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ABSTRACT

The pure rotational spectrum of thiazole (c-C3H3NS, C;) has been studied in the millimeter-wave region from 130 to 375 GHz. Nearly
4800 newly measured rotational transitions for the ground vibrational state of the main isotopologue were combined with previously
reported measurements and least-squares fit to a complete sextic Hamiltonian. Transitions for six singly substituted heavy-atom isotopologues
(13C, 15N, ¥, 34S) were observed at natural abundance and likewise fit. Several deuterium-enriched samples were prepared, which gave access
to the rotational spectra of 16 additional isotopologues, 14 of which had not been previously studied. The rotational spectra of each iso-
topologue were fit to A- and S-reduced distorted-rotor Hamiltonians in the I' representation. The experimental values of the ground-state
rotational constants (A, By, and Cy) from each isotopologue were converted to determinable constants (Ao, By"’, and Cy"), which were cor-
rected for effects of vibration-rotation interactions and electron-mass distributions using coupled-cluster singles, doubles, and perturbative
triples calculations [CCSD(T)/cc-pCVTZ]. The moments of inertia from the resulting constants (Ae, Be, and C.) of 24 isotopologues were used
to determine the precise semi-experimental equilibrium structure (r.**) of thiazole. As a basis for comparison, a purely theoretical equilibrium
structure was estimated by an electronic structure calculation [CCSD(T)/cc-pCV5Z] that was subsequently corrected for extrapolation to the
complete basis set, electron correlation beyond CCSD(T), relativistic effects, and the diagonal Born-Oppenheimer correction. The precise reSE
structure is compared to the resulting “best theoretical estimate” structure. Some, but not all, of the best theoretical r. structural parameters
fall within the narrow statistical limits (20) of the ,°* results. The possible origin of the discrepancies between the best theoretical estimate r,
and semi-empirical 7" structures is discussed.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0057221

INTRODUCTION

The aromatic heterocycle, thiazole (c-C3H3NS, Fig. 1), is an
important molecule in chemistry and biology. In N-alkylated form,
thiazole is a component of thiamine (vitamin B;) and is the source
of unique reactivity that occurs at C2, the position between nitro-
gen and sulfur.! This reactivity forms the basis of many criti-
cal functions in nature and has also been exploited in synthetic
chemistry.” The thiazole structure is found in pharmaceuticals,
including penicillin and many others.” Our own interest in thi-
azole derives from both structural and spectroscopic considera-
tions. A detailed understanding of the molecular structure provides
important context for understanding the chemical reactivity of
thiazole. Its pure rotational spectrum is of considerable interest in

the context of recent developments in astrochemistry concerning
the direct detection of aromatic compounds in interstellar space by
radioastronomy.”” A few sulfur-containing molecules have been
detected in the interstellar medium,® but none are representative
of the organosulfur chemistry that is characteristic of terrestrial
chemistry or biology. To us, the polar heterocyclic aromatic com-
pounds thiophene (C4H4S) and thiazole (C3H3NS) represent impor-
tant targets for radioastronomy, thereby motivating interest in their
laboratory spectroscopy.

Thiazole (C3H3NS, Cs) is a slightly prolate (x = —0.166) asym-
metric top (Fig. 1) with moderate and comparable dipole moment
components along both its a- and b-principal axes [y, = 1.286 (20)
D, yp = 0.966 (20) D].” The rotational spectrum was first inves-
tigated from 16 to 30 GHz, resulting in the determination of its
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FIG. 1. Thiazole [c-C3H3NS, Cs, pa = 1.286 (20) D, pp, = 0.966 (20) D, x = —0.166]
with principal axes and atom numbering.

rotational constants and the dipole moment components by the
Stark effect.” The rotational constants from its main isotopologue
and each of its singly substituted isotopologues were used to deter-
mine a substitution structure (r;) using the Kraitchman analysis®
with deuterium-enriched samples provided from previous synthe-
ses.””!! Four atoms [C2, C5, H(C2), and H(C5)] are sufficiently
close (<0.05 A) to the b-principal axis that obtaining accurate results
from this method of structure determination proved challenging.
An attempt was made to improve the substitution structure by
employing the center-of-mass condition, fixing the a-coordinate
of H(C2), and iteratively adjusting the related parameters.” This
strategy resulted in an r, structure with parameters consistent
with those of other aromatic heterocycles and sulfur-containing
compounds.

Several additional microwave transitions of thiazole in the
26.5-40 GHz frequency region were measured in a survey of rota-
tional spectra for sulfur-containing compounds.'” Subsequently,
new transitions from 8 to 36 GHz and the rotational Zee-
man effect were measured.”” Using hyperfine-resolved, Fourier-
transform microwave (FTMW) measurements, the rotational and
nuclear quadrupole constants of the main isotopologue and its [**S]-
and [*S]-isotopologues were reported.'* The work of Kretschmer
and Dreizler included the first determination of the quartic cen-
trifugal distortion constants, in the van Eijck definition."” The rota-
tional constants of the ground state and nine vibrationally excited
states were determined from high-resolution IR spectra between
600 and 1400 cm™" by Hegelund et al'® The ground-state rota-
tional constants were determined via simultaneous fitting of high-
resolution IR data for eight fundamentals and 12 microwave tran-
sitions from Bak et al.” While the high-resolution IR work did not
take advantage of additional rotational transitions reported since
the original microwave work,'*"'* it did result in a well-determined
set of A reduction quartic distortion constants in both I" and III"
representations.

Two improved structure determinations have been reported
since the original structure of Nygaard et al:® a combined
microwave and gas-phase electron-diffraction structure (r;)"” and
a density functional theory (DFT)-based semi-experimental equi-
librium structure (r.°F).'* Both of these updated structures relied
upon the previously reported isotopologue rotational constants of
Nygaard et al.® and did not include updated spectroscopic constants
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or additional isotopologues based on work subsequent to that of
Nygaard et al.'”>"'* To update the semi-experimental equilibrium
structure of thiazole and the spectroscopic analysis of the isotopo-
logues, we obtained and analyzed the rotational spectra of 24 thiazole
isotopologues (14 of which have not been previously reported). With
the exception of [4-*H]-thiazole, the precision of rotational con-
stants for all previously observed isotopologues was improved. These
new data result in a highly precise semi-experimental equilibrium
structure determination, which includes data from multiple isotopic
substitutions of all atoms.

EXPERIMENTAL METHODS

Thiazole was purchased commercially and used without fur-
ther purification. Using a millimeter-wave spectrometer that has
been described previously,'”* the rotational spectra of this sam-
ple and several isotopically substituted samples of thiazole described
below were collected from 130-230 to 235-375 GHz in a continuous
flow at room temperature with a sample pressure of 3 mTorr. The
separate spectral segments were combined into a single broadband
spectrum using Kisiel's Assignment and Analysis of Broadband
Spectra (AABS) software,”"”” and the ASROT/ASFIT, PLANM, and
AC programs were employed for least-squares fitting and spectro-
scopic analysis.”> A uniform frequency measurement uncertainty of
50 kHz was assumed for all new measurements, while the quoted
measurement uncertainties were used for all previously published
data.

COMPUTATIONAL METHODS

Electronic structure calculations using coupled-cluster the-
ory were carried out with a development version of the CFOUR
program.”* Optimized geometries were determined using analytic
gradients. Coupled-cluster with singles, doubles, and perturbative
triples [CCSD(T)] calculations were performed with the cc-pCVXZ
(X =D, T, Q, 5) basis sets and include correlation of all electrons.
Anharmonic vibrational frequencies and vibration-rotation inter-
action constants («;) were determined using a VPT2 calculation at
the CCSD(T)/cc-pCVTZ level of theory by calculating cubic and
quartic force constants using second derivatives at displaced points.
Magnetic calculations were performed to obtain the CCSD(T)/cc-
pCVTZ electron-mass corrections to the rotational constants. Cor-
rections to the computed equilibrium structure were calculated fol-
lowing the method prescribed in the work of Heim et al.>® The xrefit
module of CFOUR was utilized to obtain the least-squares fit 7>
structure. An iterative approach to the implementation of the struc-
ture fitting program, xrefit, has been automated in our program,
xrefiteration. This program, which is useful in analyzing datasets
involving a large number of isotopologues, will be described sepa-
rately.”® The output summary from xrefiteration is provided in the
supplementary material.

