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ABSTRACT 
The cholesteric liquid-crystal poly[oxycarbonyl-1,4-phenylene-oxy-1,4 terephthaloyl-oxy-1,4-phenylene-
carbonyloxy(1,2-dodecane)] [C34H36O8]n, named PTOBDME, synthesized by polycondensation reaction from 
equimolar quantities of TOBC and the racemic mixture of glycol (R-S-1,2 dodecanediol), exhibits unexpected 
optical activity and chiral morphology. The structure of racemic-PTOBDME, under different polymerization 
kinetics conditions, is analyzed by conventional NMR techniques and compared with those of polymer 
enantiomers R-PTOBDME and S-PTOBDME obtained starting R(+)1,2 and S(-)1,2-dodecanediol respectively. 
Molecular models based on the NMR signals intensities are proposed. The optical activity of racemic-
PTOBDME is evaluated by measuring the ORD values during kinetics study, and compared to the chiral 
polymers. Each enantiomeric polymer seems to present the same stereoregular head-tail, isotactic structure than 
the racemic, which we explain by the higher reactivity of the primary hydroxyl than the secondary one in the 
glycol through polycondensation. For each enantiomer, two independent sets of signals were observed by NMR, 
explained as two diastereomeric helical conformers: gg and gt, related with two possible staggered 
conformations, along the copolymer backbone. Chirality in racemic-PTOBDME is proposed to be due to the 
kinetic resolution of a preferable helical diastereomer, such as Sgt, with respect to the possible four forms, while 
the R/S ratio of asymmetric carbon atoms remained 50:50. Chiral amplification is observed in R-PTOBDME and 
S-PTOBDME due to a helical screw sense excess. Optimum yield was obtained for racemic PTOBDME, after 
120 minutes polycondensated and decanted in toluene for 24 hours. Two weeks later a second fraction 
precipitated from the toluene mother liquor with 67.6% chiral excess. After eight months and two weeks a third 
fraction precipitated with 85.2% chiral excess. 
Keywords: Cholesteric LC-polymer, crystal modelling, kinetics, optical activity. 

 
I. INTRODUCTION 

There is a growing interest in the development 
of optically active synthetic polymers and their 
structure control. Three major groupings can be 
established: polymers with optical activity arising 
from asymmetric centers in the side or main chain;  
polymers with optical activity arising from both 
asymmetric centers and macromolecular asymmetry 
based on the secundary structure (i.e.,_a helix), and 
polymers with optical activity arising entirely from 
macromolecular asymmetry [1]. 
Polymeric liquid crystals have a mesophase state in a 
temperature range between those of crystal 
formation and the melt, combining order of crystals 
with mobility of liquids. The parallel orientation of 
their longitudinal molecular axes is common to all 
mesophases (long-range-order) [2]. Two major 
classes can be distinguished: nematic (with 

molecular centres distributed isotropically) and 
smectic (molecular centres organized in layers). The 
special array of nematic planes stacked in a helical 
superstructure with a prevalent screw direction is 
called cholesteric mesophase - twisted nematic. 
Cholesteric liquid crystal polyester [C34H36O8]n, 
named PTOBDME for the research described here, 
was obtained by polycondensation reaction between 
4,4´-(terephthaloyl-di(oxybenzoic) chloride (TOBC) 
and R-S-1,2 dodecanediol, followed by decantation 
in toluene [3], according to the method previously 
reported by Bilibin [4, 5].  The chemical repeat unit, 
in Fig. 1, exhibits amphiphilic character, with an 
hydrophilic rigid core - mesogenic group- along the 
main chain, with three benzene rings bonded by 
ester bridges, and an hydrophobic- flexible aliphatic 
side chain, both linked by a spacer.      
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Figure 1. Monomeric unit of cholesteric liquid crystalline 
PTOBDME. The three different zones of the monomer: 
mesogen, spacer and flexible side chain are indicated. 
Hydrogen and carbon atoms have been numbered as 
previously reported [6]. The asterisk indicates the chiral 
center (12C). Torsion φ,  along 11C-12C bond, is indicated. 
Aromatic-end acid and aliphatic-end alcoholic groups are 
also specified. 
 
Although only racemic materials were used in the 
synthesis, a cholesteric, chiral morphology, 
theoretically not expected, was found, see Fig.2. 
Evidence of this was obtained when a white solid, 
recrystallized, as the second fraction, from toluene 
mother liquor after the filtration of the polymer, was 
identified as  –PTOBDME, with [α]25

589= -1.43 
[1.538 gr/100ml, toluene] [6]. A similar result had 
been previously obtained for the liquid crystal 
PTOBEE, [C26H20O8]n, also obtained as cholesteric, 
from polycondensation reaction between the racemic 
glycol R-S-1,2-butanediol and TOBC [7], with a 
similar molecular formula as PTOBDME except the 
side chain is an ethyl group instead of decanyl. Its 
second fraction was isolated as –PTOBEE, with a 
value of [α]25

589 = -2.33 [0.0056 mol/l , toluene]. Its 
structure and diasteromeric excess were 
characterized by NMR [8].  
Repeat unit models were simulated for PTOBDME 
by Molecular Mechanics calculations with Materials 
Studio, Fig. 3(a). The conformers with lower energy 
always “polymerized” in macromolecules showing 
helical conformation along the main chain. 
 

     
    Figure 2. Cholesteric morphology of PTOBDME. 
 
