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Abstract

A selection of diamondoid hydrocarbons, from adamantane to [121321] heptamantane, have been analysed by multi-wavelength laser Re
spectroscopy. Spectra were assigned using vibrational frequencies and Raman intensities were calculated by employing the B3LYP functiona
the split valence basis set of Schafer, Horn and Ahlrichs with polarisation functions on carbon atoms. The variation of the spectra and associ
vibrational modes with the structure and symmetry of the molecules are discussed. Each diamondoid was found to produce a unique Ra
spectrum, allowing for easy differentiation between molecules. Using the peak assignments derived from the calculations we find that the |
frequency region of the spectra, corresponding to CCC-bending/CC-stretching modes, is particularly characteristic of the geometric shape of
diamondoid molecules.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Use of the systematic von Baeyer nomenclature for
polymantanes is somewhat counter-productive, with even
Since the discovery of adamantane from petroleum in 193%he simple triamantane being correctly referred to as
[1], there has been great interest in the properties of this ondeeptacyclo[77.1315.01-12.0%7 0*13 06.1Y]octadecane. Luckily,
unique cage-structured molecule. Some years later it was joineglith an impressive display of foresight, the problem of naming
by diamantang2] to form the two smallest examples of a se- these newly discovered molecules was tackled in 1978 by Bal-
ries of molecules known as “diamond hydrocarbons” or dia-aban and von Schleyg8]. To avoid the adoption of a plethora
mondoids. Synthetically, chemists managed to reproduce thesd trivial names to categorize isomeric polymantanes, they used
structures in the laboratofg] and go two steps further, produc- graph theory to formulate a manageable numerical prefix, based
ing both triamantangl] and a tetramantane that bore structuralon the relative positions of the centres of the fused adaman-
resemblance to butane in its anti conformatjbh For larger  tane units. This prefix is followed by the Greek numeral for
systems, the huge number of potential intermediates, reactidhe number of adamantane units and the suffix “mantane”, e.g.
pathways, and complex reaction schemes has prevented the syh(2,3)4] pentamantane. Without delving too deeply into the
thetic production of higher polymantanks. conventions of this classification, there are a few simple ob-
In 2003, MolecularDiamond Technologies used vacuum disservations relevant to this paper. The smallest diameter “rod”
tillation and a combination of chromatographic techniquesof diamondoid has a prefix that consists solely of alternating
to isolate a range of diamondoid moleculg3, again from ones and twos. For example [1212] pentamant&ig () is
petroleum. For the first time, diamondoids, from tetramantanea “rod-shaped” diamondoid containing five adamantane units.
to an undecamantane, were available. Flat diamondoid molecules that just extend in two dimensions
only have ones, twos and threes in their prefix, e.g.[12312] hexa-
mantane Fig. 1(n)) is a “disc-shaped” diamondoid containing
_— six adamantanes. Following from this, when a prefix contains
* Corresponding author. Tel.: +44 1173317555. . . .
E-mail addresses: jacob filik@bris.ac.uk (3. Filik), Paul May@bris.acuk ~ ON€S: tWos, threes and fours, the diamondoid networkiis extended
(P.W. May). in all three dimensions, e.g. [1(2,3)4] pentamantdtig.(1(h))
URL: http:/iwww.chm.bris.ac.uk/pt/diamond.. is a tetrahedron made of five adamantane units. Only pentaman-
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Fig. 1. Diamondoids studied in this experiment, (a) adamantasidg T, (b) diamantane GHyo D3g, (C) triamantane gH24 Coy, (d) [121] tetramantanefgH2g
Con, (€) [1(2)3] tetramantane LgHzg Cay, () [123] tetramantane £Hs Cp, (g) [1212] pentamantanesgHsz Coy, (h) [1(2,3)4] pentamantaneygHs, Tq, (i)
3-methyl-[1(2,3)4] pentamantaneftiszs Cay, (j) [12(3)4] pentamantanegHsz Cs, (K) [1213] pentamantaneyHsz Cy, (1) [1234] pentamantanefHs2 Ca, (M)
[12(1)3] pentamantanefHs2 C1, (n) [12312] hexamantanexgHzg D3q, (0) [121321] heptamantanegHzs Cs.

