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a b s t r a c t

Gas-phase infrared spectra have been recorded for the diamantyl and triamantyl carbocations by infrared
multiple photon dissociation (IRMPD) spectroscopy using the free electron laser FELIX. Chemical ioniza-
tion of the neutral parent diamondoid molecule in an rf ion trap is accompanied by H-atom loss, forming
a stable closed-shell carbocation. Comparing the IRMPD spectra with harmonic DFT calculations per-
mits to determine the structures of the species trapped in our set-up. Comparison of experimental and
calculated spectra suggests that H-atom abstraction occurs on a tertiary carbon (CH group) rather than
on a secondary carbon (CH2 group), as also indicated by the calculated relative energies of the various
iamantane
riamantane
R spectroscopy
arbocation
strochemistry

isomers. Combining experimental results and DFT calculations, we compare the spectra of neutral and
carbocationic forms of adamantane, diamantane and triamantane. Substantial differences are observed
between the IR spectra of neutral and ionic species. In the ions, the 3 �m CH stretching modes become
much weaker, while the other mid-IR modes strongly gain in intensity. An intense band centered at
1200 cm−1 due to a CH/CH2 bending mode appears to be characteristic of the dehydrogenated cationic
species. Finally, the intensities of the low frequency modes (≤ 900 cm−1) associated with carbon cage

e mo
deformations appear to b

. Introduction

Diamondoid molecules consist of a cubic-diamond carbon
ramework, where all carbon atoms are sp3 hybridized and dan-
ling bonds on the periphery are terminated with hydrogen.
damantane (C10H16), which consists of one diamond cage, has
een first synthesized by Prelog and Seiwerth [1], but a much
ore efficient synthesis was discovered by von Rague-Schleyer

2]. Diamantane (C14H20) and triamantane (C18H24) consist of
and 3 face-fused diamond cages, respectively. Like adaman-

ane, they can be synthesized in solution by carbocation-mediated

hermodynamically controlled equilibration reactions [3]. Higher
iamondoids cannot be synthesized by these methods [4,5].
ecently, Dahl et al. [6] succeeded in isolating pure samples of
igher diamondoid molecules from crude oil [7]. The samples
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st sensitive to the ionization and dehydrogenation state of the molecules.
© 2010 Elsevier B.V. All rights reserved.

isolated range from adamantane to undecamantane and per-
mit the study of the spectra and structures of this family of
molecules.

Due to their remarkably high stability, the presence of diamond-
like species in different regions of space has been hypothesized
for several decades (see e.g., Saslaw and Gaustad [8]). In 1987
Lewis et al. [9] reported the first extraction of nanometer-sized
diamonds from meteorites supporting the suggested presence of
these molecules in the interstellar medium (ISM). Furthermore,
two broad emission features centered at 3.43 �m and 3.53 �m
(about 2830 cm−1 and 2915 cm−1) observed towards two Herbig
stars, HD97048 and Elias 1, have been attributed to large gas-phase
diamondoid molecules or nanoparticles [10]. In addition, a broad
absorption feature observed towards several sources at 3.47 �m
(2880 cm−1) has been suggested to indicate the presence of these
molecules in ices present in dense clouds [11]. However, other
assignments for this feature have also been proposed [12] and these
are now considered to be more likely.

While it was originally considered that only diamondoid

nanocrystals larger than about 50 nm could be the carriers of the
two emission features at 3.43 �m and 3.53 �m [13–15], the IR
spectra of molecular diamondoid species revealed that these much
smaller higher diamondoids could also be responsible for the two
emission features [16].

dx.doi.org/10.1016/j.ijms.2010.05.018
http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
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Here, we consider the experimental infrared spectra of cationic
iamondoid molecules. Based on computed optical properties,
auschlicher et al. concluded that cationic species could also con-
ribute to the observed emission signal [17]. These calculations
ndicate, however, that the band positions in the 3 �m spectral
ange are similar for neutral and cationic species. This makes it
ifficult to distinguish between neutral and ionic diamondoids in

nterstellar emission spectra. Indeed, to date only two bands at
.43 �m and 3.53 �m have been suggested to be due to diamondoid
pecies. For both the cations and the neutrals, these modes involve
ymmetric and antisymmetric hydrogen stretching motions of the
H2 and CH groups on the edges and surfaces of the diamondoid
olecules. All other IR active modes are about 10 times weaker

han the CH stretching modes in neutral diamondoids, but this is
ot the case for their cations [17].

In addition, the photo-physical processes underlying the inter-
tellar emission remain poorly understood. Similar to diamond
rystals and unlike PAH molecules, diamondoids show very weak
bsorption bands in the UV spectral range [17], which are more-
ver close to their ionization potentials. Emission features arising
rom these molecular species are therefore expected to be observ-
ble only when the UV radiation field is intense, which suggests in
urn that cationic species might be abundant in those regions.