The simulated helical macromolecules could be 
packed, into a triclinic primitive P1 unit cell, 
oriented parallel to the c axis, with parameters: 
a=5.5Å, b=4.7Å, c=111.2Å (equal to the pitch 
length of the simulated polymer helix), α=92º, 
β=112º, and γ=90º [6], Fig. 3(b). 

From the polymer crystal model, theoretical powder 
x-ray diffraction patterns could be recalculated that 
matched the experimental one, confirming the 
model. The crystal morphology could further be 
simulated. The rombohedrical shape of “theoretical 
crystals” (pink in Fig. 3b) perpendicular to the c axis 
was in good agreement with the two single crystals 
types of each enanteriomeric component, obtained 
dispersed within the mesophase matrix, after heated 
to mesophase and cooled, between two microscope 
glass plates, Fig. 3(c). 

 
Figure 3. (a) MM model of PTOBDME repeat unit;         
(b) Crystal packing simulation of PTOBDME. 
Recalculated WAXS on the upper right hand corner and 
morphology simulation from crystal model; (c) Optical 
micrograph of single crystals of PTOBDME 
spontaneously grown in two rhombohedral families, 
dispersed in mesophase matrix. 
 
PTOBDME behaves both as thermotropic and 
lyotropic, which confers on it interesting 
macromolecular properties in the field of 
biotechnology [9, 10, 11].  
In the present paper we report a deeper study on the 
PTOBDME polymerization reaction, starting from 
racemic 1,2 dodecanediol, establishing the best yield 
under different kinetics conditions, and compare it 
with  R-PTOBDME and S-PTOBDME obtained by 
polycondensation reaction between TOBC and R(+) 
and S(-)-1,2-dodecanediol, respectively.     
The helical structure of PTOBDME is determined in 
solution by NMR with the complete assignment of 
1H and 13C signals together with the polymer 
conformational analysis. Polymer chirality is 
evaluated by optical rotatory dispersion (ORD). The 
relationship between ORD values and conformations 
given by the NMR spectra is established for racemic 
and chiral PTOBDME.  
 

II. MATERIALS AND METHODS 
2.1.   Synthesis of cholesteric racemic PTOBDME 
and chiral  R-PTOBDME and S-PTOBDME. 
     The synthesis of PTOBDME, already described 
elsewhere [3], [6], was carried out by 
polycondensation of equimolar quantities of 4,4´-
(terephthaloyldioxydibenzoic chloride) (TOBC) and 
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a racemic mixture of R-S-1,2-dodecanediol from 
Fluka Chemie GmBH (Switzerland), disolved in 
diphenyl oxide in N2 atmosphere. The dichloride, 
TOBC, was obtained by reaction between thionyl 
chloride and 4,4´-(terephthaloyldioxydibenzoic) acid 
(TOBA), previously synthesized from terephthaloyl 
chloride and 4-hydroxybenzoic acid. 
Pure enantiomeric R(+)1,2-dodecanediol and         
S(-)1,2-dodecanediol, purchased from Sigma-
Aldrich (Spain), were used instead to produce        
R-PTOBDME and S-PTOBDM respectively.  
Surveyed kinetics variables were: Time of 
polycondensation reaction, stirring rate, time of 
polymer decantation in toluene, time at which the 
second and even third polymer fractions were 
precipitated and yields. 
 
2.2. Characterization Techniques 
Conventional NMR techniques: 1H-NMR, 13C-
NMR, TOCSY (Total correlation spectroscopy), 
COSY (Homonuclear correlation spectroscopy) and 
HSQC (Heteronuclear single-quantum correlation 
spectroscopy), were used at room temperature, in a 
Varian SYSTEM 400 MHz spectrometer (Agilent, 
USA), using DMSO-d6 from Merck KGaA 
(Germany) as solvent. NOESY (Nuclear Overhauser 
effect spectroscopy, through-space correlation 
method), ROESY (Rotating frame nuclear 
Overhauser effect spectroscopy) and DOSY 
(Diffusion ordered spectroscopy) were performed in 
a BRUKER 500 MHz spectrometer.  
1H chemical shifts were referenced to the residual 
solvent signal at δ= 2.50 ppm (DMSO-d6) relative to 
tetramethylsilane (TMS). All the spectra were 
processed and analyzed with Mestrec 4.1.1 software 
[12].  
Optical rotatory dispersion (ORD) was registered at 
25ºC in DMSO from Scharlau Chemie (Germany), 
in a Perkin-Elmer polarimeter 241MC (USA), E= 40 
µA,  with  λNa= 589 nm,  slit = 5 mm;  λHg= 574 nm, 
slit = 14 mm; λHg= 546 nm, slit = 30 mm; λHg= 435 
nm, slit = 5 mm; λHg= 365 nm, slit = 2.5 mm. 
Integration time was 50 s in all cases. 
   The molecular modelling work was performed 
with the software Materials Studio version 8.0 
supplied by DS BIOVIA, Cambridge, U.K. 
 

