ FTIR spectrometer. The higher resolution
was required to better resolve the bands in the congested
spectra of these molecules. All spectra are obtained from
pure, powdered diamondoid samples, and measurements
were performed at room temperature. The intensity of
the ATR absorbance spectra are corrected for the penetra-
tion depth of the evanescent wave, which is proportional to
the wavelength.

One can notice that two enantiomers (P and M) exist for
the molecule [123]tetramantane. Since the light source used
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to obtain the ATR-FTIR spectra is not polarized, the spec-
trum recorded is not dependent on the enantiomer studied.
The structure of the P[123]tetramantane is given in the
Fig. 1, but the recorded spectrum corresponds to a racemic
mixture of the P and M enantiomers.

2.2. Computational

Geometry optimization and computation of the har-
monic vibrational frequencies were performed using the
Becke3LYP hybrid density functional [19] and Dunning’s
double =zeta basis set with polarization functions,
D95(d,p). This method has been shown to give reliable
results for numerous organic compounds, such as a large
variety of polycyclic aromatic hydrocarbons [20]. The com-
putations are carried out at an IBM cluster1600 system
located at the SARA Supercomputer center in Amsterdam
using the Gaussian98 program package [21].

The high symmetry of many of the systems was conve-
niently used to reduce the computational cost of the calcu-

Table 1
Empirical scaling factors for DFT computed frequencies

lations. All calculations converged and yielded no negative
frequencies. For comparison with the experimental spectra,
the calculated spectra have been convoluted with a 5cm ™!
FWHM Gaussian line profile (except for the spectra
recorded at higher resolution in Bristol, where a 2.5 cm™!
FWHM Gaussian convolution was used in the mid-infra-
red range).

Due to the generally substantial differences in anharmo-
nicity for the CH stretching modes in the 3 um spectral
range as compared to the modes in the mid-infrared range,
empirical scaling factors are commonly determined for the
two spectral ranges separately. In the 3 pm region, a scaling
of the computed frequencies was applied so that the most
intense peak matches exactly. In the mid-infrared range,
the scaling was (arbitrarily) chosen such that the strong
peak occurring around 1050—1150 cm ™' shows exact agree-
ment. Thus, average scaling factors of 0.986 and 0.947 are
found for the mid-infrared and CH stretching regions (see
Table 1), respectively, which appears to be nicely in accord
with the overall value of 0.961 reported for the B3LYP
functional [22]. Moreover, the 3 um scaling factor of
0.947 is very close to that of 0.946 reported by Chen
et al. [17] for computed harmonic frequencies of large dia-
mondoids using the same functional but with the 6-31G(d)
basis set.

3. Results and discussion

The spectra are displayed in Figs. 2-9, compared
“back-to-back” with the scaled computed spectra. As
expected, the spectra of the more symmetric species are
much simplified relative to those of the less symmetric
ones, even if they are bigger in size; a striking example

Formula Sym Frequency scaling

Mid-IR 3 um
Diamantane C4Hyg Dsy 0.9916 0.949
Triamantane CigHyy C,, 0.986 0.947
[121]Tetramantane CyHog Cy, 0.986 0.947
[123]Tetramantane CyHyg G, 0.988 0.948
[1(2,3)4]Pentamantane C,6Hzs T, 0.975 0.947
[12(3)4]Pentamantane CysHzp C, 0.985 0.941
[12312]Hexamantane CysHzg Dsy 0.990 0.948
3-Methyl-[1(2,3)4] Cy7Hay Cs, 0.976 0.945
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Fig. 2. Infrared spectrum of diamantane.
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Fig. 3. Infrared spectrum of triamantane.
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Fig. 4. Infrared spectrum of [121]tetramantane.

is observed by comparing the spectra of [123]tetraman-
tane (C,) with those of [1(2,3)4]pentamantane (T,) or
[12312]hexamantane (Ds;). On the other hand, one can
also notice that the spectra of two different molecules
belonging to the same symmetry group can be quite
different. Compare for example the spectra of adaman-
tane (see ref. [23]) and [I(2,3)4]pentamantane (both
T, symmetry) or diamantane and [12312]hexamantane
(both D3; symmetry). However, despite the dense spec-
trum for the lower symmetry species, the experimental-

versus-theoretical match in the mid-infrared frequency
range is usually acceptable. For instance, the spectra of
[123]tetramantane (Fig. 5) and [12(3)4]pentamantane
(Fig. 7), recorded at higher resolution because of the
highly congested mid-infrared spectrum, show good
agreement with theory.

