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A carbon-13 NMR study in a series of bent-core(banana-shaped) molecules is reported. In 1,3-phenylene
bis[48-alkenyloxy biphenyl]-4-carboxylate derivatives the position of the chlorine substitutent(s) connected to
the central phenly ring and/or the terminal chain length of the compounds were varied. By analyzing the
observed chemical shift anisotropies, the order parametersS and bending angles in their nematic phase are
compared. The biphenyl moiety on each arm of the molecular core is found to form a nonzero twist angle.
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I. INTRODUCTION

Tilted smectic phases of liquid crystals that show chiral
properties due to breaking of mirror symmetry have attracted
much attention in recent years. The constituent molecules
can either possess molecular chirality due to the presence of
asymmetric carbon(s) [1–3] or are achiral as shown by bent-
core or banana-shaped mesogens[4]. The former class can
exhibit ferroelectric, antiferroelectric, and ferri smectic

phases in which a spontaneous electric polarizationPW ap-
pears in each layer. Bent-core molecules do not have cylin-
drical symmetry, thus requiring two unit vectorsn̂ andm̂ for
their description. The vectorm̂ is normal to the average mo-
lecular plane, whilen̂ is along the long axis of the molecule
(the director). Each layer is polar because of the efficient
packing of the molecules. The electric polarization is along

the unit vectorb̂, which is normal to bothn̂ and m̂ vectors
when the achiral molecule has aC2v symmetry. When mol-

ecules tilt away from the layer normalk̂ at a tilt angleu,

which is measured byn̂3 k̂=sin u= ujYu. Now the vectorsPW

andjW form an anglec. Thus all tilted banana(B) phases can
be specified by the anglesu andc [5]. Indeed, the tilt direc-
tion of molecular planes and the polar order axis are the two
independent symmetry breaking factors; the chirality can be

defined byx=2fsk̂3 n̂d ·b̂gsk̂·n̂d [6]. While there is an enor-
mous scientific interest in these achiral materials, there
seems to be a huge potential for high-tech applications as
well, e.g., ferroelectricity and antiferroelectricity for electro-
optical applications. Electro-optical switching has indeed
been observed in B2 and B5 phases[7]. Structure and dynam-
ics of banana mesogens and in particular the so-called B
phases are the subject of intense research. Several classes of
banana molecules have been synthesized in the last five years
[8–10]. Many of them were based on resorcinol as the cen-
tral unit. Introduction of substituents at different positions
either on the central or on the outer aromatic rings leads to a
conformational change of the whole molecule and naturally
alters the bending angleC of the mesogenic core units. It has
often been stated that such materials, consisting of achiral
molecules, may form chiral smectic layers, but nematic

phase is seen in increasing number of compounds.
Few papers concerning13C NMR investigations on

banana-shaped molecules have been published in the last few
years[11–14] showing the possibility to access geometrical
information, such as the bending angle. However, these stud-
ies have revealed that the analyses of13C NMR spectra need
the knowledge of the orientation and chemical shift aniso-
tropy sCSAd tensor of each carbon in the molecule. Incorrect
CAS tensorial quantities could introduce non-negligible er-
rors in either the local order parameterSzz or the molecular
geometry.1H and 19F NMR have been introduced[15] to
support13C NMR studies. More recently,2H and 13C NMR
spectroscopies are combined to give precise structural infor-
mation of the banana-shaped mesogen 4-Chloro-1,
3-phenylene bis[48-(10-undecenyloxy)benzoyloxy]-4-
benzoatesClPbis11BBd in its nematic phase[16]. The syn-
thesis of this compound was first reported in Ref.[10]. In the
same study, quantum chemical calculations have also been
used to shed light on the molecular conformation of the five-
ring molecular core. In this study, we report on a13C study
of the banana-shaped mesogens 4-Chloro-1,3-phenylene bis
[48-(10-undecen-1-yloxy)-1,18-biphenyl]-4-carboxylate f11
ClPBBCg and its related analogs 4,6-dicholoro-1,3-
phenylene bis[48-(9-decen-l-yloxy)-l,48-biphenyl]-4-
carboxylatef10DClPBBCg and 4,6-dichloro-1,3-phenylene
bis[18 - (10-undecen-1-yloxy) -1,18 -biphenyl]-4-carboxylate
f11DClPBBCg. These latter compounds differ from the
former ClPbis11BB by the lack of one ester–COO linking
group in each wings of the molecules. By varying the sub-
stituents in the central phenyl ring, it is our aims to probe the
molecular structure and order parameters of these banana-
shaped molecules in the nematic phase.

