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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,tbiphenyl] carboxylate in its nematic and solid phases in order to
unambiguously assign its carbon-13 NMR spectrum. F@echemical 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 t§.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 different sites overlap, making the analysis quite difficult.
- . . . Various 2D NMR schemes have been designed to separate the
Multidimensional NMR experiments have been carried out isotropic and anisotropic chemical shift informatién2s All
in liquid crystals:* consisted of molecules having various 056 methods retain CSA information while obtaining a clear
anisometric shapes so as to elucidate the structure and OreNgistinction between the different carbon sites. Recently, a 2D

tz?]tiona:]ll ordering.ﬁgrr?ong themt,l bet?t-c?rg (or rl])oczne;'alng- phase adjusted spinning sideband (2D-PASS) experﬁfh@nt
shaped) mesog ave recently attracted much attention, paq shown a number of advantages over the previous 2D

partly due to the observation of chirality in tilted smectic phases chemes. However, most of the known sideband-separation

Ehhe so-ca!lids-ﬁhafes) ftqrn;ed l.)ty;r_lese achlrg] m°|eCUIt?S’ an echniques are performed at unusually low sample rotation
e associated electrooptical switching propeftiesd partly frequenciesfio < 2 kHz).

due to the scientific curiosity in phenomena such as biaxial . -

nematic phases in low-molecular-mass thermotropic systeins. The C_:SA of a c_arbon site p_roduces a charaqter_|st|c powder

Chirality attributable to a twisted conformation has also been pattern in _nonrotatlng _SOI'dS’ with a peak at its principal element

reported in B-phaséd. There are several®C NMR papers J22, the middle value in the CSA tensor, and sharp steps at the

reported in the last few yedfslé on bent-core (banana) two other princ?p_al components. Such powdt_ar patterns have the
advantage of giving the magnitudes of the principal components

mesogens. These studies have revealed that analys€ of ¢ directly eith ith ith ! simul
spectra need the proper carbon peak assignments, as well aQf CSA tensor directly either with or without spectral simula-
ions. However, they do not give the CSA principal axes in

the knowledge of chemical shift anisotropy (CSA) tensor and tions ) )
its orientation for each carbon in the molecule in order to extract '€lation to a particular molecule axis. A recent method for

the molecular geometry and/or the order parameters. As a partial©t@ting solids, termed the separation of undistorted powder
solution to the lack of precise CSA tensors, other nuclei such Pattemns by effortiess recoupling (SUPER), was prop8sted

asH,7 24,16 and19F7 were used to support tH&C NMR resullts. obtain CSA powder patterns using suitably rotation-synchro-
Here an alternative solution is explored, which involves doing n'zfd radio frequency (rf) pulses. This has produced a number
two-dimensional (2D}3C NMR on bent-core mesogens in order ©f **C powder spectra in organic solids and polymers for
to aid the spectral assignment and to determiredGiipolar  different chemical (aromatic, unprotonated-gybridized, and
couplings as well as the principal elements of CSA tensors. aliphatic) sites. Here the SUPER method is employed in the
The six parameters of a CSA tensor (three principal values solid phase of a banana.mesogen, 4,6-dichloro-1,3-phenylenebis-
and three Euler angles specifying the principal axis system in % ~(9-decenyloxy)-1,kbiphenyl] carboxylate (10DCIPBBC).

a crystal-fixed frame) can be obtained by means of single crystal Wr|1en ofng SISA tcomparlfng thes((je lvalues W't(? t¥ﬁ.'cal p:rrllné:lpal
measurement$. To grow single crystals of sufficient size for values o €Nsors from model compounds, this method may

banana mesogens may be a daunting task. However, the e useq to aid the spectral assignment3af spectrum in the
principal values of a CSA tensor can be determined quite reliably |bsotrop|c S.Z%SE oIBtéanana mesqunshlnglPBBC has recgntly
from the magic-angle-spinning (MAS) sideband patféd?For een studi y NMR to obtain the order parameters in

systems with many carbon sites, the sideband manifolds from its nematic phase. Hovyever, 'the results' WEre hased onine
analyses of thé3C chemical shifts of the biphenyl fragments,

— - and the assumption of their para axes making an angle of 11.8
T University of Manitoba. . - : . .
t Research Institute of Solid State Physics and Optics. with the long molecular axis, a value obtained in a similar
8 Brandon University. banana molecul¥ The present study has removed such a crude
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Figure 1. (a) Molecular structure of 10DCIPBBC, (b) 2D SUPER pulse sequence, (c) cappoton HETCOR pulse sequence using FSLG
homonuclear decoupling, and (d) SLF pulse sequence modified by including the cross-polarization inversion.

assumption, since the central phenyl ring can now be studiedshows that expensive syntheses of partially deuterated com-
using the CSA results from the SUPER experiment. pounds may be avoidéd.

