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ABSTRACT: The millimeter/submillimeter spectrum of 1H-1,2,4-
triazole is reported from 70 to 700 GHz, providing spectral
frequencies directly comparable to radio telescopes and enabling an
astronomical search. Using four deuteriated samples of 1,2,4-
triazole, we measured, assigned, and least-squares fit transitions for
26 isotopologues to sextic A- and S-reduced Hamiltonians. An
accurate and precise semi-experimental (r,°F) structure from 50
independent moments of inertia has been obtained. Structural
parameters are provided with 26 uncertainties within 0.0009 A for
bond distances and 0.09° for bond angles. The structural
parameters are in quite good agreement with the best theoretical
estimate (BTE) obtained using CCSD(T)/cc-pCVSZ, where an
agreement within the 20 uncertainty is observed for all but one

case. Despite the large number of isotopologues already included in this structure, more may be useful. One isotopologue, [1,3-*H]-
1H-1,2,4-triazole, is observed to closely approach the oblate asymmetric-top limit, resulting in a clear breakdown of the A-reduction
Hamiltonian. The highly accurate r,°F structure and subsequent analysis demonstrates that the S-reduction is also unable to

adequately model the spectrum of this isotopologue.

B INTRODUCTION

The search for complex organic molecules in the interstellar
medium (ISM) and planetary atmospheres is of major
importance in understanding the formation and evolution of
prebiotic molecules. Among the more than 260 molecules
detected in the ISM and circumstellar shells," only 15 of these
are cyclic. The recent detection of benzene,” benzonitrile,”* 1-
and 2-cyanonaphthalene,” and 1-cyano-1,3-cyclopentadiene®
indicates that aromatic nitriles do form even in low-
temperature and low-density environments. While there are
no confirmed detections of nitrogen-containing heterocycles in
the ISM, the tentative detection of the nitrogen-containing
three-membered ring aziridine, (CH,),NH, reported in 2001
warrants a new search for that molecule, as well as for other
nitrogen-containing cyclic compounds.7 Nitrogen-containing
aromatic compounds play a crucial role in terrestrial
biochemistry and therefore are important prebiotic targets.
To facilitate observational searches for 1,2,4-triazole in Titan’s
atmosphere or in the ISM, its rotational spectrum was
measured in a frequency range that overlaps with that of
observational facilities.

The experimental characterization of Titan aerosols by
investigation of the formation of tholins by electric discharge
resulted in the detection of multiple organic nitrogen-
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containing species, including 1H-1,2,4-triazole.® The gas
mixture in that study was composed of 95% N, and 5% CH,
to match the atmosphere of Titan. UV photoprocessing of
Titan’s atmosphere primarily results in HCN and more
complex nitrogen-containing species, such as CH;C;3N,
whose detection was recently reported using the ALMA
(Atacama Large Millimeter/submillimeter Array) telescope.’
Ring-containing species, such as 1,2,4-triazole, have been
predicted to form from known Titan atmospheric components,
beginning with HCN and NH3.10_13 Thus, 1H-1,2,4-triazole is
a prime target for detection in the atmosphere of Titan and
other extraterrestrial N- and C-rich environments.

There are two aromatic triazole regioisomers (1,2,3-triazole
and 1,2,4-triazole) that differ in their arrangements of the N-
and C-atoms of the aromatic ring, Figure 1. Each of these
regioisomers exists as an equilibrium mixture of tautomers.
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Figure 1. Tautomers of 1,2,3-triazole and 1,2,4-triazole with standard
numbering of ring atoms and relative energies at CCSD(T)/CBS."*

The tautomers of 1,24-triazole, where the N-atoms are
separated, are more stable than both the tautomers of 1,2,3-
triazole, where all three N-atoms are adjacent. The structure
and spectroscopy of 1,2,3-triazole is the subject of a recent
study.l" 1,2,4-Triazole, the subject of this work, exists as 1H-
1,2,4-triazole (C,) and 4H-1,2,4-triazole (C,,), where the
unsymmetrical 1H-tautomer is the energetically favored isomer
by 6.7 kcal/mol,'°Figure 1 (bottom). All previous spectro-
scopic studies have reported detection of only the more stable
1H-tautomer. The first gas-phase microwave studgr of 1,2,4-
triazole was reported in 1975 by Bolton et al,'”'" including
analysis of the structure and nuclear quadrupole coupling.
Low-resolution gas-phase infrared'”*’ and Raman®’ spectra
have been reported between approximately 500 and 4000 cm™"
for 1H-1,2,4-triazole, providing estimates of the vibrational
band origins.

The structure of 1,2,4-triazole has been the focus of multiple
studies, involving X-ray crystallography,z1’22 microwave spec-
troscop??f,17 electron diffraction,”” and computational meth-
0ds.”*™*° The rotational constants reported in the gas-phase
microwave work were determined for only three isotopo-
logues,'” which did not provide sufficient information to
adequately determine its structural parameters (1H-1,2,4-
triazole has 13 independent structural parameters, which
require a minimum of seven isotopologues to provide a
sufficient number of independent moments of inertia for a
complete structure determination). The structure was further
analyzed by electron diffraction,” resulting in additional
experimentally determined structural parameters, to a 30
uncertainty of 0.004—0.01 A for bond distances and 0.5—1.3°
for bond angles. In that work, not all parameters could be
satisfactorily determined, so several parameters had to be
constrained to computational predictions or values from
similar molecules. Semi-experimental (r,5¥)*’7** structures
were pioneered in 1978>” and have recently been applied to
various heterocycles.”’>"**7*7 Recent studies on heteroar-
omatic compounds®®*™*' have set a new standard for the
determination of accurate and precise semi-experimental
equilibrium (r,°F) structures. The methodology employs well-
determined rotational constants for as many isotopologues as is
practical, far exceeding the minimal requirement, and
CCSD(T) corrections to determine the semi-experimental
equilibrium structure. This method results in accurate
structural parameters, where the typical 26 uncertainty is less
than 0.0005 A for bond distances and 0.05° for angles.

In order to more accurately determine the structure of 1H-
1,2,4-triazole and to provide accurate frequencies to guide
observational studies, the millimeter/submillimeter spectrum
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has been collected from 70 to 700 GHz. The experiment,
spectral analysis, and structural determination are presented
here. The extension of the spectral range observed in the
previous work has allowed for the further refinement of
rotational constants for three previously reported isotopo-
logues'” and spectroscopic constants for an additional 23
isotopologues. A new r,°F structure has been determined using
50 independent moments of inertia (excluding one isotopo-
logue, vide infra) including isotopic substitution of all atoms in
multiple isotopologues. Reported transition frequencies and
spectroscopic constants can be reliably used to predict the
spectrum up to 1 THz and used to guide the search of 1H-
1,2,4-triazole in Titan’s atmosphere and elsewhere in the
universe.

B EXPERIMENTAL DETAILS

A commercially available sample of 1,2,4-triazole (97%) was
used without further purification. 1,2,4-Triazole is a white solid
with very low volatility at room temperature compared to other
heteroaromatics studied previously.”* ™' Therefore, it was
necessary to employ a cell that could be operated at high
temperatures. The sample was introduced into a 2 m long
stainless-steel cell with a base pressure of 15 mTorr. The cell
was equipped with a millimeter/submillimeter spectrometer,
described previously.*” In brief, the spectrometer is composed
of a microwave synthesizer (Agilent Technologies, E8257D
PSG), Virginia Diodes Inc. frequency multipliers with varying
doublers and triplers to cover the frequency region from 70 to
700 GHz, an InSb Hot electron bolometer (QMC Ltd. model
QFI/2BI with a closed-cycle He refrigerator), and a lock-in
amplifier (Stanford Research Systems SR830 DSP). The cell
was heated to a temperature of ~100 °C, and the spectrum was
acquired with a total cell pressure of approximately 30 mTorr
at a continuous flow. A single sweep of the spectrum was
collected at a step size of 0.1 MHz.

