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Nuclear spin isomers of molecules play a pivotal role in our understanding of quantum mechanics
and can have significant implications for various fields. In this work, we report the isolation and
characterization of stable nuclear spin isomers as well as conformational isomers of a reactive
compound, namely carbonyl diisothiocyanate. It can exist as three rotational conformers, two of which,
the syn—-syn and syn—anti, were observed in a pulsed supersonic jet by chirped pulse Fourier transform
microwave spectroscopy in the 2-12 GHz frequency region. The rotational spectra of two distinct
nuclear spin isomers of syn-syn-carbonyl diisothiocyanate, ortho and para, were recorded and
analyzed. Experimental molecular rotational parameters for the identified rotational and nuclear spin
isomers were determined, including rotational constants, centrifugal distortion constants, and nuclear
quadrupole coupling constants. The two nuclear spin isomers are distinguished by unique hyperfine
splitting signatures in their rotational spectra as an outcome of their different nuclear spin states. The
relative abundances of the two observed conformers in the gas phase were estimated from the intensity
of their rotational transitions. Following detection of singly substituted rare isotopologues of the syn—syn
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Introduction

Molecules with equivalent nuclei with non-zero spin can exist
as nuclear spin isomers which are characterized by different
sets of rotational quantum numbers that they are allowed to
populate.’ Nuclear spin isomers have a pivotal role in the
manifestation of quantum mechanics and our understanding
of fundamental science as well as across various disciplines.
To name a few, the unique properties of nuclear spin isomers
may find potential applications in quantum computing,®®
medical imaging,** and astrophysics where the measured ratios
between different nuclear spin isomers can provide an insight into
astrophysical processes and stellar environments.®® The first
observation of nuclear spin isomers was reported in 1929° with
the separation and interconversion of ortho- and para-H,, where
the orientation of the spin of each hydrogen can be parallel or anti-
parallel, respectively. Separation and conversion of nuclear spin
isomers was later observed for a number of other molecules,
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conformer, a partial substitution (r) structure was determined.
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e.g. water,'®"! methanol,"” ethylene, and fluoromethane,
to name a few. However, in the gas phase, the interconversion
between isomers is generally considered improbable, and thus
spectroscopic studies in the gas phase can be an ideal way to study
isolated nuclear spin isomers.

Advances in modern synthetic chemistry play a key role in
engineering molecules with unique symmetry properties that
can serve as prototypes to study the properties of isolated
nuclear spin isomers. Carbonyl diisothiocyanate (CDIT,
C—0(NCS),), a reactive compound that consists of a carbonyl
(C=0) and two isothiocyanate groups (-N—C=S), was first
reported in 1902,'® and reliable synthetic routes to its for-
mation were established in 1981'%?° and reinvestigated in
2021.*" In principle, the compound can exist as three different
rotational conformers (Fig. 1), syn-syn, syn—-anti, and anti-anti
(with respect to the carbonyl bond relative to the heterocumu-
lene). Additionally, it consists exclusively of non-hydrogen
atoms, all of which have a nuclear spin () of 0 or 1, and thus
are bosons. In the syn-syn and anti-anti forms, due to the
overall symmetry of the molecules, the atoms of the -NCS
groups are equivalent upon exchange and Bose-Einstein statis-
tics are expected to influence their rotational spectra.

Information on the structure and relative conformational
abundances of carbonyl diisocyanate (C=O(NCO0),)**** and
carbonyl diazide (C—=O(N,),)** is available through gas-phase
electron diffraction (GED) and infrared (IR) spectroscopy.
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Fig. 1 Possible conformers of carbonyl dipseudohalides (syn—syn, syn—
anti, and anti—anti) illustrated by the example of carbonyl diisothiocyanate.
syn: carbonyl group and isothiocyanate group on the same side, anti:
carbonyl group and isothiocyanate group on different sides.

The two are closely related to CDIT, both in terms of the
available conformations they can adopt, but also by possessing
isoelectronic functional groups attached to the carbonyl, and
displaying high reactivity. Both the syn-syn and syn-anti forms
have been characterized for C—O(NCO), and C—=O0(N3),, with
the syn-syn form being the dominant species in both cases, an
observation that is also supported by quantum chemical calcu-
lations. Condensed phase studies on CDIT with X-ray diffrac-
tion (XRD) only identified the syn-syn conformer in the crystal,
which is also the most stable form. An important step towards
characterizing and rationalizing the properties of CDIT is to
obtain spectroscopic insight into the syn-anti conformation,
as well as to experimentally determine its conformational
preferences.

In this work, we report the rotational spectrum of CDIT in
the gas phase using chirped pulse Fourier transform microwave
(CP-FTMW) spectroscopy. The syn-syn and syn-anti conforma-
tions are detected, providing access to the molecular properties
of the elusive conformer. Their relative abundances fall within
the broader expectations based on similar systems and on
their computed energies. Interesting effects are observed in
the spectrum of the syn-syn conformer consistent with the
presence of two distinct nuclear spin isomers that follow
nuclear spin statistics for bosons. The structure of syn-syn-
CDIT was partially determined through isotopic substitution of
the atoms in the -NCS groups.

