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Microwave Spectrum and Structure of 2-(Trifluoromethyl)pyridine†
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The high resolution rotational spectrum of 2-(trifluoromethyl)pyridine in 2−20 GHz was
recorded and analyzed. Spectroscopic parameters including rotational constants, nuclear
quadrupole coupling constants of 14N as well as the centrifugal distortion constants were
determined. The rotational spectra of five mono-substituted 13C and one 15N isotopologues
were also measured and assigned in natural abundance. Experimental results complemented
by ab initio calculations lead to an accurate determination of the skeleton structure. The
values of the planar moment inertia Pcc were determined to be 44.46 uÅ2 for all the measured
isotopologues, indicating a Cs symmetry of this molecule. The molecular electrostatic surface
potential was calculated to illustrate the trifluoromethyl substitution effects on the electron
distribution.
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I. INTRODUCTION

Fluorination of a molecule can significantly alter the
properties of the substrate. It can influence the con-
formational preference, pKa, membrane permeability,
lipophicity and metabolism of molecule [1, 2]. Due to
its high electronegativity nature, the incorporation of
fluorine into a molecule might also provide an addi-
tional non-covalent interaction site, e.g., as the hydro-
gen bonding acceptor [3, 4]. The structural change upon
fluorination can be accurately analysed by means of
structural determination from microwave spectroscopy.
Therefore, studies of model molecules with different
kinds of fluorine bearing functional groups will allow
to estimate the fluorination effects in different systems
to be quantified.

Similar to fluorine, the incorporation of trifluo-
romethyl (CF3) groups into substrates can also signif-
icantly influence their properties [5]. Rotational spec-
troscopic studies of several phenyl compounds disclosed
that trifluoroanisole (PhOCF3) prefers an orthogonal
conformation [6], different from the anisole (PhOCH3)
where a planar conformation is favored [7], suggesting a
remarkable perturbation to the conformational behav-
ior by introducing a -CF3 group into the substances.
The -CF3 substitution effect also determines the dif-
ferent conformational preferences between thioanisole
(PhSCH3) and trifluorothioanisole (PhSCF3) [8, 9].
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Pyridine (PY) and its derivatives are interesting sub-
strates to model the fluorination effect. Indeed, investi-
gations of mono-fluorinated pyridines [10] demonstrate
that fluorination at the ortho position of the PY ring
has large influence on the electronic structure. The fluo-
rination effect on PY ring was further proven to be more
pronounced deviation in difluoropyridines [11], depend-
ing on the fluorinated position and the degree of fluori-
nation. The bonding model with hyperconjugation the-
ory and the experimental results demonstrates that flu-
orine can donate electron density into the π cloud of PY.
It might be interesting to study fluorine substitutions
away from the ring, starting with a -CF3 substitution
on pyridine. In this study, 2-(trifluoromethyl)pyridine
(2TFPY) was investigated by using pulsed jet Fourier
transform microwave spectroscopy. The experimental
results were complemented by ab initio calculations per-
formed at different levels of theory.

II. METHODS

A. Experiments

2TFPY (∼98%) was obtained commercially and used
directly for collecting its rotational spectrum. 2TFPY
was preserved in a reservoir (∼300 K) coupled in the
gas-pipeline. The supersonic expansion was generated
by expanding a gas mixture (with Argon as the carrier
gas, ∼0.1 MPa) into the Fabry-Pérot cavity using a Se-
ries 9 General Valve (0.5 mm). The rotational spectrum
was recorded by using a pulsed supersonic-jet Fourier-
transform microwave spectrometer with coaxially ori-
ented beam-resonator (COBRA) [12] setup. The fre-
quency range of the spectrometer is 2−20 GHz. The
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FTMW++ set of programs is used to operate the spec-
trometer [13, 14]. The spectral signal was recorded in
the time-domain with 8×103 data points at 100 ns sam-
ple intervals. The time-domain signal was then Fourier
transformed and converted into the frequency domain.
The Doppler effect splits the rotational transition into
doublets due to the COBRA setup. The arithmetic
means of the two Doppler components is calculated as
the rest transition frequency.

