
ABSTRACT

ZHANG, YING. Cholesteric Gels from Helical Polyguanidines and Cyclopolymerization of 
1,2-Dicarbodiimides. (Under the direction of Bruce M. Novak.)

As a helical polymer, polyguanidines have been investigated for a period of time. 

Single-handed polyguanidines can be synthesized by polymerization of chiral carbodiimides 

or helix-sense selective polymerization of achiral carbodiimides by homochiral catalysts. 

Single-handed helical polyguanidines also can be formed by chiral induction by small chiral 

molecules. Single-handed helices are the requirements to form cholesteric mesophases. 

Cholesteric materials have some special optical properties, such as selective reflection of 

light. However, cholesteric polyguanidine gels had not been synthesized and characterized. 

The cholesteric gels have potential application as tunable dyes and chemical sensors. For this 

study, we synthesized a series of cholesteric polyguanidine gels and films, which are highly 

opalescent. The crosslinking can be formed by dicarbodiimide crosslinkers. Also we 

prepared the colorful cholesteric network by photocrosslinking, which locked in the 

cholesteric structure in the network. The crosslinking can be formed by dicarbodiimide 

crosslinkers. Through the study, lightly crosslinking did not disturb the polymer backbone 

conformation, but stabilized the cholesteric structure formation.

Furthermore, we studied the backbone conformation behavior for the poly(1,2-

dicarbodiimide)s. Poly(monocarbodiimide)s, which are prepared by titanium catalysts, adopt 

helical conformation is well known. So far no characterization of the poly(1,2-

dicarbodiimide) backbone conformation behavior has been reported. We want to compare 

and contrast the solution properties of polymonocarbodiimides and poly(1,2-

dicarbodiimide)s and to determine the impact of tethering together two adjacent imine units 

on the conformational behavior of guanidine polymer backbone. The polymerization of 1,2-



dicarbodiimides with titanium catalysts occurred by intramolecular cyclopolymerization to 

new architecture polymers. We studied their conformation by the polymerization of optically 

active 1,2-dicarbodiimide, helix-sense-selective-polymerization of racemic 1,2-

dicarbodiimides and helical induction through small chiral chiral molecules, such as chiral 

camphorsulfonic acids. These studies indicated poly(1,2-dicarbodiimide)s adopt helical 

comformation.
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CHAPTER I   AN OVERVIEW OF CHOLESTERICS, CROSSLINKING AND    

HELICAL POLYMERS 

1.1 Cholesteric liquid crystals 

    The liquid crystal state occurs on the phase diagram between the crystal and liquid 

phases. As such, it is an unusual fascinating state because it combines properties of both 

phases. It displays molecular organization patterns in which orientational ordering is the 

dominant theme while the long-range positional ordering characteristic of a crystal is 

absent. Liquid crystallinity may be induced by purely thermal effects (thermotropic 

systems) or by the influence of solvents (lyotropic systems).1,2  The earlier clear 

recognization of liquid crystals is usually attributed to the Austrian botanist, Friedrich 

Reinitzer,116 who in 1888 noted that a carefully purified sample of cholesteryl benzoate 

melted at 146.6oC to give a colorful cloudy fluid which, when further heated, suddenly 

clarified at 180.6oC. Lehmann117 using a polarizing microscope equipped with a hot 

stage, confirmed Reinitzer’s observations and coined the term “liquid crystal” to denote 

the partially ordered liquid phase that forms upon melting the crystalline state. The 

synthesis of many compounds exhibiting various kinds of liquid crystal behavior was 

achieved during the next few years, and much credit for this early work that extended the 

number of known liquid crystal systems belongs to Gattermann,118 Lehmann119 and 

Vorlander.120 This work established the formation of liquid crystalline phases by a wide-

range of organic compounds with molecules sharing a common feature in being markedly 

geometrically anisotropic. 
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    Turning to macromolecules, Bawden and Pirie121 in 1937 reported that whenthe 

concentration was increased, a solution of tobacco mosaic virus separated into two 

phases, one of which was birefringent. Later, Elliott and Ambrose122 found that a 

chloroform solution of poly(γ-benzyl-L-glutamate) spontaneously forms a birefringent 

phase under similar conditions. Robinson123 investigated the birefringent solution 

extensively and found that it showed properties quite similar to those of low molar mass 

cholesteric liquid crystals. At about the same time, Flory124 adapted conventional lattice 

methods to treatment of a system of rigid, rodlike particles. He predicted that a solution 

of hard, asymmetric particles should separate into two phases, an ordered mesophase and 

