
J. Chem. Phys. 158, 044301 (2023); https://doi.org/10.1063/5.0137340 158, 044301

© 2023 Author(s).

Vibrationally excited states of 1H- and
2H-1,2,3-triazole isotopologues analyzed
by millimeter-wave and high-resolution
infrared spectroscopy with approximate
state-specific quartic distortion constants
Cite as: J. Chem. Phys. 158, 044301 (2023); https://doi.org/10.1063/5.0137340
Submitted: 01 December 2022 • Accepted: 02 January 2023 • Published Online: 25 January 2023

Maria A. Zdanovskaia, Peter R. Franke, Brian J. Esselman, et al.

https://images.scitation.org/redirect.spark?MID=176720&plid=1817977&setID=533015&channelID=0&CID=668198&banID=520703476&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=6a06a51a28cd72ad43dfa364682722e3de2b7626&location=
https://doi.org/10.1063/5.0137340
https://doi.org/10.1063/5.0137340
https://orcid.org/0000-0001-5167-8573
https://aip.scitation.org/author/Zdanovskaia%2C+Maria+A
https://orcid.org/0000-0001-9781-3179
https://aip.scitation.org/author/Franke%2C+Peter+R
https://orcid.org/0000-0002-9385-8078
https://aip.scitation.org/author/Esselman%2C+Brian+J
https://doi.org/10.1063/5.0137340
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0137340
http://crossmark.crossref.org/dialog/?doi=10.1063%2F5.0137340&domain=aip.scitation.org&date_stamp=2023-01-25


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

Vibrationally excited states
of 1H - and 2H -1,2,3-triazole isotopologues
analyzed by millimeter-wave and high-resolution
infrared spectroscopy with approximate
state-specific quartic distortion constants

Cite as: J. Chem. Phys. 158, 044301 (2023); doi: 10.1063/5.0137340
Submitted: 1 December 2022 • Accepted: 2 January 2023 •
Published Online: 25 January 2023

Maria A. Zdanovskaia,1 Peter R. Franke,2 Brian J. Esselman,1 Brant E. Billinghurst,3

Jianbao Zhao,3 John F. Stanton,2,a) R. Claude Woods,1,a) and Robert J. McMahon1,a)

AFFILIATIONS
1Department of Chemistry, University of Wisconsin–Madison, Madison, Wisconsin 53706, USA
2Quantum Theory Project, Departments of Physics and Chemistry, University of Florida, Gainesville, Florida 32611, USA
3Canadian Light Source, Inc., University of Saskatchewan, Saskatoon, Saskatchewan S7N 2V3, Canada

a)Authors to whom correspondence should be addressed: johnstanton@chem.ufl.edu; rcwoods@wisc.edu;
and robert.mcmahon@wisc.edu

ABSTRACT
In this work, we present the spectral analysis of 1H- and 2H-1,2,3-triazole vibrationally excited states alongside provisional and practical
computational predictions of the excited-state quartic centrifugal distortion constants. The low-energy fundamental vibrational states of
1H-1,2,3-triazole and five of its deuteriated isotopologues ([1-2H]-, [4-2H]-, [5-2H]-, [4,5-2H]-, and [1,4,5-2H]-1H-1,2,3-triazole), as well
as those of 2H-1,2,3-triazole and five of its deuteriated isotopologues ([2-2H]-, [4-2H]-, [2,4-2H]-, [4,5-2H]-, and [2,4,5-2H]-2H-1,2,3-
triazole), are studied using millimeter-wave spectroscopy in the 130–375 GHz frequency region. The normal and [2-2H]-isotopologues of
2H-1,2,3-triazole are also analyzed using high-resolution infrared spectroscopy, determining the precise energies of three of their low-energy
fundamental states. The resulting spectroscopic constants for each of the vibrationally excited states are reported for the first time. Coupled-
cluster vibration–rotation interaction constants are compared with each of their experimentally determined values, often showing agreement
within 500 kHz. Newly available coupled-cluster predictions of the excited-state quartic centrifugal distortion constants based on fourth-order
vibrational perturbation theory are benchmarked using a large number of the 1,2,3-triazole tautomer isotopologues and vibrationally excited
states studied.
Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0137340

INTRODUCTION

High-resolution infrared, microwave, and millimeter-wave
spectroscopies enable the accurate and precise determination of
molecular spectroscopic constants.While centrifugal distortion con-
stants can sometimes be neglected in microwave studies (low val-
ues of J and K), they become necessary for the accurate mod-
eling of most spectra involving transitions at the higher values
of J and K that are typical in high-resolution infrared (IR) or
millimeter-wave spectroscopy. As a result, accurate centrifugal
distortion constants are critical for molecular identification in the

interstellar medium (ISM) and other harsh environments.1–3 Cen-
trifugal distortion constants are dependent on the masses compris-
ing the molecule and their locations, as well as on the molecular
potential energy surfaces.4 These constants are not simply empiri-
cal corrections to the rigid-rotor approximation used to accurately
predict rotational transition frequencies; rather, they are physically
meaningful terms that provide information about the mass distri-
bution in a molecule and the vibrational motions of the atoms.
Several decades ago,Watson provided reduced centrifugal distortion
constants that are typically determined experimentally and predicted
computationally.5,6 Precise and accurate prediction of centrifugal
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distortion constants has become common within the spectroscopy
community for ground-state species.

All of the spectroscopic constants (rotational and centrifu-
gal distortion) change for vibrationally excited states, relative to
the ground state, as the mass distribution changes upon vibration.
The vibration–rotation interaction constants, or “α values,” which
are the changes to the rotational constants from the ground-state
values upon vibration, were described by Mills.7 Analogously, the
vibration–rotation interaction centrifugal distortion constants, or
“β values,” are the changes between the ground-state and vibra-
tionally excited-state centrifugal distortion constants. Computa-
tional software has applied vibrational perturbation theory to pre-
dict rotational constants, centrifugal distortion constants up to
sextic terms for the ground state, and vibration–rotation interac-
tion (α) constants for vibrationally excited states. While numerous
studies have determined centrifugal distortion constants for vibra-
tionally excited states, their prediction is challenging and has not
yet been implemented in any readily available computational chem-
istry software package. Computational predictions of the α and
β terms are important, as vibrationally excited-state spectra are com-
monly obtained along with their ground-state spectra, particularly
in millimeter-wave spectroscopy. Accurate predictions of these con-
stants may assist in assigning the spectra of vibrationally excited
states and the least-squares fitting where the centrifugal distortion
constants are necessary to model the spectra but cannot be deter-
mined directly, e.g., Coriolis-coupled vibrationally excited states.8–18

It is common practice in these cases to hold the vibrationally excited-
state centrifugal distortion values at the corresponding ground-state
values. There is a need for high-precision determination of the vibra-
tionally excited-state centrifugal distortion constants and simultane-
ous determination of their computed values to provide important
benchmarks.

Theoretical predictions for vibrationally excited-state quartic
distortion constants have been sought for some time. Early efforts
frequently targeted formulas specialized for certain atomic con-
nectivities (D3h triatomic, to name one example).19 The fact that
there exist many specialized formulas, most of which are highly
algebraically complicated, has impeded their adoption and imple-
mentation into popular software packages. Aliev published a general
formula for linear polyatomic molecules in 1986. It seems, however,
to have gone largely unappreciated.20 Numerical implementations
based on contact transformation theory have recently proven suc-
cessful. In 2004, the A-reduced rovibrational constants of water were
predicted fully to the sixth order by Seghir and co-workers.21 This
comprises the equilibrium octic constants, the first vibrational cor-
rection to the sextics, up to second vibrational correction to the
quartics, and up to the third vibrational correction to the rota-
tional constants. At the time, their implementation was restricted to
triatomic molecules. Watson discussed the vibrational dependence
of the quartics in 2005.22 He presented an expression in terms of
rotational operators and commutators and made applications to a
handful of nonlinear triatomics. Demaison, Margulès, and Boggs
predicted the vibrational dependence for NH2 using the VIBROT
code23 and similar calculations have been performed for SO2.24
A recent review included examples of higher-order perturbation
theory applied to molecules as large as pentatomics.25

1H- and 2H-1,2,3-Triazoles (C2H3N3, Cs, and C2v, respec-
tively), the subject of a recent semi-experimental equilibrium (reSE)

structure determination26 and this work, are near-oblate asymmet-
ric rotors as shown in Fig. 1. Although the equilibrium population of
the 1H tautomer in the gas phase at room temperature is very small
(ΔE = 4.2 kcal/mol; Keq ∼ 10−3), the low population of the Cs
tautomer (1H) is compensated by the fact that it is significantly
more polar (μ = 4.24 D) than the C2v tautomer (2H) (μ = 0.10 D).
Consequently, the rotational spectra of both species are readily
observable.27–31 The rotational26,32–35 and vibrational36–39 spectra
have been studied for the normal 1,2,3-triazole isotopologues, as well
as several of their deuteriated counterparts.32–34,37,38

We previously analyzed the rotational spectra of many iso-
topologues of 1H- and 2H-1,2,3-triazole in order to determine a
highly precise semi-experimental equilibrium structure for each
molecule.26 As is typical of such millimeter-wave studies, we also
observed the rotational spectra of vibrationally excited states for
a number of the isotopologues. In the current study, we report
the assignment and analysis of these vibrationally excited states.
These studies are augmented, significantly, by incorporation of addi-
tional experimental data obtained by high-resolution infrared spec-
troscopy and by theoretical predictions derived from new computa-
tional algorithms for evaluating centrifugal distortion constants for
vibrationally excited states. Analyses of vibrationally excited states of
multiple isotopologues have previously been performed,15,17,18,40–48

often in the context of halogen isotopologues and usually involv-
ing fewer isotopologues than in the present work. The current
study enables a more comprehensive comparison between the
changes to spectroscopic constants upon vibrational excitation for
several isotopologues. More importantly, it provides the opportu-
nity to apply a practical and diagnostically useful computational

FIG. 1. (a) 1H-1,2,3-triazole and (b) 2H-1,2,3-triazole with principal inertial axes,
dipole components [CCSD(T)/cc-pCVTZ], relative energies [B3LYP + ZPVE and
CCSD(T)/cc-pCVTZ + ZPVE], and asymmetry parameters κ.
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prediction of vibrationally excited-state centrifugal distortion con-
stants to a somewhat complex molecule. High-resolution infrared
spectra for 2H-1,2,3-triazole and [2-2H]-2H-1,2,3-triazole provide
the precise determination of vibrational state energies for their
low-lying fundamental states.

