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Abstract

Because of their high stability, the presence of diamond-type molecules has long been suspected in the
interstellar medium, a hypothesis supported by the extraction of diamond nanocrystal from some meteorites.
We report the rotational and vibrational investigation of two polar derivatives of adamantane (C;,H;4), 1-
cyanoadamantane (C;yH;5—CN) and 1l-isocyanoadamantane (C;,H;;—NC), using room temperature gas
phase absorption spectroscopy. Pure rotational spectra have been recorded at millimeter wavelengths (75—
220 GHz) while vibrational spectra were obtained in the far- and mid-infrared domains (50-3500 cm™1).
Quantum chemical calculations have been performed on these two Cs, rotors to support the spectral analysis
enabling the assignment, for both species, of more than 7000 pure rotational transitions in the ground (A4
symmetry) and first vibrationally excited (E symmetry) states, and of most of the infrared active bands.
The pure rotational lines were fit to their experimental accuracy using a symmetric-top Hamiltonian. Our
study provides all necessary information for an active search of these species in space.

This article is part of the special issue Laboratory Spectroscopy for Astrophysics: Festschrift for Stephan
Schlemmer”.
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1. Introduction atoms conferring exceptional electronic, optical,
) ' ) and mechanical properties to these systems [1, 2, 3]
Diamond-related materials relevance for a wide which have received strong interest for various ap-

range of different research areas has motivated a
great wealth of studies on these compounds since nanotechnology, and environmental science (see,
decades. Within this very large variety of materials, e.g., reviews on the synthesis and applications of
diamondoids possess tridimensional sp3 hybridized diamondoids in Refs. [4, 5]). In the context of as-
carbon cage structures terminated by hydrogen trochemistry, these molecules have long been sus-
pected to be present in various objects of the uni-
verse. Early 1969, based on the high stability of

plications such as material science, biomedecine,
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these samples and their resistance to UV photons,
Saslaw and Gaustad [6] proposed diamond-like par-
ticles to be an important part of the gas and dust
material present in space. This hypothesis was con-
firmed in 1987 by Lewis et al. [7], who extracted
nanometer sized diamond material from meteorites,
and more recently by Jones et al. [§], who demon-
strated the large abundance of these samples in
primitive meteorites. In the interstellar medium,
a striking agreement between the absorption spec-
tra of synthetic nanodiamond thin films [9, 10] with
the unusual emission bands located at 3.43 pm and
3.53 nm of few Herbig AeBe stars (in particular
HD 97048 and Elias 1) has been reported by Guil-
lois et al. [11]. To provide complementary insights
into the size and structure of the proposed emit-
ters, solid state as well as gas phase infrared (IR)
spectroscopy were performed on pure diamondoids,
at the molecular level, in the group of J. Oomens
[12, 13]. These samples, ranging from adamantane
(C1pHyg) to hexamantane (CyqHgy), were provided
by the group of Carlson et al. who succeeded in
isolating pure samples of large diamondoids using
successive distillation processes in petroleum [14].
It is important to note that even though the chemi-
cal syntheses of adamantane and some of its deriva-
tives are known since 1957 [15] and that several of
these samples are commercially available nowadays,
the laboratory synthesis of larger diamondoids only
exists for diamantane (2 cages, Cy,Hy,) [16], tria-
mantane (3 cages, Ci3Hyy) [17], tetramantane (4
cages, CyHog) [18], and pentamantane (5 cages,
CygHssy) [18]; the field thus remains very active in
organic chemistry because of the exceptional prop-
erties of these materials [4]. The relatively recent
access to pure molecular samples of large diamon-
doids from the Carlson group (up to undecaman-
tane, 11 cages), opened the possibility to character-
ize their optical properties in the astrophysical con-
text [19] and compare it to the infinite diamond lat-
tice [20]. In addition to all these spectroscopic char-
acterizations of the neutral molecules, laser-based
IR multi-photon dissociation spectra were obtained
for the dehydrogenated cationic forms of adaman-
tane [21] as well as diamantane and triamantane
[22].