At this point we could discuss the spectrum of each mol-
ecule individually, however, we have chosen to discuss the
cyclohexamantane spectrum in somewhat more detail and
then give a more general discussion of the spectra of the
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Fig. 5. Infrared spectrum of [123]tetramantane.
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Fig. 6. Infrared spectrum of [1(2,3)4]pentamantane.

remaining molecules. Experimental peak listings and com-
puted optimized structures for all molecules can be found
in the Supplementary material. The choice for hexaman-
tane is not completely arbitrary since due to the high sym-
metry of the molecule, it represents a relatively simple and
clean spectrum. Moreover, this particular higher diamond-
oid seems to have received more attention than others
recently [12,16]. It is the largest species in the series inves-
tigated here. Finally, we briefly investigate the effect of
methylation on the spectrum by discussing the spectrum

of 3-methyl-[1(2,3)4]pentamantane in somewhat more
detail.

3.1. IR spectrum of cyclohexamantane

[12312]Hexamantane or cyclohexamantane belongs to
the D3, symmetry group and this high symmetry simplifies
the infrared spectrum considerably. Of the 162 vibrational
modes, only those of A,, and E, symmetry are infrared
allowed. The E, modes are doubly degenerate. From the
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Fig. 7. Infrared spectrum of [12(3)4]pentamantane. The resolution of the calculated spectrum is 2.5 cm™".

[12312]JHEXAMANTANE
3 -
504
. " JM
_50,
_3 N
600 ‘ 860 ‘ 10bO ‘ 12b0 14b0 ‘ 1600 2700 ‘ 28b0 ‘ 29‘00 ‘ 3000

wavenumber (cm™1)

Fig. 8. Infrared spectrum of [12312]hexamantane.

comparison of the experimental and theoretical spectra
shown in Fig. 8, it is quite straightforward to obtain an
assignment for the majority of the bands. Some difficulties
are encountered in the 1250—1400 cm ™' range, where more
bands, and with more intensity, are observed than calculat-
ed. In the CH stretching range around 2800-2900 cm ', the
proximity of several very intense modes causes severe con-
gestion in the experimental spectrum, which makes a secure
assignment very difficult. The proposed assignments are

listed in Table 2, where those in the above mentioned wave-
number ranges should be regarded as tentative at best.
Table 2 shows that using the scaling factors of Table 1
gives a deviation of less than 5cm™! for all bands except
for the bands in the 1250-1400 cm ™' range. In addition,
for the band observed at 1445 cm ™!, assigned securely as a
CH, scissoring mode, the deviation of more than 20 cm ™!
appears to be anomalously large. In fact, two closely spaced
scissoring modes are predicted, one of E, and one of A,,
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Fig. 9. Infrared spectrum of 3-methyl-[1(2,3)4]pentamantane. A comparison with the 3-pm spectrum of its non-methylated counterpart is shown in the

inset.
Table 2
Infrared active modes of cyclohexamantane, experimental versus calculated
Calc freq (cm™") Intensity (km/mol) Sym Exp freq (cm™) Description
668.2 0.2 E, 665 Deform
758.9 0.2 Ay, 760 Deform
774.4 4 E, 775 Deform
867.1 0.1 Az, 865 CH, rock
873.5 0.02 E, 874 Deform/CH, rock
929.9 2 E, 931 Deform/CH, rock
943.0 2 E, 939 CC str/CH bend
952.1 1 A,y — CC str/CH bend
1027.9 1 E, 1026 CC str/CH bend
1063.9 4 E, 1058 CH, wag/CH bend
1073.0 19 Ay, 1074 CH, rock/CH bend
1084.0 0.1 E, 1088 CH bend
1118.2 0.1 E, — CH, twist/CH bend
1181.8 0.7 Az, 1178 CC str/CH bend
1210.3 1 E, — CH bend
1280.8 0.1 E, 1276 CH bend/CH, twist
1285.8 2 E, 1297 CH bend
1326.1 6 Az, 1311 CH bend
1366.8 2 E, 1337 CH bend
1368.1 0.3 Az, 1352 CH bend
1477.7 13 E, 1445 CH, scissor
1478.7 13 A, — CH,; scissor
2834.6 8 E, — CH str
2841.5 150 Az, 2847 CH str
2853.2 17 E, — CH str
2858.5 2 Ay, — CH str
2860.4 36 E, 2858 CH str
2870.1 293 Az — CH str
2877.9 418 E, 2874 CH str
2904.4 62 E, — CH str
2905.3 176 Az, 2906 CH str