an isotropic phase, above a threshold concentration. In the case of rodlike polymers the 

axial ratio (length L to diameter D) of the macromolecules was found to govern the 

concentration at which phase separation occurs. In those cases the requisite rigidity and 

large axial ratio are achieved by virtue of the stable helical conformation of the 

macromolecules (Figure 1.1). Since these first studies of biopolymers, there has been 

growing interest in synthetic polymers that show liquid crystalline order. In the 1960s, 

researchers at Du Pont discovered that certain aromatic polyamides such as poly(p-

phenylene terephthalamide) exhibited anisotropic properties in concentrated solution.125  
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Figure 1.1. The helical structure of poly(γ-benzyl-L-glutamate) and the parallel ordering 

of the rod-like molecules in solution.126

 

1.1.1 Liquid crystal phases 

    The various LC phases (called ''mesophases'') can be characterized by the type of 

ordering that is present. One can distinguish positional order (whether molecules are 

arranged in any sort of ordered lattice) and orientational order (whether molecules are 

mostly pointing in the same direction), and moreover order can be either short-range 

(only between molecules close to each other) or long-range (extending to larger, 
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sometimes macroscopic, dimensions). According to molecular order, there are three 

various types of mesophases in polymer systems.3

Nematics      

    One of the most common LC phases is the nematic (Figure 1.2), where the 

molecules have no positional order, but they have long-range orientational order. Thus, 

the molecules flow and their center of mass positions are randomly distributed as in a 

liquid, but they all point in the same direction (within each domain). Nematics have 

fluidity similar to that of ordinary (isotropic) liquids but they can be easily aligned by an 

external magnetic or electric field. An aligned nematic has the optical properties of a 

uniaxial crystal and this makes them extremely useful in liquid crystal displays (LCD).                      

                                          

Figure 1.2    Schematic of mesogen ordering in a nematic phase.156

Smectic phases 

    The smectic state is another distinct mesophase of liquid crystal substances. 

Molecules in this phase show a degree of translational order not present in the nematic. In 

the smectic state, the molecules maintain the general orientational order of nematics, but 

also tend to aligh themselves in layers or planes. Motion is restricted to within these 

planes, and separate planes are observed to flow past each other. The increased order 

means that the smectic state is more “solid-like” than the nematic. 
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    The smectic A phase (Figure 1.3, left) has mesogens organized into layers. The 

director is perpendicular to the smectic plane, and there is no particular positional order 

in the layer. In the smectic C phase (right), the mesogens are tilted inside the layers 

(Figure 1.3).  

                       

Figure 1.3. Schematic of mesogen alignment in the smectic phases. The smectic A phase 

(left) has mesogens organized into layers. In the smectic C phase (right), the mesogens 

are tilted inside the layers.156

Cholesteric phases 

    The chiral nematic phase , also called the cholesteric phase, is shown in Figure 1.4. 

The chiral nematic phase exhibits chirality (handedness). This phase is often called the 

cholesteric phase because it was first observed for cholesterol derivatives. Only chiral 

molecules can give rise to such a phase. This phase exhibits a twisting of the molecules 

perpendicular to the director, with the molecular axis parallel to the director. The finite 

twist angle between adjacent molecules is due to their asymmetric packing, which results 

in longer-range chiral order.                             
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Figure 1.4. A schematic representation of a chiral phase (left), and a view of the same 

phase, but along the axis (right).156 

    The ''chiral pitch'', p, refers to the distance over which the mesogens undergo a full 

360° twist (but note that the structure of the chiral nematic phase repeats itself every half-

pitch, since in this phase directors at 0° and +/-180° are equivalent). The pitch, p, 

typically changes when the temperature is altered or when other molecules are added to 

the LC host, allowing the pitch of a given material to be tuned accordingly. In some 

liquid crystal systems, the pitch is of the same order as the wavelength of visible light. 

This causes these systems to exhibit unique optical properties, such as selective 

reflection, and these properties are exploited in a number of optical applications. 

1.1.2  Lyotropic systems 

    Theoretical studies142,143 predicted that rigid, rodlike polymers should undergo 

a spontaneous transformation from an isotropic to an anisotropic ordered 

solution above a threshold concentration. Some lyotropic polymers are summaried in 

Table 1.1. 
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Table 1.1. Some lyotropic polymers.127

Polyamide hydrazide-type polymers: 

 

 

Cellulose derivatives: 

                          

     Hydoxypropylcellulose in dichloroacetic acid; Cellulose Acetate in dimethylacetamide. 