tanes or larger can extend in three dimensions, tetramantaniss[12312] hexamantanfgl 6] (often referred to as cyclohexa-
are always flat and their prefix will only contain ones, twos ormantane), but the spectral assignment was based on semiem-
threes. pirical (AM1) calculations on adamantane, and is therefore not
Laser Raman spectroscopy is a popular characterisation tecbempletely reliable. Despite there being very little experimen-
nigue used to probe the structure of materials. The Raman speted Raman data for other diamondoids, interest in the theoretical
tra of adamantane and several of its derivatives have been studiedlculations of the molecular vibrational frequencies and Raman
on many occasions and in great def@jlL0]. These experiments intensities is growing17,18]
were conducted on the solid phase and to a good approximation Conversely, intermolecular studies focus on the low
it was possible to divide modes into intramolecular and interwavenumber region (sub 300 c#) and are concerned with the
molecular. motion of molecular units in the crystal relative to each other.
The intramolecular studies concentrate on the high wavenunBuch studies are usually performed over a range of tempera-
ber region (above 300 cm) of the spectrum and in general use tures to observe solid-solid phase transitif%20] The most
theoretical calculations performed on a single molecule to assiselevant example of this is the plastic transition in adamantane.
with the mode assignmefitl]. Very recently, Jensel®] pub-  Atlow temperature, crystalline adamantane has the space group
lished a highly detailed assignment of the normal modes ofV|braD 5q With two molecules per primitive unit cell. Raising the tem-
tion of both adamantane and deuterated adamantane, producipgrature to above 209 K produces a phase transition to the plastic
normal mode based empirical correction factors at the Hartreestate. During this transition the sharp but weak low frequency
Fock, DFT (B3LYP) and MP2 levels. In other wdgilQ] attempts  lattice modes observed in the Raman spectrum become a broad
have been made to correlate the Raman spectra of adamantamieg [19], tentatively assigned to disorder-induced scattering in
and diamantane with that of nanocrystalline diamond. Howevetthe Raman disallowed first-order spectrum of the high tempera-
it is now widely accepted that any peaks found in the Ramarture structure.
spectrum of a chemical vapour deposition nanocrystalline dia- We now present the first general study of the Raman spectra
mond film, excluding the diamond 1332 ctBrillouin zone  of a large family of diamondoids. In this investigation, the ef-
centre mode, are due to non-diamond phases of cditin  fects of variations in structure and symmetry on the intramolec-
Adamantane derivatives also studied by this combination ofilar vibrations of a selection of diamondoid molecules, from
Raman spectroscopy and computational methods include Zdamantane to [121321] heptamantdfig.(1), are analysed by
adamantanong 1], 1,1-biadamantangl3], perfluoroadaman- Raman spectroscopy. Assignments are made using vibrational
tane[14], and the antiparkinson drug amantadjbg]. To date  frequencies and Raman intensities calculated at the B3LYP level
the largest diamondoid to be analysed by Raman spectroscopy theory. Spectra are compared and contrasted with respect to
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the molecular geometries of the diamondoids with special atterand lower luminescence. All chiral diamondoids were present
tion being paid to any modes that may be structurally diagnosticaas racemic mixtures.

Fig. 1depicts the relationships between all the diamondoids Calculations were performed using GaussiafZi3, using
included in this study. The first three structures, adamantanthe standard B3LYP functional and the split valence basis set
(a), diamantane (b), and triamantane (c), are the only isomers Schaefer et al[22] with polarisation functions on carbon.
possible constructed of one, two or three adamantane units. Raman intensities were calculated by numerical differentiation
further unit can be added in eight distinct ways, producing [121pf dipole derivatives with respect to the electric field.
tetramantane (d), [1(2)3] tetramantane (e), and both enantiomers
of the chiral [123] tetramantane (f). 3. Results

All the other diamondoids in this study are built by the addi-
tion of further adamantane units on the base of these four struc- The experimental and calculated Raman spectra for all di-
tures with the exception of (i) which results from methyl additionamondoids analysed in this study are displayedétigs. 2 3,
to (h). The pentamantanes can be split into two groups; thosg 8-1Q All modes in the calculated spectra are displayed as
whose structure can only be related to a single tetramantane, ahdrentzians, each with a full-width half-maximum of 5cf
those whose structure is based on a combination of two or alAll spectra have been split into two groups, the higher frequency
three tetramantanes. The first group contains [1212] pentama@H stretch region (2800-3100 crf) and the lower frequency
tane (g), [1(2,3)4] pentamantane (h), and chiral [1234] pentaregion. The CH stretch modes are approximately three times
mantane (I), whose structures are uniquely based on [121] tetraore intense than the other modes, and have been normalised to
mantane, [1(2)3] tetramantane and [123] tetramantane, respettie strongest peak. The lower frequency region of the spectra are
tively. There is predicted to be a further pentamantane, [1231formalised to the strongest mode in the region 1100-1306 cm
pentamantane, uniquely related to [123] tetramantane, which isot withstanding the occasional signal of high intensity at around
the base pentamantane for [12312] hexamantane (n), but this h580 cnt L.
not yet been isolated, and may not even be stable due to steric Looking at the width of the bands corresponding to CH
interactions between two specific neighbouring hydrogens. Thstretches compared to those associated with the lower frequency
second group contains chiral [1213] pentamantane (k) (relateshodes we find the CH stretching bands are considerably broader.
to [121] and [123] tetramantanes), [12(3)4] pentamantane (jThis has been observed previously in adamanfh®and was
(related to [123] and [1(2)3] tetramantanes) and chiral [12(1)3found to reduce considerably on cooling to below the plastic
pentamantane (m) (related to [121], [1(2)3] and [123] tetramanphase transition at 209 K. The cause of this broadening is un-
tanes). This inherent ordering permits the grouping of this seledenown but is speculated to be caused by coupling of the high
tion of diamondoids by their root tetramantane(s), producing fivédrequency modes to the crystal disorder.
groups, adamantane to triamantane, then three groups uniquely The use of this level of theory and a split valence basis
derived from and including all tetramantanes, and finally penset to calculate vibrational frequencies and Raman activities of
tamantanes that can be made by addition to either of two cadamantane and its derivatives has been found to successfully
all three tetramantanes. [12312] Hexamantane (n) and [121321§produce experimental specfgall]. Differences between the
heptamantane (0) are analysed in their own section due to ttealculated and experimental spectra were found to be most pro-
absence of [1231] pentamantane that would help relate [12312jounced in CH/CH bending vibrations, also noticed in our data.

hexamantane to [123] tetramantane. The causes of these deficiencies are uncertain but they are mostly
likely due to use of a relatively small basis set or the effect of
2. Experimental and computational details intermolecular interactions in the condensed phase.