EXPERIMENTAL METHODS

As a neat liquid, 1,2,3-triazole exists predominantly as the 1H
tautomer by virtue of the effects of polarity/solvation. 1H-1,2,3-
Triazole was obtained from Sigma-Aldrich or Oakwood Chemi-
cal. The sample obtained from Sigma-Aldrich was pink and that
from Oakwood was colorless. The material from the first com-
mercial source contained pyridazine as a major impurity, iden-
tified by the previously determined rotational spectrum,49 and
pyrazole, identified using its rotational constants.50–52 In order to
observe low-abundance isotopologues, the sample was purified by
Kugelrohr distillation. Triazole from the second commercial source
was of higher purity and was used without further purification.
Deuteriated samples for millimeter-wave spectra were prepared
through three synthetic routes.26 The high-resolution IR spec-
trum of [2-2H]-2H-1,2,3-triazole was obtained coincidentally while
collecting the spectrum of the normal isotopologue, presumably
due to hydrogen-deuterium exchange with deuteriated molecules
that remained in the chamber from D2O used in the preceding
experiment.

Continuous broadband spectra in the 130–230 GHz and
235–375 GHz ranges were collected using 5–30 mTorr sample pres-
sures at room temperature. The instrument has been described
previously.41,49,53 The spectrum from 130 to 375 GHz was obtained
over approximately six days using the following experimental para-
meters: 0.045 kHz frequency increment, 0.6MHz/s sweep rate, 10ms
time constant, and 50 kHz AM and 500 kHz FM modulation in a
tone-burst design. Data for a given sample in these frequency ranges
were combined into a single spectral file using Assignment and
Analysis of Broadband Spectra (AABS) software.54,55 In our least-
squares fits, we assume a uniform 50 kHz frequency measurement
uncertainty for all millimeter-wave transitions, including those from
Stiefvater et al.35

High-resolution infrared data presented in this work were
recorded at the Canadian Light Source (CLS) Synchrotron Far-IR
beamline (February 2022) using a Bruker IFS 125 HR Spectrometer,
with synchrotron radiation and a 9.4 m optical pathlength difference
providing a nominal resolution of 0.000 96 cm−1. The aperture was
1.15 mm, using a KBr beamsplitter, KBr cell windows, and a Ge:Cu
detector, housed in a QMC cryogen-free cryostat (cooled by a Cry-
omech pulsed-tube cooler). The gain was set to 6×. The cell is a 2 m,
White-type multi-pass cell; the total pathlength is 72 m. These spec-
tra were obtained from 400 to 1200 cm−1 at a series of pressures
for analysis of various vibrational states, which have substantially
different infrared intensities. A uniform frequency measurement
uncertainty of 0.000 18 cm−1 (∼6 MHz) was assumed for all infrared
measurements.

Software from the AABS suite was used for spectral combi-
nation and analysis.54,55 Data were least-squares fit using ASFIT
and ASROT,56 as well as SPFIT and SPCAT.57 AC and PIFORM
programs were used for data formatting and presentation.58,59 All
least-squares fit files are provided in the supplementary material.

COMPUTATIONAL METHODS

To facilitate the preliminary analysis of experimental spectro-
scopic data, geometry optimizations with subsequent anharmonic
frequency calculations using an ultrafine grid (int =Grid = ultrafine)
were completed using Gaussian 1660 at the B3LYP/6-311+G(2d,p)
level of theory for the isotopologues of interest, providing predicted
energies for the fundamental states, as well as vibration–rotation
interaction terms. Computed relative energies are inclusive of
zero-point vibrational energy (ZPVE) contributions. Computational
output files are provided in the supplementary material.

Detailed computational and theoretical studies of the tau-
tomers of 1,2,3-triazole were performed using the CCSD(T)method:
coupled-cluster theory with a full, iterative treatment of sin-
gle and double excitations and a perturbative estimate for triple
excitations.61–64 Relative energies including ZPVE contributions
were computed at the CCSD(T)/cc-pCVTZ level of theory, as were
vibrationally averaged dipole moments with anharmonic correc-
tions. Quartic force fields, excluding the ijkl type constants, were
obtained for all isotopologues by numerical differentiation of ana-
lytical gradients as implemented in the CFOUR program (Coupled-
Cluster techniques for Computational Chemistry).65,66 The ANO1
basis set was used, and the frozen-core approximation was made.67
Additionally, optimizations and harmonic frequency computations
were carried out with the cc-pwCVQZ basis set with all electrons
correlated.68–70 The harmonic frequencies and rotational constants
in the CCSD(T)/ANO1 quartic force fields were replaced with the
corresponding CCSD(T)/cc-pwCVQZ values.71,72

Rovibrational constants were predicted using a Vibrational
Perturbation Theory (VPT) code written in Mathematica.73 Anhar-
monic vibrational frequencies were evaluated with second-order
vibrational perturbation theory (VPT2)—in some cases, treat-
ing Fermi resonances with the perturb-then-diagonalize schemes:
VPT2+F or VPT2+K.74,75 Fermi resonance interactions were treated
explicitly if they displayed a variational-perturbational difference
of greater than 1 cm−1. The equilibrium sextic centrifugal distor-
tion constants and vibrational corrections to the rotational constants
were evaluated in the conventional way, from fourth-order vibra-
tional perturbation theory (VPT4) and VPT2, respectively.7,76–78

For the quartic centrifugal distortion constants, both the equi-
librium values (from VPT2) and the first vibrational corrections
(from VPT4) were evaluated. These fourth-order quartic distor-
tion constants were obtained from an analytical implementation
of a partially incomplete theory. Specifically, only the perturbation
products proportional to J4 were considered, neglecting perturba-
tion products with higher powers of J capable of being reduced
to J4 through rotational angular momentum commutators.77 In
the notation used by Aliev and Watson, where the indices cor-
respond to the number of vibrational and rotational operators,
respectively, the following nine perturbation products were con-
sidered: H32 × H12, H22 × H22, H22 × H12 × H30, H12 × H12
× H40, H22 × H21 × H21, H12 × H31 × H21, H12 × H12 × H30 × H30,
H12 × H21 × H21 × H30, and H21 × H21 × H21 × H21.22,77 The
full fourth-order expression and a thorough benchmark against
experimental quartic constants will be presented in a later work.
Although it is not obvious that the incomplete fourth-order treat-
ment should be successful, preliminary comparisons have shown it
to provide a reliable improvement over VPT2 for most molecules.
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Its performance is less satisfactory for small, light molecules like
H2O and H2CO.

ANALYSIS OF 1H -1,2,3-TRIAZOLE
ROTATIONAL SPECTRA

Both 1H- and 2H-1,2,3-triazole exhibit a typical oblate-top
band structure in our frequency region. The most intense peaks
are sets of degenerate R-branch transitions in the Ka = 0+ and 1−

series. The J values of the R-branch transitions decrease moving
away from the bandhead and Ka values correspondingly increase.
Eventually, these sets of transitions lose degeneracy, forming dou-
blets of aR0,1 transitions (in the case ofC2v isotopologues) or quartets
(of aR0,1, bR1,−1, and bR1,1 transitions in the case ofCs isotopologues).
A small segment of the rotational spectrum, showing bandheads
of each of the 1,2,3-triazole ground vibrational states of the nor-
mal isotopologues and the more widely spread bands of their much
lower-intensity vibrational satellites, is presented in Fig. 2.

Transitions belonging to the four lowest-energy vibrationally
excited states of 1H-1,2,3-triazole were observed: fundamentals ν18,
ν17, ν16, and ν15. The vibrational manifolds up to 900 cm−1 for
1H- and 2H-1,2,3-triazole isotopologues described in this work are
plotted in Figs. 3 and 4, respectively. For 1H-1,2,3-triazole, the
lowest-energy vibrationally excited state, ν18 (561 cm−1, A′′), mainly

FIG. 2. Predicted stick and experimental spectra from 204.80 to 205.15 GHz
displaying 2H-1,2,3-triazole (top) and from 203.6 to 204.0 GHz displaying 1H-
1,2,3-triazole (bottom) of the normal isotopologues and their vibrationally excited
states. Transitions belonging to each tautomer are visible in both spectra but are
only labeled in the one in which they dominate.

FIG. 3. Vibrational energy levels of 1H-1,2,3-triazole isotopologues, below
900 cm−1. Fundamental frequencies were predicted with VPT2 based on the
CCSD(T) quartic force fields described in the Computational Methods section.
Labels on the right-hand side correspond in color and relative order along the
y-axis to the vibrational states represented in that color.

comprises the out-of-plane N–H bend. The second fundamental, ν17
(648 cm−1, A′′), involves a torsion of the C–C bond relative to the
N-atoms, with an out-of-plane N–H bend. The third fundamental,
ν16 (715 cm−1, A′′), is the N2–N3 torsion relative to the rest of the
ring. The motion associated with ν15 (764 cm−1, A′′) is a symmet-
ric, out-of-plane wag of the C–H bonds. Fortuitously, the observed
vibrational states of the main isotopologue are sufficiently distant
in energy that no perturbation due to Coriolis-coupling is appar-
ent in the observed transitions. As expected, the frequency of the
lowest-energy vibrationally excited state decreases when hydrogen is
substituted with deuterium, easily observed in Fig. 3 for ν18. Deuteri-
ation of triazole results in several of the vibrationally excited states
moving closer together in energy. Thus, it is expected that couplings
will arise for some vibrational states of the [1-2H]-, [4-2H]-, [5-2H]-,
and [4,5-2H]-1H-1,2,3-triazole isotopologues that were not observed
for their normal-isotopologue counterparts.