Similarly to the well studied polycyclic aro-
matic hydrocarbons (PAHs) species, the small-
est samples of the diamondoid family lack perma-
nent dipole moment (the lightest diamondoid which
exhibits a relatively small permanent dipole mo-
ment is tetramantane) preventing their searches in

the interstellar medium using powerful radioastron-
omy observational platforms (e.g., GBT, NOEMA,
ALMA). In the laboratory, rotational structure in-
formation on the smallest samples, e.g., the tetra-
hedral species adamantane and its N-substituted
derivative hexamethylenetetramine (C4H;,N,), has
been obtained using gas phase mid-IR and far-
IR spectroscopy techniques.  Spectra recorded
at the SOLEIL synchrotron facility enabled the
observation of the most intense IR-active bands
in the 400-1500 cm™! range [23, 24, 25] while
the powerful technique of buffer gas cooling al-
lowed the investigation of the congested 3 pm
region in rotationally cold conditions [26]. The
recent interstellar detections of several hydrocar-
bons containing a cyano functional group by the
GOTHAM team, i.e., benzonitrile (c—CzH;—CN)
[27, 28], cyanocyclopentadiene (c—CzH;—CN) [29],
the cyanopolyyne HC;;N [30], and cyanonaph-
thalenes (C;,H,—CN [29, 30]) open up the possi-
bility of detecting other families of functionalized
large C-bearing species possessing a strong perma-
nent dipole moment.

In this context, we have investigated the rota-
tional and vibrational absorption spectra of the 1-
cyanoadamantane (C;yH;5CN, hereafter AdaCN)
and l-isocyanoadamantane (C;y H;;NC, hereafter
AdaNC) molecules (Fig. 1). To our knowledge, a
single high resolution spectroscopic investigations
has been reported on these samples. Chadwick
et al. [31] measured 4 transitions of AdaCN, with
unresolved K structures, around 30 GHz allowing
a first estimation of the B rotational constant in
the ground and 3 vibrationally excited states. In
the present work, the pure rotational spectra of
AdaCN and AdaNC have been recorded at room
temperature in the millimeter-wave region allow-
ing the determination of accurate rotational con-
stants in the ground and first excited vibrational
states. In addition, we measured their gas-phase
vibrational spectra in the 50-3500 cm™! spectral
range at room temperature and we performed quan-
tum chemical calculations to support the analysis.
The paper contains the experimental and computa-
tional details in section 2, the results and discussion
are presented in section 3.

2. Laboratory methods

2.1. Samples
Samples of AdaCN (97 % purity) and AdaNC (95
% purity) were purchased from Sigma Aldrich and



Figure 1: Molecular structure of the AdaCN (left) and
AdaNC (right) molecules (the bond orders are not repre-
sented).

used without further purification.

2.2. Infrared spectroscopy

The vibrational spectra of AdaCN and AdaNC
have been recorded on the AILES beamline of
SOLEIL synchrotron using a Fourier-transform in-
terferometer (Bruker IFS 125) and a long absorp-
tion pathlength cell; an experimental set-up often
employed to record absorption spectra of relatively
large molecules (see for example Ref. [32]). In
the mid-IR range (600-3000 cm~1), the interferom-
eter was equipped with a KBr beamsplitter together
with a liquid-nitrogen cooled HgCdTe detector, and
in the far-IR range (50-600 cm™!) a 6pm my-
lar composite beamsplitter and a liquid He cooled
bolometer detector were used. The room tempera-
ture vapor pressure (a few pbar) of the samples was
injected in the multi-pass cell allowing for 150 m ab-
sorption pathlength. The set of windows separating
the absorption cell and the FT interferometer were
made of ZnSe (0.5° wedged) when recording the
mid-IR spectra and of 50 pm thick polypropylene
films when recording the far-IR spectra.

The black upper traces of Fig. 2 show the absorp-
tion spectra of both AdaCN and AdaNC recorded
in the far-IR and mid-IR spectral ranges, respec-
tively. The spectra consist of the co-addition of 500
scans recorded with a spectral resolution of 1 cm™1.
Because the vibrational bands are broad, yielding
rotationally unresolved features, we estimate the
accuracy of the band positions to be a few cm™!
in average for all the bands. Attempts to resolve
the rotational structure of the far-IR, bands have
been undertaken using the synchrotron radiation
extracted by the AILES beamline and the highest

spectral resolution of the FT interferometer (about
30 MHz), without success. The high density of lines
and the presence of numerous hot bands, involving
several quanta of low frequency modes populated at
room temperature, are causing significant spectral
congestion.