character. The experimental band at 1445cm™' indeed
appears to be somewhat asymmetrically shaped suggesting
the presence of two unresolved bands. When the molecule

is viewed along the (100) crystal lattice plane, the modes cor-
respond to asymmetric scissoring of the CH, moieties on
diagonally opposing corners of the molecule.
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As impressive as the match for the frequencies is, the
intensity predictions are not all that excellent. Particularly
the relative intensities of the modes in the 1250-1400 cm ™
range are underestimated. Moreover, the intensity ratio
between the CH stretching range and the rest of the spec-
trum is not so well reproduced.

Analogous to for instance olefins and acetylenes, the
strongest CH stretching bands roughly correspond to col-
lective asymmetric stretching modes, though now along
one of the crystal lattice planes. For instance in cyclohex-
amantane, the band calculated at 2877.9 cm ™' corresponds
to the asymmetric CH stretching band in the (110) lattice
plane, the band at 2905.3 cm ™' oscillates asymmetrically
in the (111) plane, and the 2870.1 and 2841.5 cm ™' bands
in the (100) lattice plane.

3.2. General discussion of diamondoid spectra

Upon global inspection of all spectra, one clearly
observes large similarities between them. Many parallels
with the cyclohexamantane spectrum can be observed,
although the lower symmetry of most other species yield
a richer vibrational pattern. The general appearance of
the spectra could be considered as the spectral fingerprint
of the diamondoid class of molecules. Inspecting the spec-
tra more closely, four distinct groups of bands can be rec-
ognized in all diamondoid spectra. Visualization of the
calculated vibrational displacements allows one to roughly
assign a general mode description pertinent to the four
groups (see Table 3).

The modes around 2900 cm ™' (Group A) are of course
the CH stretching modes. Due to the very strong and over-
lapping bands and the broader line widths in the 3 pm
range, it is harder to recognize the quality of the match.
In some cases, it appears that the experimental bands are
more widely spaced than their computed counterparts. A
possible explanation could be strong anharmonic interac-
tions between closely spaced modes of equal symmetry,
which all have very similar CH stretching character.

A very recognizable group of modes in all spectra, most-
ly appearing as a doublet around 1450 cm ™' is due to two
or more CH, scissoring modes. These bands are clearly
identifiable throughout the spectra, mostly appearing as a
doublet. In [123]tetramantane, the low symmetry causes
further splitting into about four bands. In [12312]hexaman-
tane, where only a single band is observed, the computa-
tion predicts three bands with non-vanishing intensity

Table 3
General assignment pertinent to all molecules studied in four distinct
spectral ranges

Region (cm™') General description

Group A 2900 CH stretch
Group B 1450 CH,; scissor
Group C 1000-1400 CH, rock, wag, twist
Group D <1000 Skeletal deformation

within 1 cm™'. In all cases the bands are well reproduced
by theory, except for a consistent blue shift of the calculat-
ed frequencies of around 35 cm™'. A slightly smaller scal-
ing factor of about 0.966 on average appears to be more
appropriate for these modes. Compared to the average
scaling factor used for the mid-infrared range of 0.986
(see Table 1) this amounts to a discrepancy of 2 %.
Despite this discrepancy, the assignment appears to be
fairly secure on account of the consistency of the shift
and the recurring pattern of these bands throughout the
spectra (see Figs. 2-9).

The bands falling roughly between 1000 and 1400 cm ™!
have mostly CH bending and CH, rocking, wagging, and
twisting character. Toward the red end of this group, some
CC stretching character is found. Finally, in the long wave-
length part of the spectra, below 1000 cm ™', mostly skeletal
deformation modes are found and these modes have been
classified as belonging to Group D in Table 3. Comparing
the bands in Groups C and D to the DFT calculation, a
striking observation is the underestimation of their intensi-
ties (except some around 1050 cm ') by the DFT calcula-
tions. The reason for this discrepancy, that appears to be
a general feature in all diamondoid spectra, is at present
unclear. A possible influence of the basis set used was
investigated for the [l121]tetramantane molecule (see
Fig. 10). However, the underestimation of intensities in
Groups C and D is consistently reproduced upon using
basis sets ranging in size from 3-21G to cc-pVDZ.