Raman spectrawere measured using RenishawinVia (488 n&l. Adamantane, diamantane, and triamantane
Ar*, 2400 I/mm grating) and 2000 (514 nmAtaser, 785 nm
diode laser, 1200l/mm grating and 325nm He-Cd laser, We start with the simplest example. Adamantane has 72 vi-
2400 I/mm grating) spectrometers. No wavenumber dispersiobrational modes, 111+ 7T; + 6E+ 1A, + 5A;. The T; and
was observed with the change in excitation wavelength. Changés, vibrations are not Raman active, leaving 22 possible Ra-
in relative peak intensity were noticed, but are most likely at-man signals. Comparing the experimental and calculated spectra
tributable to the system response function of each spectrometdFig. 2) we find that only half these modes are intense enough
All the spectra presented here were produced using the 488 nto be observable experimentally. The CH stretch region con-
system, chosen because of its superior resolution and flat systesists of six broad vibrations, three of which are so close in en-
response function. ergy they are unresolvable (experimental frequency 2848 ¢m
Spectra were studied in the range 200-3200tand could  calculated frequency 3005 crh E + A1 + T2). The vibration
be split into two distinct regions, the “CH stretch region” be- with the highest Raman intensity is the fully symmetrig A
tween 3100 and 2800 cmh and the “CH bend, CC stretch re- mode (experimental frequency 2916 chicalculated frequency
gion” between 1600 and 200 crh 3039cnt?! and intensity 6544amu). The lower wavenum-
Diamondoid samples varied in size from small single crystalder region contains five strong Raman bands, the most in-
(sub 1 mm) to fine powders. Generally, the single crystals protense of which being the doubly-degenerate,GWlist mode
duced a superior spectrum, with a higher signal-to-noise ratiexperimental wavenumber 1220cth calculated wavenum-
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Fig. 2. Experimental and calculated spectra for (from bottom) adamantane (a), diamantane (b) and triamantane (c).

ber 1238 cmt and intensity 2« 46A%4/amu). The other visible ing of CH twisting motions strongly mixed with CH wagging
modes are the fully symmetriciACC stretch (breathing) mode Mmodes. Both adamantane and diamantane have sig@iips,
(experimental wavenumber 757 ¢ calculated wavenumber and group theory shows that in both there should be only one
759cn! and intensity Zﬂ“/amu), a § CC stretch/cCC Eg/E CHxtwist. This suggests thatthe appearance of more inthe
bend mode (experimental wavenumber 971 éncalculated — SPectrum must be due to mixing with extra CH wag/CC stretch
wavenumber 985 crit and intensity 3x 12,&4/amu), aT CHp Eg modes produced by the larger structure of diamantane. The
rock/CH wag mode (experimental wavenumber 1097mal- ~ majority of the peaks in the diamantane spectrum can be traced
culated wavenumber 1126 crh and intensity 3« 4A4/amu) back to similar peaks in the adamantane spectrum, which have
and finally an E CH scissor mode (experimental wavenumberbeen complicated by mixing induced by extra modes of the same
1435cnt?, calculated wavenumber 1469 chintensity and ~ Symmetry at similar energies.
2 x 29A%/amu). The addition of another adamantane unit produces triaman-
Diamantane has 96 vibrational modes, lé_A_ 6A1, + tane WhICh has 120 V_il?rational modes, 3_5A25A2 + 29B; +
5A2q + 10Az, + 16 + 16E,. Only the Aygand E speciesare  31B2. Again, the addition of another unit has reduced the sym-
Raman active, leaving 27 Raman active vibrational modes. Exhetry of the molecule. From adamantane to diamantane this
amining the experimental and calculated spediig.() we find ~ had little effect, as in both only some limited symmetries were
22 visible Raman signals. Comparing the adamantane and diiaman active. In triamantane, the symmetry has decreased to
mantane spectra we find similar broad high wavenumber Ct¥2v, SO all modes are now Raman active, producing 120 pos-
stretch modes and the sharper lower wavenumber modes. Ogible signals in the Raman spectrufig. 2). This increase in
serving the CH stretch region we find that both have six Ramafolecule size and decrease in symmetry means we now have
signals, produced by similar nuclear displacements, but in dia20 intense CH stretch vibrations in the same 100 tmegion,
mantane only two modes are close enough to be unresolvabl#hich produces a very poorly resolved experimental signal.
and hence giving the extra peak in the spectrum. Looking atthe For the lower frequency region, the agreement between
lower wavenumber range, there seems to be a reasonable corfae experimental and calculated data appears to decrease. For
lation between the peak positions in the spectra of adamanta@lamantane and diamantane, the only major inconsistencies in
and diamantane, but there are more peaks present inthe d|améhe calculated intensities were the underestimation of the breath-
tane spectrum. For example, the single peak at 122G émthe  ing modes (757 cm' in adamantane, 708 cm in diamantane)
adamantane spectrum is replaced by two signals in the diama@nd the overestimation of the Glscissor modes (1435 cm)
tane spectrum. Looking at the nuclear displacements associatéglative to the~1220 cn! CH; twist modes. As the complexity
with these vibrations, we find that all three aggriodes consist-  0f the Raman spectra increases the deficiencies in the calculated
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Fig. 3. Experimental and calculated spectra for (from bottom) [1(2)3] tetramantane (e), [1(2,3)4] pentamantane (h) and 3-methyl-[1(2,3Algen(gnSpectra
have been normalised to the most intense signall&00 cnT?, higher intensity peaks are shown as dashed lines.

