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Infrared spectrum of the 1-cyanoadamantane
cation: evidence of hydrogen transfer and
cage-opening upon ionizationf
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The radical cations of diamondoids are important intermediates in their functionalization reactions and are
also candidates as carriers for astronomical absorption and emission features. Although neutral diamondoids
have been studied extensively, information regarding their radical cations is largely lacking, particularly for
functionalized diamondoid derivatives. Herein, we characterize the structure of the 1-cyanoadamantane
radical cation (CioHisCN*, AJCN™) using infrared photodissociation (IRPD) spectroscopy of mass selected
AdCN*N, clusters in the XH stretch range (2400-3500 cm™) and dispersion-corrected density functional
theory calculations (B3LYP-D3BJ/cc-pVTZ). A group of three distinct CH stretch bands are observed in the
2800-3000 cm™? range, in addition to a highly redshifted absorption at 2580 cm™? attributed to the acidic

s also

CH proton predicted by calculations. An unexpected broad absorption peaking at 3320 cm™
detected and assigned to an NH stretch mode based on its width and frequency. Calculations indicate that
hydrogen atom transfer (HAT) from the adamantyl cage (CioH1s, Ady) to the N atom of the CN group yields
lower energy structures, with an open-cage isomer exhibiting such hydrogen transfer being the global mini-

Received 18th July 2023, mum on the potential energy surface. The energy barriers involved in the formation of this open-cage iso-

Accepted 9th August 2023 mer are also lower than those calculated for generation of the analogous open-cage 1-amantadine cation
isomer which has previously been identified by IRPD. The combined consideration of IRPD spectra and cal-

culations indicates a major population of the nascent canonical closed-cage isomer and a smaller population
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1. Introduction

1-Cyanoadamantane (C;oH;5CN, AACN) is the simplest cyano-
functionalized derivative of the smallest diamondoid, adamantane
(C10H16, Ada). Diamondoids are a class of nanometer-sized alipha-
tic hydrocarbon compounds named after their atomic arrangement
resembling that of the diamond crystal lattice." They are rigid and
strain-free cycloalkanes containing sp’-hybridised C atoms
arranged into cage-like structures terminated by H atoms."” These
molecules were first discovered in crude oil extracts and are
accumulating interest in multiple disciplines including molecular
electronics,® nanotechnology,’® medicinal chemistry,” chemical
synthesis,'®'* and astrochemistry due to their thermodynamic and
chemical stability.">® Lower diamondoids (those possessing only
one structural isomer) are able to be synthesised in the laboratory
and can be functionalized to obtain derivatives with properties that
are tailored to specific applications.*>"7>*> One such example is

Institut fiir Optik und Atomare Physik, Technische Universitdt Berlin,

Hardenbergstr. 36, 10623 Berlin, Germany. E-mail: dopfer@physik.tu-berlin.de

1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d3cp03417h

22734 | Phys. Chem. Chem. Phys., 2023, 25, 22734-22743

of the global minimum isomer featuring both cage-opening and hydrogen transfer.

amantadine (C;oH;5NH,, Ama) which is used to treat Parkinson’s
disease as well as being an antiviral agent.>**** Previous investiga-
tions of Artagged Ama' ions using infrared photodissociation
(IRPD) spectroscopy reveal the formation of two open-cage bicyclic
distonic iminium isomers upon electron ionization (EI) of Ama, in
addition to the canonical nascent closed-cage tricyclic isomer
produced by vertical ionization.”®*® The energy barriers for the
formation of the open-cage isomers of Ama" are computed to be
significantly lower than for Ada" and this result has been attributed
to the electron-donating character of the NH, group.>*® While
solvation of Ama* with Ar and N, has little impact on the closed-
cage to open-cage isomer population ratio, solvation with H,O
molecules results in a drastic reduction in the generation of the
open-cage isomer.>® Various studies of bare Ada using synchrotron
VUV radiation and XUV femtosecond pulses reveal dissociative
channels beginning with opening of the cage structure.>’>° How-
ever, IRPD and electronic photodissociation (EPD) spectra of Ada"
and its clusters generated in the same EI source as Ama’ show no
evidence of open-cage isomers, similar to the diamantane radical
cation (C4H,,", Dia"),'>"*3%? indicating that reaction barriers are
high for bare diamondoid cations. To test this hypothesis further,
similar experiments with AACN have been proposed to understand
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how electron-withdrawing functional groups influence the stability
of diamondoid cage structures.**>*