III. RESULTS AND DISCUSSION. 
3.1. Structural analysis of PTOBDME in solution 
by NMR. 
   The 1H-NMR and 13C-NMR spectra of PTOBDME 
are shown in Fig. 4 and Fig. 5, respectively. 
The interpretation and assignment of signals for the 
PTOBDME polymer, the aliphatic-side end group 
and the aromatic-side acid end group, are presented 
in Table 1, considering 1H- NMR, 13C-NMR, 
TOCSY, COSY, HMQC and HSQC experiments, 
together with the theoretical chemical shift values, 

calculated with CS ChemNMR Pro versión 9.0 
Scientific Software (R. Buergin Schaller, Upstream 
Solutions GmbH, Development Centre, Zurich, 
Switzerland). 
The observed values can be compared with those of 
PTOBEE, with also two independent set of signals 
[8], and with analogous compounds with aliphatic 
end groups, as 2-hydroxydodecyl benzoate and 2-
hydroxyalkyl benzoates [13-15]. 
The presence of chiral carbon atoms, 12C*, in the 
PTOBDME repeat unit promotes the presence of 
two enantiomers not distinguishable by NMR. Only 
diastereotopic H atoms attached to carbon atoms in 
α position to the chiral centre 12C* can be 
differentiated by splitting into two signals: In our 
case these are Ha and Hb attached to 11C and Hd and 
He bonded to 10C. They exhibit coupling with each 
other and with the Hc atom directly bonded to chiral 
12C*.  
Besides chirality due to the asymmetrical carbon 
atom, there is a second chirality due to the helical 
conformation of PTOBDME, previously predicted 
and confirmed by Raman experiments [6], and by 
NMR for PTOBEE [8]. This implies two 
diastereomeric structures, for each enantiomeric 
polymer chain, i. e., four possible structures. 
According to Ute et al. and Tabei et al. [16-19], 
when an isotactic polymer with asymmetric carbon 
atoms carries non-identical end-groups  (R1≠ R2), 
each polymer can have two enantiomers, e.g.,          
R1, R, R,...,R2 and R1, S, S,...,R2. The right-handed 
and left-handed helical conformations in each 
enantiomer, being diastereomeric structures whose 
energies differ from one another (ΔG≠0), each 
helical state can be observed by NMR as an 
independent set of signals.  
Hence, in PTOBDME the presence of the chiral 
carbon 12C* in the repeat unit, and the different end 
groups for the aliphatic-end (-OH) and aromatic-end 
(-COOH) promotes the presence of two enantiomers 
for an isotactic stereoregularity. Due to its helical-
conformation, each enantiomer, R, R, R, and S, S, S, 
generates two different diastereomeric structures. In 
the NMR spectra, three sets of independent signals 
should be observed. Two are interpreted as caused 
by the helical conformations in the monomeric unit, 
differentiated with the apostrophe ( ’ ) and without it 
(  ), and the third one, due to the aliphatic end-group 
unit, being indicated with double apostrophe ( ’’ ). 
The 1H-NMR signals between 5.5 and 3.5 ppm were 
assigned to the polymer spacer, similar to those of 
PTOBEE, with analogous signals.  
Observed at 5.45, 5.26, 4.64, 3.94 and 3.8 ppm, they 
are clues to conformational changes, much more 
affected by the effect of helicity than the rest of the 
protons in both diastereomers.  
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Figure_4.  1H-NMR spectrum of PTOBDME.               
Signals with apostrophe ( ’ ) and without it (blank) are 
attributed to two independent conformers of the repeating 
unit respectively (later called gg and gt). Signals ( ’’ ) on 
Table 1 are used to identify the aliphatic-end OH group.                  
Peaks between 7- 7.36 ppm, are due to solvent impurities 
from the synthetic process.	  	  

	  
Figure_5.  13C-NMR spectrum of PTOBDME.         
Signals (  ) and ( ’ ) are attributed to two independent 
helical conformers. Signals ( ’’ ) correspond to the 
aliphatic end group, as in Fig. 4. Peaks at 118.6, 123.4 and 
130.1 ppm, are due to diphenyl oxide impurities.  
 
Accordingly, the multiplets at 5.45 and 5.26 ppm 
were assigned to Hc’ and Hc respectively, attached to 
the asymmetric 12C* in each repeat unit of the two 
independent diastereomeric structures. The rest of 
the signals on Table 1, were correlated with Hc’ or 
with Hc and assigned, respectively, to each of the 
two sets of chemical shifts with the symbol either     
( ’ ) or (   ).  The Hc’: Hc integrals ratio, can be used 
to estimate the proportion between these two sets of 
signals.  
The multiplet around 4.40 ppm, is interpreted as due 
to the proton attached to 12C* in the end spacer, 
hence called Hc’’, similarly as it has been described 
in analogous compounds [13-15].  
Diastereotopic protons Ha and Hb, bonded to 11C (in 
α position with respect to asymmetric 12C*), split 
into double doublets centred at 3.94 and 3.88 ppm, 
respectively, with coupling constant 3J(Ha-Hb) = 11.7 
Hz; their integrals were in a ratio 1:1 and both 
signals together in a proportion 2:1 with respect to 
Hc.  
The doublet at 4.64 ppm, with integral in a relation 
1:1 to Hc’, belongs to Ha’.  
The complex multiplet between 4.56 and 4.44 ppm 
is attributed to the overlapped signals of Hb’ and 
Ha’’Hb’’. After subtraction of the Ha’ integral value 

(similar to Hb’), the remaining signal from 4.58 to 
4.44 ppm, is interpreted as due to Ha’’ and Hb’’, 
nearly double the integral of the signal at 4.40 ppm 
(Hc’’). 

	  
Figure 6. TOCSY Experiment of PTOBDME in the 
aliphatic zone, spacer and side chain.  
(* ) refers to methylene in the aromatic-side end group  
ph-COO-CH2-CH3  and  
(** ) to methyl ph-COO-CH2-CH3. 
 
