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Adamantane (C10H16, Figure 1) is the parent molecule of
diamondoids, a recently established important class of hydro-
carbon molecules.[1, 2] Diamondoids are rigid and stress-free
cycloalkanes, which can be considered as nanometer-sized

H-terminated diamond-like alkanes with well-defined struc-
tures. The unique and largely variable properties of diamond-
oids and their derivatives make them promising building
blocks for new nanomaterials with tailored mechanical,
electronic, optical, and chemical properties, with applications
in materials and polymer sciences, molecular electronics,
biomedical sciences, and chemical synthesis.[2–4] Moreover,
the high stability of nanodiamondoids suggests their presence
in interstellar environments.[5] Here, we report the IR
spectrum of the adamantane radical cation, which provides
the first spectroscopic characterization of the geometric and
electronic structure of this prototypical carbocation.

Quantum chemical calculations, IR and Raman spectros-
copy,[6] and electron diffraction[7] show that C10H16 has
a highly symmetric structure with tetrahedral symmetry. Its
76 electrons are distributed in molecular orbitals classified in
the Td point group by Ge = 5a1 + 3e + 2t1 + 7t2, leading to a 1A1

ground electronic state. Removal of one electron from the
fully occupied (7t2)

6 HOMO generates a 2T2 ground electronic
state for C10H16

+ in the Td point group. This state is however
subject to Jahn–Teller (J-T) distortion, leading to a structure
with C3v symmetry (Figure 1). As a consequence, the (7t2)

5

configuration of the HOMO splits into (12e)4(12a1)
1, which

generates a 2A1 ground electronic state of C10H16
+ (Figure 2).

This view is not only supported by calculations[3, 8] but also
indirectly inferred from Rydberg[9] and low-resolution photo-
electron spectra of C10H16.

[9a, 10] The photoelectron and Pen-
ning ionization spectra of the ground electronic state of
C10H16

+ are broad, because the 7t2 orbital is strongly
scc-bonding (Figure 2) and removal of an electron induces
J-T distortion, leading to the congested unresolved ionization
spectra.[10] Despite considerable efforts, IR and electronic
spectra of (isolated) C10H16

+ at the level of vibrational or
higher resolution are lacking in the gas and condensed phase,
because of the challenge involved in the production of
sufficient concentrations required for spectroscopic inter-
rogation of this highly reactive and elusive hydrocarbon ion.
However, such spectra are required to confirm and directly
measure the extent of the predicted J-T distortion in this
fundamental carbocation. In addition, laboratory spectra of
C10H16

+ are requested from the astrochemical community for
direct comparison with astronomical spectra, because dia-
mond-like material has been proposed to carry more than 5%
of cosmic carbon and 40 % or tertiary carbon in interstellar
environments.[5]
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Figure 1. Structures of C10H16
+ and the most stable C10H16

+·N2 dimer
calculated at the B3LYP/cc-pVDZ level. Relevant structural parameters
are listed in Table T1 in the Supporting Information.

Figure 2. HOMO (12a1) and HOMO-1 (12e) orbitals of C10H16
+ in C3v

symmetry arising from the splitting of the triply degenerate 7t2 orbital
upon Jahn–Teller distortion.
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Here we report the IR spectrum of isolated C10H16
+ in the

CH stretching range (sCH) obtained through He-tagging IR
photodissociation (IRPD). This sensitive IRPD approach was
previously used to elucidate the structure of related funda-
mental hydrocarbon ions, such as C2H5

+,[11] C3H3
+,[12]

C(OH)3
+,[13] C6H5

+,[14] and C6H7
+.[15] Weakly bound He or N2

ligands are attached to C10H16
+ to facilitate resonant single-

photon fragmentation, as shown in Figure 3 for C10H16
+·He2

and C10H16
+·N2. Due to the very small C10H16

+·He binding
energy (D0< 1 kJmol�1),[16] the influence of He atoms on the
C10H16

+ spectrum is very weak and considered negligible.[16,17]

This assumption is supported by IRPD spectra of C10H16
+·Hen

with n = 1–3, which are identical in appearance at the current
spectral resolution (around 5 cm�1). Thus, the IRPD spectrum
of C10H16

+·He2 in Figure 3d provides a very good approx-
imation of the IR absorption spectrum of bare C10H16

+.[18] This
spectrum shows at least eight transitions in the 2500–
3300 cm�1 range (denoted A–H), which occur in all
C10H16

+·Hen spectra at the same positions (to within 1 cm�1)
and are mostly assigned to sCH fundamentals of the J-T-
distorted C10H16