FIG. 4. Vibrational energy levels of 2H-1,2,3-triazole isotopologues, below
900 cm−1. Fundamental frequencies were predicted with VPT2 based on the
CCSD(T) quartic force fields described in the Computational Methods section. Due
to certain substitution patterns changing the molecular symmetry from C2v to Cs,
state labels change for the two symmetries and are provided on the right. Matching
colors indicate analogous vibrational motions.
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For the normal isotopologue of 2H-1,2,3-triazole, we observed
transitions for five vibrationally excited states: ν12 (532 cm−1, B1),
the out-of-plane N–H wag; ν9 (667 cm−1, A2), the C–C bond tor-
sion relative to the N-atoms; ν11 (709 cm−1, B1), the symmetric,
out-of-plane bend of the N–N–C bonds; ν10 (828 cm−1, B1), the

symmetric, out-of-plane wag of the C–H bonds; and ν8 (880 cm−1,
A2), an antisymmetric, out-of-plane C–H bond wag. Similar to the
1H-tautomer, deuterium substitution at the nitrogen atom results
in a substantial decrease in the frequency of the lowest-energy
vibrationally excited state.

TABLE I. Experimental and computational spectroscopic constants for vibrational states of the normal isotopologue of 1H-1,2,3-triazole (S-reduced Hamiltonian, IIIr

representation).

Ground state ν18 (A′′, 561 cm−1)a ν17 (A′′, 648 cm−1)a

CCSD(T)b Experimental CCSD(T)c Experimental CCSD(T)c Experimental

Av (MHz) 10 031.6 10 030.800 91 (26) 10 011.0995 10 011.209 (16) 10 001.7569 10 001.253 (30)
Bv (MHz) 9 869.6 9 870.690 16 (27) 9 846.5670 9 846.181 (16) 9 847.1537 9 846.256 (31)
Cv (MHz) 4 972.3 4 972.941 28 (21) 4 971.7822 4 971.518 12 (27) 4 974.2858 4 974.330 00 (81)
DJ (kHz) 3.65 3.683 91 (31) 3.68 3.686 54 (29) 3.64 3.637 2 (30)
DJK (kHz) −5.72 −5.772 36 (19) −5.76 −5.754 91 (35) −5.66 −5.602 5 (66)
DK (kHz) 2.46 2.490 22 (25) 2.48 2.473 64 (27) 2.42 2.367 4 (35)
d1 (kHz) 0.035 7 0.039 01 (35) 0.0404 [0.040 4] 0.0424 [0.042 4]
d2 (kHz) 0.017 6 0.016 043 (77) 0.0179 [0.017 9] 0.0123 [0.012 3]
HJ (Hz) 0.001 46 0.000 78 (15) [0.000 78] [0.000 78]
HJK (Hz) −0.006 22 −0.006 045 (54) [−0.006 045] [−0.006 045]
HKJ (Hz) 0.008 07 0.007 95 (13) [0.007 95] [0.007 95]
HK (Hz) −0.003 30 −0.002 96 (15) [−0.002 96] [−0.002 96]
h1 (Hz) 0.000 167 [0.000 167] [0.000 167] [0.000 167]
h2 (Hz) −0.000 283 [−0.000 283] [−0.000 283] [−0.000 283]
h3 (Hz) 0.000 135 [0.000 135] [0.000 135] [0.000 135]
N lines

d 838e 228 103
σ (MHz) 0.033 0.045 0.045

ν16 (A′′, 715 cm−1)a ν15 (A′′, 764 cm−1)a

CCSD(T)c Experimental CCSD(T)c Experimental

Av (MHz) 10 003.0140 10 003.17 (10) 10 003.6294 10 004.07 (27)
Bv (MHz) 9 833.2139 9 831.58 (10) 9 856.7590 9 855.81 (26)
Cv (MHz) 4 973.7949 4 973.889 19 (91) 4 975.1131 4 975.071 9 (12)
DJ (kHz) 3.61 3.623 0 (40) 3.59 3.595 3 (54)
DJK (kHz) −5.58 −5.523 7 (87) −5.58 −5.539 (12)
DK (kHz) 2.38 2.303 4 (47) 2.39 2.344 9 (64)
d1 (kHz) 0.0299 [0.029 9] 0.0712 [0.071 2]
d2 (kHz) 0.0112 [0.011 2] 0.0188 [0.018 8]
HJ (Hz) [0.000 78] [0.000 78]
HJK (Hz) [−0.006 045] [−0.006 045]
HKJ (Hz) [0.007 95] [0.007 95]
HK (Hz) [−0.002 96] [−0.002 96]
h1 (Hz) [0.000 167] [0.000 167]
h2 (Hz) [−0.000 283] [−0.000 283]
h3 (Hz) [0.000 135] [0.000 135]
N lines

d 88 63
σ (MHz) 0.045 0.048
aFundamental frequencies were predicted with VPT2 based on the CCSD(T) quartic force fields described in the Computational Methods section.
bCalculated with provisional treatment described in “Computational Methods.”
cExperimentally determined ground-state constants adjusted by the corresponding computed VPT2 α or VPT4 β values, based on the quartic force field.
dNumber of independent transitions.
eTransitions reported by Stiefvater et al.35 are included in the least-squares fit.
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Although the spectroscopic constants for the ground vibra-
tional state of all isotopologues discussed herein have been reported
previously,26 the values are slightly modified here by the incorpo-
ration of computed approximate VPT4 centrifugal distortion con-
stants for those centrifugal distortion terms that could not be deter-
mined. The least-squares fitted parameters for the five lowest-energy

vibrational states of the normal isotopologue of 1H-1,2,3-triazole
are provided in Table I, alongside the predicted constants for each
observed state. Rotational and quartic centrifugal distortion con-
stants for vibrationally excited states were predicted by calculating
the change from computed ground-state value to computed excited-
state value, i.e., αx = Bx

0 − Bx
v and βx = Dx

0 −Dx
v values, respectively,

TABLE II. Experimental and computational spectroscopic constants for vibrational states of deuteriated isotopologues of 1H-1,2,3-triazole (S-reduced Hamiltonian, IIIr

representation).

[1–2H]-1H-1,2,3-triazole

Ground state ν18 (A′′, 441 cm−1)a ν17 (A′′, 626 cm−1)a

CCSD(T)b Experimental CCSD(T)c Experimental CCSD(T)c Experimental

Av (MHz) 9965.31 9967.792 48 (30) 9929.87 9929.592 (36) 9937.10 9937.66 (16)
Bv (MHz) 9162.58 9160.302 29 (25) 9158.30 9158.167 (32) 9136.57 9135.66 (12)
Cv (MHz) 4771.30 4771.761 34 (16) 4773.64 4773.581 51 (84) 4773.19 4773.165 8 (26)
DJ (kHz) 3.33 3.358 39 (14) 3.325 3.332 8 (36) 3.308 3.426 (22)
DJK (kHz) −5.18 −5.234 22 (22) −5.163 −5.164 6 (79) −5.106 −5.284 (45)
DK (kHz) 2.21 2.239 29 (13) 2.20 2.197 3 (42) 2.16 2.218 (23)
d1 (kHz) −0.240 −0.242 59 (32) −0.222 [−0.222] −0.227 [−0.227]
d2 (kHz) 0.009 0 0.010 13 (11) 0.0124 [0.012 4] 0.0189 [0.018 9]
HJ (Hz) 0.001 22 [0.001 22] [0.001 22] [0.001 22]
HJK (Hz) −0.005 19 [−0.005 19] [−0.005 19] [−0.005 19]
HKJ (Hz) 0.006 76 [0.006 76] [0.006 76] [0.006 76]
HK (Hz) −0.002 79 [−0.002 79] [−0.002 79] [−0.002 79]
h1 (Hz) 0.000 115 [0.000 115] [0.000 115] [0.000 115]
h2 (Hz) 0.000 024 4 [0.000 024 4] [0.000 024 4] [0.000 024 4]
h3 (Hz) 0.000 005 0 [0.000 005 0] [0.000 005 0] [0.000 005 0]
N lines

d 502 97 38
σ (MHz) 0.039 0.048 0.053

[4-2H]-1H-1,2,3-triazole [5-2H]-1H-1,2,3-triazole

Ground state ν18 (A′′, 555 cm−1)a Ground state ν18 (A′′, 534 cm−1)a

CCSD(T)b Experimental CCSD(T)c Experimental CCSD(T)b Experimental CCSD(T)c Experimental

Av (MHz) 9885.91 9888.396 21 (62) 9854.15 [9854.1] 9994.58 9992.087 77 (66) 9950.03 9951.45 (37)
Bv (MHz) 9114.81 9113.048 56 (52) 9100.21 9100.048 (20) 9014.31 9016.982 98 (45) 9004.85 9003.49 (32)
Cv (MHz) 4739.93 4740.530 54 (17) 4740.25 4740.091 3 (26) 4737.18 4737.864 55 (17) 4739.50 4739.538 7 (23)
DJ (kHz) 3.30 3.329 73 (33) 3.340 3.350 (14) 3.26 3.284 98 (47) 3.238 3.233 (18)
DJK (kHz) −5.15 −5.199 04 (47) −5.218 −5.220 (16) −5.08 −5.132 49 (75) −5.035 −5.019 (21)
DK (kHz) 2.20 2.225 59 (33) 2.24 [2.24] 2.18 2.204 80 (45) 2.16 [2.16]
d1 (kHz) −0.275 −0.280 38 (71) −0.290 [−0.290] −0.107 −0.107 2 (11) −0.0705 [−0.070 5]
d2 (kHz) −0.046 8 −0.045 8 (12) −0.0534 [−0.053 4] −0.041 5 −0.046 0 (19) −0.0599 [−0.059 9]
HJ (Hz) 0.001 29 [0.001 29] [0.001 29] 0.001 34 [0.001 3] [0.001 3]
HJK (Hz) −0.005 36 [−0.005 36] [−0.005 36] −0.005 48 [−0.005 48] [−0.005 48]
HKJ (Hz) 0.006 90 [0.006 90] [0.006 90] 0.006 95 [0.006 95] [0.006 95]
HK (Hz) −0.002 83 [−0.002 83] [−0.002 83] −0.002 82 [−0.002 82] [−0.002 82]
h1 (Hz) 0.000 102 [0.000 102] [0.000 102] 0.000 132 [0.000 132] [0.000 132]
h2 (Hz) 0.000 121 [0.000 121] [0.000 121] 0.000 105 [0.000 105] [0.000 105]
h3 (Hz) 0.000 010 4 [0.000 010 4] [0.000 010 4] −0.000 003 4 [−0.000 003 4] [−0.000 003 4]
N lines

d 392 21 358 28
σ (MHz) 0.036 0.052 0.037 0.046
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TABLE II. (Continued.)