II. EXPERIMENT

Figure 1 shows the molecular structure of studied banana-
shaped molecules given below. Their phase transition tem-
peratures as observed by polarization microscopy as well as
their clearing temperaturesstcd as determined by NMR are
the following:
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4-Chloro-1,3-phenylene bis[48-(10-undecen-1-yloxy)-1,
18-biphenyl] carboxylatef11ClPBBCg

crystal ←
63.2 °C

Sm-C ←
77.6 °C

N ←
84.5 °C

I

X = Cl, Y = H,n = 11;tc = 86 ° C

4,6-Dichloro-1,3-phenylene bis[48-(9-decen-1-yloxy)-1,
18-biphenyl] carboxylatef10DClPBBCg

crystal1 ↔
51.9 °C

crystal2 ↔
72.7 °C

crystal3 ↔
87.6 °C

N ↔
98.8 °C

I

X = Cl,Y = Cl,n = 10;tc = 100.5 ° C

4,6-Dichloro-1,3-phenylene bis[48-(10-undecen-1-
yloxy)-1,18-biphenyl] carboxylatef11DClPBBCg

crystal1 ↔
71.2°C

crystal2 ↔
78.6°C

N ↔
10.27°C

I

X = Cl,Y = Cl,n = 9;Tc = 104 ° C

The synthesis of the studied bent-core compounds will be
described elsewheref17g. The 13C NMR experiments were
performed on a Bruker Avance 400 spectrometer operat-
ing at 100.6 MHz. Theone-dimensionals1Dd and 2D
13C NMR spectra of the banana samples inCDCl3 were
performed in the high-resolutionsHRd mode using a
broadband invasesBBId probe. The 1D13C spectrum was
obtained by using a single carbon pulse and the free in-
duction decaysFIDd collected with the Waltz-16 proton
decoupling sequence. The13C peak assignments were
aided by the well-known distortionless enhancement by
polarization transfersDEPTd and 2D 13C-1H correlation
sXHCORRd experimentsf18g. The 1D 13C NMR experi-
ments of the static neat sample were done with a two-
channel HX solid probe. The isotropic phase spectrum was
collected as in the HR mode except the Waltz-16 decou-
pling power was higher. The13C spectra in the nematic
phase were collected using standard CPscross polariza-
tiond for 2 ms after the 90° proton irradiation. Proton de-
coupling during the13C signal acquisition was done by the
SPINAL-64 pulse sequencef19g with a minimal decou-
pling field of ca. 10kHz. To avoid sample heating, the
recycle delay between each FID acquisition was 6 s. Each
spectrum was obtained after signal averaging 512 or 256
scans. The temperature calibration was made for a given
air flow using the known phase transition temperatures of
a liquid crystal. The13C peak assignments in the aligned
sample were based on experiments using the pulse se-
quence with phase inversionsPId and CPsi.e., CPPId f20g

and previous13C peak assignments in similar compounds
f16,21,22g. In the CPPIspectrum, one should see negative
CH2, null CH, and positive nonprotonated C signals. The
1H 90° pulse width was 3.4ms and the temperature gradi-
ent across the sample was estimated to be within 0.3°C.

III. RESULTS AND DISCUSSION

Figure 2 shows the HR 13C NMR spectra of
11ClPBBC/CDCl3 solution together with the13C peak as-
signments. The bottom trace is a DEPT spectrum in which
CH2 signals are negative, CH signals positive, and null sig-
nals for all nonprotonated carbons. Figure 3 shows a 2D
HXCORR spectrum of 11ClPBBC/CDCl3 and its 1D1H and
13C spectra on the sides. Isotropic chemical shifts of protons
were assigned first in its HR proton spectrum, and the peak
assignments in the HXCORR spectrum are according to the
1H and13C isotropic chemical shifts. The corresponding HR
spectra of 10DClPBBC and 11DClPBBC are similar. Typical
13C spectra obtained in static samples of 10DClPBBC and
11ClPBBC at several temperatures are shown in Figs. 4 and
5, respectively. The13C spectra of 11DClPBBC are almost
identical to those shown in Fig. 4. The aligned sample in the
magnetic field was obtained by cooling from the isotropicsId
phase to the nematicsNd phase. During the phase transition