Deuteriation of both the nitrogen and carbon atoms of 1H-
1,2,4-triazole is remarkably facile compared to other aromatic
heterocycles, for example, pyridazine, pyrimidine, or thiazole,
due to its amphoteric nature. The pK,; of 1,2,4-triazolium (N-
protonated 1,2,4-triazole) is 2.45, and the pK,, of 1,2,4-triazole
is 10.26.*’ The acidity and basicity of 1H-1,2,4-triazole allow
easy exchange of the H atoms with D,0, even at moderate pH
values. The exchange at the N atom is most rapid, but
exchange at both the C and N atoms can be observed by
simple recrystallization of 1,2,4-triazole in D,0. It is presumed
that exchange at the carbon atoms proceeds by an addition—
elimination mechanism via a zwitterionic intermediate similar
to that described for thiazole."”***> Taking advantage of the
differential rate of exchange between N—H and C—H and the
choice of solvent (D,0 or H,0), four different deuterium-
enriched samples were prepared with different species as the
predominant isotopologue, as shown in Table 1. This allowed
for the observation of all deuteriated 1H-1,2,4-triazoles, as well
as many of their “C and "N isotopologues in natural
abundance. The spectral ranges collected for the deuterium-
enriched samples were limited to 90 to 335 GHz for sample
number 2 and 225 to 335 GHz for the remainder. The details
of the synthesis and purification are provided in the Supporting
Information. Table 1 provides a numbering scheme and
description of the four different deuterium-enriched samples,
including the most prominent isotopologues in each sample,
their relative abundance determined by comparing multiple
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Table 1. Commercial and Deuteriated Samples of 1H-1,2,4-
Triazole

deuterium frequency
. isotopolo&ues relative range
sample preparation present abundances (GHz)
1 none 70—-700
2 short deuteriation [1-’H] 1.000 90-335
3 long deuteriation [1-2H] 1.000 225-335
[3-2H] 0.140
[5-2H] 0.252
[1,3H] 0.275
[1,5H] 0.325
[3,5-*H] 0.473
[1,3,5-2H] 0.668
4 partial protiation [1,5-*H] 1.000 225-33S
(from sample 2)
[3-2H] 0.352
[5-2H] 0.419
S partial protiation [3,5-°H] 1.000 225-335
(from sample 3)
[3-2H] 0.423
[5-2H] 0.517

“See the Supporting Information for a full description of the
preparation procedures. “The isotopologue with the strongest
transitions in each sample are in bold.

rotational transitions for each isotopologue, and the frequency
range.

B COMPUTATIONAL DETAILS

Initial geometry optimization and spectral prediction of the
normal isotopologue of each tautomer were performed using
the density functional theory [B3LYP/6-311+G(2d,p)] using
Gaussian 16.*° Additional calculations, including geometry
optimization, anharmonic second-order vibrational perturba-
tion theory (VPT2), and magnetic property calculations to
provide electron-mass corrections were carried out using a
developmental version of CFOUR.”” Coupled-cluster with
singles, doubles, and perturbative triples [CCSD(T)] calcu-
lations were performed with the cc-pCVXZ (X =D, T, Q, and
5) basis sets and include the correlation of all electrons. The
xrefit module of CFOUR was utilized to obtain the least-
squares fit r,® structure. An iterative approach to the
implementation of the structure fitting program, xrefit, has
been automated in the program xrefiteration. The latter
program, which is useful in analyzing data sets involving a
large 3r91umber of isotopologues, has been described previ-
ously.

B SPECTRAL ANALYSIS

Ground-State Spectrum of the Normal Isotopologue
of 1H-1,2,4-Triazole. The dominant tautomer, 1H-1,2,4-
triazole, is a near-oblate (k = 0.824) asymmetric top of C;
symmetry with a- and b-axis dipole moment components (y, =
0.810 + 0.090 D, and p;, = 2.579 + 0.060 D'7), as shown in
Figure 2. The normal isotopologue rotational spectrum in the
ground vibrational state was initially predicted using the
rotational constants reported from the previous microwave
work'” and the B3LYP quartic and sextic distortion constants.
4H-1,2,4-Triazole has C,, symmetry and a strong a-type dipole
moment (u, = 5.77 D, B3LYP). The spectral prediction for the
4H-tautomer was performed using B3LYP computed constants
and is provided in the Supporting Information. Unsurprisingly,

8198

Figure 2. Structure of 1H-1,2,4-triazole with principal inertial axes
and systematic atom numbering (x = 0.824, y, = 0.810 = 0.090 D,
and y;, = 2.579 + 0.060 D)."”

due to its high relative energy and low equilibrium population,
no transitions of 4H-1,2,4-triazole were observed in our
experimental spectrum. A least-squares fit was performed for
the spectrum of 1H-1,2,4-triazole to both A- and S-reduced
Hamiltonians in the IIT' representation, using Pickett’s SPFIT/
SPCAT program suite*® and Kisiel’s Assignment and Analysis
of Broadband Spectra (AABS) software package.*”*’ All
experimental spectroscopic constants were converted from
the III' representation to the III" representation for comparison
of theory and experiment. The spectrum of 1H-1,2,4-triazole is
dominated by typical oblate-type band structures, where
transitions increase in K, starting from K, = 0, and decrease
in J with increasing frequency, as seen in Figure 3. Each
observed transition is composed of four components,
corresponding to two a- and two b-type R-branch transitions
("Ro,1s le‘l, and bILLl), where the b-type components are the
most intense. These band structures are observed at regular
intervals separated by ~2C with each K, = 0 band head
increasing in ] with increasing frequency. Q-branch transitions
are observed underlying each R-branch band structure, with |
decreasing with frequency. The transitions in these Q-branch
bands are also composed of two a-type and two b-type
components (“Q,_;, “Qp;, and bQI,_l).

The large number of observed transitions (2514 new and 13
previously reported)'”'® with the maximum J and K, of almost
100 and 70, respectively (Figure 4), resulted in precise
rotational constants and centrifugal distortion parameters up to
the sextic level. Table 2 provides these spectroscopic constants
for both the A- and S-reductions in comparison to computa-
tionally determined CCSD(T)/cc-pCVTZ values. The pre-
dicted quartic distortion constants are within 5% of the
experimentally determined values, except for &;/d,, which
differs by almost 40%, and ¢;/h, differing by 15.1/11% for the
A-/S-reductions. The reasonable agreement of the computed
and experimental values validates the use of constants
computed at this level in isotopologues where they could not
be determined experimentally.

1-H-1,2,4-Triazole contains three non-equivalent nitrogen
atoms, resulting in very complicated quadrupole coupling
interactions. Nuclear quadrupole coupling was introduced into
the spectral prediction using the constants presented by
Blackman et al.'® Due to the lack of well-resolved hyperfine
splitting, however, these parameters could not be improved in
this work. Therefore, all spectroscopic parameters presented
here were determined without the inclusion of the quadrupole
coupling effects into the least-squares fit.