The TOCSY 2D experiment, the results shown in 
Fig. 6, allowed us to observe correlations for each of 
the three independent aliphatic sets of 1H signals. 
Hence, the Hc signal at 5.26 ppm was related with Ha 
(3.94 ppm), Hb (3.88 ppm), Hd, He (1.75 ppm), and 
Hf, Hg (1.33 ppm).  The broad signal in Fig. 6, 
centered at 4.48 ppm, is interpreted as due to Hb’. It 
shows correlations with Ha’ (4.64 ppm), Hc’ (5.45 
ppm), Hd’, He’ (at 1.81 ppm) and Hf’, Hg’ (at 1.42 
ppm). At both sides of Hb’, two signals are 
interpreted as due to Ha’’ at (4.48 ppm) and Hb’’ at 
(4.49 ppm) respectively, forming part of the third 
system  (’’), attributed to the aliphatic end group.  
The signal at 4.40 ppm (Hc’’) presents correlations 
with Ha’’, Hb’’ and Hd’’ at 1.89 ppm; He’’ at 1.75 
ppm; Hf’’ at 1.51 ppm; Hg’’ at 1.42 ppm; and CH2 
centered at 1.22 ppm. Methylene and methyl protons 
of the aromatic ester end group, ph-COO-CH2-CH3, 
were also detected as CH2 (4.32 ppm) quoted as * in 
Fig. 6 and Table 1, and as CH3 (1.33 ppm) indicated 
as **. 
The COSY H-H experiments provided interactions 
between coupled nuclei at a maximum three 
covalent bonds apart. They complemented the 
information obtained by TOCSY, and let us 
accurately assign the overlapped signals between 
1.89-1.75 ppm and between 1.51-1-33 ppm as:  Hd’’ 
1.89 ppm; Hd’ 1.81 ppm, He’’ 1.75 ppm and Hd 1.75 
ppm, Hf and Hg 1.33 ppm and also Hf’’ 1.51 ppm; 
Hg’’ 1.42 ppm, Hf’, Hg’ 1.42 ppm; and Hf, Hg 1.33 
ppm.   
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Figure 7(a). HSQC spectrum of PTOBDME in the 

aromatic zone. 
 
In the aromatic zone, in Fig. 4, a singlet at 8.36 ppm 
was assigned to 20H. Two doublets at 8.13 and 8.07 
ppm, were assigned to 15H and at 7.57 and 7.50 ppm 
to 16H, in agreement with the model calculated with 
CS ChemNMR Pro versión 9.0 Scientific Software.  
Since integral values of the doublets at 8.13 and 7.57 
ppm increased with that of the Hc signal at 5.26 ppm, 
they were assigned to 15H and 16H, respectively. 
Similarly, integral values of doublets at 8.07 ppm 
and 7.50 ppm increased with that of Hc’ (at 5.45 
ppm); they were assigned to 15’H and 16’H. NOESY-
2D experiment confirmed these correlations, as will 
be shown in Fig. 10.  
Surprisingly the integral values due to 15’H and 16’H 
always remained in a larger proportion than those of 
15H and 16H, perhaps due to the contribution of the 
final aromatic-COOH acid group, which overlapped 
in this zone. As was expected, crossing signals were 
observed in the TOCSY and COSY experiments 
between 16H and 15H but there was too much 
overlapping to distinguish the two systems. 
The complete assignment of the chemical shifts, also 
in Table 1, was carried out with the help of the 13C-
NMR and the HSQC experiments. A detail of the 
HSQC spectrum of PTOBDME in the aromatic zone 
is displayed in Fig. 7(a).  
Correlations between diastereotopic protons and 
their bonded carbon atoms in the spacer are seen in 
Fig. 7(c): Hc: 5.26 ppm with 12C: 73.4 ppm; Hc’: 
5.45 ppm with 12’C: 72.6 ppm; Ha’: 4.64 ppm and 
Hb’:4.48 ppm with 11’C at 66.0 ppm; Ha,Hb at 3.94 
and 3.88 ppm with 11C at 46.4 ppm and Ha’’Hb’’ at 
4.48 and 4.49 ppm with 11’’C at  67.8 ppm. 
Also correlations in the lateral chain of aliphatic end 
groups can be observed in Fig. 7(b) between signals: 
Hd’’:He’’ at 1.89 and 1.75 ppm with 10’’C at  34.5 
ppm; and Hf’’Hg’’ at 1.51 and 1.42 ppm with 9’’C at 
26.5 ppm, respectively. 
 

	  

	  
Figure 7(b). HSQC spectrum of PTOBDME in the lateral 
chain and in the spacer zone 7(c). 
 
The chemical shifts of the quaternary carbon atoms, 
14C, 17C, 19C and carbonyl, 13C, 18C, observed in 13C-
NMR spectrum in Fig. 5, were assigned in 
agreement with the chemical shifts calculated with 
the CS ChemNMR Pro versión 9.0 Scientific 
Software, as shown in Table 1. 
 
