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Structure and order of a homologous series of bent-core molecules: RC NMR study
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A carbon-13 NMR study in a series of bent-cgbmnana-shapédnolecules is reported. In 1,3-phenylene
bis[4’-alkenyloxy biphenyl-4-carboxylate derivatives the position of the chlorine substitggenbnnected 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 param&aewrsd 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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[. INTRODUCTION phase is seen in increasing number of compounds.

. . o . Few papers concerning®C NMR investigations on
roTlg?t(ije:rgSgt{(C) E:‘eaaslgrf O(f)fl'r?]lijr'rdofgy‘:';?:]s'ett:]art]:\?:\gttf:gtzl anana-shaped molecules have been published in the last few

prop 9 y y ears[11-14 showing the possibility to access geometrical

much_ attention In recent years. The constituent moIecuIeI formation, such as the bending angle. However, these stud-
can either possess molecular chirality due to the presence 9

asymmetric carbas) [1-3 or are achiral as shown by bent- ies have revealed that the analyse$f NMR spectra need

core or banana-shaped mesogis The former class can the knowledge of the orientation and chemical shift aniso-
- 'ap . 9 . . . tropy (CSA) tensor of each carbon in the molecule. Incorrect
exhibit ferroelectric, antiferroelectric, and ferri smectic

) ) ) s CAS tensorial quantities could introduce non-negligible er-
phaseg in which a spontaneous electric polarizaioap- _rors in either the local order parame®y, or the molecular
pears in each layer. Bent-core molecules do not have Cy"”geometry.lH and 1% NMR have been introducefl5] to
drical symmetry, thus requiring two unit vectdisandm for support’3C NMR studies. More recentl?H and 3C NMR
their description. The vectan is normal to the average mo- gpeciroscopies are combined to give precise structural infor-
lecular plane, whilen is along the long axis of the molecule ation of the banana-shaped mesogen 4-Chloro-1
(the directoy. Each layer is polar because of the eﬁidem’s-phenylene big' -(10-undecenyloxypenzoyloxy-4-
packing of the molecules. The electric polarization is alongoenzoate(CIPbisllBB in its nematic phasgl6]. The syn-

the unit vectorb, which is normal to botth andm vectors  thesis of this compound was first reported in R&f). In the
when the achiral molecule hasG, symmetry. When mol-  same study, quantum chemical calculations have also been
ecules tilt away from the layer normél at a tilt angle, u_sed to shed light on the molecular conformation of the five-
which is measured bjix k=sin 6=|¢. Now the vectors® N9 molecular core. In this study, we report ort°€ study

> . of the banana-shaped mesogens 4-Chloro-1,3-phenylene bis
and¢ form an angley. Thus all tilted bananéB) phases can [4'-(10-undecen-1-yloxy1,1’-bipheny]-4-carboxylate [11

b.e specified by the anglesand [3]. Indeed, th? tilt direc- CIPBBC|] and its related analogs 4,6-dicholoro-1,3-
tion of molecular planes and the polar order axis are the twg

. . ) - henylene bigl’-(9-decen-I-yloxy-1,4’-biphenyl]-4-
independent symmetry breaking factors; the chirality can b%arboxylate[lODCIPBBq and 4,6-dichloro-1,3-phenylene

defined be=2[(k>< ﬁ)-E)](%-ﬁ) [6]. While there is an enor- bis[1’ - (10-undeca-1-yloxy)-1,1’ - biphenyl-4-carboxylate
mous scientific interest in these achiral materials, ther?llDClPBBq. These latter compounds differ from the
seems to be a huge potential for high-tech applications agmer ClPbis11BB by the lack of one ester-COO linking

Wetl.l’ el.g., fel_r ro;allectricli_:t?/ atnd an:_iferlroelgtctlzi.city Lor e',e%tro'dgr_oup in each wings of the molecules. By varying the sub-
optical applications. Electro-optical switching has Indeedg;iyents in the central phenyl ring, it is our aims to probe the

been observed inBand B phaseg7]. Structure and dynam- - mqjecular structure and order parameters of these banana-
ics of banana mesogens and in particular the so-called @haped molecules in the nematic phase.