1H-1,2,4-Triazole Isotopologues. All singly substituted
B3C and "N isotopologues were observed in natural abundance
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Figure 3. Experimental (top) and predicted (bottom) rotational spectra of the normal isotopologue of 1H-1,2,4-triazole from 365.5 to 366.6 GHz.
Inset: spectra of *C and N isotopologues from 360.85 to 362.0 GHz observed at natural abundance.
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in the spectrum of the commercial sample, as seen in Figure 3.
Deuteriated samples were prepared as described above and in
the Supporting Information, providing all possible deuteriated
combinations. Multiple heavy-atom-substituted deuteriated
isotopologues were also observed. Spectra of the singly
substituted isopologues were predicted using the isotopic
differences in the CCSD(T) spectroscopic constants in
combination with the experimental constants of the normal
isotopologue. The [3,5-°H]- and [1-*H]-1H-1,2,4-triazole
isotopologues were predicted using the reported rotational
constants in the work by Bolton et al.'” Once a sufficient
number of isotopologues were available, an initial r,°* structure
was determined and used to predict the rotational constants of
unobserved isotopologues. By combining these constants with
the CCSD(T) centrifugal distortion constants, transition
frequencies for low K, series transitions were predicted to
within a few megahertz, facilitating searches for additional
isotopologues. This was particularly important for finding
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many of the *C and "N isotopologues in the deuteriated
samples, where the signal intensities were quite small. Figure 5
shows a segment of the spectrum for sample 4, where multiple
isotopologues are observed.

Features similar to those of the normal isotopologue are
observed for all other isotopologues. Therefore, the same
fitting procedure and parameters were employed for each. The
constants were refined to a level of accuracy that is dependent
on the number of independent transitions observed, assigned,
and included in the least-squares fits. A total of 26
isotolopogues have been observed with enough transitions to
determine at least the A, By, and C, rotational constants well.
The constants resulting from the S-reduced Hamiltonian in the
III" representation for all singly substituted isotopologues are
provided in Table 3. There are obvious similarities between the
spectroscopic constants for each isotopologue, and a good
agreement is observed between the experimentally and
computationally determined constants. Similar to the normal
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Table 2. Spectroscopic Constants for the Ground Vibrational State, Normal Isotopologue of 1H-1,2,4-Triazole (A- and S-
reduced Hamiltonians, III" Representation)”

A-reduction

CCSD(T) exp.
A (MHz) 10220.8 10245.087700(44)
B (MHz) 9760.6 9832.076153(40)
¥ (MHz) 4990.3 5015.130412(45)
A, (kHz) 3.564 3.639025(22)
Ay (kHz) —5.447 —5.582523(24)
Ay (kHz) 2278 2.346764(19)
8, (kHz) —0.02926 —0.0433205(91)
¢ (kHz) 1.118 1.171593(90)
@, (Hz) 0.001449 0.0014508(36)
@ (Hz) —0.007308 —0.0073402(38)
@y (Hz) 0.01151 0.0115668(46)
@y (Hz) —0.005655 —0.0056751(34)
#; (Hz) —0.0000672 —0.0000782(16)
b (Hz) —0.0001488 [-0.0001488]
¢y (Hz) 0.008973 [0.008973]
Nipe 4434
o5 (MHz) 0.045
K 0.8421
A, (uA»)? 0.040904(1)

S-reduction

CCSD(T) exp.
A (MHz) 10220.8 10245.085359(43)
B (MHz) 9760.6 9832.078475(40)
c§® (MHz) 4990.3 5015.130260(45)
D; (kHz) 3.59 3.663059(22)
Dy (kHz) —5.601 —5.727076(24)
Dy (kHz) 2.407 2.467228(18)
d; (kHz) 0.02926 0.0433111(90)
d, (kHz) 0.013 0.01204283(92)
H, (Hz) 0.001411 0.0014010(35)
Hy (Hz) —0.006019 —0.0061046(38)
Hyy (Hz) 0.00778 0.0079869(45)
Hy (Hz) —0.003175 —0.0032765(34)
h; (Hz) —0.0000703 —0.0000786(16)
h, (Hz) —0.0000188 [—0.0000188]
hy (Hz) 0.0000031 [0.0000031]
Niges 4434
o5 (MHz) 0.033
K 0.8421
A, (uA») 0.040908(1)

“Values in square brackets are fixed at the CCSD(T)/cc-pCVTZ value. “Number of independent transitions. “k = (2B — A — C)/(A — C). A, = I,

— I, — I, calculated using PLANM.

dedal bgdid JI TP |
* y 1y

— [1.2,3-’H]-1H-1,2 4-triazole
— [3.5-°H]-1H-12 4-triazole

(1,5-°H]-1H-1,2 4-triazole
— [1,3-"H]-1H-1,2,4-triazole

_

(3-°H]-1H-1,2.4-triazole
(5-H]-1H-1,2,4-triazole
[1-°H]-1H-1,2,4-triazole
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Figure 5. Experimental (top) and predicted (bottom) rotational spectra of deuteriated isotopologues of 1H-1,2,4-triazole from 269.6 to 274.3 GHz.
Additional transitions due to carbon and nitrogen isotopologues of their deuteriated species are also observed but are not highlighted due to their
low intensity in this figure. Transitions in this figure not accounted for in the prediction are likely due to vibrational excited states.

isotopologue, centrifugal distortion constants typically agree
within 20%, with the exception of the off-diagonal quartic
distortion constants (6,/d,, 8x/d,) that vary between 3 and
47%.

Spectroscopic constants from the A-reduced least squares
fits of the singly substituted isotopologues and the A- and S-
reduced fits for all other isotopologues are presented in the
Supporting Information, also showing good agreement with
the computed values, with one exception (vide infra). The
corresponding distribution plots, showing the data set size and
breadth of quantum numbers observed for each isotopologue,
along with the least-squares fitting output files for each fit are
also provided in the Supporting Information. The SPFIT files,
including input, output, and line lists for all fits presented here

8200

are also available in the Supporting Information. While we
observed some transitions that may be assigned for a few
additional isotopologues, they were too weak to confidently
assign and fit.

When both the A- and S-reductions are adequately treating
the data set, the experimental §; and -d; constants will agree
with each other to several digits. This relationship can be seen
in the spectroscopic constants from any least squares fit or in
any set of computed parameters (in this work), except for the
fit of [1,3-?’H]-1H-1,2,4-triazole, as shown in Table 4. This is
indicative of the fact that one or both of the reductions are
inaccurately determining the constants for this isotopologue. It
is clear that the A-reduction, off-diagonal, K-dependent terms
(8 and ¢bi) were not behaving in a manner similar to that of

https://doi.org/10.1021/acs.jpca.2c06038
J. Phys. Chem. A 2022, 126, 8196—8210
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Table 3. Spectroscopic Constants of 1H-1,2,4-Triazole Isotopologues (S-reduced Hamiltonian, III" Representation)

AP (MHz)
B (MHz)
C® (MHz)
D; (kHz)
Dk (kHz)
Dy (kHz)
d; (kHz)
d, (kHz)
H; (Hz)
Hi (Hz)
Hy (Hz)
Hy (Hz)

hy (Hz)

h, (Hz)

hs (Hz)
Nie”

o5 (MHz)
&

4, (ﬂAz)d

AP (MHz)
BY (MHz)
c§® (MHz)
Dy (kHz)
Dy (kHz)
Dy (kHz)
d; (kHz)
d, (kHz)
H; (Hz)
Hy (Hz)
Hy (Hz)
Hy (Hz)

hy (Hz)

h, (Hz)

A, (/lAz)d

A (MHz)
B (MHz)
c® (MHz)
D; (kHz)
D (kHz)
Dx (kHz)
d; (kHz)
d, (kHz)
H; (Hz)
Hj (Hz)
Hy (Hz)
Hy (Hz)

h; (Hz)

h, (Hz)

[3_13C] [S_ISC]