2.3. Millimeter-wave spectroscopy

The rotational spectra of both molecules were
recorded using an absorption set-up adapted to in-
vestigate the millimeter and sub-millimeter wave
spectra of non reactive species [33]. The spec-
trometer consists of a radio-frequency synthesizer
feeding a solid-state multiplication chains from Ra-
diometer Physics GmbH (RPG) or Virginia Diode
Inc. (VDI) covering the 75-950 GHz range. The
absorption cell is a 2m long, 50 mm inner diame-
ter Pyrex tube equipped with Teflon windows at
both ends. The spectra were recorded in the 75—
220 GHz range, where the most intense absorption
signals are expected at room temperature for both
species. We used a frequency modulation scheme
associated with a second harmonic phase sensitive
lock-in detection. The modulation frequency was
set to 48.157 kHz for all recordings. The modula-
tion depth, the time constant, and the frequency
steps depend on the spectral region studied, on the
absorption signal, and on the line density of the
spectrum. The vapor pressure of both samples (in
the pbar range at room temperature) was injected
in the cell using a constant slow flow of gas en-
sured by a turbomolecular pump. To record the
absorption spectrum of AdaCN in the 75-110 GHz,
we injected about 3.3pbar of the sample in the
cell; we chose a modulation depth corresponding
to 130kHz, a time constant of 100 ms, and a fre-
quency step of 30 kHz. In the 140-220 GHz range,
the pressure was 1.7 pbar, the frequency depth was
set to 260 kHz, the time constant was 20 ms, and
the frequency step was 30 kHz. For the 75-110 GHz
spectrum of AdaNC, the pressure was 1.7 pbar, the
frequency depth was 130 kHz, the frequency step
was set to 30kHz, the time constant was 100 ms.
Finally, we used a 260 kHz frequency depth, 50 kHz
frequency step, and 50 ms time constant to record
the AdaNC spectrum in the 140-220 GHz range.
The line position accuracy is estimated based on the
signal-to-noise ratio of the transitions: for AdaCN a
unique value of 30 kHz is used over the whole spec-
tral range while for AdaNC 30 kHz and 50 kHz are
used in the 75-110 GHz and 140-220 GHz ranges,
respectively.
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Figure 2: Far-IR (top traces) and mid-IR (middle and bottom traces) of AdaCN (top left and middle) and AdaNC (top right
and bottom) recorded using the FT-IR interferometer of the AILES beamline at SOLEIL. Black traces correspond to the
experimental absorbance spectra and stick plots correspond to calculated band positions at the MP2/cc-pVTZ level of theory.
Vibrational bands of E symmetry are represented in blue, and those of A; symmetry in red. Note the different intensity scale
for the lower and upper frequency region of each spectrum (split at 250 cm~?! in the far-IR and 2000 cm~! in the mid-IR). The
band identified by an asterisk in the mid-IR spectrum of AdaCN (middle panel) arises from an impurity containing a carbonyl

group.



The black traces of Fig. 3 show a portion of
the pure rotation spectrum of AdaCN recorded in
our work. The left part of the figure shows a por-
tion recorded in the 166.5-171 GHz region, where
3 dense clusters of a-type transitions involving the
ground vibrational state (GS) as well as few excited
states (ES) populated at room temperature can be
clearly observed. The right part of the figure gives a
zoom into one K ladder involving GS pure rotation
transitions with J' = 99.

2.4. Quantum chemical calculations

In order to support the analysis of the rotational
and vibrational spectra of AdaCN and AdaNC,
we performed quantum chemical calculations using
the Gaussian09 software [34]. Geometry optimiza-
tion as well as the energies of vibrational states in
the harmonic approximation were calculated using
MP2 method and cc-pVTZ basis set [35]. The op-
timized equilibrium structures are reported in the
supplementary material and represented on Fig. 1.

3. Results and discussion

3.1. Spectroscopic considerations

Both AdaCN and AdaNC molecules belong to
the C3, group of symmetry and possess a 'A; elec-
tronic ground state, 75 vibrational degrees of free-
dom, and 50 vibrational modes. The irreducible
representation for the vibrational modes is:

F=17A, ®8A, ®25 E (1)

The A; and E vibrational bands are labeled paral-
lel and perpendicular bands, respectively. Those of
A5 symmetry are IR inactive. Concerning the rota-
tional structure of the molecules, both species are
symmetric tops with calculated permanent dipole
moments along the a axis of symmetry of 4.9 De-
bye for AdaCN and 4.2 Debye for AdaNC. We used
the conventional equation to calculate the energy
levels of both molecules in their GS and ES [36] as
implemented in the Pickett’s CALPGM software:

E,(J,K,1) =B,J(J+ 1)+ (A, — B,)K? 2)
— Dy, J*(J4+1)? = Dy, J(J +1)K?
— D K*

—2A,KIC+2[(2Dyy + Dik,)J(J + 1)
+ (2Dxy + Dyk ) K?|KIC + P(J, K, 1)
+ ...