Density functional theory computations were performed at the
B3LYP/6-311+G(2d,p) level of theory using Gaussian 16°” with the
WebMO user interface.”” B3LYP calculations relevant to solution
phase isotopic enrichment included implicit solvation using a polar-
ized continuum model. Computational output files, summaries of
electronic structure calculations, and analyses can be found in the
supplementary material.
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SYNTHESIS OF DEUTERIO THIAZOLES

Deuterium-containing samples of thiazole were prepared using
acid- and base-catalyzed exchange reactions with D,O (Scheme 1).
Base-catalyzed H/D exchange was carried out using sodium carbon-
ate under two different sets of conditions, resulting in product mix-
tures rich in [2-*H]-thiazole [Scheme 1(a)] and [2,5-*H]-thiazole
[Scheme 1(b)].”” The acid-catalyzed H/D exchange [Scheme 1(c)]
was based upon previous syntheses of [2-2H]-thiazole using deuter-
ated acetic acid®® and [2,4,5-2H]-thiazole using D,S04,'" as well
as upon our previous studies involving deuterium incorporation in
thiophene.”! Each of these three synthetic procedures enabled the
observation of rotational spectra of multiple thiazole isotopologues
in a single broadband spectrum. The experimental procedures and
mass spectra used for product characterization are provided in the
supplementary material.

Under both basic and acidic conditions, H/D exchange at the
2-position is relatively facile, resulting in product mixtures rich in
[2-%*H]-thiazole. Under acidic conditions, this preference for deu-
teriation is consistent with previous reports for thiazole.*!** While
the 5-position is activated to electrophilic aromatic substitution
(EAS) reactions,”*’ the H/D exchange under acidic conditions fol-
lows an addition-elimination mechanism due to the presence of
the basic nitrogen atom in thiazole.”*~*® Under basic conditions,
H/D exchange at the 2-position is consistent with previous examples
using strong bases, such as alkyl lithium reagents.”*”” Clearly, the
rate of H/D exchange is slowest at the 4-position and the [2,4,5—2H]—
thiazole isotopologue is generated only in small amount. Given
the relative rates of isotopic exchange, the methods in Scheme 1
are not amenable to the preparation of the [4-*H]-, [2,4-*H]-, or
[4,5-*H]-thiazole isotopologues.

The regioselectivity of the base-catalyzed H/D exchange can
be rationalized by comparing the relative energies of the three
regioisomeric deprotonated thiazoles (C3H,NS™). As shown in
Fig. 2, there is a slight energetic preference of 0.5 kcal/mol for the
2-thiazole anion over the 5-thiazole anion [B3LYP/6-311+G(2d,p)
with the polarized continuum model for water as a solvent]. This
finding is qualitatively consistent with experimental observation in
this and previous works.”"?”%* In the sample generated using the
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SCHEME 1. Base- and acid-catalyzed reactions for H/D exchange with thiazole.
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FIG. 2. Relative energies of (a) deprotonated and (b) zwitterionic thiazole regioiso-
mers. Energies calculated at B3LYP/6-311+G(2d,p) with the polarized continuum
model for water as a solvent.

conditions in Scheme 1(a), the rotational transitions of [2-*H]-
thiazole were more than 50 times stronger than the transitions of
[5-2H]-thiazole. As the reaction temperature increased [Scheme
1(b)], the rapid production of both [2-*H]- and [5-*H]-thiazole
converges to yield [2,5-*H]-thiazole as the major product. The
4-thiazole anion is much higher in energy than its two regioiso-
mers, which corresponds to a very low level of H/D exchange at that
position, observed in this work and previously reported.

Interestingly, the same stabilization of a negative charge at the
2-position controls the regiochemical outcome of H/D exchange in
both acidic and basic solutions. Due to the much greater basicity of
the nitrogen atom in thiazole compared to the carbon atoms, the
nitrogen is protonated, followed by carbon deprotonation, form-
ing a zwitterion [Fig. 2(b)].” The same preference of C2 to hold
negative charge under basic conditions leads to the stabilization
of the corresponding zwitterion (by over 11 kcal/mol) relative to
both its regioisomers. Accordingly, previously reported acidic H/D
exchange’”?>% and our acid-catalyzed reaction [Scheme 1(c)] gen-
erated predominantly [2-?H]-thiazole.

ANALYSIS OF ROTATIONAL SPECTRA
Normal isotopologue

Spectroscopic constants for the ground vibrational state of the
normal isotopologue of thiazole have recently been refined on the
basis of data from both pure rotational spectroscopy and rotation-
ally resolved infrared spectroscopy.”” Key data pertinent to the cur-
rent study are summarized in Table I. Spectroscopic constants are
reported for A- and S-reduced, sextic Hamiltonians in the I" repre-
sentation. The I" representation was chosen because of the slightly
prolate nature of the normal isotopologue. The lowest-energy vibra-
tionally excited state has an energy of 468 cm™,* resulting in an
intensity approximately one tenth that of the ground state at room
temperature. The sparsity of the rotational spectrum of thiazole, with
well-separated bands and a lack of intense transitions from vibra-
tionally excited states, is advantageous to the current work involving
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TABLE 1. Spectroscopic constants for the ground vibrational state, normal isotopologue of thiazole (A- and S-reduced

Hamiltonians, I” representation).”

A reduction

S reduction

Ay™ (MHz) 8529.447 921(42)
By (MHz) 5505.779 360(31)
Co™ (MHz) 3344301 222(36)
4; (kHz) 0.912 608(17)
Ak (kHz) —0.208 669(34)
Ak (kHz) 2.535179(41)
0y (kHz) 0.333 549 4(48)
8k (kHz) 1.077 224(32)
@y (Hz) 0.000 307 0(30)
O (Hz) -0.001270(17)
Oy (Hz) -0.001611(35)
Ok (Hz) 0.004277(23)
¢y (Hz) 0.000 157 0(10)
¢ (Hz) ~0.000240(11)
¢x (Hz) 0.003 851(22)
Niines 4782

o (MHz) 0.029

K -0.166

Ai (uA?) 0.074754(2)

Ao® (MHz) 8529.448 627(42)
By (MHz) 5505.776921(31)
Co® (MHz) 3344.303 097(36)
Dy (kHz) 0.770791(16)
Djk (kHz) 0.642229(24)
Dk (kHz) 1.826 097(39)
dy (kHz) —0.333 548 4(48)
d> (kHz) -0.070908 6(21)
Hj (Hz) 0.0002338(24)
Hjk (Hz) -0.002 253 6(44)
Hgy (Hz) 0.002 767 8(97)
Hg (Hz) 0.000952(14)
hi (Hz) 0.000 133 50(95)
h, (Hz) 0.000 036 65(68)
h; (Hz) 0.000 023 35(13)
Niines 4782
os (MHz) 0.029
K -0.166
Ai (uA?)’ 0.074633(2)

*These values vary slightly from those in Ref. 29, which are determined by a combined dataset of IR and rotational data.
Deviations are much smaller than the statistical uncertainty of each value.

®Number of independent transitions.
‘k=(2B-A-C)/(A-C).
dInertial defect (4A; =1, -1, — I;) calculated with PLANM.

structure determination. The sparse nature of the spectrum made it
straightforward to identify and assign transitions for the naturally
occurring heavy-atom isotopologues and minimized the spectral
confusion in the analysis of mixed isotopologue samples.

