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Triamantane was isolated from petroleum, per-fluorinated and the vibrational behaviour investigated by
experimental and theoretical methods. Close agreement was found between the experimental and calcu-
lated Raman spectrum. The surface vibrational modes are shifted to lower wavenumbers relative to
hydrogenated triamantane, due to the increased mass of the surface groups. The Raman spectrum of
the fluorinated molecule more closely resembles that of pure diamond compared with hydrogenated tri-
amantane. The absence of a peak at 1150 cm�1 for fluorinated triamantane suggests that this peak, often
seen in the spectrum of nanocrystalline diamond, cannot be attributed to vibrations of diamond
nanocrystals.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Large diamondoid hydrocarbons are rigid cage-structured mol-
ecules with unusual chemical and physical properties. They are of
interest both in their own right, as components of petroleum, and
also for various applications including seed crystals for the chem-
ical vapour deposition of diamond [1], building blocks for high
temperature polymers [2] and field emitters [3,4]. These molecules
are effectively H-terminated nanocrystals of diamond, approxi-
mately 1–2 nm in size, so their study assists in the interpretation
of experimental results for nanocrystalline diamond, such as the
assignment of peaks in Raman spectra [5].

The properties of these diamondoid molecules can be altered by
the substitution of hydrogen by various functional groups [6,7]. An
understanding of the effects of these substitutions on the proper-
ties of the molecules can be very useful for understanding, not only
their chemistry, but also the behaviour of nanocrystalline dia-
mond. In particular, it is important in the characterization of nano-
crystalline diamond to be able to distinguish between vibrations
associated with the nanocrystals themselves and those associated
with grain boundary and surface structures. It has been previously
suggested [5] that increasing the mass of the surface groups of dia-
mondoid molecules results in vibrational behaviour similar to that
of single diamond nanocrystals. Thus, it is interesting to determine
the changes in the vibrational behaviour of diamondoid molecules
that occur as the mass of the surface groups is increased, because
this can assist in understanding the vibrational behaviour of nano-
crystalline diamond. The vibrational analysis of adamantane
ll rights reserved.

.
).
(C10H16) in which the hydrogens were fully substituted for fluo-
rines (C10F16) has been previously reported [8]. This is now ex-
tended to the study of the fully fluorinated larger diamondoid
molecule, triamantane (C18F24, Fig. 1), henceforth termed F-tri-
amantane. The use of theoretical calculations of the vibrational
behaviour of diamondoid molecules has been found to be very
helpful in the interpretation of experimental results [7,8], so a
combination of experimental and theoretical techniques has been
used in this work.

2. Experimental and computational methods

Triamantane [9,10] was isolated from <345 �C (atmospheric-
equivalent boiling point) distillate cuts taken from gas condensate
feed stocks and under conditions previously described [6]. It was
then recrystallised from acetone to a purity of 99+% as determined
by gas chromatographic–mass spectrometric methods [6]. The
purified triamantane (1.0 g) was then triturated with 10.0 g of
0.24 mol anhydrous sodium fluoride and placed inside a fluidised
bed reactor. The reaction mixture was flushed with a flow of
50 sccm helium for 30 min and cooled to �78 �C. A flow of 2 sccm
99% fluorine (giving a 4% fluorine/helium mixture) was introduced
for 18 h, after which the helium flow was gradually reduced to
4 sccm (33% F2). After a total of �50 h, the helium flow was shut
off (100% F2) and the reactor was heated to increase the tempera-
ture gradually to 86 �C over �2 days. The fluorine flow was
switched off and the reactor was purged with helium. The solid
was extracted by a distillation technique with per-fluorohexane,
resulting in the isolation of 1.4 g of F-triamantane (82% purity).
The F-triamantane was purified by recrystallisation to 99% deter-
mined by GCMS.
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Fig. 1. Per-fluorinated triamantane (F-triamantane).