B. Theoretical calculations

The Gaussian 16 suite of programs was used for all
the calculations [15]. Full geometry optimizations were
performed at the B3LYP/aug-cc-pVTZ and the MP2/6-
311++G(2d,2p) level of theory. Harmonic frequency
analysis was carried out to obtain the zero-point vibra-
tional energy and to derive the quartic centrifugal dis-
tortion constants. The molecular electrostatic surface
potentials (ESP) of 2TFPY, 2-fluoropyridine (2FPY),
2-methylpyridine (2MPY) and PY were calculated at
the B3LYP/aug-cc-pVTZ level of theory.

III. RESULTS

Table I reports the rotational constants (A, B, and
C), the nuclear quadrupole coupling constants of 14N
(χaa and χbb−χcc), the electric dipole moment com-
ponents (µa, µb, and µc), and the centrifugal distor-
tion constants (DJ , DJK , DK , d1 and d2) of 2TFPY
while the structure, the principal axes of inertia, and the
atomic labels are shown in FIG. 1. The B3LYP/aug-
cc-pVTZ and MP2/6-311++G(2d,2p) levels of theory
predict close values of spectroscopic parameters for
2TFPY. The values of the dipole moments µa and µb are
calculated to be 4.0 and 1.8 D respectively, suggesting
that 2TFPY should have a strong µa-type transition
and a relatively weaker µb-type transition in its pure
rotational spectrum. Following the theoretical predic-
tions, the µa-R-type transitions of 2TFPY were initially
searched. The rotational transitions of J=6←5 band
with Ka=0 and 1 were identified firstly. The spectrum
displays hyperfine splittings, as shown in FIG. 2, aris-
ing from the quadrupole coupling of the 14N nucleus.
The measurements were then extended to Jupper=3−11
with Ka≤5. Several µb-type transitions with weaker
intensity were also measured.

The measured transitions were analyzed with the
SPFIT program [16] using the Watson’s Hamiltonian
of S-reduction in Ir representation [17]:

H = HR +HCD +HQ (1)

where HR stands for the rigid rotational term, HCD

stands for the centrifugal distortion contributions, and
the HQ represents the term of 14N quadrupole coupling

TABLE I The theoretical spectroscopic parameters of
2TFPY from the B3LYP/aug-cc-pVTZ and MP2/6-
311++G(2d,2p) levels of calculations and comparison with
the experimental values (Watson’s S reduction, Ir represen-
tation).

Parameter B3LYP MP2 Expt.

A/MHz 2893 2882 2892.5596(2)a

B/MHz 972 977 975.3927(1)

C/MHz 835 837 836.8369(1)

χaa/MHz −0.59 −0.48 −0.536(4)
χbb−χcc/MHz −6.95 −6.26 −6.303(8)
|µa|/D 4.0 4.0 Strong

|µb|/D 1.8 1.9 Weak

|µc|/D 0 0

DJ/kHz 0.06 0.05 0.0542(5)

DJK/kHz 0.06 0.08 0.068(3)

DK/kHz 0.05 0.04 [0.0]b

d1/Hz −3.52 −3.55 −3.6(4)
d2/Hz 16.56 11.84 15.6(3)

Pcc
c/uÅ2 44.69 44.42 44.46

σd/kHz 2.0

Nlines
e 253

a Errors are given in parenthesis expressing in units of the
last digit.
b Fixed at zero in the fit.
c The planar moment of inertia Pcc=

∑
i

mici
2.

d Standard deviation of the fit.
e Number of lines fitted.

FIG. 1 B3LYP/aug-cc-pVTZ calculated structure, the prin-
cipal axes of inertia and the atomic labels of 2TFPY. The rs
coordinates of the isotopically substituted atoms are quali-
tatively shown as blue spheres.

to the overall rotation. The determined spectroscopic
parameters are reported in Table I.