CCSD(T) exp. CCSD(T) exp. CCSD(T) Exp.
9979.5 10003.10721(21) 10088.9 10116.58765(14) 10108.3 10136.19906(32)
9759.9 9831.05887(21) 9649.5 9716.44205(13) 9646.4 9713.28028(36)
4931.8 4956.151562(95) 4929.8 4954.227006(85) 4933.5 4958.10645(12)

3.512 3.583925(88) 3.501 3.572293(83) 3.524 3.59552(18)
—5.486 —5.60888(15) —5.467 —5.58878(14) —5.495 —5.61791(32)
2.359 2.417594(95) 2.351 2.40942(10) 2.359 2.41778(20)
0.05141 0.062616(80) 0.05764 0.072897(41) —0.02565 —0.02304(15)
0.0042 0.002596(41) 0.026 0.025264(29) —0.00546 —0.00759(28)
0.001374 0.001337(20) 0.001382 0.001384(19) 0.0001357 0.001273(49)
—0.005847 —0.005955(48) —0.005854 —0.005922(50) —0.005815 —0.00598(15)
0.007554 0.007676(65) 0.007543 0.007718(72) 0.007535 0.00782(21)
—0.003084 —0.003070(38) —0.003074 —0.003172(36) —0.003079 —0.003131(99)
—0.0000239 [—0.0000239] —0.0000369 [—0.0000369] —0.0000696 [—0.0000696]
0.0000847 [0.0000847] —0.0000726 [—0.0000726] 0.0000707 [0.0000707]
0.0000038 [0.0000038] 0.0000047 [0.0000047] 0.00002 [0.000002]
1395 1490 892
0.041 0.037 0.044
0.932 0.845 0.837
0.041479(2) 0.041413(2) 0.041319(4)
[Z—ISN] [4-15N]

CCSD(T) exp. CCSD(T) exp. CCSD(T) exp.

10194 10219.2185(25) 10209 10233.9235(18) 10014 10055.12879(13)
9528.5 9597.8202(21) 9503.8 9573.2825(14) 9176.6 9226.49583(13)
4922.6 4947.38027(13) 4919.5 4944.28272(11) 4786.5 4809.86098(14)

3.495 3.56722(31) 3.496 3.56771(25) 327 3.33610(27)

—5.446 —5.56883(46) —5.447 —5.56999(37) —5.081 —5.194262(55)

2.338 2.39597(24) 2.337 2.39570(18) 2.167 2.22170(12)
0.01294 0.0190(12) —0.02511 —0.01762(75) —0.20591 —0.2148130(87)
0.018 0.0128(13) —0.0006 —0.00048(97) —0.025 —0.0235175(33)
0.00135 0.001154(60) 0.001344 0.001175(41) 0.001179 0.00108(16)
—0.005766 —0.00491(23) —0.005758 —0.00558(14) —0.005047 —0.005128(11)
0.007454 0.00643(34) 0.007457 0.00754(22) 0.006555 0.006731(37)

—0.003041 —0.00271(16) —0.003046 —0.00316(11) —0.002691 —0.002650(69)

—0.000061 [—0.000061] —0.0000662 [—0.0000662] 0.0000206 [0.0000206]

—0.0000202 [—0.0000202] 0.0000552 [0.0000552] 0.0000403 [0.0000403]

0.00003 [0.000003] 0.0000007 [0.0000007] 0.0000101 [0.0000101]
787 959 1932
0.043 0.04 0.032
0.764 0.75 0.684
0.041446(17) 0.041539(12) 0.035868(3)
[3-2H] [5-2H]
CCSD(T) exp. CCSD(T) exp. CCSD(T) exp.
9949 9995.23773(28) 9762.9 9834.16097(29) 9637 9700.13103(16)
9152.8 9197.88048(23) 9329.3 9350.76629(28) 8654.2 8679.60003(11)
4764.9 4788.16303(24) 4768.4 4791.33543(19) 4557.6 4579.10318(15)
3.209 3.27477(19) 3232 3.29914(14) 2.901 2.960923(94)
—5.006 —5.11549(25) —5.045 —5.15696(20) —4.51 —4.60813(11)
2.147 2.19835(27) 2.163 2.21421(13) 1.92 1.96496(13)
—0.08531 —0.08896(20) —0.2165 -0.23093(19) —0.2358 —0.248271(68)
—0.012 —0.01134(21) 0.013 0.01352(17) —0.01990 —0.020802(44)
0.001294 [0.001294] 0.001261 [0.001261] 0.001142 [0.001142]
—0.005267 —0.005137(81) —0.005207 —0.005288(54) —0.004502 —0.004487(29)
0.00667 0.00655(18) 0.006648 [0.006648] 0.005642 0.005710(76)
—0.002699 [—0.002699] —0.00270S [—0.002705] —0.002284 [—0.002284]
0.0001675 [0.0001675] 0.0001618 [0.0001618] 0.0002534 [0.0002534]
0.0000139 [0.0000139] —0.0000234 [—0.0000234] 0.0000603 [0.0000603]
—0.0000008 [—0.0000008] —0.0000064 [—0.0000064] 0.0000065 [0.0000065]
491 458 766
8201 https://doi.org/10.1021/acs.jpca.2c06038
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Table 3. continued

65 (MHz)

K
A; (uA»?

AP (MHz)
B (MHz)
C® (MHz)
Dy (kHz)
Dix (kHz)
Dy (kHz)
d, (kHz)
d, (kHz)
Hy (Hz)
Hj (Hz)
Hyy (Hz)
Hg (Hz)

hy (Hz)

h, (Hz)

hs (Hz)
Nin”

o5 (MHz)
pr:

A, (ﬂAz)d

AP (MHz)
B (MHz)
CY (MHz)
Dy (kHz)
D (kHz)
Dy (kHz)
d; (kHz)
d, (kHz)
H; (Hz)
Hy (Hz)
Hyy (Hz)
Hy (Hz)

h; (Hz)

h, (Hz)

hy (Hz)
Nip”

o5 (MHz)
&

A; (uh?)?

AP (MHz)
B (MHz)
C® (MHz)
D; (kHz)
Dy (kHz)
Dy (kHz)
d, (kHz)
d, (kHz)
Hj (Hz)
Hj (Hz)
Hyy (Hz)

(3-°H]
CCSD(T) exp. CCSD(T) exp. CCSD(T) exp.
0.035 0.033 0.028763
0.694 0.808283 0.6014
0.040438(6) 0.040742(5) 0.040077(4)
[1,5-H] [1,3,5-2H] [1-H, 3-8C]

CCSD(T) exp. CCSD(T) exp. CCSD(T) exp.
9659.7 9719.59497(3S) 9169.9 9233.86009(23) 9879.1 9925.960(44)
8707.7 8736.00399(25) 8407.7 8427.46382(19) 9083.8 9126.954(39)
4577.7 4599.30603(22) 4384.5 4404.78165(19) 4730.4 4753.22728(48)

2.949 3.00967(15) 2.645 2.69835(12) 3.199 3.2569(38)
—4.575 —4.67588(22) —4.119 —4.20848(20) —4.972 —5.0744(86)
1.942 1.98889(14) 1.757 1.79858(31) 2.121 2.1718(50)

—0.2941 —0.30995(12) —0.2451 —0.25738(12) —0.2282 [-0.2282]

—0.007 —0.00608(13) —0.005 —0.00629(10) —0.01549 [-0.01549]