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- Il EXPERIMENT

tral unit. Introduction of substituents at different positions

either on the central or on the outer aromatic rings leads to a Figure 1 shows the molecular structure of studied banana-
conformational change of the whole molecule and naturallyshaped molecules given below. Their phase transition tem-
alters the bending angle of the mesogenic core units. It has peratures as observed by polarization microscopy as well as
often been stated that such materials, consisting of achirdheir clearing temperaturg$.) as determined by NMR are
molecules, may form chiral smectic layers, but nematicthe following:
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Z FIG. 1. Molecular structure of
m. nCIPBBC or nDCIPPBC and its
) 0 long molecular axis 4. The bend-
b ing angle W¥=180°~6,+6,),
where 6, is the angle between the
para axes of a biphenyl fragment
O(CH,), ,CH=CH, and the g axis.

0al,
c

4-Chloro-1,3-phenylene  4i4'-(10-undecen-1-yloxyl, and previoustC peak assignments in similar compounds

H,C=CH(CH;),,0

1’-bipheny] carboxylate 11CIPBBJ [16,21,23. In the CPPIspectrum, one should see negative
CH,, null CH, and positive nonprotonated C signals. The
crystal <= SmC <— N <— | 'H 90° pulse width was 3.4s and the temperature gradi-
63.2 °C 776°C  845°C

ent across the sample was estimated to be within 0.3°C.
X=Cl, Y=H,n=11;t=86°C

. . Ill. RESULTS AND DISCUSSION
4,6-Dichloro-1,3-phenylene K4 -(9-decen-1-yloxy-1,

1'-bipheny] carboxylatef 10DCIPBBJ Figure 2 shows the HRC NMR spectra of
11CIPBBC/CDC} solution together with thé*C peak as-
crystal; <= crystal, <= crystal; <= N <= | signments. The bottom trace is a DEPT spectrum in which
51.9°C 72.7°C 87.6°C  988°C CH, signals are negative, CH signals positive, and null sig-
nals for all nonprotonated carbons. Figure 3 shows a 2D
X=ClLY=Cl,n=10;1=1005°C HXCORR spectrum of 11CIPBBC/CDgéand its 1D*H and
4,6-Dichloro-1,3-phenylene i -(10-undecen-1- 15c spect_ra on the s_ide_s. Isotropic chemical shifts of protons
yloxy)-1,1’-biphenyl carboxylate[ 11DCIPBBQ were aSS|gne_d first in its HR proton spectrum, and_the peak
assignments in the HXCORR spectrum are according to the
crystal, <= crystal, <= N <> | 'H and '3C isotropic chemical shifts. The corresponding HR
71.2°C 78.6°C  10.27°C spectra of 10DCIPBBC and 11DCIPBBC are similar. Typical
13C spectra obtained in static samples of 10DCIPBBC and
X=ClLY=Cl,n=9;T,=104°C 11CIPBBC at several temperatures are shown in Figs. 4 and

_ _ 5, respectively. Thé*C spectra of 11DCIPBBC are almost
The synthesis of the studlecigbent—core compounds will bggentical to those shown in Fig. 4. The aligned sample in the
described elsewhelfe.7]. The *°C NMR experiments were magnetic field was obtained by cooling from the isotrapjc

performed on a Bruker Avance 400 spectrometer operafshase to the nematidN) phase. During the phase transition
ing at 100.6 MHz. Theone-dimensional(1D) and 2D

13C NMR spectra of the banana samplesGBCl; were e
performed in the high-resolutiofHR) mode using a e oer g )@\ e
broadband invaséBBI) probe. The 1DC spectrum was ﬁ,\f‘O/QAm J\O\Q

obtained by using a single carbon pulse and the free in- %
duction decay(FID) collected with the Waltz-16 proton * ot

