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The characteristics of non-covalent linkages be-
tween thiazole and formic acid were explored by
pulsed jet Fourier transform microwave spec-
troscopy supplemented with quantum chemical cal-
culations. Rotational fingerprints of the thiazole-
HCOOH and thiazole"HCOOD species were suc-
cessfully measured in the supersonic expansion,
both exhibiting 14N quadrupole coupling hyperfine
structure. The observed conformation has Cg sym-
metry, controlled by a predominant O—H-*N hydro-
gen bond and an additional C—H:-O hydrogen

o

bond. The property of intermolecular non-covalent interactions emerging in the complex has

been ulteriorly elucidated by implementing Johnson's non-covalent interaction analysis and

the symmetry adapted perturbation theory analysis.
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I. INTRODUCTION

Aromatic heterocyclic scaffolds are diffusely dis-
tributed in nature and fundamentally important in bio-
logical chemistry. Many biological molecules such as
proteins, coenzymes, alkaloids, as well as DNA, contain
heteroaromatic scaffolds [1, 2]. Plenty of aromatic hete-
rocyclic compounds, either natural or synthetic, are bio-
logically and pharmacologically active [3, 4]. Compre-
hending the involved non-covalent interactions among
those of proteins, nucleic acids, drugs, and their physi-
cal origins can contribute to explain the mechanism of
intricate biological events [5—7]. Hydrogen bond (HB)
stands for one of the most widespread and momentous
non-covalent bonds participating in such biological pro-
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cesses.

Significant research effort has been devoted to un-
covering the nature of hydrogen bonding formed be-
tween aromatic heterocycles and associated partners,
revealing that the conjugated electronic structure of
aromatic rings and heteroatom lone pairs are competi-
tive sites in establishing non-covalent interaction (NCI)
with the proton donor to form a hydrogen bond. For in-
stance, in the water adducts of pyridine [8] and its
derivatives [9—11], the nitrogen lone pair is the favored
binding site leading to a primary O—H--N HB while one
C—H--Oy HB further enhances its stability. A distinct-
ly different bonding topology presents in pyrrole [12, 13|
or indole [14] monohydrate, where the N-H--O contact
prevails over the other weak interactions. The non-co-
valent bonding of selenophene [15] and thiophene
[16-19] shows different behaviors, intending to form
X-H+rn (X=0, F, Cl or Br) HBs, probably due to the
weak electronegativity of sulfur and selenium atoms.
Similar features were observed in the benzofuran-HsS
complex [20]. The stabilization roles of various hydro-
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gen bonds in furan heterodimers with HoO [21], HF [22],
and HCI [23] were also characterized, in which the
O/F/Cl-H--O HB determines its interaction pattern.
However, in the complexes of furan with HyS [24], PH3
[24], and HBr [25], n-type HBs are favored. The formic
acid (FA) shows similar bonding characteristics as wa-
ter in forming complexes with thiophene, furan, and
pyridine. The coplanar configuration constrained by
O-H-~N/O and C-H-+-O=C HBs is preferred in the
pyridine-FA [26] and furan-FA [27] complexes, whereas
the O—H--w HB is found to characterize the thiophene-
FA [27] complex with the FA molecule located above
the heterocyclic ring.

Thiazole (TZ), as a class of five-member heterocyclic
motif containing one sulfur atom and one nitrogen
atom, is the core scaffold of a range of drugs with multi-
ple pharmacological activities [28—31]. The strength and
properties of NCIs concerned in thiazole have been
brought to the forefront. It was discovered that the
O-H-~-N HB features the water complex with thiazole
[32, 33]. Multiple interaction patterns were found for
the TZ-formaldehyde [34] complex, either the n—n* or
CH:N and CH--O stabilized conformations were de-
tected. Most recently, rotational investigations re-
vealed that thiazole links to CF4 through a N---C¢p, in-
teraction and to SFg through the van der Waals interac-
tions [35].

In this work, we combined Fourier transform mi-
crowave (FTMW) spectroscopy with quantum chemi-
cal computations to investigate the complex of FA and
TZ. Rotational spectroscopic studies of model complex-
es can provide accurate structural information on the
binding topologies without external interference from
solvent and environment [36—38]. FA is taken as the
partner because of its well-known proton acceptor and
donor rules in building HBs. Therefore, the investiga-
tion of TZ-FA provides detailed structural information
on the intermolecular interactions. The obtained re-
sults together with the previous reported ones enable a
comprehensive comparison of the non-covalent bonding
properties of TZ.