Fig. 2. Calculated and experimental Raman spectra for F-triamantane. The simu-
lated spectrum was generated with Lorentzian functions with a peak width of
2 cm�1; frequencies were not scaled.
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Raman spectra were acquired with a Renishaw 2000 spectrom-
eter, using a laser excitation wavelength of 514 nm (green). Spectra
were also obtained using two other laser wavelengths (UV 325 nm
and near-IR 785 nm), but these provided no additional informa-
tion. The crystals of F-triamantane (�0.5 mg) were placed onto a
glass microscope slide, and the laser focused onto the top surface
to obtain maximum signal. Spectra were recorded between 200–
1400 cm�1, the lower limit being determined by the cut-off filter
that blocked scattered laser light. The upper limit was chosen since
no peaks were observed higher than this value. The resolution of
the spectrometer was �5 cm�1, and the accuracy of the wavenum-
ber calibration across this range was �0.5 cm�1.

Calculations were carried out using GAUSSIAN 03 [11] with the
three-parameter hybrid functionals of Becke [12] and the correla-
tion functional of Lee et al. (B3LYP) [13] with a 6-31G* basis set
for both carbon and fluorine. This basis set was chosen as a com-
promise between speed and accuracy of the calculation; the same
basis set was used by Kovács and Szabó [8] in a similar theoretical
investigation of per-fluorinated adamantane. The geometry was
optimised with the Berny algorithm and vibrational frequencies
were calculated from the second derivatives of the energy with re-
spect to the Cartesian nuclear coordinates. Raman intensities were
calculated by numerical differentiation of dipole derivatives with
respect to the electric field.

3. Results

Analogously to the results of Kovács and Szabó for per-fluori-
nated adamantane [8], the average C–C bond length was found to
increase compared with fully hydrogenated triamantane (H-tri-
amantane). For triamantane, this increase was 0.017 Å, greater
than the increase for adamantane (0.013 Å). Further, our results
showed that the average bond length of the tertiary C–F was larger
than that of secondary C–F by 0.013 Å, in agreement with the re-
sults of Kovács and Szabó. This change in the C–F bond length oc-
curs because the positive charge on the carbon atom is higher for
secondary carbon than tertiary carbon, so the C–F bond length is
shorter for secondary carbon [14]. (Note that the calculations are
precise to three significant figures, so bond lengths are reported
to this level of precision, but it is unlikely that the results are accu-
rate at this level. Therefore, only changes in the bond lengths are
reported, rather than absolute bond lengths. Although the differ-
ence in the increase of the C–C bond length with fluorination be-
tween adamantane and triamantane is small (0.004 Å), the
comparison is valid because both were both calculated at the same
level of theory.) The F-triamantane molecule had lower symmetry
(C2) than the H-triamantane (C2v), in accordance with a general
trend for fluorination to disrupt molecular symmetry.

There is remarkably close agreement between the calculated
and experimental Raman spectra (Fig. 2). The experimental spec-
trum was measured down to 200 cm�1. There are some small
peaks in the calculated spectra below this, down to 90 cm�1, but
the intensity of these peaks was so small as to be insignificant,
so they are not shown in Fig. 2. The r.m.s. deviation between calcu-
lated and experimental wavenumber of the vibrations is 4.3 cm�1

(compared with 9.9 cm�1 reported by Kovács and Szabó [8] for a
similar study comparing experimental and calculated vibrational
spectra of per-fluorinated adamantane). While the frequencies of
the vibrations in the calculated spectrum match closely those in
the experimental spectrum, the match between the relative inten-
sities of the peaks is not as good, as has been noted previously for
other similar systems [7,15], particularly the ratio of the intensity
of the 1300 cm�1 peak to the intensities of the 200–700 cm�1

peaks. The tendency for the intensity of the �1300 cm�1 peak to
be overestimated relative to those at 300–600 cm�1 in the calcu-
lated spectrum has been previously reported for per-fluorinated
adamantane [16].

As for per-F-adamantane [8], the spectrum of the F-triamantane
has a strong, broad peak at �1300 cm�1, with a series of sharper
peaks mostly between 200 cm�1 and �500 cm�1. From the results



Fig. 3. Calculated spectra for F-triamantane and H-triamantane; for comparison,
experimental spectra for nanocrystalline diamond and pure diamond are also
shown.
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of the calculation it can be seen that the broad peak at �1300 cm�1

is composed of several (approximately equally intense) peaks at
1291 cm�1, 1297 cm�1

, 1305 cm�1 and 1329 cm�1 as well as a smal-
ler peak at 1300 cm�1. The peak at 1329 cm�1 appears as a separate
sharp peak in the calculated spectrum but only as a shoulder on the
broad peak in the experimental spectrum. The vibrations giving rise
to these peaks are discussed below.