Aromatic polyamides:  

                                  

Poly(N-alkyl isocyanates):                              R= n-hexyl (PHIC), in THF 

Nucleic Acids (double helical conformation): DNA, RNA 

α-Helical polypeptides:  

         

Polysaccharides: Bacterial polysaccharide, xylan, in aqueous solution 
                                 Extracellular fungal polysaccharide (triple helix) in aqueous solution 
 
Poly(p-phenylenebenzobisthiazole)  
 

Poly(p-phenylenebenzobisoxazole)    
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1.1.3 Cholesteric polymer liquid crystals and their optical properties 

    Long ago, polymers liquid crystals (PLCs) with helical super-molecular 

conformation have attracted the attention of many scientists involved in studying 

chemistry and physics of macromolecular compounds. One family of PLCs is provided 

by cholesteric PLCs with their ability to produce supermolecular structures characterized 

by a helical organization with a certain concentration. This concentration is critical value, 

below which the solution can not form cholesteric mesophase.This spatial organization is 

responsible for unique optical properties of cholesteric PLCs such as selective reflection 

of light at different wavelengths, very high optical activity, high sensitivity of selective 

reflection of light to temperature variations and to the action of external electrical and 

magnetic fields.128,129  

    As mentioned, more than one hundred years ago, cholesteric type of mesophase 

was first identified for low-molecular-mass crystals (cholesteryl benzoate),130 and much 

later this type was described for high-molecular-mass lyotropic systems (solutions of 

poly(γ -benzyl-L-glutamate).131, 132, 11-14 he recent advances concerning the development 

of chiral systems based on PLCs with helical structure allowed preparation of a new class 

of polymeric cholesterics, which may be considered as the promising materials for 

microelectronics, optics, holography, data storage systems as well as for the preparation 

of the promising thermochromic and electrochromic materials, piezoelectrics and 

pyroelectrics. At the present time, and abundant information concerning synthetic aspects 

of the preparation of the chiral PLCs, structure and specific features of their thermal and 
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optical properties, behavior of cholesterics under the action of electrical fields is 

available.133-141

Structure features and optical properties of cholesterics 

    As we discussed above, the principal condition providing the development of 

cholesteric phase is associated with the presence of an asymmetric (chiral) center in 

molecules which is able to produce a helical supermolecular structure or single-handed 

helical conformation in macromolecules.  

    Many of the microscopic textures seen in cholesteric polymers can be directly 

related to the twisted molecular superstructure, as indeed can be the unique optical 

properties of the bulk material. One of the most characteristic of cholesteric textures 

apparent in the polarizing light microscope consists of near-parallel sets of swirling lines, 

which are known as fingerprint textures, and an example is shown in Figure 1.5. The 

lines are associated with the layer-like optical periodicity along the helix axis, and their 

spacing is half the helical pitch.  

                           

Figure 1.5. Fingerprint texture in a lyotropic system of 20% PBLG in 

dichloromethane.153
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The special optical properties of cholesterics can be divided into four types: 

1. Pseudo Bragg reflections. Cholesteric polymer systems in which the helical pitch is of 

the order of the wavelength of light, show beautiful iridescent colors in white light. The 

colors may vary with angle of incidence and observation, and change with temperature 

and polymer concentration in response to variations in the helix pitch. For a given 

orientation of the light beam, the refractive index of the sample will appear to vary 

periodically along the helix axis, light is diffracted when the Bragg type condition: 

                           λ = n psinθB              

 is satisfied, where n is  the mean refractive index and θB  the Bragg angel (Figure 1.6). 

As the periodic variation in refractive index will be sinusoidal for normal incidence, 

higher order diffraction effects are not observed in this case. For monochromatic light, 

the condition will only be satisfied for one particular angle, however with white light, 

differently oriented regions of a sample will select the wavelength appropriate to the 

Bragg condition from the incident light and diffract it, leading to multifarious colored  

effects. 

                  

Figure 1.6. Pseudo Bragg reflections of cholesteric mesophase.153
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2. Optical symmetry axis. In macroscopic terms (on a scale much larger than the pitch of 

the helix) an undistorted cholesteric structure is optically uniaxial, with the helix axis. As 

polymer molecules generally have a greater refractive index along the chain than at right 

angle to it, the refractive index along the helix will be lower than that perpendicular to it, 

and thus it is usual for cholesterics to be optically negative (Figure 1.7). If the pitch is 

infinite, either by adjusting the temperature or the concentration in a solvent, or by the 

application of an external field, the polymer will become optically positive and the optic 

axis will switch through 90o to lie parallel with the molecular chains.    

