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Various two-dimensional (2D) NMR techniques are reported on a bent-core mesogen 4,6-dichloro-1,3-
phenylenebis[4′-(9-decenyloxy)-1,1′-biphenyl] carboxylate in its nematic and solid phases in order to
unambiguously assign its carbon-13 NMR spectrum. The13C chemical shifts from the molecular core were
studied as a function of temperature to extract its molecular geometry and orientational order tensor. To this
end, the chemical shift anisotropy tensors of some carbon sites were measured in the solid state of this mesogen
using a recent method called the separation of undistorted powder patterns by effortless recoupling (SUPER).
The average bending angle subtended by the two arms of the bent-core structure is determined to be 148.7°.
The C-H dipolar couplings obtained from the separated local field (SLF) experiment for the aromatic rings
are used to find the local order parameter tensors.

Introduction

Multidimensional NMR experiments have been carried out
in liquid crystals1,2 consisted of molecules having various
anisometric shapes so as to elucidate the structure and orien-
tational ordering. Among them, bent-core (or boomerang-
shaped) mesogens3-5 have recently attracted much attention,
partly due to the observation of chirality in tilted smectic phases
(the so-called B-phases) formed by these achiral molecules, and
the associated electrooptical switching properties,6 and partly
due to the scientific curiosity in phenomena such as biaxial
nematic phases in low-molecular-mass thermotropic systems.7-9

Chirality attributable to a twisted conformation has also been
reported in B-phases.10 There are several13C NMR papers
reported in the last few years10-16 on bent-core (banana)
mesogens. These studies have revealed that analyses of13C
spectra need the proper carbon peak assignments, as well as
the knowledge of chemical shift anisotropy (CSA) tensor and
its orientation for each carbon in the molecule in order to extract
the molecular geometry and/or the order parameters. As a partial
solution to the lack of precise CSA tensors, other nuclei such
as1H,7 2H,16 and19F17 were used to support the13C NMR results.
Here an alternative solution is explored, which involves doing
two-dimensional (2D)13C NMR on bent-core mesogens in order
to aid the spectral assignment and to determine C-H dipolar
couplings as well as the principal elements of CSA tensors.

The six parameters of a CSA tensor (three principal values
and three Euler angles specifying the principal axis system in
a crystal-fixed frame) can be obtained by means of single crystal
measurements.18 To grow single crystals of sufficient size for
banana mesogens may be a daunting task. However, the
principal values of a CSA tensor can be determined quite reliably
from the magic-angle-spinning (MAS) sideband pattern.19,20For
systems with many carbon sites, the sideband manifolds from

different sites overlap, making the analysis quite difficult.
Various 2D NMR schemes have been designed to separate the
isotropic and anisotropic chemical shift information.21-25 All
these methods retain CSA information while obtaining a clear
distinction between the different carbon sites. Recently, a 2D
phase adjusted spinning sideband (2D-PASS) experiment24,25

has shown a number of advantages over the previous 2D
schemes. However, most of the known sideband-separation
techniques are performed at unusually low sample rotation
frequencies (frot < 2 kHz).

The CSA of a carbon site produces a characteristic powder
pattern in nonrotating solids, with a peak at its principal element
δ22, the middle value in the CSA tensor, and sharp steps at the
two other principal components. Such powder patterns have the
advantage of giving the magnitudes of the principal components
of CSA tensor directly either with or without spectral simula-
tions. However, they do not give the CSA principal axes in
relation to a particular molecule axis. A recent method for
rotating solids, termed the separation of undistorted powder
patterns by effortless recoupling (SUPER), was proposed26 to
obtain CSA powder patterns using suitably rotation-synchro-
nized radio frequency (rf) pulses. This has produced a number
of 13C powder spectra in organic solids and polymers for
different chemical (aromatic, unprotonated sp2-hybridized, and
aliphatic) sites. Here the SUPER method is employed in the
solid phase of a banana mesogen, 4,6-dichloro-1,3-phenylenebis-
[4′-(9-decenyloxy)-1,1′-biphenyl] carboxylate (10DClPBBC).
When one is comparing these values with typical principal
values of CSA tensors from model compounds, this method may
be used to aid the spectral assignment of13C spectrum in the
isotropic phase of banana mesogens. 10DClPBBC has recently
been studied15 by 13C NMR to obtain the order parameters in
its nematic phase. However, the results were based on the
analyses of the13C chemical shifts of the biphenyl fragments,
and the assumption of their para axes making an angle of 11.8°
with the long molecular axis, a value obtained in a similar
banana molecule.16 The present study has removed such a crude
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assumption, since the central phenyl ring can now be studied
using the CSA results from the SUPER experiment.