+.
B3LYP/cc-pVDZ calculations elucidate the energetic,

structural, electronic, and vibrational properties of C10H16

and its cation.[19, 20] The two distinguishable CH equilibrium
bond lengths of the four CH and six CH2 units in neutral
C10H16 (r1 = 1.1037 �, r2 = 1.1043 �) are consistent with the
experimental values derived from electron diffraction (r1�
r2 = 1.112� 0.004 �).[7] The 16 CH local modes give rise to 7
sCH fundamentals (ni, i = 1–7), with predicted wavenumbers in

the 2880–2940 cm�1 interval. Only three of them are IR-
active, and their predicted wavenumbers occur in the narrow
2890–2940 cm�1 range, consistent with the experimental
spectrum reproduced in Figure 3d.[21] All bond angles are
close to a tetrahedral configuration (109� 18),[7] except for
the CH2 scissoring angle (106.88). The J-T-distorted 2A1

ground electronic state of C10H16
+ is generated by removal

of one electron from the HOMO a1 orbital, and the calculated
ionization energy of 8.77 eV is consistent[5e,8c] with available
experimental values (9.1–9.4 eV).[10, 21,22] This orbital has
a strong bonding character at a single CH bond (r1) and
three CC bonds (R2), all of which are nearly parallel to the
rotational C3 symmetry axis (Figure 2). Hence, the major
structural changes upon ionization involve drastic elongations
of the corresponding CH and CC bonds, Dr1 =+ 0.030 � and
DR2 =+ 0.070 �, and a minor elongation of Dr5 =+ 0.005 �.
In contrast, all other CH and CC bonds show less pronounced
bond contractions in the range of 0.002–0.026 �. As a further
consequence of the J-T distortion of the regular C10H16 cage,
many bond angles in the cation also deviate substantially from
the tetrahedral configuration.[8] The energy gain upon Td!
C3v symmetry relaxation arising from J-T distortion is
calculated as 14.7 kJmol�1 (6.6 kJ mol�1 including zero-point
energy corrections).[23] Comparison of the natural bond
orbital charge distribution of C10H16 and C10H16

+ detailed in
Figure S1 in the Supporting Information is consistent with
removal of one electron from the bonding HOMO a1 orbital,
which contributes mainly to the three CC s bonds connecting
the top and bottom parts of the adamantane cage (i.e., the
C4H7 and C6H9 units). In addition, the charges of all H atoms
increase by DqH = 0.02–0.07e upon ionization (qH = 0.26–
0.29e), with the notable exception of the most acidic proton
on the C3 axis, the charge of which increases by DqH = 0.15 e
(qH = 0.38e). Due to its high positive partial charge, this H
atom is the most favorable attractor for ligands L in C�H···L
hydrogen bonding in C10H16

+·L. For the same reason, it is also
the preferential H atom eliminated in dissociation of C10H16

+

into the most stable 1-C10H15
+ isomer of the adamantyl

cation.[3, 5e, 24] Loss of this proton is also invoked in proton
transfer reactions of C10H16

+ in solution.[3, 8a]

The structural and electronic changes upon ionization of
C10H16 are directly reflected by its vibrational spectrum, and
the implications for the CH stretching range are visualized in
Figure 3. Symmetry reduction from Td to C3v induces split-
tings of the degenerate sCH modes with t1/2 symmetry into
a2/1 + e (Table 1). The sCH modes transform as GCH = 2a1 + e +

t1 + 3t2 in Td (C10H16) and as GCH = 5a1 + a2 + 5e in C3v

(C10H16
+). Moreover, the larger spread in CH bond lengths

in the cation compared to the neutral molecule (r1–5 = 1.0992–
1.1333 vs. 1.1037–1.1043 �) produces a larger spread in the
corresponding sCH wavenumbers (n1–7 = 2602–3007 vs. 2886–
2931 cm�1). A decomposition of the CH normal modes into
the CH local modes is given in Table T2 in the Supporting
Information, which shows a clear correlation between the CH
bond lengths ri and the associated sCH wavenumbers. The IR
selection rules are such that only t2 modes are IR-active in Td,
whereas a1 and e modes become IR-allowed in C3v. Hence, the
number of IR-active sCH modes increases from three to ten
upon ionization, leading to a much richer IR spectrum for the