Results and discussion

The three possible conformers of CDIT (Fig. 1), syn-syn, syn-
anti, and anti-anti, arise through rotation of the isothiocyanate
groups -N—C=S around the C2-N6 or C2-N3 bonds (see Fig. 1
for atom labeling), respectively. The calculated molecular para-
meters of the conformers of CDIT (Table 1) show that the syn-
syn and syn-anti conformers are near-prolate asymmetric tops.
The potential energy surface connecting the three possible
conformers is calculated at the PBEh-3c level of theory. The two
conformers are separated by a high energy barrier (~ 16 kJ mol ),
with syn-anti-CDIT lying approximately 4.5 k] mol ' higher
than syn-syn-CDIT, the global minimum. Anti-anti-CDIT is a
near-oblate asymmetric top, and it is calculated to be approxi-
mately 9.5 k] mol™" higher in energy than syn-syn-CDIT. All three
conformers have a sizeable electric dipole moment component
along the b-axis of inertia. In syn-syn- and anti-anti-CDIT, due to
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Table 1 Calculated rotational parameters, including nuclear quadrupole
coupling constants of the two **N nuclei and relative energies of the three
possible conformers of CDIT obtained at the B3LYP-D3(BJ)/aug-cc-pVTZ
level

syn-syn syn-anti anti-anti
A. (MHz) 10335.6 2901.6 1425.6
B. (MHz) 443.7 612.0 1165.6
C. (MHz) 425.4 505.4 641.3
Yaa(N3) (MHz) 1.763 1.618 1.861
7ob(N3)~7cc(N3) (MHz) 0.936 -1.030 0.823
aa(N6) (MHz) 1.763 0.245 1.861
#bb(N6)~7ce(N6) (MHZ) 0.936 0.742 0.823
|ttal, 11w l, |pc| (D) 0,1.2,0 0.4,2.2,0 0,2.6,0
K -0.99 -0.91 0.34
AEq” (em™, kJ mol™") 0 377.4, 4.5 791.9, 9.5
AEparrie (em ™, kJ mol ™) 1305, 16 1190, 14

2B—A-C

“ Ray’s asymmetry parameter x = . ? Relative energies cal-

culated with respect to syn-syn-CDIT at the B3LYP-D3(BJ)/aug-cc-pVTZ
level. © Energy barriers between syn-syn-CDIT and syn-anti-CDIT, and
syn-anti-CDIT and anti-anti-CDIT obtained at the PBEh-3c level and
reported with respect to the energetically lower of the two minima it
separates, and shown with respect to the relative energies of the
conformers at the same level of theory.

symmetry, the C, axis is aligned with the b-axis of inertia and
the C=O0 bond, which results in three equivalent pairs of atoms
between the two isothiocyanate -N—C—S groups (Fig. 2).

Spectrum of syn-syn-CDIT

The jet-cooled rotational spectrum of CDIT was collected over the
2-12 GHz frequency range, in segments of 2-8 and 8-12 GHz.
Upon initial inspection of the 8-12 GHz region, the most intense
feature is a pattern consistent with a b-type, Q-branch transition.
The lines exhibit hyperfine splitting as expected for a molecule
with one or two N nuclei with nuclear spin I = 1. Watson’s
S-reduction,” as implemented in Western’s PGOPHER,*® was
used to perform the initial assignment of the spectrum, without
consideration of the hyperfine splitting. The 1, o < 1, transition
was identified at approximately 10615 MHz which gave an
excellent initial value of the A, rotational constant. A preliminary
fit including b-type, Q-, P-, and R-branch transitions was per-
formed and yielded the initial set of the 4y, By, and C, rotational
constants which were assigned to syn-syn-CDIT, based on agree-
ment (see Table S1, ESIt) between the calculated and experimen-
tally determined rotational constants.

Upon inclusion of the nuclear quadrupole coupling terms
Yaa(™*N) and ypu("*N)-ye(**N) in the fit, the experimental
hyperfine splitting appears to vary. For some transitions, it
appears to be consistent with one N nucleus (I = 1), while for
others with two N (I; = 1 and I, = 1) nuclei. In order to
rationalize which types of transitions appear to have splitting
equivalent to one or two quadrupolar nuclei, two separate fits,
Fit 1 and Fit 2, grouping the different types of transitions were
performed with PGOPHER,”® and the experimentally deter-
mined spectroscopic parameters are summarized in Table S2
(ESIt). The types of transitions, Q-, P-, and R-branch, with odd
or even K, =K, + K., that were included in each fit are
indicated in the last rows of Table S2 (ESIt). The hyperfine
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Fig. 2 Optimized (r.) geometries and relative energies of the three possible conformers of CDIT calculated at the B3LYP-D3(BJ)/aug-cc-pVTZ level.

splitting of some representative rotational transitions is
showcased in the expanded part of Fig. 3. The two fits yield
similar rotational constants which are within the standard
deviation of each other, thus excluding the possibility that the
variation in the hyperfine splitting is associated with a large
amplitude motion within the molecule. This is further sup-
ported by the value of Dy, which is in the range of just a
couple of kHz. Regarding the nuclear quadrupole coupling
constants of the two fits, these are of similar magnitude,
however, their signs are reversed as an outcome of only
considering one coupling nucleus in Fit 1. These observations
suggest that there are two nuclear spin isomers of syn-syn-
CDIT, ortho and para, associated with nuclear spin states of
I =0, 2 and I = 1, respectively, and nuclear spin statistics
dictate the allowed and forbidden transitions. For the ortho
isomer, energy levels with even values of K, have a non-zero
statistical weight, and those with odd values a zero statistical
weight, while for the para isomer the opposite is observed. A
more detailed explanation on the spin states and the assign-
ment of transitions to the ortho and para isomers will follow in
the coming paragraphs.