In addition, the rotational spectra of the singly sub-
stituted isotopologues of 13C and 15N were measured in
natural abundance. Since the number of lines in the iso-
topologue fits is not enough to determine the centrifu-
gal distortion constants and the quadrupole coupling
constants, all values of these parameters were fixed at
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TABLE II Spectroscopic parameters determined for the mono-substituted 13C and 15N isotopologues. See FIG.1 for the
atomic labels.

15N1 13C3 13C4 13C5 13C6 13C7

A/MHz 2870.40(2)a 2867.43(2) 2870.06(2) 2892.55(2) 2869.05(2) 2892.74(2)

B/MHz 974.3561(3) 973.9704(2) 965.7877(2) 959.9873(2) 967.2762(2) 972.1188(2)

C/MHz 834.2082(2) 833.6728(2) 827.8905(2) 825.4713(2) 828.8961(2) 834.4264(2)

Pcc
b/uÅ2 44.46 44.46 44.46 44.46 44.46 44.46

σc/kHz 2.2 1.9 1.2 1.5 2.4 0.9

Nlines
d 18 42 42 42 42 42

a Errors are given in parenthesis expressing in units of the last digit.
b The planar moment of inertia Pcc=

∑
i

mici
2.

c Standard deviation of the fit.
d Number of lines fitted.

FIG. 2 The hyperfine structure of the recorded 606←505
transition of 2TFPY. The hyperfine components (F -F ′) dis-
play as the Doppler doubling (⊓).

those values reported in Table I for the parent species.
The rotational spectrum of the 15N isotopologue is free
from the quadrupole coupling splitting because the 15N
nuclear spin quantum number is 1/2. To analyse the
spectrum of 15N species, the HQ term of Eq.(1) is re-
moved from the Hamiltonian. As indicated in FIG. 1,
the C2 atom is near its center of mass, hence its rota-
tional spectrum is mostly overlapped with the parent
species and therefore unmeasurable. Table II reports
the determined spectroscopic constants for all the sub-
stituted isotopologues. The transition frequencies of all
the measured isotopologues are present in the supple-
mentary materials.

IV. DISCUSSION

A. Molecular structure

The planar moment of inertia (Pcc), presenting the
mass distributions out of the ab plane, has identical val-
ues for the parent and all the singly substituted isotopo-

TABLE III Comparison of the substituted coordinates (rs)
with the re coordinates of 2TFPY.

rs re

a/Å b/Å a/Å b/Å

N1 ±0.746(2) ±1.168(1) 0.763 −1.161
C2 /a /a 0.184 0.037

C3 0.871(2) ±1.242(1) 0.882 1.236

C4 ±2.270(1) ±1.182(1) 2.271 1.178

C5 ±2.888(1) ±0.022(71) 2.890 −0.063
C6 ±2.085(1) ±1.207(1) 2.092 −1.204
C7 ±1.325(1) 0b −1.334 0.007

a The unavailable coordinates. The corresponding ab initio
values are used in structural calculation.
b Imaginary value, fixed at zero.

logues (Tables I and II), suggesting that all those atoms
are in the ab plane. The rotational constants of the par-
ent and all the singly substituted isotopologues were
used to calculate the rs coordinates of the atoms using
the Kraitchman’s equations [18] with the correspond-
ing Costain’s errors [19]. The obtained rs coordinates
are summarized in Table III which are also included
in FIG. 1 represented by blue spheres for the directly
visual comparison. The re coordinates (B3LYP/aug-
cc-PVTZ) match the rs values quite well. In order
to deduce the bond lengths and the valence angles of
the whole skeleton (Table IV), the re coordinates of
C2 were used in the structural calculations. The r0
structure was reproduced by a least-squares fit taking
all sets of rotational constants into account using the
STRFIT program [20] to obtain the effective structure
of 2TFPY. The determined effective structure is appar-
ently the same as the equilibrium structure calculated
at the B3LYP/aug-cc-pVTZ level of theory (Table S8
in supplementary materials).
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TABLE IV Comparison of rs-structure and re-structure (B3LYP/aug-cc-pVTZ) of PY, 2FPY, and 2TFPY.