We note further that the ionic forms of diamondoids, and espe-
ially their carbocation forms as studied in this work, are also
ell known as the intermediates in the synthesis of the lower
iamondoids [3,18]. Moreover, they were shown to be important

ntermediates in the site-specific functionalization of diamondoid
olecules [19].
Several spectroscopic studies of diamondoid species have been

eported to determine their structures, see e.g., Filik et al. [20],
ho studied the Raman spectra of diamondoids as large as
eptamantane. IR spectra have been obtained using attenuated
otal reflection (ATR) spectroscopy and compared with density
unctional theory (DFT) calculations at different levels of theory
21]. Gas-phase emission spectra of adamantane, diamantane and
riamantane have been recorded in the 3 �m region using an
xperimental set-up described in Ref. [22]. Chiral properties of
elical diamondoids have been evidenced by circular dichroism
pectroscopy in the optical and infrared [23]. Recently, accu-
ate ionization potentials of the first five diamondoid molecules
adamantane, diamantane, triamantane, tetramantane and penta-

antane) in the gas phase have been obtained using VUV radiation
rom the Bessy synchrotron [24]. Several X-ray studies provided
nformation on the HOMO–LUMO gap of diamondoid species [25],

hich is of interest for semiconductor research. Finally, various
omputational studies have investigated the properties of diamon-
oid molecules (see e.g., Refs. [17,26,27]).

Experimentally very little is known about the gas-phase struc-
ure and properties of cationic diamondoids. Polfer et al. [28]
eported the IR spectrum of the gas-phase adamantyl cation
C10H15

+), i.e., the dehydrogenated adamantane cation, constitut-
ng the first experimental IR spectrum of a gas-phase cationic
iamondoid species, which allowed to determine the structure of
he most stable isomer. The hydrogen atom can be detached from
wo distinct C-atoms, giving rise to two isomeric structures for
he adamantyl cation [26]. The IR spectrum showed good agree-

ent with the calculated spectrum of the lowest energy isomer.
elative energies of the cationic species in solution have been
tudied because of their relevance in the synthesis of diamondoid
olecules and their derivatives [19,29].

In this work, we record the infrared multiple photon dissoci-

tion (IRMPD) spectra of diamantyl and triamantyl cations using
he experimental methods of Ref. [28]. We present a spectroscopic
omparison of the infrared features of the neutral and carbocationic
pecies.
ss Spectrometry 297 (2010) 55–62

2. Laboratory methods

2.1. Experiments

The IRMPD spectra of the diamantyl and triamantyl cations were
recorded using the free electron laser FELIX [30] in a quadrupole
ion trap coupled to a time-of-flight mass spectrometer (R.M. Jor-
dan, California). This instrument has been used previously to record
IRMPD spectra of several cationic polycyclic aromatic hydrocarbons
(PAHs) and has been described in detail elsewhere [31]. The spectra
presented here have been obtained applying experimental meth-
ods similar to those used to record the infrared spectrum of the
adamantyl cation [28]. Here we give only a brief description.

Diamondoid molecules possess only very weak electronic
absorption bands, which are moreover located at energies close to
the ionization potential (IP) [17]. The IPs of the five smallest neu-
tral diamondoid molecules have been experimentally determined
[24] and the values for adamantane, diamantane and triamantane
are 9.23 eV, 8.80 eV and 8.57 eV, respectively. Therefore, photo-
ionization based on the absorption of two 193 nm photons from a
ArF excimer laser, as used for PAH molecules, is inefficient for dia-
mondoid systems. As used previously for adamantane [28], efficient
ionization of diamondoids can be achieved via charge transfer (CT)
from cationic species with a high ionization potential (IP). Benzoic
acid is therefore vaporized together with the diamondoid molecule
in the ion trap chamber, which produces abundant cationic UV
photofragments [32,33] (in particular the benzoyl cation at m/z
105) with IPs higher than those of the diamondoid molecules under
study. Storing the benzoyl cation in the trap for typically 100 ms
produces abundant diamondoid ions by charge transfer ionization.

Diamantane and triamantane vapor are produced by placing the
solid samples in an oven kept at a temperature of about 44 ◦ C and
64 ◦C, respectively. All species lower in mass than the parent dia-
mondoid (benzoic acid, its fragments and diamondoid fragments)
are axially ejected from the trap by increasing the RF voltage
for few ms. It is known that diamondoid cations may undergo
rapid hydrogen atom loss leading to a stable closed-shell molec-
ular species. We therefore expect to have isolated diamantyl and
triamantyl cations rather than the diamantane and triamantane
radical cations, although the mass resolution of the ion trap/TOF
mass spectrometer is not sufficient to confirm this from the mass
spectrum. However, analysis of the IRMPD spectra obtained con-
firms the identity of the ions as the dehydrogenated diamondoid
cations, similar to what was observed for adamantane [28].