Thiazole isotopologues

Spectroscopic constants for a total of 23 additional isotopo-
logues were obtained from a commercial sample and several
deuteriated samples (Table 1I). The S reduction constants in the I
representation are provided below; the A reduction constants are
available in the supplementary material. Centrifugal distortion con-
stants that could not be adequately determined from the experimen-
tal data were held constant at their predicted values. Datasets with
more than ~1500 transitions were sufficient to determine a full set
of quartic and sextic constants, while datasets with fewer than ~200
transitions were insufficient to determine even a full set of quartic
centrifugal distortion constants. Additional information concern-
ing spectroscopic constants, least-squares fits, and data distribution
plots are provided in the supplementary material.

The rotational spectrum of commercial thiazole provided six
single-atom substitution isotopologues (13 C, N, *%s, 345) at natural
abundance, including substitution of each heavy-atom position of
the ring. Although several of these isotopologues have been studied
previously,™'” the transition frequencies for most are not available
and therefore could not be included in the current least-squares fits.

Six hyperfine-resolved, microwave transitions are available for
[33S]-thiazole'* and are included in the least-squares fits.

Deuteriated samples were generated (Scheme 1) with the dual
purposes of updating the spectroscopic constants of the known,
mono-substituted isotopologues of thiazole ([2-*H], [4-*H], and
[5-*H]) and identifying new, multiply substituted isotopologues.
Initial searches for rotational transitions of new isotopologues were
conducted using the estimated values of the spectroscopic constants.
Specifically, the rotational constants for the normal isotopologue
and the desired isotopologue were computed using CFOUR. Pre-
dicted constants for the desired isotopologue were adjusted by the
same amount as the difference between the experimental and com-
putational values of the main isotopologue. The estimated rota-
tional constants, along with the centrifugal distortion constants from
the most similar isotopologue, were used to predict the rotational
transitions for the isotopologue of interest. This simple method
was successful for identifying the transitions of several deuteriated
isotopologues.

Due to the relative ease of generating enriched samples of
[2-?H]-thiazole, over 4000 transitions were measured and least-
squares fit for this isotopologue, resulting in a full set of quartic
and sextic centrifugal distortion constants. These samples were suf-
ficiently rich in [2—2H]—thiazole that the *C-, ’N-, **S-, and **s-
substituted isotopologues of [2-2H]-thiazole could also be observed
and their spectroscopic constants determined. Decreasing numbers
of transitions were least-squares fit for each of the heavy-atom
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isotopologues based upon their decreasing natural abundance,
resulting in the determination of fewer spectroscopic constants.
Where particular spectroscopic constants could not be adequately
determined, their values were held constant at the computed values.

Under mildly basic reaction conditions, thiazole H/D exchange
occurred at the 2- and 5-positions (Scheme 1), providing a
large number of observable transitions for [2-?H]-, [5-*H]-,
and [2,5-*H]-thiazole. The spectroscopic constants of [2-*H]-
thiazole and [2,5-*H]-thiazole have been reported, recently, and
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are included in the dataset for the current study.”” The dataset of
[2,5-*H]-thiazole contains over 4300 transitions and resulted in the
determination of a full set of quartic and sextic centrifugal distor-
tion constants. Due to the lower abundance of [2,5->H]-thiazole
in the sample, fewer heavy-atom isotopologues were observed, and
a smaller number of transitions were measured for the isotopo-
logues that were observed. Despite this limitation, spectroscopic
constants were determined for [2,5—2H, 348]-, [2,5—2H, 2—13C]—,
[2,5-’H, 4-"°C]-, and [2,5-’H, 5-’C]-thiazole. A 272-277 GHz

TABLE II. Spectroscopic constants of thiazole isotopologues (S-reduced Hamiltonian, I" representation).”

[348] [2_13C] [4_13C] [5_13C] [338] [15N]

A)® (MHz)  8529.15084(12)  8335.76173(53)  8461.03676(37)  8317.90202(44)  8529.230(25) 8471.085(95)
Bo(s) (MHz) 5353.296 193(76) 5504.961 13(21) 5412.744 11(20) 5506.021 25(21) 5427.491(11) 5401.334(41)
Co® (MHz) 3287.365421(81) 3313.79572(15)  3299.38484(13)  3311.35132(12)  3315.21742(31)  3296.66578(48)
Dy (kHz) 0.744 675(53) 0.766 71(10) 0.74183(12) 0.765 18(17) 0.759 63(32) 0.74291(75)
Djk (kHz) 0.61462(14) 0.61375(60) 0.648 00(58) 0.609 67(91) [0.596 247] [0.626 671]
Dx (kHz) 1.88096(22) 1.736 89(80) 1.79925(66) 1.74223(89) [1.88017] [1.799 54]
d (kHz) —0.317225(15) —0.335557(34) -0.319650(67) —0.335356(84) —0.32559(24) -0.31897(58)
d, (kHz) -0.0659595(61)  -0.071959(11) -0.068 112(10) -0.071971(12) -0.067 724(86) -0.067 32(23)
Hj (Hz) 0.000273(12) 0.000259(24) 0.000260(39) 0.000299(69) 0.000243(29) 0.000383(75)
Hjk (Hz) —0.002228(61) —0.00224(24) —0.00238(27) —0.002 82(34) [-0.002168] [-0.00191]
Hyy (Hz) 0.00261(12) [0.002924] 0.003 35(55) [0.0027823] [0.002697 6] [0.0023576]
Hx (Hz) 0.001 09(15) [0.000765] [0.000 842] [0.0008133] [0.0009399] [0.000 936 3]
h; (Hz) 0.000 138 4(31) [0.000 131 9] 0.000 129(20) 0.000 172(35) [0.000 129 4] [0.000 122 5]
hy (Hz) 0.0000324(20)  [0.0000305] [0.0000326] [0.0000319] [0.000032 3] [0.000035 6]
h3 (Hz) 0.00002036(37)  [0.0000226] 0.0000199(28)  [0.0000226] [0.0000209] [0.000 020 5]
Nhnesh 1741 557 645 547 190" 103
o5 (MHz) 0.031 0.037 0.036 0.035 0.034 0.032
K“ -0.212 -0.127 -0.181 -0.123 -0.189 -0.187
A; (A% 0.075402(4) 0.075496(9) 0.075202(7) 0.075575(7) 0.074 93(25) 0.07508(98)