2D carbonr-proton (HETCOR) chemical shift correlation
spectroscopy has been used in s@id® under MAS to assign
spectra. For aligned liquid crystals, MAS is not required (and  The structure of 10DCIPBBC is sketched in Figure 1a,
is not desirable) to obtain a good spectral resolution. This is showing the carbon labels. The synthesis and its characterization
used here on the stationary sample of 10DCIPBBC. Both were reported elsewhef& The phase transition temperatures
homonuclear and heteronuclear dipolar decoupling must, how- observed by polarization microscopy are
ever, be used during the evolutibrand acquisitiori, periods,
respectively. 2D separated local field (SLF) NMR spectroscopy  crystal
has been used to measure and assighi @ipolar couplings®-32
In the SLF method, &C 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 resoluti&h3’ In the present study,

Experimental Section

—

ryst
crystaj 87.6°C  98.8°C

ryst
51.9°C crystal

72.7°C
and the clearing temperaturgd) 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 and2D
"NMR spectra of the banana sample in CP@lere reported

) - ) previously!® The3C NMR experiments of the static neat sample
both SLF and PDLF experiments were carried out at a single o e carried out with a 2-channel HX solid probe. The sample

temperature in the nematic phase of 10DCIPBBC. Only the SLF |4 macroscopically aligned within the superconducting magnet

spectrum is reported here to aid the spectral assignment, and t(by cooling slowly from the isotropic phase. THE spectrum

obtain C-H dipolar couplings. These-€H couplings enable in the isotropic phase was collected by a carbofi pOlse

the determination of local order parameter tensors for the together with Waltz-16 proton decoupling. THE spectra in

biphenyl rings. the nematic phase were collectedsing standard CP (cross-
The present study reports on how 2B NMR techniques polarization) for 2 ms after the 9@roton irradiation. ThéH

may be used to complement the ¥ spectroscopy, and how  90° pulse width was 3.4s. Proton decoupling during tHéC

13C NMR can become a stand-alone method for elucidating signal acquisition was achieved by SPINAL-64 pulse seqif@nce

structure and orientational ordering of banana mesogens. It alsowith a minimal decoupling field of ca. 10 kHz. To avoid sample
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Figure 2. 2D SUPER spectrum in the solid phase of 10DCIPBBC at room temperature and at a spinning rate of 4.9 kHz using the pulse sequence
in Figure 1b.