The mass-selected ion cloud is irradiated with the intense FELIX
IR beam (see Ref. [30] for details on the FELIX free electron laser),
which is sharply focused in the center of the quadrupole trap.
When the wavelength of FELIX is in resonance with an IR active
mode of the ion, multiple photon absorption occurs, mediated by
intramolecular vibrational redistribution (IVR), which is very effi-
cient for such large species. Tens to hundreds of IR photons are thus
absorbed by a single molecule, raising its internal energy to above
the dissociation threshold. Upon resonance, loss of CH, C2H4, C3H6
and C4H8 is observed using the TOF mass analyzer. Loss of C2H4
is the most abundant dissociation channel and the final IRMPD
spectra of the parent molecules are obtained by co-adding the
intensities of all photofragments as a function of wavelength of
the FEL. The wavelength of the FEL is calibrated against a grating
spectrometer and the relative fragmentation intensities are cor-
rected for slowly decreasing FEL power towards short wavelengths.
Because the spectra are obtained through multiple photon exci-

tation, the experimental band centers are expected to be slightly
red-shifted compared to a linear absorption experiment [31]. The
shift depends on the (unknown) anharmonicity of the vibrational
modes involved in the excitation process, but is usually on the order
of less than 10 cm−1.
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Fig. 1. IRMPD spectrum of the diamantyl cation (gray trace in all panels) compared
with DFT calculated spectra for the three isomers of the diamantyl cation. The stick
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IR spectra of the carbocations of adamantane, diamantane and
riamantane are compared with those of the corresponding neutral

olecules in the gas phase. To this end, the gas-phase spec-
rum of adamantane has been taken from the NIST webbook.1

he 600–3100 cm−1 spectrum of gas-phase diamantane has been
ecorded here using an IFS125 Bruker interferometer. The vapor of
oom-temperature diamantane was leaked into a 150-m absorp-
ion pathlength cell (White type arrangement of the multipass
ptics). The cell has been baked several days before injecting the
ample and the interferometer was continuously evacuated during
pectrum acquisition to limit the intense absorption of water vapor
ines. Because of its low vapor pressure at room temperature, we
ould not record the gas-phase spectrum of triamantane with the
ame technique. Therefore, the triamantyl cation spectrum is com-
ared to the solid state spectrum of neutral triamantane recorded
sing attenuated total reflection (ATR) spectroscopy [21].

.2. DFT calculations

The various isomeric structures of the diamantyl and triamantyl
ations were optimized using density functional theory (DFT) com-
utations as implemented in Gaussian03. All calculations employed
he B3LYP functional and the 6-31G(d,p) basis set to optimize
he structures and compute the IR spectra. Similar levels of the-
ry have been successfully applied to similar-sized hydrocarbon
pecies including diamondoids [20,21,29]. In addition, B3LYP cal-
ulations on the lowest energy isomer of the diamantyl carbocation
how that increasing the basis set beyond 6-31G(d,p) does not lead
o an appreciable change in the calculated vibrational spectrum (see
ig. S1 in the Supplementary Information). All carbocation struc-
ures are assumed to possess a closed-shell electronic structure.
alculated frequencies are scaled by 0.975 for the mid-IR vibra-
ional modes and by 0.95 for the CH stretching modes to account
or the different anharmonicities of these vibrational modes.

Computed spectra of the three isomers of the diamantyl cation
re shown in Fig. 1. The three isomers (structures D1, D2, and D3) of
he diamantyl cation arise from H-atom abstraction at three distin-
uishable sites. All secondary carbon atoms (i.e., CH2 groups) are
ymmetrically equivalent in diamantane and H-abstraction from
ne of them forms isomer D3. There are two symmetrically distin-
uishable tertiary carbon atoms (i.e., CH groups) in diamantane:
ne where the tertiary C-atom is connected to three CH2 groups
D2) and one where the tertiary C-atom is connected to two CHs and
ne CH2 (D1). Calculations were also performed for the triamantyl
ation, which possesses seven isomers: four isomers result from
-loss from a tertiary carbon and three isomers from H-loss from
secondary carbon. We note here that the relative energies found

or the different tertiary carbon dehydrogenated isomers compare
ell to those reported previously in Ref. [19]. The structures of the

somers are shown in Fig. 2.