Following the work of Grubbs et al,®” it is possible to

perform a global fit that includes transitions of both ortho-
and para-(syn-syn-CDIT) using Pickett’s SPFIT/SPCAT.”®
Watson’s S-reduced Hamiltonian®® as implemented in SPFIT
was used in the form:

Hror = Hror + Hep + FIQ(N) + ﬁss(N)

where Hror, Hep, HQ, and Hsg are the rotational, centrifugal
distortion, nuclear quadrupole coupling, and nuclear spin-
nuclear spin coupling terms, respectively. The high degree of
similarity between the rotational and centrifugal distortion
constants of the two nuclear spin isomers (see Table S2, ESIT)
allows for simultaneous fitting of the Hgror and Hep terms to
both isomers, yielding average values for these constants. The
H,, term was fitted according to the coupling scheme In,+In, =
Lo and J + Lo = F, which implies coupling between two
equivalent quadrupolar nuclei. The results of this fit are
summarized in Table 2 and are consistent with those of
Table S2 (ESIt). The nuclear spin-nuclear spin coupling term
is inseparable from the nuclear quadrupole coupling term, and
therefore determination of Hj, is a linear combination of the
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Fig. 3 Representative rotational transitions J”,, yo— J/, , of ortho- and para-(syn—syn-CDIT) carrying hyperfine splitting due to **N nuclei. The

a e a

splitting in the spectrum of the para isomer is consistent with one **N nucleus, while that for the ortho isomer is analogous to two **N nuclei. Some I, F”

« I', F" hyperfine transitions are annotated, respectively.
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Table 2 Final fits of the rotational spectra of syn—-syn and syn—anti-CDIT
performed with SPFIT/SPCAT using Watson's S-reduction

syn-syn-CDIT Iy, + Iy, = Iot syn-anti-CDIT

Ay* (MHz) 11046.3581(24)" 2938.6797(15)
B, (MHz) 449.80178(41) 626.51962(71)
Co (MHz) 432.27083(56) 516.14194(50)
D) (kHz) — 0.2008(52)
Dy (kHz) 1.281(38) —3.099(39)
Dy (kHz) — —20.74(16)

d; (kHz — —0.0779(19)
Yaa(N3)? (MHz) 1.9269(56) 1.745(11)
Zob(N3)~7ee(N3) (MHz)  —0.742(10) —0.634(14)
aa(Ng) (MHz) 1.9269(56) 0
Zob(N6)~7ce(Ng) (MHz)  —0.742(10) 0.881(17)
|:ua|7 |ﬂb|a |,uc|e (D) 0,1.2,0 0.4,2.2,0
a-/b-/c-Type N/Y/N N/Y/N

K —0.99 —0.91

Nt 177 161

orms (kHz) 13.2 16.3

% Ao, By, Co: experimentally determined rotational constants simulta-
neously determined for the ortho and para nuclear spin isomers of
the syn-syn-CDIT conformer, and for the syn-anti-CDIT conformer.
b Numbers in parentheses are one standard deviation in units of the
last significant figures. © D;, Dy, Dx, dq: quartic centrifugal distortion
constants simultaneously determined for the ortho and para nuclear
spin isomers of the syn- Z}m—CDIT conformer, and for the syn-anti-CDIT
conformer, respectively. “ 7., and ypbr—ycc: Nuclear quadrupole coupling
constants.  Magnitude of the calculated dipole moment components.
fa-/b-/c-Type transitions. Y and N correspond to “yes” and “no”,
respectively, indicating whether the type of transition is detected.

2B— A4

—-C .
¢ Ray’s asymmetry parameter k = . " Number of assigned

rotational transitions, including hyperfine transitions. ‘ Root mean
square deviation of the fit.

two.>® As mentioned, there are two nuclear spin wavefunctions
that describe the ortho isomer, however, the lines that belong to
the I = 0 state exhibit significant overlap and blending with the
I=2 lines. In the current fit, only a handful of well-resolved and
well-isolated lines of the I = 0 state were identified. The detailed
operator codes that were used for this fit and a complete line
list are given in the ESL{

The assignment of transitions to the ortho and para nuclear
spin isomers of syn-syn-CDIT was based on arguments around
nuclear spin statistics, appropriate for the exchange of multiple
pairs of bosons. The C,, symmetry of this conformer implies
that rotation about the b-axis, which coincides with the C,
axis, interchanges equivalent bosons. It holds that the total
wavefunction:

tot = lpelec X l//vib X lprot X lpns (1)

where Yelee, Yvib, Yror, and Y, are the electronic, vibrational,
rotational, and nuclear spin wavefunctions, respectively, is
symmetric and of positive parity. Thus, upon C, rotation,
i.e., exchange of identical bosons, we have:

¥(2,1) =+, 2) (2)
Considering that our experiment probes the vibronic ground

state, the electronic and vibrational wavefunctions for syn-syn-
CDIT both have a positive parity. Therefore, the total parity of

This journal is © the Owner Societies 2024
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Vot 1s determined by the product of Yo X Y, such that:
Viod X U
Vit = § or (3)
Vil X W)

where the symbols in parentheses indicate the parity. Upon a
C, rotation about the symmetry axis, the rotational wavefunc-
tion is multiplied by (—1)%m. The parity of i, depends on the
sum of K, + K, = K,

wm- Specific to each J' « J' rotational
transition, such that:

i) ~ (—1)™
lprol = or (4)
Vrod ~ (=)0

For even K.

sum
K. (2n+ 1) the parity of /o is negative. From eqn (3) and (4)
it follows that /,,s must be of positive parity (ortho-isomers) for

(2n) the parity of Y. is positive and for odd

. and of negative parity (para-isomers) for odd K, .
The ratio between symmetric and antisymmetric nuclear spin
wavefunctions is given by:

Ny (I+D)QRI+1) I+1 5
N IQI+1) I (5)

"
even K

There are two symmetric and one antisymmetric spin wave-
functions, corresponding to two ortho-isomers (I = 0, 2),

. . "
associated with even K,
associated with odd K/,

sum*

Sufficient signal to noise ratio for several rotational transi-
tions of the parent syn-syn-CDIT allowed for detection of the
singly substituted *'S, '*C, and "N isotopologues in their
natural isotopic abundances, 4.4%, 1.1%, and 0.4%, respec-
tively. Detection of these isotopologues further confirms the
assignment of the fitted rotational constants to syn-syn-CDIT.
The C, axis of symmetry renders the atoms of the two isothio-
cyanate groups equivalent to each other which results in

and one para-isomer ([, = 1),

doubling of the signal intensity of the respective singly sub-
stituted isotopologue. It should be noted that it is possible to
perform a global fit for each rare isotopologue, including all the
available transitions. Single isotopic substitution reduces the
C,, symmetry to Cs, meaning that the N, C, and S atoms are no
longer equivalent. This holds as further evidence that the
observed spectral behavior of the parent syn-syn-CDIT isotopo-
logue is an outcome of the presence of two distinct nuclear spin
isomers.

The fitted spectroscopic parameters of the singly substituted
315, 3¢, and "N isotopologues of syn-syn-CDIT are collected in
Table 3. To generate these parameters, a pseudo-C,,+ geometry
is assumed. Attempts to treat the symmetry as Cs; with non-

+ Single isotopic substitution reduces the symmetry of syn-syn-CDIT from C,, to
Cs, making the atoms in the -N=—C=S groups non-equivalent. Pseudo-C,, refers
to the treatment of the Cg as C,, for the sake of obtaining a fit that can converge
with reasonable values of nuclear quadrupole coupling constants.

Phys. Chem. Chem. Phys., 2024, 26, 25678-25687 | 25681
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Table 3 Experimentally determined spectroscopic parameters of the
singly substituted **S, 3C, and 1°N isotopologues of syn—syn-CDIT in their
natural isotopic abundances

34S 13C 15N
Ay (MHz) 11042.9488(27)“ 11 029.0588(35) 11002.9140(90)
B, (MHz) 438.30798(69)  447.6461(18)  449.3334(98)
Co (MHz) 421.6377(14) 430.2687(18)  431.7588(90)
Dy (kHz) 1.86(24) [1.86] [1.86]
£aa(N)? (MHz) 1.9870(80) 1.962(13) [1.9870]
1ob(N)=%cc(N) (MHz) —0.751(12) —0.692(18) [-0.751]
N¢ 138 66 6
orms” (kHz) 14.4 14.9 10.8

“ Numbers in parentheses are one standard deviation in units of the
last significant figures. ” Two equivalent nitrogen atoms assumed in
the fits of the **S and **C isotopologues. Only one quadrupolar nucleus
is considered for the '°N isotopologue. ¢ Number of rotational transi-
tions included in the fit. ¢ Root mean square deviation of the fit.

equivalent N atoms prevents the fit from converging and
generates unrealistically large nuclear quadrupole coupling
constants in the fits for the **S and >C isotopologues. The
high intensity of the spectrum of the *'S isotopologue allowed
for the assignment of 138 transitions, and for the determina-
tion of the quartic centrifugal distortion constant Dy and
nuclear quadrupole coupling constants y..(**N) and jyup(**N)-
%ee(**N). Unlike for the parent syn-syn-CDIT isotopologue, the
coupling scheme J + Iy, = F; and Iy, + F; = F was used to fit the
nuclear quadrupole coupling constants of the **S and '*C
isotopologues. The Dy distortion constant in the *C isotopo-
logue fit was kept fixed to the value that was determined for the
343 isotopologue. Finally, due to the small number of available
transitions of the "N isotopologue, the Dy and z,,(**N) and
1ob(*N)=7cc(**N) constants were both kept fixed to the values
determined for the **S isotopologue. It should be noted that
only one quadrupolar nucleus is present for the **N isotopolo-
gue due to the nuclear spin of >N (I = 0). The experimentally
determined A, By, and C, rotational constants will be used in
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Section 4.5 to determine the atomic coordinates of the atoms in
the isothiocyanate groups in syn-syn-CDIT.