 

 

 

 

 

 

 

 

 

                       Figure 1.7.  Optical symmetry axis of cholesterics.153

 

3. Circular dichroism. Circularly polarized light can be thought of as being composed of 

two components, each plane polarized but with a π/2 phase shift between them. 

Depending on which plane of polarization is in advance, there are two senses of 
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polarization (clockwise and anti-clockwise). For an optically active molecular solution, 

circular dichroism occurs because one component of circularly polarized light is absorbed 

more strongly than the other. The twisted structure of the cholesteric mesophase produces 

circularly dichroism, not through selective absorption of other the positively or negatively 

circularly polarized components, but through selective reflection, which has its maximum 

strength at a particular wavelength, λ0, here one component is almost completely 

reflected while the other is transmitted through the polymer (Figure 1.8). 

 

 

 

 

 

 

 

 

 

 Figure 1.8. Circularly dichroism of cholesteric mesophase.153

4. Rotatory power. A typical optically active solution or crystal may rotate the plane of 

polarized light up to 1-2 radians per mm pathlength. In contrast, plane polarized light 

transmitted through a cholesteric mesophase parallel to the helix axis can have its plane 

rotated by up to 100 radians per mm. These very high values of rotatory power are the 

consequence of the supermolecular organization in the cholesteric mesophase. 
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Cholesteric type of mesophase provided by lyotropic systems 

    In addition to thermotropic polymeric liquid crystalline cholestrics, cholesteric type of 

mesophase is also provided by a great number of lyotropic systems primarily based on 

natural rigid-chain polymers (cellulose ethers and esters), biopolymers (DNA, RNA, 

some viruses) as well as synthetic polypeptides.4-10 In certain solvents, macromolecules 

of the above compounds exists as the α-helices (rigid rods), which are stabilized by 

intramolecular hydrogen bonds. According to Flory,144 at a certain critical concentration 

of polymer, in these solvents, separation of the solution to isotropic and anisotropic LC 

phases takes place. In many cases, removal of the solvent from cholesteric lyotropic 

systems is not accompanied by any destruction of cholesteric structure, which provides a 

clear example of the “frozen” thermotropic cholesteric mesophase with rather high 

stability in the wide temperature range.145,146 In a lyotropic system, the cholesteric twist 

tightens and the pitch shortens as the polymer concentration increases. 

    Furthermore, in recent years, a number of rigid chain or semi-rigid chain  

homopolymers and random polymers were synthesized by adding the chiral element into 

the polymer chains. These polymers include n-alkyl derivatives of poly-L-glutamic acid, 

N’-acyl derivatives of poly(N‘-methacryloyl-L-lysine) as well as n-acyl derivatives of 

hydroxypropyl cellulose, polyisocyanates, polyguanidines. The main chains of these 

polymers are characterized by helical conformation and contain chiral sites providing the 

development of cholesteric mesophase.147-149 As an example, molecular structures of 

poly-γ-glutamates (II)147 and derivatives of poly (N’- methacryloyl-L-lysine) (III)148 with 

different lengths of side groups are presented below: 
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  where n = 5, 9, 17. 

 Figure 1.9 shows the schematic representation of macromolecules of such polymers.  

         Even though, in this case, LC phase is provided by rodlike macromolecules. In 

this case, flexible side n-aliphatic side groups function as a specific plasticizing solvent, 

which is able, on one hand, to lower high (often hypothetical) melting temperatures of 

such rigid-chain polymers and, on the other hand, to provide favorable thermodynamic 

and kinetic conditions for the development of cholesteric mesophase. In essence, such 

systems are similar to lyotropic systems, in which rigid α-helical macromolecules are 

dissolved in the hydrocarbon matrix of side chains. However, in contrast to the comb-
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shaped polymers with mesogenic groups in side chains, in this case, the development of 

cholesteric helix is associated with the packing of the rigid main chains. 

 
 

       

Figure 1.9. Schematic representation of rigid chain LC polymer forming the cholesteric 

mesophase.152

    Chiral homopolymers and copolymers of (R)- and (S)-2,6-dimethyl-heptyl 

isocyanates (IV)150 are some examples that single-handed helical can develop cholesteric 

phase. 