3.2. Structural analysis of R-PTOBMDE and      
S-PTOBDME by NMR in solution. 
   1H-NMR, 13C-NMR, TOCSY, COSY and HSQC 
spectra were also obtained for R-PTOBDME and                   
S-PTOBDME and compared to those of racemic 
PTOBDME. The same sets of chemical shifts 
observed for PTOBDME, synthesized from racemic 
DL:1,2-dodecanediol, were  observed  in  the  two 
chiral polymers obtained starting from pure 
enantiomeric glycols. R-PTOBMDE and                  
S-PTOBDME are isotactic polymers with 
enantiomeric structures: R-R-R-R.. and S-S-S-S..,  
respectively. Due to their helical conformation, each 
one has two different diastereomeric structures, 
responsible for the two different independent sets of 
signals observed by NMR, since only diastereomers 
can be differentiated by this technique.  
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Both chiral polymers showed the same chemical 
shifts and identical Hc’:Hc ratios: 76:24. This ratio 
would let us quantify the proportion between the two 
helical states for each enantiomeric polymer. 
In the case of racemic PTOBDME, different Hc’:Hc 
proportions were observed depending on the 
polycondensation kinetics conditions, as will be 
shown later. As a consequence of this, its structure 
would consist of a mixture of four helical 
diastereomeric structures, two each present within 
R-PTOBDME and S-PTOBDME, in variable 
proportions.  
Thus, we conclude that PTOBDME, obtained by 
polycondensation from TOBC and racemic DL:1,2-
dodecanediol, was a stereoregular head-tail isotactic 
polymer. The regioselectivity of the head-tail 
reaction would be explained according to the larger 
reactivity of primary hydroxyl OH- groups than the 
secondary in the glycol, in agreement with Carothers 
[21], since structural and stereochemical factors will 
usually be more important factors than others, such 
as temperature, in bifunctional polycondensation 
reactions; these are almost completely determined by 
the nature of the reacting molecules.  
The presence of a small amount of tail-head 
mesogen-spacer units in a majority head-tail 
polymer chain would generate multiple structures 
with different NMR spectra, not present in our case. 
Additionally a syndiotactic or atactic PTOBDME 
would also show different chemical shifts than those 
for R-PTOBDME and S-PTOBDME. 
 
 

3.3.  Conformational analysis 
   The structural fragment formed by a chiral 
secondary alcohol and a primary alcohol group (a 
beta-chiral 1,2-diol) is a particularly interesting class 
of diols present in many relevant natural products 
(such as sugars, nucleosides, glycerides) [22] and 
new designed chiral nanoestructures from helical 
polymers and metalic salts [23].  
 

	  
  Scheme 1 
 

In our case, the fragment in the spacer including the 
two alcohol groups is shown in Scheme 1. Details of 
molecular models for gg and gt conformers, in a 
dimer of PTOBDME, are shown in Fig. 8, the model 
is projected along the 11C-12C bond, torsion 
φ , (perpendicular to the paper), with 12C having S 
absolute configuration (bonded to Hc) in yellow 
behind 11C (bonded to Ha and Hb). 
 

	  
Figure 8. Molecular model detail of a PTOBDME dimer.                       
View along 11C-12C* bond (perpendicular to the paper), 
with (S)12 C* (in yellow behind 11C) for: (a) gg-conformer; 
(b) gt-conformer. 
 
The vicinal coupling constants, 3J, between 
hydrogen Hc attached to asymmetric 12C* and the 
diastereotopic protons Ha, Hb bonded to carbon 11C, 
were calculated by a Haasnoot-de Leeuw-Altona 
equation (chemical groups) [24] for the staggered 
conformers: gg and gt. They are shown in Fig. 9. 
According to this, the experimental values obtained 
for 3JHa-Hc  (3.4 Hz) and for 3JHb-Hc (6.2 Hz) in system 
(_), would indicate the preference of the gt 
conformer.                         
In system ( ’ ), the value for 3JHc’-Ha’  (2.7 Hz), 
relatively low, would be interpreted as due to the 
preference of the gg conformer. Additionally protons 
Ha and Hb in system (_) could be related with HproS 
and HproR, respectively, when the assymetric 12C* 

was present in an S absolute configuration and the 
opposite when the absolute configuration was R. The 
same effect has also been reported for other related 
compounds [22].  In the case of system ( ’ ) the 
overlapping of signal Hb’ prevented the  
measurement of its coupling constant and also the 
assignment of Ha’ and Hb’ as HproS and HproR.     
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Figure 9.  Calculated vicinal coupling constant of 
staggered conformations gt and gg, through the 11C-12C* 
bond (torsion φ) with R and S absolute configurations of 
carbon atom 12C*. Relationship between helical 
conformations gg and gt and the sign of the Cotton effect 
produced are indicated. 
 
The preference between gg and gt conformer was 
also related with the Cotton effect and the sign of 
helicity [25]. In the case of 12C* with an S absolute 
configuration, the sign of helicity and the Cotton 
effect were positive for gt conformation and 
negative for gg conformer and the opposite for R 
configuration.   
The conformational analysis was corroborated with 
experimental results from NMR conventional 
techniques: 1D-selective NOESY, 1D-selective 
ROESY, NOSEY-2D and ROESY-2D. From a 
qualitative point of view, the most remarkable thing 
was the different behaviour between gg and gt 
conformers in the NOESY experiment, shown in 
Fig.10. While in gg, all NOE signals were positive 
(red), in gt there were positive signals for aromatic 
protons and negative signals (blue) for the aliphatic 
hydrogen atoms. The polymer molecular structure, 
with rigid aromatic rings linked by ester groups 
along the backbone and flexible aliphatic side 
chains, could explain this observation. Positive NOE 
are related with the more rigid aromatic zones and 
negative values with flexible chains.  
1H-NMR of PTOBDME was also obtained at 80ºC; 
there was no change in size, shape and chemical 
shift of the signals for the gg and gt conformers. 
This indicates temperature would not affect 
equilibrium between the gg and gt conformers. 