with :
_ U+ - K(KF1)]
P(J,K,l) =+ SEF1) (3)
[J(J+1) = (KF1)(K F2)] &
[(1-QA, — By
(4)
where : 052
q=~ 71; (5)

In equations (3)—(5), J and K are the rotational
quantum numbers; A and B the rotational con-
stants; Dy, Dji, and Dk the centrifugal distor-
tion constants; v denotes the vibrational state. For
singly degenerated states of A; symmetry, ( = 0
and P(J,K,l) = 0. For E degenerated vibrational
states (e.g., vso = 1 in our study), the ¢ parameter
is the [-type doubling parameter, ¢ is the Coriolis
coupling constant, and w is the fundamental vibra-
tional frequency of the considered F state.

3.2. Assignment of the vibrational spectra

Figure 2 contains panels corresponding to the
spectra recorded in the far-IR (upper panels) and
mid-IR (middle and lower panels) of AdaCN and
AdaNC, plotted in absorbance. At the spectral
resolution used, the rotational contour (P-, Q-, R-
branches) is distinguishable for some of the bands.
Below the experimental spectra (black traces), we
plotted the calculated positions and intensities of
fundamental parallel bands (involving upper states
of A; symmetry) in red, and perpendicular bands
(involving upper states of E symmetry) in blue.
We initially performed a simulation of the rota-
tional contour of these calculated bands using the
PGOPHER software [37], but many Q-branches of
simulated parallel bands showed largely overesti-
mated intensities (most likely because the same ro-
tational constants were used for the upper and lower
states) which complicated the assignment proce-
dure rather than supported it. We preferred com-
paring the experimental trace with simple vertical
bars corresponding to the frequencies and inten-
sities of the calculated vibrational bands, directly
available from the output files of Gaussian. Using
this graphical comparison, we report in table 1 the
proposed band assignments of the IR spectra for
both molecules.

At first sight, the vibrational spectra of both
AdaCN and AdaNC are very similar to the par-
ent adamantane molecule and higher diamondoid



Experiment
8- J=98 J'=99

J=100

Intensity / arb. u.

0.454
GS Vso =1
04

-0.45+

Simulation

Experiment

80 70 60 50 40 30 20 0-Ho
K<
Simulation GS

166500 167000 167500 168000 168500 169000 169500 170000 170500 171000
Frequency / MHz

168540 168560 168580 168600 168620 168640 168660 168680 168700
Frequency / MHz

Figure 3: Left: 5 GHz portion of the millimeter-wave spectrum of AdaCN recorded in the 140-220 GHz spectral range
displaying 3 clusters of a-type transitions involving J’ = 98, J' = 99 and J’ = 100. Right: Zoom onto one cluster of GS
pure rotation transitions involving J’ = 99. The black traces represent the experimental spectrum. The red and blue traces
correspond to pure rotation transitions within the GS and vsg = 1, respectively, simulated using the final set of parameters (see
the discussion). To enable visual comparison with the experimental trace, the plotted simulations correspond to the second
derivative of the traces obtained with the PGOPHER software a full width at half maximum of 250 kHz (gaussian shape).

species [12]. For both species, several intense (more
than 100 km/mol) CH stretching modes absorb in
the 3000 cm ™' region leading to two distinct fea-
tures located around 2860 cm ! and 2930 cm ! and
dominating the IR spectrum. All the other bands
appear much weaker (few km/mol) with the excep-
tion of the scissoring mode bands located at about
1500 cm™! (v; and v31) with calculated intensities
of about 20 km/mol for both species. In the case
of AdaNC, an additional intense band correspond-
ing to the CCN asymmetric stretching mode (vs)
is calculated at 2108 cm™! with an intensity of 78
km/mol. Tt is assigned to the 2133 cm~! feature in
the experimental spectrum with good confidence.
In the case of AdaCN, the equivalent asymmetric
stretching mode appears very weak both in the cal-
culated and experimental spectra, but an intense
feature is detected at about 1718 cm™! and has no
counterparts in the calculated spectrum. Because
of its location and intensity, this band most likely
arises from a contaminant containing a carbonyl
group. The vibrational bands associated to CO
stretching modes are extremely intense and a band
at a similar energy (1740 cm™!) has been observed
for the CO stretching mode of 1-aza-adamantan-4-
one (CgH;53NO) [33] which was the most intense fea-
ture of its IR spectrum. In the hypothesis that the
1718 em™! feature arises from a molecule similar
to adamantanone (C;,H;,0), its vibrational spec-
trum certainly affects other spectral regions of the

AdaCN spectrum, in particular the CH stretching
mode regions. We were not able to identify unam-
biguously any additional vibrational bands to guide
our search for the nature of the impurity present in
our sample.