As to the computed frequencies, one notices in Fig. 10
that the frequency scaling factor becomes closer to unity
as the basis set is increased, which is a well-known effect.
Interestingly, however, the CH,-scissoring modes (Group
B) appear to shift more than the other bands in the spec-
trum, such that the anomalous scaling factor mentioned
for these modes above, is almost completely corrected for
when using the cc-pVDZ basis set.

In conclusion, a global inspection of the spectra shows
that the match between theoretical and experimental fre-
quencies is reasonable for most of the bands in the mid-in-
frared range. This does, however, not apply to the relative
intensities, which are not so well reproduced. Although
intensities were corrected for the wavelength dependency
of ATR, there remains a significant discrepancy (a factor
of 3 approximatively) between the experimental and com-
puted intensity ratios for the mid-IR versus the 3 um spec-
tral ranges. Judging from the increased linewidth and the
more Lorentzian-like lineshape, it seems that this discrep-
ancy results at least partly from saturation in the 3 pm
range. It is, however, also known that while DFT usually
provides a good prediction of the frequencies, intensities
are not so reliably predicted. In addition, interaction of
the molecules with their solid environment may affect the
intensities differently for different vibrational modes. In
fact, for a number of polyaromatic molecules, Joblin
et al. [24] found that the CH stretching modes were atten-
uated by a factor of 3 in the solid-phase with respect to the
gas-phase. Although such an effect would indeed explain
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Fig. 10. Infrared spectrum of [121]tetramantane compared to (unscaled) calculated spectra using different basis sets.

here the observed discrepancies, only when gas-phase dia-
mondoid spectra become available can such a conclusion
be truly substantiated.

3.3. Methyl substitution at the surface of the cage

In addition to the pure diamondoid molecules, the infra-
red spectrum has been recorded for a methyl substituted
diamondoid: 3-methyl-[1(2,3)4]pentamantane (see Fig. 9),
where the H atom at the position indicated with an arrow
in Fig. 1 is substituted by a CH; group (thereby causing a
reduction in symmetry from T, to Cjs,).

With respect to the general appearance of diamondoid
spectra as described above, significant differences are
found. In the CH stretching region around 3 pm, the

calculation produces CH stretching modes localized on
the methyl group at 2930.1 and 2860.5 cm™', correspond-
ing to the CHj stretching modes parallel and perpendicu-
lar to the threefold symmetry axis, respectively. These
modes can be well observed in the experimental spectrum,
particularly when it is compared with the experimental
spectrum of the non-methylated [1(2,3)4]pentamantane
(see inset in Fig. 9). Though weak, additional bands are
observed for the methylated species at 2857 cm ™! and
around 2945 cm™! (we cannot explain the observation of
what appears to be a doublet at present). At the red
end of the CH stretching manifold, there appears to be
another additional band at about 2820 cm ™!, but the cal-
culation indicates that this band is due to the three degen-
erate CH stretching modes in the (111) lattice plane,



J. Oomens et al. | Journal of Molecular Spectroscopy 238 (2006) 158-167 167

which are red-shifted by about 10 cm™' in the methylated
molecule with respect to the non-methylated one.

In the remainder of the spectrum, it is not so easy to pin-
point the direct influence of the methyl group on the spec-
trum. Comparison of the spectrum with that of
unsubstituted [1(2,3)4]pentamantane (see Fig. 6) clearly
shows that additional bands appear, but inspection of the
corresponding normal modes indicates that they are due
to non-localized modes. It therefore appears that these dif-
ferences are mainly induced by the reduction of symmetry
from T, for [1(2,3)4]pentamantane to Cs, for 3-methyl-
[1(2,3)4]pentamantane.

Some local modes of the methyl group are computed
at 1369.7cm™~! (CH; umbrella) and 1457.0cm™! (CHj,
scissor), but they are not easily recognized in the exper-
imental spectrum, probably due to overlapping diamond-
oid bands.

4. Conclusion

We report in this paper the first infrared spectroscopic
characterization of several higher diamondoid molecules.
These experimental spectra, supported with density func-
tional theory calculations provide the spectroscopic finger-
print for this class of molecules. Among others, this may
strengthen a possible detection of this family of compounds
in different astrophysical objects, which has thus far been
based only on the observation of CH stretching bands
around 2850 cm~'. In general, a good agreement between
experiments and DFT computations was found, which
allowed us to identify several groups of bands correspond-
ing to certain classes of molecular vibrations. Finally,
methyl substitution on the diamondoid cage induced signif-
icant changes particularly in the 3 um range of the spec-
trum, which may help to evaluate their astrophysical
relevance.
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