In addition to biochemistry and pharmaceutical applications,
diamondoids and their functionalized derivatives are being
actively researched in the field of astrochemistry.'>™*163373% 1t
has been hypothesized that diamondoids may account for over
5% of cosmic and 40% of tertiary carbon in interstellar
environments.">'® Evidence suggesting their presence in the
interstellar medium (ISM) first came from nanodiamond material
discovered in extrasolar meteorites at concentrations up to 400
ppm.** However, no astronomical observations have confirmed
the existence of diamondoids in these regions. Because of the low
ionisation energies of diamondoids (~7-9 €V) and the high flux
of UV radiation in certain interstellar regions, their radical cations
are also expected to be present in the ISM.****® Since the discovery
that the fullerene Cg,' is responsible for five of the diffuse
interstellar band (DIB) features,*”*® other large aliphatic hydro-
carbons including diamondoid radical cations have been investi-
gated as candidates for DIB carriers.""® Their open-shell
electronic structures allow for HOMO « HOMO-—n transitions
in the visible and near-IR ranges, where the majority of the DIBs
are measured (400-800 nm).>**°~*! However, EPD spectroscopy
performed for Ada* and Dia" reveal broad and unresolved spectral
bands spanning the whole visible frequency range, even when
cooled to cryogenic temperatures below 20 K.">'*** This spectral
broadness is attributed to a combination of short excited state
lifetimes (~ 20 fs) and Franck-Condon congestion of closely lying
vibrational modes resulting in rapid relaxation of the excited
state.’>™* Thus, these experiments exclude small bare diamond-
oid cations as possible carriers of the DIBs.

Functionalized derivatives such as cationic diamondoid
nitriles were proposed as more promising candidates because
substituents modify the electronic structure and allow for new
transitions to occur."®'* Organic and inorganic molecules
possessing nitrile groups are also commonly observed in the
interstellar environment by radio astronomy due to intense
rotational transitions brought about by their large electric
dipole moments.**™*®

For these reasons, laboratory spectra of the smallest cyano-
functionalized diamondoid, AACN, were recently recorded to
determine its geometric and vibrational structure from micro-
wave and IR spectroscopy,*”*® while its electronic structure was
characterized by density functional theory (DFT).*® Previous
studies of the AACN" radical cation are scarce. An EI mass
spectrum reveals the major fragment ions of AACN'.*® Its
electronic EPD spectrum features similar spectral broadness
to the bare diamondoid cations which, combined with the
relative ease by which it fragments, thus discounts it as a viable
DIB carrier."* This spectral broadness, in addition to the cage-
opening mechanism observed for Ama®, motivates the investi-
gation of the geometric structure of AACN" via IR spectroscopy.
Moreover, the most intense fragment peak observed at m/z
134 in the AACN mass spectrum is attributed to the loss of
neutral HCN."**° This is an exception among the carbon-linked
1-substituted adamantanes (AdCX), where the loss of the func-
tional CX group is usually observed, producing the rather stable
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closed-shell adamantyl cation (CioH;s', Ady') as the main
fragment (m/z 135). With the primary goal of characterizing
the geometric structure of AACN', we report herein the IR
spectrum of AACN' measured by photodissociation of N,-
tagged ions and use DFT calculations to aid the vibrational
and isomer assignments of the transitions observed. Compar-
ison with our previous studies of Ada” and Ama* will allow one
to determine the effects of substitution of the electron-
withdrawing CN group on the structure and reactivity of small
diamondiod radical cations.

2. Experimental and
computational techniques

IRPD spectra of AACN'L, clusters are obtained in a quadru-
pole-octupole-quadrupole (QOQ) tandem mass spectrometer
coupled to an EI cluster source described elsewhere.”'"** Cold
AdCN'L, clusters with L = Ar or N, are produced in a pulsed
supersonic plasma expansion by electron (and/or chemical)
ionization of AACN (Sigma Aldrich, >97%, T ~ 135°) seeded
in Ar or N, carrier gas (10-15 bar) close to the nozzle orifice and
subsequent three-body clustering reactions. The filaments of
the EI source are powered by an offset voltage of up to 200 V,
which sets an upper limit for the kinetic energy of the electrons
impacting the molecular beam to 200 eV. A typical mass
spectrum using the ion source in the mass range m/z 10-210
is presented in Fig. S1 in ESL.} To confirm the composition of
the mass-selected AACN'L,, clusters, collision-induced dissocia-
tion (CID) spectra are recorded (Fig. S2, ESIT). For this purpose,
the octupole is filled with N, gas (10 ° mbar) resulting in
collisions at 10 eV energy in the laboratory frame. The desired
AdCN'L, parent clusters are mass selected by the first quadru-
pole, deflected by 90° into the adjacent octupole ion guide,
and irradiated by a tunable IR laser pulse emitted from an
optical parametric oscillator pumped by a Q-switched nanose-
cond Nd:YAG laser (2-5 m] pulse energy, 10 Hz repetition
rate, <4 cm™ ' bandwidth). A wavemeter is used to calibrate
the IR laser frequency to an accuracy of <1 cm™'. At resonant
vibrational frequencies, the IR radiation induces predissocia-
tion of the parent cluster into the neutral ligands and AACN"
daughter ions. The latter are then selected by the second
quadrupole and monitored by a Daly detector as a function of
laser frequency to obtain IRPD spectra of AACN'L,. A pyro-
electric detector is used to normalize the IRPD spectra for
frequency-dependent variations in the photon flux.