Beside the relatively intense bands discussed
above, the mid-IR experimental spectra exhibit sev-
eral weaker bands located between 900 and 1400
cm~!. The comparison with the calculated spectra
allows us to propose assignments for some of these
features (Table 1).

The far-IR spectra of both molecules (see the up-
per panel of figure 2) exhibit weak absorption bands
corresponding mostly to deformations of the carbon
cages. The calculated spectra are in good agree-
ment with our experimental recordings and allow
us to propose several relatively secure assignments.
Note that for both AdaCN and AdaNC, the low-
est frequency mode located around 135 cm™! is as-
signed to a wagging of the CN group with respect to
the rest of the carbon cage (v50). They are actually
the most intense bands observed in the far-IR region
(with calculated intensities of about 10 km/mol).

In absence of anharmonic calculations, the
Calc./Exp. values can be compared with scaling
factors commonly used in the literature [see, e.g.,
Ref. 12]. For both species, in the CH stretching
region we obtain an average ratio of 0.94 while in
the mid-IR range (500-2200 cm~!) an average ra-
tio of 0.98 is found. These values are in very good



agreement with the expected scaling factor of 0.95
recommended by the NIST for MP2/cc-pVTZ har-
monic calculations [38].

3.8. Assignment of the rotational spectra

As in previous studies concerning the spec-
troscopy of relatively large C-bearing species, the
high density of lines complicates the assignment
of the pure rotation spectra. However, the com-
bined use of different programs facilitated and se-
cured the analysis. Our 3-steps assignment proce-
dure is described in the following. (i) Using the
results of the quantum chemical calculations and
the PGOPHER software [37], we were able to sim-
ulate the ground state pure rotational spectra at
300 K and compare the calculated transitions with
the experimental traces. A very rough fit of suc-
cessive clusters of a-type transitions in PGOPHER
provides a good estimation of the B rotational con-
stant which can then be inserted in a parameter
file for the SPFIT/SPCAT suite of programs [39].
(ii) The calculated energy levels are then used by
the LWW program for symmetric tops [40], creating
Loomis-Wood plots hence providing a very conve-
nient graphical support to search for branches in-
volving the same K values and increasing values of
J. (iii) Finally, all assigned branches are fit us-
ing the SPFIT program. Step (ii) and (iii) are
performed as an iterative process. This approach
has proven to be very efficient when dealing with
highly congested spectra involving pure rotation or
rotation-vibration transitions.

In the present study, as shown on the right panel
of Fig. 3, the K-ladder assignment is not straight-
forward. Indeed, for low values of K, the high
density of lines in a J cluster prevents at first an
unambiguous assignment. However, with increas-
ing K values, lines separated by one quantum of
K are very well resolved. Therefore, to provide a
secure assignment of the K-ladders, we used the
LWW software to rapidly assign several tens of
branches involving successive values of K and con-
taining values of J typically ranging from J = K
up to J = 100. The definitive assignment of K was
provided by performing fits in SPFIT while the val-
ues of K is incremented in all assigned branches.
For this part of the analysis, we typically used a
subset of more than 50 successive branches to per-
form the trials fits, and only the B and centrifugal
distortion parameters were included in the model.
Fig. 4 shows the results of this procedure for the
assignment of the GS transitions of the AdaNC

molecule. In this case, we used a subset of 68 suc-
cessive branches (for a total of 3455 lines) to per-
form the fits. The upper plot of Fig. 4 provides
the results of the fit for our initial guess assign-
ment (represented as “shift of K = 07, RMS=73.5
kHz) as well as all results corresponding to shifts
of the K values in all branches by +1,2,3,4. It
is clear that the best fit is obtained when all val-
ues of K are shifted by —1 (RMS=41.7 kHz) from
the initial assignment. A final confirmation of the
K-ladder assignment is obtained by inputting the
fitted rotational parameters in PGOPHER. An ex-
ample of this comparison between the experimental
spectrum of AdaNC and 3 simulated spectra pro-
duced from the different sets of constants is given
on Fig. 4. On the figure, it is clear that while
most of isolated lines seem to be well predicted in
the simulation, the head of the K-ladder is clearly
shifted when changing the assignment of K by one
quantum. In this particular case, the initial assign-
ment predicts the position of the band head at lower
frequency (few hundreds of kHz) than the experi-
ment. Subtracting one quantum from all values of
K in every branch nicely reproduces the position
of the band head, confirming the results of the fit.
Both the standard deviation and the comparison
of the band heads in PGOPHER confirmed our as-
signments.