. Spectra and structures

.1. Energetics of H-atom loss

While the mass resolution of our ion trap/TOF mass spectrom-
ter is insufficient to determine whether the parent ion is the

iamondoid radical cation or the corresponding closed-shell dehy-
rogenated cation, the IR spectra (vide infra) strongly suggest that
he dehydrogenated cation (carbocation) is formed in the experi-

ent. This is similar to what has been observed in the experiments
n ionized adamantane [28], where the resolution was just suffi-

1 webbook.nist.gov.
spectra (black) were convoluted with a 20 cm Gaussian line shape (red trace). The
isomeric structures are shown where the H-atom is abstracted from the highlighted
C-atom and where all H-atoms have been omitted for clarity.

cient to observe the difference. In that paper, a rationale was given
for why the adamantyl cation is observed rather than the adaman-
tane radical cation and we believe that a similar reasoning applies
here.

Aliphatic hydrocarbons have a narrow energy gap between ion-
ization potential (IP) and appearance energy (AE) of the singly
dehydrogenated cation. For instance, according to the NIST Chem-
istry Webbook, the difference AE − IP amounts to 1.1 eV for ethane
and to only 0.6 eV for propane, while the IPs are on the order of
11 eV. For adamantane, the difference AE − IP was estimated to be
around 1.4 eV [28]. Any excess energy deposited in a non-resonant
ionization scheme, such as the chemical ionization used here (but
also broadband VUV ionization as may occur in circumstellar envi-
ronments), will thus likely result in the singly dehydrogenated ion
(carbocation).

To further exclude the possibility that the radical cation dia-
mondoid is responsible for the spectra observed instead of the
carbocation, we compared the experimental spectra with com-
puted spectra for the diamondoids in their radical cation form (see
Fig. S2 in the Supplementary Information). The adamantane cation
spectrum was calculated at the C3v structure reported in Ref. [29].
Although their HOMOs are known to be non-degenerate [29], it
was necessary to relax the symmetry of the diamantane and tria-
mantane radical cations to Cs to mitigate difficulties in the SCF
convergence and to remove imaginary frequencies. Fig. S2 clearly

shows that no spectral match is found between the radical cation
calculated spectra and the experimental data. In combination with
the accurate mass determination for adamantane, the AE versus IP
considerations given above, and the spectral match with the closed-
shell carbocation structures (vide infra), this strongly suggests that
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ig. 2. Calculated IR spectra for the seven isomers of the triamantyl cation repres
he experimental IRMPD spectrum of the triamantyl cation is shown in the last pan
tructures are also shown, where the H-atom is abstracted from the highlighted C
eferences to color in this figure legend, the reader is referred to the web version of

he diamondoid ions are observed in their dehydrogenated form.
his forms the basis for the discussion that follows.

.2. IRMPD spectrum and structure of the diamantyl cation

The experimental IRMPD spectrum obtained using the diaman-
ane sample is shown in Fig. 1. As was the case for the adamantyl
ation [28] and for the reasons given in the previous section, we
xpect that the spectrum observed is that of the dehydrogenated
iamantane cation, i.e., the diamantyl cation (C14H19

+), rather than
hat of the diamantane radical cation (C14H20

+). For the radical
ation diamondoids, there is some doubt as to where the charge
s localized [17], since there are several distinct C–C bonds which
an be ionized (note that the charge is not delocalized as in PAHs).
n the dehydrogenated diamondoid cations under study here, this
s not the case: the charge is localized on the carbon atom where the
-atom is removed, forming a carbocation. However, there are mul-
iple isomers for each of the dehydrogenated diamondoid cations,
s there are distinct carbon atoms from which the H-atom can be
bstracted. These isomers are classified as C1 or C2 type depend-
ng on whether the H-atom is removed from a tertiary (CH) or a
econdary (CH2) carbon, respectively.
as stick spectra (black) and 30 cm−1 Gaussian line shape convolutions (red trace).
ether with the weighted average spectrum of the most stable isomers T1 –T4. The

and where all H-atoms have been omitted for clarity. (For interpretation of the
rticle.)

While for adamantane, all CH moieties as well as all CH2 moi-
eties are equivalent based on symmetry arguments, this is not the
case for diamantane. Here, two symmetrically distinct tertiary car-
bons exist, while all secondary carbon atoms are equivalent, which
results in three isomers for the diamantyl cation, two of C1 type
and one of C2 type. These isomers are labelled as D1, D2 and D3 and
their structures are shown in Fig. 1, where all H-atoms have been
omitted for clarity and the dehydrogenated C-atom is highlighted.