Spectrum of syn-anti-CDIT

Following the assignment of syn-syn-CDIT and its singly sub-
stituted **S, **C, and "N isotopologues, a large number of lines
with hyperfine splitting remained unassigned. A second pat-
tern, with significantly lower intensity than the one identified
for syn-syn-CDIT, consistent with Q-branch, b-type transitions
exhibiting extensive hyperfine splitting was found. Using the
calculated rotational constants for syn-anti-CDIT as a guide, the
pattern was fitted to a set of rotational parameters and allowed
for identification of more lines. The final spectroscopic para-
meters were generated with Pickett’s SPFIT/SPCAT?® and are
summarized in Table 2. The N atoms in syn-anti-CDIT are not
equivalent, and individual y.,(**N) and ypp("*N)~ycc(**N) con-
stants can be determined. The nuclear quadrupole coupling
constants were fitted according to the J + Iy, = Fy and Iy + F; = F
coupling scheme. A representative example of fitted transitions
of syn-anti-CDIT showcasing the hyperfine splitting is given in
Fig. 4. The lower intensity of the rotational lines of syn-anti-
CDIT did not allow for detection of singly substituted isotopo-
logues to determine an experimental structure. However, the
agreement between experimental and calculated rotational
constants, the detected b-type transitions and the significantly
lower intensity of this species supports the assignment to
syn-anti-CDIT.

Relative abundances

It is immediately apparent that syn-syn-CDIT is the most
abundant species in this experiment. This observation is in
line with previous condensed phase studies on CDIT*' and
other related compounds,”**°* and further supported by DFT
calculations identifying this conformer as the global minimum,
followed by syn-anti-CDIT approximately 4.5 k] mol™* higher in
energy. The relative abundances of syn-syn and syn-anti-CDIT
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Fig. 4 Portion of the experimental spectrum of syn—anti-CDIT (upper black trace) showcasing the resolution of the hyperfine structure. The simulation
(lower purple trace) based on fitted rotational parameters reproduces the hyperfine splitting at a rotational temperature of 0.5 K.
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can be estimated from the relative intensities of their rotational
transitions. According to the procedure described by Quesada-
Moreno et al.,** a set of three or four rotational transitions of

. . " ’
the two species with the same J , , < J , , quantum num-
K, K, K, K.

bers are selected, and their intensities are normalized by the
square of the respective electric dipole moment. To get a
reliable insight into the relative abundances, it is key that the
selected transitions fall within a relatively narrow frequency
range, e.g. up to 2 GHz. However, even though syn-syn and syn-
anti-CDIT are conformers of the same compound, the experi-
mentally determined 4, rotational constants differ by an order
of magnitude. In our rotational spectra there are no assigned
transitions that fulfill these requirements and therefore this
method would give an unreliable result.

An alternative procedure to estimate the relative abundances
of the two species is to use the simulation function of
PGOPHER.”® The spectra of syn-syn- and syn-anti-CDIT were
simulated simultaneously at a rotational temperature of 0.5 K,
using the calculated |u,| dipole moment of 1.2 and 2.2 D,
respectively. The rotational temperature of 0.5 K was selected as
it can reproduce the experimental intensities of rotational
transitions of each species individually. It should be noted that
the rotational partition function of each molecule at the given
temperature is by default taken into account when the inten-
sities are simulated with PGOPHER. Finally, the simulated
abundance of syn-syn-CDIT was set to 1 while the abundance
of syn-anti-CDIT was adjusted until the relative intensities of
the two simulations could reproduce those of the experimental
spectrum. Following this procedure, it is estimated that syn-
syn-CDIT is approximately 8 to 10 times more abundant than
syn—-anti-CDIT under the given experimental conditions.

The estimated 8:1 to 10:1 abundance ratio between syn-
syn- and syn-anti-CDIT is consistent with the computed relative
energies of the two at the B3LYP-D3(BJ)/aug-cc-pVIZ level. The
two conformers are separated by an energetic barrier of
16 kJ mol " with the local syn-anti minimum lying 4.5 k] mol *
higher than the global syn-syn-CDIT minimum. The anti-anti
conformation is not identified in the spectrum collected under
our experimental conditions. Despite the fact that anti-anti-
CDIT possesses the largest |up| electric dipole moment out of
the three conformers, this conformation is energetically dis-
favored by lying 14 kJ mol™" above the global minimum. The
relative populations of the three conformers of CDIT can be
calculated according to their Boltzmann distributions at the
temperature of the sample during the experiment (75 °C/348 K),
prior to collisional cooling due to supersonic expansion, and by
considering their computed energies, relative to the global

