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The 1H NMR spectrum of pyrazole in a
nematic phase
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ABSTRACT The experimental 1H nuclear magnetic resonance (NMR) spectrum of 1H-pyrazole was recorded in thermotropic
nematic liquid crystal N-(p-ethoxybenzylidene)-p-butylaniline (EBBA) within the temperature range of 299–308K. Two of three
observable dipolar DHH-couplings appeared to be equal at each temperature because of fast prototropic tautomerism. Analysis
of the Saupe orientational order parameters using fixed geometry determined by computations and experimental dipolar cou-
plings results in a situation in which the molecular orientation relative to the magnetic field (and the liquid crystal director) can
be described exceptionally by a single parameter. Copyright © 2016 John Wiley & Sons, Ltd.
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Introduction

Nuclear magnetic resonance (NMR) spectroscopy of orientedmole-
cules was first introduced by Saupe and Englert already over
50 years ago.[1] In the course of time, it was further developed by
many researchers.[2–8] Important steps toward reliable and accurate
molecular structure determination were taken when harmonic
vibrational corrections as well as the so-called deformational
corrections (due to interactions of molecular vibrational and
reorientational motions) were introduced and implemented.[9,10]

The number of studied molecules is very large, although most of
them share simplicity and symmetry. Concerning heterocycles,
the only reported compounds are as follows: pyridine (1),[11,12]

pyrimidine (2),[13–15] pyrazine (3),[14,15] s-triazine (4),[16] pyridine-3-
carbaldehyde (5),[17] methyl nicotinate (6),[18] methyl isonicotinate
(7),[18] furan (8),[19] thiophene (9),[19,20] pyrrole (10),[21–23] and 2,2-
bithiophene (11) (Fig. 1).[24] The results for pyrrole were obtained
using the [15N1] derivative. Because no azole (imidazole, pyrazole,
both triazoles, tetrazole, benzimidazole, indazole, benzotriazole)
was ever studied in a nematic solvent, we decided to study
1H-pyrazole (12).
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Experimental

Materials

Pyrazole (Sigma-Aldrich P56607) and N-(p-ethoxybenzylidene)-
p-butylaniline (Sigma-Aldrich 269522) are commercially available
and were used without further purification.

NMR experiments

A sample of 5.5 cm height was prepared in EBBA with 20wt% of
pyrazole. Before inserting the tube into the NMR spectrometer, it
was heated and cooled several times and shaken vigorously to
ensure optimum diffusion of solute throughout the solvent. The
temperature was carefully controlled by means of a variable
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temperature unit. A sealed capillary tube (1.4mm OD, Symta) con-
taining dimethyl sulfoxide (DMSO)-d6 (50mm height) was used as
an external standard for experiments.

All NMR experiments were performed on a Varian INOVA-400
spectrometer equipped with a 5mm inverse detection z-gradient
probe head, operating at 399.90MHz for 1H. One-dimensional 1H
NMR spectra were measured with spectral width of 12000Hz, ac-
quisition time 5 s, number of data points 48 k, and zero-filling to
128 k. The number of accumulated transients was 256, and the
range of temperatures 299–308 K. Chemical shifts were referenced
to residual DMSO peak at 2.50ppm.

The experimental 1H NMR spectrum was analyzed by using the
program gNMR5.0.[25] This program uses an iterative least-squares
procedure that optimizes chemical shifts and coupling constants
to produce an agreement between observed and calculated
spectra.
DFT calculations

Geometries of the structures were fully optimized with the internal
6-311++G(2d,2p) basis set[26] at the B3LYP[27–29] theoretical level
using procedures implemented in the Gaussian 09 programs.[30]

We report in Fig. 2 the main geometrical parameters of the opti-
mized geometry (remember that 1H-pyrazole is planar).
Copyright © 2016 John Wiley & Sons, Ltd.



Figure 1. Aromatic heterocycles studied by nuclear magnetic resonance in nematic solvents.

Figure 2. Bond lengths and angles for 1H-pyrazole.
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Results and discussion

1H-Pyrazole (12) exists in solution as a mixture of two identical tau-
tomers (degenerate tautomerism) in rapid to medium prototropic
rates in NMR time scale (Fig. 3).[31] It is slow in dipolar aprotic sol-
vents (DMSO-d6, HMPA-d18) and in THF-d8 at low temperature.[31]

In the present study, we recorded the 1H NMR spectrum of
1H-pyrazole in EBBA at five temperatures within the range of
299–308 K. The anisotropy of the diamagnetic susceptibility tensor
of EBBA is positive, which means that its director orients along the
external magnetic field in the magnet of an NMR spectrometer. All
spectra were similar as shown in Fig. 4.
Dipolar coupling between nuclei N and M in a molecule partially

oriented in a liquid-crystalline solution can be written in the general
form of (in Hz)

DNM ¼ �μoγNγMħ
8π2

sNM
r3NM

� �
(1)

where μo is the permeability in vacuum, γ’s are gyromagnetic ratios,
and ħ is the Planck constant divided by 2π. The <> brackets indi-
cate the ensemble average of the ratio of the momentary orienta-
tional order parameter, sNM ¼ 1