heating, the recycle delay between each FID acquisition was 6“magic angle cw” irradiation proposed by Lee and Goldbtirg.
s. The temperature calibration was made for a given air flow Here the proton rf irradiation is switched between the two LG
using the known phase transition temperatures of a liquid crystal. conditionsj:yBﬂ\/E for each Z rotation of the proton mag-
The temperature gradient across the sample was estimated t@etization about the effective field. The scaling factor of FSLG-2
be within 0.3 deg. Thé3C peak assignments in the aligned decoupling sequence for the chemical shift is 0.578. The first
sample are those given befétéut with only a minor revision magic angle ¢, pulse applied after the proton 9pulse puts
(see below). The 2B3C SUPER was performed in the solid  the proton transverse magnetization perpendicular to the effec-
state of 10DCIPBBC at room temperature and at a spinning tive field, and the second magic angle pulse after the FSLG
speed fo) of 4.9 kHz usig a 4 mmdouble resonance CP/  sequence puts them back onto they plane. LG and CP are
MAS probe. The experiment, which correlates CSA powder used simultaneously to establish selective heteronuclear polar-
patterns in the; dimension with the isotropic chemical shifts ization transfer during the cross-polarization. Generally, the
in the f, dimension, is based on the experiment of Tycko, Hartmanr-Hahn matching condition during LG-CP was found
Dabbagh and Miraéf} but can provide a better compensation to be very sensitive. A phase sensitive spectrum using the
for experimental imperfections such as inhomogeneouBy)f ( STATES method was obtained. The 2D SLF NMR spectrum
fields. The scaling factor is also more favorable. Its pulse was obtained at 351 K on the stationary sample using the pulse
sequence is shown in Figure 1b. After a ramp CP of 2 ms, four sequence shown in Figure 1d. The dipolar oscillations were
13C 27 pulses are used to recouple CSA during MAS. H@ observed on the CP buildup curves when homonuclear decou-
power level required for recoupling f§ = 12.12 x fio. TO pling using FSLG-2 at 53.2 kHz was applied during CP. The
avoid the signal being dephased by strong heteronuclear.G decoupling during; produced a theoretical scaling factor
couplings during the recouplingz2 pulses, a cw proton  of sin 6,, = 0.82 for the dipolar oscillation (not accounted for
decoupling field of 192 kHz is applied. The spinning sidebands in getting the SLF spectrum). Durirtg, heteronuclear decou-
are removed by the integraf! and TOSS (they integral is pling was achieved by SPINAL-64 at 42.3 kHz. To decrease
needed in the 2D MAS experiments). During acquisition, the central peaks in the 2D SLF spectrum, cross-polarization
TPPM15 decoupling sequence is applied at a decoupling levelinversiorf546 for a fixed duration (2 ms) was also included in
of 147 kHz. The number df increments was 32 with 192 scans  the pulse sequence. The numbetpihcrements was 80 with
per t; increment, and the States-TPPfuadrature detection 96 scans pet; increment, and the STATES method was used.
method was used. The scaling factor for CSA was set at 0.155.Typical proton and carbon 9@ulse widths in 2D experiments
2D carbonr-proton HETCOR spectroscopy was carried out were ca. 2us and 2.8us, respectively.
on the static sample using the pulse sequence shown in Figure
1c. Thes pulse in the carbon channel is to refocus the dipolar Results and Discussion
coupling while leaving the evolution of the proton offset
(chemical shift) unaffected. Homonuclear decoupling of the  The 2D SUPER spectrum in the solid phase of 10DCIPBBC
abundant spins during is achieved by the frequency-switched is shown in Figure 2, together with the 1D isotropic spectrum
Lee—Goldburg (FSLG-2f2 a variant of the off-resonance (f; projection) and'3C peak assignments at the top. The CSA
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Figure 3. Plots off; slices from the 2D SUPER spectrum for carbon sites 1arthe 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.
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Figure 4. Same as Figure 3 for carbon sites 6, 7, 9, 10, and 12. Dashed curves denote theoretical simulations of CSA powder patterns.

powder patterns of various carbon sites from thslices of included for direct comparisons. On the basis of this figure,
Figure 2 are shown in Figures 3 and 4. The powder line shapesthe previous3C assignment in the isotropic pha3éor sites 1
were simulated using WSOLIDS1 simulation packdgm and Z must be reversed. Fortunately this minor modification

determine the principal components of the CSA tensor, and theyhas not significantly changed the conclusions drawn previously.
are shown as dashed curves in these figures. The CSA resultsfhe HETCOR spectrum in the nematic phase/8 °C) of

are summarized in Table 1. In Figure 3, the observed carbon10DCIPBBC is shown in Figure 5, which correlates the carbon
powder patterns for sites 1 artlin the literaturé® are also and proton chemical shifts in tHfg andf; dimensions. Again
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Figure 5. 2D carbonr-proton HETCOR spectrum in the nematic phase of 10DCIPBBC &Cr8sing the pulse sequence of Figure 1c.

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

sites 1 6 7 9 10 12 Z

011 69 34.4 28.3 72.2 44.6 30 111
022 164 140.7 145.7 145.2 109 149.3 133
O33 246 204.6 2127 2172 2136 183 242
diso 159.7 126.4 128.9 1449 1224 1208 162

aThe accuracy of thé; values is around:2 ppm.

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 78C, is shown in Figure 6, in which thie
dimension shows the normal proton-decoupl&@ peaks (top
trace), while the slices in thig dimension show the individual
13C nuclei with the C-H dipolar couplings. Figure 7 shows
some selected} slices from the aromatic region. The dipolar
oscillation frequencies seen in tiedimension (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 #i& peak assignments
given previously*® The temperature-dependent chemical shifts
o0 for the aromatic region and X9 and X10 of 10DCIPBBC
are reproduced in Figure 8.