                                

N

O

*

  

                                                  (IV)  

   Single-handed helical polyguanidine also can form cholesteric phase. Kim and 

Novak151 reported that optically pure poly(N-(R)-2-phenylethyl)-N’-methylguanidine) 

(V) formed a cholesteric texture, whereas the corresponding racemic polyguanidine 

formed a nematic texture. 
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          Cholesteric behaviour can be induced in a nematic polymer by the addition of 

small molecule chiral compounds. A system consists of a nematic liquid crystalline 

copolyester(VI) and a small molecule chiral mesogen(VII).152 Very small amounts of the 

chiral component suffice to turn the nematic into a cholesteric, and in the appropriate 

temperature range a single cholesteric phase field extends across all compositions 

(Figure 1.10). Cholesteric polymer phases resulting from the addition of a low molecular 

weight chiral compound are known as induced cholesterics.    
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                              Nematic polymer(VI)                        Small molecue chiral mesogen 

 

Figure 1.10. Phase diagram showing the cholestric range of miscibility between a small-

molecule chiral mesogen and an otherwise nematic random copolyester.152

1.2 Crosslinked Gels 

A gel is a cross-linked three-dimensional network of polymer chains that 

incorporates solvent in its intersticious space. Gels are wet and soft and look like solid 

materials, but are capable of undergoing large deformations. Gels have been closely 

affiliated with our daily life and they are found everywhere.15 Examples that everybody 

knows include food items like jelly and Jello. 

A polymer gel is a network of flexible cross-linked chains. The crosslinked 

structures of gels can be obtained by chemical or physical processes. Some gels are cross-

linked chemically by covalent bonds (chemical gel), for example, the condensation 

reaction between a trialcohol and diisocyanate leads to branched chains and each 
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trialcohol becoming a branch point when its three functions are reacted. However, the 

cross-link need not be produced by a chemical reaction. Any physical process that favors 

an association between certain points on different chains may also lead to a gel. Many 

examples of this are found with biological molecules, such as proteins and certain 

polysaccharides.16 One example of physical crosslinks is the formation of hydrogen 

bonds, which can lead to the formation of helical structures with two (or more) strands, or 

the formation of microcrystals. Another physical process is the formation of coulombic 

bonds or ionic bonds. If the counterions are multivalent, they behave as a cross-link 

between two or more polymer chain through ionic interactions.  

One of the most important properties of polymer gels is swelling in a proper 

solvent. The equilibrium swelling degree, or swelling ratio, is usually denoted by the 

variable Q or q, and is defined as the ratio of the solvent-swollen weight of the gel to the 

dry weight of the gel. Q=(W/W0), where W and W0 represent the weight of swollen gel 

and the weight of dry gel.17 The thermodynamic theories of gel swelling assume that 

swelling is the result of several independent free energy changes, which occur upon 

contacting the gel and solvent.18,19 These changes are related to the inherent tendency of 

the polymer chains to dissolve in the solvent, the elastic resistance of the network to 

deformation caused by swelling, and, for polyelectrolyte gels, the osmotic pressure 

generated by the dissociation of ionic groups. For any given gel, the amount of solvent 

uptake is dependent on the chemical nature of the gel and its network structure plus the 

nature of its environment, e.g. composition, temperature, pH and so on.20 The properties 

of the polymer gel and its network structure is related to the cross-linking density and the 
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polymer chain property.21 However, crosslink density is very difficult to pin down.  

Crosslink formation is a random process, and many crosslinks do not function as 

elastically effective junctions; instead, they are incorporated into loops, dangling ends, 

densely cross-linked clusters, and so on (Figure 1.11). So it is very difficult to determine 

the number of effective junctions and their mode of distribution (i.e., whether uniform, 

random, clustered etc.). Once the network has been formed, the inhomogeneity in the 

distribution of cross-links defines the topology of the network and leads to a 

corresponding inhomogeneity of local concentration of the monomers of the network. 

The presence of frozen disorder affects the physics of the gel since regions with different 

densities of cross-links respond differently to swelling and deformation.  Here we use the 

molar ratio of the cross-linker to monomer of the main polymer as cross-linking density.   

 

 

Figure 1.11.  Schematic illustration of a network with effective and ineffective junctions. 

The ineffective junctions such as those that lead to dangling ends and closed loops are 

arrowed in the sketch.21 
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Polymer gels also can be easily deformed by external stimuli such as temperature, 

electric and magnetic fields, light, pH, and solvent composition, and generate force or 

execute work on the external environment.15 This ability of polymer gels to undergo 

substantial swelling and collapsing as a function of their environment, which is called a 

phase transition, is one of the most remarkable properties of these materials. If such 

responses can be translated from the microscopic level into a macroscopic scale, a 

conversion of chemical free energy into mechanical work should be realized. These 

energy-conversion systems have great potential applications to actuators, shape 

memories, drug delivery devices, sensors, and displays. It has been elucidated that the 

phase transition in gels is a result of competitive balance between a repulsive force that 

acts to expand the polymer network and an attractive force that acts to shrink the 

network. The repulsive force is the ionic (electrostatic) interaction between the polymers 

having the same kind of charges. The attractive interactions are van der Waals, 

hydrophobic interaction, ionic interaction with opposite charges, and hydrogen bonding.22 

The followings are some examples of stimuli-responsive gels. For convenience, stimuli-

responsive gels are classified based on the type of stimuli here. Temperature-sensitive 

gels are probably the most commonly studied class of environmentally sensitive polymer 

systems.9 Many polymers exhibit a temperature-responsive phase transition property.  