While the structural differences between the different isomers
of the diamantyl cation may appear to be marginal, their calcu-
lated spectra present clear differences, which can be used to reliably
assign the experimental spectrum. Fig. 1 compares the experimen-
tal IR spectrum with the calculated spectra of each of the three
isomers. It is immediately seen that the match with isomer D1 is
much better than with any of the other isomers; Table 1 compares
the experimental band centers with the band centers resulting from
a convolution of the D1 computed spectrum with a 20 cm−1 FWHM

Gaussian band profile. Calculated frequencies for all isomers are
tabulated in Supplementary Material. In the D1 isomer of the dia-
mantyl cation, the H-atom is lost from one of the six equivalent
tertiary carbon atoms that form a ‘belt’ fusing the two diamondoid
cages. For structure D2, where the H-atom is lost from one of the
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Table 1
Observed and calculated band centers (in cm−1) of the diamantyl cation.

DFT IRMPD

Frequency a IR int b Frequency

601 23 594
650 10 653
703 8 726
722 8 726
824 17 842
853 8 842
936 5 –
974 16 984

1017 28 1029
1060 32 1069
1172 26 1196
1197 39 1196
1298 13 1312
1333 9 1335
1462 34 1474
1489 21 1474

t
m
i
s
b
t
c
s
m
r
b
p

t
a
H
t
I
c
0

T
R
a

a Scaled by 0.975.
b Units of km/mol.

wo tertiary carbons at the apical positions of the molecule, the
ismatch with the experimental spectrum is especially evident

n the 1200–1400 and the 700–900 cm−1 regions. The calculated
pectrum for D3 exhibits bands roughly at the right frequencies,
ut with very different relative intensities, so that the match with
he experimental spectrum is not nearly as good as for D1. The cal-
ulated relative energies for the three isomers as listed in Table 2
upport the assignment of the IRMPD spectrum to D1, since iso-
ers D2 and D3 are higher in energy than D1 by 0.1 eV and 0.5 eV,

espectively. In addition, from solution-phase reactivity studies, the
elt position H-atoms are known to be more labile than the apical
osition H-atoms [18].

The assignment to structure D1 is analogous to that identified for
he adamantyl cation previously [26,28] using IRMPD spectroscopy
nd DFT calculations, respectively. There it was concluded that
-atom loss to form the closed-shell carbocation occurs preferen-

ially from a tertiary carbon, rather than from a secondary carbon.
n general, calculations predict that in the gas phase the tertiary

arbocations are more stable than the secondary ones by typically
.5 eV.

able 2
elative electronic energies for the different isomers of the adamantyl, diamantyl
nd triamantyl cations at the B3LYP/6-31G(d,p) level of theory.

# Sym C1/C2 a � E

eV kJ/mol

Adamantyl cation (C10H15
+)

A1 C3v C1 0 0
A2 Cs C2 0.492 47.5

Diamantyl cation (C14H19
+)

D1 Cs C1 0 0
D2 C3v C1 0.133 12.8
D3 C1 C2 0.511 49.3

Triamantyl cation (C18H23
+)

T2 Cs C1 0 0
T1 C1 C1 0.037 3.6
T4 Cs C1 0.103 10.0
T3 Cs C1 0.138 13.3
T5 C1 C2 0.490 47.3
T7 Cs C2 0.526 50.8
T6 C1 C2 0.576 55.6

a C1/C2: H-loss from tertiary/secondary C-atom.
ss Spectrometry 297 (2010) 55–62 59

3.3. IRMPD spectrum and isomeric structure of the triamantyl
cation

Given our observations for adamantane [28] and diamantane, it
is likely that ionization of triamantane is accompanied by rapid H-
atom loss resulting in the closed-shell triamantyl cation (C18H23

+).
Not unexpectedly, the situation becomes more complicated for the
triamantyl ion, as seven distinct isomers of the triamantyl cation
exist (see Fig. 2). Four isomers are obtained by H-atom loss from a
tertiary carbon atom (C1 type isomers) and three by H-atom loss
from a secondary carbon atom (C2 type isomers). The four C1 type
isomers (labelled T1 –T4) have energies within 0.1 eV of each other,
while all C2 type isomers (isomers T5 –T7) are less stable by around
0.5 eV (see Table 2). This energy difference is thus analogous to that
found for C1 and C2 type isomers of the adamantyl and diamantyl
cations. Of the C1 isomers, T1 and T2 are computed to be substan-
tially more stable than T3 and T4. Although the ions in the trap are
not necessarily in thermodynamic equilibrium, a simple Boltzmann
distribution at the temperature of the oven would yield a popula-
tion of T1 around 30% of that in T2, while the population of T3 and
T4 would be less than 3%.

