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Abstract Unique combination of ionic conductivity and anisotropic physical prop-
erties in ionic liquid crystals leads to new dynamic properties exploited in modern 
technological applications. Structural and dynamics information at atomic level for 
molecules and ions in mesophases can be obtained by nuclear magnetic resonance 
(NMR) spectroscopy through the measurements of dipole–dipole spin couplings. 
While 13C–1H and 15N–1H dipolar NMR spectra can be routinely acquired in sam-
ples with natural isotopic abundance, recording 15N–13C dipolar NMR spectra is 
challenging because of the unfavourable combination of two rare isotopes. In the 
present study, an approach to measure 15N–13C dipole-dipole NMR spectra in static 
liquid crystalline samples with natural abundance is introduced. We demonstrate 
that well-resolved spectra can be recorded within 10 h of experimental time using a 
conventional NMR probe and a moderately strong magnetic field. The technique is 
applied to a thermotropic smectic mesophase formed by an ionic liquid with imida-
zolium-based organic cation.

1 Introduction

Ionic liquid crystals (ILC) belong to a new class of materials that are ionic liquids 
capable of forming liquid crystalline phases on cooling from isotropic state [1–3]. 
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Unique feature of a material in the liquid crystalline state is that a high degree of 
molecular translational and rotational mobility is combined with partial orien-
tational and positional order. ILC have the typical properties of ionic liquids and, 
at the same time, a nano-scale structure of liquid crystals (LC). This leads to the 
unique combination of ionic conductivity displayed by ionic liquids and anisotropic 
physico-chemical properties, revealed by liquid crystalline materials. The presence 
of the molecular orientational order in fluid ionic material leads to new dynamic 
properties exploited in modern technological applications, such as optoelectronics 
[4], development of organic photo-luminescent materials [5], tribology [6], and as 
structure directing agents in synthesis approaches [7].

Nuclear magnetic resonance (NMR) spectroscopy is a powerful experimental tool 
for investigating molecular conformation, orientational order, and dynamics in LC 
[8–11]. 1H NMR spectra in LC lack chemical resolution and display complex spec-
tral shapes difficult to analyse. 13C NMR applied to samples with the natural iso-
topic abundance allows obtaining site-specific structural and dynamic information 
by achieving a high spectral resolution and by selective suppression/introduction of 
anisotropic spin interactions [9, 10]. Deuterium (2H) NMR can be also employed in 
isotopically labelled liquid crystals to gather orientational and dynamic information 
[8]; however, this approach requires chemically demanding and expensive synthesis 
of specifically deuterated LC samples [12]. 2H NMR spectra in samples with natu-
ral isotopic abundance (NAD NMR [11]) can also be recorded; however, resonance 
assignment of NAD spectra is often ambiguous [13]. Nitrogen atoms are present in 
many functional groups in the molecules that form thermotropic mesophases [14]. 
Recording NMR spectra of the abundant nitrogen isotope 14N with spin number I = 1 
is often impractical due to the large quadrupolar coupling of the order of MHz and 
short T2 relaxation times [15]. Few examples of 14N NMR studies of liquid crystals 
in terms of ordering and dynamic properties were possible in relation with particular 
mesophase orientations with respect to the magnetic field and/or molecular geom-
etries [16–19]. Turning to the 15N isotope (spin-1/2), its major disadvantage is poor 
signal intensity due to the low natural abundance of 0.37%. However, it has been 
recently demonstrated that the nitrogen-15 NMR in bulk LC materials at the natu-
ral abundance level (NAN15 NMR) can also be routinely recorded in non-spinning 
samples with a high molecular orientational order and strong anisotropic spin inter-
actions [20].

Structural information in rigid and soft solids can be obtained by NMR spectros-
copy through the measurements of dipole–dipole spin couplings, which are very 
sensitive to interatomic distances. The dipolar interaction is also orientation-depend-
ent and, thus, reports on molecular dynamics at the atomic level. Most commonly, 
15N–1H and 13C–1H heteronuclear dipolar couplings between abundant protons and 
rare isotopes are measured by various 2D separated local field (SLF) spectroscopy 
methods applied to samples with natural isotopic abundance [21, 22]. Experimental 
detection of a 15N–13C dipolar splitting at the natural abundance level is challeng-
ing due to the combination of the two rare isotopes; the fraction of 15N–13C cou-
pled pairs is, in fact, only 4 × 10−5. Nevertheless, in a straightforward but long (48 h) 
experiment in the 5CB nematic phase, the 13C-satellites were observed in NAN15 
spectrum. The intensity of the carbon-13 (natural abundance of 1.1%) dipolar 
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satellites is only 0.55% of that of the central peak. In the current work, we present 
an approach to access 15N–13C dipolar couplings with much higher sensitivity and 
greater spectral resolution. We demonstrate that, with careful experimental design, 
the 15N–13C dipole–dipole spectra in LC samples with natural abundance of both 
isotopes can be acquired within hours of experimental time using the conventional 
commercial NMR probes and magnets. Spectra are recorded in static (non-rotating) 
samples with the phase director aligned in the magnetic field. In the present study, 
we focus on a thermotropic smectic mesophase formed by an ionic liquid with imi-
dazolium-based organic cation [23].