[1,4,5-2H]-1H-1,2,3-triazole [4,5-2H]-1H-1,2,3-triazole

Ground state ν18 (A′′, 440 cm−1)a Ground state ν18 (A′′, 529 cm−1)a

CCSD(T)b Experimental CCSD(T)c Experimental CCSD(T)b Experimental CCSD(T)c Experimental

Av (MHz) 8943.37 8946.165 84 (36) 8914.99 8914.87 (13) 9195.43 9193.245 81 (19) 9158.85 9158.599 (22)
Bv (MHz) 8502.93 8500.444 16 (30) 8499.29 8498.99 (12) 8925.69 8928.273 11 (18) 8911.39 8911.468 (21)
Cv (MHz) 4356.92 4357.362 69 (19) 4358.97 4358.931 55 (71) 4527.07 4527.666 58 (11) 4528.99 4529.037 67 (31)
DJ (kHz) 2.68 2.706 82 (16) 2.685 2.683 0 (44) 2.94 2.962 352 (78) 2.938 2.946 46 (83)
DJK (kHz) −4.21 −4.252 07 (29) −4.204 −4.191 1 (97) −4.62 −4.663 491 (90) −4.606 −4.560 3 (14)
DK (kHz) 1.81 1.832 97 (15) 1.81 1.798 2 (55) 2.00 2.018 421 (75) 1.99 1.935 02 (100)
d1 (kHz) −0.165 −0.168 79 (28) −0.155 [−0.155] −0.003 −0.000 96 (14) 0.0316 [0.031 6]
d2 (kHz) −0.015 4 −0.014 98 (18) −0.0134 [−0.013 4] 0.008 8 0.008 14 (14) 0.0255 [0.025 5]
HJ (Hz) 0.001 02 [0.001 02] [0.001 02] 0.001 20 [0.001 20] [0.001 20]
HJK (Hz) −0.004 14 [−0.004 14] [−0.004 14] −0.004 88 [−0.004 88] [−0.004 88]
HKJ (Hz) 0.005 23 0.005 056 (92) 0.005 056 (92) 0.006 15 [0.006 15] [0.006 15]
HK (Hz) −0.002 11 [−0.002 11] [−0.002 11] −0.002 48 [−0.002 48] [−0.002 48]
h1 (Hz) 0.000 057 [0.000 057] [0.000 057] 0.000 073 [0.000 073] [0.000 073]
h2 (Hz) 0.000 046 [0.000 046] [0.000 046] −0.000 072 [−0.000 072] [−0.000 072]
h3 (Hz) 0.000 011 6 [0.000 011 6] [0.000 011 6] 0.000 018 7 [0.000 018 7] [0.000 018 7]
N lines

d 543 62 718 94
σ (MHz) 0.039 0.047 0.036 0.040
aFundamental frequencies were predicted with VPT2 based on the CCSD(T) quartic force fields described in the Computational Methods section.
bCalculated with provisional treatment described in “Computational Methods.”
cExperimentally determined ground-state constants adjusted by the corresponding computed VPT2 α or VPT4 β values, based on the quartic force field.
dNumber of independent transitions.

and applying this change to the experimentally determined ground-
state value. All excited-state sextic centrifugal distortion constants
that could not be determined were held constant at the correspond-
ing ground-state value, as no computational values are available.
While the dipole moment of 1H-1,2,3-triazole can compensate for
its low population relative to 2H-1,2,3-triazole, allowing its rota-
tional spectrum to be recorded in this work, the relative intensities
of the infrared transitions are almost entirely dependent on the
populations. Thus, 1H-1,2,3-triazole was not observed in the high-
resolution infrared spectrum, and no vibrational energies were mea-
sured for its excited states. Rotational constants for the ground and
excited vibrational states are predicted within 0.03% of their experi-
mental values. For the ground state, where all quartic centrifugal dis-
tortion constants and several sextic constants could be determined,
the purely computational values are in good agreement—all quar-
tic terms are within 10% of their experimental values, and the three
on-diagonal sextic terms other than HJ are within 12%. The exper-
imental value of HJ is approximately one-half its predicted value.
The experimentally determined value of HJ may be affected by the
need to hold the off-diagonal terms constant at their predicted val-
ues and may not be reliable. The computational values of the quartic
centrifugal distortion constants that could be determined for the
vibrationally excited states are within 4% of their predicted values,
which is quite good agreement. Importantly, there is nearly always
better agreement between the computed values of the quartic cen-
trifugal distortion constants with their experimental counterparts

than the agreement between the ground- and excited-state centrifu-
gal distortion constants.

Spectroscopic constants for [1-2H]-, [4-2H]-, [5-2H]-,
[1,4,5-2H]-, and [4,5-2H]-1H-1,2,3-triazole and their observed
vibrationally excited states are provided in Table II. The predicted
rotational constants are all within 0.1% of their experimental values.
On-diagonal quartic distortion constants are within 4%, as are
most of the off-diagonal quartic distortion constants. The only
large discrepancy occurs for [4,5-2H]-1H-1,2,3-triazole, whose
ground-state experimental value of d1 is nearly one-third its pre-
dicted value. The substantial error may be related to the quite small
magnitudes of the computed and experimental constants, which are
the smallest magnitude of any of the off-diagonal quartic distortion
constants. The computed d1 and d2 values for ν18 of [4,5-2H]-1H-
1,2,3-triazole differ in both sign and order of magnitude from the
computed and experimental ground-state values. Importantly, as
with the normal isotopologue, there is consistently better agreement
between the computed values of the quartic distortion constants
with their experimental counterparts than with the ground-state
values.

ANALYSIS OF 2H -1,2,3-TRIAZOLE ROTATIONAL
AND INFRARED SPECTRA

In addition to data from the millimeter-wave spectrum,
the high-resolution infrared spectrum of 2H-1,2,3-triazole was
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FIG. 5. Predicted stick spectrum from 625 to 750 cm−1 (top) experimental high-
resolution infrared spectrum (bottom) of 2H-1,2,3-triazole and the unintentional but
fortuitously observed [2-2H]-2H-1,2,3-triazole.

measured, enabling the determination of several vibrational-state
energies. Figure 5 displays a segment of the infrared spectrum,
which includes the unintentional, but fortuitous and quite clear
signals of the [2-2H]-2H-1,2,3-triazole isotopologue. Spectroscopic
constants for the vibrational states of the normal isotopologue are
provided in Table III. Rotational and centrifugal distortion constants
for the ground state are fitted using a single-state model with only
millimeter-wave data. Since several sextic and, in some cases, quartic
centrifugal distortion constants could not be determined experimen-
tally for the vibrationally excited states and had to be held constant,
they are held constant at the corresponding ground-state (sextic) or
computed (quartic) values. When infrared transitions are included
in the least-squares fit, however, the spectroscopic constants for the
ground- and exited-states become dependent on one another. As a
result, holding excited-state terms fixed at the ground-state value
while fitting that ground-state value results in a mild distortion of
the ground-state constant. In order to avoid such perturbation of
the constants, in the combined-state least-squares fit, the ground-
state values were held constant at the values determined from
millimeter-wave spectra and excited-state constants were allowed to
be fit—these constants are provided in Table III.

As in the case of 1H-1,2,3-triazole, the rotational constants for
all of the observed vibrational states for the normal isotopologue
of 2H-1,2,3-triazole are predicted within 0.1% of their experimental
values. Most of the quartic centrifugal distortion constants are pre-
dicted within 7% of their experimental values. The exceptions are
d1 of ν10 (13%) and DJK and DK of ν8 (13% and 35%, respectively).
For the ground state, the predicted sextic distortion constants are
within 40% (HJ), and the rest are within 11% of the values that could
be determined. Overall, the spectroscopic constants are in good
agreement between prediction and observation. While vibrationally
excited-state sextic centrifugal distortion constants are yet beyond
the capabilities of computational prediction, we have measured sev-
eral such values for the first time for a few of the fundamental
states of 2H-1,2,3-triazole. These values appear reasonably similar
to those of the ground state, though ν10 displays some changes in
its sextic terms by an order of magnitude. This may be physically

meaningful or may be a result of the limited number of rotational
transitions that were able to be observed and used for least-squares
fitting.

Several infrared bands that, while less intense than the most
intense bands of 2H-1,2,3-triazole, were nevertheless quite clear
turned out to belong to [2-2H]-2H-1,2,3-triazole. As previously
mentioned, we attribute the abundance of this species to the fact that
the experiment immediately preceding the triazole analysis involved
deuterium oxide and an acid, which appear to have left a source
of deuterium on the walls of the infrared cell. As a result, several
vibrational energies of the [2-2H]-2H-1,2,3-triazole have also been
measured and are provided in Table IV alongside the spectroscopic
constants. As with the normal isotopologue, the ground vibrational
state was initially least-squares fit independently and then combined
into the multi-state fit with its constants held fixed to the determined
values.

The predicted rotational constants for [2-2H]-2H-1,2,3-
triazole, again, are within 0.1% of the experimentally determined
values, and the quartic centrifugal distortion constants are within
13%, with one exception. The value of d2 for ν11 (the third lowest-
energy fundamental state) is nearly an order of magnitude smaller
than predicted. Although it appears to be well-determined by the
value of its uncertainty, it is determined using only high-resolution
infrared data, as it was too low in intensity to be observed in the
millimeter-wave spectrum. Given the lower precision of infrared
data relative tomillimeter-wave, there is a possibility that this term is
less accurately determined than it appears. As shown in Fig. 4, upon
deuteriation at the nitrogen atom, the energies of ν11 and ν9 become
quite close (ΔE11–9 ∼ 3 cm−1) for [2-2H]-2H-1,2,3-triazole. Since ν9
has A2 symmetry, its vibrational transitions have no infrared inten-
sity. The rotational transitions of ν11 and ν9 were too weak in the
deuteriated samples studied to bemeasured. As a result, the Coriolis-
coupling interaction cannot be properly addressed between ν11 and
ν9, providing additional uncertainty into the physical meaning of the
ν11 spectroscopic constants. The sextic centrifugal distortion con-
stants of the ground state are very well predicted—within 14% of the
experimental values.