Il. METHODS

A. Rotational spectroscopy

The target molecular complex was produced under
supersonic expansion optimized for forming the TZ-FA
dimer. Commercially available samples of FA (=97%),
TZ (>98%), and deuterated water (D20, >98%) were
used without additional treatment. The rotational spec-
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trum was collected in the 2-20 GHz frequency region
with a supersonic jet FTMW [39] spectrometer (coaxial-
ly oriented beam-resonator arrangement, COBRA-
type) [40, 41].

Helium with a backing pressure of ~0.3 MPa was tak-
en as the carrier gas and allowed to stream over a stain-
less-steel container filled with FA and TZ (at room tem-
perature ~298 K) to seed the vapors. The mixed gas was
injected into the Fabry-Pérot type cavity through the
pulsed solenoid valve (0.5 mm nozzle diameter, Parker-
General Valve), and polarized by short microwave pulse
of specific frequencies. The molecular transient emis-
sion was collected and co-added for a total of at least
512 cycles, which was Fourier transformed to the fre-
quency-domain spectrum. On account of the supersonic
jet expanding coaxially along the resonator axis, each
measured rotational transition appears as a doublet.
The arithmetic mean of the two Doppler components is
calculated as the ultimate transition frequency.

B. Quantum chemical computations

For assisting the spectral survey and assignment, the
possible conformers of the TZ-FA complex were firstly
explored computationally. Full geometry optimizations
of all initial conformers were employed by using the
B3LYP [42] method and the D3 [43] empirical disper-
sion corrections (Becke-Johnson damping function) [44]
combined with the def2-TZVP [45] basis set. Carried
out at the same level of theory, harmonic frequency cal-
culations were done to confirm the obtained structures
are the true energy minima and estimate the zero-point
vibrational energy. The basis-sets superposition errors
(BSSE) were considered in calculating the dissociation
energies [46]. Furthermore, the Johnson’s NCI [47] anal-
ysis was performed stemming from Multiwfn program
[48] and VMD software [49] to character the non-cova-
lent interactions appearing in the complex. Symmetry-
adapted perturbation theory (SAPT) [50] analysis was
conducted at the SAPT2+(3)0MP2/aug-cc-pVTZ level
of theory utilizing the PSI4 program [51].

To assess the performance of different theoretical
calculation methods in forecasting the equilibrium
structure of TZ-FA for aiding rotational spectroscopic
study, the derived most stable conformation was reopti-
mized at diverse levels. MP2 [52] and the density func-
tional theory (DFT) methods including B2PLYP-
D3(BJ), B3LYP-D3(BJ) and @B97XD [53] combined
with 6-311+4+G(d,p) [54], 6-311++G(2d,p), aug-cc-
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TABLE I B3LYP-D3(BJ)/def2-TZVP calculated spectroscopic parameters of the two conformers (I and II) of TZ-FA. A4,
B, and C are rotational constants, Xaq and (Xpr—Xcc) are the 1N quadrupole coupling constants, and |udl, |, |t are the

electric dipole moment components.

Conformer A/MHz B/MHz C/MHz 1.5x40/MHz  0.25(xp5-Xce)/MHz  |ial/D  |usl/D  |pael/D Pee/uA®

I 4167 831 693 —4.83 -0.35 3.2 1.1 0.0 0.00

II 5006 759 659 —4.61 -0.44 3.4 0.7 0.0 0.00
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FIG. 1 Structures and the zero-point corrected relative
energies (AEp, in kJ/mol) of the two most stable conform-
ers of TZ-FA predicted at the BSLYP-D3(BJ)/def2-TZVP
level of theory.

pVTZ [55], and def2-TZVP basis sets, were employed
using the Gaussian1l6 program package [56].