decoupling sequence. Th&C peak assignments were 2
aided by the well-known distortionless enhancement by 3
polarization transfeDEPT) and 2D '3C-H correlation
(XHCORR) experiments[18]. The 1D '3C 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. Thé3C spectra in the nematic
phase were collected using standard @€Poss polariza-
tion) for 2 ms after the 90° proton irradiation. Proton de-
coupling during thé'3C signal acquisition was done by the
SPINAL-64 pulse sequencgl9] with a minimal decou- l T
pling field of ca. 10kHz. To avoid sample heating, the R
recycle delay between each FID acquisition was 6 s. Eact xn X K™
spectrum was obtained after signal averaging 512 or 25€r—r e
. . . 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20
scans. The temperature calibration was made for a giver 8 (pPm)
air flow using the known phase transition temperatures of
a liquid crystal. The'®C peak assignments in the aligned  FIG. 2. High-resolutiort3C spectrum of 11CIPBBC/CDgGko-
sample were based on experiments using the pulse sation at ambient temperature and its corresponding DEPT spectrum
guence with phase inversidi®l) and CP(i.e., CPP) [20]  (bottom tracg The asterisk denotes an impurity peak.
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73°C

3c.7.x10

81.5°C FIG. 5. Typical 13C spectra observed in the
aligned sample of 11CIPBBC at several tempera-
tures by cooling from the isotropic phase.

N 85.5°C

200 180 140 140 120 100 80 60 40 20 O -20
S (ppm)

from I to N, 13C chemical shiftsr)) of the aromatic carbons 2
shift markedly downfield but those of the aliphatic carbons 0= isot 55@ =4,), (2
shift slightly upfield. It is clear that the aliphatic carbon
peaks are closely overlapped except (¥@0) and  wheres is the chemical shift component along the direction
X10 (X11), and the presentC study, therefore, focuses on of the 7, axis, 5, =(S+ dyy)/ 2 is the average chemical shift
the aromatic carbons to extract both the orientational ordereomponent along a short molecular axis, & the order
ing of the banana core and its “average” molecular structurparameter associated with th@ssumey long molecular
in the nematic phase. Figures 6—8 show the temperature dexis. In the simple case of a rapid rotation about the long
pendences oB!) for the aromatic carbons, X&10) and  axis, §, and 8, are given by
X10 (X11) carbons for our three samples. It is noted that the . )
s temperature dependences of X9, X10, and X11 carbons are% = (cosar COS’ )61 + (SIMP a Sir? ) 5y + (COS B) 33,
rather weak, and the carbon peak assignments for the central
phenyl ring are tentative. 1 ) 1 . .

The chemical shiféin a liquid crystalline phase is related 91 = 5(1~ co$ a sir? )8y, + 5= Sirf a Sir? 8) 8,
to the isotropic chemical shif6, the components of the
E:nga]mical shift tensof;, and order paramet&; according to + %Sinzﬁﬁgg, )

5 1 wherea and g are the polar angles fa#; in the molecular

- z _ (s _ _ (Xm,Ym»2yw) frame. To deriveS from Egs.(2) and (3), the
0% dso* 3812{6ZZ (Buct &y)/2} + 3((SXX o) (Sx= Sy CSA tensor component§; must be known for various car-
2 bon sites. The principal axid,2,3 frame of the CSA ten-

+ é(Syzéyﬁ S+ Sydyy) - 1) sor must also be knc_JW_n 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

Because of rapid rotations of the molecule about its longassumption is made necessary by the fact that the CSA ten-
molecular axige.g., 3, axis in Fig. 3, §,,S,, andS, van-  sors and their orientations are unavailable for carbons on
ish, andS,,-S;, is usually small in uniaxial mesophases. With these banana-shaped molecules. Because of the lack of suit-
these restrictions, able CSA tensors for the carbons in the central phenyl ring in
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FIG. 7. Plots of chemical shifts of the aromatic carbons and
FIG. 6. Plots of chemical shifts of the aromatic carbons andaliphatic carbons X10 and X11 in the isotropic and nematic phases
aliphatic carbons X9 and X10 in the isotropic and nematic phasesf 11DCIPBBC.

of 10DCIPBBC. The carbon labels are indicated in Fig. 2 except o ) .
that the chain is shorter and;$has a Cl atom instead. clearly doubling in 9CIPBBC—i.e,, 1 andcletc., at 77°C
for the monosubstituted banana. Thus tf@ signals of the

the literature and the uncertainty in their assignments in th? 'mﬁglyﬁ;:%r‘2| tc\;i‘e’ngznﬁg?ézgﬁge%;Te;lc;?rgzgzsgerem