Other deuteriated isotopologues of 2H-1,2,3-triazole were,
unsurprisingly, not in sufficiently high abundance to be observed
in the high-resolution infrared spectrum. The vibrationally excited
states of several deuteriated isotopologues were, however, observed
in our millimeter-wave data. The computed and resultant spectro-
scopic constants for [4-2H]-, [2,4-2H]-, [2,4,5-2H]-, and [4,5-2H]-
2H-1,2,3-triazoles are provided in Table V. The agreement between
predicted and experimentally determined rotational constants for
the vibrational states of the additional deuteriated isotopologues
is, as with the other 1,2,3-triazoles, spectacular—all are predicted
within 0.1% of their experimental values. The on-diagonal quartic
distortion constants are all predicted within 4% (many of which
are predicted within 1%), and the off-diagonal quartic distortion
constants are predicted within 41% of those values that could be
determined experimentally. While this error may appear large, it
is reasonable for the smaller magnitude of the constants and, in
most cases, compares better than a comparison of the ground-state
value to the excited-state value. This comparison illustrates the util-
ity of the approximate VPT4 treatment of the quartic centrifugal
distortion constants used here.
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TABLE III. Experimental and computational spectroscopic constants for vibrational states of the normal isotopologue of 2H-1,2,3-triazole (S-reduced Hamiltonian, IIIr

representation).

Ground state ν12 (B1, 532 cm−1)a ν9 (A2, 667 cm−1)a

CCSD(T)b Experimentalc CCSD(T)d Experimentale CCSD(T)d Experimentalc

Av (MHz) 10 256.1 10 252.030 68 (14) 10 241.8765 10 241.685 86 (10) 10 229.0521 10 229.363 3 (62)
Bv (MHz) 9 772.5 9 776.988 57 (14) 9 740.7395 9 740.296 26 (10) 9 748.5285 9 747.746 3 (66)
Cv (MHz) 5 001.7 5 002.457 50 (15) 4 999.8248 4 999.479 007 (87) 5 004.2802 5 004.285 78 (26)
DJ (kHz) 3.622 3.653 29 (22) 3.66 3.657 919 (68) 3.62 3.616 2 (12)
DJK (kHz) −5.660 −5.716 93 (14) −5.71 −5.705 40 (12) −5.62 −5.577 0 (27)
DK (kHz) 2.437 2.465 81 (16) 2.46 2.453 980 (86) 2.41 2.364 8 (15)
d1 (kHz) 0.110 0.113 250 (78) 0.1203 0.119 414 (15) 0.1067 [0.106 7]
d2 (kHz) 0.015 2 0.015 177 (84) 0.0128 0.013 664 (15) 0.0117 [0.011 7]
HJ (Hz) 0.001 52 0.001 09 (11) 0.001 097 (14) [0.001 09]
HJK (Hz) −0.006 31 −0.006 068 (40) −0.005 902 (41) [−0.006 068]
HKJ (Hz) 0.008 07 0.007 627 (96) 0.007 495 (73) [0.007 627]
HK (Hz) −0.003 27 −0.002 96 (10) −0.002 947 (51) [−0.002 96]
h1 (Hz) 0.000 000 746 [0.000 000 746] [0.000 000 746] [0.000 000 746]
h2 (Hz) −0.000 149 [−0.000 149] [−0.000 149] [−0.000 149]
h3 (Hz) 0.000 015 5 [0.000 015 5] [0.000 015 5] [0.000 015 5]
Energy (MHz) 15 976 972.022 (59)
Energy (cm−1) 532.934 421 6 (20)
N lines

f 912 / 0 575 / 4658 134 / 0
σ (MHz) 0.023 0.032 / 2.06 0.036

ν11 (B1, 709 cm−1)a ν10 (B1, 828 cm−1)a ν8 (A2, 880 cm−1)a

CCSD(T)d Experimentale CCSD(T)d Experimentale CCSD(T)d Experimentalc

Av (MHz) 10 230.1401 10 228.662 81 (40) 10 223.3211 10 223.408 57 (87) 10 228.4077 10 221.67 (97)
Bv (MHz) 9 738.2337 9 738.433 64 (41) 9 756.3109 9 756.158 95 (89) 9 741.9996 9 749.40 (89)
Cv (MHz) 5 003.0315 5 003.124 29 (17) 5 004.0050 5 004.026 87 (34) 5 002.7639 5 002.809 75 (61)
DJ (kHz) 3.58 3.586 36 (19) 3.58 3.582 87 (69) 3.24 3.148 (19)
DJK (kHz) −5.53 −5.474 31 (43) −5.57 −5.499 8 (15) −4.83 −4.274 (40)
DK (kHz) 2.36 2.292 15 (30) 2.38 2.319 61 (95) 1.99 1.525 (21)
d1 (kHz) 0.0874 0.091 016 (50) 0.132 0.131 17 (13) 0.0507 [0.050 7]
d2 (kHz) 0.0239 0.024 431 (20) 0.0405 0.035 949 (48) −0.0582 [−0.058 2]
HJ (Hz) 0.000 783 (36) 0.001 60 (18) [0.001 09]
HJK (Hz) −0.003 94 (10) −0.021 88 (58) [−0.006 068]
HKJ (Hz) 0.005 866 (84) 0.034 19 (74) [0.007 627]
HK (Hz) [−0.002 96] −0.014 28 (38) [−0.002 96]
h1 (Hz) [0.000 000 746] [0.000 000 746] [0.000 000 746]
h2 (Hz) [−0.000 149] [−0.000 149] [−0.000 149]
h3 (Hz) [0.000 015 5] [0.000 015 5] [0.000 015 5]
Energy (MHz) 21 180 769.551 (89) 24 751 679.31 (16)
Energy (cm−1) 706.514 423 1 (30) 825.627 151 4 (53)
N lines

f 135 / 4081 35 / 2170 35 / 0
σ (MHz) 0.035 / 2.28 0.034 / 3.08 0.029
aFundamental frequencies were predicted with VPT2 based on the CCSD(T) quartic force fields described in the Computational Methods section.
bCalculated with provisional treatment described in “Computational Methods.”
cSpectroscopic constants determined using millimeter-wave data only.
dExperimentally determined ground-state constants adjusted by the corresponding computed VPT2 α or VPT4 β values, based on the quartic force field.
eSpectroscopic constants determined using combination of millimeter-wave and infrared data.
fNumber of independent transitions (millimeter-wave/infrared).
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TABLE IV. Experimental and computational spectroscopic constants for vibrational states of [2-2H]-2H-1,2,3-triazole (S-reduced
Hamiltonian, IIIr representation).a

Ground state ν12 (B1, 421 cm−1)b

CCSD(T)c Experimentald CCSD(T)e Experimentalf

Av (MHz) 9774.6 9778.795 92 (42) 9737.319 1 9737.308 31 (14)
Bv (MHz) 9469.7 9465.815 41 (50) 9467.400 4 9466.975 70 (12)
Cv (MHz) 4807.8 4808.309 19 (44) 4809.348 5 4809.247 691 (58)
DJ (kHz) 3.30 3.326 12 (51) 3.31 3.308 943 (28)
DJK (kHz) −5.14 −5.193 89 (45) −5.15 −5.142 789 (72)
DK (kHz) 2.21 2.230 36 (47) 2.21 2.199 759 (57)
d1 (kHz) −0.258 −0.262 65 (55) −0.252 −0.251 910 (24)
d2 (kHz) 0.003 78 0.003 601 (72) 0.003 60 0.004 138 (24)
HJ (Hz) 0.001 28 0.001 22 (25) [0.001 22]
HJK (Hz) −0.005 29 −0.005 32 (10) [−0.005 32]
HKJ (Hz) 0.006 78 0.007 30 (23) [0.007 30]
HK (Hz) −0.002 76 −0.003 20 (25) [−0.003 20]
h1 (Hz) 0.000 074 9 [0.000 074 9] [0.000 074 9]
h2 (Hz) −0.000 096 9 [−0.000 096 9] [−0.000 096 9]
h3 (Hz) −0.000 021 3 [−0.000 021 3] [−0.000 021 3]
Energy (MHz) 12 620 338.315 (86)
Energy (cm−1) 420.969 173 1 (29)
N lines

g 478 / 0 203 / 2487
σ (MHz) 0.036 0.039 / 2.09

ν11 (B1, 671 cm−1) ν10 (B1, 826 cm−1)

CCSD(T)e Experimentalh CCSD(T)e Experimentalh

Av (MHz) 9739.3060 9 739.265 95 (96) 9757.3455 9757.314 7 (16)
Bv (MHz) 9443.2819 9 442.844 81 (92) 9441.4724 9441.227 9 (15)
Cv (MHz) 4809.1186 4 809.107 93 (29) 4809.6376 4809.690 4 (11)
DJ (kHz) 3.24 3.246 77 (17) 3.25 3.254 51 (45)
DJK (kHz) −4.98 −4.922 93 (39) −5.03 −4.789 9 (12)
DK (kHz) 2.11 2.039 67 (25) 2.14 1.933 8 (11)
d1 (kHz) −0.222 −0.213 00 (27) −0.263 −0.267 77 (53)
d2 (kHz) 0.0135 0.002 78 (14) 0.0234 0.025 10 (17)
HJ (Hz) [0.001 22] [0.001 22]
HJK (Hz) [−0.005 32] [−0.005 32]
HKJ (Hz) [0.007 30] [0.007 30]
HK (Hz) [−0.003 20] [−0.003 20]
h1 (Hz) [0.000 074 9] [0.000 074 9]
h2 (Hz) [−0.000 096 9] [−0.000 096 9]
h3 (Hz) [−0.000 021 3] [−0.000 021 3]
Energy (MHz) 20 053 382.10 (15) 24 676 720.40 (21)
Energy (cm−1) 668.908 825 9 (50) 823.126 791 3 (70)
N lines

g 0 / 2195 0 / 1241
σ (MHz) 0 / 2.43 0 / 3.39

aThe second fundamental, ν9 (A2 , 668 cm−1), was too low in intensity in the millimeter-wave spectrum to be analyzed, and it is not IR-active.
bFundamental frequencies were predicted with VPT2 based on the CCSD(T) quartic force fields described in the Computational Methods
section.
cCalculated with provisional treatment described in “Computational Methods.”
dSpectroscopic constants determined using millimeter-wave data only.
eExperimentally determined ground-state constants adjusted by the corresponding computed VPT2 α or VPT4 β values, based on the quartic
force field.
fSpectroscopic constants determined using combination of millimeter-wave and infrared data.
gNumber of independent transitions (millimeter-wave/infrared).
hSpectroscopic constants determined using infrared data only.
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TABLE V. Experimental and computational spectroscopic constants for vibrational states of deuteriated isotopologues of 2H-1,2,3-triazole (S-reduced Hamiltonian, IIIr

representation).