2D carbon-proton (HETCOR) chemical shift correlation
spectroscopy has been used in solids27-29 under MAS to assign
spectra. For aligned liquid crystals, MAS is not required (and
is not desirable) to obtain a good spectral resolution. This is
used here on the stationary sample of 10DClPBBC. Both
homonuclear and heteronuclear dipolar decoupling must, how-
ever, be used during the evolutiont1 and acquisitiont2 periods,
respectively. 2D separated local field (SLF) NMR spectroscopy
has been used to measure and assign C-H dipolar couplings.30-32

In the SLF method, a13C spin evolves under the influence of
dipolar local fields produced by the surrounding protons. Its
variant is the proton-detected local field (PDLF) technique, in
which the spectra are governed by simple two-spin interactions,
resulting in a higher spectral resolution.33-37 In the present study,
both SLF and PDLF experiments were carried out at a single
temperature in the nematic phase of 10DClPBBC. Only the SLF
spectrum is reported here to aid the spectral assignment, and to
obtain C-H dipolar couplings. These C-H couplings enable
the determination of local order parameter tensors for the
biphenyl rings.

The present study reports on how 2D13C NMR techniques
may be used to complement the 1D13C spectroscopy, and how
13C NMR can become a stand-alone method for elucidating
structure and orientational ordering of banana mesogens. It also

shows that expensive syntheses of partially deuterated com-
pounds may be avoided.16

Experimental Section

The structure of 10DClPBBC is sketched in Figure 1a,
showing the carbon labels. The synthesis and its characterization
were reported elsewhere.38 The phase transition temperatures
observed by polarization microscopy are

and the clearing temperature (TC) determined by NMR is 373.5
K. The 13C NMR experiments were carried out at 100.6 MHz
with a Bruker Avance 400 spectrometer. The 1D and 2D13C
NMR spectra of the banana sample in CDCl3 were reported
previously.15 The13C NMR experiments of the static neat sample
were carried out with a 2-channel HX solid probe. The sample
was macroscopically aligned within the superconducting magnet
by cooling slowly from the isotropic phase. The13C spectrum
in the isotropic phase was collected by a carbon 90° pulse
together with Waltz-16 proton decoupling. The13C spectra in
the nematic phase were collected15 using standard CP (cross-
polarization) for 2 ms after the 90° proton irradiation. The1H
90° pulse width was 3.4µs. Proton decoupling during the13C
signal acquisition was achieved by SPINAL-64 pulse sequence39

with a minimal decoupling field of ca. 10 kHz. To avoid sample

Figure 1. (a) Molecular structure of 10DClPBBC, (b) 2D SUPER pulse sequence, (c) carbon-proton HETCOR pulse sequence using FSLG
homonuclear decoupling, and (d) SLF pulse sequence modified by including the cross-polarization inversion.

crystal1 798
51.9°C

crystal2 798
72.7°C
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heating, the recycle delay between each FID acquisition was 6
s. The temperature calibration was made for a given air flow
using the known phase transition temperatures of a liquid crystal.
The temperature gradient across the sample was estimated to
be within 0.3 deg. The13C peak assignments in the aligned
sample are those given before15 but with only a minor revision
(see below). The 2D13C SUPER was performed in the solid
state of 10DClPBBC at room temperature and at a spinning
speed (frot) of 4.9 kHz using a 4 mmdouble resonance CP/
MAS probe. The experiment, which correlates CSA powder
patterns in thef1 dimension with the isotropic chemical shifts
in the f2 dimension, is based on the experiment of Tycko,
Dabbagh and Mirau,40 but can provide a better compensation
for experimental imperfections such as inhomogeneous rf (B1)
fields. The scaling factor is also more favorable. Its pulse
sequence is shown in Figure 1b. After a ramp CP of 2 ms, four
13C 2π pulses are used to recouple CSA during MAS. The13C
power level required for recoupling isfrf ) 12.12× frot. To
avoid the signal being dephased by strong heteronuclear
couplings during the recoupling 2π pulses, a cw proton
decoupling field of 192 kHz is applied. The spinning sidebands
are removed by theγ integral41 and TOSS (theγ integral is
needed in the 2D MAS experiments). During acquisition,
TPPM15 decoupling sequence is applied at a decoupling level
of 147 kHz. The number oft1 increments was 32 with 192 scans
per t1 increment, and the States-TPPI42 quadrature detection
method was used. The scaling factor for CSA was set at 0.155.