Aqueous solutions of temperature-sensitive poly(N-isopropylacrylamide), and poly(vinyl 

methyl ether), show a lower critical temperature (LCST) at about 34oC (PNIPAAm), or at 

37oC (PVME), respectively. Both polymers form hydrogels, which were thermo-sensitive 

similar to the polymer solution. They swell at temperatures below the LCST and shrink 
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above this temperature.20 The hydrogel underwent temperature-induced collapse and 

swelling due to the cooperative conformational transition. Using temperature-sensitive 

cross-linking agents adds a new dimension in designing temperature-sensitive 

hydrogels.24 All the pH-sensitive polymers contain pendent acidic (e.g. carboxylic acids) 

or basic (e.g. ammonium salts) groups that either accept or release protons in response to 

changes in environmental pH.25 For example, poly(acrylic acid) (PAA) becomes ionized 

at high pH, while poly(N,N’-diethylaminoethyl methacrylate) (PDEAEM) becomes 

ionized at low pH. So cationic PDEAEM, swell more if cross-linked, at low pH due to 

ionization. On the other hand, polyanions, such as cross-linked PAA, swell more at high 

pH. Electric current can also be used as an environmental signal to induce responses of 

gels.26 Gels sensitive to electric current are usually made of polyelectrolytes. Electro-

sensitive gels undergo shrinking or swelling in presence of an applied electric field. 

Partially hydrolyzed polyacrylamide hydrogels, which are in contact with both the anode 

and cathode electrodes, undergo volume collapse by an infinitesimal change in electric 

potential across the gel. When the potential is applied, hydrated proton ions migrate 

toward the cathode resulting in loss of water at the anode side. At the same time, 

electrostatic attraction of negatively charged acrylic acid groups toward the anode surface 

creates a uniaxial stress along the gel axis, mostly at the anode side. These two 

simultaneous events lead to shrinking of the hydrogel at the anode side. Light-sensitive 

gels have potential applications in developing optical switches, display units, and 

ophthalmic drug delivery devices. Since the light stimulus can be imposed instantly and 

delivered in specific amounts with high accuracy, light-sensitive gels may possess special 
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advantages over others. Visible light-sensitive hydrogels were prepared by introducing a 

light-sensitive chromophore (e.g. trisodiumsalt of copper chlorophyllin) to poly (N-

isopropylacylamide) hydrogels.25 When light (e.g., 488/nm) is applied to the hydrogel, 

the chromophore absorbs light which is then dissipated locally as heat by radiationless 

transitions, increasing the ‘local’ temperature of the hydrogel. The temperature increase 

is proportional to the light intensity and the chromophore concentration. Chiral stimuli-

responsive gels exhibit molecular and chiral recognition abilities for the target molecules. 

Hidetishi Goto and Eiji Yashima reported two types of poly(phenylacetylene)-based gels 

that respond to chiral stimuli and change their volumes in DMSO and water.28 Both gels 

formed complexes with the optically active amines through an acid-base interaction in 

DMSO and exhibit an induced circular dichroism (ICD). According to this, a one-handed 

helical conformation can be induced even in the gels with a lower cross-linking density 

upon complexation with optically active amines (Figure 1.12). The gels underwent a 

different swelling behavior in response to different chiral amines. So it can be applicable 

to design and synthesize other various chirality and chiral-responsive gels bearing other 

various achiral functional groups and achiral pendants by this strategy. 
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Figure 1.12. Schematic illustration of helical induction in the poly(phenylacetylene) 

gel.28

In addition to the widely used stimuli discussed above, other stimuli have also 

been used for making environmentally sensitive gels. Other stimuli include pressure,29 

specific ions,30 and antigen.31

The formation of polymer networks with liquid crystal properties has attracted 

considerable interest in recent years. Especially networks with a cholesteric structure are 

subject of intense investigations because they exhibit unique optical properties, particular 

the selective reflection of circular polarized light and the angular dependence of the 

