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The ethoxycarbonyl isothiocyanate
has been investigated by using su-
personic jet Fourier transform mi-

crowave spectroscopy. Two sets of

rotational spectra belonging to con- v
formers TCC (with the backbone
of C-C-0-C, C-0-C=0, and
0—C(=0)—-NCS being trans, cis, and

) d tivel d GCC
cis arranged, respectively) an 7500

(gauche, cis, and cis arrangement
of the C—C—-0-C, C—0—-C=0, and

7600 7700
Frequency/MHz

7800

0-C(=0)—NCS) have been measured and assigned. The measurements of 13C, 1°N and 34S

mono-substituted species of the two conformers have also been performed. The comprehen-

sive rotational spectroscopic investigations provide accurate values of rotational constants

and N quadrupole coupling constants, which lead to structural determinations of the two

conformers of ethoxycarbonyl isothiocyanate. For conformer TCC, the values of P.. keep

constant upon isotopic substitution, indicating that the heavy atoms of TCC are effectively

located in the ab plane.
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I. INTRODUCTION

Isothiocyanates (R-NCS) are important reagents for
synthesis of heterocyclics, pesticides and drugs, which
therefore have widely pharmaceutical and industrial ap-
plications [1—3]. Isothiocyanates themselves show a va-
riety of biological activities and can be used as cancer
treatment, antioxidant, anti-inflammatory, and antibac-
terial drugs [4, 5]. For example, allyl isothiocyanate,
a natural compound found in cruciferous plants, can
inhibit microbial growth [6, 7], and also shows strong
antibacterial activity [8—14]. The reactivity and bioac-
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tivity of these compounds are unquestionably deter-
mined by their conformations and structures. Spectro-
scopic characterizations of this kind of compounds have
been carried out for those alkyl isothiocyanates [15—17],
alkenyl or alkynyl isothiocyanates [18—20], carbonyl
isothiocyanates [21—25], alkoxy isothiocyanates [26],
as well as phenyl isothiocyanate [27], providing de-
tailed information on the conformational landscape
and the structures. Among the commonly used ex-
perimental techniques, Fourier transform microwave
(FTMW) spectroscopy coupled with supersonic expan-
sion [28—31] can precisely determine the structure of
targeted molecules undisturbed by crystal or solvent ef-
fect.

In addition, isothiocyanates are potential molecular
species that may be prevalent in interstellar and circum-
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stellar media. Indeed, HNCS [32] and its isomeric struc-
ture of HSCN [33], as well as thiocyanogen (NCS) [34]
have been identified in the chemically rich interstel-
lar regions. These observations suggest that structural
complex molecules containing isothiocyanate group may
exist in space, also considering that many complex or-
ganic molecules have been detected [35]. This calls for
accurate laboratory rotational spectroscopic measure-
ments of these potential interstellar molecules which
serve as important references for identifying molecules
in the observed data set.

Rotational spectroscopic investigations have been re-
ported for isopropyl isothiocyanate [17, 36], ethynyl
isothiocyanate [19], allyl isothiocyanate [37], vinyl
isothiocyanate [20, 38|, cyanogen isothiocyanate [39,
40], phenyl isothiocyanate [41], and methyl isothio-
cyanate [42]. These studies provide detailed structural
information and accurate rotational transition frequen-
cies. In this work, we probe the conformations and
determine the molecular structure of an isothiocyanate
containing an ester substituent, i.e., ethoxycarbonyl
isothiocyanate (CH3CH,OC(=0)NCS, EIC in short),
using pulsed supersonic-jet FTMW spectroscopy. Ab
initio calculations are implemented to support the spec-
tral analysis and supply additional energetic and struc-

tural information on the conformational preferences.