PY 2FPY 2TFPY

re rs
a re rs

a re rs

N1C2/Å 1.333 1.340(2)b 1.306 1.310(18) 1.330 1.365c

C2C3/Å 1.391 1.390(3) 1.390 1.387(18) 1.388 1.452c

C3C4/Å 1.388 1.394(2) 1.385 1.386(11) 1.390 1.398(1)

C4C5/Å 1.388 1.394(2) 1.393 1.40(4) 1.386 1.36(3)

C5C6/Å 1.391 1.390(3) 1.386 1.39(4) 1.392 1.43(3)

C6N1/Å 1.333 1.340(2) 1.338 1.345(6) 1.329 1.339(1)

C7C2/Å 1.518 1.408c

∠N1C2C3/◦ 123.5 123.8(3) 125.8 127(2) 124.0 120.5c

∠C2C3C4/◦ 118.5 118.6(3) 116.6 116.5(16) 117.8 117.9c

∠C3C4C5/◦ 118.6 118.3(2) 119.2 119(4) 118.9 119.5(7)

∠C4C5C6/◦ 118.5 118.6(3) 118.3 118(4) 118.5 118.7(1)

∠C5C6N1/◦ 123.5 123.8(3) 123.1 123(4) 123.1 122.4(8)

∠C6N1C2/◦ 116.9 116.8(2) 117.0 116.0(15) 117.6 118.1c

a Structural parameters from Ref.[10].
b Errors are given in parenthesis expressing in units of the last digit.
c rs structural parameters calculated with the coordinates of the C2 atom fixed at the theoretical values.

FIG. 3 The MESPs of PY, 2FPY, 2MPY, and 2TFPY. The
isosurface was chosen at the 0.0004 electrons/bohr3.

B. Fluorination effect

In order to illustrate the fluorination effects, the
molecular electrostatic surface potentials (ESP) of PY,
2FPY, 2MPY and 2TFPY were calculated (FIG. 3).
For all the four molecules, the lone pair of the N atom
represents the most negative potential site (red). The
substitution of H with fluorine at the ortho-position of
the pyridine ring induces a decrease of the N atom elec-
tron density, where F atom provides an additional neg-
ative electron density site. The methyl substation at
the ortho-position affects the N atom electron density
insignificantly but it induces an increase of the pyridine

TABLE V Comparison of NPA charge distributions of PY,
2FPY, 2MPY, and 2TFPY.

PY 2FPY 2MPY 2TFPY

N/e −0.426 −0.451 −0.443 −0.397
C2/e 0.043 0.591 0.213 0.092

C6/e 0.043 0.057 0.054 0.054

ring electron density. Substitution of -CF3 at the ortho-
position noticeably reduces the electron density of the
pyridine ring and also the electron density of hydrogen
atoms. The N atom and the -CF3 group represent the
negative electron density. The change of electron dis-
tribution due to the incorporation of F or -CF3 group
into the pyridine ring can also be reflected by the atomic
charge of the N and the C of ortho-position. Table V
reports the atomic charge of the N and the ortho-C
atoms from a natural population analysis. The incor-
poration of the -CF3 group at the ortho-position of the
pyridine weakens the nucleophilicity of the N atom dis-
tinctly. F substitution at the ortho-position enhances
the electropositivity of the ortho-C atom.

V. CONCLUSION

The rotational spectra of 2-(trifluoromethyl)pyridine
in 2−20 GHz and its six mono-substituted isotopologues
were measured and assigned. The structure of the heavy
atoms skeleton was experimentally determined. The
analysis of the experimental rotational constants sug-
gests that Pcc values of the parent and all the measured
mono-substituted isotopologues are 44.46 uÅ2, indicat-
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ing a Cs symmetry of the molecule. The incorpora-
tion of -CF3 group into the pyridine ring at the or-
tho-position reduces the electron distribution of the π
electron of the pyridine ring and the N atom.

Supplementary materials: The measured transition
frequencies for 2TFMPY (Tables S1−S7) and the effec-
tive structure (r0) of 2TFMPY (Table S7) are given.
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