2D carbon-proton HETCOR spectroscopy was carried out
on the static sample using the pulse sequence shown in Figure
1c. Theπ pulse in the carbon channel is to refocus the dipolar
coupling while leaving the evolution of the proton offset
(chemical shift) unaffected. Homonuclear decoupling of the
abundant spins duringt1 is achieved by the frequency-switched
Lee-Goldburg (FSLG-2),43 a variant of the off-resonance

“magic angle cw” irradiation proposed by Lee and Goldburg.44

Here the proton rf irradiation is switched between the two LG
conditions(γB1/x2 for each 2π rotation of the proton mag-
netization about the effective field. The scaling factor of FSLG-2
decoupling sequence for the chemical shift is 0.578. The first
magic angle (θm) pulse applied after the proton 90° pulse puts
the proton transverse magnetization perpendicular to the effec-
tive field, and the second magic angle pulse after the FSLG
sequence puts them back onto thex-y plane. LG and CP are
used simultaneously to establish selective heteronuclear polar-
ization transfer during the cross-polarization. Generally, the
Hartmann-Hahn matching condition during LG-CP was found
to be very sensitive. A phase sensitive spectrum using the
STATES method was obtained. The 2D SLF NMR spectrum
was obtained at 351 K on the stationary sample using the pulse
sequence shown in Figure 1d. The dipolar oscillations were
observed on the CP buildup curves when homonuclear decou-
pling using FSLG-2 at 53.2 kHz was applied during CP. The
LG decoupling duringt1 produced a theoretical scaling factor
of sin θm ) 0.82 for the dipolar oscillation (not accounted for
in getting the SLF spectrum). Duringt2, heteronuclear decou-
pling was achieved by SPINAL-64 at 42.3 kHz. To decrease
the central peaks in the 2D SLF spectrum, cross-polarization
inversion45,46 for a fixed duration (2 ms) was also included in
the pulse sequence. The number oft1 increments was 80 with
96 scans pert1 increment, and the STATES method was used.
Typical proton and carbon 90° pulse widths in 2D experiments
were ca. 2µs and 2.8µs, respectively.

Results and Discussion

The 2D SUPER spectrum in the solid phase of 10DClPBBC
is shown in Figure 2, together with the 1D isotropic spectrum
(f2 projection) and13C peak assignments at the top. The CSA

Figure 2. 2D SUPER spectrum in the solid phase of 10DClPBBC at room temperature and at a spinning rate of 4.9 kHz using the pulse sequence
in Figure 1b.
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powder patterns of various carbon sites from thef1 slices of
Figure 2 are shown in Figures 3 and 4. The powder line shapes
were simulated using WSOLIDS1 simulation package47 to
determine the principal components of the CSA tensor, and they
are shown as dashed curves in these figures. The CSA results
are summarized in Table 1. In Figure 3, the observed carbon
powder patterns for sites 1 andZ in the literature26 are also

included for direct comparisons. On the basis of this figure,
the previous13C assignment in the isotropic phase15 for sites 1
and Z must be reversed. Fortunately this minor modification
has not significantly changed the conclusions drawn previously.
The HETCOR spectrum in the nematic phase (≈78 °C) of
10DClPBBC is shown in Figure 5, which correlates the carbon
and proton chemical shifts in thef2 and f1 dimensions. Again

Figure 3. Plots of f1 slices from the 2D SUPER spectrum for carbon sites 1 andZ. The powder spectra on the left column are for poly(ethylene
terephthalate) (PET) (top spectrum) and 3-methoxy benzamide (bottom spectrum), which are reproduced from ref 26 for direct comparison. Dashed
curves denote theoretical simulations of CSA powder patterns.