As for H-triamantane [15], F-triamantane has 120 vibrational
modes (35A1 + 24A2 + 30B1 + 31B2) (an abbreviated list of the
vibrations is shown in Table 1; a full list is presented in the Supple-
mentary Material). The calculated spectra for both H-triamantane
and F-triamantane are shown in Fig. 3. For H-triamantane, there
are several peaks at higher wavenumbers, between 2990 cm�1

and 3050 cm�1, corresponding to CH stretching modes, but these
are not shown in this paper as we are only interested in a compar-
ison with F-triamantane.

The spectrum of H-triamantane shows many sharp peaks be-
tween �900 cm�1 and 1400 cm�1, most of which do not appear
in the spectrum of F-triamantane. For H-triamantane, the peaks
in this range correspond to strongly mixed CC stretching and CH
bending modes [5]. Replacing the hydrogen with fluorine results
in a shift in the surface bending modes to lower wavenumbers (be-
tween �200 cm�1 and �500 cm�1) due to the increased mass of
the substituent atoms. Similarly, it has been previously reported
that an artificial increase in the mass of the hydrogen terminating
species from 1 amu to 100 amu in the calculation for H-triaman-
tane causes separation of the bulk stretching modes and the sur-
face atom bending modes, thus removing the peaks associated
with mode mixing that are seen between �1000 and
�1400 cm�1 [5,17].

For H-triamantane, vibrations at low wavenumbers are CCC
bending modes [15]. For F-triamantane, due to the shifting of the
surface bending modes to lower wavenumbers, these surface
bending modes are mixed with the CCC bending modes, thus giv-
ing rise to a series of peaks at these wavenumbers. For example,
animations of an analogous cage deformation (CCC bending) mode
Table 1
Calculated vibrations of F-triamantane

mi Raman
shift
(cm�1)

Symmetry Raman
intensity

mi Raman
shift
(cm�1)

Symmetry Raman
intensity

12 214.0 A2 1.67 62 603.7 B2 1.03
13 218.8 A1 3.48 64 618.3 A1 2.64
14 231.2 B2 3.00 66 658.2 A1 15.3
17 241.2 A1 12.1 75 876.0 A1 1.24
23 261.4 A1 1.15 76 936.0 A1 1.91
24 262.0 B2 2.44 77 949.9 A2 2.97
26 268.3 B2 1.64 79 986.7 B2 3.13
27 270.7 A1 9.45 80 1009.5 A1 7.23
31 281.1 A1 4.52 87 1066.2 B1 3.43
32 282.4 A1 2.21 92 1124.0 A1 7.46
33 285.4 B2 7.67 95 1170.0 A1 20.5
34 285.9 A2 19.2 98 1177.6 B2 1.18
36 296.2 A1 18.5 101 1191.0 A1 9.00
41 325.3 B2 1.39 105 1226.7 B2 1.11
42 333.2 A1 28.4 106 1236.0 A1 2.78
43 365.5 B1 2.34 108 1243.3 A1 4.74
44 366.5 B2 7.13 109 1247.2 B2 5.20
47 385.7 A1 32.5 110 1252.6 B2 1.71
48 399.3 B1 18.3 111 1258.0 A1 1.46
49 407.0 A1 1.29 113 1277.8 A1 12.8
52 415.4 B1 6.41 114 1291.2 B1 79.1
54 436.0 A1 1.04 115 1296.9 A1 100.0
56 447.9 B1 1.11 116 1299.6 B2 30.3
57 502.3 A1 31.5 117 1300.6 B1 10.4
58 516.2 B2 1.33 118 1304.8 B2 90.7
59 562.1 A1 11.0 119 1305.8 A1 10.3
60 590.9 A1 1.06 120 1329.7 A1 79.8
for both H-triamantane and F-triamantane (Supplementary Mate-
rial) show the increased degree of surface bending that is mixed
with the cage deformation for the fluorinated molecule. Due to
the mixing with surface bending modes and the relatively high
mass of fluorine, the cage deformation is shifted to a lower wave-
number; the deformation giving rise to the peak at 648.6 cm�1 for
H-triamantane is seen at 261.4 cm�1 for F-triamantane.