[4-2H]-2H-1,2,3-triazole

Ground state ν18 (A′′, 531 cm−1)a ν17 (A′′, 593 cm−1)a ν16 (A′′, 712 cm−1)a

CCSD(T)b Experimental CCSD(T)c Experimental CCSD(T)c Experimental CCSD(T)c Experimental

Av (MHz) 10 014.76 10 013.840 70 (18) 9992.72 9992.613 93 (54) 9963.08 9962.660 5 (59) 9991.09 [9991.09]
Bv (MHz) 9 105.37 9 106.920 68 (15) 9083.88 9083.604 48 (68) 9095.03 9095.317 1 (41) 9083.12 9073.637 (49)
Cv (MHz) 4 766.89 4 767.628 82 (15) 4765.21 4764.869 81 (42) 4769.90 4769.974 09 (65) 4768.96 4768.251 7 (23)
DJ (kHz) 3.26 3.290 48 (11) 3.298 3.294 95 (83) 3.105 3.105 3 (13) 3.519 3.525 (27)
DJK (kHz) −5.09 −5.136 70 (15) −5.141 −5.129 67 (63) −4.761 −4.683 3 (14) −5.520 −5.542 (30)
DK (kHz) 2.18 2.203 21 (34) 2.20 2.194 30 (59) 2.01 1.936 4 (19) 2.37 [2.37]
d1 (kHz) −0.145 −0.145 42 (12) −0.147 −0.139 47 (81) −0.039 −0.027 6 (12) −0.068 [−0.068]
d2 (kHz) −0.011 2 −0.011 63 (15) −0.0126 −0.009 4 (13) −0.000 475 [−0.000 475] 0.0554 [0.055 4]
HJ (Hz) 0.001 35 [0.001 35] [0.001 35] [0.001 35] [0.001 35]
HJK (Hz) −0.005 46 [−0.005 46] [−0.005 46] [−0.005 46] [−0.005 46]
HKJ (Hz) 0.006 91 [0.006 91] [0.006 91] [0.006 91] [0.006 91]
HK (Hz) −0.002 80 −0.002 79 (15) −0.002 79 (15) −0.002 79 (15) −0.002 79 (15)
h1 (Hz) 0.000 176 [0.000 176] [0.000 176] [0.000 176] [0.000 176]
h2 (Hz) 0.000 110 [0.000 110] [0.000 110] [0.000 110] [0.000 110]
h3 (Hz) −0.000 004 8 [−0.000 004 8] [−0.000 004 8] [−0.000 004 8] [−0.000 004 8]
N lines

d 713 266 105 24
σ (MHz) 0.032 0.038 0.040 0.047

[2,4-2H]-2H-1,2,3-triazole

Ground state ν18 (A′′, 421 cm−1)a

CCSD(T)b Experimental CCSD(T)c Experimental

Av (MHz) 9678.03 9679.665 82 (47) 9649.91 9649.94 (12)
Bv (MHz) 8723.96 8722.545 55 (38) 8715.06 8714.535 (99)
Cv (MHz) 4586.20 4586.675 23 (15) 4587.63 4587.529 44 (61)
DJ (kHz) 2.98 3.000 51 (24) 2.985 2.995 0 (45)
DJK (kHz) −4.62 −4.666 64 (47) −4.630 −4.644 (11)
DK (kHz) 1.97 1.988 21 (28) 1.97 1.974 4 (62)
d1 (kHz) −0.275 −0.277 56 (44) −0.272 [−0.272]
d2 (kHz) −0.009 0 −0.008 03 (54) −0.0076 [−0.007 6]
HJ (Hz) 0.001 14 [0.001 14] [0.001 14]
HJK (Hz) −0.004 57 [−0.004 57] [−0.004 57]
HKJ (Hz) 0.005 79 [0.005 79] [0.005 79]
HK (Hz) −0.002 36 [−0.002 36] [−0.002 36]
h1 (Hz) 0.000 170 [0.000 170] [0.000 170]
h2 (Hz) 0.000 051 [0.000 051] [0.000 051]
h3 (Hz) 0.000 013 5 [0.000 013 5] [0.000 013 5]
N lines

d 326 66
σ (MHz) 0.037 0.039
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TABLE V. (Continued.)

[2,4,5-2H]-2H-1,2,3-triazole

Ground state ν12 (B1, 420 cm−1)a ν9 (A2, 570 cm−1)a ν11 (B1, 625 cm−1)a

CCSD(T)b Experimental CCSD(T)c Experimental CCSD(T)c Experimental CCSD(T)c Experimental

Av (MHz) 9083.24 9086.707 81 (17) 9050.98 9050.911 (11) 9046.47 9046.96 (23) 9060.17 9060.67 (57)
Bv (MHz) 8485.27 8482.461 42 (14) 8483.60 8483.256 (11) 8465.07 8464.92 (20) 8459.63 8459.75 (54)
Cv (MHz) 4385.26 4385.777 99 (14) 4386.64 4386.557 45 (29) 4387.52 4387.579 57 (56) 4388.13 4388.186 6 (41)
DJ (kHz) 2.68 2.702 779 (76) 2.689 2.688 1 (47) 2.653 2.670 6 (52) 2.441 2.502 (18)
DJK (kHz) −4.19 −4.229 92 (11) −4.197 −4.190 2 (61) −4.118 −4.076 (12) −3.682 −3.743 (20)
DK (kHz) 1.79 1.814 28 (25) 1.80 1.792 0 (17) 1.75 1.693 2 (72) 1.53 [1.53]
d1 (kHz) −0.264 −0.268 804 (95) −0.2605 −0.261 (29) −0.208 [−0.208] −0.279 [−0.279]
d2 (kHz) −0.0204 −0.020 424 (55) −0.0197 [−0.019 7] 0.0306 [0.030 6] −0.096 [−0.096]
HJ (Hz) 0.001 03 [0.001 03] [0.001 03] [0.001 03] [0.001 03]
HJK (Hz) −0.004 07 [−0.004 07] [−0.004 07] [−0.004 07] [−0.004 07]
HKJ (Hz) 0.005 12 [0.005 12] [0.005 12] [0.005 12] [0.005 12]
HK (Hz) −0.002 07 −0.001 919 (88) [−0.001 919] [−0.001 919] [−0.001 919]
h1 (Hz) 0.000 105 [0.000 105] [0.000 105] [0.000 105] [0.000 105]
h2 (Hz) −0.000 022 9 [−0.000 022 9] [−0.000 022 9] [−0.000 022 9] [−0.000 022 9]
h3 (Hz) −0.000 007 3 [−0.000 007 3] [−0.000 007 3] [−0.000 007 3] [−0.000 007 3]
N lines

d 722 193 54 16
σ (MHz) 0.035 0.035 0.037 0.044

[4,5-2H]-2H-1,2,3-triazole

Ground state ν12 (B1, 531 cm−1)a ν9 (A2, 570 cm−1)a

CCSD(T)b Experimental CCSD(T)c Experimental CCSD(T)c Experimental

Av (MHz) 9144.71 9141.879 7 (19) 9132.83 9132.786 27 (78) 9121.67 9121.171 (48)
Bv (MHz) 9081.55 9085.183 8 (19) 9053.43 9053.124 37 (71) 9044.95 9045.780 (48)
Cv (MHz) 4554.37 4555.057 24 (15) 4552.78 4552.459 50 (15) 4556.92 4556.980 76 (34)
DJ (kHz) 2.93 2.956 45 (11) 2.965 2.963 09 (25) 2.88 2.897 86 (78)
DJK (kHz) −4.61 −4.653 18 (18) −4.663 −4.651 62 (32) −4.49 −4.424 7 (13)
DK (kHz) 1.99 2.013 62 (13) 2.02 2.008 53 (27) 1.92 1.845 7 (14)
d1 (kHz) 0.151 0.153 53 (85) 0.1578 0.140 0 (19) 0.096 [0.096]
d2 (kHz) −0.009 6 −0.009 32 (73) −0.0061 −0.008 26 (80) 0.0331 [0.033 1]
HJ (Hz) 0.001 22 [0.001 22] [0.001 22] [0.001 22]
HJK (Hz) −0.004 88 [−0.004 88] [−0.004 88] [−0.004 88]
HKJ (Hz) 0.006 13 0.006 022 (73) [0.006 022] [0.006 022]
HK (Hz) −0.002 47 [−0.002 47] [−0.002 47] [−0.002 47]
h1 (Hz) −0.000 040 [−0.000 040] [−0.000 040] [−0.000 040]
h2 (Hz) −0.000 057 [−0.000 057] [−0.000 057] [−0.000 057]
h3 (Hz) 0.000 003 6 [0.000 003 6] [0.000 003 6] [0.000 003 6]
N lines

d 632 327 119
σ (MHz) 0.033 0.037 0.046
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TABLE V. (Continued.)