Figure 4. Same as Figure 3 for carbon sites 6, 7, 9, 10, and 12. Dashed curves denote theoretical simulations of CSA powder patterns.
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the 1D carbon spectrum is displaced at the top of this 2D map,
together with peak assignments. The spectrum of SLF experi-
ment, collected at 78°C, is shown in Figure 6, in which thef2
dimension shows the normal proton-decoupled13C peaks (top
trace), while the slices in thef1 dimension show the individual
13C nuclei with the C-H dipolar couplings. Figure 7 shows
some selectedf1 slices from the aromatic region. The dipolar
oscillation frequencies seen in thet1 dimension (as a function
of CP time) for carbons 2,3,6 and 7 are seen to be similar, and
are larger than those of the quaternary carbons 4, 5, 8, and 9.
The observations are consistent with the13C peak assignments
given previously.15 The temperature-dependent chemical shifts
δ(j) for the aromatic region and X9 and X10 of 10DClPBBC
are reproduced15 in Figure 8.

The chemical shiftδ of a carbon in a liquid crystalline phase
is related to its isotropic chemical shiftδiso, the components of
the chemical shift tensorδij, and local order parameter tensor
Sij according to48

NeglectingSxy, Syz, andSxz, which are usualy small, the chemical
shiftsδ(j) of carbons on the biphenyl fragments and center ring

can be calculated separately using different local order parameter
tensors:15,16,48

Figure 5. 2D carbon-proton HETCOR spectrum in the nematic phase of 10DClPBBC at 78°C using the pulse sequence of Figure 1c.

TABLE 1: CSA Tensors for Various Carbon Sites (Site
Labels Are for Both Lateral Wings) Determined by SUPERa

sites 1 6 7 9 10 12 Z

δ11 69 34.4 28.3 72.2 44.6 30 111
δ22 164 140.7 145.7 145.2 109 149.3 133
δ33 246 204.6 212.7 217.2 213.6 183 242
δiso 159.7 126.4 128.9 144.9 122.4 120.8 162

a The accuracy of theδii values is around(2 ppm.

δ ) δiso + 2
3
Szz{δzz- (δxx + δyy)/2} +

1
3
(δxx - δyy)(Sxx - Syy) + 2

3
(Syzδyz + Sxzδxz + Sxyδxy) (1)

Figure 6. 2D SLF spectrum in the nematic phase of 10DClPBBC at
78°C using the pulse sequence of Figure 1d.

δ(j) ) δiso
(j) + 2

3
SZ′Z′[P2(cosâ(j))(δ33

(j) - δ22
(j)) +

1
2
(δ22

(j) - δ11
(j))] + 1

3
(SX′X′ - SY′Y′)[cos2â(j)δ22

(j) +

sin 2â(j)δ33
(j) - δ11

(j)] (2)
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whereâ(j) is the angle between the principal direction ofδ33
(j)

in the δ(j) tensor for thejth carbon and thez′ axis of the local
(x′, y′, z′) frame fixed on a molecular fragment. To distinguish
the two local frames, we have chosen the (x, y, z) frame fixed
on the central ring fragment, with thez axis along the direction
joining the chlorine atoms. The other local (x′, y′, z′) frame is
fixed on a biphenyl fragment, where thez′ axis is along the

ring para axes and thex′ axis is on a biphenyl ring plane. As
seen below, the local order parameterSzz of the central ring
reflects the nematic order parameter of the molecule. The CSA
tensors used in the present study are those given in Table 1
(from SUPER) and literature values reproduced in Table 2.49-51

The principal axis system (1, 2, 3) for the chemical shift tensor
is chosen by assuming that the 3 axis is along the C-H bond,
or C-C bond, and the 1 axis is normal to a ring plane. This
assumption is necessary as the orientation of the chemical shift
tensor for various carbons in this banana molecule is unavailable.
Initially, the biphenyl carbon chemical shifts were fitted at each
temperature. The two (Sx′x′ - Sy′y′) were found to depend linearly
on temperature, whileSz′z′ followed the Haller equation:

whereS0 andf are empirical constants andT* is the temperature
slightly aboveTc at which Sz′z′ becomes zero. In the global
analysis, the above equation was used to describe the local order
parameterSz′z′(T) with T* ) Tc + 1 K. A linear equation was
used to describe the temperature dependence of (Sx′x′ - Sy′y′),
i.e., Sx′x′ - Sy′y′ ) S∆(T - Tc) where S∆ is a fitting constant.