 
 
Figure 10.  NOESY-2D  Spectrum of R-PTOBDME. 
Positive NOE signals are in red, negative in blue. 
 
3.4.   Experimental molecular models 
The Isolation Spin Pair Approach (ISPA) [26] was 
used to calculate inter-proton H-H distances (Å) 
between nuclei X and Y, considering the NOESY 
and ROESY signals intensities (%), according to 
equation   Hx-Hy= (H-H)ref*[(ηref / ηxy)](1/6)   (1), 
where ηXY is the intensity of the NOE for a given 
proton pair X and Y,   Hx-Hy is the corresponding 
interproton distance, ηref, and (H-H)ref are reference 
values for a single chosen NOE for which the 
interproton distance is assumed based on geometric 
constraint. The results, shown in Table 2, confirmed 
the presence of two helical conformers gt and gg 
observed in the scalar coupling and the preference of 
gg conformer in the systems ( ’ ), and gt in system 
without apostrophe.  
 

 
 
According to the experimental data, a polymer 
molecular model could be built for each conformer. 
In Fig. 11, two diastereomeric helical chains are 
shown, with an S absolute configuration of the 
asymmetric carbon 12C, and with opposite screw 
sense. These models would explain the main features 
observed for PTOBDME, R-PTOBDME and          
S-PTOBDME. The combination of two 
diastereomeric helices with opposite screw sense 
with independent NMR signals and one asymmetric 
carbon atom per monomer, would result in two 
conformers for each enantiomer.   
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Figure 11.  a) Lateral view of poly-S-PTOBDME gg 
conformer along Z axis and b) Cross Section; 
c) Lateral view of poly-S-PTOBDME gt conformer 
along_Z and d) Cross Section.  
 
One of the main structural differences between the 
conformers is the different position of the lateral 
chain with respect to the polymer main chain. In the 
gg conformer it is located among the benzoyl 
groups, Fig. 11(a) and Fig. 11(b) with the result its 
mobility is much more restricted, in agreement with 
the positive NOE values, than in the case of the gt 
conformer. The latter has a negative NOE with the 
side chains placed outside the benzoyl groups, 
Fig.(11c) and  Fig.11(d) with a higher mobility.    
In the case of chiral polymers R-PTOBDME and     
S-PTOBDME the optical activity would depend on 
the ratio between the two conformers with opposite 
helical sense and on the concentration of asymmetric 
carbon atoms. In the case of PTOBDME obtained 
from the racemic glycol its optical activity will 
depend on the relative amounts of the four 
diastereomers present, obtained by the combination 
of the two screw sense helices and the two absolute 
configurations of the asymmetric carbon atom. 
 
3.5. Reaction kinetics study and their relationship 
with chirality. 
   In order to delve into the polycondensation 
mechanism of PTOBDME between equimolar 
quantities of TOBC and racemic R-S 1,2-
dodecanediol, different kinetics conditions, 
summarized in Table 3, were utilized.  
For the polycondensation of R-PTOBDME and      
S-PTOBDME the conditions used were: time of 
reaction 360 minutes, stirring rate 750 rpm, time of 
residence in toluene 1440 minutes and temperature 
200ºC in nitrogen atmosphere. 
The yield of the polycondensation reaction is 
indicated for PTOBDME first fraction after different 
times of reaction: 60, 120, 180, 240, 360, 600 and 
1440 min. The second and third fractions were 
obtained from the solvent recovered after the first 

and second polymer precipitate fractions, 
respectively, had been removed. The results 
indicated that the yield of the first fraction decreased 
with increasing reaction time from 120 to 180, 240 
and 360 min. It was also observed that the second 
and third fractions yields were considerably lower 
than the first fractions one. For each time of 
reaction, the total yields of precipitated fractions did 
not increase after 120 minutes; instead it decreased. 
The reaction seemed to be complete at this time. The 
time at which the second fraction precipitated 
increased with time of polycondensation reaction. 
Stronger stirring during polycondensation led to a 
better yield. 
 

 
 
The time of residence in toluene of the 
polycondensation products poured from the reactor 
and stirred at room temperature was also considered. 
A shorter period of residence in toluene seemed to 
favour a higher yield of the second fraction. 
The structure of the different PTOBDME fractions 
obtained by variation of the kinetics conditions were 
studied by NMR. They presented the same chemical 
shifts values. However differences in the relative 
signals integration were observed, interpreted as due 
to the different proportions between gg and gt helical 
conformation in each polymer, expressed as 
(gt/gg+gt) (%) in Table 3. 
The helical conformation gt was mainly attained in 
the first fraction of PTOBDME after 120, 180 and 
240 minutes of reaction, the last case in smaller 
proportion. Second fractions were always obtained 
with higher chiral excess than in the first fraction, 
being even higher in the third fraction, after 120 
minutes of reaction.  
The second fraction obtained after 180 minutes of 
polycondensation reaction, and decanted in toluene 
for 60 min, exhibited the highest gt content in the 
studied times. The optical behaviour of this polymer 
will be analyzed later in Table 4, compared to those 
polymerized for 120 and 360 min. 
Helical gg conformer was observed primarily after 
polycondensation for 60 minutes and 360 minutes of 
reaction.  
An explanation for these results could be found in 
the distinct PTOBDME species formed through the 
reaction course, in terms of a step-growth 
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polymerization, in which bi-functional monomers 
react to first form dimers, then trimers, longer 
oligomers and eventually long chain polymers [21]. 
The polymer chains would grow while diminishing 
their reactivity, reaching a maximum polymerization 
degree. After this point a de-polymerization process 
could begin to compete. Maximum yield would be 
attained when the concentration of larger polymer 
chains was high enough. Further reaction course 
would probably increase the number of shorter 
polymer chains by the de-polymerization process. 
Once the first fraction is removed, shorter polymer 
chains, much more reactive than intermediate ones, 
would still grow until chains were again large 
enough and the second fraction precipitates. 
In the case of R-PTOBDME and S-PTOBDME, the 
polycondensation with enatiomerically pure diols for 
360 minutes showed a 24:76 gt:gg ratio, similar to 
the reaction with racemic starting materials, under 
the same kinetics conditions, for the first fraction, 
see Table 3.  
 