0.001056 [0.001056] 0.0009749 [0.0009749] 0.00115 [o 00115]
—0.004235 —0.004325(48) —0.003872 —0.004155(43) —0.00489 —0.00489]
0.005574 [0.005574] 0.004867 0.00561(14) 0.00635 [0 00635]
—0.002282 [-0.002282] —0.001971 —0.00225(16) —0.00261 [-0.00261]
0.0001143 [0.0001143] 0.0001811 [0.0001811] 0.0000341 [0.0000341]
—0.0000169 [—0.0000169] 0.0000158 [0.0000158] 0.0000016 [0.0000016]
—0.0000007 [—0.0000007] 0.0000029 [0.0000029] 0.0000038 [0.0000038]
399 614 114
0.036 0.031 0.038
0.6158 0.666 0.6911
0.035552(6) 0.035011(5) 0.03632(33)
[1-2H, 5-8C] [1-2H, 1-"N] [1-2H, 2-1N]

CCSD(T) exp. CCSD(T) exp. CCSD(T) exp.
9776.5 9815.766(10) 10000 10043.662(74) 9839.8 9874.25(12)
9176.2 9226.715(11) 9008.4 9055.122(64) 9098 9153.35(11)
47314 4754.44244(43) 47372 4760.2868(12) 47252 4748.4501(11)

3.189 3.2404(26) 3219 3.2846(69) 3.185 3.2483(91)

—4.968 —5.0542(57) —4.989 —5.098(15) —4.953 —5.065(19)

2.127 2.1684(31) 2.121 2.1712(86) 2.116 2.173(10)
—0.1605 [-0.1605] —0.2365 [-0.2365] —0.1544 [-0.1544]
—0.02527 [-0.02527] —0.02825 [—0.02825] —0.020 [-0.020]
0.001161 [0.001161] 0.001132 [0.001132] 0.00113 [0.00113]
—0.004939 [—0.004939] —0.004865 [—0.004865] —0.004861 [—0.004861]
0.006392 [0.006392] 0.006338 [0.006338] 0.006319 [0.006319]
—0.002617 [-0.002617] —0.002609 [—0.002609] —0.002591 [—0.002591]
0.0000379 [0.0000379] 0.0000211 [0.0000211] —0.0000059 [~0.0000059]
0.0000558 [0.0000558] 0.0000468 [0.0000468] 0.0000395 [0.0000395]
0.0000081 [0.0000081] 0.0000089 [0.0000089] 0.0000081 [0.0000081]
115 49 59
0.037 0.043 0.048
0.7672 0.6258 0.7187
0.036261(84) 0.03607(54) 0.03634(91)
[1-2H, 4-°N] [3,5-°H, 3-8C] [3,5-H, 5-8C]

CCSD(T) exp. CCSD(T) exp. CCSD(T) exp.
9990.7 10028.23(11) 9608.2 9672.736(82) 9626.7 9688.46(14)
8949.3 9001.655(99) 8504.4 8527.547(65) 8484.2 8510.11(11)
4718.7 4741.9886(14) 4509.3 4530.4206(11) 4507.7 4528.9155(12)

3.186 3.279(11) 2.848 2.878(11) 2.841 2.9118(98)

—4.937 —5.101(23) —4.419 —4.459(22) —4.407 —4.525(21)

2.099 2.176(12) 1.876 1.893(12) 1.87 1.921(11)
—0.2122 [-0.2122] —0.2602 [-0.2602] —0.2445 [—0.2445]
—0.030 [-0.030] —0.020 [-0.020] —0.027 [-0.027]
0.00112 [0.00112] 0.001103 [0.001103] 0.001106 [0.001106]
—0.004811 [—0.004811] —0.00434 [—0.00434] —0.004341 [—0.004341]
0.006264 [0.006264] 0.005444 [0.005444] 0.005438 [0.005438]
8202 https://doi.org/10.1021/acs.jpca.2c06038
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Table 3. continued

[1-*H, 4-N] [3,5-°H, 3-8C] [3,5-H, 5-5C]
CCSD(T) exp. CCSD(T) exp. CCSD(T) exp.
Hy (Hz) —0.002575 [-0.002575] —0.002209 [—0.002209] —0.002204 [—0.002204]
h, (Hz) 0.0000107 [0.0000107] 0.0002435 [0.0002435] 0.000243 [0.000243]
h, (Hz) 0.0000557 [0.0000557] 0.0000679 [0.0000679] 0.0000733 [0.0000733]
hy (Hz) 0.000012 [0.000012] 0.0000066 [0.0000066] 0.000008 [0.000008]
Nine” 47 62 54
65 (MHz) 0.047 0.042 0.038
K° 0.6116 0.554602 0.543235
A, (uA»)? 0.03680(83) 0.04026(63) 0.0407(11)
[3,5-2H, 2-°N] [1,3,5-2H, 3-8C] [1,3,5-2H, 5-8C]
CCSD(T) exp. CCSD(T) exp. CCSD(T) exp.
AP (MHz) 9515 9574.56(35) 9170.4 9234.476(29) 9103.6 9167.148(44)
B (MHz) 8543.8 8571.82(28) 8237.8 8256.767(29) 8295.9 8315.129(40)
c$®) (MHz) 4499.6 4521.0873(29) 4337.9 4357.8117(12) 4338.8 4358.8692(11)
D; (kHz) 2.824 2.887(29) 2.596 2.6631(65) 2.59 2.648(13)
Dy (kHz) —4.39 —4.479(60) —4.034 —4.164(14) —4.033 —4.143(26)
Dy (kHz) 1.871 1.903(30) 1.714 1.7814(72) 1.719 1.779(13)
d, (kHz) —0.1977 [-0.1977] —0.2630 [-0.2630] —0.2335 [-0.2335]
d, (kHz) —0.019 [-0.019] —0.011 [-0.011] —0.006 [—0.006]
H; (Hz) 0.001097 [0.001097] 0.000942 [0.000942] 0.0009467 [0.0009467]
Hy (Hz) —0.00433 [—0.00433] —0.003729 [—0.003729] —0.003754 [—0.003754]
Hyy (Hz) 0.005426 [0.005426] 0.00469 [ 0.00469] 0.004717 [ 0.004717]
Hy (Hz) —0.002193 [-0.002193] —0.001904 [-0.001904] —0.00191 [-0.00191]
h, (Hz) 0.0002403 [0.0002403] 0.0001798 [0.0001798] 0.0001843 [0.0001843]
h, (Hz) 0.0000418 [0.0000418] 0.0000314 [0.0000314] 0.000017 [0.000017]
hy (Hz) 0.0000033 [0.0000033] 0.0000041 [0.0000041] 0.0000027 [0.0000027]
Nine” 27 55 43
o (MHz) 0.055 0.042 0.04
K° 0.603148 0.599 0.6456
A, (uA»)? 0.0409(27) 0.03555(28) 0.03507(40)
[1,3,5-*H, 1-°N] [1,3,5-2H, 2-N] [1,3,5-2H, 4-°N]
CCSD(T) exp. CCSD(T) exp. CCSD(T) exp.
AP (MHz) 9108.5 9171.50(39) 8980.4 9042.54(89) 8959.7 9022.72(42)
B (MHz) 8302.5 8322.66(34) 8374 8394.41(83) 8383.1 8402.85(38)
C (MHz) 4341.8 4361.8725(38) 4331.6 4351.9015(52) 4329.3 4349.5435(22)
D; (kHz) 2.603 2.734(25) 2.574 2.578(46) 2.575 2.657(17)
Dy (kHz) —4.049 —4.298(50) —4.016 —3.996(88) —4.019 —4.187(34)
Dy (kHz) 1.724 1.843(25) 1.718 1.705(41) 1.72 1.809(18)
d, (kHz) —0.2517 [-0.2517] —-0.2012 [-0.2012] —0.2224 [-0.2224]
d, (kHz) —0.002 [-0.002] —0.004 [—0.004] 0.000373 [0.000373]
H; (Hz) 0.0009341 [0.0009341] 0.0009365 [ 0.0009365] 0.0009327 [0.0009327]
Hy (Hz) —0.003748 [—0.003748] —0.003736 [-0.003736] —0.003735 [-0.003735]
Hyy (Hz) 0.004721 [ 0.004721] 0.004696 [ 0.004696] 0.004705 [ 0.004705]
Hy (Hz) —0.001914 [-0.001914] —0.001898 [-0.001898] —0.001903 [—0.001903]
h, (Hz) 0.0001619 [0.0001619] 0.0001905 [0.0001905] 0.0001451 [0.0001451]
h, (Hz) 0.0000007 [0.0000007] 0.0000189 [ 0.0000189] —0.0000002 [-0.0000002]
hy (Hz) 0.0000012 [0.0000012] 0.0000029 [0.0000029] 0.0000017 [0.0000017]
Nine” 24 18 26
65 (MHz) 0.054 0.043 0.04
K° 0.647 0.7236 0.7347
A, (uA?)? 0.0364(34) 0.0350(81) 0.0357(38)