FIG. 1. Molecular structure of
nClPBBC or nDClPPBC and its
long molecular axis zM. The bend-
ing angle C=180°−sua+ubd,
whereui is the angle between the
para axes of a biphenyl fragment
and the zM axis.

FIG. 2. High-resolution13C spectrum of 11ClPBBC/CDCl3 so-
lution at ambient temperature and its corresponding DEPT spectrum
(bottom trace). The asterisk denotes an impurity peak.
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FIG. 3. Two-dimensional
HXCORR spectrum of
11ClPBBC/CDCl3 at ambient
temperature.

FIG. 4. Typical 13C spectra observed in the
aligned sample of 10DClPBBC at several tem-
peratures by cooling form the isotropic phase.
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from I to N, 13C chemical shiftsssjd of the aromatic carbons
shift markedly downfield but those of the aliphatic carbons
shift slightly upfield. It is clear that the aliphatic carbon
peaks are closely overlapped except X9sX10d and
X10 sX11d, and the present13C study, therefore, focuses on
the aromatic carbons to extract both the orientational order-
ing of the banana core and its “average” molecular structure
in the nematic phase. Figures 6–8 show the temperature de-
pendences ofdsjd for the aromatic carbons, X9sX10d and
X10 sX11d carbons for our three samples. It is noted that the
d temperature dependences of X9, X10, and X11 carbons are
rather weak, and the carbon peak assignments for the central
phenyl ring are tentative.

The chemical shiftd in a liquid crystalline phase is related
to the isotropic chemical shiftdiso, the components of the
chemical shift tensordi j , and order parameterSij according to
[23]

d = diso +
2

3
Szzhdzz− sdxx + dyyd/2j +

1

3
sdxx − dyydsSxx − Syyd

+
2

3
sSyzdyz+ Sxzdxz+ Sxydxyd. s1d

Because of rapid rotations of the molecule about its long
molecular axis(e.g., zM axis in Fig. 1), Sxy,Syz, andSxz van-
ish, andSxx-Syy is usually small in uniaxial mesophases. With
these restrictions,

d = diso +
2

3
Ssdi − d'd, s2d

wheredi is the chemical shift component along the direction
of the zM axis,d'=sdxx+dyyd /2 is the average chemical shift
component along a short molecular axis, andS is the order
parameter associated with the(assumed) long molecular
axis. In the simple case of a rapid rotation about the long
axis, di andd' are given by

di = scos2a cos2 bdd11 + ssin2 a sin2 bdd22 + scos2 bdd33,

d' =
1

2
s1 − cos2 a sin2 bdd11 +

1

2
s1 − sin2 a sin2 bdd22

+
1

2
sin2bd33, s3d

wherea andb are the polar angles fordi j in the molecular
sxM ,yM ,zMd frame. To deriveS from Eqs. (2) and (3), the
CSA tensor componentsdi j must be known for various car-
bon sites. The principal axiss1,2,3d frame of the CSA ten-
sor must also be known and is chosen in this study by as-
suming that the 3-axis is along the C-H bond or C-C bond,
and the l-axis is normal to the central phenyl ring plane. The
assumption is made necessary by the fact that the CSA ten-
sors and their orientations are unavailable for carbons on
these banana-shaped molecules. Because of the lack of suit-
able CSA tensors for the carbons in the central phenyl ring in

