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We report here further spectroscopic investigation of the astrochemically relevant molecule i-propyl

cyanide. We observed and analysed the rotational spectra of the ground state of the molecule and ten

vibrationally excited states with energies between 180-500 cm™.
W-band spectrometer (75-110 GHz) and performed the experiments under room temperature conditions.
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! For this, we used a segmented

This approach thus provides access to high-resolution, pure rotational data of vibrational modes that occur
in the far-infrared fingerprint region, and that can be difficult to access with other techniques. The obtained,

extensive data set will support further astronomical searches and identifications, such as in warmer regions

www.rsc.org/pccp

1 Introduction

With almost 200 molecules detected in interstellar space the
overwhelming complexity of interstellar chemistry is prevalent
(see www.astro.uni-koeln.de/cdms/molecules, Cologne Data-
base for Molecular Spectroscopy). The molecular species range
from unsaturated molecular carbon chains to heavy-metal
containing triatomics. Among these 200 molecules, the family
of cyanide containing molecules constitutes a considerable
fraction (approximately 10%). The most recent detections of
complex cyanides have been performed toward the Galactic
center source Sagittarius B2 (Sgr B2), identifying a variety of
cyanide species (such as aminoacetonitrile, n-propyl cyanide,"
isotopologues of vinyl cyanide and ethyl cyanide,® E-cyano-
methanimine,” methyl isocyanate and methyl cyanate®”).
Recently, Belloche et al. detected the first branched alkyl
molecule, i-propyl cyanide toward Sgr B2, with an abundance
0.4 times that of its straight-chain structural isomer n-propyl
cyanide.® Based on astrochemical models, the authors proposed
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of the interstellar space where contributions from vibrationally excited states become increasingly relevant.

that both isomers, i-propyl cyanide and n-propyl cyanide, are
produced on dust grain ice mantles through the addition of
molecular radicals. For the branched i-propyl cyanide species,
the addition of a functional group to the non-terminal carbon
would be required. This detection was based on an extensive
laboratory spectroscopy investigation of i-propyl cyanide in
selected regions between 6 and 600 GHz.’

A considerable proportion of complex molecules reside in
low-lying vibrationally excited states at the elevated temperatures
that were determined for i-propyl cyanide towards Sgr B2
(around 150 K). These vibrationally excited states, along with
isotopologues that can often be seen in natural abundance, are
associated with the so-called ‘weeds’ in radioastronomy data.'®
These weeds can occupy many channels in a very complex, warm,
dense astronomical dataset, therefore, it is important that the
vibrationally excited states and isotopologues of abundant astro-
nomical species are characterised. In 1974, Durig and Li reported
the analysis of the ground state and three energetically low-lying
vibrational states of i-propyl cyanide in a room-temperature
microwave spectroscopy study (26.5-40 GHz)."!

In the present work, we identified and characterised up to
ten vibrationally excited states of i-propyl cyanide on our new
segmented chirped-pulse W-band instrument, which is presented
here. The energies of the vibrationally exited states ranged up to
500 cm !, reinforcing how millimeter-wave spectroscopy of room
temperature samples provides us with detailed molecular para-
meters of low-lying vibrationally excited states. We also observed
the C isotopologues of the vibronic ground state of i-propyl
cyanide in natural abundance (1.1%) in the millimeter-wave
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frequency range. This allowed us to precisely determine the
ground-state structure of the molecule.

2 Experimental and
computational methods

The rotational spectrum of i-propyl cyanide was recorded using
the chirped-pulse Fourier transform millimeter-wave spectro-
meter purchased from BrightSpec, Inc. It is based on the work
from the University of Virginia, in which the chirped-pulse
technique was extended into the millimeter wave regime."” It
covers the frequency range from 75-110 GHz (W-band) and
employs the segmented approach.’® The spectrometer can
operate in two segmented modes: fast mode and high dynamic
range (HDR) mode. In fast mode, the entire 35 GHz frequency
range is divided into 48 chirps, each having a bandwidth of
720 MHz. These 48 pulses (from here on referred to as the pulse
train) and the following molecular response are collected sub-
sequently on a real time digitiser, so that the entire spectrum is
collected in 130 ps. Fast mode is used to quickly run and
analyse a spectrum (with 10 000 averages taking about 1 min).
In the HDR mode, the segments are further divided, thus
increasing the acquisition time but decreasing the number of
spurious signals present in the spectrum. It provides spectra
with a higher dynamic range than fast mode. A typical measure-
ment strategy would be to first record fast-mode spectra to get
an initial overview of the spectral features, and then to refine
these measurements using the HDR mode. In the following, we
only show spectra recorded using the HDR mode.