DFT calculations are performed at the dispersion-corrected
(u)B3LYP-D3BJ/cc-pVTZ level to obtain geometries, energies,
and IR spectra of various AACN" isomers and their clusters.>?
This computational level has been shown to provide reliable results
for related diamondoid cations and their clusters,>?%**%* with
the addition of Becke-Johnson damping to yield more accurate
results for non-covalent bond distances and intramolecular disper-
sion interactions. Relative energies and binding energies (E., De)
are corrected for harmonic zero-point vibrational energies to yield
Ey, and D, values. To compare calculated harmonic vibrational
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frequencies with experimental values, scaling factors are employed
to account for vibrational anharmonicity and errors of the harmo-
nic force field estimated by DFT. Appropriate scaling factors are
obtained by fitting the calculated frequencies of neutral AACN to
their experimental values.*®® To this end, frequencies in the mid-
IR XH stretch range (>2000 cm ') are scaled by 0.953, while those
in the far-IR fingerprint range (<2000 cm™ ") are scaled by 0.978.
Calculated IR stick spectra are convoluted with Gaussian line
profiles (FWHM = 10 cm ") to facilitate convenient comparison
with the experimental spectra. Natural bond orbital (NBO) analysis
is used to evaluate the charge and spin density distributions. Spin
contamination for any of the AACN' isomers is found to be
negligible with the largest value of (S> — 0.75) = 0.0131 and
0.0001 before and after annihilation, respectively. To optimize
transition state geometries, the synchronous transit-guided quasi-
Newton method is employed.”® A complete set of all relevant
structures of the AACN" isomers (Fig. $3), their AACN'N, isomers
and respective E, and D, energies (Fig. S4-S7), transition state
structures and their E, energies (Fig. S8 and Table S1), NBO charge
and spin data (Fig. S9 and S10), computed IR spectra (Fig. S11-513),
HOMO orbitals (Fig. S14), Cartesian coordinates and energies
(Tables S2-520), and vibrational frequencies and IR intensities
(Tables S21-S26) is given in ESLt

3. Results and discussion

A typical mass spectrum using the EI source is shown in Fig. S1
in ESI.§ The major fragments of the parent AACN" ion (m/z 161)
are observed at m/z 146, 134, 119, 104, 93, 79, 69, 53, 39, and 27.
These are consistent with the standard EI mass spectrum of
AdCN reported by NIST and confirm AACN™ as the parent ion.”®
AdCN'L,, clusters (L = Ar, N,) are also formed in addition to
other undesired cluster ions such as pure Ar," clusters. CID
spectra of mass-selected AACN'L,, clusters (Fig. S2, ESIt) reveal
only loss of the neutral ligands, thus confirming the composi-
tion of the parent clusters and excluding isobaric mass
contamination.

The IRPD spectrum of the AACN'N,, cluster recorded in the
XH stretch range (2400-3500 cm ™ ') in the N, loss channel is
shown in Fig. 1. Positions and widths of the transitions
observed, along with suggested assignments to vibrations of
various AACN" isomers are listed in Table 1. The structure of
neutral AACN is obtained via substitution of the apical H atom
of neutral Ada for a CN group, which lowers the molecular
symmetry from T4 to Cs,. Upon ionization, AACN (*A;) under-
goes geometry changes which lower its symmetry further result-
ing in the ®A’ cation ground state with C; symmetry (Fig. 2(a)).
This canonical closed-cage AACN" isomer obtained by vertical
EI of neutral AACN will henceforth be referred to as closed-cage
isomer CC(I). The C2-C3, C7-C8, and C10-C11 bonds elongate
substantially upon ionization (by 4.72, 4.30, 4.30%), while all
other C-C bonds contract slightly (<1.90%). Most C-H bonds
remain largely unaffected (0.30-0.45% change) apart from the
C6-H bond which experiences a comparatively large elongation
of 2.75%. Similar structural behavior has been observed for
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Fig.1 IRPD spectrum of AdACN*N, recorded in the N, loss channel

compared to linear IR absorption spectra calculated for various isomers
(B3LYP-D3BJ/cc-pVTZ, Table 1). Computed scaled harmonic stick spectra
are convoluted with Gaussian line profiles (FWHM = 10 cm™). The weak
Vcnn Stretch bands are vertically expanded by factors given in parentheses.

Ada" and Dia" due to the activity of the (pseudo-)Jahn-Teller
(T) effect.'>'*3%” For the latter cations, the large elongations
occur for their apical C-H bonds and the C-C bonds parallel
with their principal axis of rotation which results in character-
istically low-frequency CH stretch modes of these acidic C-H
bonds."*?° The analogous bond distortion in AACN" does not
occur parallel to its C; axis of rotation (i.e. the axis of H —» CN
substitution) but instead along one of its three remaining
tertiary C-H bonds. A clearer comparison of AdCN(") with
Ada™ can be made by aligning the C6-H bond of AACN" with
the C; axis of Ada"* so that the acidic C-H bonds of both species
are in the apical position (Fig. 3). In this orientation, AACN
distorts in a similar way to Ada upon ionization. Inspection of
the HOMO of AdCN (Fig. S14, ESIT) shows that it is spread over
the entire molecule with significant localization on the C2-C3,
C7-C8, C10-C11, and C6-H bonds. Removal of an electron
from this bonding orbital explains the resulting elongation of
these bonds upon ionization. NBO analysis of AACN and AACN"
reveals that the positive partial charges of the CN group, the C
atoms of the Ady cage, and the H atoms increase by 102, 162,
and 729 me, respectively (Fig. S9, ESIt). This analysis indicates
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Table 1 Positions and widths (FWHM in parentheses) of transitions observed in the IRPD spectrum of AACN*N, (A—F) compared to vibrational
frequencies (in cm™Y) computed for various isomers (B3LYP-D3BJ/cc-pVTZ, Fig. 1)