intensities become more prominent. The calculated spectrufiltom Cy, to Csy, meaning that of the 144 vibrational modes
for triamantane still has the same discrepancies as the adamg@9A; + 19A; + 48E), we would expect a maximum of 77
tane and diamantane calculations but there is also disagreemegmaks in the Raman spectruRid. 3), considerably less than for
in the intensity of vibrations in the region aroundl300 and triamantane due to the presence of doubly degenerate E modes
~1100cnT!. This type of disagreement is not wholly unex- and the A modes being Raman inactive im@nolecules. De-
pected for calculations performed on molecules of this size duspite the fewer expected signals there are still 15 intense CH
to the limitations in the size of basis 4étl]. The most promi-  stretch vibrations, again making this region of the spectrum
nent signals in the low wavenumber region are two close pealggoorly resolved. The lower wavenumber region does not have
at 1197 and 1222 crit similar to those observed in the diaman- notably fewer peaks than triamantane, since although triaman-
tane spectrum, both of which are assigned to CH wag motionsane has 120 Raman active vibration modes not all of them will
and the 681 cm! cage deformation (CCC bend, CC stretch)induce asignificant change in polarisability in the molecule, nec-
which, again, also has an analogous peak in diamantane. A&ssary for an experimentally observable Raman signal. Again
well as these modes there is a large abundance of weaker modésre are two intense E GHwist modes (1177 and 1211 crh
throughout the 400-1500 cth region produced by the larger similar to those observed in the diamantane spectrum. But, as in
structure of triamantane and the absence of symmetry forbiddehe triamantane spectrum, the relative intensities of the neigh-
vibrations. bouring peaks are different in the calculated spectrum compared

As mentioned above, the attachment of an additional adamare the experimental spectrum. The most noticeable difference be-
tane unit to triamantane can occur in four distinct ways, productween the low wavenumber region of [1(2)3] tetramantane and
ing two distinct molecules and a pair of enantiomers. In the nexthe other diamondoid molecules studied so far is the increase in
section, we shall study addition to the central unitin triamantanéntense signals in the CCC bend/CC stretch deformation region.
producing [1(2)3] tetramantane (e), and further addition to thid=rom adamantane to triamantane there has been only one strong
to produce several pentamantane derivatives. signal, decreasing in wavenumber (from 757 to 681 tmas
the molecular size increases. The same peak is still present in
[1(2)3] tetramantane, but for the first time there are peaks with
greater intensity at a lower wavenumber. The 659 twibra-
tion involves stretching of the molecule parallel to theaXis,

The addition of an adamantane unit to the middle unit inwhereas the more intense 505chvibration is stretching per-
triamantane produces [1(2)3] tetramantanextGsg), trivially pendicular to this axisHig. 4). The experimental intensity of this
referred to asi$o-tetramantane”. This increases the symmetryperpendicular stretch is over twice as large as any other mode

3.2. [1(2)3] Tetramantane, [1(2,3)4] pentamantane and
3-methyl-[1(2,3)4] pentamantane
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in the 200-1500 wavenumber region but in the calculated spec- () [1234] Pentamantane
trum it is only half as intense as the strongest@Wist mode. 3 Dimensional
This appears to be another region where only limited accuracy *"s°pic
can be achieved because of the large size of the systems. Peak
assignment is still possible but the accuracy of the calculated vi-
brational frequencies is considerably better than the intensities.

AS mentioned _above’ [1(2)3] te”'amantahe is formed byFig. 5. The five diamondoid structural groups. The molecules on the right are
adding an extra unit to one of two equivalent sites on the centradentical to those on the left but rotated*9round thex-axis, which is shown
part of triamantane. Addition of a further unit to the other of theseas a dotted line.
sites then leads to the smallegt§ymmetry polymantane after
adamantane, [1(2,3)4] pentamantanest®o). [1(2,3)4] Pen-
tamantane has 168 vibrational modes, 24T18T; + 14E+ [12] respectively, if they were not unique isomers. [1(2)3] Tetra-
4A; + 10A;, but because of the double or triple degeneracy ofnantane is two-dimensional and has an isotropic structure i.e.
some of the vibrations, and the, Bind A modes being Ra- symmetrical, disc-shapedrig. 5b)). [1(2,3)4] Pentamantane
man inactive, there is a maximum of 48 signals in the Ramaiis a three-dimensional isotropic diamondoid, its structure being
spectrum Fig. 3). The high symmetry of this particular poly- a tetrahedral arrangement of five adamantane units. The peak
mantane suggests that it may be rewarding to compare its Raccurring at~680 cn! in all spectra except adamantane and
man spectrum to those of adamantane and [1(2)3] tetramafit(2,3)4] pentamantane is assigned as a breathing mode across
tane. The CH stretch region of the Raman spectrum of [1(2,3)4& section which is one adamantane unit wiiéy( 4 shows
pentamantane contains eight vibrations which produces threais for [1(2)3] tetramantane). [1(2,3)4] Pentamantane does not
broad peaks, bearing closer resemblance to the same region frdrave a peak at+680 cnT! because it is not two-dimensional,
adamantane than from [1(2)3] tetramantane. The CCC bend/C@ere is no part of its structure that is only one-adamantane-unit
stretch range, on the other hand, correlates better with that froiecross. Adamantane is a special case because all of its dimen-
[1(2)3] tetramantane. The only intense low wavenumber vibrasions are one-adamantane-unit wide, and its equivalent peak is
tion in the adamantane spectrum occurs at 757%rar from  at 757 cnt?, the lowest wavenumber strong Raman signal. The
the 518 cnt! mode in [1(2,3)4] pentamantane, whereas [1(2)3]hypothesis that a strong peak-a80 cnm ! can be used to iden-
tetramantane (as mentioned above) has both a peak at 659 aifgl a two-dimensional diamondoid (i.e. one whose structure is
at 505 cnt®. Up to [1(2,3)4] pentamantane, the Raman spectrane-adamantane-unit wide) will be tested further as this study
of all diamondoids (with the exception of adamantane, a speciarogresses.