Figure 3. The experimental IRPD spectra of e) C10H16
+·N2 and

d) C10H16
+·He2 are compared to the linear stick IR absorption spectra

of c) C10H16
+ and b) C10H16 in their 2A1 and 1A1 ground electronic

states, respectively, calculated at the B3LYP/cc-pVDZ level. For com-
parison, the experimental IR absorption spectrum of C10H16 taken from
the NIST database is shown as well in (a).[21] The positions and
assignments of the transitions are listed in Table 1.
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C10H16
+ cation. Six out of the ten active sCH fundamentals of

C10H16
+ have predicted IR oscillator strengths with ICH>

2 km mol�1 and are thus visible in the computed spectrum in
Figure 3c. In addition to vibrational splittings, ionization has
a drastic impact on the sCH wavenumbers and the composition
of the normal modes in the basis of the CH local modes. Most
significantly, C10H16

+ shows an intense and isolated sCH local
mode with a very unusual low wavenumber of n7(a1) around
2600 cm�1 associated with the single weak CH bond (r1). This
unique spectral feature is largely separated (by around
250 cm�1) from the other sCH modes (around 2850–
3000 cm�1) and thus constitutes the characteristic spectro-
scopic signature of the J-T-distorted C10H16

+ cation in this
spectral range.

The IR spectrum calculated for C10H16
+ in Figure 3c

compares favorably with the IRPD spectrum measured for
C10H16

+·He2 in Figure 3d with respect to both the wave-
numbers and relative IR intensities of the sCH fundamentals.
The transitions A–F can readily be assigned to all six sCH

modes with ICH> 2 km mol�1, indicating the high sensitivity of
the experimental approach. The maximal and average devia-
tions of less than 26 and 12 cm�1 from the predicted wave-
numbers are compatible with the resolution of the spectro-
scopic approach (around 5 cm�1). Thus, the IRPD spectrum of
C10H16

+·He2 provides for the first time compelling spectro-
scopic evidence of the J-T distortion in the 2A1 ground state of
C10H16

+. Clearly, the IR spectrum predicted for a 2T2 ground
state of the cation with Td symmetry is not compatible with
the experiment (see Figure S2 in the Supporting Informa-
tion). Bands G and H at 3120 and 3177 cm�1 in the IRPD
spectrum of C10H16

+·He2 cannot arise from sCH fundamentals
of C10H16

+ and are currently assigned to overtone and/or
combination bands.[25]

The IRPD spectrum of C10H16
+·N2 in Figure 3e provides

a sensitive probe of the hydrogen bonding interaction of the
acidic CH proton in the J-T-distorted ground state of C10H16

+.
Such experimental data yield information of H-bonded
C10H16

+·L complexes, which are invoked as reaction inter-
mediates in functionalization reactions of adamantane.[3,26]

B3LYP calculations show that the H-bonded C10H16
+·N2

dimer with C3v symmetry displayed in Figure 1 is by far the
most stable isomer of the intermolecular potential. The
anisotropy of the polarizability and the negative quadrupole
moment favor a linear over a T-shaped approach of the N2

ligand toward the positive charge.[12a, 16b,27] The intermolecular
bond is characterized by R = 2.32 � and a binding energy of
D0 = 8.4 kJ mol�1 (699 cm�1). Thus, while the interaction of
the inert He atom with C10H16

+ is negligible (D0< 1 kJmol�1),
the N2 ligand has appreciable impact on the geometric and IR
spectral properties of the core ion (see Table 1, Table T1, and
Figure S3 in the Supporting Information). Most significantly,
the CH proton donor bond is elongated by Dr1 = 0.005 �,
which results in a noticeable red shift of the corresponding
sCH wavenumber of this isolated mode, Dn7(a1) =�50 cm�1,
and a fourfold increase in its IR intensity. All other CH bond
lengths and sCH wavenumbers are much less affected upon
formation of the H bond (jDr j< 0.0006 �, jDsCH j< 8 cm�1).
Comparison of the IRPD spectra of C10H16

+·N2 and
C10H16

+·He2 in Figure 3 confirms these theoretical predictions.
Both spectra are very similar in appearance (bands B–D have
the same wavenumbers to within 6 cm�1), with the notable
exception of the red-shifted and enhanced transition A
assigned to n7(a1). The measured shift of Dn7(a1) =�25 cm�1

for C10H16
+·N2 is somewhat smaller than the predicted value,

which may indicate that the B3LYP/cc-pVDZ level slightly
overestimates the strength of the intermolecular H bond.[28]

Significantly, the IRPD spectrum of H-bonded C10H16
+·N2

confirms the enhanced acidity of the CH bond r1 of C10H16
+

and thus the J-T-distorted geometry of C10H16
+ in its 2A1 state.