[2-?H] Ref. 29 [4-H] Ref. 8 [5-2H] [2-2H, ] [2,5-2H] Ref. 29 [2-?H, 2-C]
AO(S) (MHz) 7 867.574 136(46) 8325.228(8) 7 855.905 82(39) 7 867.677 06(17) 7278.097 529(42) 7709.597 32(79)
By® (MHz)  5505.480154(41)  5229.035(6) 5498.49087(13)  5353.149076(99) 5498.436111(39) 5504.73370(31)
Co™ (MHz)  3237.418276(49)  3210.280(5) 3233.02039(12)  3184.137237(93) 3130.729943(48) 3210.08013(23)
Dy (kHz) 0.750 860(33) 0.743 404(77) 0.725256(67) 0.728 060(30) 0.747 97(16)
Djk (kHz) 0.520 010(25) 0.55626(39) 0.501 64(23) 0.420398(22) 0.49151(88)
Dk (kHz) 1.384483(33) 1.360 00(50) 1.42756(22) 1.042394(26) 1.3330(10)
d; (kHz) -0.3386677(52) -0.335780(25) -0.322476(25) -0.3407523(44)  -0.340445(62)
d, (kHz) -0.0739728(22) -0.0743038(91)  -0.0690218(54) -0.0764160(19)  —0.074727(20)
Hj (Hz) 0.000261 1(72) 0.000235(18) 0.000230(16) 0.000 246 3(63) 0.000246(35)
Hjx (Hz) -0.002 151 0(48) -0.00201(11) -0.002011(98) -0.0017618(43)  -0.00278(38)
Hyj (Hz) 0.002 743 1(95) [0.0021066] 0.00201(18) 0.0022560(83)  [0.0029374]
Hx (Hz) 0.000430(11) [0.000 644 6] [0.000467 8] 0.0001875(72)  [0.000304]
hy (Hz) 0.000 129 18(99) [0.0001252] 0.000 138 3(58) 0.00012177(71)  [0.0001294]
h, (Hz) 0.000 035 74(67) [0.000037 1] [0.000 026 4] 0.000 04048(49)  [0.000024 1]
h3 (Hz) 0.000 024 43(13) 0.000 025 6(15) 0.00001935(79)  0.00002514(10)  [0.0000239]
Nhnesl‘ 4051 23 663 1251 4331 381
g (MHz) 0.025 0.035 0.032 0.026 0.040
K“ -0.020 -0.211 -0.020 -0.074 0.142 0.020
Ai (uA?) 0.074252(2) 0.072 07(28) 0.074511(7) 0.075081(5) 0.073729(3) 0.075005(14)
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TABLE II. (Continued.)
[2-7H, 4-"C] [2-?H, 5-"C] [2-7H, ¥$] [2-7H, °N] [2,5-2H, *$] [2,5-2H, 2-1C]
Ay (MHz)  7806.55053(73)  7679.63026(60)  7867.527(26) 7821.202(87) 7277.29619(17)  7137.70207(69)
By (MHz) 5411.48892(24)  5505.73070(23)  5427.312(13) 5401.281(44) 5347.685929(85)  5496.92108(49)
Co® (MHz) 3194.50323(24)  3205.20977(20)  3210.21080(27)  3193.38982(36)  3081.112250(78)  3103.96703(11)
Dy (kHz) 0.720 53(15) 0.746 61(15) 0.740 42(44) 0.71403(42) 0.703 645(61) 0.726 40(26)
Dik (kHz) 0.53575(35) 0.481 89(66) [0.479 085] [0.50011] 0.40573(31) 0.3877(19)
Dk (kHz) 1.3677(11) 1.3248(11) [1.43375] 1.522(17) 1.08230(23) 1.005 0(20)
d (kHz) —0.323749(43) —0.340330(51) —0.33094(33) -0.31733(23) —0.325048(28) —0.34266(10)
d, (kHz) —0.071006(14) -0.074682(18) -0.07055(12) [-0.0680301] -0.0714711(65)  —0.076 908(49)
Hj (Hz) 0.000231(35) 0.000311(32) [0.0002332] [0.0002132] 0.000257(20) [0.000232 3]
Hjx (Hz) [-0.0020213] [-0.0021691] [-0.0021025] [-0.001 8749] -0.002072(91)  [-0.0018372]
Hyy (Hz) [0.002 624 4] [0.0028601] [0.002733 3] [0.0024542] 0.00186(23) [0.0023782]
Hy (Hz) [0.000411] [0.0002949] [0.000 423 6] [0.0004225] [0.000258 4] [0.000 142 3]
hy (Hz) [0.000 125 3] [0.0001297] [0.000 127] [0.0001205] 0.000 159(10) [0.000121 6]
hy (Hz) [0.000 028] [0.0000251] [0.0000271] [0.0000304] [0.000027] [0.0000251]
h3 (Hz) [0.0000219] [0.000 024] [0.0000222] [0.0000217] 0.0000212(11)  [0.000024 6]
Niines 371 369 147 96 1348 388
o (MHz) 0.042 0.039 0.038 0.037 0.029 0.032
K -0.039 0.028 -0.048 -0.046 0.080 0.186
A; (uA?) 0.074 868(14) 0.075061(12) 0.07480(31) 0.0748(10) 0.074632(5) 0.074410(12)
[2,5-*H, 4-"C] [2,5-*H, 5-1*C] [2,5-*H, **S] [2,5-*H, °N] [2,4,5-*H]
Ao® (MHz) 7224.70294(51) 7123.865 25(46) 7277.719(14) 7240.976(23) 7124.736(23)
By® (MHz) 5406.990 39(24) 5498.578 43(32) 5421.027 8(86) 5390.551(14) 5223.602(14)
Co® (MHz) 3091.125251(98) 3101.874495(96) 3105.40452(16) 3088.71234(19) 3012.61579(26)
Dy (kHz) 0.701489(98) 0.72533(28) 0.71945(24) 0.69865(31) 0.63355(32)
Djx (kHz) 0.417 84(81) 0.3815(19) [0.385 347] [0.425 291] [0.405 665]
Dx (kHz) 1.0435(10) 1.0153(16) [1.08856] [1.02717] [1.04061]
d, (kHz) —0.327050(54) -0.34229(12) -0.33433(18) -0.32500(23) -0.29242(25)
d, (kHz) -0.073 147(32) —0.076 751(41) —0.073 562(66) ~0.072667(89) -0.06525(10)
Hj (Hz) [0.000225 2] [0.000231] [0.0002215] [0.0001902] [0.000182 2]
Hjx (Hz) [-0.001 774 4] [-0.001779 4] [-0.001 750 8] [-0.001 423 5] [-0.001 452 8]
Hyy (Hz) [0.0023144] [0.002253 7] [0.0022347] [0.001762 4] [0.0017941]
Hy (Hz) [0.0001507] [0.000 194 4] [0.0002327] [0.000 348] [0.000363 7]
hy (Hz) [0.000 120 8] [0.0001222] [0.000 120 4] [0.0001116] [0.000 100 6]
hy (Hz) [0.000 026 6] [0.000 026 6] [0.0000279] [0.0000342] [0.0000241]
hs (Hz) [0.000 022 9] [0.000 024 5] [0.000 023] [0.000 022 2] [0.000018 5]
Niines 405 414 231 172 176
o (MHz) 0.032 0.032 0.035 0.039 0.043
K 0.121 0.192 0.110 0.109 0.075
A; (uA?) 0.074302(8) 0.074 433(9) 0.07409(23) 0.07418(33) 0.07206(35)

*Values in square brackets held fixed at the computed value [CCSD(T)/cc-pCVTZ] in least-squares fit.
®Number of independent transitions.

“Includes six transitions using the hyperfine-free line center as reported in Ref. 14.
dx=(2B-A-C)(A-C).
“Inertial defect (A; = I, — I, — I,) calculated with PLANM.
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FIG. 3. Predicted (top) and exper-
imental (bottom) rotational spectra
L . L gl L X L, M L. of sample containing predominantly
TH 'R IR N PRI TR U Y PR PO ' PN U | N NSO i [2,5-?H]-thiazole from 272 to 277 GHz.
L 1 L LA L = el A The [2,5-2H, #S], [2,5-2H, "N}, and
‘ ’ [2,4,5-%H]-thiazole isotopologues were
also observed in this spectrum, but their
transitions are not highlighted due to
being too low in intensity to resolve in
this figure.
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spectral segment from this sample showcases the relative intensities
of the heavy-atom isotopologues in Fig. 3. For the *C-isotopologues,
only ~100 transitions for each could be assigned and least-squares
fit. Depending on which transitions could be measured, i.e., those
whose frequencies were not substantially affected by incidental
overlap with transitions from other isotopologues and vibrationally
excited states, some of the quartic spectroscopic constants could be
determined.

Spectroscopic constants from previous work are available for
[4-?H]-thiazole.*’ The deuterium-enrichment methods [Scheme
1(a)-1(c)] presented in this work did not lead to significant H/D
exchange at the 4-position. A trace amount of [2,4,5-*H]-thiazole
was detected by GC-MS in a sample produced by base-catalyzed
isotope exchange [1(b)], and this isotopologue was subsequently
identified in the rotational spectrum. Semi-experimental equilib-
rium rotational constants were estimated for [2,4,5-2H]-thiazole
using an initial r.°F structure derived from 19 other isotopologues.
These equilibrium rotational constants, corrected by computational
vibration-rotation interaction constants and electron-mass correc-
tions and combined with computational sextic and quartic cen-
trifugal distortion constants for [2,4,5—2H]—Thiazole, were used to
locate the low-intensity transitions for this isotopologue. [2,4,5-2H]-
Thiazole was estimated as having <0.5% the intensity of [2,5-2H]-
thiazole, the most abundant spec1es in this sample. Searches for
the [4-2H]-, [2,4->H]-, and [4,5-*H]- -isotopologues were unsuccess-
ful in each of our samples, even when using the re E structure to
predict their spectroscopic constants. This is unsurprising due to
the aforementioned very slow incorporation of deuterium at the
4-position and the more rapid incorporation of deuterium at both
2- and 5-positions.