“Values in square brackets are fixed at the CCSD(T)/cc-pCVTZ value. “Number of independent transitions. ‘c = (2B — A — C)/(A — C). N =1,

— I, — I, calculated using PLANM.

the other isotopologues. When comparing experimentally
determined constants of this isotopologue to the other
isotopologues in either Hamiltonian reduction, but particularly
for the A-reduction, they had large deviations in magnitude
and sign. This behavior is a result of the structure of this

8203

isotopologue very closely approaching an oblate symmetric top
(x = 0.975). Thus, as has been documented in similar

5156 the A-reduction treatment breaks down

circumstances,
when the species approaches a spherical top, a prolate top (in

the I representation), or an oblate top (in the III"’
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Table 4. Spectroscopic Constants for the [1,3-?’H] Isotopologue of 1H-1,2,4-Triazole (A- and S-reduced Hamiltonians, III"

Representation)”
A-reduction
CCSD(T) exp.
AP (MHz) 9176.5 9236.4108(12)
B® (MHz) 9151.7 9178.1731(11)
C$ (MHz) 4580.2 4602.11147(25)
A; (kHz) 2.937 2.98908(99)
Ay (kHz) —4.672 —4.7348(55)
Ay (kHz) 2.052 2.0685(45S)
&) (kHz) 0.03461 0.0968(34)
6k (kHz) —14.345 —3.31(28)
@, (Hz) 0.0008944 [0.0008944]
@ (Hz) 0.023781 —0.00834(59)
@y (Hz) —0.08551 0.0177(19)
@, (Hz) 0.06083 —0.0106(13)
#; (Hz) 0.001509 [0.]
by (Hz) 0.2569 [0.]
¢x (Hz) —26.8186 [0.]
Nijes” 727
o5 (MHz) 0.040
K 0.975
A, (uA?) 0.035505(11)

S-reduction

CCSD(T) exp.
A (MHz) 9176.5 9236.4197(11)
B (MHz) 9151.7 9178.16473(86)
C (MHz) 4580.2 4602.11180(22)
D; (kHz) 2.920 2.97925(22)
Dy (kHz) —4.571 —4.67224(25)
Dy (kHz) 1.968 2.01621(28)
d; (kHz) —0.03461 —0.1025(24)
d, (kHz) —0.008 —0.00554(42)
H, (Hz) 0.001103 [0.001103]
Hy (Hz) —0.004544 —0.004552(80)
Hy 0.005777 0.00565(18)
Hy (Hz) —0.002337 [-0.002337]
h; (Hz) 0.001513 [0.001513]
h, (Hz) —0.0001044 [-0.0001044]
h; (Hz) —0.0000039 [—0.0000039]
Nines” 727
o5 (MHz) 0.040
K 0.975
A, (uA?)9 0.035500(10)

“Values in square brackets are fixed at the CCSD(T)/cc-pCVTZ value. *Number of independent transitions. ‘k = (2B — A — C)/(A — C). dAi =1

— I, — I, calculated using PLANM.

representation). Therefore, we provide the best possible fit for
each reduced Hamiltonian, and the predicted values are shown
in Table 4, where it is clear that the S-reduction provides a
better treatment of the centrifugal distortion. This effect and its
use in the structural determination is described in more detail
in the discussion below.

Structure Determination. The semi-experimental equili-
brium structure (r,°%) of 1H-1,2,4-triazole is determined by
using all the moments of inertia from the available
isotopologues (excluding [1,3-*H], vide infra) with even
weighting in the xrefit module in CFOUR. Spectroscopic
constants determined from both the A- and S-reductions were
converted to determinable constants using eqs S.1—S.6 in the
Supporting Information. The differences between the A- and S-
reduction A,”, B,”, and C,” determinable constants for all the
isotopologues used in the structural determination were very
small (<0.006 MHz), providing confidence in both fits.
Therefore, the constants used in the rt structure were the
average of the determinable constants, corrected for vibration—
rotation interactions and electron-mass distributions.

For a rigid, planar molecule, the inertial defect (A,,) should
be zero. Table 5 shows the inertial defect of 1H-1,2,4-triazole,
with and without the corrections for vibration—rotation
interactions and electron-mass distribution, and it is apparent
that the values are approaching zero as these corrections are
applied. The behavior of the inertial defect with each
correction is similar to that which has been previously
observed for the other planar heteroaromatic molecules.”®™*!
The uncorrected A, value is around 0.04 uA?. Correction for
the vibration—rotation interaction results in a sign reversal and
a reduction in the inertial defect to approximately —0.008 uA?,
and then, the addition of the electron-mass correction brings
the value quite close to zero, with an average value of 0.00102
+ 0.00031 uA2

The parameters of the r,°F structure resulting from the final
analysis involving 25 isotopologues of 1H-1,2,4-triazole are
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Table 5. Inertial Defects (A;) of 1H-1,2,4-Triazole
Isotopologues from Various Determinations of the
Moments of Inertia

isotopologue Ay (uA?) A, (uA?)“ A, (,uAZ)b
1H-1,2,4-C,H;N; 0.04089 —0.00810 0.00108
[3-13C] 0.04150 —0.00804 0.00115
[5-13C] 0.04136 —0.00821 0.00098
[1-°N] 0.04135 —0.00798 0.00121
[2-5N] 0.04143 —0.00811 0.00107
[4-°N] 0.04155 —0.00803 0.00116
[1-H] 0.03590 —0.00809 0.00110
[3,5-H] 0.04010 —0.00824 0.00095
[1,3H] 0.03569 —0.00799 0.00112
[1,5H] 0.03556 —0.00836 0.00083
[1,3,5-*H] 0.03501 —0.00844 0.00075
[1-°H,3-8C] 0.03634 —0.00825 0.00095
[1-2H,5-8C] 0.03631 —0.00819 0.00100
[1-H,1-°N] 0.03610 —0.00810 0.00110
[1-2H,2-°N] 0.03637 —0.00813 0.00106
[1-*H,4-°N] 0.03683 —0.00772 0.00147
[3-2H] 0.04044 —0.00817 0.00103
[5-*H] 0.04074 —0.00824 0.00095
[1,3,5-*H,3-3C] 0.03555 —0.00831 0.00088
[1,3,5-3H,5-°C] 0.03508 —0.00871 0.00048
[1,3,5-*H,1-°N] 0.03640 —0.00726 0.00193
[1,3,5-2H,2-°N] 0.03503 —0.00885 0.00034
[1,3,5-°H,4-°N] 0.03569 —0.00839 0.00080
[3,5-°H,3-13C] 0.04026 —0.00849 0.00071
[3,5-3H,5-%C] 0.04078 —0.00792 0.00128
[3,5-*H,2-1°N] 0.04102 —0.00778 0.00141
average () 0.03820 —0.00816 0.00103
std. dev. (s) 0.00265 0.00031 0.00031