case) have displayed a peak at or close 680 cnt!. So what Still looking at the low wavenumber region, both [1(2)3]
is it about the structure of [1(2,3)4] pentamantane that removetgtramantane and [1(2,3)4] pentamantane display reasonably in-
the Raman active vibrational mode at this wavenumber? tense peaks below 450 cthwhich only start to appear when

Looking at the structures of the diamondoid molecules in thigshe polymantane structure is large, due to vibrations featuring
study, we can put them all into one of five groupfy( 5. Dia-  quaternary carbon CCC bending. Yet again, the most intense vi-
mantane and triamantane are both one-dimensional rod-shapkethtion in the low wavenumber region (excluding the breathing
diamondoidsftig. 5a)) and would have the prefixes of [1] and mode) is an E Chltwist mode.
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For [1(2,3)4] pentamantane there are also discrepancies bigar. The main differences are caused by the slight differences
tween the observed and calculated spectra in~+46€0 and in frequency of the A and E modes produced by the breaking
~1300cnt! areas as observed for [1(2)3] tetramantane. lof the T, modes by symmetry. There is also a small peak at
would be useful to see the effect of a larger basis set on the cat-2950 cnt! in the methyl-pentamantane spectrum due to the
culated spectrum but is not feasible on a molecule this size usinGH stretching mode of the GHyroup. Studying the calculated
B3LYP, butitis possible using Hartree—Fock. Recalculating thdrequencies and intensities in this region shows that there are
vibrational frequencies and Raman intensities of [1(2,3)4] penRaman active modes of E symmetry that have gone over from
tamantane with Hartree—Fock theory and the same basis set, Wweactive T; modes, but their intensities are low compared to the
find that the frequencies are considerably worse, but there is libther CH stretch modes-@30 times weaker than the most intense
tle change in the intensities. This suggests that correlation ha3H stretch). The lower frequency regions of the two spectra are
little effect on calculated Raman intensities. If again we recaltemarkably similar, but again, there are a few cases of peak split-
culate using Hartree—Fock with the larger 6-311+G(2d,p) basing. A prime example of this is the change from a single strong
set, we find that this does have a positive effect on the calculatel, vibration at 1061 cm® in the [1(2,3)4] pentamantane spec-
intensities compared to the experimental data. The most obviousum to three E modes in the methylated pentamantane spectrum,
deviation in the smaller basis set calculation is the gross undewhich cannot easily be assigned as corresponding td 4 or
estimation of the intensity of the 518 cthbreathing mode. In  E modes of the J parent structure due to strong mode mixing.
the experimental spectrum this mode is over twice as intense as
any other in the non-CH stretch region, whereas in the smallet.3. [121] Tetramantane and [1212] pentamantane
basis set calculation it is half as intense as the strongest mode.

With the larger basis set, the calculated intensity of the breathing The base tetramantane considered in this section is
mode increases to be the strongest peakinthe non-CH stretch [@21] tetramantane (£3H2s, Cop), trivially called “anri-
gion, a clear improvement over the smaller basis set calculatiotetramantane”. [121] Tetramantane has 144 vibrational modes,
In general, the overall “shape” of the larger basis set spectrum0Ag + 33A, + 32By + 39B,, producing amaximum of 72 Ra-

is significantly closer to the experimental than the smaller basisman fundamentals{g. 6) due to the inactivity of the Band A,

set, but there is still some disagreement. It would be useful to trynodes. The majority of the polymantanes remaining are large
even larger basis sets but itis not currently feasible for molecule§&>50 atoms) with low symmetry<Cy,). Thus we ignore the

as large as [1(2,3)4] pentamantane. CH stretch and Chltwist/CH wag modes due to the growing

Recent work by Richardson et 48] used the Perdew— complication in extracting information from the increasingly
Burke—Ernzerhof generalized-gradient approximation (PBE)arge number of peaks in these regions. Instead, we shall con-
for the exchange and correlation functions and a very large basientrate upon the very low wavenumber modes (sub 803 m
set to study the Raman spectrum of [12312] hexamantane. Thas these are still easily resolvable and should be characteristic
general shape of their calculated spectrum (intense breathirgf the unique structural features of each diamondoid. All the
mode, weak CHl scissors) is considerably better than the onediamondoids examined so far should be identifiable by using
displayed here. Test calculations using the same PBE function#iis lower wavenumber region as a fingerprint for the molecule,
but the smaller SV basis set yield similar intensities to thosevith the possible exception of [1(2,3)4] pentamantane and its
obtained with B3LYP, suggesting that the accurate intensitiealkylated derivative, which can be differentiated by the highest
produced by Richardson et al. are due to the basis set. wavenumber mode in the CH stretch region. The polymantanes