[4,5-2H]-2H-1,2,3-triazole
ν11 (B1, 634 cm−1)a ν10 (B1, 710 cm−1)a

CCSD(T)c Experimental CCSD(T)c Experimental
Av (MHz) 9115.30 9115.28 (23) 9124.00 9123.16 (12)
Bv (MHz) 9064.76 9064.44 (23) 9050.32 9050.83 (12)
Cv (MHz) 4558.01 4558.050 68 (31) 4555.54 4555.628 1 (10)
DJ (kHz) 2.649 2.656 0 (19) 2.884 2.883 5 (35)
DJK (kHz) −4.019 −3.959 2 (30) −4.480 −4.431 8 (26)
DK (kHz) 1.69 1.621 6 (17) 1.91 1.870 9 (25)
d1 (kHz) 0.183 [0.183] 0.120 [0.120]
d2 (kHz) −0.0893 [−0.089 3] 0.0013 [0.001 3]
HJ (Hz) [0.001 22] [0.001 22]
HJK (Hz) [−0.004 88] [−0.004 88]
HKJ (Hz) [0.006 022] [0.006 022]
HK (Hz) [−0.002 47] [−0.002 47]
h1 (Hz) [−0.000 040] [−0.000 040]
h2 (Hz) [−0.000 057] [−0.000 057]
h3 (Hz) [0.000 003 6] [0.000 003 6]
N lines

d 64 49
σ (MHz) 0.039 0.044
aFundamental frequencies were predicted with VPT2 based on the CCSD(T) quartic force fields described in the Computational Methods section.
bCalculated with provisional treatment described in “Computational Methods.”
cExperimentally determined ground-state constants adjusted by the corresponding computed VPT2 α or VPT4 β values, based on the quartic force field.
dNumber of independent transitions.

TABLE VI. Experimental and computational vibration–rotation interaction terms for observed 1H-1,2,3-triazole isotopologues (S-reduced Hamiltonian, IIIr representation).a

1H-1,2,3-triazole
ν18 ν17 ν16 ν15

B3LYP CCSD(T) Expt. B3LYP CCSD(T) Expt. B3LYP CCSD(T) Expt. B3LYP CCSD(T) Expt.
A0−Av (MHz) 19.64 19.70 19.59 29.28 29.04 29.55 27.66 27.79 27.63 25.07 27.17 26.73
B0−Bv (MHz) 22.70 24.12 24.51 24.37 23.54 24.43 38.74 37.48 39.11 12.90 13.93 14.88
C0−Cv (MHz) 1.05 1.16 1.42 −1.53 −1.34 −1.39 −1.05 −0.85 −0.95 −2.62 −2.17 −2.13
DJ,0−DJ,v (kHz) −0.0005 −0.0026 0.0419 0.0467 0.0723 0.0609 0.0930 0.0886
DJK,0−DJK,v (kHz) −0.0104 −0.0175 −0.1084 −0.1699 −0.1885 −0.2487 −0.1955 −0.2334
DK,0−DK,v (kHz) 0.0074 0.0166 0.0653 0.1228 0.1149 0.1868 0.1014 0.1453

[1–2H]-1H-1,2,3-triazole [4-2H]-1H-1,2,3-triazole [5-2H]-1H-1,2,3-triazole
ν18 ν17 ν18 ν18

B3LYP CCSD(T) Expt. B3LYP CCSD(T) Expt. B3LYP CCSD(T) Expt. B3LYP CCSD(T) Expt.
A0−Av (MHz) 37.81 37.92 38.20 31.11 30.69 30.13 32.1 34.2 37.1 42.1 40.6
B0−Bv (MHz) 0.79 2.00 2.14 24.13 23.73 24.64 11.6 12.8 13.0 13.0 12.1 13.5
C0−Cv (MHz) −2.22 −1.87 −1.82 −1.49 −1.43 −1.40 0.5 0.3 0.4 −1.6 −1.6 −1.7
DJ,0−DJ,v (kHz) 0.0333 0.0256 0.0502 −0.0676 −0.0103 −0.0203 0.0470 0.0520
DJK,0−DJK,v (kHz) −0.0716 −0.0696 −0.1280 0.0498 0.0191 0.0210 −0.0976 −0.1135
DK,0−DK,v (kHz) 0.0354 0.0420 0.0764 0.0213 −0.0137 0.0464

[1,4,5-2H]-1H-1,2,3-triazole [4,5-2H]-1H-1,2,3-triazole
ν18 ν18

B3LYP CCSD(T) Expt. B3LYP CCSD(T) Expt.
A0−Av (MHz) 30.98 31.18 31.30 30.89 34.39 34.65
B0−Bv (MHz) 0.16 1.16 1.45 16.73 16.89 16.81
C0−Cv (MHz) −1.90 −1.61 −1.57 −1.32 −1.32 −1.37
DJ,0−DJ,v (kHz) 0.0218 0.0238 0.0242 0.0159
DJK,0−DJK,v (kHz) −0.0485 −0.0610 −0.0576 −0.1032
DK,0−DK,v (kHz) 0.0245 0.0348 0.0304 0.0834
aNo off-diagonal quartic centrifugal distortion terms could be determined for any of the 1H-1,2,3-triazoles’ fundamental states, so they are excluded from the table.
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TABLE VII. Experimental and computational vibration–rotation interaction terms for observed 2H-1,2,3-triazole isotopologues (S-reduced Hamiltonian, IIIr representation).

2H-1,2,3-triazole

ν12 ν9 ν11

B3LYP CCSD(T) Expt. B3LYP CCSD(T) Expt. B3LYP CCSD(T) Expt.

A0−Av (MHz) 8.11 10.15 10.34 22.34 22.98 22.67 22.68 21.89 23.37
B0−Bv (MHz) 37.10 36.25 36.69 29.19 28.46 29.24 38.68 38.75 38.55
C0−Cv (MHz) 2.40 2.63 2.98 −1.92 −1.82 −1.83 −0.81 −0.57 −0.67
DJ,0−DJ,v (kHz) −0.0041 −0.0046 0.0352 0.0371 0.0740 0.0669
DJK,0−DJK,v (kHz) −0.0037 −0.0115 −0.0941 −0.1399 −0.1846 −0.2426
DK,0−DK,v (kHz) 0.0041 0.0118 0.0575 0.1010 0.1094 0.1737
d1,0−d1,v (kHz) −0.0071 −0.0062 0.0065 0.0259 0.0222
d2,0–d2,v (kHz) 0.0024 0.0015 0.0034 −0.0087 −0.0093

2H-1,2,3-triazole [2-2H]-2H-1,2,3-triazole

ν10 ν8 ν12

B3LYP CCSD(T) Expt. B3LYP CCSD(T) Expt. B3LYP CCSD(T) Expt.

A0−Av (MHz) 26.71 28.71 28.62 21.54 23.62 30.36 41.49 41.48 41.49
B0−Bv (MHz) 19.57 20.68 20.83 30.23 34.99 27.59 −2.73 −1.58 −1.16
C0−Cv (MHz) −1.88 −1.55 −1.57 −0.66 −0.31 −0.35 −1.45 −1.04 −0.94
DJ,0−DJ,v (kHz) 0.0686 0.0704 0.4119 0.5053 0.017 7 0.017 2
DJK,0−DJK,v (kHz) −0.1517 −0.2171 −0.8888 −1.4429 −0.042 4 −0.051 1
DK,0−DK,v (kHz) 0.0820 0.1462 0.4756 0.9408 0.0216 0.030 6
d1,0−d1,v (kHz) −0.0192 −0.0179 0.0625 −0.010 5 −0.010 7
d2,0–d2,v (kHz) −0.0254 −0.0208 0.0734 −0.000 001 8 −0.000 537 0

[2-2H]-2H-1,2,3-triazole [4-2H]-2H-1,2,3-triazole

ν11 ν10 ν18

B3LYP CCSD(T) Expt. B3LYP CCSD(T) Expt. B3LYP CCSD(T) Expt.

A0−Av (MHz) 40.10 39.49 39.53 20.14 21.45 21.48 20.51 21.12 21.23
B0−Bv (MHz) 22.38 22.53 22.97 22.64 24.34 24.59 22.27 23.04 23.32
C0−Cv (MHz) −0.89 −0.81 −0.80 −1.65 −1.33 −1.38 2.23 2.41 2.76
DJ,0−DJ,v (kHz) 0.0901 0.0793 0.0734 0.0716 −0.0072 −0.0045
DJK,0−DJK,v (kHz) −0.2146 −0.2710 −0.1637 −0.4040 0.0048 −0.0070
DK,0−DK,v (kHz) 0.1232 0.1907 0.0893 0.2966 −0.0007 0.0089
d1,0−d1,v (kHz) −0.0403 −0.0497 0.0001 0.0051 0.0019 −0.0059
d2,0–d2,v (kHz) −0.0099 0.0008 −0.0198 −0.0215 0.0010 −0.0022

[4-2H]-2H-1,2,3-triazole [2,4-2H]-2H-1,2,3-triazole

ν17 ν16 ν18

B3LYP CCSD(T) Expt. B3LYP CCSD(T) Expt. B3LYP CCSD(T) Expt.

A0−Av (MHz) 51.17 50.76 51.18 29.53 22.75 30.35 29.76 29.73
B0−Bv (MHz) 9.99 11.89 11.60 27.86 23.80 33.28 5.98 7.49 8.01
C0−Cv (MHz) −2.52 −2.27 −2.35 −0.75 −1.33 −0.62 −1.34 −0.96 −0.85
DJ,0−DJ,v (kHz) 0.1854 0.1852 −0.2285 −0.2345 0.0159 0.0055
DJK,0−DJK,v (kHz) −0.3753 −0.4534 0.3838 0.4053 −0.0370 −0.0226
DK,0−DK,v (kHz) 0.1885 0.2668 −0.1634 0.0185 0.0138
d1,0−d1,v (kHz) −0.1065 −0.1178 −0.0778 −0.0058
d2,0–d2,v (kHz) −0.0112 −0.0670 −0.0004
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TABLE VII. (Continued.)

[2,4,5-2H]-2H-1,2,3-triazole

ν12 ν9 ν11

B3LYP CCSD(T) Expt. B3LYP CCSD(T) Expt. B3LYP CCSD(T) Expt.