In conclusion, He-tagging IRPD spectroscopy provides
the first spectroscopic and structural characterization of
C10H16

+ in the gas phase. The analysis of the sCH wavenumbers
provides details of the CH bond properties in this fundamen-
tal alkane cation. Significantly, the IRPD spectrum provides
the first compelling spectroscopic evidence for a J-T dis-
tortion of C10H16

+ leading to a 2A1 ground electronic state with
C3v symmetry. The unusually low sCH wavenumber of
2600 cm�1 for n7(a1) is a unique characteristic fingerprint of

Table 1: CH stretching wavenumbers (sCH in cm�1) of C10H16 and C10H16
+ calculated at the B3LYP/cc-pVDZ level compared to experimental values of

C10H16, C10H16
+·He2, and C10H16

+·N2 (Figure 3).

Mode[a] C10H16

(Td,
1A1)

[b]
C10H16

exp[c]
Mode[a] C10H16

+

(C3v,
2A1)

[b]
C10H16

+·He2

exp
C10H16

+·N2

exp
C10H16

+·N2

(C3v,
2A1)

[b]

n1(t2) 2931 (276) 2940 n1(e) 3007 (19) 2981 (F) 3005 (20)
n2(t1) 2927 (0) n2(a2) 3002 (0) 3001 (0)
n3(a1) 2922 (0) 2950 n3(a1) 2962 (1) 2961 (1)
n4(t2) 2910 (450) 2910 n2(e) 2955 (36) 2954 (E) 2955 (43)
n5(e) 2891 (0) 2900 n1(a1) 2949 (2) 2949 (2)
n6(t2) 2890 (57) 2850 n5(e) 2948 (0.5) 2948 (0.07)
n7(a1) 2886 (0) 2913 n4(a1) 2941 (0.05) 2941 (0.3)

n4(e) 2932 (10) 2941 (D) 2945 (D) 2932 (9)
n6(a1) 2873 (9) 2883 (C) 2889 (C) 2879 (5)
n6(e) 2846 (101) 2868 (B) 2864 (B) 2854 (78)
n7(a1) 2602 (197) 2600 (A) 2575 (A) 2553 (827)
[d] 3120 (G)
[d] 3177 (H)

[a] See Table T2 in the Supporting Information for a description of the normal modes. [b] IR intensities ICH in kmmol�1 are listed in parentheses.
Harmonic wavenumbers are scaled by 0.96. [c] Ref. [6c]. Some assignments may not be reliable because of inconsistent literature reports.[6] [d] See
ref. [25] for tentative assignments.
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the C10H16
+ cation and may readily be used for its identifi-

cation in hydrocarbon plasmas, including the interstellar
medium. Future experiments aim at the measurement of IR
and optical spectra of C10H16

+, higher diamondoids, their
derivatives, and their clusters to probe the effects of
functionalization, solvation, and adsorption on the geometric
and electronic structure of these fundamental carbocations.

Experimental Section
IRPD spectra of C10H16

+·Ln with L = He and N2 were recorded in
a tandem quadrupole mass spectrometer (QMS1/2).[29] Cold
C10H16

+·Ln clusters with a rotational temperature of less than 50 K
were generated in a pulsed supersonic plasma beam expansion of
C10H16 (T= 150 8C) seeded in 36 bar of He or 5 bar of N2 carrier gas.
Weakly bound C10H16

+·Ln ions were produced by electron ionization
of C10H16 and subsequent three-body aggregation. The C10H16

+·Ln

clusters were mass-selected by QMS1 and irradiated in an octopole
ion trap with a tunable IR laser pulse (nIR) generated by a pulsed
OPO laser with a bandwidth of 1 cm�1. Resonant vibrational
excitation of C10H16

+·Ln induced the rupture of the weak intermo-
lecular bonds [Eq. (1)]:

C10H16
þ � Ln þ hnIR ! C10H16

þ þ n L ð1Þ

C10H16
+ fragment ions were selected by QMS2 and monitored as

a function of nIR to obtain IRPD spectra of C10H16
+·Ln. The resolution

of the spectroscopic approach is limited by unresolved rotational
substructure, leading to widths of around 10 and around 20 cm�1 of
the vibrational transitions for L = He and N2, respectively.[30] Quan-
tum chemical calculations were carried out at the B3LYP/cc-pVDZ
level.[19, 20] Binding energies were corrected for zero-point vibrational
energies. Harmonic vibrational wavenumbers were scaled by 0.96.[20]
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