Semi-experimental equilibrium structure (re5F)

Using the spectroscopic data presented in this work, a semi-
experimental equilibrium structure (r.**) was determined using the
xrefit module of CFOUR. To generate constants free of centrifu-
gal distortion and the impact of the choice of an A- or S-reduced
Hamiltonian, the rotational constants (By*, where x = A, B, or C)
determined in each least-squares fit were converted to determinable

constants (By") using Eqs. S1-S6 of the supplementary material.
For each of the isotopologues presented in this work, differences in
the determinable constants from the A and S reductions were quite
small. The largest of these were observed for the **S isotopologue:

TABLE llI. Inertial defects (4;) of thiazole isotopologues from various determinations
of the moments of inertia.

Isotopologue A (yAZ) Aje (,ulﬂkz)‘l Aje (‘qu)l‘
C3;H3NS 0.074 55 —0.009 30 0.00124
[*s]- 0.075 32 ~0.009 24 0.001 30
[2-C]- 0.07541 -0.009 27 0.001 28
(4 13C] 0.07511 -0.009 31 0.001 24
[5-C]- 0.075 49 ~0.00928 0.001 26
[*¥s]- 0.074 80 —0.009 40 0.001 14
[°N]- 0.07507 -0.00927 0.00127
[2 2H] 0.07416 -0.00951 0.001 03
[4-2H]- 0.07218 ~0.01012 0.000 43
[5 2H] 0.07442 ~0.009 61 0.000 94
[2-2H, *3]- 0.074 99 ~0.009 45 0.001 09
[2,5-*H]- 0.073 64 ~0.009 83 0.000 72
[2-?H, 2-C]- 0.07491 —0.009 47 0.001 07
[2-?H, 4-C]- 0.07478 ~0.009 49 0.001 06
[2 2H 5-13C)- 0.07497 —0.009 50 0.001 04
[2-2H, **S]- 0.07473 —0.009 34 0.00120
[2 2H BNI- 0.074 70 —0.009 40 0.00110
[2,5-2H, **S]- 0.074 54 -0.009 76 0.000 79
[2,5-2H, 2-*C]- 0.07432 -0.009 77 0.000 78
[2,5-2H, 4-*C]- 0.07421 -0.00978 0.000 77
[2,5-2H, 5-*C]- 0.074 34 -0.00979 0.00075
[2,5-2H, **S]- 0.07198 -0.009 83 0.000 72
[2,5-H, °N]- 0.074 05 —0.009 85 0.000 70
[2,4,5-2H]- 0.07411 ~0.009 83 0.000 72
Average (1) 0.074 45 -0.009 56 0.000 99
Std. dev. (s) 0.000 86 0.000 25 0.000 24

*Vibration-rotation interaction corrections only.
“Vibration—rotation interaction and electron-mass corrections.
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20 Hz for Ao", 11.5 Hz for By", and 0.77 Hz for Co". Such close
agreement between the spectroscopic constants obtained by the
least-squares fits provides confidence that the Ao”, By”, and C,"”
values are reliable. These determinable constants were averaged
and used in the 7" structure determination after correcting for
the vibration-rotation interactions and electron-mass distributions.
The averaged determinable constants are provided in Table SII.
The quality of the spectroscopic constants, vibration-rotation inter-
action constants, and electron-mass corrections is apparent from the
inertial defects (4;) displayed in Table III. For a planar molecule,
free of vibration-rotation interaction, the inertial defect should
be zero. Both the vibration-rotation interaction constants and
electron-mass corrections reduce the absolute value of the inertial
defect by about an order of magnitude, resulting in a decrease in
the total average correction of the inertial defect from 0.07445 to
0.000 99 A2, This correction is similar to that seen in other planar,
heteroaromatic compounds with rotational constants treated with
CCSD(T) corrections.”’*>! Typically, the vibration-rotation inter-
action correction over-corrects the initially slightly positive inertial
defects (Ai) and results in negative values. These values, in turn,
are counter-corrected by the electron-mass correction to slightly
positive values. The systematic nature of the isotopologue inertial
defect corrections indicates an unknown systematic issue, which is
the result of an imperfect or incomplete correction of the experimen-
tal rotational constants. Nevertheless, the fully corrected average

TABLE IV. Structural parameters of thiazole.

ARTICLE scitation.org/journalljcp

residual inertial defect (A;e) of 0.00 099 (24) yf\z is sufficiently small
to produce a very precise re>E structure.”>! Comparing this Aje value
to the corresponding result from thiophene, [0.00 117 (16) uA?],%
reveals that the two results are not different within the statistical
uncertainty of the former. This agreement is further evidence that
there is a highly systematic, untreated error despite the high-level
corrections in this work.

The corrected B, constants for each isotopologue were con-
verted to their corresponding moments of inertia (I.*) and used
in xrefit to produce the r.°F structure presented in Table IV and
Fig. 4(a). The C; structure of thiazole has 13 independent struc-
tural parameters (seven bond distances and six bond angles), which
are redundantly determined from 72 moments of inertia, of which
48 are independent. Each of the atoms of thiazole is isotopically
substituted at least twice in the r.°C structure dataset, with the
N(3) and H(C4) being the least substituted. Due to the ease of
substituting H(C2), this position bears deuterium in about half of
the isotopologues and enables multiple isotopic substitutions of
each heavy atom. The resulting r,°* bond distances have 20 statis-
tical uncertainties of <0.0009 A. The bond angles have 20 statisti-
cal uncertainties of <0.04°, with the exception of two bond angles
involving H-atoms at C5 and C2 that exhibit 20 statistical uncer-
tainties of 0.057° and 0.12°, respectively. As shown in Fig. 4(b),
the most poorly determined angle is 0s_c>-r, which contains atoms
that are isotopically substituted 6, 3, and 15 times, respectively.

reF (Ref. 18) B2PLYP/  r.°F CCSD(T)/ rE CCSD(T)/ CCSD(T)/ CCSD(T)/ CCSD(T)/
cc-pVTZ* cc-pCVTZ cc-pCVTZ CCSD(T) BTE  cc-pCV5Z  cc-pCVQZ  cc-pCVTZ

Reacs (A) 1.3645 (18) 1.36177 (50) 1.36182 (48) 1.3632 1.3630 1.3634 1.3653
Rsi_cs (A) 1.7089 (10) 1.709 80 (28) 1.70977 (28) 1.7094 1.7087 1.7106 1.7174
Resn (A) 1.0753 (12) 1.076 77 (31) 1.07679 (29) 1.0757 1.0756 1.0757 1.0765
Rean (A) 1.0774 (8) 1.07778 (19) 1.077 78 (20) 1.0780 1.0779 1.0781 1.0790
Rnz cs (A) 1.3720 (32)" 1.37340 (32) 1.37334(31) 1.3733 1.3726 1.3735 1.3773
Rsi-c2 (A) 1.7213 (14) 1.71967 (37) 171963 (36) 1.7197 1.7181 1.7201 1.7272
Rean (A) 1.0801 (23) 1.07919 (41) 1.07909 (41) 1.0783 1.0782 1.0783 1.0792
Reans (A) 1.2986 (20) 1.3005(10)° 1.30062 (90)" 1.3018" 1.3014" 1.3019" 1.3041"
Rsi-ns (A)° 2.5616 (22) 2.56250 (80) 2.56252 (73) 2.5634 2.5616 2.5646 2.5758
Rs1_ca (A)" 2.5202 (19) 2.51968 (52) 2.51963 (46) 2.5203 2.5188 2.5209 2.5291
Reacs (A)° 2.4094 (16) 2.408 32 (46) 2.408 70 (40) 2.4089 2.4082 2.4094 2.4139
Ruxca)-nica) (A)" 4.1699 (57) 4.1685 (12) 41695 (11) 4.1665 4.1658 4.1666 41707
Bs1_cs_ca (deg) 109.66 (6) 109.716 (16) 109.713 (17) 109.705 109.657 109.670 109.729
Bca_cs-u (deg) 128.51 (22) 128.778 (58) 128.793 (57) 128.535 128.527 128.519 128.456
Bcs-can (deg) 125.04 (12) 124.968 (37) 124.971 (37) 125.022 124.955 124.919 124.854
Bn3-cacs (deg) 115.70 (15) 115.751 (19) 115.754 (19) 115.750 115.760 115.807 115.957
Bca-s1_cs (deg) 89.24(5) 89.214 (14) 89.219 (14) 89.254 89.298 89.225 88.980
B51_c2-1 (deg) 120.27 (63) 120.63 (11) 120.65 (12) 120.898 120.926 120.887 120.753
B51_c2-n (deg)” 115.33 (06) 115.390 (36) 115.365 (32) 115.378 115.372 115.434 115.661
Bca n3-ca (deg)” 110.07 (14) 109.929 (40) 109.941 (36) 109.913 109.913 109.864 109.674
Ons-can (deg)” 119.26 (19) 119.281 (40) 119.263 (38) 119.228 119.285 119.274 119.189
Nisotopologues 9 21 24