I1l. RESULTS AND DISCUSSION

A. Theoretical results

The theoretical calculations result in two low-energy
conformers, as illustrated in FIG. 1, where the molecu-
lar structure, principal axes of inertia, atom labeling,
and relative energies (AEp) are provided. The calculat-
ed spectroscopic parameters and the planar moment of
inertia P, (= Zmicf) are displayed in Table I. Both
predicted conformers have Cq symmetry with FA locat-
ed in the plane of TZ ring and are featured by an
O-H--N HB and an additional C—H-*O=C HB. The dif-
ference between the two conformers is that the car-
bonyl group of FA links with H9 (I) or H11 (II). Con-
former II lies about 2.8 kJ/mol higher in energy than
conformer 1. This could be due to the fact that the posi-
tive electrostatic potential region of H9 of TZ monomer
is larger than that of H11, being more likely to serve as
a proton donor to build hydrogen bond as supported by
the binding features of the TZ-water [32] and TZ-
formaldehyde [34] complexes.

B. Rotational spectra

In accordance with the spectral pattern of the lowest
energy conformer I, the preliminary spectral measure-
ments were focused on the p,-type R-branch transi-
tions in the frequency region from 8400 MHz to
9300 MHz, which was predicted to be the most intense
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FIG. 2 The 616515 transition of the detected conformer
displays the N (I=1) nuclear quadrupole coupling hyper-
fine structure. The Doppler doubling arising from the CO-
BRA setup is marked by “”.

branch. When the lines belonging to the TZ monomer
and its monohydrate were removed from the observed
spectra, the retained transitions were easily assigned
with the help of the 4N (I=1) nuclear hyperfine struc-
ture patterns. The (J+1)«J (6<5) transitions with
K,=0 and 1 were identified first and assigned to con-
former I, as shown in FIG. 2. The measurements were
further extended to 128 u,-type transitions of J=4-11
and K, =0-3, as well as some weaker transitions of -
type, so a set of spectroscopic constants could be well
determined. However, none of uc-type transitions were
detected in supersonic jets on account of the lack of u,
dipole moment component resulting from planar sym-
metry. The assigned transition lines were fitted relying
on the SPFIT program [57]. The semirigid-top Hamilto-
nian of Watson’s S-reduced in I representation was
chosen [58]. The spectroscopic parameters determined
from the fit are summarized in Table II. It is straight-
forward to assign the experimentally determined con-
formation to conformer I with a maximum deviation of
only about 1% by comparing the experimental rotation-
al constant values with the computed ones.
Additionally, the rotational spectrum of one isotopo-
logue (TZ-HCOOD) of the observed conformer was al-
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TABLE II Experimental spectroscopic parameters of parent (TZ-HCOOH) and TZ-HCOOD species.

Species A/MHz B/MHz C/MHz 1.5Xaa/MHz  0.25(xbpXcc)/MHz Dj/kHz
TZ-HCOOH  4164.9422(3)* 822.4839(1)  687.21079(6) —4.58(1) —0.278(2) 0.1081(3)
TZ-HCOOD 4134.780(3) 817.8438(2)  683.15695(8) [~4.58] [-0.278] [0.1081]

Species Dg/kHz dy /kHz dy/kHz 0" /kHz P../uA? N¢
TZ-HCOOH 0.345(6) 0.0198(2) 0.0014(2) 3.5 0.19 189
TZ-HCOOD [0.345] [0.0198] [0.0014] 3.7 0.20 52

Note: centrifugal distortion constants are fixed at the values (in bracket) of the parent species.
2 Errors in parentheses express the uncertainty of the last significant digit.

b Root-mean-square error of the fit.

¢ Number of the fitted transitions.

i ) . [/77]6-311++G(d,p)
so determined by adding trace amounts of D20 into the L0 [ J6-311++Gd,p)
FA sample to induce the deuterium substitution reac- [ aug-cc-pVTZ

0.9 + P den2-TZVP

tion. This species was analyzed in the same way as the
normal one, but only three rotational constants were al-
lowed to be fitted and other parameters being fixed at
the value of parent species because of a small number of
rotational transition lines being observed. The result-
ing experimental parameters are available in Table II.
All the assigned transition lines are listed in Table S2
and S3 of Supplementary materials (SM).