. . . . . . by .
“Vibration—rotation interaction corrections only. “Vibration—rota-
tion interaction and electron-mass corrections.
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Table 6. Structural Parameters of 1H-1,2,4-Triazole
ECCSD(T)/cc-pCVTZ CCSD(T) BTE CCSD(T)/cc-pCVSZ CCSD(T)/cc-pCVQZ

Resy (A) 1.0752 (5) 1.0752 1.0751 1.0753
Res_y (A) 1.0753 (5) 1.0756 1.0756 1.0757
Ry (A) 1.0031 (5) 1.0031 1.0030 1.0029
Reson (A) 1.3208 (9) 1.3209 1.3203 1.3209
Ryy—cs (A) 1.3430 (8) 1.3433 1.3426 1.3432
Ryy_cz (R) 1.3605 (8) 1.3616 1.36108 1.3618
Ry, (A) 1.3513 (7) 13516 1.35058 1.3513
Ony—c3-n (deg) 121.431 (86) 121.480 121.495 121.470
Ony—cs—u (deg) 126.566 (89) 126.572 126.581 126.574
Ona—ni-n (deg) 120.099 (82) 120.080 120.102 120.091
Oni—n2—c3 (deg) 101.727 (50) 101.754 101.765 101.712
Ona—n1-cs (deg) 110.406 (59) 110.388 110.406 110.419
Onz—c3—ns (deg) 115.333 (52) 115.311 115.307 115.377

/126.57 9)°

13171 (4) A

1D4:1/(6>°
)\101.73 6y
110.04 (5)°

115.33 (5)°
102.49 (5)°
\ s

1.0752 (5) A

1.3208(9) A

121.43 (9)°

Figure 6. Semi-experimental equilibrium structure (r,°%) of 1H-1,2,4-
triazole with 20 statistical uncertainties from least-squares fitting 25
isotopologue moments of inertia.

presented in Table 6 and depicted in Figure 6. The 2¢
statistical uncertainties for the bond distances and bond angles
are <0.0009 A and <0.09°, respectively. These parameters are
determined to a similar accuracy to those of thiazole (0.0009 A
for bond distances and 0.04° for bond angles)d'0 and 1H-1,2,3-
triazole (0.0008 A for bond distances, 0.006° for internal
angles, and 0.2° for external angles)15 using the same method.

B DISCUSSION

Influence of Multiple Isotopic Substitutions on
Structure Determination (r.>f). A commonly used process
for determining the structure, Kraitchman analysis,”" requires
the use of all single-substitution isotopologues. While this
process is normally sufficient to determine all of the structural
parameters of a molecule, it has been shown previously™*™*!
that the inclusion of multiply substituted isotopologues can
contribute significantly to the accuracy and precision of the
structural parameters. Therefore, a structure resulting from
more than the singly substituted istopologues is presented
here. This analysis provides the opportunity to assess the
convergence of the structural parameters, reduce the statistical
uncertainty, and determine the accuracy of the computed best
theoretical estimate (BTE) structure. Figure 7 shows how the
inclusion of each isotopologue beyond the singly substituted
data set, which in this case has nine isotopologues, alters the
structural parameters, their statistical uncertainties, and their
level of agreement with the BTE structure. The xrefiteration
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program starts with this singly substituted data set and then
sequentially selects the next isotopologue whose addition
results in the minimal statistical uncertainty possible for that
number of isotopologues.” This provides an analysis of the
impact of each of the isotopologues on each of the structural
parameters. Examination of the first two angles in the
rightmost column of Figure 7 shows how the inclusion of
these additional isotopologues beyond the singly substituted
dataset is important for converging these parameters. At N, =
9 for Oy,_c3_p the magnitude appears reasonable, but the
uncertainly of this value is unusually large. The inclusion of just
one additional isotopologue results in a significant reduction in
the uncertainty. The progression of Oy cs_y shows the
importance of including as many isotopologues as is practical
as this parameter required the inclusion of at least 22
isotopologues to converge. The examination of Ry;_p;
required all 25 isotopologues to reach agreement with the
BTE. Only one parameter, Ry, c3, is not in 20 agreement at
N, = 25 with the BTE, where the value exceeds 26 by 0.0003
A. As can be seen from the plot in Figure 7, this parameter
begins diverging from its corresponding BTE parameter at N,
= 20 and moves further away with the addition of the final
isotopologue. This may seem problematic, however; while this
parameter diverges, all other parameters either remain in good
agreement or move closer to their BTE values when this last
isotopologue is incorporated. It is unclear whether additional
isotopologues would improve the convergence or agreement
with the BTE parameters.

BTE for the Equilibrium Structure of 1H-1,2,4-
Triazole. The previous section shows an excellent agreement
between the semi-experimental equilibrium structure and the
BTE for 12 out of 13 parameters. Figure 8 shows the
comparison of the r,5 structure with not only the BTE but also
uncorrected structures predicted using CCSD(T) with triple-
zeta, quadruple-zeta, and quintuple-zeta basis sets. It is clear
that the increase in the basis set provides an increasingly close
agreement to the parameters determined for the r,F structure.
A significant difference is observed between triple-zeta
(purple) and quadruple-zeta (gray) basis sets, where the
majority of the triple-zeta basis values are outside of the 2¢
uncertainty of the %, while all but one are in agreement for
the quadruple-zeta basis. The quintuple-zeta basis set (red)
shows a very good agreement in all parameters. In contrast, for
all but the one case of Ry,_c;, the BTE is in closer agreement
to the absolute value and well within the margins of statistical
uncertainty. Therefore, the addition of the correction terms

https://doi.org/10.1021/acs.jpca.2c06038
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are 20.

including the extrapolation from a quintuple-zeta basis set to
an infinite-zeta basis set,’® estimates of the effects of the
inclusion of full triples and perturbative quadruples, inclusion
of relativistic effects, and the use of the diagonal Born—
Oppenheimer correction (see refs 38—41 for details), shown in
Table S7 in the Supporting Information, are expected to
provide the best purely theoretical comparison to the rF
structure determined here. The corrections for the C—H or
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N-H distances cause a relatively small change in these
parameters between the quintuple-zeta and BTE structures. All
of the C—N and N—N bond distances have larger corrections
applied to the quintuple-zeta parameters. The parameter in
disagreement between the BTE and r.°® structures (Ryy_c3)
surprisingly has one of the smaller corrections.

Analysis of the A-reduced Hamiltonian for a Near-
Oblate Asymmetric Top. As mentioned earlier, there is
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evidence in the literature showing that the A-reduction is
inappropriate for the description of nearly symmetric tops.”*
The asymmetry parameter ¢ (eq 1) for III" appears in the most
commonly encountered forms of the expressions for the A-
reduced quartic centrifugal distortion constants (equations
listed in ref 54 and Table 3 of ref 59).