reflection wavelength. In cholesteric phase, the molecules prefer to lie next to each other 

in a slightly skewed orientation due to the packing constrains of the molecules.32 The 

helical structure of the cholesteric phase is the origin for this effect and causes incident 

light to be reflected in a Bragg-like manner from the cholesteric phases. (Figure 1.13) 
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Figure 1.13. Light reflection from the cholesteric helical structure, where P = 2d is the 

pitch, d the spatial period.33,34

    Thereby the wavelength of the reflected light is related to the pitch of the 

cholesteric helix by the relation λm = n · p, where λm is the wavelength of reflected light, n 

is the average refractive index of the cholesteric phase and p is the helix pitch, 

corresponding to the length over which the director of liquid crystal molecules rotates by 

360o. If the dimension of n · p is within the wavelength of visible light, the phase reflects 

in the visible and exhibits brilliant colors. Due to the angular dependence of the reflection 

conditions (angle between incident light and cholesteric helix), different colors are seen 

depending on the observation angle. This creates shiny colors like rainbows or feathers. 

Furthermore, the reflected light is right-handed or left-handed circularly polarized, 

depending on the type of cholesteric helix in the system. A right-handed cholesteric helix, 

for example, reflects only the right-handed circularly polarized part of the incident light 

of wavelength λo= np; the rest of spectrum (λ≠ λo), together with the left-handed 

circularly polarized light of wavelength λo, are transmitted. These properties of 
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cholesterics make them suitable for use in optical components such as reflectors, 

polarizers, band-pass and notch filters. The wavelength of reflection band of the 

cholesteric mesophase is strongly influenced by the concentration in lyotropic systems 

and by temperature in the thermotropic systems.35 The fixation of cholesteric order and 

structure with its optical pitch in the visible region is desirable for applications including 

optical components and new displays. Novak and Zentel studied the cholesteric networks             

                

               

Figure 1.14 Preparation scheme for a solid opalescent network based on a crosslinkable 

LC polyisocyanate “macrocrosslinker”. Cross-linking at different temperatures allows a 

distinct patterning; here a “cloverleaf” pattern: green = polymerized at 12oC, red = 

polymerized at 25oC.36
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based on chiral isocyanate terpolymers in styrene by photochemical polymerization. The 

photocrosslinking freezes the cholesteric structure of the samples, which stabilized the 

cholesteric helix. And color is produced by selective reflection from the layered 

mesophases (Figure 1.14). Changing the photo polymerization temperatures changes the 

average layer spacing and hence the reflected wavelength.   

Yamagishi and Sixou investigated cholesteric gels based on cellulose by chemical 

crosslinking.37 They prepared the cholesteric gel of pentyl ether of hydroxypropyl 

cellulose (HPC) from HPC and 1, 6-diiodohexane (DIH), which is a cross-linking agent. 

They observed the cholesteric order of pentyl ether of hydroxypropyl cellulose gel 

maintained, which is insensitive to the temperature change, up to 90oC, and found the 

birefringence in the gel of pentyl ether of hydroxypropyl cellulose swollen in THF as 

well as in the dry gel before swelling. They also found that the concentration of pentyl 

ether of hydroxypropyl cellulose gel in the swollen gel is much lower than the critical 

concentration for formation of lyotropic mesophase for cellulose derivatives. So the 

anisotropic arrangement of liquid crystal seems to be augmented by cross-linking. 

Ryoichi Kishi and his coworker found that lyotropic LC solution of poly (γ-benzyl L-

glutamate) (PBLG) was cross-linked with appropriate diamino compounds to form gel 

possessing original cholesteric or nematic LC order.38 The LC gels showed optical 

anisotropy as exemplified by strong induced circular dichroism from bye-doped 

cholesteric LC gels.39 They also found that the LC gels of PBLG can be hydrolyzed to 

give hydrogels of poly (glutamic acid) (PGA) that hold the original cholesteric or nematic 

LC order.40 Later they reported reversible swelling and shrinking of the LC hydrogels and 
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optical and mechanical anisotropies that are controlled reversibly by pH values of 

external solution.41 Cholesterics are usually considered for passive optical applications 

where no switching is required. However, reversible switching of cholesterics between 

defect-free reflecting (Grandjean texture) and transparent homeotropic textures is 

difficult to realize. Creating a lightly cross-linked anisotropic network within the LC (gel) 

replaces the function of the orientation layers and provides the material with an internal 

memory. When the network is produced in a pattern-wise manner, it can also replace the 

role of patterned electrodes. Hikmet and Polesso used the gels in a cholesteric LC to 

obtain fast electrically switchable reflectors.42 They prepared the gel by in-situ 

polymerization of LC monoacrylate and diacrylatemolecules in presence of non-reactive 