2 3cos2θNM;Z � 1
� �

, where θNM,Z is
the angle between the rNM vector and external magnetic field,
and the inverse cube of the distance rNM between the nuclei N
and M. Averaging is made over the vibrational motions and the
Figure 3. 1H-Pyrazole and its tautomerism. Numbering of pyrazoles always
starts from the N-H group. Therefore, prototropy exchanges H3 and H5. The
molecule is in the xy plane of the Cartesian coordinate frame.
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deformational effects, as mentioned previously. In the present case,
we neglect these effects as they are small for the H-H couplings in
general, and then Eqn (1) transforms to

DNM ¼ �μoγNγMħ
8π2

SNM
r3NM

(2)

where SNM ¼ 1
2 3cos2θNM;Z � 1
� �� �

is the orientational order pa-
rameter of the rNM vector with respect to the external magnetic
field. For a molecule without symmetry in the xy plane of the Carte-
sian frame, SNM can be written as

SNM ¼ Sxxcos
2θNM;x þ Syycos

2θNM;y þ 2SxycosθNM;xcosθNM;y (3)

In Eqn (3), Sαβ ¼ 1
2 3cosθNM;αcosθNM;β � δαβ
� �� �

(α,β = x,y,z) are
the elements of the Saupe orientational order tensor, θNM,α are an-
gles between the NM direction and the coordinate axes, and δαβ is
the Kronecker delta.

Consequently, the H-H couplings for the two tautomers can be
written in the form

DNM ¼ �μoγNγMħ
8π2

1

r3NM

�
Sxxcos

2θNM;x þ Syycos
2θNM;y

þ2SxycosθNM;xcosθNM;yÞ

(4)

or equivalently

DNM ¼�μoγNγMħ
8π2

1

r3NM

�
1

2
Sxx � Syy
� �

cos2θNM;x � cos2θNM;y

� �

þ 1

2
Szz 3cos2θNM;z � 1

� �þ 2SxycosθNM;xcosθNM;y

i
:

(5)

The application of Eqn (4) for the calculation of the averages (as-
suming fast exchange) of theD34,D35, andD45 in the two tautomers
(Fig. 3) indicates that D34 =D45. (One should note that D35 is the
same for the two tautomers.) This result was utilized in the analyses
of the experimental spectra. The indirect couplings (J couplings)
were taken from the literature, and they were kept constant during
the iteration process: J34= J45= 1.9Hz and J35 = 0Hz.

[32] The fast
prototropic exchange suppresses the scalar coupling constants be-
tween H1 and the other protons.[33] The H-H dipole-dipole cou-
plings at different temperatures are shown in Table 1.

Table 1 shows that the ratio of the experimental H-H dipolar cou-
plings is practically independent of temperature. Both couplings
behave linearly as a function of temperature within the given (nar-
row) range, as shown in Fig. 5.

The average value of the D34/D35 ratio, 3.87, appears to be equal,
within error limits, to the third power of the inverse distance ratio:
(r35/r34)

3 = 3.86. This means that the average orientational order
16 John Wiley & Sons, Ltd. Magn. Reson. Chem. (2016)



Figure 4. Experimental 1H NMR spectrum of 1H-pyrazole in EBBA at
variable temperatures. As an example, the bottom spectrum shows the
simulated spectrum at 26 °C.

Table 1. Experimental H-H dipole-dipole couplings and their ratio in
1H-pyrazole dissolved in liquid crystal EBBA at different temperatures

T (K) D34 =D45 (Hz)
a D35 (Hz)

a Ratiob

308 195.0 50.0 3.90

303 213.3 55.1 3.86

302 216.0 56.0 3.86

301 221.0 57.0 3.88

299 227.7 59.0 3.86

aEstimated error is ±0.2Hz for the dipolar couplings.
bD34/D35.

Figure 5. Temperature dependence of the dipolar H-H couplings in 1H-
pyrazole dissolved in EBBA liquid crystal. Straight lines indicate linear fits
to the experimental values.

Figure 6. Temperature dependence of the average orientational order
parameter in the plane of 1H-pyrazole.

The 1H NMR spectrum of pyrazole in a nematic phase

Magn. Reson. Chem. (2016) Copyright © 2016 John Wiley
parameters S34 and S35 [Eqn (3)] are equal. This should be valid for
all dipolar couplings in 1H-pyrazole. The temperature dependence
of this single orientational order parameter appears to be linear,
as indicated in Fig. 6.

Conclusion

We have illustrated in this example the interest to use NMR spec-
troscopy in nematic solvents for studying problems of tautomerism.
Further studies of heterocycleswill need 15N-labeled samples to ob-
tain supplementary information. In the case of 1H-pyrazole, the ap-
plication of the experimental H-H dipolar couplings results in a
situation where the molecular orientational order can be described
by a single parameter instead of three parameters that are needed
in cases of similar heterocycles.
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