The experimental spectrum recorded for the triamantyl cation
shown in the lower right panel of Fig. 2 displays fairly broad and
partly unresolved features. DFT calculated energies for the seven
isomers are listed in Table 2 and their spectra are shown in the
separate panels of Fig. 2. The increased molecular complexity and
the low symmetry of the systems give rise to congested spectra, as
can be appreciated from the stick spectra. The solid red lines rep-
resent 30 cm−1 FWHM Gaussian convolutions of the stick spectra.
These congested spectra, in combination with a possible mixture of
isomers and the higher temperature of the oven are believed to give
rise to the fairly unresolved spectrum observed for this species.

In the last panel, the experimental IRMPD spectrum is compared
with a Boltzmann-weighted sum of the spectra of the C1 type iso-
mers T1 –T4. Despite the low experimental resolution obtained, the
features near 1465 and 1195 cm−1 appear to be well reproduced by
theory. In addition, the shoulder around 1290 cm−1 and the broad
feature extending from 1000 to 1200 cm−1 appear to have a rea-
sonable counterpart in the convoluted theoretical spectra. On the
other hand, towards the long wavelength end of the spectrum, the
experiment shows more absorption than the convoluted theoret-
ical spectra. Perhaps a higher-than-thermal abundance of isomers
T3 and T4 gives rise to this increased absorption. In conclusion,
while the present spectrum does not allow to truly identify the
contributing isomers, the spectrum shows features that appear to
be typical of diamondoid carbocations, as will be discussed further
below.

4. Spectral analysis

The IR spectra of dehydrogenated cationic diamondoids
recorded here are compared to their neutral diamondoid counter-
parts. The three cation spectra are also compared to each other to
reveal spectral characteristics for this class of cationic species.

4.1. IR spectra of adamantane and the adamantyl cation

Fig. 3 compares the gas-phase spectra of neutral adamantane
(taken from the NIST Chemistry Webbook) and cationic adamantyl
(taken from Ref. [28]) along with their DFT calculated spectra.

The calculated spectrum of neutral adamantane reproduces the
experimental one reasonably well. Small differences in terms of
both frequencies and relative intensities are observed for the 3 �m
stretching modes, which may be due to strong anharmonic cou-
plings between these modes not accounted for in the calculations



60 O. Pirali et al. / International Journal of Mass Spectrometry 297 (2010) 55–62

F
l
s
o

[
1
s
s

h
N
r
n
a

s
m
a
i
c
a
2
n
b
a
1
a
c
t
m
e
t
8
f
o

4

c
d
g
b
a
a
w
t

Fig. 4. Comparison of the gas-phase absorption spectrum of neutral diamantane
ig. 3. Comparison of the experimental (from NIST Chemistry WebBook) and calcu-
ated spectra of neutral adamantane (upper panel) with the IRMPD and calculated
pectra of adamantyl cation (lower panel). Note the very different scales on the
rdinates of the spectra.

16]. In addition, the frequency of the CH2 scissor mode (�23) near
450 cm−1 is substantially overestimated by the DFT calculation;
imilar shifts for this particular vibration were observed in the IR
pectra of a series of higher diamondoids [21].

Due to its lower symmetry, the adamantyl cation (C3v) shows a
igher density of IR active transitions than neutral adamantane (Td).
onetheless, the CH2 scissor mode observed around 1450 cm−1 is

ecognized in both species. Also, the CH2 rocking modes located
ear 1100 cm−1 and C–C stretching modes near 950–1000 cm−1

re found in the same spectral region.
On the other hand, one notices large differences in the inten-

ities of the CH stretching modes relative to the other mid-IR
odes in the spectra of the two species. This is best appreci-

ted when comparing the scales on the ordinates of the graphs
n Fig. 3. Going from the neutral to the cationic system, the cal-
ulated intensities of the mid-IR modes increase by a factor of
round 2–5, but the CH stretching modes are calculated to become
0–50 times weaker. In the calculated spectra, the most promi-
ent peak of the 3 �m region is shifted towards higher frequencies
y less than 50 cm−1. Another striking difference between the
damantyl and adamantane spectra concerns the band located near
200 cm−1, which is due to CH2 bending vibrations; this band
ppears as strong as the CH2 scissor modes for the adamantyl
ation, but is completely absent in the neutral adamantane spec-
rum. Similarly in the low frequency region, the cage deformation

odes located at frequencies lower than 900 cm−1 appear to be
specially sensitive to the structure changes between adaman-
ane and the adamantyl cation. For example, the band located near
00 cm−1 in the neutral spectrum is blue-shifted by about 50 cm−1

or the adamantyl cation. A strong enhancement of intensity is also
bserved here.