The same procedures were used for the carbon sites 10 and
12 to give local order parametersSzz andSxx - Syy.

The calculated chemical shifts for fitted carbon sites are
shown as solid lines in Figure 8, and theSzz values of central
ring andSz′z′ values of biphenyl groups obtained from the fittings
are shown in Figure 9a withS0 and f for the biphenyl group
and central ring being (0.76, 0.15) and (0.92, 0.17), respectively.
Figure 9b shows the linear temperature behaviors of (Sxx - Syy)
and two (Sx′x′ - Sy′y′) for the two biphenyl rings. Now our results
imply that the localz axis located on the central ring represents
a more ordered axis (or the long molecular axis), and thus
reflects the overall molecular ordering. Thez′ axis along the
para axes in the biphenyl group is less ordered. Indeed,Szz is
found similar to that reported for the nematic order parameter,15

and varies between 0.36 and 0.6 in the nematic range. Now
one can use the following approximate equation52 to relate the
ordering of these localz axes

whereθ is the angle between the para axes of a biphenyl group
(z′ axis) and the more ordered axis (zaxis). Using this equation,
an average angleθ ≈ 15.67 is estimated, which is slightly larger
than the value of 11.8° found in the banana mesogen ClPbis11BB.
Hence, the average bending angle subtended by the two lateral
arms in 10DClPBBC is determined to be 148.7° in the present
study. This angle is larger than monosubstituted chlorine banana
mesogens.15 The (Sx′x′ - Sy′y′) found for the outer ring in a
biphenyl group is slightly less than that of the ring closer to
the central ring (Figure 9b). In general, the local biaxial orders
of the fragments are relatively small, and their magnitudes are
perhaps less certain due to inaccurate CSA for some carbon
sites (e.g., Table 2). For the central ring, (Sxx - Syy) is about
0.05 at 64.5°C and becomes zero nearTc.

Figure 7. Plots of 1D slices in thef1 dimension of Figure 6 for some
protonated carbon sites.

Figure 8. Plots of chemical shifts for the aromatic carbons and aliphatic
carbons X9 and X10 in the isotropic and nematic phases of 10DClPB-
BC. The carbon labels are indicated in Figure 1a. Solid curves denote
calculated chemical shifts after a global minimization.

TABLE 2: CSA Tensors for Other Carbon Sites (Site
Labels Are for Both Lateral Wings)

sites 2a 3b 4a 5b 8c

δ11 8.7 21.8 14.6 20 8.7
δ22 135.5 145.5 147.4 173 155.7
δ33 192.6 217.9 219.3 236 227.7
δiso 112.2 128.4 127.1 143 130.7

a Reference 49.b Reference 50.c Reference 51.

Sz′z′(T) ) S0(1 - T/T*) f (3)

Sz′z′ ≈ SzzP2(cosθ) (4)
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The local order tensors of phenyl rings in the biphenyl
fragment can also be studied at 78°C using the dipolar
oscillations due to C-H dipolar couplings seen in the SLF
experiment. The observed C-H dipolar splittings∆νij (between
the outer peaks) in Figure 7 can be understood using33

wheref is the scaling factor of the dipolar decoupling sequence,
Jij is the C-H scalar coupling constant (assumed to be
negligible), andDij, the C-H dipolar coupling constant, is given
by

with kij ) 30.74 kHz Å3 for a bonded C-H spin pair,θR
ij is

the angle between the internuclearij vector (rij) and theR axis
of the local (x′, y′, z′) frame. We have chosenrCH ) 1.09A° and
rCC ) 1.4 A° . For the ortho and meta carbons on the phenyl
ring, one has to consider both∆ν1 due the attached proton and
∆ν2 due the nearby nonbonded proton (e.g., for carbon 2, the
former is due to H(2) and the latter is due to H(3) where the
number inside the parentheses denotes the carbon number to
which the proton is attached). The observed dipolar splitting is

then given byx(∆ν1)
2+(∆ν2)

2. For the quaternary carbons,
the two nonbonded protons are located at the samer ij making
the observed splitting being given byx2 ∆νij.37 For each
phenyl ring, one has four observed dipolar splittings (tabulated

in Table 3) from which two unknownsSz′z′ and (Sx′x′ - Sy′y′)
can be determined using eq 5. To determine the local order
tensors for the two phenyl rings keepingSz′z′ the same, we have
chosen to optimize the ring geometry. For the outer phenyl ring,
we found thatθz′