The surface stretching modes are also shifted to lower wave-
numbers when hydrogen is substituted with fluorine, from
�3000 cm�1 for H-triamantane to �800–1300 cm�1 for F-triaman-
tane, so for F-triamantane there is mode mixing between the CC
and CF stretching modes at wavenumbers between �800 cm�1

and 1300 cm�1. Animations of the same CC stretching mode for
both H-triamantane and F-triamantane show the presence of sur-
face bending modes in the case of H-triamantane and CF stretching
modes for F-triamantane (Supplementary Material). This mode is
seen at 1340.4 cm�1 for H-triamantane and 1296.9 cm�1 for F-
triamantane.

Therefore, the results of this work correspond to the observa-
tion of Kovács and Szabó [8], who reported significant mixing of
the skeleton and ligand vibrations in fluorinated adamantane due
to the similar mass of C and F. Their results show predominantly
mixing of CCC bending and surface bending modes at low wave-
numbers and mixing of CC and CF stretching modes at higher
wavenumbers, in agreement with these new results for F-
triamantane.

The net result of the mixing of the CC and CF stretching modes
is that, for vibrations at wavenumbers above �900 cm�1, there is
no longer a significant difference in the behaviour of the surface
groups and the bonds through the rest of the molecule, so the F-tri-
amantane behaves as if it is a small diamond crystal. Therefore,
substituting the hydrogen with fluorine has a similar effect to
increasing the mass of the hydrogen terminating species to
100 amu, as was done in the work of Negri et al. [17] and Filik
et al. [5] to simulate the effect of confining a small diamond crystal
within an amorphous carbon network. Hence, the vibrations ob-
served at these wavenumbers begin to approximate those ob-
served for diamond (i.e. a single strong peak at 1332 cm�1

corresponding to the zone-centre mode, Fig. 3), with the only
vibrations being a relatively small number of strong stretching
modes at �1300 cm�1. Similarly, Kovács and Szabó [8] observed
only a single broad peak at �1300 cm�1 in the experimental Ra-
man spectrum of F-adamantane (determined by calculation to be
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composed of several vibrations very close in frequency). When the
mass of the hydrogen terminating species of the adamantane
derivative C84H64 was increased to 100 amu [5], the signal corre-
sponding to the diamond zone-centre mode occurred at
1317 cm�1. For F-triamantane, this signal occurs at 1329 cm�1.

It could be expected that further increases in the mass of the
substituent atom would lead to a further decrease in the wave-
number and intensity of peaks in the spectra corresponding to
the surface bending modes, along with the further convergence
of the CC and surface stretching modes to a single strong peak at
�1300 cm�1. This is in agreement with the predictions of Filik
et al. [5], who suggested that surface termination of an adaman-
tane derivative with a heavy substituent, such as bromine, rather
than hydrogen, would produce a Raman spectrum very similar to
that of diamond.

As the mass of the surface groups increases and the vibrational
behaviour of the diamondoid molecule more closely resembles
that of a small piece of pure diamond, the differences between
the calculated spectrum of the isolated diamondoid molecule and
the experimental spectrum for nanocrystalline diamond can be
used to distinguish between peaks that are due to diamond nano-
crystals and those that are due to defects or grain boundary struc-
tures in nanocrystalline diamond. The absence of a peak at
�1150 cm�1 in the spectrum of F-triamantane suggests that this
peak, which is observed in the vibrational spectrum of nanocrystal-
line diamond (Fig. 3), is due to such grain boundary structures,
rather than to diamond nanocrystals, in agreement with previous
studies [5].

4. Conclusions

F-triamantane has been successfully synthesised and the vibra-
tional spectrum reliably reproduced by calculation at the B3LYP/6-
31G* computational level. Compared with H-triamantane, the
vibrational spectrum more closely resembles that of pure diamond,
with stretching modes at �1300 cm�1 dominating the spectrum
and the surface bending modes shifted to lower wavenumbers.
No peaks were found at �1150 cm�1, suggesting that the peak at
this wavenumber observed in the Raman spectrum of nanocrystal-
line diamond must be due to grain boundary structures, rather
than to vibrations of the diamond nanocrystals.
Acknowledgements

The authors gratefully acknowledge the assistance of Natalie
Fey with GAUSSIAN03, James Smith and Keith Rosser for help with
the Raman system, and the Ramsay Memorial Fellowships Trust
for funding.
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