Il. EXPERIMENTAL AND THEORETICAL
METHODOLOGIES

Commercial sample of EIC (Adamas, ~98% in pu-
rity) was directly used for the measurements. The ro-
tational spectra of EIC in range of 2—20 GHz were ob-
tained using a homebuilt pulsed supersonic-jet FTMW
spectrometer [28] as detailed elsewhere [29, 43]. The
sample of EIC (~1 mL) was reserved in a stainless reser-
voir and placed in the upstream of the pulse valve. The
temperature of reservoir was maintained at 323 K to
increase the vapor pressure of EIC. Helium was taken
as the carrier gas and maintained at 2 bars, which was
allowed to flow over EIC and was expanded into the
resonator of the spectrometer through a Parker General
solenoid valve (0.5 mm diameter orifice). The molecules
in the supersonic jet were polarized by pulsed mi-
crowave radiation which induced free induction decay.
The time-domain signals were measured and Fourier-
transformed to generate the frequency domain spec-
trum. Spectral survey was achieved by a step-by-step
scan (0.4 MHz step with 512 averaged cycles for each
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step). Measurements for weak signal were implemented
by increasing the accumulation cycles up to tens of
thousands. Each rotational transition appeared as two
components due to the co-linearity configuration of the
supersonic-jet and the microwave propagation.
Quantum-chemical computations were carried out us-
ing the Gaussian 16 program [44]. All the possible con-
formations of EIC were geometrically optimized at the
MP2/6-3114++G(d,p) [45, 46] level of theory. Harmonic
frequency calculations at the same level were performed
to verify that the obtained structures are real minima.

I1l. RESULTS AND DISCUSSION

A. Ab initio calculations

The  orientations of the C1-C2-03-C4,
C2-03-C4—-08 and 0O8-C4—N5=C6 skeletons
(See FIG. 1 for the atom numbering) of EIC determine
its conformational potential energy surface (PES).
The orientation of C1 can be gauche (G) or trans (T)
to C4 which corresponds to a value of 0° or £60° of
the Z(C1C203C4) dihedral angle, respectively. The
C2-03—-C4—-08 and O8—C4—N5=C6 skeletons can
be either cis (C), or T oriented, respectively. In total,
there are 8 possible configurations for EIC monomer
(FIG. S1 in Supplementary materials (SM)).
local minima of EIC are obtained from ab initio cal-

Seven

culations (FIG. 1), which are named according to the
three dihedral angles of Z(C1C203C4), Z(C203C408)
and Z(O8C4N5C6) with C, G, or T indicating values
of 0°, £60°, or 180°, respectively.

The most stable conformation of EIC (TCC) has
trans, cis, and cis orientation of the C1-C2—03—C4,
C2—-03—-C4—-08 and O8—C4—N5=C6 units, respec-
tively. Conformer GCC is 102 cm~! higher in en-
ergy than TCC. Conformer TCT is 163 cm™! higher
in energy than TCC with the O8—C4—N5=C6 skele-
Conformer GCT has
C1-C2—-03—-C4 skeleton gauche arrangement and
08—C4—N5=C6 skeleton trans arranged, which has a
relative energy of 237 cm~!. The values of relative en-
ergy of conformers TTC, GTC and TTT are calculated
to be greater than 1200 cm~!. The calculated rotational

ton being cis arrangement.

constants, "N nuclear quadrupole coupling constants,
and the electric dipole moment components of the 7
conformers are presented in Table S1 (Supplementary
materials). The spectroscopic parameters of conform-
ers TCC and GCC are also given in Table I and Table
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FIG. 1 Geometries and relative energies (zero-point corrected, given in cm™") of the seven minima conformations of EIC
obtained at the MP2/6-311++G(d,p) level of theory. The atomic numbering of the first two conformers is also indicated.

TABLE I The determined spectroscopic parameters of the most abundance species (parent) and six mono-substituted
isotopologues of conformer TCC. Equilibrium rotational constants calculated at the MP2/6-3114++G(d,p) level of theory

are also included for comparison.

Species A/MHz B/MHz C/MHz o*/kHz NP  P../uA?
TCC(MP2)  7952.1940 (—0.1%)°  617.8712 (—0.5%)  577.4846 (—0.5%) / / 3.175
Parent? 7963.4357(4)° 621.03240(5) 580.51611(4) 2.9 240 3.33318(9)
13C1 7899.6(2) 609.43233(6) 570.04179(6) 2.2 74 3.336(2)
1802 7952.9(3) 615.00037(7) 575.18697(7) 2.7 71 3.333(2)
3404 7950.3(3) 620.86668(6) 580.30212(6) 2.3 75 3.334(2)
1306 7953.4(4) 618.52634(8) 578.27312(7) 2.8 69  3.333(3)
15N5 7951.7(8) 620.8666(2) 580.3018(2) 6.1 23 3.328(6)
3497 7957.5690(7) 604.40864(5) 565.93551(5) 3.2 116 3.3331(1)

# Root-mean-square deviation of the fit.
b Number of transitions included in the fit.

¢ The percentage in parentheses is the deviation between theoretical rotational constants and those of experimental ones.
4 The Dy, D, 1.5Xaa, and 0.25(xsp—Xcc) have been determined to be 0.0130(2) kHz, 1.279(4) kHz, 2.754(5) MHz, and
—0.1324(9) MHz for the parent species, respectively. These parameters have been kept fixed in spectral fits of the

mono-substituted isotopologues.