We have put effort to search rotational transition
lines for conformer II but not succeed, presumably as-
cribed to the appearance of conformational relaxation
or low populations in the supersonic expansion. Indeed,
the conformational interconversion energy barrier be-
tween two lowest energy conformers has been comput-
ed at the B3LYP-D3(BJ)/def2-TZVP level of theory.
The obtained result is displayed in FIG. S1 (SM), where
the interconvertible barrier height from conformer II to
the global minima is about 9.3 kJ/mol, much higher
than the 2k T value in our case (~5.0 kJ/mol), and con-
formational relaxation could not occur. Therefore, the
large factor for the non-detection of conformer II may
be due to the very weak signals of the rotational transi-
tions resulting in the missing of its assignment.

Rotational constants of the global minimum of the
TZ-FA adduct calculated at the different levels of theo-
ry with deviations from the experimental values are
shown in Table S1 (SM) and FIG. 3. The results indi-
cate that the rotational constants obtained by B2PLYP-
D3(BJ) method are more accurate than those obtained
from ©B97XD, B3LYP-D3(BJ), and MP2 methods. In
particular, rotational constants calculated at the
B2PLYP-D3(BJ)/6-311++G(d,p) level are the closest
to the experimental values, from which the mean abso-
lute deviation is about 0.2%.
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FIG. 3 Rotational constants of the global minimum of
the TZ-FA adduct calculated at the different levels of the-
ory with deviations from the experimental values.

C. Structures and intermolecular interactions

The Ray asymmetry parameter k, k=(2B-A-C)/
(A-C), acquired from three experimental rotational
constants is —0.92, indicating the complex is approxi-
mately a prolate symmetric top. Table II reports that
the experimental value of P.. (about 0.2 uA2%) remains
largely unchanged upon the deuteration of the hydro-
gen atom (HCOOD), signifying that the substituted hy-
drogen atom effectively locates in the ab plane.

Utilizing the STRFIT program [59], the effective
structure (rp) of the observed conformer was derived
through a least-squared fit procedure to minimize the
discrepancy between the theoretical and experimental
rotational constants. The distance of N10O6 and the an-
gle of ZO6N1C5 were determined to be 2.76(1) A and
135.1(8)° (Table III), respectively, while maintaining
the remanent parameters at the theoretical values (7o).
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TABLE III The partial effective (ry) and theoretical (re)
values of the N106 distance and the ZO6N1C5 angle.

Parameter r(N106)/A Z06N1C5/(°)
0 2.76(1) 135.1(8)
Te 2.733 135.2

The substituted coordinates (rs) of the hydrogen atom
in the inertia principal axes system were also gained us-
ing the Kraitchman's equations, available in Table S4
(SM), and compared with the 7, and 7p.

The result from Jonson’s NCI analysis is graphically
reported in FIG. 4 to interpret the non-covalent link-
ages in the observed conformer. As depicted by the blue
surface between the hydroxyl group and nitrogen atom,
i.e., the O—H--N HB, is the favored interaction. Anoth-
er C—H--O=C interaction manifested green isosurface
between the C7=08 and the C2-H9 is also observed.
The two non-covalent interactions close a seven-mem-
bered ring. The O—H-N HB is predicted to be stronger
than C—H--O=C interaction.

Energy decomposition based on the SAPT analysis
was employed to unambiguously comprehend the rela-
tive importance of the attractive and repulsive compo-
nents, i.e., dispersion (FEgisp), induction (Einq), electro-
statics (Eelec), and exchange (FEex). The calculational re-
sults of TZ-FA are listed in Table IV, compared with
those for furan-FA [60], pyridine-FA [27] and thiophene-
FA [60] calculated at the same theoretical level. The to-
tal interaction energy (FEiot) of TZ-FA (=57.7 kJ/mol) is
close to that of pyridine-FA (—60.8 kJ/mol) but signifi-
cantly stronger than that of thiophene-FA
(—21.4kJ/mol) and furan-FA (—30.7 kJ/mol), being
consistent with the strength of N—H-+O, O—H-x, and
O—H:-O HBs they formed, respectively. The largest sta-
bilization terms of these complexes are all electrostatic
interactions, accounting for at least 43% of the total at-
tractive energy. But a noticeable enhancement is ob-
served from the contributions of dispersion term, in the
order of TZ-FA (19%) ~ pyridine-FA (18%) <furan-FA
(25%) < thiophene-FA (35%), which was opposite to
the increase trend of the total energies. A similar situa-
tion holds for the monohydrates of furan, thiophene,
thiazole and pyridine, while the stability of these com-
plexes is significantly lower than that of the correspond-
ing formic acid complexes.