As well as [1(2,3)4] pentamantane we have also examineddamantane through to triamantane exhibit only one very intense
an alkylated version, 3-methyl-[1(2,3)4] pentamantapgH3s.  mode below 800 cm!, so can be distinguished by the specific
Replacing the hydrogen atom at one of the apexes with a methywavenumber of each mode. All others should be identifiable by
group reduces the symmetry of the molecule tp With the ad-  a few relative peak intensities and positions.
dition of only three atoms, increasing the number of vibrational Returning to [121] tetramantane, as with the other one- or
modes by 9 to a total of 177, 3@A- 23A2 + 59E. Because of two-dimensional diamondoids studied so far, there is a very
the reduction in symmetry the number of possible Raman signalstrong peak at 680 cnt, but another interesting trend is also
increases from 48 to 95 gMot active in Gy), which is far more  noticeable. Comparing the area around this peak in diamantane,
than might be expected from just the addition of three atomstriamantane, and [121] tetramantane, we find there is always a
Comparing the spectr&ig. 3) of these two molecules should very weak accompanying peak50 cnm ! lower which is ab-
give an insight to the effect of symmetry on a Raman spectrunsent in the spectrum of [1(2)3] tetramantane. If we look at the
The reduction of symmetry is such that asymmetry vibration  series of molecules, diamantane, triamantane and [121] tetra-
of a Ty molecule will give rise to two vibrations, of Aand E ~ mantane, (b)—(d) ifrig. 1, it is clear that on each occasion an
symmetry, in Gy, while a T; vibration will give rise to two vi- adamantane unit is added to the end of the structure, producing
brations of A and E symmetry. This shows how a near doublingthe effect of “growing” the molecule in one direction. This leads
of the number of Raman active vibrations results from the addito the conclusion that the appearance of this pair of peaks is an
tion of three atoms. But do these new E symmetry modes createddication that the particular diamondoid is rod-shaped (group
from T1 modes induce a significant change in polarisability anda) in Fig. 5) i.e. its prefix would contain only alternating ones
hence produce new peaks in the spectrum? The overall shapasd twos. The nuclear displacements from the DFT calculations
of the CH stretch regions of the two spectra are reasonably sinshow that again the.680 cnt vibration is the same breathing
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Fig. 6. Experimental and calculated spectra for (from bottom) [121] tetramantane (d) and [1212] pentamantane (g). Spectra have been noemabstterise
signal at~1200 cnT?, higher intensity peaks are shown as dashed lines.

mode across a single adamantane unit, and its accompanyingpre intense in triamantane. The spectrum of [1212] pentaman-
peak is also due to a CCC bend/CC stretch deformation at a difane also satisfies the rule mentioned above, as it has a peak at
ferent angleFig. 7), so both can only occur when the molecule ~680 cnt ! with a weaker companiorn’50 cnt lower, which

isin this [1212..] group. is characteristic of a rod-like structure.

The only rod-shaped pentamantane is obtained by the ad- There is also the-426 cn ! line caused by other deforma-
dition of another unit onto the end of [121] tetramantane, andions common to this linear structure. An interesting observa-
is called [1212] pentamantane£gEis,). This polymantane has tion is a down-shifting in wavenumber of the 352thpeak
168 vibrational modes, 48A+ 36A; + 40A; + 44B,, all 168  present in [121] tetramantane to 325c¢hin [1212] pentaman-
being Raman active due to the®oint group Fig. 6). Looking  tane. The calculations show that this mode involves stretching
at the lower wavenumber regions of the two previous moleculegf the molecule in the “growth” direction, hence a reduction in
triamantane and [121] tetramantane, itis apparent that apart frofmequency is expected as the molecule becomes longer. What is
some extra structure around the 426 ¢npeak in [121] tetra-  surprising is the absence or weakness of this mode in triaman-
mantane, the only obvious difference is the relative intensity ofane compared to [121] tetramantane and [1212] pentamantane.
the peaks at~680 and~500 cnT1, with the former being far  The frequency of this particular mode may be a good indication

of length of these rod-shaped diamondoids.

3.4. [123] Tetramantane and [1234] pentamantane

Addition of an adamantane unit to one of the four sites on
triamantane not considered so far produces one enantiomer of
the smallest chiral diamondoid, [123] tetramantanexkGs,

Cy), trivially called “skew-tetramantane”. All 144 vibrational
modes (73A+ 71B) in [123] tetramantane are Raman active
which explains why its spectrunfig. 8) is considerably more
structured than those from the other tetramantanes. Even the
500-800 cm? region of the spectrum, which for the previous
molecules is either free of signals (as in [1(2,3)4] pentaman-
tane) or contains the two-dimensional or rod-shaped fingerprint
peak (680 cntl), is starting to display more signals. As ex-
pected, there is a single peak at 655¢mproduced by the
same breathing mode across a single adamantane unit ([123]
i . . : . : ; . . : , tetramantane lies in the two-dimensional anisotropic group in
=l s o 7 e e Fig. 5). There is also the 516 cm peak that appears in the other
Raman Shift / cm-1 two tetramantanes which, in all cases, is related to the mode in

Fig. 7. Nuclear displacements of the 680cnmode and its companion mode  [1(2)3] tetramantane (an expansion perpendicular to what would
in [121] tetramantane. be the three-fold rotational axis in diamond). But now there are
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r 1

3 M
s
=
=
[
«®
~
‘;a
ZRN0)
2 [Calc.
=
Ll

)

Exp.
200 400 600 800 1000 1200 1400 1600 2800 3000 3200

Raman Shift / cm-!

Fig. 8. Experimental and calculated spectra for (from bottom) racemic [123] tetramantane (f) and racemic [1234] pentamantane (). Spectradrenealiseen
to the most intense signal at1200 cnm?, higher intensity peaks are shown as dashed lines.

other modes in this region, of a similar intensity to the 655 andtal two-dimensional structures, producing signals in the 500—

516 cnm! modes. These modes are at 725 and 548'cand, 800 cnT ! region of the spectrum that would not be seen for a

again, are CCC bend/CC stretch deformations and are a feaelid three-dimensional structure. Using the relative intensities

ture of the more complex, less symmetrical structure of [123pf the mode(s) at-680 cnT 1 compared to that of neighbouring

tetramantane. modes (i.e. the-500 cnT 1 mode that appears in most spectra)
The chiral diamondoid [1234] pentamantanedds,, Co) it might be possible to tell the anisotropic three-dimensional

can only be formed by the addition of another adamantanenolecules, that have only local two-dimensional structure, from

unit to [123] tetramantane, and as the name suggests, ethe two-dimensional diamondoids, but the accuracy would be

tends the molecule in all three dimensions. This large, “screwlimited. This suggests that the fingerprint region of the spectrum

shaped”, low symmetry molecule produces 168 vibrationals indeed diagnostic of isotropic three-dimensional, isotropic

modes (84A+ 84B, all Raman active) again leading to a com-two-dimensional disc-shaped or one-dimensional rod-like struc-

plicated spectrumHRig. 8). As with [123] tetramantane there tures. However, more care is needed for the more complicated

are several peaks in the 500-800cdmegion and, notably, the diamondoid molecules.