3.6.  NMR diffusion studies. 
   Diffusion ordered spectroscopy (DOSY) [27], [28], 
provided a method to evaluate molecular size 
variation of polymers by measurement of their 
diffusion coefficients (Δ), in DMSO-d6, in the case 
of R-PTOBDME, and PTOBDME (after 300 
minutes of reaction). Two sets of signal were 
distinguished for R-PTOBDME: Hc’, Ha’ and Hd’, 
interpreted as due to the gg conformer with logΔ =   
–9.85 and Hc, Ha, Hb and Hd, due to the gt 
conformer, with logΔ = –9.78, (the overlapping of 
the rest of signals led to an expected displacement 
and distortion of their peaks). However, the 
integration of all the signals resulted in a value of 
logΔ = –9.78 in spite of a higher proportion of the gg 
conformer. PTOBDME had slightly different values 
of logΔ; for gg –9.82 and for gt –9.77, while the 
average logΔ of all the signals was –9.75. The slight 
difference between diffusion coefficients of gg and 
gt conformers could be explained in terms of their 
different flexibility also observed previously by 
NOE. Nevertheless, R-PTOBDME and PTOBDME 
presented a very similar logΔ, which indicated a 
similar polymerization degree, despite the different 
reaction kinetics conditions. 
 
3.7. Optical activity. 
   Optical activity was evaluated for diols R(+)1,2-
dodecanediol and S(-)1,2-dodecanediol and for the 
chiral polymers R-PTOBDME and S-PTOBDME, 
by measuring their ORD values (α). These values 
are given in Table 4, expressed as Molar Optical 
Rotation [Φ] = [α] M/100, M being the molecular 
weight of the polymer repeating unit, and shown in 
Fig. 12. They are compared with racemic 
PTOBDME polycondensed for three different times 

of reaction: 120, 180 and 360 min., with second 
fractions containing higher gt diastereomer excess, 
67.6%, 85.2% and 69.8%, respectively, as listed in 
Table 3. 
The molar optical rotation of the chiral diols: R(+) 
and S(-)1,2 dodecanediol, showed the expected 
positive and negative values respectively, for the 
studied wavelengths. Surprisingly, the sign of the 
diol changed when it was transformed into the 
polyester, R-PTOBDME and S-PTOBDME 
exhibiting negative and positive [Φ] values, 
respectively, for the studied wavelengths. Their 
absolute values were higher than those of the 
corresponding diol. A similar increase was also 
observed in a helical polyester previously reported 
[29, 30], where TOBC was polycondensed with 
optically active (S,S) dipropyleneglycol, while it was 
not observed in polyesters with random coil 
structure [31]. The inversion of [Φ] sign in polymers 
with respect to enantiomericallly pure monomers is 
not very common but it has been documented in 
other helical polymers [32, 33]. 
 

 
Figure 12. Molar Optical Rotation [Φ] of                 
R(+)1,2 dodecanediol; S(-)1,2 dodecanediol;  
Polyesters R-PTOBDME,  S-PTOBDME and several 
fractions of racemic  PTOBDME, synthesized from 
racemic R,S-1,2 dodecanediol, obtained under different 
conditions, with helical conformation gg or gt, expressed 
as ratio gt/gg+gt (%) in Table 3.  
 

 
 
The [Φ] pattern of PTOBDME, polycondensed for 
180 min from racemic R-S-1,2 dodecanediol, with 
the more enriched gt fraction, 85.2%, showed a 
behaviour parallel to the chiral polyester                 
S-PTOBDME but with lower absolute [Φ] values, 
changing from positive sign at 365 and 435 nm, to 
zero at about 460 nm,  and then to negative values at  
546, 574  and 589 nm.  
For the PTOBDME less in enriched fractions (67.6 
and 69.8%), their absolute [Φ] values decreased with 
respect to the 85% gt polymer, both in the positive 
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and negative range, their values approaching 
towards that of R-PTOBDME. 
In general the absolute values of [Φ] pattern in the 
racemic PTOBDME, increased with the 
diasteromeric excess in the polymer, either gg or gt, 
independently of which one was the main 
conformation.    
The differences in [Φ] patterns between racemic 
PTOBDME, and chiral diols and R-PTOBDME and            
S-PTOBDME let us estimate the composition of the 
racemic PTOBDME.  If chirality had only been 
caused by an enantiomeric excess of the R or S 
asymmetric carbon atom 12C*, the [Φ] pattern of 
PTOBDME would be similar to those of the chiral 
diols, with an additional contribution due to a helical 
sense excess of diastereoisomers; the sum of the two 
contributions would generate a pattern similar to     
R-PTOBDME or S-PTOBDME.  
An explanation for the ORD pattern of racemic 
PTOBDME, could be the preferable kinetic 
resolution of a diasteroisomer, such as Sgt, in a 
higher concentration with respect to the other three 
possible, hence approaching the S-PTOBDME 
pattern, while the R/S ratio of asymmetric carbon 
atoms remained 50:50. With decreasing gt/gg ratio, 
the [Φ] pattern would approach that of                     
R-PTOBDME, due to the contribution of Rgt and 
Rgg. This could be the explanation of the origin of 
the unexpected chirality.  
With these results we expect to contribute to clarify 
the helical sense and conformation of 
macromolecules during the synthetic process of 
cholesteric liquid-crystal polymer PTOBDME, 
based on their kinetics and optical activity 
characterization, key to understand their potential 
optoelectronic properties. Further study needs to be 
performed on the optoelectronic application of this 
cholesteric liquid crystal polymer, since a high 
interest is devoted at present in this field [34-42]. 
 