FIG. 5. Typical 13C spectra observed in the
aligned sample of 11ClPBBC at several tempera-
tures by cooling from the isotropic phase.
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the literature and the uncertainty in their assignments in the
13C spectra, we have concentrated on fitting the chemical
shifts data of C1–C8 (except C7 whose CSA tensor is uncer-
tain) from the two biphenyls(a,c or b,d in Fig. 1) in each
banana-shaped molecule. It is noted that thepara axes of
biphenyl rings are collinear, and these rings are known to
perform rapid ring flips about their para axes. The13C
chemical shift data can be used to determine the local order
parameterS, plus the anglesua and ub each biphenyl para
axes formed with respect to the zM axis. To calculate the
chemical shiftsdsjd of carbons on these rings, there is an
additional coordinate transformation from thepara axes
sxp,yp,zpd to the molecular zM axis resulting in the following
expression:

ds jd = diso
s jd +

2

3
SP2scosuidFS−

1

2
+

3

2
cos2 as jdsin2bs jdDd11

s jd

+ S−
1

2
+

3

2
sin2as jdsin2 bs jdDd22

s jd + P2scosbs jddd33
s jdG .

s4d

Hereas jd andbs jd are the polar angles for thedi j
s jd of the j th

carbon in thesxp,yp,zpd frame. The xp-zp plane is defined by
the plane of the central phenyl ring. As seen in Fig. 5, the
carbon signals from the biphenyl fragmentss1–8d show

clearly doubling in 9ClPBBC—i.e., 1 and 1c, etc., at 77°C
for the monosubstituted banana. Thus the13C signals of the
biphenly moiety in this banana-shaped mesogen are different
for the two lateral wings indicating that theirpara axes
make quite differentui angles. This is consistent with the
deuterium data of ClPbis11BB, which is also a monosubsti-
tuted banana[16]. In the 9ClPBBC compoundua=uCl and
ub=uH; for the other two disubstituted compounds,ua=ub
=uCl. When all rings in the wings are coplanar with the cen-
tral ring, thena=90° in the above equation. Now the phenyl
rings in the biphenyl are known to twist with respect to each
other with a twist anglef. We have, therefore, allowed rings
a and b to rotate away from the planar conformation. As a
result, for carbons on them the anglea=90°-f. In an at-
tempt to use Eq.(4) to estimate order and geometry of the
banana core from various carbon sites in thelateral rings, we
note that the general features of CSA tensors have been
given for aromatic carbons of model compounds(including a
model LC compound) in the literature[21,24,25]. These are
tabulated in Table I together with calculateddiso values for
direct comparison with experimental values in the isotropic
phase. For the protonated carbon, theb angle between the
C-H bonds and thepara axis of each ring has the nominal
value of 60°. For thepara carbons,b=0. As seen in Eq.(4),
the change in the chemical shiftDds jd can only give the prod-
uct S and P2scosuid and our data from the biphenyl frag-
ments cannot untangle the order parameterSand the angleui
unambiguously. We have therefore chosen to setuCl equal to
an average value of 12° as determined from the deuteron

FIG. 6. Plots of chemical shifts of the aromatic carbons and
aliphatic carbons X9 and X10 in the isotropic and nematic phases
of 10DClPBBC. The carbon labels are indicated in Fig. 2 except
that the chain is shorter and C10 has a Cl atom instead.

FIG. 7. Plots of chemical shifts of the aromatic carbons and
aliphatic carbons X10 and X11 in the isotropic and nematic phases
of 11DClPBBC.
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results in ClPbisBB[16]. Now by fitting the observed chemi-
cal shifts at each temperature, one can calculateS for each
carbon site and the unknown angleuH in the case of
11ClPBBC, as well as the twist anglesfa andfb. We found
that uH, fa, and fb are weakly temperature sensitive. We
have carried out a global target analysis of all theDd8s for
the C1–C8 and/or C1cand C8c given in Figs. 6–8 to obtain

S,fa, andfb, as well asuH, for the case of 11ClPBBC by
minimizing the sum square errors using the routineAMOEBA

[26]. To do this, we have adopted the temperature depen-
dence ofS using the Haller equation[27]

SsTd = S0s1 − T/T*d f ,

whereS0 and f are empirical constants andT* is the tem-
perature slightly aboveTc at whichSbecomes zero. We have
set T* =Tc+1 K, and the weak temperature behavior in
anglesVi is modeled by a general linear equationVi =Vi8
+hisT-Tcd. In our initial global analyses,S0, f, Vi8, andhi are
the variables to give the best fits of the chemical shifts at a
number of temperatures(15 for 10DClPBBC, 13 for
11DClPBBC, and 10 for 11ClPBBC). For final analyses, we
have chosen to use an “average” molecular structure for each
banana core. In the case of 11ClPBBC, this was done in a
two-step process: once the averageuH was found, a second
global analysis with variablefa andfb was done in order to
find their average values for final global analysis. For the
other two samples, there is nouH. It is noted that the em-

TABLE I. CSA tensors for various carbon sites(site labels are
for both lateral wings).