*Statistical uncertainties as listed in Ref 18.

®Value and uncertainty determined from the r,°C structure using the alternate Z-matrix described in the supplementary material.
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(@) (b)

1.70977 (28)
1.07679 (29) 15

S
J128.793 (57

1.36182 (48)

) 124.971 37)°

1.07778 (20)

1.71963 (36)
120.65(12)°

N
89.219(14)°

1.07909 (41)
115.365(32)°

109.713 (17)°
115.754 (19)°

109.941 (36)°
1.37334(31)

Table IV presents the previous B2PLYP reSE structure, the current
CCSD(T) r.*F structure using only 21 isotopologues (excluding the
[2,5-*H, ®N]-, [?*S]-, and [2,5-2H, 335]—isotopologues, vide infra),
the current CCSD(T) r.*® structure using all 24 isotopologues, and
several CCSD(T) theoretical structures.

DISCUSSION

Influence of multiple isotopic substitutions
on structure determination (re5E)

Many structure determinations via rotational spectroscopy
have relied upon single isotopic substitution at each unique
atom to provide the minimum structural information to define a
molecular structure. This approach satisfies the requirements for
using Kraitchman’s equations*’ to determine the principal axis
Cartesian coordinates of each atom by comparing the moments of
inertia of a reference molecule to those of an isotopologue. This
procedure has not changed significantly, even with the develop-
ment of modern least-squares fitting methods to determine ry or
r.°F structures and their ability to use all available isotopologue rota-
tional data, because of the difficulty of obtaining samples of multiply

ARTICLE
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FIG. 4. (a) Semi-experimental equi-
librium  structure (re>F) of thiazole
with 20 statistical uncertainties from
least-squares fitting the isotopologue
moments of inertia. The values of
Rcans, Ocanscs, and Osicons were
determined from the r,SE structure using
the alternate Z-matrix described in the
supplementary material. (b) Number of
isotopologues with a substitution relative
to the main isotopologue (C3H3NS) at
the labeled atom.

substituted isotopologues. The obvious advantage of utilizing multi-
ple isotopic substitutions of many or all of the atoms in a molecule
is that the redundant information should refine each atom’s posi-
tion in the molecule, leading to a better statistical determination of
the r,°® parameters,’*® as we recently demonstrated for pyridazine
(0-C4HsN,),”" hydrazoic acid (HN3),*" pyrimidine (m-C4HsN,),”
and thiophene (C4H4S).>! As shown in Fig. 5 for thiazole, the addi-
tion of isotopologues beyond those that singly substitute each atom
causes a dramatic decrease in the statistical uncertainties of the
structural parameters. The plot in Fig. 5 shows the square root of the
sum of the squares for the relative statistical uncertainties of each
parameter type [Eq. (1), using 20 uncertainties] as a function of the
number of isotopologues used by xrefit to determine r,°%,

. 2
6r§E _ \} Z ( uncertainty of parameter) . 1)

value of parameter

The initial set of nine isotopologues of thiazole was used to gen-
erate an r.°" structure that is based upon the traditional method
involving single isotopic substitution, including [**S]- and excluding
[**S]-thiazole. Additional isotopologues are added to the structure
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N
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i 11
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[ A 2
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Number of Isotopologues (N)

Core set
[2,4,5-2H]
[2,5-2H, 4-13C]
I2_2H7 ISNI
[2-2H, 5-13C]
[2°H, 2-5C] FIG. 5. Plot of &re%F as a function of
[2-H, 38| the number of isotopologues (N) incor-
[2-2H, 4-13C) porated into the structure determina-
[2,52H, ] tion dataset. The total relative statisti-
oy e 13 cal uncertainty (6r,SF, blue squares), the
[2,5-2H, 5-13C] . - i
[2.52H, 2-5C] rglatlve statistical uncertainty in the bond
=T distances (green triangles), and the rel-
[2,5-7H] ative statistical uncertainty in the angles
[2-H, 38| (purple circles) are presented.
[2,5-2H, 15N]
PSS]
[2,5-2H, 3S]
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determination, one at a time, with that which affords the great-
est improvement in 8r.°F always added next. Although this itera-
tive approach does not change the fact that the molecular struc-
ture is a state function of the rotational constants supplied to the
fitting program, it reveals insight into the contributions of the
additional isotopologues in refining the structure. The xrefiteration
plot demonstrates the impact of having just a few additional iso-
topologues beyond the minimum necessary to obtain a complete
structure (Fig. 5). An increase from nine to fourteen isotopologues
reduces the 8r.* by about 50%. Including additional isotopologues
in the structure determination continues to reduce the 8r,°", except
for the final three isotopologues ([2,5-2H, *N], [**S]-, and [2-*H,
33§]-thiazole), which slightly increase the angles’ 7", resulting in a
very slight increase in the 87.°® upon addition of the 24th isotopo-
logue. For this reason, we calculated the r.>F structure with these
three isotopologues excluded (Table IV). It is clear that the struc-
ture is largely unchanged by the inclusion or exclusion of these
isotopologues. Each of these three isotopologues includes a rela-
tively low number of transitions in their least-squares fits. Other
low-transition isotopologues, however, do not have the same impact,
e.g., [2-*H, "®N]-thiazole. This contrast in the behavior of differ-
ent low-transition isotopologues makes it ambiguous as to whether
additional transition measurements would improve the structure
determination. The over-determination (or redundant determina-
tion) of the 7. structure clearly has a useful impact on lowering
the statistical uncertainty of each parameter. As was shown for thio-
phene,’’ however, there is a limit to the improvement seen in the
statistical uncertainty by the addition of more isotopologues, and
the cause of the increase in 8r."" for the last few isotopologues is
unclear.