. . . AE
minimum. Using the expression N/Ny = exp 7 ) where

N/N, is the abundance ratio of two conformations, AE is the
computed relative energy, k is the Boltzmann constant, and T is
the temperature of the sample, we calculate that 80% of CDIT is
in the syn-syn conformer, while the syn-anti and anti-anti
conformers take up approximately 17% and 3%, respectively.
Considering the double degeneracy of the syn-anti-CDIT, the
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Table 4 An overview of the (syn-)syn to (syn-)anti ratio of CDIT and
other related compounds, determined through different methods, along-
side computed energy barriers

(syn-)syn: AE Barrier
Compound (syn-)anti ratio (k] mol™*) (kJ mol™!) Method
CO(N;),* 88:12 (~7:1) 5-6.7 40.6 Matrix IR,
GED
CO(NCO),? 66:34 (~2:1) 3.8(8) 12.6 GED
CDIT CO(NCS)," 10:1 2.9-4.5 8-16 CP-FTMW
F(C=0)NCO?  77:23 2.1-5.0 — GED
CI(C=0)NCO®  25(8):75(8) 1.7-6.7 — GED
Br(C=0)NCO’  Mainly anti — — IR and
Raman
CI(C=O)NCS®  84(6):16(6) 1.3 5.9 GED
Cl(C—=0)SCN*  Mainly syn 7.1 38.9 IR

¢ Ratio, computed energy difference, and barrier to interconversion
between syn-syn- and syn-anti-CO(N;), from ref. 24. ” Ratio between
syn-syn- to syn-anti-CO(NCO), and energy difference and barrier from
ref. 23 and 40. © syn-syn- to syn-anti-CO(NCS), ratio determined in this
work, computed energy difference and barrier to interconversion from
this work and ref. 41. “ Ratio from ref. 31, 33, 36 and 42, and computed
energy and barrier from ref. 33, 36 and 42. ° From ref. 36 and 42./ From
ref. 37 the ratio is not explicitly determined, however, the anti-
conformer is favoured. Decreased electronegativity of the halogen atom
[x(F) > x(Cl) > y(Br)] favors the adoption of an anti-orientation of the
-NCO group. ¢ From ref. 39.

relative abundance ratio of the two lowest energy conformers
are approximately 80:34. The calculated abundances are
broadly consistent with the estimated abundances from the
rotational spectrum.

Previous studies have explored the conformational equili-
brium of compounds structurally related to CDIT, both in the
condensed and gas phase. A summary of their determined
relative abundances as well as their barriers to interconversion
are summarized in Table 4. Compounds with the general
formula X(C—O)NCO (X =F, Cl, Br) consist of a central carbonyl
group, which is substituted by a halogen atom and a pseudo-
halide group. In relation to CDIT, those can also exist as
different rotational conformers: syn and anti (see Fig. 1). Both
IR and Raman spectroscopy for fluoro,>**?° chloro,**?*® and
bromocarbonyl®” isocyanate show that their conformers are in
an equilibrium state at room temperature. For X = F the syn
conformer is with 75(12)%>® preferred, according to gas phase
electron diffraction (GED), while for X = Cl, and X = Br the anti-
conformer is the dominant form. The syn to anti ratio for
chlorocarbonyl isocyanate calculated from GED is 25(8):75(8).%¢

Fluoro- and chlorocarbonyl isothiocyanate (X(C—O)NCS
(X =F, CI))*® as well as their isomers, fluoro- and chlorocarbonyl
thiocyanate (X(C=O0)SCN (X = F, Cl)),*’ also show an equili-
brium state in the gas and liquid phase. In the solid state,
solely the thermodynamically more stable syn conformers of
F(C—O0)NCS, F(C—O0)SCN, Cl(C—O0)SCN are present, as it was
deduced from single-crystal XRD and solid-state Raman
spectroscopy. The structure of CI(C—O)NCS was determined
by GED and the conformer syn to anti ratio is 84(6):16(6),*
being the only determined ratio. As already discussed, CDIT
and its related dipseudohalides, carbonyl diisocyanate (CO(NCO),)
and carbonyl diazide (CO(N3),), can in principle exist as three
different conformers: syn-syn, syn-anti, and anti-anti (see Fig. 1).>>
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Both CO(NCO), and CO(N3), show an equilibrium in the gas phase
between their syn-syn and syn-anti conformers with a ratio of
62:38" and 88:12>* (values estimated from IR spectroscopy),
respectively. For carbonyl diisocyanate the ratio was refined from
GED and is 66(3) : 34(3).> These values fit well with the computed
energy difference of 4.3 k] mol™" and 6.9 kJ] mol ™' (B3LYP/
6-311+G(3d,f) level of theory) between the syn-syn- and syn-anti-
conformers of CO(NCO), and CO(N3),, respectively.>****° For both
compounds, the anti-anti conformer is not found spectroscopi-
cally, probably as it lies much higher in energy, as a result of steric
repulsion between the pseudohalide groups both being anti
oriented with respect to the carbonyl group. In the solid state,
both crystallize with their thermodynamically stable rotamer,
which is the syn-syn conformer.>*** Pfeiffer et al.*' discussed a
correlation between the syn-syn to syn-anti conformational ratio
and the computed energy difference between conformers. The
general trend suggests that a higher syn-syn to syn-anti ratio is
consistent with a higher energy difference between the two con-
formers. From Table 4, we also observe that a higher ratio is
associated with a lower energy barrier to interconversion, suggest-
ing a lower conversion rate to syn-anti, and the findings for CDIT
fit well with this observation.