¢ Values in the parentheses are 1o errors given in units of the last digit.

II, and compared with the experimental values, respec-
tively.

B. Rotational spectra

Guided by the ab initio results (FIG. 1 and Table S1
in SM), rotational spectral survey for conformer TCC
was carried out firstly. Groups of rotational transi-
tions showing a-type R-branch band features are iden-
tified and assigned to this conformer. All the observed
transitions show hyperfine structures due to the N
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quadruple coupling effect. FIG. 2(a) shows the 4N
quadruple coupling splitting hyperfine structure of the
(J+1) kar e JKarkc=808¢To7 transition of conformer
TCC. Later on, other a-type and b-type transitions be-
longing to TCC were measured. No c-type transitions
could be measured due to the zero dipole component
along c-axis.

Then some of the unidentified lines in the spectra can
be assigned to conformer GCC. For this conformer, 154
a-type transitions and 22 b-type transitions are mea-
sured. None of the c-type transitions could be observed
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TABLE II The experimentally determined spectroscopic parameters of the parent and 3*S mono-substituted isotopologues
of conformer GCC. Equilibrium rotational constants calculated at the MP2/6-311++G(d,p) level of theory are also included

for comparison.

Species A/MHz B/MHz C/MHz o*/kHz  N®  P../uA?
GCC(MP2)  7031.5428 (—1.4%)¢  656.3104 (0.1%)  636.1124 (—0.1%) 23.711
Parentd 7130.3494(7)° 655.88429(8) 636.39325(6) 3.6 186 23.6389(1)
3497 7128.0(5) 638.05876(7) 619.62389(7) 2.5 68  23.668(5)

# Root-mean-square deviation of the fit.
Y Number of transitions included in the fit.

¢ The percentage in parentheses is the deviation between theoretical rotational constants and those of experimental ones .
4 The Dy, D, 1.5Xaa, and 0.25(xsb—Xcc) have been determined to be 0.0575(3) kHz, —1.837(6) kHz, 3.07(2) MHz, and
—0.203(2) MHz, respectively, for the parent species. These values has been fixed in the fit of the **S isotopologues.

¢ Values in the parentheses are 1o errors given in units of the last digit.
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FIG. 2 The 8pg<7o7 transition of (a) TCC and (b) GCC showing the "N nuclear quadrupole coupling splitting. Doppler

effect induces further double splitting for each line.

in consistence with the small value of c-dipole moment
component (0.2 Debye). The *N quadruple coupling
hyperfine structure for conformer GCC are also resolved
as shown in FIG. 2(b) for the 8yg<—7o7 transition. These
two sets of rotational spectra are fitted independently
according to a semi-rigid Hamiltonian (S-reduction and
I" representation) [47] using the SPFIT/SPCAT pro-
gram [48]. The obtained values of spectroscopic param-
eters are reported in Tables I and II for conformers TCC
and GCC, respectively.

The rotational spectroscopic investigations are ex-
tended to all the 3*S, 13C, and N mono-substituted
isotopologues for TCC in natural abundance. However,
for GCC, the signals are weak so that only the mono-
substituted 348 isotopologue could be measured. For all
these isotopologues, the measured transition frequen-
cies are analyzed similar to the fitting procedure of the
parent species. The results obtained for all the isotopo-
logues of conformer TCC and GCC are collected in