CH ) 58.5° and 59° for sites 2 and 3,
respectively, andSz′z′ ) 0.52 and (Sx′x′ - Sy′y′) ) 0.07, whereas
for the other ring in the biphenyl fragmentθz′

CH ) 60° (not
varied) for site 6 and 59.3° for site 7, andSz′z′ ) 0.52 and (Sx′x′
- Sy′y′) ) 0.05. In this calculation, six target parameters were
varied to best fit the experimental splittings in Table 3. The
calculated splittings are also listed in this table. The agreement
between calculated and experimental splittings is good except
for sites 5 and 8. This could be attributed to their weaker broad
lines. The localSz′z′ value found here appears to be consistent
with the corresponding localSz′z′ value (0.51) found from the
global analysis of13C chemical shift data of biphenyl group at
the same temperature. The local molecular biaxialities of the
two rings appear tbe quite similar in view of uncertain geometry,
but seem slightly larger than those given above at this
temperature. The distortion inθz′

CH from the nominal 60° value
could partly due to the inaccurate determination of dipolar
couplings resulting from relatively broad lines seen in the SLF
experiment.

The present analyses do not require specific motional
processes (internal and external motions of the banana core),
or need to know its particular core conformation. Indeed, there
may be several possible configurations generated by a rotation
of the lateral arm about the Car-C bond at the central ring as
depicted in Figure 10. TheSz′z′ is less thanSzz partly due to the
molecular structure of a particular conformation, and partly due
to possible “fast” conformational transitions among different
available configurations. Even if there are more than one stable
configuration, the conformational changes are fast on the NMR
time scale such that a simple13C spectrum is obtained at a
particular temperature. If this is not the case, different subspectra

Figure 9. (a) Plot of the local order parameterSzz for the biphenyl
group (O) and central ring (0) in the nematic phase of 10DClPBBC.
(b) Plot of the local biaxial order parameter (Sxx - Syy) vs temperature
(2 is central ring;b is for the ring closer to the central ring;9 is for
the outer biphenyl ring)

Figure 10. Some probable configurations of the studied banana core
(see text).

TABLE 3: Dipolar Splittings of Biphenyl Fragment from
SLF Experiment

sites expt splittings/sinθm (kHz) calcd splittings 2Dij (kHz)

1 2.55( 0.02 2.54
2 4.05( 0.01 4.04
3 4.27( 0.01 4.27
4 2.51( 0.02 2.52
5 2.54( 0.11 2.41
6 4.58( 0.01 4.57
7 4.21( 0.01 4.22
8 2.30( 0.05 2.44

∆νij ) f(2Dij + Jij) (5)

Dij ) -(kij/rij
3)[P2(cosθz'

ij)Sz′z′ +

1
2
(cos2θx′

ij - cos2θy'
ij)(Sx′x′ - Sy′y′)] (6)
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would be visible in the observed spectrum just like the doubling
of the 13C peaks seen in a monosubstituted analogue 11ClPB-
BC.15 Finally, the angleθ in eq 4 may be interpreted as some
configurational average angle between the two differently
ordered axes in this banana core. The question of exactly how
many (if any) conformations and their structures as well as their
probabilities in the nematic potential for a relatively large
molecule remains open. However, based on the quantum
chemical calculations of a similar compound ClPbis11BB16 and
the aboveθ value, the predominant core configuration is likely
the conformer II shown in Figure 10.

Conclusion

The present study has demonstrated how 2D13C NMR can
play an important role in the study of structures and orientational
order in banana mesogens. In particular, the SUPER experiment
can be employed to give more precise magnitudes of principal
elements in CSA tensors for the particular liquid crystal in
question. This particular 2D MAS technique has not been
applied to liquid crystals until now. Although 2D-PASS has
been used in liquid crystals, we have found that the implementa-
tion of the SUPER method seems to be easier. The other 2D
NMR techniques are useful to confirm of13C peak assignments
in the 1D proton-decoupled13C spectrum. The present study
has enabled us to get the order parameters of the central ring.
In addition, the average bending angle subtended by the two
arms of the bent-core structure in 10DClPBBC is found to be
148.7°.
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