Peak Mode AdCN'N, exp CC(DN(5) CC(DNx(1) CC(IDNx(1) OC(I)N,(1) OC(I)N,(1)
A pasidie 2580 (53) 25527 (974) 26117 (267) — — —

B VGHn 2830 (41) 2835 (53) 2835 (66) — 2815 (38) —

C VGHn 2884 (28) 2868 (22) 2861 (38) 2922 (57) — 2899 (13)
D VcHn 2939 (60) 2940 (30) 2939% (33) 2949 (59) 2948% (21) 2928% (64)

E Ve—clBon, 3155 — — — — 1603 (266)
F UNH 3320 (105) — — 3234 (3740) — 32727 (2541)

% Computed harmonic frequencies are scaled by 0.953. IR intensities in km mol ™" are listed in parentheses. For overlapping fundamentals in the

computed IR spectra, the maxima of convoluted bands are given. * Scaled by 0.978. Scaled harmonic overtone is computed as 3206 cm

that the positive charge is mostly located on the Ady cage with
the CN group being largely unaffected, which is in contrast to
Ama" where the electron is removed from the nonbonding N
lone pair of the NH, group.”>?*>*°8

The discussed structural changes upon ionization are directly
evident in the experimental IRPD spectrum (Fig. 1). Peaks B, C,
and D observed at 2830, 2884, and 2939 cm ™', respectively, are
assigned as a closely spaced group of CH, stretch modes by
comparing their frequency range with computed transitions. A
detailed assignment of bands B-D to individual modes is not
possible due to substantial overlap of calculated peak positions
(after convolution) between different AACN'N, cluster isomers in
this frequency range. A significantly redshifted C-H stretch band
(peak A) is observed at 2580 cm ™" and assigned to the acidic C6-H
bond of a N,-tagged isomer of the CC(I) ion (12°) as no intense
absorptions are predicted in this frequency range for any other
AdCN'N, isomer. Which of the possible CC(I)N, isomers, which
arise from various N, binding sites, is responsible for peak A
cannot be determined from our data alone. CC(I) offers several
possible N, binding sites which each lead to slightly different
redshifts of 125id, Binding of N, to the acidic C6-H proton as in
isomer CC(I)N,(5) shown in Fig. 2(b) is predicted to occur in a
linear fashion which is favoured over a T-shaped approach due to
the anisotropy of the polarizability and negative quadrupole
moment of N,.>>?%%%%" The relatively high binding energy of N,
in this linear CH- - -N, hydrogen bond (H-bond, D, = 9.8 k] mol ")
compared to other ligands such as He (D, < 1 kJ mol *)*° results
in significant impact on the structural and spectral properties of
the core ion. Most notably, N, binding to the acidic proton
elongates the C6-H bond by 4 mA which results in a redshift of
e fom 2601 to 2552 em ™! and a fourfold increase in its IR
intensity compared to the calculated spectrum of untagged CC(I)
(Fig. S11, ESIt). The ligand may bind elsewhere to the Ady cage,
e.g., as in isomer CC(I)N,(1), the lowest-energy N, cluster isomer
(Fig. 2(b)). N, attachment elsewhere has little impact on 125,
with isomer CC(I)N,(1) experiencing a slight blueshift of 10 cm™*
relative to the calculated IR spectrum of the bare ion. For Ada’,
ligand binding occurs at the acidic proton (for L = He, N,, H,0)
because it has the highest positive partial charge of all protons
(354 me).**** This binding motif is confirmed by the measured
redshift of 25 cm ™ for /2 (from 2600 to 2575 cm ') when
switching the ligand from He to N, and its disappearance from
this spectral range upon microhydration.**> NBO analysis of
CC(I) indicates that the acidic C6H proton has the highest positive
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partial charge of 353 me. Given that this behaviour is very similar
to that of Ada", it is likely that N, binding also occurs to the acidic
proton for CC(I) of AACN". The very similar 1230 frequencies of
Ada'N, and CC(I)N, (2575 vs. 2580 cm ™) provide experimental
proof that H — CN substitution has little impact on the acidity of
the C6H proton and allows one to estimate 1251° of bare CC(I) as
2605 + 5 cm ', in excellent agreement with the computational
predictions for bare CC(I) and CC(I)N,(1) (2601 and 2611 cm™ ).
While CC(I)N,(1) is calculated to be slightly more stable
than CC(I)N,(5) at T = 0 K (AE, = 2.3 kJ] mol '), free energy
calculations at room temperature predict the reverse order (AG, =
—2.3 k] mol %), because of the higher flexibility of CC(I)N(5),
supporting the given structural assignment to this N, binding site.