A0−Av (MHz) 35.71 35.73 35.80 39.20 40.23 39.75 25.25 26.54 26.04
B0−Bv (MHz) −2.10 −1.14 −0.79 16.54 17.39 17.54 21.16 22.83 22.71
C0−Cv (MHz) −1.23 −0.86 −0.78 −1.90 −1.74 −1.80 −2.61 −2.35 −2.41
DJ,0−DJ,v (kHz) 0.0140 0.0147 0.0501 0.0322 0.2620 0.2008
DJK,0−DJK,v (kHz) −0.0325 −0.0397 −0.1114 −0.1539 −0.5478 −0.4869
DK,0−DK,v (kHz) 0.0162 0.0223 0.0604 0.1211 0.2843
d1,0−d1,v (kHz) −0.0083 −0.0078 −0.0605 0.0105
d2,0–d2,v (kHz) −0.0008 −0.0511 0.0756

[4,5-2H]-2H-1,2,3-triazole

ν12 ν9 ν11 ν10

B3LYP CCSD(T) Expt. B3LYP CCSD(T) Expt. B3LYP CCSD(T) Expt. B3LYP CCSD(T) Expt.

A0−Av (MHz) 7.23 9.05 9.09 19.23 20.21 20.71 24.79 26.58 26.60 18.39 17.88 18.72
B0−Bv (MHz) 32.30 31.75 32.06 39.20 40.23 39.40 20.19 20.42 20.74 34.00 34.87 34.35
C0−Cv (MHz) 2.09 2.28 2.60 −2.04 −1.87 −1.92 −3.20 −2.95 −2.99 −0.70 −0.48 −0.57
DJ,0−DJ,v (kHz) −0.0090 −0.0066 0.0724 0.0586 0.3076 0.3005 0.0725 0.0729
DJK,0−DJK,v (kHz) 0.0099 −0.0016 −0.1681 −0.2285 −0.6345 −0.6940 −0.1731 −0.2214
DK,0−DK,v (kHz) −0.0034 0.0051 0.0946 0.1679 0.3254 0.3920 0.0998 0.1427
d1,0−d1,v (kHz) −0.0043 0.0135 0.0579 −0.0297 0.0336
d2,0–d2,v (kHz) −0.0032 −0.0011 −0.0425 0.0800 −0.0107

COMPARISON OF COMPUTED AND EXPERIMENTAL
VIBRATION-ROTATION INTERACTION TERMS

Considering the sometimes rather small changes in the spec-
troscopic constants between ground and vibrationally excited states,
it is worthwhile to examine the α and β values, directly, because the
apparent agreement between the computed and experimental spec-
troscopic constants could be due simply to the relatively larger size
of the constant compared with the change. Such comparisons for the
B3LYP (α-only) and CCSD(T) methods are provided in Table VI
for 1H-1,2,3-triazole isotopologues and in Table VII for 2H-1,2,3-
triazole isotopologues. Both computational methods estimate the α
values for the A and B rotational constants reasonably well—often
within 10%. The CCSD(T) method, however, is almost always better
than B3LYP at predicting the α value for the C rotational con-
stant, which is important, as the Cv value largely determines the
spacing between bands and plays perhaps the largest role in the
initial identification of the Ka = 0 series leading to the fitting of
the vibrational-state spectrum. This, of course, becomes even more
important when the species is in low abundance or otherwise has
low transition intensities. The β values presented here are the result
of the first documented attempt at a purely computational predic-
tion of these values for larger molecules. Their agreement with the
experiment is impressive. Nearly three quarters of the β values are
predicted within 50% of their experimental values—a value that is
reasonable for the quartic centrifugal distortion constants. (Quartic

distortion constants, themselves, are typically reported on the scale
of kHz, whereas these predictions are on the scale of Hz.) There
are a few exceptions, with several β values being predicted with the
wrong sign, but most of the same order of magnitude, e.g., DJ of ν17
for [1-2H]-1H-1,2,3-triazole, d1 and d2 of ν18 for [4-2H]-2H-1,2,3-
triazole, or DK of ν12 for [4,5-2H]-2H-1,2,3-triazole. The β value of
d2 for ν11 of [2-2H]-2H-1,2,3-triazole is predicted to be the oppo-
site sign and an order of magnitude larger than that determined
experimentally. This constant is determined from purely high-
resolution infrared data without addressing the Coriolis-coupling
to ν9, which may not be an accurate experimental determina-
tion. Overall, the ability of the novel technique for predicting
excited-state quartic centrifugal distortion constants may be deemed
successful.

The satisfactory performance of the partial-VPT4 quartic dis-
tortion constants may be related to the fact that the majority of the
neglected perturbation products in our implementation are those
that involve the rigid-rotor Hamiltonian one or more times. The
importance of the anharmonic potential is unrelated to the size of
the molecule, e.g., the anharmonicity of a C–H or N–H stretch is
similar regardless of where it is found. Typical values of rotational
constants, however, span several orders of magnitude, depending on
the size of the molecule. The relative importance of the rigid-rotor
and the anharmonic potential operators should be a function of the
system size; thus, the VPT constants of larger molecules (around
triazole’s size) will tend to be dominated by anharmonic potential
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TABLE VIII. Experimental and computational vibrational frequencies (cm−1) for 2H-
1,2,3-triazole and [2-2H]-2H-1,2,3-triazole.

2H-1,2,3-triazole

Symmetry B3LYP CCSD(T) Expt.

ν12 B1 521 532 532.934 421 6 (20)
ν9 A2 670 667
ν11 B1 706 709 706.514 423 1 (30)
ν10 B1 822 828 825.627 151 4 (53)
ν8 A2 876 880

[2-2H]-2H-1,2,3-triazole

B3LYP CCSD(T) Expt.

ν12 B1 409 421 420.969 173 1 (29)
ν9 A2 671 668
ν11 B1 672 671 668.908 825 9 (50)
ν10 B1 820 826 823.126 791 3 (70)
ν8 A2 875 836

effects. Our current implementation does not neglect any contribu-
tions from the anharmonic potential, which may explain its success
for this application.

Table VIII shows the B3LYP and CCSD(T) predicted funda-
mental frequencies for the five lowest-energy fundamental states
of 2H- and [2-2H]-2H-1,2,3-triazole compared with the values for
ν12, ν11, and ν10 determined in this work. Previously, low-resolution
vapor phase measurements were reported for 1,2,3-triazole, though
the transitions were assigned to 1H-1,2,3-triazole rather than
2H-1,2,3-triazole.38 For both isotopologues, CCSD(T) energies of
ν12 (out-of-plane N–H wag) are in much closer agreement with
the experimental value than the B3LYP energies. The two levels of
theory are nearly indistinguishable in their abilities to predict the
energies of ν11 and ν10 for both isotopologues.

CONCLUSION

The variety of vibrationally excited states and isotopologues
observed in this work enables a comparison of the spectroscopic
constants, and changes in them, across the different species. The
combination of our unique dataset, in conjunction with the new
computational methodology, permits us to provide an informed
evaluation of various strategies that are often employed in the
analysis of rotational spectra. A common practice is to use experi-
mental spectroscopic constants from an analogous species (a better-
characterized isotopologue or the ground state) as a substitute for
indeterminable constants for a species of interest. This practice is
based upon the assumption that the substitute value represents a
better approximation of the true value of the constant of inter-
est than simply fixing the value at zero (as is commonly done).
An alternative approach is to substitute a computationally pre-
dicted value of the constant, which is feasible in some circum-
stances but not in others (vide infra). This study provides a way
to probe whether the corresponding ground-state value of that iso-
topologue, or the same vibrationally excited state in a different

isotopologue, is a better substitute for a centrifugal distortion con-
stant of a vibrationally excited specie. The spectroscopic constants
determined for 1,2,3-triazole reveal that there is not a consistent
change from ground to analogous vibrational state that can be
applied across isotopologues. In fact, some changes have differ-
ent signs and magnitudes for analogous vibrational modes. This
is not surprising, given the large impact of H/D substitution on
the position of principle axes and force constants that affect the
centrifugal distortion constants. As expected, changes from ground
to excited states tend to be smaller than changes in spectroscopic
constants between isotopologues. If no computational prediction
of the excited-state distortion terms is available, the less risky sub-
stitute is the corresponding value of the ground state for that
isotopologue.

Historically, computational predictions for excited-state cen-
trifugal distortion constants have not been available to spectro-
scopists. Using the new computational methodology described in
this study, provisional computational predictions for excited-state
centrifugal distortion constants are available (with a complete VPT4
treatment soon to be implemented). This development enables us to
probe the validity of the common practice of substituting ground-
state distortion constants for their excited-state counterparts. For
the centrifugal distortion terms of some of the vibrational states
encountered in the current study, such as d1 of ν18 of [4,5-2H]-
1H-1,2,3-triazole, calculations indicate that the distortion constant
changes sign compared with the ground state. This reveals that the
otherwise best predictor of the excited-state distortion constant—the
corresponding ground-state value—is less than ideal and may result
in a less accurate a priori prediction of the spectrum. The avail-
ability of computational methodology that accurately predicts the
value of the excited-state term, such as d1 of ν18 of [4,5-2H]-1H-
1,2,3-triazole, enables a better modeling of the rotational spectrum,
because terms held constant within a set, e.g., quartic, sextic, of
centrifugal distortion terms have a substantial effect on the fitted
terms. More accurately predicted terms that cannot be determined
experimentally result in a more physically meaningful and accurate
determination of the terms that can be fit. While using ground-state
constants is not a substantial barrier to predicting and fitting vibra-
tional states that can be treated by a single-state Hamiltonian, it can
be a limitation for the accurate determination of spectroscopic con-
stants for vibrationally excited states that exhibit Coriolis coupling.
Additionally, the more accurate the determined constants, the better
they are able to extrapolate outside the observed frequency region
and the more accurate the information that these terms provide
about the structure of the molecule.

SUPPLEMENTARY MATERIAL

High-resolution infrared data collection parameters, least-
squares fitting files for all isotopologues, data distribution plots for
all isotopologues, and computational output files are provided in the
supplementary material.
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