13C spectra, we have concentrated on fitting the chemica L I . :
- ' . ake quite differentd, angles. This is consistent with the
shifts data of ¢-Cq (except G whose CSA tensor is uncer- deuterium data of CIPbis11BB, which is also a monosubsti-

tain) from the two biphenylga,c or b,d in Fig. 1) in each _
; tuted banand16]. In the 9CIPBBC compound,= 6 and
banana-shaped molecule. It is noted that plaga axes of 8,=6,1; for the other two disubstituted compounds,= b,

biphenyl rings are collinear, and these rings are known tqQ : . . : )
perform rapid ring flips about their para axes. THE =6c. When all rings in the wings are coplanar with the cen

chemical shift data can be used to determine the local ordetEal fing, thena=90° in the above equation. Now the phenyl

arameterS, plus the angled. and 6. each bipheny! para fings in the biphenyl are known to twist with respect to each
P piu g€ b pnenyl p other with a twist anglep. We have, therefore, allowed rings
axes formed with respect to thg,zaxis. To calculate the

chemical shiftssi) of carbons on these rings, there is an > andb to rotate away from the planar conformation. As a

. . . result, for carbons on them the angle=90°-¢. In an at-
additional coordinate transformat|on ."O”.“ thgzra axes tempt to use Eq(4) to estimate order and geometry of the
(Xp» Yp»Zp) to the molecular g axis resulting in the following

b~ banana core from various carbon sites inldteral rings, we
expression. note that the general features of CSA tensors have been
o 1 3 A given for aromatic carbons of model compoulig€luding a
8V = 8 + =SPy(cos 00{(— =+ —cod a(j)sirrzﬁ(l')> ) model LC compounylin the literature[21,24,23. These are
3 2 2 tabulated in Table | together with calculatég, values for
1 3 _ N\ o direct comparison with experimental values in the isotropic
+ (— = + =sirfaVsir? ,8(”> &)+ P,(cos g 52‘%} phase. For the protonated carbon, fhengle between the
2 2 C-H bonds and th@ara axis of each ring has the nominal
(4)  value of 60°. For thgara carbons,;3=0. As seen in Eq4),
_ the change in the chemical shit!) can only give the prod-
Here o) and 80 are the polar angles for th& of the jth  uct S and P,(cos ) and our data from the biphenyl frag-
carbon in the(x,, y,, Z,) frame. The %-z, plane Is defined by ments cannot untangle the order param&tand the angle),
the plane of the central phenyl ring. As seen in Fig. 5, thaunambiguously. We have therefore chosen todseequal to
carbon signals from the biphenyl fragments—8 show an average value of 12° as determined from the deuteron
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results in CIPbisBB16]. Now by fitting the observed chemi-
cal shifts at each temperature, one can calcutater each
carbon site and the unknown angl, in the case of
11CIPBBC, as well as the twist anglég and ¢,. We found

that 64, ¢, and ¢, are weakly temperature sensitive. We

have carried out a global target analysis of all th&'s for
the C,—Cg and/or Gand G given in Figs. 6—8 to obtain

TABLE I. CSA tensors for various carbon sitésite labels are
for both lateral wings).

Sites ? 2 3? &L 5 6 g

511 678 87 218 146 20 213 87
2o 169.3 1355 1455 1474 173 150.2 155.7
033 244 192.6 2179 219.3 236 200.8 227.7
S 1604 1122 1284 1271 143 1241 1307
*Referencq?21].

bReference{24].

‘Referencg25].

S, ¢,, and ¢y, as well aséy, for the case of 11CIPBBC by
minimizing the sum square errors using the routiveEBA

[26]. To do this, we have adopted the temperature depen-
dence ofS using the Haller equatiofR27]