strong signal at 529 crit. But unlike [123] tetramantane, where

the intensity of these peaks was similar to the 516tpeak, 35 [12(3)4] Pentamantane, [12(1)3] pentamantane and

in this case they are only approximately half as intense. Thesg2737 pentamantane

peaks are throughout the “structural fingerprint” region, which

previously contained few peaks and was very descriptive of the Thjs section contains three diamondoids whose structures
structure of the molecule in question.The prefiX to this mOleCUl%re as Compncated’ if not more Compncated than the chiral
shows it extends in all three dimensions (like [1(2,3)4] pentapentamantane seen in the previous section. [12(3)4] Pentaman-
mantane) butwhere this occurred previously there were no peakgne (GeHaa, Cs, 168 vibrational modes, 90A- 78A”, all Ra-
in this region. This suggests that the fingerprint hypothesis reman active) can be produced by addition to either [1(2)3] or
quires some refinement, as follows. [123] tetramantane. [12(1)3] Pentamantanest,, Ci, 168

For a three-dimensional isotropic structure, like theyibrational modes, 168 A, all Raman active), is produced by
tetrahedron-shaped [1(2,3)4] pentamantane, the fingerprint rghe addition of an adamantane unit to any of the three tetra-
gion should be completely void of signals. The one-dimensionainantanes. [1213] Pentamantaneds,, Ci, 168 vibrational
rod-shaped ([1212.] case) still stands, but there should be modes, 168 A, all Raman active), is produced by the addition
no strong signals in the region 500-800chmpart from the  of an adamantane unit to either [121] or [123] tetramantane.
~680 cnt ! mode. An isotropic two-dimensional structure, like All these molecules have several peaks in the structural finger-
the disc-shaped [1(2)3] tetramantane, should only have thgrintregion, and clearly do not fall into the rod-shaped, isotropic
strong~680 cnT* line. Complications arise when globally the two-dimensional or isotropic three-dimensional categories. The
molecule extends in three dimensions but there are local aprefixes specific to each molecule describe whether they are
eas of two-dimensional structure. This is the three-dimensiona{nisotropic two- or three-dimensional, but can this also be de-
anisotropic caseMg. 5e)), as in [1234] pentamantane. The rived from the Raman spectrum?
same CCC bend/CC stretch motion that produces the single |ncluding [1234] pentamantane in this analysis allows the
peak in the two-dimensional structures also occurs in these Igomparison of four spectra, two anisotropic two-dimensional
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CCC bend/CC stretch CH wag/CH, twist CH, scissors CH stretch
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Fig. 9. Experimental and calculated spectra for (from bottom) racemic [1213] pentamantane (k) and racemic [12(1)3] pentamantane (m) anah{ag(&)dpe
(i)- Spectra have been normalised to the most intense signal20 cnt?, higher intensity peaks are shown as dashed lines.

molecules Fig. 5c), e.g. [1213] and [12(1)3]) and two structures, the intensity of the 500 chhmode (breathing par-
anisotropic three-dimensional molecul&sy. Xe), e.g. [1234]  allel to the (111) face in diamond) is larger than any signal
and [12(3)4]). The Raman spectra for all these molecules havig the 200-1600 cm! region, whereas in the two-dimensional
several signals in the structural fingerprint regiéigé. 8 and  molecules spectra the intensities are similar. This suggests that
9), most due to single adamantane unit breathing vibrations ijust using this region of the spectrum it is possible to derive in-
local regions of the molecules. Comparing the spectra of the tWarormation, even when the diamondoid structure is complex, but

dimensional molecules to the three-dimensional molecules thekgis analysis is definitely becoming more difficult now that the
is a clear difference, but in relative Raman intensities rather thamolecules are very large and have the lowest symmetries, i.e.
vibrational frequencies. In the spectra of the three-dimensionat; and G.

CCC bend/CC stretch CH wag/CH, twist CH, scissors CH stretch
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Fig. 10. Experimental and calculated spectra for (from bottom) [12312] hexamantane (n), and [121321] heptamantane (0).
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3.6. [12312] Hexamantane and [121321] heptamantane isolated, possibly because of instability caused by the steric in-
teraction between two of its hydrogen atoms. Because of this,
[12312] hexamantane (trivially called cyclohexamantane)and due to the relatively high symmetry of [12312] hexaman-
and [121321] heptamantane could have been included in th@ane, their Raman spectra shall be compared to the spectra of
[123] tetramantane section, being derivatives of only that parether diamondoids in a more general manner.
ticular tetramantane. But, as mentioned above, the pentaman- Out of the 162 vibrational modes (17f+ 11A1,+
tane that lies between them ([1231] pentamantane) has not be&8Ayg + 19Ax, + 2765 4+ 27F;), of [12312] hexamantane
(CzeHz0, D3g), only the 44F and A g symmetry modes are Ra-
g n s o s s « man active. The highest intensity mode in the lower frequency
. region is again a mixed CH wag/GHwvist mode of E symmetry
at 1200 cnm!, which is similar to those observed in the higher
symmetry molecules mentioned above. The fingerprint region
again has a peak at 651 and 498¢ndue to the same CCC
bend/CC stretch deformations parallel to and perpendicular to
the three-fold rotational axis as observed before in [1(2)3] tetra-
mantane. [12312] Hexamantane has a two-dimensional isotropic
600 400 1000 disc-shaped polymantane structure, and that is clearly reflected
e in its Raman spectrum.
(b) 2 Deimensional : . Adding another adamantane unit to [12312] hexamantane
Saege 4 . produces the largest diamondoid in this study, [121321] hepta-
mantane (GoHzs4, Cs). This molecule has 186 vibrational modes
(100A + 86A") all of them Raman active{g. 10. The Raman
: spectra of [12312] hexamantane and [121321] heptamantane are
' reasonably similar. There are many more peaks in the [121321]
W . heptamantane spectrum but it does have an extra 142 Raman
600 . 800 . . . L. .. .
Raman shift / cm-! active vibrational modes so this is not surprising. It might be
(c) 2 Deimensional : : expected that as the diamondoid molecules become larger the