Using the assignment procedure described above,
we could relatively rapidly perform the assignment
and fit of both AdaCN and AdaNC molecules in
their vibrational ground state (which possesses A;
symmetry). The list of fitted GS parameters is
given in Table 2 for AdaCN and Table 3 for AdaNC.
In the case of AdaCN, 4929 transitions were as-
signed in v = 0 involving K" values from 0 to 119
and J” up to 128; and 4375 transitions were as-
signed in vsg = 1 with similar J” and K" < 91 val-
ues. For AdaNC, 3968 and 3703 lines were assigned
in v =0 and vy = 1, respectively, with K" < 91
and J” < 123. In both cases, the present experi-
mental dataset allowed us to accurately fit B, D,
Dk, and the sextic Hyx and Hg terms (which
were added to the model to include branches involv-
ing high values of J and K). Because only a-type
transitions are observed, the A and Dy constants
are kept fixed to the value derived from the equilib-
rium calculation. The standard deviation of each
fit is close to 1.

The agreement between the calculated (equi-
librium) and experimental (ground state) values
for B is very good (less than 1% relative differ-



Table 1: Vibrational modes of AdaCN and AdaNC calculated at the MP2/cc-pVTZ level and comparison with experimental
assignments. Experimental bands are separated into two columns: confident assignments are presented in the column “Assign.”
and tentative ones in the column “Prop.”. No scaling factor has been used in the calculated frequencies columns.

AdaCN AdaNC
v Calculated * Experimental Calculated * Experimental
Freq. Int.° Assign.  Prop. 6° Freq. Int.? Assign.  Prop. §°¢
A; Symmetry
1 3110 59.5 2927 -5.9 3113 58.7 2928 -5.9
2 3088 17.3 2927 -5.2 3091 27.0 2928 -5.3
3 3062 25.7 2866 -6.4 3067 214 2869 -6.5
4 3054 21.2 2866 -6.2 3056 21.4 2869 -6.1
5 2179 0.7 2254 3.4 2108 78.1 2133 1.2
6 1517 0.1 1518 0.1
7 1495 14.5 1458 -2.5 1496 114 1459 -2.5
8 1391 1.0 1358 -24 1388 5.2 1361 -2.0
9 1352 2.6 1320 -24 1345 10.1 1316 -2.1
10 1157 0.2 1141 5.9 1111 -2.6
11 1120 2.6 1099 -1.8 1110 17.8 1089 -1.9
12 1003 2.8 979 -2.4 1001 0.1
13 924 0.1 927 34 900 -2.9
14 791 0.3 793 0.6
15 712 1.2 700 -1.7 722 1.9 709 -1.8
16 498 0.3 501 0.6 507 1.4 507 0.0
17 384  0.01 393 0.2 400 1.6
E Symmetry
26 3118  63.7 2927 -6.1 3125 57.5 2928 -6.3
27 3107 15.7 2927 -5.8 3109 17.0 2928 -5.8
28 3086 134.1 2927 -5.2 3089 126.1 2928 -5.2
29 3060 21.4 2866 -6.3 3064 18.3 2869 -6.4
30 3054  48.3 2866 -6.2 3056  48.6 2869 -6.1
31 1493 24.3 1458 -2.3 1493 24.5 1459 -2.3
32 1480 0.1 1481 0.04
33 1403 0.1 1404 0.5
34 1378 2.2 1358 -14 1378 1.8
35 1345 0.1 1345 0.9
36 1328 0.04 1328 0.2
37 1288 0.1 1298 0.3
38 1212 0.69 1215 2.3 1189 -2.1
39 1124 4.2 1104 -1.8 1124 6.0 1111 -1.2
40 1077 0.007 1078 0.5
41 1000 3.6 979 -2.1 1006 1.2
42 963 0.6 964 2.4 936 -3.0
43 898  0.03 899  0.003
44 834 1.6 835 3.1 793 5.1
45 652 0.3 650 0.2 614 -5.5
46 541  0.003 486 2.5 478 -1.6
47 437 0.2 442 1.1 432 0.1
48 399 0.3 397 -0.6 399 0.3 400 0.3
49 307 0.5 309 0.5 300 0.1
50 134 9.1 137 2.4 135 11.2 134 -1.0
 Positions (Freq., ) are given in cm™! and intensities in km/mol. ® For vibrational bands with an E
symmetry, the reported intensity corresponds to the sum of the two equivalent band intensities calculated by
Gaussian ¢ In % using § = (Fexp. — Veale. )/ Veale. X 100
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Figure 4: Upper panel: Results of different fits of AdaNC in-
volving 68 successive branches plotted against incremented
values of K in all assigned branches. The value 0 is our ini-
tial guess of K assignment. The lowest value of the RMS
(about 42 kHz) indicates unambiguously the definitive as-
signment of the K ladders which is shifted by -1 from our
initial guess. Lower panel: Comparison of the experimental
spectrum (black trace) with 3 simulated spectra obtained by
fitting the line list of GS transitions of AdaNC and apply-
ing a shift of -1 and -2 to K in all assigned branches. We
clearly see the effect of misassignment of the K ladder by
one quantum on the band head.