2  Experimental

Sample of ionic liquid mesogen 1-dodecyl-3-methyl-imidazolium tetrafluoroborate 
(C12mimBF4) was obtained from Prof. Saielli (University of Padova, Italy) and was 
used as received. The sample has the following phase transition temperatures: Iso-
tropic + 46

◦
C

⟶
 Smectic A +10

◦
C

⟶
 Crystal [23]. Upon cooling from the isotropic phase 

in the presence of the strong external magnetic field, director of the smectic phase 
is aligned perpendicular to the magnetic field vector. Experiments were performed 
using Bruker 500 Avance III Spectrometer at Larmor frequencies of 500.1, 125.7, 
and 50.7 MHz for 1H, 13C, and 15N, respectively. Approximately 0.4 ml of the sam-
ple was loaded in a standard 5  mm NMR tube. 15N spectra were recorded using 
solution state Bruker 5 mm BBO (broadband observe) probe-head applying a single-
pulse excitation (SPE) with 15 μs 90°pulse and with proton broadband (BB) decou-
pling at the nutation frequency of 9  kHz. A solution state triple-frequency probe 
1H–13C–15N was used to record 13C spectra. The 1H, 13C, and 15N pulse lengths were 
7, 15, and 50  μs, respectively. For heteronuclear proton decoupling in the meso-
phase, spinal64 sequence [24] with the 1H nutation frequency of 20 kHz was applied 
during acquisition time of 100 ms. For selective 15N decoupling, continuous wave 
(CW) irradiation with a nutation frequency of 200 Hz was used. For scans without 
15N decoupling, decoupler carrier frequency was shifted 10 kHz off-resonance. To 
enhance 13C signals, cross-polarization (CP) was used with the contact time of 8 ms 
and rf fields of γB1/2π ≈ 13 kHz. The 15N chemical shift was referenced relative to 
liquid  NH3 by using 15N resonance at 77  ppm of 0.1  M Urea solution in DMSO 
as an external reference [25]. The relaxation delay values and number of scans are 
specified in figure captions. The numerical simulation of dipolar spectra was per-
formed using Simpson program [26].

3  Results and Discussion

3.1  Natural Abundance Nitrogen‑15 (NAN15) NMR Spectra in Mesophase

Representative 15N NMR spectra in the smectic phase of the ionic liquid 
C12mimBF4 are shown in Fig.  1 along with the spectrum obtained in the iso-
tropic phase. Spectral assignment is according to the literature data in solution 
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[27] and is confirmed by 13C–15N dipolar NMR spectra discussed in the next sec-
tion. The chemical shifts (CS) of the observed nitrogen signals in the mesophase 
with respect to the corresponding isotropic shifts depend on residual anisotropies 
of the partly averaged CS tensors. In particular, in uniaxial mesophases, the rigid-
lattice CS tensor is transformed into an axially symmetric tensor with the 
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Fig. 1  15N NMR spectra of C12mimBF4 in the isotropic (a) and smectic A phase (b) at indicated tem-
peratures. For each spectrum, 64 scans were accumulated with relaxation delay of 7 s. In the case c, the 
15N spectrum was recorded in the un-aligned smectic A phase at 27 °C. For this spectrum, 4096 scans 
were accumulated with the relaxation delay of 7 s (8 h experimental time)
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principal elements �LC
||

 and 𝛿LC
⊥

 , corresponding to components along and perpen-

dicular to the phase symmetry axis, respectively. The isotropic shift is then 
𝛿
iso