DOI:10.1063/1674-0068/cjcp2109177

Table I and Table II, respectively. All the fitted transi-
tion lines are given in Tables S2—S10 in Supplementary
materials. Subsequently, we performed spectral surveys
for conformers TCT and GCT. However, no transition
lines can be assigned to these two conformers. Con-
formers TCT and GCT are 163 cm™! and 237 cm ™!
higher in energy than conformer TCC. The PESs con-
necting the conformational interconversion from high
energy conformers to low ones were calculated (FIG. S3
in SM). The barriers determining the relaxation of GCC
to TCC, TCT to TCC, and GCT to GCC are calculated
to be 325 cm ™1, 415 ecm ™!, and 446 cm ™!, respectively.
These barrier heights indicate that conformational re-
laxation can take place in the supersonic jet [49]. How-
ever, considering the experimental fact that conformer
GCC has been detected in the jet, the non-detection of
conformers TCT and GCT is mostly due to their small
amount of population in the jet expansion which leads
to weak undetectable spectral signals. Other conform-

(©2022 Chinese Physical Society
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ers (TTC, GTC and TTT) lie in much high energy (>15
kJ/mol) and therefore are hardly populated in the jet.

C. Discussion

Conformer TCT is calculated to be 163 cm ™! less sta-
ble than TCC while GCT is 135 cm™! less stable than
GCC, indicating that the cis arrangement of the NCS
group to the C=0 is energetically preferred. The trans
arrangement of the C2—03—C4—08 backbone results
in much higher energy conformations (>1200 cm~1). In
order to understand the possible intramolecular inter-
actions that determine the conformational preferences,
we performed molecular electrostatic surface potentials
(MESPs) calculations for conformers of TCC, GCC,
TCT and GCT. As reported in FIG. 3, the MESPs of
the four conformers possess multiple positive and neg-
ative potential regions, with the O8 lone-pair electrons
presenting the most negative electrostatic potential re-
gion (—33.0 kecal/mol to —37.7 kcal/mol) and the sur-
face of carbonyl carbon (C4) corresponding to the most
positive electrostatic potential region (24.0 kcal/mol to
26.5 kcal/mol). For TCC and GCC, the most nega-
tive values of the electrostatic potential of O3 and N5
is about —23 kcal/mol and —20 kcal/mol, respectively,
significantly higher than those of O8 and N5 of conform-
ers TCT and GCT (—37 kcal/mol and —25 kcal/mol, re-
spectively), suggesting the electronic density difference
associated with the conformational preferences. The
calculated MESPs also indicate the positive and nega-
tive sites that can be involved in forming non-covalent
interactions of these conformers.

We observe two sets of rotational spectra of EIC in
the helium supersonic jet. The spectral carriers are con-
firmed to be conformers of TCC and GCC by comparing
the experimental values of rotational constants, planar
moment of inertia P.. and "N quadruple coupling con-
stants to those calculated ones (Tables I and II). The
structural assignments are further verified by measur-
ing and analyzing the '3C1, 13C2, 13C4, N5 and 3487
isotopic spectra of TCC (Table I) and the 3*S7 of GCC
(Table II).

The coordinates (rs) of each substituted atom were
calculated [50] according to the experimental rotational
constants of parent and mono-substituted isotopologues
determined for conformers TCC and GCC, respectively.
The obtained results are listed in Table III. For con-
former TCC, the MP2/6-3114++G(d,p) calculated val-
ues of the coordinates (equilibrium structure, r,) match
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FIG. 3 Molecular electrostatic surface potentials
(s=0.001 a.u.) of TCC, GCC, TCT, and GCT con-
formers calculated at the MP2/6-311++G(d,p) level of
theory. The values of the most positive and most negative
electrostatic potentials are given in kcal/mol.

the rg values well, with the maximum deviation found
for the N5 atom. This is likely due to the fact that
N atom locates close to the center mass of TCC (see
FIG. S2 in SM) and Kraitchman’s method generates
a relative inaccuracy estimation of the position of N
atom. The P.. value of the parent species of conformer
TCC is determined to be 3.33 uA? (Table I), slightly
larger than the P, value determined for the trans form
of ethyl formate (3.23 uA?) [51, 52] arising from the
NCS substitution. The isotopic substitution of *C1,
1302, 13C4, N5, 34S7 do not change the Pe.. value of
TCC, indicating that these atoms are effectively located
in the ab-plane and therefore a Cy symmetry is consid-
ered in the structural calculations for TCC. In addition,
a structural fit [53] was performed to generate a par-
tial effective structure (rg) for TCC. Four bond lengths
were fitted to reduce the difference between values of
experimental and theoretical rotational constants while
all other structural parameters were fixed to the r, val-
ues (calculated at the MP2/6-311++G(d,p) level). The
obtained atomic coordinates are also given in Table III.
The corresponding rg and rg structural parameters were
calculated and compared with their r. values in Table
IV. For conformer GCC, the obtained ry of coordinates
of S7 agree with the r, values well (Table III).