ence for both molecules). D; shows a similarly
good agreement while D ;i has similar values for
both molecules but the calculations gave a slightly
lower value, leading to a larger discrepancy between
observed and calculated parameters for AdaCN.
Like adamantane and its derivatives, AdaCN and
AdaNC are rigid rotors as reflected by the small val-
ues of their centrifugal distortion constants (about
6 orders of magnitude smaller than B).

In addition to the pure rotation in the GS, we as-

signed pure rotation transitions within the first vi-
brationally excited state (ES), vso = 1 (doubly de-
generated state of E symmetry). For both AdaCN
and AdaNC, vsy = 1 lies around 130cm™~' above
GS, which correspond to about 50 % of the ground
state population at room temperature. In the ES,
the structure of the a-type transitions clusters dif-
fers from the GS because of I-type doubling. Fig.
5 displays a small portion of the rotational absorp-
tion spectrum of AdaNC, showing a frequency span
of 150 MHz around a cluster of GS lines in the 102
GHz spectral region (left part of the figure). A
zoom into the cluster of lines involving vsg = 1 is
shown on the right panel of Fig. 5. The splitting be-
tween [ = 1 and [ = —1 components is well resolved
in our spectrum showing line progressions starting
a few MHz higher in frequency for the [ = —1 com-
ponents. Using an estimated value of ¢ = 0.36 MHz
for AdaCN and 0.39 MHz for AdaNC (equation 5),
we could repeat the GS assignment procedure, us-
ing independent Loomis-Wood diagrams for [ = 1
and [ = —1. As the lines involving K = 0 for
I = —1 appear isolated, we started the analysis
of successive branches rapidly and checked the K
assignment, similar to what was done for the GS,
by incrementing all values of K in the dataset and
finding the lowest standard deviation of the fit. For
branches involving [ = 1, the assignment of the K
structure was more complicated due to the branch
head involving a multitude of small values of K
(e.g., between 7 and 14 for AdaNC, see Fig. 5). As
a consequence of the large number of potential as-
signments, our initial guess for assigning the K val-
ues was off by 10 quanta but fitting together [ = 1
and [ = —1 allowed us to rapidly find an unam-
biguous assignment. The results of the fit for the
ES dataset are quite similar to the GS in terms of
number of assigned transitions and values of J and
K included in the fit. The fits, presented in tables
2 and 3, are very satisfactory, both rotational con-
stants and [-type doubling parameters being well
determined.

Many unassigned lines grouped in clusters very
similar to those assigned but with weaker inten-
sity are present in the experimental spectra of both
AdaCN and AdaNC. These lines most likely involve
higher vibrational states populated at room tem-
perature. We clearly see on Figure 3 a progression
of hot bands involving higher quanta of vsg. De-
spite significant efforts to find a satisfactory anal-
ysis for vsg = 2, we were not able to provide any
definitive assignment for the K ladders. One possi-



Table 2: Rotational constants of the ground state and the first excited state of AdaCN. Comparison of the fit with calculations.
Values are in MHz unless otherwise noted.