Sites 1a 2b 3a 4b 5a 6a 8c

d11 67.8 8.7 21.8 14.6 20 21.3 8.7

d22 169.3 135.5 145.5 147.4 173 150.2 155.7

d33 244 192.6 217.9 219.3 236 200.8 227.7

diso 160.4 112.2 128.4 127.1 143 124.1 130.7

aReference[21].
bReference[24].
cReference[25].

FIG. 8. Plots of chemical
shifts of the aromatic carbons and
aliphatic carbons X10 and X11 in
the isotropic and nematic phases
of 11ClPBBC. The carbon labels
are indicated in Fig. 2.
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ployment of average molecular structure did not adversely
affect the fits. Furthermore, the derivedS as a function of
temperature is more or less unchanged. The calculatedd ’ s
are shown as solid curves in Figs. 6–8. As seen in these
figures the experimental chemical shifts in the nematic phase
for the studied sites are reproduced satisfactorily. Figure 9
summarizes the local order parameterSof the molecular core
for the studied banana-shaped molecules as a function of the
reduced temperature. For 10DClPBBC and 11DClPBBC, the
S can be identified as the nematic order parameter for the
core. Since the two lateral arms are not symmetric with re-
spect to the central phenyl ring in 11ClPBBC, our calculated
S reflects more for the ordering of the central ring. NowS0
=0.79 andf =0.145 in 11ClPBBC, while the corresponding
values for 10DClPBBC and 11DClPBBC are, respectively,
0.84,0.153 and 0.93,0.168. It is interesting to note that theS
values Tc are almost identical for the three related banana-
shaped mesogens, even though the empirical constants in the
Haller equation are different. The averageuH angle and the
average twist angelsfa and fb for 11ClPBBC are 21.2°,
13.5°, and 24.2°, respectively. The average twist anglessfa

=fbd for 10DClPBBC and 11DClPBBC are almost identical,
19.9°, and 19.5°, respectively. The bending angleC sub-
tended by the two side wings in the monosubstituted banana-

shaped molecule 11ClPBBCs146.8°d is smaller than the dis-
ubstituted moleculess156°d by about 9°. They are, however,
significantly larger than the value of 127.6° reported for an-
other banana-shaped molecule[28]. In summary the present
13C results show how the average structure and ordering of
the bent-core in banana-shaped mesogens can be obtained.

IV. CONCLUSION

The present study shows that carbon-13 NMR can pro-
vide useful information on the molecular structure and the
local ordering of the five-ring core in a series of banana
mesogens, provided that reasonable estimates of CSA ten-
sors of various carbon sites and the orientation of one wing
with respect to the long molecular axis in the bent-core struc-
ture exist. In our case, the angleuCl was estimated in a pre-
vious study by means of deuterium and13C NMR spectros-
copy. When CSA tensors can be measured from the central
phenyl ring,13C NMR can, in principle, give the angleuCl.
Preliminary results using the SUPER[29] (separation of un-
distorted CSA powder patterns by effortless recoupling)
method have yieldedd11=27.4 , d22=122.1, andd33=217.4
(the 3-axis is taken along the C-Cl bond) for C10 in
10DClPBBC [30]. With this CSA, the predicted chemical
shifts (dashed line) for this carbon site are shown in Fig. 6.
This shows that this carbon site in the central phenyl ring can
be used to giveS directly and a direct measure of theuCl
angle(our 12° seems to be good) is possible in this mesogen.
Because of the biphenyl fragments are nonplanar, it is pos-
sible that their twist senses are opposite in reference to the
central phenyl ring, giving a propeller effect on the entire
molecular core. Unfortunately, current13C NMR spectra are
unable to confirm this conjesture, but it certainly opens up
the question of achiral nature of banana mesogens.
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