The spectrometer is combined with a stainless-steel single-
pass vacuum chamber, which is 67 cm long and sealed with two
Teflon windows at each side. The sample of interest is placed in
a sample reservoir and can be heated to increase the vapour
pressure. In this case, the i-propyl cyanide (99% pure, purchased
from Alfa Aesar and used without further purification) did not
require additional heating to generate sufficient vapour pressure.
A flow of about 4 pbar of i-propyl cyanide was maintained inside
the chamber during the experiment. The pulse train was broad-
cast with a horn antenna and coupled into the vacuum chamber
through the first Teflon window. The molecular response, in the
form of a free induction decay (FID), was coupled out of the
chamber via the second Teflon window and detected by a
receiving horn antenna. The pulse train and corresponding
FIDs were collected on the real-time digitiser, averaged, and
finally Fourier transformed via a fast Fourier transformation
from the time domain to the frequency domain. A typical
excitation pulse duration is 500 ns, and the FID is collected
for 4 us, as was the case for this experiment. The achieved
frequency accuracy of the instrument is approximately 30 kHz
with line widths of about 550 kHz. For this experiment, 500 000
FIDs were recorded and averaged in HDR mode, which corre-
sponds to a measurement time of 50 minutes.

Because of the fact that i-propyl cyanide is of Cg symmetry
and the Ray’s asymmetry parameter value is k = —0.57, i-propyl
cyanide is a near-prolate asymmetric molecule. However, to be
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consistent with previous datasets,’ the data were fitted to a
Watson’s S reduction Hamiltonian in a I' representation. The
spectral assignment was performed with the AABS package'***
and fit with Pickett’s programs (SPFIT/SPCAT).'® The experi-
mental analysis was supported with harmonic and anharmonic
quantum-chemical calculations using the program package
Gaussian 09."” These calculations, performed at the B3LYP/
aug-cc-pVTZ level of theory, provided the rotational constants
of the individual vibrationally excited states. The overall dipole
moment of i-propyl cyanide is large, with u, = 4.02 D and p. =
0.62 D. For facilitating the assignment of the rich experimental
spectrum, the calculated rotational constants for the vibration-
ally excited states were shifted by the difference we obtained
between the calculated and the experimental rotational constants
for the ground state (see Table S1 of the ESI that provides a
summary of the quantum-chemical results and the discrepancies
between experiment and calculations).

For the rotational spectra of the non-perturbed vibrational
states, we assigned between 66 to 128 transitions with a signal
to noise ratio of 1200:1 for the strongest transitions and fit
them to a rigid-rotor Hamiltonian including centrifugal distortion
within experimental accuracy (30 kHz). The transitions involved
rotational quantum numbers J ranging between 11 and 17 and
K, values in the range 0 to 12 for R-type transitions, i.e., those
following the selection rule AJ = +1. K, is the quantum number
associated with the projection of the rotational angular momentum
onto the inertial axis a in the limit of the prolate symmetric top.
Note that we also recorded weak Q-type transitions (obeying the
selection rule AJ = 0) for which we observed higher J values. The
rotational constants A, B and C, and the quartic centrifugal
distortion rotational parameters of each state are well deter-
mined (see Table 1). The precision on the D values is limited by
the range of K, values observable in this spectral region. For the
perturbed vibrational states (those that lie close in energy), we
only included transitions with low K, values (up to 7) into the fit,
which impacts the accuracy of the Dy values. Therefore, in order
to determine reliable rotational constants for those states, the
Dy constant has been kept fixed to its ground state value.