6=(2C—-A-B)/(A - B) (1)

It contains a difference of rotational constants in its
denominator and thus may behave analogously to the
resonance denominators encountered in the vibrational
perturbation theory. When the rotational constants of an
asymmetric top approach the prolate symmetric top limit (in
the I” and I representations) or the oblate limit (in the III" and
IIT representations), the denominator of ¢ becomes small, and
the value of ¢ becomes large. Historically, this problem has
been solved by changing the representation or reduction.*”

At the CCSD(T)/cc-pCVTZ level of theory, 0 = —21.7 in
the normal triazole isotopologue (which corresponds to k =
+0.824) versus 6 = —369.7 in the [1,3-*H] isotopologue (k =
+0.989). The off-diagonal A-reduction constant, &y, is unique
among the A-reduction quartic constants in that it contains
terms that are proportional to ¢ (eq 3). Thus, it has the
capacity to become unreasonably large, leading to a breakdown
of the A-reduction. Similarly, all of the K-dependent sextic
constants involve terms proportional to o (see the Supporting
Information), but ¢bx is most sensitive to the breakdown as it
contains terms proportional to 6> or 6* (eq 4).

TN = _zj + T;y + ZTxx(’I;cy + ’I;cz - Tyz)
- 2’1}}/(’1;}/ =T, + Tyz) - 4’1;)/(’1;:5 - Tyz) (2)
1 1 1
o= —Z(O' - 1T, - Z(O' + 1T, + 5(6’1;}/)
1
- —(T, - T
2( xz yz) ()
¢.= ! (46* — 36 + 9)D, 1 (46* + 36 + 9)®
K24 24 »

L2
- —(46" -0+ 3)D

1 1
+ 5(40'2 +06+3)P, + g(a -3)®,,

lo'(I) +l(I>
6 2

xyz ( 222

1
+ g(o- + 3)q)yyz - q)zzy)

1
+ (2B, - B, - B,) 1[—£(3a3 +26° — 156)T2,

1 3 2 2
- 5(36 - 26" - 156)T,,

1
+ ngy((w3 + 6% - 906)T,. + (36° — 6° — 90)

1 1
T,) — Z(o-?’ - 56)T,T,, — 5(0'3 - G)Tfy

1 2
+g(’1—;cx + ’I;Jy - 2’1;}/)((6 - 66)’1;2
- (62 + 66)Tyz + 66Tzz)]
4)

The breakdown of the A-reduction has also been discussed
in relation to the size of the S;;; parameter from the Watson
reduction, that is, the rotational contact transformation, and
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the relative orders of magnitude of the typical unreduced
quartic constant and the difference between the nearly
coincident rotational constants.’”" Winnewisser first em-
ployed the S-reduction in 1972 to fit the extreme near-prolate
top, DSSD (k = —0.999999).°" van Eijck proposed the S-
reduction independently shortly thereafter.”® S-reduction
eliminates the breakdown problem for nearly symmetric tops.
The S-reduced distortion constants appealingly approach those
of a true symmetric top in the symmetric top limit. Although
the S-reduction constants (except d;) also contain terms
involving o, they are proportional to 1/0, which simply goes to
zero in the symmetric top limit. The S-reduction was extended
to include sextic distortion terms by Typke in 1976.”* The S-
reduction was found to alleviate convergence difficulties and
reduce correlations between distortion constants for the nearly
oblate tops dimethylsulfoxide (x = +0.91) and F,CO (x =
+0.98).”> A similar effect of a very large ¢ can manifest in the
rotational constants. Small centrifugal effects are folded into
the rotational constants as a consequence of the rotational
contact transformation.”* These centrifugal corrections also
include o. As with quartic distortion, the A-reduced rotational
constants include corrections proportional to o, while the
corrections to the S-reduced rotational constants are propor-
tional to 1/0. In the limit of large o (oblate limit), the A-
reduced A and B rotational constants receive =+ corrections
that are twice the magnitude of the correction to g (eqs 5—7).
This effect can be seen in the difference between the fitted A
and B rotational constants in the A- and S-reductions. The
difference is ~3X larger in the [1,3-’H] isotopologue (Table 4)
than in the normal isotopologue (Table 2). The phenomenon
of anomalously large A-reduction corrections to rotational
constants was described by Helminger and de Lucia in 1975
for H,Se, an asymmetric top moderately close to the oblate
limit (k = +0.82).°'

@ _ 1
B =B, - Z(¢;+ 1)(T, + T,, — 2T,,)

o (8)
BY = B, + L6 — 1)(T + T, — 2T.)
7T,y xx » xy (6)
(A)
B; —Bz+Txx+7;y—2Txy (7)

As mentioned above, transitions for a total of 26
isotopologues were assigned and least-squares fit in this work
to determine the Ay, By, and C, constants. In light of the A-
reduction breakdown and poor fitting of the [1,3-’H]
isotopologue, this isotopologue was excluded, and 25
isotopologues were used to determine the final r,°* structure
of 1H-1,2,4-triazole. Figure S1 of the Supporting Information is
the same as Figure 7 but includes this additional isotopologue,
N,, = 26. Following the inclusion of the [1,3-*H]
isotopologue, the parameters appear to drastically increase in
statistical uncertainty, and the majority wander further away
from the BTE. As mentioned above, the near-oblate symmetric
nature of the [1,3-?H] isotopologue results in a breakdown of
the A-reduction. Therefore, to prevent any impact of the A-
reduction on the structure, only the S-reduction determinable
constants were used for this isotopologue. It appears, however,
from the inclusion of this isotopologue into the structure that
even the S-reduction was not adequate for fitting this
isotopologue in the context of structure determination and
did not provide A,”, By", and C,” constants sufficiently free of
centrifugal distortion. Comparison of the computed and
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experimentally determined distortion constants in Table 4
does not reveal any significant discrepancies. This issue
displayed in the [1,3-*H] isotopologue is only noticeable
from the analysis of its contribution to the r,°® structural
parameters. Evidence of the breakdown has not been reported
previously due to the subtlety of this breakdown, which
becomes clear only in the very detailed, high-precision analysis
performed in the course of this work.

B CONCLUSIONS

The rotational spectrum for 1H-1,2,4-triazole from 70 to 700
GHz has been analyzed, and precise rotational and centrifugal
distortion constants have been determined. These constants
and measured frequencies provide the foundation for the
search of 1H-1,2,4-triazole in Titan using data from the ALMA
radio telescope, which is currently underway.

The 50 independent moments of inertia and breadth of
spectroscopic analysis result in highly precise r.°F structural
parameters. The 20 uncertainties in the determined parameters
are comparable in magnitude to previous studies that used the
same structural determination methodology.38_41 In this case,
the discrepancy in the N4—C3 distance is an indicator that the
inclusion of as many as 25 isotopologues may not be sufficient
to determine all 13 structural parameters to the expected
accuracy and precision or that some of the constants used are
not adequately determined due to the low number of observed
transitions. It is noteworthy that neither N4 nor C3 lie close to
a principal axis; therefore, their atom positions should be well-
determined.

The fit of the [1,3-’H] isotopologue, nearly an oblate
symmetric top, resulted in an obvious breakdown of the A-
reduction Hamiltonian. While the S-reduction Hamiltonian
appeared to treat the transitions for this isotopologue well
when comparing the experimentally determined distortion
constants to the computed terms, the inclusion of this
isotopologue caused an apparent distortion of the structural
parameters and a significant increase in the parameter
uncertainties. The cause of this effect is not entirely clear
and it may be that the inclusion of even more isotopologues
would bring this into agreement. An advantage of the precise
r>F structure is that each isotopologue receives a consistency
check from the other 25 isotopologues to provide external
validation of the accuracy of the least-squares fit constants.
Therefore, the use and analysis of the xrefiteration procedure
identified a potential problem with the ability to fit a near-
oblate symmetric top using the S-reduction method, a problem
that would have otherwise gone unnoticed.

B ASSOCIATED CONTENT
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constants and the equations used to calculate them, and
the computational correction used to determine the
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