In addition to lowering the statistical uncertainty of each
parameter, the inclusion of many isotopologues beyond the mini-
mum set of single-substitution isotopologues (core set) is likely to
increase the accuracy of each parameter, as revealed by compar-
isons to high quality theoretical predictions. Initially, the inclusion
of additional isotopologues can have a substantial impact relative to
the parameter value determined by the core set. With the addition
of many more isotopologues, however, the impact of each addi-
tional isotopologue should be reduced, and the parameter value
should begin to converge. As shown in Fig. 6, the value of Ocs_cs5-n
does not appear to converge until 16 isotopologues are included in
the r.°F. As additional isotopologues are added, the value does not
change by more than 0.0007°. For several of the distance param-
eters, it appears that the inclusion of 14 or more isotopologues is
required to converge the value within 0.0001 A of the final value.
Likewise, the angle parameters involving H atoms appear to require
at least 16 isotopologues to be converged to within 0.03° of their final
values. Importantly, the parameters that show the most variability
(Rcz-H, Rca-s, and 6s_cz-n) upon initial inclusion of additional iso-
topologues involve C2, which is located very close to the b-axis. The
difficulty in determining the atom positions of C2 and C5 for thi-
azole was well established previously,” and it is consistent with the
similar problem that arose in a recent r.>® determination of thio-
phene.”’ These challenges in determining the atom positions of C2
and C5 exist despite the **C-isotopic substitution of these atoms in
three different isotopologues each, providing further evidence that
the structural uncertainty has a systematic cause (vide infra). Despite
these remaining structural ambiguities, all other parameters appear
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to be sufficiently stable upon addition of the final isotopologues that
we expect the determined parameters to be reliable, and that they
can be compared to high-level computational structures with some
confidence. Finally, it is evident that although some of the parame-
ter values determined using only the core set fall within the uncer-
tainty of the final value, other values do change notably upon further
addition of isotopologues to the least-squares fit, and many of the
parameters demonstrate the expected decrease in uncertainty upon
inclusion of additional isotopologues.

A best theoretical estimate for the equilibrium
structure of thiazole

We recently showed that excellent agreement can be achieved
between semi-experimental equilibrium geometries obtained
from the method described above and high-level theoretical
structures.”’! For pyrimidine,” the agreement between the “best
theoretical estimate” (BTE) structure and the r.>t bond lengths
was within roughly 0.0001 A, which is remarkable and, in fact,
comparable to a nuclear diameter. To achieve this agreement,
theoretical approaches beyond a CCSD(T)/cc-pCV5Z calculation
were required. As in the case of pyrimidine, a CCSD(T)/cc-pCV5Z
calculation, alone, is insufficient to replicate the reF structure
obtained in this work. As shown in Fig. 7, several of the structural
parameters calculated at that level of theory fall outside the 20
statistical uncertainties of the 7,°C parameters. While an all-electron
CCSD(T)/cc-pCV5Z calculation is considered a very high level of
theory, especially for a molecule containing a third-row element,
this method is limited in its treatment of electron correlation and
its basis set. The theoretical structure can be further corrected
for relativistic effects and the diagonal Born-Oppenheimer
correction. To provide the best comparison to the semi-
experimental equilibrium structure, the following four com-
putational corrections to the CCSD(T)/cc-pCV5Z structure have
been implemented to address remaining errors in the computational
structure:

1. Residual basis set effects beyond cc-pCV5Z.
Residual electron correlation effects beyond the CCSD(T)
treatment.
3. Effects of scalar (mass-velocity and Darwin) relativistic effects.
4. Diagonal Born-Oppenheimer correction (DBOC).

These four corrections are obtained by a process similar to
that implemented for pyrimidine,”” using Eqs. (2)-(8), and they are
summarized in Table V.

1. To estimate the correction needed to approach the infinite
basis set limit, equilibrium structural parameters obtained
with the cc-pCVXZ (X = D, T, Q, and 5) basis sets were
extrapolated using the empirical exponential”’ expression in
the following equation:

R(x) = R(o0) + Ae” ™. @)

R(x) are the values of the parameters obtained using the vari-
ous basis sets (x = 2, 3, 4, and 5), and R(o0) is the desired basis
set limit estimate. Using three basis sets (x = 3, 4, and 5), the
system of equations using Eq. (2) can be solved, yielding the
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following equation: 3. The relativistic corrections are obtained by subtraction of
the equilibrium parameters obtained with a standard non-
R(4)2 -~ R(3)R(5) relativistic calculation from those obtained with the X2C-
R(o0) = - : (3) le variant of coupled-cluster theory,” ** as shown in th
R(3) + R(5) - 2R(4) e variant of coupled-cluster theory, as shown in the

following equation:

The correction to the structure due to a finite basis set is then
estimated by the following equation: AR(rel) = R(CCSD(T)/cc-pCVTZ) qexac— 1e

— R(CCSD(T)/cc-pCVTZ) yp- (6)
AR(basis) = R(co) — R(CCSD(T)/cc-pCVTZ).  (4)
4. The diagonal Born-Oppenheimer correction (DBOC)" is

2. Residual correlation effects are assessed by doing geometry obtained from the following equation:

optimizations at the CCSDT(Q) level”® and then estimating

the correlation correction in the following equation: AR(DBOC) = R(SCE/cc-pCVTZ) 0,

AR(cor) = R(CCSDT(Q)) - R(CCSD(T)).  (5) — R(SCF/cc-pCVTZ) yp. @)

As calculations at the CCSDT(Q) level of theory are quite
expensive, these two calculations are obtained with the cc-

pVDZ basis, in the frozen-core approximation.

Here, the first value is obtained by minimizing the DBOC-
corrected SCF energy with respect to nuclear positions, and
the latter is again the traditional calculation.
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The best equilibrium structural parameters (BTE) are obtained
by applying the sums of the corrections, AR(best), from Eq. (8),

AR(best) = AR(basis) + AR(cor) + AR(rel) + AR(DBOC)  (8)

to the CCSD(T)/cc-pCV5Z structural parameters (Table V). The
resultant structural parameters are depicted in Fig. 7. We refer to
them as the “best theoretical estimate” parameters.

As shown in Fig. 7, the agreement between the r.°F and the BTE
re structural parameters is not as satisfactory as that in our previous
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FIG. 7. Graphical comparison of the thia-
——t

zole structural parameters with bond dis-
tances in angstroms (A) and angles in
degrees (°). The bond distances are set
to the same scale, and the bond angles
are set to the same scale. Uncertainties
shown for current CCSD(T) rSE are 20,
while those for the B2PLYP r,°E are as
reported in Ref. 18. Where symbols of
predicted values do not appear, they are
sufficiently far from the CCSD(T) r°F as
to not fit within the respective displayed
ranges.

works.”*! For only four of the 13 parameters does the r, parame-
ter fall within the very narrow 20 value of the r.** parameter. For
three more, the r. parameters fall just outside of the 20 statistical
uncertainty of the r.SE parameter. For six of the parameters, the 7.
and reSE values do not show close agreement at the statistical level of
precision. The largest percentage difference (0.21%) occurs for the
parameter that also has the largest uncertainty in the e, Os1_coom,
where there is a 0.25° discrepancy between the computed and semi-
experimental values. This result is similar to that observed with thio-
phene,’! where 0s1_c>-n is the parameter with the largest discrepancy
(0.176°). The second-largest discrepancy (0.26° or 0.20%) between
the r. and 7.5 values of thiazole occurs in the Oca-cs-u angle.
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TABLE V. Corrections used in determining the best theoretical estimate of equilibrium structural parameters of thiazole.

Basis set Correlation Relativistic DBOC Sum of
correction correction correction correction corrections CCSD(T)/ CCSD(T)

[Eq. (4)] [Eq. (5)] [Eq. (6)] [Eq. (7)] [Eq. (8)] cc-pCV5Z BTE
Rcacs (A) —-0.000126 3 0.000637 1 —-0.0003769 0.000 005 4 0.0001393 1.3630 1.3632
Rsi_cs (A) —-0.000724 6 0.0012678 0.000109 1 0.0000106 0.000 6627 1.7087 1.7094
Res-n (A) —0.0000259 0.000 126 4 —0.000 095 4 0.0001357 0.000 1409 1.0756 1.0757
Rea-n (A) —0.0000311 0.0000759 —-0.0001195 0.0001334 0.0000587 1.0779 1.0780
Rns-cs (A) —0.0002461 0.0007920 0.000053 1 0.000 0547 0.000 6537 1.3726 1.3733
Rsi-c2 (A) —-0.0007835 0.0022047 0.0000909 0.000003 6 0.0015158 1.7181 1.7197
Rern (A) —-0.000016 3 0.0000590 —-0.000 086 3 0.000 1437 0.0001000 1.0782 1.0783
0s1-cs-ca (deg) —0.003 660 5 0.0359159 0.0163784 —0.000 440 4 0.048 1934 109.657 109.705
Oca-cs-n (deg) 0.0009190 —-0.0129315 0.0209180 —0.0008015 0.0081040 128.527 128.535
Ocs-ca-n (deg) 0.049 3245 0.006 492 8 0.009 645 4 0.0012949 0.066 757 6 124.955 125.022
On3-ca-cs (deg) —-0.0214873 0.005 3265 0.007 360 1 —-0.0015715 —-0.0103722 115.760 115.750
Oca-si-cs (deg) 0.0316143 —0.047 056 3 —-0.0313521 0.002796 3 —0.0439977 89.298 89.254
Os1-c2-u (deg) 0.016 307 4 —-0.0153821 —-0.032999 5 0.0037089 —-0.0283653 120.926 120.898

Noteworthy is that this angle also involves an atom (C5) lying close
to the b-axis. The larger discrepancy here may be partially explained
by the larger number of structural parameters (13 for thiazole
compared to eight for thiophene) determined from the same number
of independent moments of inertia.