The additional rotational constants due to C isotopic
substitution in natural abundance were used to determine the
substitution structure of i-propyl cyanide using Kraitchman’s
equations'® as implemented in the KRA program package.'*

3 Results and discussion

The broadband spectrum covering 75-110 GHz for i-propyl
cyanide is shown in Fig. 1a, illustrating the high line density
arising from the large number of vibrational states. Despite the
spectrum’s richness, the high resolution and sensitivity of
the spectrometer result in well separated and distinguishable
rotational transitions. This is illustrated in the zoom-in
(Fig. 1b) of the J,'Q,_KC, «— Jk, k. = 16215 < 15, 14 rotational tran-
sition (left component of the doublets) and the 16, ;5 < 15114
rotational transition (right component of the doublets) for the
vibronic ground state and several vibrational states. Note that
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as well as (139 + 129)/(v30 * 117), the analysis was more challenging.
We found that these vibrationally excited states, which are within
only a few cm ! energetically, perturb each other. Without being
able to identify the band centers, this perturbation cannot be
analysed in detail. Such a study would require high-resolution
far-infrared data, where vibrational transitions are probed, and
our anharmonic frequency calculations predict the relevant
vibrational transitions to be too weak to be observed. Even
though the standard deviation for these states of the corres-
ponding fits are larger than the frequency accuracy of our
spectrometer, they are still sufficiently determined to obtain
useful molecular parameters to support their radioastronomic
detection, which is one of the motivations of the present work.

The results of our quantum-chemical calculations allow us
to assign motions for some of the vibrational states. The lowest
frequency vibrational state, 130, corresponds to the C-C=N
out-of-plane bending motion, and v, can be assigned to the
associated in-plane motion. The v;¢ and v, modes concern the
symmetric and asymmetric methyl torsional modes, respec-
tively. Finally, the last fundamental mode assigned, v;s, refers
to a CC, deformation involving a bending motion between the
two C-CH; bonds. All the other modes observed in this study
are combinations of the previously described motions. The
(20 + 1117) and 214, modes could not be observed experimentally.
We assume that they are too strongly perturbed because they are
involved (with 21,0) in a three party perturbation.

Note that three of the vibrationally excited states (namely
Vyo, V17, V16) Were also observed in the previous study by Durig
et al. (Table 3 of ref. 11). By comparing the respective rotational
constants, we can make the following correlation: the v,, v and
v, states from ref. 11 correspond to our v,9, 117, and v states,
respectively. Based on transition intensities, the authors of
ref. 11 ordered their states according to 14, v,, and v,, which
generally agrees with our findings. However, they did not report
on the lowest vibrational state, i.e., 139 in Table 1. This missing
state 3o thus led to some confusion in the initial assignments.

The authors of ref. 11 also derived an approximate molecular
structure for i-propyl cyanide. The length of the C-CN bond is
particularly interesting since it is expected to be rather short as a
result of the very strong electron-withdrawing cyano group. In
ref. 11, the bond length r{C-CN) was determined to be 1.501 A
and the angle between the C=N bond and the CCC plane was
estimated to be ¢ = 53.8°. In the present work, we recorded the
rotational spectra of all three singly substituted '*C isotopolo-
gues of the vibronic ground state of i-propyl cyanide. These
additional sets of rotational constants allowed us to determine
its substitution structure (r5) of the carbon backbone using the
Kraitchman’s equations (see also Table S2 of the ESIt). This
method exploits mono-isotopic substitution information and
provides a straightforward way to use the isotopic changes in
the moments of inertia to determine the atom coordinates in
the principal axis frame.