Nuclear quadrupole coupling constants

The nuclear quadrupole coupling constants determined for
syn-syn- and syn-anti-CDIT were diagonalized according to a
common set of orthogonal x, y, z axes. These are positioned
on each individual N nucleus, yielding the diagonalized j, ¥y,
and j,, constants summarized in Table 5. The diagonalization
was performed with QDIAG,*® and a visualization of the orien-
tation of the axes is shown in Fig. S1 in the ESIL.{ The off-
diagonal |y.p| constants were obtained through DFT calculations
at the B3LYP-D3(BJ)/aug-cc-pVIZ level and given a 10% uncer-
tainty. The same procedure was performed for other related
compounds with a N nucleus within a -NCS group as well as for
compounds with a -NH, group. The calculated values of |y,p| are
given in the footnotes of Table 5.

From the values in Table 5, we observe that the local
electronic environment of a N nucleus in a -NCS group displays
significant differences to that of a -NH, group, e.g., in phenyl
isothiocyanate (Ph-NCS)** and urea.*’ These differences can be
partially rationalized by looking at the chemical environment
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around each N nucleus. In the case of the molecules with one or
more -NCS groups, the N atom exhibits sp hybridization in a
linear arrangement with the neighboring atoms, while the N
atom in -NH, is sp® hybridized in a slightly pyramidal configu-
ration. Comparing syn-syn- and syn-anti-CDIT to the structu-
rally related urea, the magnitude of |y,,.|, which in a planar or
almost planar molecule is approximately equal to |y.|, pro-
vides an indication of the degree of delocalization of the
electron pair on the N nucleus. The -NCS group can contribute
to resonance forms and, in combination with the electron
withdrawing character of the group and the higher electrone-
gativity of the S atom, the lone pair of N exhibits a higher
degree of delocalization. The more localized electron pair in
-NH, is reflected by the significantly larger magnitude of |y.,|.
The closely related molecules to CDIT, ethoxycarbonyl iso-
thiocyanate’® and Ph-NCS,** display a similar electronic
environment around the N nucleus suggesting that the compo-
nent attached to the -NCS group has little effect on the local
electronic environment of the N nucleus. Syn-syn and syn-anti-
CDIT exhibit similar electronic environments around the N
nuclei, suggesting that the reactivity of the molecule is not
exclusively associated with a certain conformer. However, fol-
lowing the earlier arguments around the relative abundances,
the syn-syn form is expected to partake in most reactions.

Structural analysis

Experimental determination of the rotational constants of the
parent syn-syn-CDIT (Table 2) and its singly substituted **S,
3¢, and "N isotopologues (Table 3) allows for Kraitchman*®*°
analysis to be performed to obtain the substitution (r;) coordi-
nates of the atoms in the -NCS groups. The analysis was
performed with the program KRA from the PROSPE website.*?
The resulting r coordinates, alongside their fractional uncer-
tainties®® to partially account for rotation-vibration effects, are
shown in Table 6. The ry¢ method can only provide the magni-
tude of each coordinate, so the signs were inferred from the
calculated DFT geometry. The |c| coordinates were calculated
as zero, consistent with planarity of the molecule, which is also
supported by the value of the inertia defect® Aq=1. — I, — I, =
-0.182 u A?, where I, corresponds to the respective moment of
inertia for each axis. The magnitude and the sign of 4, is
consistent with low-lying out-of-plane motions of the -NCS

Table 5 Diagonalized nuclear quadrupole coupling constants .. xy,. and y., for CDIT and other related compounds

Zxx (MHZ) Lyy (MHz) %2z (MHZz)

syn-syn-CDIT? N3/Ng —1.790(81) 2.382(81) —0.5924(60)
syn-anti-CDIT® N, —2.24(16) 2.79(16) —0.554(12)

Ne ~1.87(21) 2.31(21) —0.441(13)
Ethoxycarbonyl isothiocyanate” N —1.685(86) 2.338(86) —0.6532(25)
Ph-NCS° N —1.4635 1.94656 —0.483069
Aniline? N 4.20(13) 0 —4.20(6)
Urea® N 2.311(18) 1.778(18) —4.0889(26)

“ This work. Calculated off-diagonal components for syn-syn-CDIT |y.5(Ns/Ng)| = 1.30(13) MHz and for syn-anti-CDIT |y,,(N3)| = 2.04(20) MHz and