An unexpected intense and broad absorption F centred at
3320 cm™ ' (FWHM 105 cm ™ ') is observed in the IRPD spectrum
of AACN'N, which is not accounted for by any of the spectra
calculated of the tagged or untagged ions of the canonical CC(I)
isomer of AACN". Considering the N atom present in AACN",
and that IR spectra of similar N,-tagged ions possessing NH
groups reveal broad absorptions in this frequency range, it is
likely that peak F arises from an NH stretch mode (vng).>>*°°
Following this scenario, a range of structures exhibiting intra-
molecular hydrogen atom transfer (HAT) from the Ady cage of
CC(I) to the N atom of the CN group are calculated. Due to the
Cs symmetry of CC(I), migration of different hydrogens leads to
the same final isomer structure, and thus it is appropriate to
categorize the H atoms into groups (Fig. S15, ESIT) which form
the same isomer following HAT. Migration of H atoms from
group 1 form isomer CC(II) (Fig. 2(a)), and those from groups 2
and 3 form isomers CC(III) and CC(IV) (Fig. S15, ESIt), respec-
tively. The energies of these closed-cage CC(II-IV) isomers
resulting from HAT are E, = —26.9, —21.4, and —17.9 k] mol "
relative to CC(I), i.e. they are all significantly more stable than
the canonical isomer CC(I), with CC(II) being the most stable
one (Table 2). Its highest stability arises upon HAT of the acidic
C6H proton, which has the weakest C-H bond and thus is the
preferred H donor group. At this point, we note that one cannot
easily distinguish whether a neutral hydrogen atom or a proton
is moving in this roaming-type process. Nonetheless, we pre-
sume herein H atom transfer (HAT), as usually bond breaking
resulting in a neutral fragment is lower in energy than remov-
ing a proton. For a more detailed discussion about the general
processes classified as proton-coupled electron transfer (PCET),
the reader is referred to literature reviews.”"
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Fig. 2 Equilibrium structures of (a) AACN and various isomers of AdCN*
and (b) AACN*N, (in A and degrees) in their ground electronic states
(B3LYP-D3BJ/cc-pVTZ). The acidic CH protons of CC(l) and OC(l) and
intermolecular bond lengths are indicated in red.
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Ada (Ty)
Ada* (Cy,)

Fig. 3 Equilibrium structures of Ada* and AdCN* (in A and degrees) in
their ground electronic states (B3LYP-D3BJ/cc-pVTZ) both orientated
with the Cs axis of Ada*. The acidic CH proton and bonds which undergo
substantial elongation upon ionization are indicated in red.

AdCN (C,,)
AdCN* CC(l) (C,)

The IR spectra calculated for CC(II-IV) presented in Fig. S12
(ESIt) are very similar, with the largest differences of 39 cm™"
for the CN stretch (vgn = 2176-2215 em™ ') and 10 cm ™" for the
NH stretch (vnu = 3545-3555 cm ™ '). As the spectral resolution
of the IRPD spectrum is insufficient to distinguish between
these three isomers, only the most stable isomer CC(II) is
considered further for comparison to the experiment in
Fig. 1. After HAT, the acidic C-H bond of CC(I) is broken and
no longer present in CC(II). NBO analysis reveals that the H
atom which migrates to N has a very large positive partial
charge of 486 me in CC(II), while the H atoms located on the
Ady cage have partial charges in the range 209-230 me. This
result explains why geometry optimisation for CC(II)N,, clusters
predict the protonated CN group to be by far the most stable N,
binding site, denoted isomer CC(II)N,(1) in Fig. 2(b). N, binding
at the CNH group occurs via a strong and nearly linear ionic
NH. - -N, H-bond (1.891 A, 179°) with D, = 23.0 k] mol~*. This
isomer is 12.7-16.4 k] mol~" more stable than any other of the
CC(II)N,(2-6) isomers, which are stabilized by much weaker
CH. - N, contacts (D, = 6.6-10.3 k] mol ", Fig. S5 in ESI{). The
strong H-bond to N, causes a large vyy redshift of 321 cm ™!
from 3555 cm ™" for bare CC(II) to 3234 cm™ " for CC(II)N(1) and
a strong enhancement in its IR activity by nearly a factor 3 (from
1333 to 3740 km mol ). As can be seen in Fig. 1, vyy predicted
for CC(I)N,(1) deviates only by 86 cm ™" from the maximum of
the rather broad band F at 3320, making such an assignment
quite reasonable. The structural rearrangement involved with

Table 2 Relative energies of various ACN* isomers (B3LYP-D3BJ/cc-
pVTZ, Fig. 2 and Fig. S3 in ESI)

AdCN" isomer Eo/k] mol™*
ccQ) 0

cc(v) ~17.88
cc(im) —21.41
cc(i) ~26.90
oc(1) —41.80
oc(in) —58.84
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forming CC(II) by HAT also leads to a separation of charge and
spin. The spin density of this distonic ion is mostly located on
the C6 atom from which the H atom migrated away toward the
N atom (sce = 0.806, Fig. S10, ESIT), while the majority of the
positive charge is localized at the CNH site (gcnu = 719 me).