Fig. 2 shows a comparison between the calculated structure
of i-propyl cyanide (B3LYP/aug-cc-pVTZ) and the experimentally
determined rg structure. As can be seen, the experimental
atom positions match those from the calculated structure with
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, 6=51.52(32)°

£CCC = 111.79(35)°

l/r(C-' CH;) = 1.5359(42) A

r(C — CN) = 1.4600(46) A

Fig. 2 Comparison between experimentally determined (rs) structure and
calculated structure (B3LYP/aug-cc-pVTZ) at the equilibrium for i-propyl
cyanide. The calculated structure is comprised of the transparent gray
carbon atoms, while the orange spheres represent the rg atom positions.
Experimental values for selected bond lengths and angles are also given.

small deviations. The substitution structure yields the following
structural parameters: {C-CN) = 1.4600(46) A, which is 0.04 A
shorter than determined in ref. 11, and (C-CH3) = 1.5359(42) A.
The angle between the C=N bond and the CCC plane was
determined to be ¢ = 51.52(32)°, which is also smaller than in
ref. 11. This is in line with the qualitative discussions in ref. 11
that a shorter C-CN bond results in smaller ¢ angles. The
discrepancy between our structural parameters and those from
Durig and Li might arise from the various assumptions they had
to adopt for their analysis. Their data only allowed them to
produce a partial structure, and they presented parameters that
were determined with the aid of i-propyl chloride."* In the
present work, the complete carbon backbone structure is deter-
mined solely based on the experimental data.

The comparison of the C-CN bond length obtained for
i-propyl cyanide can be extended to other cyanide containing
molecules. Keeping in mind that the electron-withdrawing
cyano group is expected to produce a shortening of that C-CN
single bond, Table 2 compares the C-CN bond length in i-propyl
cyanide with analogous, short-chain cyanides as well as with
average C-C bond lengths for different orbital hybridisation
regimes. The C-CN bond in i-propyl cyanide is on the same
order of magnitude as an average C(sp*)-C(sp) bond, being only
slightly shorter by 0.01 A. Indeed, the bond is substantially
shorter than a typical C-C single bond (C(sp®)-C(sp?)) by 0.07 A.
In addition, the C-CN bond length in i-propyl cyanide is in
keeping with those of analogous alkyl cyanides - it amounts to
1.46 A (when errors are considered), regardless of the adjacent
alkyl chains. The shortest C-CN bond is the one in benzonitrile,
likely due to electronic effects of the aromatic ring giving it some
double bond character. The experimental data are compared to
computed bond distances that we performed at the B3LYP/aug-cc-
PVTZ level of theory. The similar bond lengths in the alkyl cyanides
and the respective shorter value for benzonitrile is well reproduced
by the calculations.

This journal is © the Owner Societies 2017
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Table 2 A comparison of the C-CN bond length in a variety of alkyl
cyanides. Included in the table, for reference, are average C-C bond
lengths for different orbital hybridisation regimes as well as calculated
bond lengths (this work, B3LYP/aug-cc-pVTZ level of theory)

Compound HC-CN)exp (&) HC-CN)care (A)
Methyl cyanide 1.4594(6)" 1.455
Ethyl cyanide 1.459(1)*° 1.460
n-Propyl cyanide 1.4621(43)* 1.459
i-Propyl cyanide 1.501" 1.466
i-Propyl cyanide 1.4600(46) (this work) 1.466
n-Butyl cyanide 1.459
+Butyl cyanide 1.46(2) 1.472
Benzonitrile 1.4509(6)* 1.430
C(sp*)-C(sp?) 1.53**

C(sp®)-C(sp) 1.47*

4 Conclusions

We performed high-resolution chirped-pulse Fourier transform
rotational spectroscopy in the 75-110 GHz frequency range on
i-propyl cyanide, a branched molecule of astronomical interest.
For this, we used a W-band spectrometer employing the segmented
approach. In the HDR mode, 500 000 averages and spectral coverage
over the whole frequency range is achieved in about 50 minutes,
maintaining a high resolution (on the order of 30 kHz) and high
sensitivity. Because of this high resolution and sensitivity, we
could identify and characterise ten vibrationally excited states
up to 500 cm ™' and record the rotational signatures of the three
singly substituted **C isotopologues of the vibronic ground state
in the millimeter-wave frequency range. Spectral information
for the isotopologues allowed us to determine the carbon back-
bone structure of i-propyl cyanide and to compare it with similar
molecules and previous studies. This rather complete data set will
support further astronomical searches and identifications, such as
in warmer regions of interstellar space where the contribution of
vibrationally excited states might be even more relevant.
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