%ab(Ne)| = 2.08(21) MHz at the B3LYP-D3(BJ)/aug-cc-pVTZ level.  Calculated off-diagonal component || = 1.33(13) MHz at the B3LYP-D3(BJ)/

aug-cc-pVTZ level and from ref. 46. © From ref. 44. ¢ Calculated off-diagonal component || = 2.09(12) MHz at the B3LYP-D3(BJ)/aug-cc-pVTZ level
and from ref. 47. ¢ Calculated off-diagonal component |ya.p| = 0.215(22) MHz at the B3LYP-D3(BJ)/aug-cc-pVTZ level and from ref. 45.
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Table 6 Atomic substitution (r;) coordinates of syn—syn-CDIT deter-
mined experimentally alongside the calculated (r.) coordinates, and struc-
tural parameters determined with XRD and CP-FTMW spectroscopy

syn-syn-CDIT la]® (A) b (A)
N Te 1.1426 —0.4410

rs 1.087(12) —0.4273(35)
C Te 2.3366 —0.2639

rs 2.3302(12) —0.2690(56)
S re 3.8920 —0.1624

rs 3.8687(13) —0.086(17)

XRD rs

C=0(A) 1.181(16) —
Ccarbony;’N (A) 1.381(5) —
N=C (A) 1.207(4) 1.253(12)
C=S (A) 1.526(4) 1.5497(28)
£ (SCN) () 173.7(4)-175.7(4) 179.5(8)

% Only the magnitude of the a-coordinates is provided here. Due to the
C,, symmetry, to describe the positions of the atoms in either one of the
-NCS groups, the a-coordinates need to all carry a positive or negative
sign, respectively.

Fig. 5 The experimental rs coordinates (solid spheres) of syn—syn-CDIT
compared to the calculated B3LYP-D3(BJ)/aug-cc-pVTZ r. coordinates
(translucent underlying structure).

groups at the zero point. The r; coordinates were evaluated with
EVAL® to yield bond lengths and angles relevant to the -NCS
groups and are summarized in Table 6.

The experimentally determined rs coordinates are shown
alongside the r. calculated coordinates in Table 6 and Fig. 5.
The high level of agreement between the two provides strong
evidence in support of the geometry for syn-syn-CDIT. The
values of the ry bond lengths r(C=S) and r(N—C), and the
angle / (SCN) are compared to those determined by single-
crystal X-ray diffraction (XRD).>" A slight elongation of all
determined bond lengths is observed for the gas phase struc-
ture while the / (SCN) angle shows an essentially linear
arrangement in the atoms of the -NCS groups. The more
compact structure as well as the slight distortion from linearity
in the / (SCN) angle that is observed with XRD is likely due to
packing effects in the crystal. It is worth noting that only the
syn-syn conformer crystallizes and therefore there is no struc-
tural information for the syn-anti conformer.?*

Conclusions

The rotational spectra of two conformers of the reactive compound
carbonyl diisothiocyanate, syn-syn and syn-anti, were recorded
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with chirped pulse Fourier transform microwave spectroscopy
in the 2-12 GHz frequency region. We estimate that the syn-syn
form is approximately eight to ten times more abundant than
the syn-anti form, which fits well with the observed relative
abundances of conformers of other related compounds. The
spectrum of syn-syn-carbonyl diisothiocyanate was manifested as
two distinct nuclear spin isomers, ortho and para, that exhibit
characteristics of nuclear spin statistics for bosons, and were
identified by the varying hyperfine structure of their rotational
transitions. Observation of singly substituted isotopologues
allowed for partial structure determination of syn-syn-carbonyl
diisothiocyanate and determination of the atomic coordinates of
the atoms in the -NCS groups. The gas-phase structure of isolated
syn-syn-carbonyl diisothiocyanate shows a slight elongation of the
bond lengths between the atoms of the -NCS groups when
compared to the structure determined with XRD using crystals.
Carbonyl diisothiocyanate is a unique example of a molecule
composed exclusively of eight bosons (I = 0 and 1), six of which,
in the syn-syn and anti-anti forms, appear as three equivalent
pairs (-NCS groups). Syn-syn-carbonyl diisothiocyanate is pre-
sent as two nuclear spin isomers, ortho and para, which are
distinguished by their nuclear quadrupole coupling signatures,
as an outcome of differing symmetries in their nuclear states
while their nuclear quadrupole coupling constants y,, and
Ibb—cc are the same for the two nuclear spin isomers, as seen
in Table 3. Observation of ortho and para nuclear spin isomers
in molecules that exhibit nuclear spin statistics for bosons have
previously been reported for several systems, however, these
mainly include small linear molecules®>*® (e.g., D,, N,) and
asymmetric tops such as non-covalently bound complexes®>°
(e.g., CO- - Ny, N,- - -HCI, N,- - -OCS) where the C, axis coincides
with the g-axis of inertia. In terms of nuclear spin statistics,
these complexes were shown to exhibit characteristics of their
respective boson counterparts that exchange upon a C, rotation
about the symmetry axis, and the linkage between their nuclear
spin isomers lies within the J and K, quantum numbers. In the
case of syn-syn-carbonyl diisothiocyanate, the C, axis is aligned
with the b-axis of inertia, meaning that inclusion of the K.
quantum number is necessary to link the two isomers.
Considering the lack of examples of complex molecules in the
literature with nuclear spin isomers where the J, K,, and K.
quantum numbers are required to properly describe them, syn-
syn-carbonyl diisothiocyanate makes for a noteworthy case.
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