The chemical shif of a carbon in a liquid crystalline phase
is related to its isotropic chemical shif,, the components of
the chemical shift tensa¥;, and local order parameter tensor
S; according té8

8= 0+

I1SO

2
észz{ 07— (O T 6yy)/2} +
1

20— 0,)(Se— §) + 2SSt Sp) ()

NeglectingSyy, Sz andS,, which are usualy small, the chemical
shifts 00) of carbons on the biphenyl fragments and center ring
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Figure 6. 2D SLF spectrum in the nematic phase of 10DCIPBBC at
78°C using the pulse sequence of Figure 1d.

can be calculated separately using different local order parameter
tensors'5:1648

oV =4 04

iso §SZ’Z”P2(COSﬁ(J))(633(]) - 5220)) +
5(5220) - 5110))1 + 5(3«)« - SW)[COSZﬁ(J)(Szz(J) +

sin?8%0,3Y — 0,1 (2)
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TABLE 2: CSA Tensors for Other Carbon Sites (Site
Labels Are for Both Lateral Wings)

sites 2 3r 42 5p 8
on 8.7 21.8 14.6 20 8.7
022 135.5 145.5 147.4 173 155.7
033 192.6 217.9 219.3 236 227.7
diso 112.2 128.4 127.1 143 130.7

aReference 4% Reference 505 Reference 51.

ring para axes and theé axis is on a biphenyl ring plane. As
seen below, the local order parame$y 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 Taldfie 2.

The principal axis system (1, 2, 3) for the chemical shift tensor
is chosen by assuming that the 3 axis is along théHdond,

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 tw&x — Syy) were found to depend linearly

on temperature, whil&,, followed the Haller equation:

SN =1 - T’ (3)

whereS, andf are empirical constants afid is the temperature
slightly aboveT, at which S,z becomes zero. In the global
analysis, the above equation was used to describe the local order
parameteiS;»(T) with T* = T, + 1 K. A linear equation was
used to describe the temperature dependenc&@f{ Syy),

i.e., Sex — Sy = SA(T — Te) where § is a fitting constant.

The same procedures were used for the carbon sites 10 and
12 to give local order paramete®, andSy — Sy,

The calculated chemical shifts for fitted carbon sites are
shown as solid lines in Figure 8, and tBg values of central
ring andS;, values of biphenyl groups obtained from the fittings
are shown in Figure 9a witB andf for the biphenyl group
and central ring being (0.76, 0.15) and (0.92, 0.17), respectively.
Figure 9b shows the linear temperature behaviorSg S,)
and two Gx — Syy) for the two biphenyl rings. Now our results
imply that the locak axis located on the central ring represents
a more ordered axis (or the long molecular axis), and thus
reflects the overall molecular ordering. THeaxis along the
para axes in the biphenyl group is less ordered. Ind8gds
found similar to that reported for the nematic order paraniéter,
and varies between 0.36 and 0.6 in the nematic range. Now
one can use the following approximate equatfdn relate the
ordering of these locat axes

Sz & S, P,(cosb) 4)

where@ is the angle between the para axes of a biphenyl group
(Z axis) and the more ordered axisaxis). Using this equation,

Figure 8. Plots of chemical shifts for the aromatic carbons and aliphatic &N average angle~ 15.67 i_s estimated, which is S”ghtly_ larger
carbons X9 and X10 in the isotropic and nematic phases of 10DCIPB- than the value of 11°ound in the banana mesogen CIPbis11BB.

BC. The carbon labels are indicated in Figure 1a. Solid curves denote Hence, the average bending angle subtended by the two lateral

calculated chemical shifts after a global minimization.

wherep0) is the angle between the principal directiondgfd

in the 60 tensor for thgth carbon and the axis of the local
(X, ¥, Z) frame fixed on a molecular fragment. To distinguish
the two local frames, we have chosen they( 2) frame fixed
on the central ring fragment, with tteaxis along the direction
joining the chlorine atoms. The other local,(y', Z) frame is
fixed on a biphenyl fragment, where tlze axis is along the

arms in 10DCIPBBC is determined to be 148id the present
study. This angle is larger than monosubstituted chlorine banana
mesogend® The Sex — Syy) 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 rin§(— S) is about
0.05 at 64.5°C and becomes zero nesy.
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Figure 9. (a) Plot of the local order paramet8&y, for the biphenyl
group ©) and central ring[{) in the nematic phase of 10DCIPBBC.
(b) Plot of the local biaxial order paramet&(— S,) vs temperature
(a is central ring;® is for the ring closer to the central rinik is for
the outer biphenyl ring)