CONCLUSION 
   PTOBDME was synthesized by a 
polycondensation reaction as a chiral cholesteric 
liquid crystal polymer, starting from racemic raw 
materials. The study of the reaction kinetics, 
performed to understand the cause of the unexpected 
chirality, established some features of the 
polycondensation mechanism. Optimum yield was 
obtained after 120 minutes of polycondensation 
reaction, with 1000 rpm stirring rate and 1440 
minutes time of subsequent residence in toluene. A 
second fraction precipitated two weeks later from 
the mother liquor had a higher diasteromeric excess 
(67.6%) and higher optical activity than the first 
polymer fraction. The yield of the second fraction 
was larger when the time of residence in toluene was 
60 minutes. After eight months and two weeks a 
third fraction precipitated with 72.8% chiral excess.  

The structure of racemic PTOBDME was analysed 
in solution by conventional NMR techniques, and 
compared with those of R-PTOBDME and               
S-PTOBDME obtained by starting with R(+)1,2 and 
S(-)1,2-dodecanediol, respectively. Racemic 
PTOBDME, R-PTOBDME and S-PTOBDME had 
the same stereoregular head-tail, isotactic polymeric 
structure formed by two diastereomeric helical 
conformations, related with the two possible types of 
staggered conformers of torsion φ  (gg and gt) along 
the copolymer backbone, responsible for the two 
different independent set of signals observed by 
NMR for each enantiomer R-R-R-R and S-S-S-S. 
The regioselectivity of the head-tail reaction was 
explained by the higher reactivity of the primary 
hydroxyl than the secondary OH- group in the 
glycol. Experimental models were given by 
calculating interprotonic distances with the Isolation 
Spin Pair Approach (ISPA) from the NMR signals 
intensities.   
The main difference between the molecular models 
of the gg and gt diastereomeric helical 
conformations was the different position of the 
lateral chains with respect to the polymer main 
chain. In the gg conformer it is located among the 
benzoyl groups with the result its mobility is much 
more restricted than in the case of the gt conformer 
where the side chains are placed outside the benzoyl 
groups with a higher mobility; NOESY experiment 
supported these molecular models; while in gg, all 
the NOE signals were positive red, related with the 
more rigid aromatic zones, in gt there were positive 
red signals for aromatic protons and negative blue 
signals for the aliphatic hydrogen atoms, related with 
flexible chains.  
DOSY experiments confirmed the independence and 
similar polymerization degree between gg (logΔ=     
-9.82) and gt (logΔ= -9.77) diasteromers, they 
having very similar but not equal diffusion 
coefficient values. Their slight difference could be 
explained as due to the greater flexibility of the 
lateral hydrophobic chains in the gt conformer, in 
agreement with NOESY results. 
Chirality in racemic PTOBDME is proposed to be 
due to the kinetic resolution of a preferable helical 
diastereomer, such as Sgt, with respect to the 
possible four forms, approaching the [Φ]                  
S-PTOBDME pattern, while the R/S ratio of 
asymmetric carbon atoms remained 50:50. 
Molar optical rotation [Φ] patterns of R(+) and       
S(-)1,2 dodecanediol changed their sign when they 
were transformed into the respective polyesters     
R(-) PTOBDME and S(+) PTOBDME. In addition, 
an effect of chiral amplification was observed in 
both polymers by screw sense excess. 
The [Φ] pattern of racemic PTOBDME, 
polycondensed for 180 min from racemic R-S-1,2 
dodecanediol, obtained from the second fraction 
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with the more enriched gt fraction (85.2%), showed 
a behaviour parallel to chiral polyester                    
S-PTOBDME but with lower absolute [Φ] values, 
changing from positive sign to negative.  With 
decreasing gt diasteromer excess, the PTOBDME 
less enriched fractions (67.6 and 69.8%), had lower 
absolute [Φ] values with respect to the 85% gt 
polymer, both in the positive and negative range, 
approaching in tendency towards that of                  
R-PTOBDME. 
The results given here are a contribution to clarify 
the helical sense and conformation of 
macromolecules during the synthetic process of 
cholesteric liquid-crystal polymer PTOBDME, 
based on their kinetics and optical activity 
characterization, key to understand their potential 
optoelectronic properties. Further study needs to be 
performed on the optoelectronic application of this 
cholesteric liquid crystal polymer, since a high 
interest is devoted at present in this field. 
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