.2. IR spectra of diamantane and the diamantyl cation

The gas-phase spectra of neutral diamantane and the diamantyl
ation are compared in Fig. 4. The calculated spectrum of neutral
iamantane is in relatively good agreement with the experimental
as-phase spectrum. Some residual water vapor lines due to the �2

ending mode are observed in the 1500–1600 cm−1 region. As for
damantane, the calculated frequencies of the CH stretching modes
round 2900 cm−1 match the experimental bands relatively well,
hile the relative intensities are not well predicted. As for adaman-

ane, strong anharmonic couplings between the closely spaced CH
and the IRMPD spectrum of the diamantyl cation. The sharp features in the 1500–
1600 cm−1 range of the spectrum of neutral diamantane are due to residual water
vapor in the absorption cell. Calculated spectra for both species are shown along
with the experimental spectra.

stretching modes of equal symmetry may compromise the results
of the harmonic frequency calculations somewhat.

In the mid-IR region, the calculations reproduce the gas-phase
spectrum of neutral diamantane reasonably well, both in terms
of frequencies and intensities (note that the rising background
< 1000 cm−1 is an experimental artefact). This is somewhat in
contrast with the ATR spectrum of diamantane published recently
[21], where the relative intensities of several mid-IR modes showed
large differences in comparison with the DFT calculations. Particu-
larly in the 1300–1400 cm−1 spectral range, the CH bending modes
showed intensities which were about 10 times larger in the ATR
spectrum than in the computed spectrum (and in the current in the
gas-phase spectrum). Also the lower-frequency bands assigned to
deformation modes of the carbon frame and C–C stretching modes
(at about 650 cm−1, 850 cm−1 and 950 cm−1) are hardly observable
in the gas-phase spectrum, as predicted by DFT, while they were
strong bands in the ATR spectrum. We ascribe these discrepancies
to unknown matrix effects in the ATR experiments.

The main differences between the gas-phase spectra of dia-
mantane and the diamantyl cation are similar to those observed
for the adamantane versus adamantyl cation spectra. In the 3 �m
region, the vibrational bands of the diamantyl cation are calculated
to appear at slightly higher frequencies (shift of about 50 cm−1)
with an intensity that is around 10 times lower than that of neutral
diamantane.

In the 600–1600 cm−1 spectral range, the intensities of the
dehydrogenated cation bands are more intense than for neutral
diamantane. The intense 1200 cm−1 band of the diamantyl cation,
which is mainly due to a CH/CH2 bending mode is as intense as the
CH2 scissoring modes between 1400 cm−1 and 1500 cm−1, while no
band is observed here in the neutral diamantane spectrum. As for
the adamantane versus adamantyl cation comparison, the low fre-
quency part of the spectrum shows large differences. The 800 cm−1

deformation modes of the neutral are shifted by about 50 cm−1 as
compared to the calculated and experimental spectra of the dia-
mantyl cation. An intense mode centered at 600 cm−1 observed in
the diamantyl cation spectrum is absent from the neutral diaman-
tane spectrum.
4.3. IR spectra of triamantane and the triamantyl cation

Due to the low vapor pressure of triamantane, a gas-phase
absorption spectrum of the neutral species could not be obtained
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ig. 5. Comparison of the experimental and calculated spectra of neutral triaman-
ane (upper panel) and triamantyl cation (lower panel).

nd hence, Fig. 5 shows the neutral triamantane ATR spectrum
rom Ref. [21] together with the calculated DFT spectrum. The
elative intensities of several mid-IR modes are observed to be
ubstantially higher than in the DFT calculated spectrum and we
ssume that this is again an artefact of the condensed-phase nature
f the ATR method, as was clearly demonstrated for diamantane.
he gas-phase IRMPD spectrum of the triamantyl cation spectrum
s reproduced in the lower panel of Fig. 5. Because of the rather
nresolved appearance of the IRMPD spectrum, a detailed compar-

son with the neutral triamantane spectrum cannot be performed.
evertheless, the trends observed in the spectral comparisons of
damantane versus the adamantyl cation and diamantane versus
he diamantyl cation appear to be similar here.

Several mid-IR modes have the same frequencies and intensities
n the neutral and dehydrogenated cation spectra. The scissoring

odes of the triamantyl cation are observed in the 1500 cm−1

pectral region in the broad IRMPD spectrum. The CH bending
odes around 1300 cm−1 are also distinguishable in the IRMPD

pectrum and fall around the same frequency as in neutral tria-
antane. The spectral information that can be extracted from

he 1000–1300 cm−1 range is limited as a consequence of the
nresolved nature of the IRMPD spectrum, but we assume that
bsorption in the 1000–1100 cm−1 range is due to the C–C stretch-
ng modes.

The intense band centered around 1200 cm−1, which appears to
e a diagnostic feature for the dehydrogenated cationic diamondoid
olecules, is also present in the triamantyl cation spectrum. Again,

his band is missing in the spectrum of neutral triamantane.
As for the smaller diamondoids investigated here, the 3 �m

ands are calculated to be much weaker in the triamantyl cation
pectrum than in the neutral spectrum.