(©2022 Chinese Physical Society
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TABLE III The rs, 7o and 7. coordinates of the conformers TCC and GCC.

Conformer Atom a/A b/A
T Ts To Te Ts To
TCCP C1 —3.951 £3.9420(6)° —3.95(1) —0.720 £0.725(3) —0.718(3
C2 —2.835 +2.8311(4) —2.826(6) 0.301 +0.292(4) 0.304(6
C4 —0.500 +0.466(3) —0.492(6) 0.331 +0.325(4) 0.328(1
C6 1.833 +1.8195(9) 1.83(2) —0.285 +0.284(6) —0.284(
N5 0.630 +0.480(7) 0.623(9) —0.506 +0.31(1) —0.501(4
S7 3.386 +3.37414(1) 3.375(5) —0.156 +0.15658(1) —0.158(4
GCC S7d —3.311 +3.3038(5) —3.312(2) 0.093 +0.13(1) 0.090(3

# Calculated at the MP2/6-311++G(d,p) level of theory.
P ¢-coordinates are fixed to zero due to symmetry.

¢ Values in the parentheses are 1o errors given in units of the last digit.
4 The 7., 7s, and ro values of the c-coordinates of S7 are 0.154 A, +0.186(8) A, 0.1604(7) A, respectively.

TABLE IV The structural parameters (re, 7s and ro) of
conformer TCC.

Item Te Ts To
Bond length/A
C2—C1 1.512 1.506(4)* 1.52(2)
N5—C4 1.406 1.138(9) 1.38(2)
C6—N5 1.223 1.340(7) 1.22(2)
S7—C6 1.559 1.560(1) 1.56(3)
Bond angle/(°)
/C4C2C1 138.3 138.3(3) [138.3]°
/C6N5CA4 133.1 145.2(9) [133.1]°
/S7C6N5 174.4 176.3(6) [174.4]°
Dihedral angle/(°)
ZS7C6N5C4 180 [180]P [180]P

# Values in the parentheses are 1o errors given in units of
the last digit.

b Values fixed in the structural fit. Fixed at the 7 value
due to symmetry.

IV. CONCLUSION

The conformational preference of ethoxycarbonyl
isothiocyanate has been investigated using supersonic-
jet FTMW spectroscopy and ab inito calculations. The
first two most stable conformers of TCC and GCC have
been detected in the supersonic jet. The observed rota-
tional spectra of these two conformers show hyperfine
splitting due to the quadrupole coupling effect of the
1N nuclear. The two detected conformers are differ-
ent in the relative orientation of the C1-C2—-03—-C4
backbone with trans arrangement being more stable

than that of gauche one. For the most stable con-
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former (TCC), the measurements of the 3C, N, and
343 isotopologues lead to an accurate determination of
its molecular structure. These accurate rotational spec-
troscopic parameters can be used to predict rotational
transitions in higher frequencies or used directly for
identifying transition lines from astronomical observa-
tions. Especially, ethyl formate (CH3CH;OC(=0)H),
a molecule can be taken as the precursor of EIC, has
been detected in Sagittarius B2(N) and Orion B [54,
55]. This identification suggests EIC to be a candidate

for astronomical observations.

Supplementary materials: The 8 possible configura-
tions for EIC monomer (FIG. S1), geometries and prin-
cipal axes of inertia of TCC of EIC calculated at the
MP2/6-3114++G(d,p) level of theory (FIG. S2), the po-
tential energy surfaces connecting the interconversion
of TCC and GCC, TCC and TCT, and GCC and GCT
calculated at the MP2/6-311++G(d,p) level of the-
ory (FIG. S3), MP2/6-3114++G(d,p) calculated spec-
troscopic parameters of ethoxycarbonyl isothiocyanate
(Table S1), and measured transition lines for TCC and
GCC (Tables S2—S10) are all available.
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