= (𝛿LC
||

+ 2𝛿LC
⊥
)∕3 . In the present sample, the residual chemical shift anisot-

ropy (CSA) Δ𝛿LC = 𝛿LC
||

− 𝛿LC
⊥

 is in the range of a few ppm, much smaller as com-

pared to 15N CSA of the imidazolium-based ions in rigid solids where the CSA 
values of about 200 ppm were reported [28]. This small residual CSA indicates a 
high degree of mobility of the flexible organic cation in the smectic layered 
phase. Due to the negative anisotropy of the diamagnetic susceptibility ∆χ, the 
mesophase director aligns perpendicular to the magnetic field direction and the 
chemical shift of the spectral lines is given by the component 𝛿⊥ of the CS tensor. 
This is, indeed, evidenced by the comparison to the NAN15 spectrum recorded in 
an un-aligned sample with random director orientation. The un-aligned sample 
was prepared by cooling from the isotropic phase in the absence of magnetic field 
(outside of NMR magnet). In this sample, the axially symmetric CSA pattern is 
observed and the chemical shift of the 𝛿⊥ edge coincides with the line position in 
the aligned sample. From the spectrum in Fig. 1c, the residual CSA is estimated 
to 2.7 and 1.6 ppm for nitrogens A and B, respectively.

3.2  13C–15N Dipolar Couplings

We have previously demonstrated that 13C–15N dipolar splittings in LC can be 
directly observed in 15N 1D NMR spectra [20]. Due to large coupling in the range 
of kHz for the nitrile group –C≡N in 5CB, the observed 13C satellites were well 
separated from the strong central line. The measurement, however, required a 
long experimental time of about 2 days to accumulate sufficient amount of scans. 
That long measurement would be impractical in most application studies. Besides, 
smaller couplings to remote carbons were not resolved in 15N spectra due to over-
lap with a broad foot of the central line. An approach, described below, provides a 
greater sensitivity and a higher resolution.

The technique is based on a difference spectroscopy concept previously applied 
in 1H NMR of solutions [29]. In the approach used to measure heteronuclear J-cou-
plings to rare isotopes in proton solution NMR, one proton spectrum was recorded 
with decoupling of the rare spins and a second one was recorded without decou-
pling. These two spectra were subtracted and the sequence was repeated. In the 1H 
difference spectrum, the strong central resonance peak was suppressed, while the 
satellites due to J-coupling to the low abundance nuclei were observed [29].

In our study, however, heteronuclear couplings between two rare isotopes, car-
bon-13 and nitrogen-15, are measured. Carbon-13 spectra, recorded in alternated 
scans without and with decoupling of 15N spins, are subtracted. Strong dipolar 
interaction (in kHz range) with abundant 1H spins is suppressed by a high power 
proton decoupling applied in both spectra. Coupled carbon signals appear as dou-
blets in the scans acquired without nitrogen decoupling, while, in the scans with 
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15N decoupling, they contribute to a residual central peak. The signals present in 
the difference spectrum are solely due to 13C–15N pairs, while the contribution of 
the carbons non-coupled to the nitrogen-15 spins is cancelled. The spectrum thus 
represents a superposition of the 13C–15N doublet and the central peak of opposite 
sign (Fig. 2). In this experiment, it is possible to observe even small splittings giving 
rise to satellites close to the central frequency, which, otherwise, would overlap with 
strong peaks due to 13C spins not coupled to 15N. We acquire 13C spectra rather than 
15N spectra. The advantage is twofold. First, due to the higher Larmor frequency of 
carbon-13, the sensitivity of the registered signal is increased. Second, assignment 
of the couplings to spin pairs is simpler, since nitrogen atoms are fewer compared to 
carbons. Furthermore, sensitivity gain is obtained by cross-polarization (CP) of car-
bons from protons at Hartmann–Hahn condition. One disadvantage in using the dif-
ference approach is that every second scan contains no useful signal but contributes 
with noise. Hence, the noise level increases by a factor of  21/2.

Since the resonance lines of two inequivalent nitrogen sites in imidazolium core 
are well separated in the nitrogen-15 spectrum (by about 11  ppm or 550  Hz, see 
Fig. 1), one can apply selective spin decoupling using a low-amplitude rf irradia-
tion at the frequency of one nitrogen line without affecting the second line. The 
13C difference spectrum with selective nitrogen decoupling contains only signals 
due to carbons coupled to irradiated nitrogen. In Fig. 2, the 13C difference spectra 
with selective nitrogen decoupling are shown and compared to the conventional 13C 
spectrum.

When the nitrogen  NB (right line in the NAN15 spectrum in Fig.  1) is selec-
tively decoupled, only the signals of three directly bound carbons C1, C2, and ω′ 
are observed in the spectrum (the corresponding splittings obtained by numerical 
simulation of the spectral shapes, are given in Table  1). On the other hand, with 
decoupling of the nitrogen  NA, the signals of C3 and α carbons are present, while 
signal of C1 carbon, which is also directly bound to  NA, is missing in the spectrum. 
Interestingly, remote carbons C2 and β are also observed in this spectrum, giving 
rise to doublets with relatively small splitting.