Eq. GS ’05():1 (ES)
Calc.* Exp. 5t Exp.
Rotational constants
A 1698.76 [1698.76]° [1698.76]°
B 858.47 852.218045 (11)  —0.73 852.771240 (13)
Centrifugal distortion constants
Dy x 10° 1.22 1.231404 (47) 0.93 1.241490 (51)
Dyx x 10* 1.23 1.166870 (32)  —5.13 1.157348 (63)
Dr x 10° —9.01 [-9.01]° [-9.01]°
Hjyr x 10" 4.443 (13) 4.068 (23)
Hpyy x 10" —6.048 (18) —5.811 (64)
l-doubling parameters
—2A¢ —2700.90 (35)
ny x 103 0.823705 (61)
q 0.36 ¢ 0.386501 (53)
Relevant fit parameters
N¢© 4929 4375
J o K 128,119 128,91
rms 0.033
o? 1.11
¢ Calculated equilibrium value, MP2/cc-pVTZ, this work ® in % using the formula § = (Bo exp. —
Be caic.)/Becale. X 100 ¢ Fixed to the calculated value 4 Calculated value of ¢ in vsg = 1
¢ Number of assigned transitions £ Unitless 9 Reduced standard deviation, unitless
Experiment Experiment
22
1.1
5 0
2
§.11_ ke 35 30) ms 1 924
’é 104 K< f‘?ﬂ/zﬂ
k] 50 40 3C
= 5] Gs
ol Attt
57 Simulation Simulation
102300 102325 102350 102375 102400 102425 102450 102400 102410 102420 102430 102440 102450
Frequency / MHz Frequency / MHz

Figure 5: Portion of the pure rotation absorption spectrum of AdaNC showing a cluster of transitions involving J" = 57. Black
traces are the experimental spectrum, blue and red traces are simulated spectra in the ground and vsg states, respectively,
using the fitted parameters. The right panel shows a zoom of a typical cluster of pure rotation lines within the E symmetry vsg
state. As for the AdaCN plots displayed in Fig. 3, the simulations corresponds to the second derivative of the trace obtained
using the PGOPHER software for the final set of rotation constants and a full width at half maximum of 250 kHz.

ble reason is that vsg = 2 falls in near coincidence with vg9 = 1 (for which we did not succeed to per-
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Table 3: Rotational constants of the ground state and the first excited state of AdaNC. Values are in MHz unless otherwise

noted.
Eq. GS U5():1 (ES)
Calc.* Exp. 5t Exp.
Rotational constants
A 1701.93 [1701.93]° [1701.93]¢
B 889.95 882.475497 (16) —0.84 883.199299 (20)

Centrifugal distortion constants

Dy x 10° 1.27 1.286431 (76) 1.29 1.301015 (92)
Dk x 10* 1.10 1.099262 (81)  —0.07 1.08068 (13)
Dy x 10° —7.78 [-7.78]¢ [-7.78]°

Hyx x 10" 4.698 (30) 3.763 (43)
Hpyy x 101 —6.834 (88) —6.39 (23)
l-doubling parameters

—2A¢ —2850.2 (10)

ns x 103 1.11643 (12)
q 0.39¢ 0.41759 (14)
Relevant fit parameters

Ne 3968 3703
Ty Kot 123,91 123,77
rms 0.048

o 1.01

¢ Calculated equilibrium value, MP2/cc-pVTZ, this work
¢ Fixed to the calculated value

Becach)/Becalc, x 100

¢ Number of assigned transitions £ Unitless

form any assignment either) and might be subject
to some perturbations complicating even more the
assignment of K branches. The fit files in Pickett’s
format (.lin, .par, .fit) are provided in the support-
ing information.

4. Conclusion

In this work, we provide a spectroscopic study
of two cyano containing isomers of adamantane,
AdaCN and AdaNC; both species belonging to
the Cs, point group of symmetry. Both the vi-
brational (50-3000 cm~!) and pure rotational (75—
220 GHz) gas phase spectra of the two molecules
were recorded at room temperature and their as-
signments were supported by quantum chemical
calculations. Despite the relatively high density of
rotational lines, the unambiguous analysis of the
K structure for these heavy symmetric tops species
was eased by careful investigation of the effect of
successive K-values assignments on the RMS of the

11

% in % using the formula § = (Bo exp. —
4 Calculated value of ¢ in vsg = 1
9 Reduced standard deviation, unitless

fit and typical spectral fingerprints. Accurate spec-
troscopic constants have been determined for both
the GS and first ES (vsg = 1) of the two species.

Considering the large dipole moment of the
two compounds, close to 4.5 Debye, these cyano-
containing molecules appear as promising proxy
for the centro-symmetric parent adamantane that
possesses no pure rotational spectrum, similar to
what has been seen for benzene using benzonitrile.
Searches for AdaCN and AdaNC in the interstellar
medium can now be undertaken with confidence us-
ing the reliable constants derived in this work.
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