One of the major motivations of this work has been the
impact of the CN group on the cage-opening process upon EI.
The largest bond length change calculated for AACN upon
vertical ionization to CC(I) is experienced by the C2-C3 bond
adjacent to the CN functional group (Ar = +73 mA), indicating a
strong activation of this bond. To obtain the open-cage isomer
OC(I) shown in Fig. 2(a), this bond ruptures in a similar fashion
as for Ama’ where the most activated C-C bond adjacent to the
NH, functional group also breaks upon EL>*?® A simultaneous
1,2 H-shift of the acidic H atom from C6 to C3 leads to the
formation of a methyl group. The OC(I) structure is bicyclic and
analogous to the reported open-cage Ama’(Ill) isomer.>*>®
However, for AACN" no intermediate isomer analogous to
Ama’(Il) is obtained, which simply results from cage-opening
(without 1,2 H-shift) and is only a shallow minimum with a low
barrier of 13 k] mol™' toward the canonical Ama*(I) cage
isomer. The 1,2 H-shift strongly reduces the acidity of the
former C6H proton (rcy decreases from 1.121 to 1.103 A).
However, it remains the most acidic of all protons of OC(I)
and is thus responsible for the lowest-frequency and most
intense CH stretch band in its calculated IR spectrum (/25¢,
Fig. S13, ESIt). The boat configuration of OC(I) can be rationa-
lized by inspection of the HOMO (Fig. S14, ESI{) which reveals
significant bonding character between C2 and C6 preventing
flattening of the structure. To account for the NH stretch band
F observed in the IRPD spectrum, the bicyclic open-cage isomer
OC(II) in Fig. 2(a) is obtained from OC(I) by HAT of a H atom
from the methyl group to the N atom of the CN group.
Interestingly, the C-N-H bond angle of the protonated CN
group strongly deviates from linearity (136.7°), due to the
approximate sp” hybridization of N (C=C==NH) and the repul-
sive interaction between the N lone pair and the N-H bond
(Fig. S14, ESIT). The relative energies of these two open-cage
isomers OC(I) and OC(Il), E, = —41.8 and —58.8 kJ mol ",
indicate that they are around 40-60 k] mol ' more stable
than the canonical closed-cage isomer CC(I) and around 15-
30 k] mol™' more stable than the most stable closed-cage
isomer CC(II) exhibiting HAT (Table 2). Hence, from the energy
perspective, one may expect the production of these open-cage
isomers in the EI plasma expansion, although barriers of cage-
opening and HAT must be considered as well (vide infra).

The structures and E, and D, energies of all seven computed
OC(I)Ny(1-7) cluster isomers are available in Fig. S6 (ESIt). In
isomer OC(I), the positive charge is distributed over the entire
structure (Fig. S9, ESIt). As a result, the N, binding energies to
OC(I) are rather low and within a narrow energy range (Do = 9.1-
11.5 k] mol™'). As a further consequence, the IR spectra
predicted for all OC(I)N, isomers are quite similar and thus
we consider only the spectrum of the most stable OC(I)N,(1)
isomer shown in Fig. 2(b) for comparison to the experimental
spectrum in Fig. 1. The structures and E, and D, energies of the
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eight computed OC(II)N,(1-8) cluster isomers are available in
Fig. S7 (ESIT). NBO analysis reveals that the proton at the CN
group of OC(II) has a relatively large positive partial charge of
445 me, while those of the aliphatic H atoms are much lower
and range from 203 to 248 me (Fig. S9, ESIT). Hence, in the
most stable OC(II)N,(1) isomer shown in Fig. 2(b), the N, ligand
forms a strong and nearly linear NH:-:N, ionic H-bond
(1.991 A, 177°) with D, = 17.2 k] mol ™. All other N, binding
sites feature only weaker CH- - -N, contacts and thus are far less
stable (D, = 7.5-9.4 k] mol ") and not considered further. The
NH- - -N, H-bond in OC(II)N,(1) causes a large vyy redshift of
149 cm™ ' from 3421 cm ™' of bare OC(II) (Fig. S13, ESIT) down
to 3272 em™" in the cluster (Fig. 1) and a nearly fivefold
enhancement in its IR activity (from 545 to 2541 km mol ).
A significant amount of the positive charge is located on the
CNH group (478 me) while the spin density (Fig. S10, ESIY) is
largely located on the C2 atom connected to the CNH group
(Sc2 = 0.366) and the C3 atom from which the H atom migrates
(sc3 = 0.232). Inspection of Fig. 1 reveals that contributions of
both OC(I/IT)N,(1) to the measured IRPD spectrum cannot be
ruled out. The IRPD spectrum reveals a weak additional feature
E centred at 3155 cm™ ', which cannot be assigned to any
fundamental of any of the considered AACN'N, isomers. It is
possible to attribute this band to an overtone of a vc—c/fch,
mode at 1603 cm™ "' unique to the OC(I) isomer, in which a
stretch of a C=C double bond and CH, scissoring mode are
strongly coupled (Fig. S13, ESIt). Unfortunately, anharmonic
vibrational calculations to confirm this assignment have failed
so far. Similarly, direct measurements of the fundamental
Vo—c/Bcn, mode in the fingerprint range have been unsuccess-
ful, possibly due to the high N, binding energy of 17 k] mol "
(being close to the fundamental frequency) and/or the low
photon flux of the OPO laser in this frequency range.