It is apparent that even with substantial improvements in the
structure determination methodology, the problem first identified
by Nygaard et al®—the proximity of some atoms to a principal
axis—remains an intrinsic problem that has not been remedied. Our
previous analysis of thiophene also demonstrated that the proximity
of the C2 and C2’ atoms to the b-axis made precise determina-
tion of their a-coordinates particularly challenging. Given the very
close structural similarity between thiazole and thiophene, it is not
surprising that the same issues arise in the r.°" determination of
both. The large mass of the sulfur atom causes the adjacent C2 and
C5 atoms to be located very close to the b-axis and prevents sub-
stantial rotation of the principal axes upon isotopic substitution.
Thus, it is reasonable that the two bond distances not involving C2
or C5 (Rn-cs and Rcy-p) are among the parameters showing the
best agreement between the BTE 7, and the r.>E. Similarly, the two
non-H-containing angles that show the best agreement between the
BTE r. and r.*" are those involving C4, C5, and one of the het-
eroatoms, whereas the largest discrepancy of the non-H-containing
angles occurs for that involving both C2 and C5 (6c2-s1-c5)-

To explore the origin of the discrepancies in the C2 and C5
locations, several additional structural parameters were determined
from the r.°F and r, structures and are presented in Table IV.
Although not directly optimized in the least-squares fitting of the
structure, these additional parameters are in generally the same
agreement as the least-squares fitted parameters. The BTE values
of the additional angles (6s1-c2-N3, 0 c2-N3-c4> and 6 n3-cs-n) fall
within their statistical uncertainties. For only one of the five addi-
tional distances, Rca-cs, do the values of the BTE parameters fall
within the statistical uncertainties of their r.°* values. Interestingly,
this parameter involves both troublesome atoms C2 and C5. The
close agreement between these two values may be due to the fact

that most of the error in the determined atom positions is in their
a-axis coordinates, not their b-axis coordinates, and that Rcy-cs lies
nearly parallel to the b-axis. All of the observed behavior provides
strong evidence that the close proximity of C2 and C5 to the b-axis,
creating very small a-axis coordinates, is the primary source of the
poorly determined r.*" structural parameters.

CONCLUSION

A precise semi-experimental structure (r.°F) has been deter-
mined for the heterocyclic molecule thiazole (¢ C3H3NS). The sta-
tistical uncertainty of each structural parameter is greatly reduced,
and the accuracy of each parameter is improved for the current
CCSD(T)-corrected 7.°% compared to the previous DFT-corrected
re>E. These improvements are attributable to three factors: (1)
improved values of the experimental rotational constants of nine iso-
topologues used in the previous structure determination, (2) inclu-
sion of rotational constants from 15 additional isotopologues, and
(3) superior CCSD(T) corrections for vibration-rotation coupling
and the effects of electron mass. The constants used in both the
original substitution-structure determination (rs) and subsequent
DFT-corrected . were produced from data that included only
rotational constants and did not account for the impact of cen-
trifugal distortion.®'* While this impact is small in the frequency
range of the original study (15-30 GHz),”* it is significant in the
frequency range of the present study. Not treating the centrifugal
distortion does have a small impact on the rotational constants,
which becomes important for an 7.** structure at this level of pre-
cision. As clearly demonstrated in Figs. 5 and 6, the incorpora-
tion of data from additional isotopologues has a profound impact
on the precision and the accuracy of rESE. Moments of inertia for
the normal isotopologue and eight singly substituted isotopologues
are sufficient to determine each atom location using a Kraitchman
analysis” and provide sufficient information for a redundant least-
squares fit structure (13 structural parameters and 18 independent
moments of inertia).'® It is clear from this work, however, that
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moments of inertia of those nine isotopologues are insufficient to
determine a highly precise equilibrium r,°* that can be optimally
compared to a CCSD(T) calculation with a large basis set. The
precision and accuracy of molecular structure determinations are
enhanced, substantially, by inclusion of moments of inertia from
as many isotopologues as is practical for each molecule, which
typically requires intentional synthesis or enrichment. Finally, as
noted in previous works,”>*! the current study establishes that the
vibration-rotation interaction and electron-mass corrections from
CCSD(T) calculations are, in practice, superior to those from DFT
calculations.

Despite the quality of the structure determination in this
work, fewer than half of the structural parameters show agreement
between the .5 and the r, BTE structures at the 2¢ level of the
former set, further probing the limits of how accurately and pre-
cisely an .°" structure can be determined by rotational spectroscopy
with CCSD(T) corrections. Despite obtaining an r.* structure for
thiazole that is a substantial improvement over its previous deter-
minations, the agreement found for some parameters is problematic
compared to the outstanding agreement found for pyrimidine* or
even thiophene.”’ Our analysis of the thiazole structure supports the
conclusion first made from the thiophene structural analysis that
the current methodology cannot completely overcome the proxim-
ity of atoms to the principal axes. Future investigations of other
molecules with third-row atoms (Si, P, S, Cl, etc.), but without any
atoms lying near a principal axis, would provide an opportunity to
further explore and perhaps confirm this assertion. Interestingly, by
comparison to the work on thiophene (C,,), this study may demon-
strate that a dataset that includes as many as 24 isotopologues is
insufficient to determine an r.>F structure for thiazole (Cy) at the
same level of accuracy and precision that can be obtained for a
molecule of comparable size but with fewer structural parameters.
Whether or not this conjecture is valid could be tested by additional
spectroscopy, but these measurements would require the chemical
synthesis of multiple isotopically labeled thiazoles that is beyond the
scope of this study.

The use of a large number of isotopologues in the experimental
dataset and high-level computations results in converged parameters
of thiazole with remarkably small statistical uncertainties. By many
metrics, the high-level CCSD(T)/cc-pCV5Z structure is very good,
but addressing the computed structure for very small contributions
from a finite basis set, untreated correlation, relativistic effects, and
the diagonal Born-Oppenheimer correction makes important, non-
negligible changes in the predicted structural parameters. These
small changes are important for achieving agreement between the
semi-experimental and theoretical structural parameters where the
atoms involved are located far from a principal axis. An interesting
result of the precision of both the reSE and the BTE r. structure is
that a discrepancy between the semi-experimental and theoretical
structural parameters is still apparent. They reveal that the classical
difficulty in determining atom locations when close to an inertial
axis, initially observed in substitution structures, cannot be easily
overcome, even with 24 isotopologues and CCSD(T) calculations
with a very large basis set. It is likely that for parameters involving
atoms lying close to an inertial axis, the high-level theoretical cal-
culations (BTE) are more reliable estimates of a molecular structure
than the CCSD(T)-corrected r.°F, despite the general high precision
and accuracy of this method.
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SUPPLEMENTARY MATERIAL

Computational output files, least-squares fitting output files for
all isotopologues, data distribution plots for all non-standard iso-
topologues, detailed synthetic procedures for preparing deuterium-
containing thiazoles along with their mass spectra, xrefiteration
output, equations used to calculate determinable constants, and a
table of determinable constants are provided in the supplementary
material.
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