.4. General features in the cationic diamondoid spectra

Comparison of all three cationic spectra in Fig. 6 now provides
n opportunity to identify absorption bands characteristic for this
lass of cationic species, so that they could eventually be searched
or in interstellar spectra. The CH stretching modes in the 3 �m
pectral range are not good candidates because these bands are

eak and, more importantly, overlap severely with the CH stretch-

ng bands in the corresponding neutral diamondoids. In general,
he band positions in the adamantyl and diamantyl cation spec-
ra between 800 cm−1 and 1600 cm−1 are very similar forming an
nteresting fingerprint for this class of cationic hydrocarbons. From
Fig. 6. Comparison of the gas-phase IR spectra of the three cationic diamondoid
species adamantyl, diamantyl and triamantyl.

the main infrared features of the triamantyl cation near 1195 cm−1

and 1465 cm−1, its spectrum also appears similar, although clearly
the resolution deteriorates as the systems increase in size, which
is likely caused by the increasing spectral congestion. The intense
band centered at 1200 cm−1 appears to be particularly characteris-
tic in the spectra of the dehydrogenated cationic diamondoids and
could be used to distinguish these species from their neutral coun-
terparts. Note, however, that this band located at 8.33 �m falls close
to two intense features in the emission spectra of PAHs at 7.8 �m
and 8.6 �m. Differences in the spectra of the different cationic dia-
mondoids are mainly found in the far-IR range below 800 cm−1,
where the absorption bands observed are primarily due to cage
deformation modes. These modes are generally very delocalized
over the molecules and it stands to reason that they would be dif-
ferent for differently sized members of the same class of species.
Moreover, comparison with the neutral diamondoid spectra shows
that these modes are also sensitive to the change in structure
between neutral and carbocationic species.

5. Conclusions

Experiments employing chemical ionization of neutral diamon-
doid molecules indicate that ionization is accompanied by facile
H-atom loss, leading to more stable closed-shell carbocations. This
observation can be rationalized based on the close proximity of the
ionization potential and the appearance energy of the singly dehy-

drogenated ion. One could imagine that this process might also play
a role in UV dominated regions of the interstellar medium (ISM),
where ionized diamondoid species, if present, occur as closed-shell
dehydrogenated species rather than as radical cation species.
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IRMPD spectra were recorded for cationic diamantyl and tria-
antyl in the 500–1600 cm−1 spectral range. Comparing our

RMPD spectra with DFT calculations permitted to identify the
tructures of the most favored isomers for the diamantyl and tria-
antyl cations. As shown for the adamantyl cation [26,28], the
-atom abstraction occurs preferentially on a tertiary carbon atom

CH) rather than on a secondary carbon atom (CH2), which is also
upported by the calculated relative energies of each of the isomers
nd moreover relates to the behavior in functionalization reactions
f diamondoid molecules in solution [19]. Of the two isomers of ter-
iary carbocationic diamantyl, the IR spectrum identifies the lowest
nergy isomer as being present experimentally. In this isomer, the
-atom is abstracted from one of the ‘belt’ tertiary carbon atoms

ather than from one of the apical carbon atoms, again in line with
olution-phase chemistry [18,19].

The DFT calculations also provide an assignment for most of
he observed vibrational bands of the diamondoidyl cations. As
escribed in Ref. [17], cationic forms of diamond-like molecules
ay contribute to the observed 3.43 �m and 3.53 �m emission

ands, although the bands at these wavelengths are likely domi-
ated by neutral diamondoids. Hence, we compared in particular
he IR signature in the 6–16 �m range for the neutral and carbo-
ationic forms of adamantane, diamantane and triamantane as the
implest members of the diamondoid family. Substantial spectral
ifferences exist in terms of relative intensities of the IR modes. The
alculations suggest that the intensities of the CH stretch modes in
he 3 �m region become more than 10 times weaker in the dehy-
rogenated cationic species as compared to the neutrals, similar to
hat has been reported for radical cation diamondoids, based on

alculated spectra of several higher diamondoid species [17]. The
ands in the mid-IR range on the other hand, become substantially
ore intense upon going from the neutral to the cationic species.
verall, this reversal of relative intensities between the 3 �m and
id-IR ranges is similar to what is observed for polycyclic aromatic

ydrocarbon (PAH) molecules [34,35]. Finally, in this context, it is
lso of interest to note that the neutral diamondoid relative band
ntensities in the mid-IR range as calculated by DFT are well repro-
uced by the gas-phase diamantane spectrum recorded here, in
ontrast to previously recorded condensed-phase ATR spectra [21].
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