The local order tensors of phenyl rings in the biphenyl
fragment can also be studied at 7& using the dipolar
oscillations due to €H dipolar couplings seen in the SLF
experiment. The observed-E dipolar splittingsAv;; (between
the outer peaks) in Figure 7 can be understood d&ing

Avy = f(2D; + J) (5)
wheref is the scaling factor of the dipolar decoupling sequence,
Jj is the C-H scalar coupling constant (assumed to be
negligible), and;, the C-H dipolar coupling constant, is given
by

= —(k;/r;%)|Py(cos8,")S,, +

%(co&@x,“ — ¢80, ))(Six — )| (6)
with kj = 30.74 kHz & for a bonded GH spin pair,0, is

the angle between the internucléavector ¢;) and theo, axis

of the local &, ¥, Z) frame. We have chosean = 1. 09A and
recc = 1. 4 A. For the ortho and meta carbons on the phenyl
ring, one has to consider botfw; due the attached proton and

Av; 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 t

which the proton is attached). The observed dipolar splitting is
then given byy/(Av,)*+(Av,)% For the quaternary carbons,
the two nonbonded protons are located at the sgnmeaking

the observed splitting being given by2 Av;.3” For each

Xu et al.

" O

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/sth, (kHz) calcd splittings Bjj (kHz)
1 2.554+0.02 2.54
2 4.05+0.01 4.04
3 4.274+0.01 4.27
4 2.514+0.02 2.52
5 2.544+0.11 2.41
6 4,58+ 0.01 4.57
7 4.214+0.01 4.22
8 2.30+ 0.05 2.44

in Table 3) from which two unknownS,,; and S« — Syy)

can be determined using eq 5. To determine the local order
tensors for the two phenyl rings keepiSg the same, we have
chosen to optimize the ring geometry. For the outer phenyl ring,
we found that6," = 58.5 and 59 for sites 2 and 3,
respectively, an&,; = 0.52 and §x — Syy) = 0.07, whereas

for the other ring in the biphenyl fragmef,®H = 60° (not
varied) for site 6 and 59°Jor site 7, andS;; = 0.52 and $x

— Syy) = 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 locals;, value found here appears to be consistent
with the corresponding loc&d,, value (0.51) found from the
global analysis of3C 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 iy “H 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,-C bond at the central ring as
depicted in Figure 10. Th8;, is less thars,, partly due to the

olecular 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 simpléC spectrum is obtained at a

phenyl ring, one has four observed dipolar splittings (tabulated particular temperature. If this is not the case, different subspectra
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would be visible in the observed spectrum just like the doubling
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probabilities in the nematic potential for a relatively large

molecule remains open. However, based on the quantum
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the conformer Il shown in Figure 10.
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play an important role in the study of structures and orientational
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(23) Hodgkinson, P.; Emsley, lJ. Chem. Phys1997 107, 4808.

order in banana mesogens. In particular, the SUPER experiment (24) Antzutkin, O. N.; Shekar, S. C.; Levitt, M. H. Magn. Reson. A
can be employed to give more precise magnitudes of principal 1995 115 7.

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 2

NMR techniques are useful to confirm BC peak assignments
in the 1D proton-decoupletfC spectrum. The present study

(25) Dollase, W. A.; Feike, M.; Fster, H.; Schaller, T.; Schnell, I;
Sebald, A.; Steuernage, $. Am. Chem. Sod.997, 119, 3807.

(26) Liu, S-F.; Mao, J.-D.; Schmidt-Rohr, KI. Magn. Reson2002
155 15.
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Deculeslggl 24, 4820.

(28) van Rossum, B.-J.;ster, H.; de Groot, H. J. Ml. Magn. Reson.
1997 124 516.
(29) Lesage, A.; Emsley, L1. Magn. Resorn2001, 148 449.

has enabled us to get the order parameters of the central ring. (30) Opella, S. J.; Waugh, J. 3. Chem. Phys1977, 66, 4919.

In addition, the average bending angle subtended by the two
arms of the bent-core structure in 10DCIPBBC is found to be

148.7.
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