In an effort to characterize the energy profile for the HAT
and cage-opening reactions, transition states (TS) are located
for two different pathways 1 and 2, both starting from the
nascent canonical CC(I) structure toward the most stable OC(II)
global minimum via either OC(I) or CC(II), respectively (Fig. 4
and Table S1, ESIt). The barrier TS(III) for cage-opening by
breaking the activated C2-C3 bond of CC(I) with a simulta-
neous 1,2 H-shift of the acidic hydrogen from C6 to C3 to form
OC(I) is computed as V;, = 83.4 k] mol™' (pathway 1). This
energy barrier is 39.7 and 102.0 k] mol ™' lower than the
barriers for the formation of the equivalent open-cage isomers
of Ama* and Ada* (V}, = 123.1 and 185.4 k] mol"),*® indicating
the substantial impact of substitution of functional groups on
these cage-opening reaction barriers. It is also lower than the
barriers involved in the formation of closed-cage isomers
exhibiting HAT (V, = 148.0 k] mol™ ") via pathway 2. After
cage-opening, a lower barrier of 47.3 k] mol™" must be over-
come for HAT from the methyl group to the CN group to form
isomer OC(II) from OC(I). Isomer CC(H) is the most likely
closed-cage isomer exhibiting HAT to form as it has the lowest
E, energy of the closed-cage isomers and the lowest barrier for
formation. However, a very low barrier of V}, = 7.0 k] mol ™" at
TS(I) is computed for the formation of OC(II) from CC(II).
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Fig. 4 Potential energy surface (Ep) of the cage-opening and HAT reac-
tions of AACN* upon ionization for the two considered pathways from the
nascent CC(l) isomer to the OC(ll) global minimum (B3LYP-D3BJ/cc-
pVTZ) with minima and transition states (TS). Relevant structures, energies
and barriers are provided in the ESIt (Fig. S8 and Table S1).

Therefore, we conclude that even if isomer CC(II) were formed
it is likely that it cannot be trapped in the shallow potential well
and continues to react to form OC(II) along pathway 2. These TS
calculations suggest that the energetically most favorable route
for formation of an isomer exhibiting HAT to the CN group is
cage-opening of CC(I) to form OC(I) followed by HAT, thereby
generating OC(II) (pathway 1). The intense fragment peak
observed at m/z 134 in the AACN mass spectrum (Fig. S1, ESIT)
was attributed to the loss of neutral HCN (AACN" — CyoHy,' +
HCN).>° This was an exception among the C-linked 1-
substituted AdCX, where the loss of the CX functional group
(AdCX" — Ady" + CX) was observed as the main fragment with
m/z 135 (Ady"). The low energy barriers for HAT to the CN group
prior to fragmentation via loss of the CNH group provide an
explanation for this observation, as this would lead to the
generation of CyoHy," fragments (m/z 134) rather than Ady’
(m/z 135).

After considering the energetics of the various AACN" iso-
mers, their N, binding energies, and the potential barriers for
cage-opening and HAT reactions, we come to the final assess-
ment of the IRPD spectrum in Fig. 1. From the reaction
potential calculations, we may exclude a significant population
of CC(II) because of its shallow minimum well. Hence, only the
three isomers CC(I), OC(I), and OC(II) remain. Out of these,
only OC(II) has an NH group and can explain band F. Thus, this
transition is mostly assigned to OC(II)N,(1). Band A can only be
attributed to N, complexes of CC(I), which all have quite similar
intermolecular binding energies. While bands F and A are
uniquely assigned to OC(II) and CC(I), respectively, there is
no clearcut signature for OC(I) in the recorded IRPD spectrum
because its CH stretch bands overlap with those of the other
isomers. In the following, we crudely estimate the relative
population of isomers CC(I) and OC(II) using the relative
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integrated band intensities of A and F (1:4) and the computed
IR cross sections for 1230 of CC(I)N, (266-974 km mol ") and
vnn of OC(ID)N(1) (2541 km mol '), yielding population ratios
for CC(I): OC(II) in the range of 1:1.5 to 2.5: 1. However, as the
N, binding energy to OC(II) is substantially larger than to CC(I),
Dy =17 vs. 9-12 k] mol ™', this ratio probably still increases in
favour of CC(I). We cannot make any definitive conclusion
about the abundance of OC(I) as the potential well of this
minimum also has a relatively low isomerization barrier toward
OC(II) when compared to the barrier for its generation. The
entrance barrier at TS(III) at 142.3 k] mol ' is much higher
than the exit channel barrier at TS(II) at 64.4 k] mol ™, so that it
may be challenging to trap a large population in the well of
OC(I). In conclusion, the IRPD spectrum of AACN'N, indicates
a dominant population of the nascent closed-cage isomer CC(I)
obtained by vertical EI of neutral AACN, along with a smaller
but detectable population of the most stable OC(II) isomer
obtained by cage-opening and HAT.