The splittings ∆ν = |2DCN + JCN| are determined by the combined effect of the 
residual direct dipole–dipole heteronuclear interaction DCN and indirect scalar 
coupling JCN. Values for one-bond JCN coupling in the range from − 7 to − 17 Hz 
and for two-bond coupling in the range from − 1 to − 5 Hz have been reported for 
ionic derivatives of imidazole [30]. Hence, for the observed splittings, the domi-
nant contribution is by dipolar interaction. Due to anisotropic molecular dynam-
ics, orientation-dependent dipolar couplings in liquid crystals are scaled according 
to D

CN
= d

CN
S
local

(3 cos2 �
NL

− 1)∕2 , with d
CN

= −(�
0
∕8�2)(�

C
�
N
ℏ∕r3

12
) [22]. The 

Fig. 2  Carbon-13 spectra in the smectic A mesophase of the C12mimBF4 sample at 27  °C. a Single 
scan proton-decoupled carbon-13 CP spectrum. b 13C difference spectrum acquired with selective decou-
pling of nitrogen  NB in alternating scans. c 13C difference spectrum acquired with selective decoupling 
of nitrogen  NA in alternating scans. For difference spectra, 16k scans were accumulated with relaxation 
delay of 2s (9 h experimental time). In the parts d and e, multiplets from the spectra b and c, respec-
tively, are displayed with expanded horizontal scale. Thin red lines show numerically simulated spectra 
with splitting values given in Table 1

▸
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local order parameter Slocal describes the average orientation of internuclear vector 
with respect to liquid crystalline director N, and θNL is the angle between the director 
N and the laboratory frame axis L determined by the external magnetic field direc-
tion [22].

The absence of the C1 signal in the spectrum of Fig. 2c suggests that the splitting 
due to combined dipolar and J-coupling for the spin pair  NA–C1 does not exceed 
the line width: |2DCN + JCN| < 10 Hz. Assuming maximum J-coupling magnitude of 
17  Hz [30], the dipolar coupling magnitude must be below 14  Hz. Small dipolar 
coupling can be explained, assuming that the average bond orientation with respect 
to the phase director is close to the magic angle leading to a low value of the local 
order parameter Slocal.

The resolution of the technique is limited by the carbon-13 line width, which, 
in the present study, is about 10 Hz. Additional ambiguity is due to the uncertainty 
of the relative signs of dipolar and J-couplings. Molecular motion and geometry 
considerations can be used to reveal the signs of the dipolar couplings and separate 
dipolar and J-coupling contributions. For this, details of complex anisotropic molec-
ular rotations are required and they can be provided, for example, by MD simula-
tion [31]. However, in the present methodological work, such an analysis was not 
attempted. In many thermotropic LC with higher molecular order, the J-coupling 
contribution is expected to be relatively small or negligible [20].

4  Conclusion

Dipolar couplings are extensively exploited in studies of liquid crystals as a conveni-
ent and informative probe for different kinds of dynamic processes and structural 
properties. Commonly, couplings between abundant protons and rare isotopes, such 
as carbon-13, are measured using various SLF techniques [21, 22]. In this work, we 
have demonstrated an approach to record spectra of dipolar-coupled 13C–15N spin 
pairs in liquid crystalline samples with natural isotropic abundance. We show that, 
despite very low abundance of 0.004% for the naturally occurring 13C–15N pairs, 
sensitive and resolved spectra can be recorded within hours of experimental time 
using the conventional NMR instrument with moderately strong magnetic field of 
11.7 T. Detection of carbon signal, instead of previously exploited nitrogen detec-
tion, increases the spectral sensitivity due to higher γ-ratio of 13C. Recording differ-
ence spectra with alternated nitrogen spin decoupling leads to the greater resolution 

Table 1  Splittings (in Hz) in the 13C NMR spectrum of C12mimBF4 due to couplings to nitrogen atoms 
in the imidazolium ring

The error bar is estimated to 5 Hz (0.1 ppm) based on numerical simulations of the experimental spectra 
(Fig. 2)

C1 C2 C3 ω′ α β

NA – 22 64 – 108 44
NB 106 124 – 56 – –
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of smaller splittings. While the technique can be extended to two-dimensional ver-
sion to correlate multiple pair-wise spin couplings in a single 2D-experiment, rela-
tively long experimental time makes 1D experiment more practical. Further gain in 
sensitivity can be achieved exploiting stronger magnets as well as NMR cryo-probes. 
The technique, which is demonstrated here for the thermotropic smectic phase of the 
ionic liquid, can be generally applied to other thermotropic or lyotropic mesophases.
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