(a) 1 Deimensional
“rod” -shaped

400

lﬂilﬂ

SRS addition of extra adamantane units would have less effect upon
the Raman spectrum, until the only signal is the 1332tm
phonon of the diamond crystal, but that is much greater than
the size of molecules dealt with here. [121321] Heptamantane
has low symmetry, but it has the same strong vibrational modes

; in the fingerprint region as [12312] hexamantane and is also
400 . 60 800 1000 two-dimensional.
Raman shift / em-!
(d) 3 Deimensional : . 4. Conclusions
1sotropic . )
. : In this paper, we report for the first time the experimental Ra-
: - man spectra for a broad selection of diamondoid molecules rang-
: ; ing from adamantane to [121321] heptamantane. These spec-
: . tra have been nearly completely assigned, by comparison with
d . computed vibrational frequencies and Raman intensities derived
400 600 800 1000 from density functional theory computations. Calculated and

Raman shift / ¢m-!

experimental frequencies are generally in good agreement with
each other, although some discrepancies arise between com-
puted and observed intensities, mainly due to the relatively small
atomic basis sets used.

Each diamondoid in this study produced a unique Raman
spectrum, allowing for easy differentiation between molecules.
The general features of the spectra allowed us to divide the di-
pchick - & - amondoids into five groups based on their molecular structure,

e e i, with characteristic spectral properties for each group. Using only
a small fingerprint region of the spectrum (550-700¢mwe
Fig. 11. Structural fingerprint region of, (a) one-dimensional rod-shaped [1212gan jdentify to which group a specific diamondoid belongs, and
pentamantane, (b) two-dimensionalisotropic disc-shaped [12312] hexamantangen ca gain information about its structure. The one-dimensional
(c) two-dimensional anisotropic [1213] pentamantane, (d) three-dimensional

Jod-shaped diamondoidBif. 11(a)) are identifiable by a single

isotropic [1(2,3)4] pentamantane, (e) three-dimensional anisotropic [1234] pen- 1 ] b
tamantane. strong peak{680 cn *) and weak companion peakb0 cnT

(e) 3 Deimensional
anisotropic
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lower) in this fingerprint region. The length of the rod can be es- [8] A.T. Balaban, P.R. von Schleyer, Tetrahedron 34 (1978) 3599.
timated from the lowest wavenumber peak. Isotropic (symmet-[9] J.0. Jensen, Spectrochim. Acta A 60 (2004) 1895.
rical) two-dimensional dlamond0|d§|g 11(b)) should only [10] P.W. May, S.H. Ashworth, C.D.O. Pickard, M.N.R. Ashfold, T. Peak,

. 1 . . . . J.W. Steeds, Phys. Chem. Commun. (1998). Royal Society of Chemistry
have the single strong680 cn = peak in the fingerprint region On-line Journal.http://www.rsc.org/is/journals/current/physchemcomm/

and should not have any weak signals between this peak and contentslists/1998/pc998001.htm
the strong~500 cnT ! signal. Anisotropic (low symmetry) two- [11] L. Bistricic, L. Pejovb, G. Baranovic, J. Mol. Struct.-Theochem. 594 (2002)
dimensional diamondoid&{g. 11(c)) may have several peaksin 79.

the fingerprint region but the 680 cnt™ peak should be weaker [12] A.C. Ferrari, J. Robertson, Phys. Rev. B 63 (2001) 121405(R).
[13] L. Bistricic, G. Baranovic, K. Mlinaric-Majerski, J. Mol. Struct. 508 (1999)

or as intense as the500 cn1! signal. If the~500 cnt ! peak 207

is considerably more intense than th€80 cnt! peak the dia- [14] A. Kovacs, A. Szabo, J. Mol. Struct. 519 (2000) 13.

mondoid is three-dimensional anisotrogtéq. 11(e)). Thefinal  [15] L. Rivas, S. Sanchez-Cortes, J. Stanicova b, J.V. Garcia-Ramos, P.

group, three-dimensional isotropic, should have no peaks in the Miskovsky, Vib. Spectrosc. 20 (1999) 179.

fingerprint region IFig. 1](d)). [16] J.E.P. Dahl, J.M. Moldowan, T.M. Eeakman, J.C. Clardy, E. Lobkovsky,
M.M. Olmstead, P.W. May, T.J. Davis, J.W. Steeds, K.E. Peters, A. Pepper,

A. Ekuan, R.M.K. Carlson, Angew. Chem. Int. Ed. 42 (2003) 2040.

[17] Y.F. Chang, Y.L. Zhao, M. Zhao, P.J. Liu, R.S. Wang, Acta Chim. Sinica

_ 62 (2004) 1867.
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