4. Concluding remarks

We present the IR spectrum of AACN' cations produced by
electron ionization of neutral AACN using N, tagging photo-
dissociation of mass-selected cluster ions in a tandem mass
spectrometer. The IRPD spectrum recorded in the CH/NH
stretch range reveals the unique spectral signatures of several
isomers indicative of cage-opening and intramolecular hydro-
gen/proton transfer (HAT) reactions. The potential energy sur-
face for these reactions is analysed with B3LYP-D3BJ/cc-pVTZ
calculations to determine minima and transition states with
corresponding barriers. The nascent and canonical closed-cage
isomer CC(I) contributes a major population of the detected
AdCN" ions and can be safely identified by its acidic CH stretch
band (v231¢) near 2600 cm'. The geometry distortion upon
vertical ionization and removal of one electron from the HOMO
is rather similar to that observed for Ada", indicating that the
H — CN substitution at the 1-position has little impact upon
the electronic structure of the HOMO and ground electronic
state, apart from symmetry reduction (from Cs, to Cs) and the
fact that the Jahn-Teller distortion is in both cases along the
axis containing a tertiary CH atom, which in Ada" is along the
rotational symmetry axis but in AACN" not. The unexpected
appearance of an intense NH stretch band near 3300 cm ™"
cannot be explained by CC(I) but must result from intra-
molecular HAT from the Ady cage to the CN group. The
energetically most favourable process is transfer of the acidic
hydrogen to produce the closed-cage isomer CC(II). Although
CC(II) has a spectrum compatible with the IRPD spectrum, it
has a rather low barrier toward cage-opening to reach the global
minimum on the potential energy surface, OC(II), suggesting
that its population is rather low. On the other hand, OC(II) is
concluded to have a substantial population and is mostly
responsible for the NH stretch band. Under this assumption,
its population is significantly lower than that of the nascent
CC(I) ion. In addition to the pathway 2, along which cage-
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opening follows HAT (i.e., CC(I) —» CC(II) —» OC(II)), there is a
second pathway 1 with the same start and end structure but the
reversed order of the two processes, i.e., HAT follows cage-
opening (CC(I) -» OC(I) —» OC(II)). The OC(I) intermediate in
this reaction profile has a deep well and may be trapped by
collisional stabilisation in the employed high-pressure EI
plasma expansion. However, all bands predicted for OC(I)
overlap with bands of the IRPD spectrum assigned to CC(I)
and OC(II), so that we cannot quantify its population. In any
case, the combined consideration of the measured IRPD spec-
trum and B3LYP-D3BJ calculations suggests a dominant popu-
lation of the nascent cage isomer CC(I), along with a smaller
but detectable population of the most stable OC(II) isomer
obtained by cage-opening and HAT.

The effect of N, tagging on the structures, energetics, and IR
spectra of the various AACN" ions is generally minor, with N,
binding energies ranging from D, = 7 to 23 k] mol " arising
from electrostatic, induction, and dispersion forces. In all
cases, the anisotropy of these long-range forces prefers a linear
approach of N, to AACN" leading to multiple CH: - -N, contacts
with D, = 7-12 k] mol ™. Exceptions are the somewhat stronger
linear intermolecular NH- - -N, ionic H-bonds of N, to isomers
with a protonated CN group, Dy = 17-23 kJ mol '. These
isomers experience a substantial redshift in their NH stretch
frequencies. All efforts to reduce the tagging effects by repla-
cing N, with Ar to achieve lower effective ion temperatures and
higher-resolved IRPD spectra have failed so far because of
insufficient ion production. Similarly, recording spectra in
the fingerprint range to better distinguish various AdCN'
isomers have been unsuccessful so far and are future targets.

Recently, the EPD spectrum of AACN" ions produced by low-
pressure EI has been measured in a cryogenic ion trap and
assigned solely to the canonical nascent CC(I) isomer by
comparison to time-dependent DFT calculations."* Whether
isomers resulting from HAT or cage-opening also contribute to
the measured EPD spectrum is difficult to judge because of the
very broad bands observed. In any case, the EPD spectrum can
fully be assigned to the electronic spectrum computed for CC(I)
and it is also consistent with our unpublished photoelectron
spectrum, which cannot contain contributions from OC(I/II).
There is no need to assume reacted AACN" isomers to explain its
EPD spectrum. Moreover, as the AACN" ions are produced in
that experiment in a low-pressure ion source without the possi-
bility of collisional stabilization and kinetic ion trapping,
those ions overcoming the first reaction barrier lying at least
142 kJ mol " above the global minimum may readily dissociate
upon loss of HCN (requiring only 47 kJ mol ") on their way from
the ion source to the ion trap and thus cannot contribute to the
EPD spectrum.

Future efforts will focus on the effects of other monosub-
stituents (e.g.,, R = OH/SH, halogen, CH;), other substitution
positions, and multiple substituents of the same and different
type with various electron-withdrawing and electron-donating
character on the cage-opening and HAT reaction profile. Com-
parison between Ada‘, Ama‘, and AACN" (R = H, NH,, CN)
reveals drastic differences in the general topology and
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energetics of these reaction profiles. Furthermore, microhydra-
tion of these cations are highly interesting from the organic
chemistry point of view. For example, recent IRPD spectra of
[Ada(H,0),]" revealed intracluster proton transfer (ICPT) of the
acidic CH proton of Ada" to the (H,0), solvent cluster at cluster
sizes n > 3.>* As the CC(I) isomer of AACN" has a similar CH

acidity as Ada”, also only a few H,O ligands may be required to
drive such an ICPT.
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