D. Dissociation energy

The stretching motion of the detected conformer oc-
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FIG. 4 The non-covalent interaction plot of the TZ-FA
dimer.

curs nearly along the a-axis as indicated in FIG. 1,
hence such motion could be detached from the rest of
vibrational pattern in a first approximation. The pseu-
do-diatomic approximation [61] was adapted to esti-
mate the force constant (k) through the formula:

94B* +4C* — (B - 0)*(B + C)?
hD; ’

ks = 167* (uRcy)

where u, Roym are the reduced mass and the distance be-
tween the centers of mass (Rcy=4.217 A) of the two
subunits, respectively. B, C, and D values are the spec-

of Table II. The
ks=24.8 N/m corresponding to a harmonic stretch fre-

troscopic parameters value
quency of 118.8 cm ' was roughly evaluated (see
Table V). Whereafter, the dissociation energy Dy Do=
ksRCMQ/72, of TZ-FA was obtained to be ~36.9 kJ/mol
through assuming a Lennard-Jones potential approxi-
mation which is close to the theoretical value (FEB,
49.5 kJ/mol) determined at the B3LYP-D3(BJ)/def2-
TZVP level of theory. Table V also provides the dissoci-
ation energies of the complexes formed between FA
with furan and pyridine using the same approximation.
It is shown that the dissociation energy of TZ-FA is
close to that of pyridine-FA (39.0 kJ/mol), but greater
than those of furan-FA (32.0 kJ/mol).

IV. CONCLUSION

The TZ-FA complex was investigated using a combi-
nation of FTMW spectroscopy and quantum chemical
calculations approach. Both observed rotational spec-
tra of the parent (HCOOH) and the HCOOD species
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TABLE IV The energy decomposition based on the SAPT analysis for TZ-FA, furan-FA, thiophene-FA and pyridine-FA.
All energy values are given in kJ/mol, the contribution of Eelec, Find, and Egisp to the total attractive energy FEiot labeled

in parathese.

Complex FEelec Fex FEing Edisp FExot
TZ-FA -94.2 (55%) 114.4 ~44.9 (26%) ~33.0 (19%) —57.7
Furan-FA ~44.4 (53%) 53.7 ~18.4 (22%) ~21.6 (25%) -30.7
Thiophene-FA ~25.0 (43%) 36.4 ~12.8 (22%) ~20.0 (35%) -21.4
Pyridine-FA ~102.6 (54%) 128.8 ~52.4(28%) ~34.6 (18%) -60.8

TABLE V Distance between the centers of mass of two
subunits Ry,  force constant ks, and dissociation ener-
gies for the TZ-FA, furan-FA and pyridine-FA dimers (Dy
and Ep in kJ/mol).

Complex Rem/A - ks/(N/m) Dy bp
TZ-FA 4.217 24.8 36.9 49.5
Furan-FA 4.410 19.7 32.0 249
Pyridine-FA 4.241 26.0 39.0 527
feature hyperfine structure derived from N

quadrupole coupling effect. The two subunits of TZ-FA
form a planar seven-membered ring through one main
O-H-*N HB and an additional C—H--O=C HB. This
preferred binding topology is similar to that of the cor-
responding pyridine adduct. The SAPT analysis fur-
ther quantitatively discloses the importance of the elec-
trostatic term for stabilizing the complex, accounting
for 55% of the total attraction energy. The dissociation
energy of the dimer is derived to be about 36.9 kJ/mol
based on the pseudo-diatomic approximation model.

Supplementary materials: Potential energy curve relat-
ing to the interconversion of different conformers of TZ-
FA (FIG. S1); theoretical spectroscopic parameters of
the most stable conformation of the TZ-FA complex
calculated at different levels of theory (Table S1); ex-
perimental transition frequencies of the TZ-HCOOH
conformer I and the TZ-HCOOD isotope (Tables
S2-S3); the rs, 1o, and 7. coordinates of substituted
atom D12 (Table S4) are available.
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