ST =S(1-T/T),

where §, and f are empirical constants antt is the tem-
perature slightly abové; at whichS becomes zero. We have
set T*=T.+1 K, and the weak temperature behavior in
angles(); is modeled by a general linear equation=.;
+7,(T-T,). In our initial global analyses,, f, €}/, andy, are

the variables to give the best fits of the chemical shifts at a
number of temperatureg15 for 10DCIPBBC, 13 for
11DCIPBBC, and 10 for 11CIPBBCFor final analyses, we
have chosen to use an “average” molecular structure for each
banana core. In the case of 11CIPBBC, this was done in a
two-step process: once the averagewas found, a second
global analysis with variablep, and ¢, was done in order to
find their average values for final global analysis. For the
other two samples, there is . It is noted that the em-
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o6s b shaped molecule 11CIPBB(@46.89 is smaller than the dis-
[ ° & ubstituted molecule€l56°) by about 9°. They are, however,
080 ° % significantly larger than the value of 127.6° reported for an-
i o e other banana-shaped molec{i®8]. In summary the present
0.56 |- o o} 13C .
I o o results show how the average structure and ordering of
0.52 - a the bent-core in banana-shaped mesogens can be obtained.
On_ ©
L Fo
®» 048 |- A 0o©
L Ano IV. CONCLUSION
044 |- AA
B A0 The present study shows that carbon-13 NMR can pro-
040 |- ’-hz vide useful information on the molecular structure and the
036 i (=X local ordering of the five-ring core in a series of banana
|l ‘I‘: mesogens, provided that reasonable estimates of CSA ten-
) . . ' . sors of various carbon sites and the orientation of one wing
0.90 0.92 0.4 0.96 0.98 4,00 with respect to the long molecular axis in the bent-core struc-
T, ture exist. In our case, the anglg, was estimated in a pre-

vious study by means of deuterium aliC NMR spectros-
FIG. 9. Plots of the order paramet8ias a function of reduced copy. When CSA tensors can be measured from the central
temperature for 10DCIPBBGsquarey 11DCIPBBC(circles, and phenyl ring,13C NMR can, in principle, give the anglé,.
11CIPBBC(triangley. Preliminary results using the SUPBR9] (separation of un-

ployment of average molecular structure did not adversel istorted CSA powder patterns by effortiess recoupling

affect the fits. Furthermore, the deriv&as a function of Method have yielded,,=27.4 , 5,,=122.1, anddg;=217.4
temperature is more or less unchanged. The calculated (the 3-axis is taken along the C-CI bandor Cyo in

are shown as solid curves in Figs. 6-8. As seen in theseODCIPBBC[30]. With this CSA, the predicted chemical
figures the experimental chemical shifts in the nematic phasghifts (dashed lingfor this carbon site are shown in Fig. 6.
for the studied sites are reproduced satisfactorily. Figure ghis shows that this carbon site in the central phenyl ring can
summarizes the local order parameSaf the molecular core be used to giveS directly and a direct measure of titg,

for the studied banana-shaped molecules as a function of thngle(our 12° seems to be gopis possible in this mesogen.
reduced temperature. For 10DCIPBBC and 11DCIPBBC, thd&ecause of the biphenyl fragments are nonplanar, it is pos-
S can be identified as the nematic order parameter for th&ible that their twist senses are opposite in reference to the
core. Since the two lateral arms are not symmetric with recentral phenyl ring, giving a propeller effect on the entire
spect to the central phenyl ring in 11CIPBBC, our calculatednolecular core. Unfortunately, currehiC NMR spectra are

S reflects more for the ordering of the central ring. NGy  unable to confirm this conjesture, but it certainly opens up
=0.79 andf=0.145 in 11CIPBBC, while the corresponding the question of achiral nature of banana mesogens.

values for 10DCIPBBC and 11DCIPBBC are, respectively,
0.84,0.153 and 0.93,0.168. It is interesting to note thatthe
values T, are almost identical for the three related banana-
shaped mesogens, even though the empirical constants in theR.Y.D. acknowledges financial support from the Natural
Haller equation are different. The average angle and the Sciences and Engineering Council of Canada, Canada Foun-
average twist angelg, and ¢, for 11CIPBBC are 21.2°, dation for Innovation, and Brandon University. K.F.C. is
13.5°, and 24.2°, respectively. The average twist anglgs grateful to OTKA for financial support, Grant Nos. T032667

= ¢y) for 10DCIPBBC and 11DCIPBBC are almost identical, and T030401. We thank N. Finlay for his technical support
19.9°, and 19.5°, respectively. The bending andflesub- and Dr. Sam Yan for useful discussions on HR NMR spec-
tended by the two side wings in the monosubstituted banandroscopy.
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