LC molecules by UV radiation, freezing-in the cholesteric configuration and orientation 

by creating a network containing non-reactive molecules.  They found that after 

polymerization the pitch becomes almost temperature independent. They explained this 

behavior is a result of the network formation, which freezes-in the cholesteric structure 

and hence the cholesteric pitch. The fact that the cholesteric band can be frozen in by 

polymerization at different temperatures makes it possible to pattern a gel so that it 

reflects different colors at different positions. They also studied the switching behavior of 

the patterned gel. The application of an electric field caused the color areas to switch, 

which makes it possible to switch regions reflecting various colors in a sequential order 

without having to pattern the electrodes. 

 Polymer gels can swell or shrink in proper solvents. And some polymer gels are 

stimuli-responsive, which can undergo substantial swelling and collapsing as a function 
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of their environment such as temperature, electric and magnetic fields, light, pH, and 

solvent composition. Polymeric gels are usually formed by flexible chains and they are 

essentially isotropic. However, when the chains are rigid, liquid crystalline polymer gels 

may be formed. The molecules of a liquid crystal (LC) tend to cooperatively orient in a 

preferred direction giving rise to useful properties such as birefringence, dielectric 

anisotropy, orientational elasticity and so on. When the two are combined, the properties 

of polymer gels are coupled to the LC’s orientational order, anisotropy may be observed 

at a specific degree of swelling. These gels have unique elecro-optic and mechano-optic 

properties. In fact, the transition from anisotropic to isotropic state by changing some 

parameters such as concentration, pH and presence of electric or magnetic field, with a 

consequent change in mechanical, optical and transport properties, could be a new way to 

get environmentally sensitive gels. 

1.3 Helical polymers 

1.3.1 Types of Chirality 

The term of chirality describes objects that exist as a pair of nonsuperimposable 

mirror images, which are called enantiomers.  Molecules and molecular systems can be 

chiral by asymmetrically arranging atoms in space around a center, axis, or plane, which 

are called point, axial, and planar chirality, respectively. Not only covanlently bonded 

molecules with defined configuration and conformation, but also noncovalently 

interacting supramolecular assemblies with conformational flexibilities and even transient 

molecular conformations can form chiral structures or architectures.43-46
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Configurational and conformational chirality 

There are two types of asymmetry that results in the optical activity of molecules, 

configuration of the substituents around a particular atom, or conformation adopted by 

molecules. These two phenomena are different. Configurational chirality arises directly 

from the arrangement of the covalently structure of the molecular, where a particular 

atom (chiral center) is chemically substituted in an irregular fashion. The configuration of 

molecule is fixed and chemical bonds must be broken to destroy the chirality. 

Conformational chirality arises from the (re)arrangement of part or all of a molecule or 

assembly under a chiral influence that removes any elements of symmetry from it ( no 

bonds are broken in the process). This chirality may occur via (1) supramolecular 

interactions with a chirality inductor or (2) an intramolecular chiral conformation that is 

maintained by steric hindrance and/or other factors, such as hydrogen bonding, for 

example, that preclude racemization. The conformation of a molecule is dynamic and 

may change upon exposure to heat, light, pH, or other means.50,51

Enantiomers and diastereomers 

Enantiomer and diastereomer are labels that are used in concerning chiral 

compounds. Two stereoisomers related as nonsuperimposable mirror images are called 

enantiomer (Figure 1.15).The mirror image of a chiral compound is its enantiomer. 

There can be one or more chiral centers in the molecule. Mirror images are referred to as 

an enantiomeric pair. Enantiomers of a chiral molecule have the same physical properties, 

such as densities, melting points, boiling points, free energy in the absence of external 

chiral effects, such as circularly polarized light, chiral environment, chiral reagents, etc. 
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They have the same chemical properties in an achiral environment. However, their 

chemistry can be quite different in a chiral environment. This difference is very important 

in many processes in biocatalytic reactions. Chiral compounds are optically active and 

they rotate plane polarized light. Enatiomers behave differently when interacting with 

plane polarized light. In a given pair of enantiomers, one of them will rotate light in one 

direction and the other will rotate light in an equal and opposite direction.47,48 The degree 

of rotation is called optical rotation, α, which can be measured by polarimeter. 

 If a compound contains two chiral atoms, it may exist in four stereoisomeric 

forms. Since the configuration at each chiral carbon may be either R or S, there are four 

stereochemical possibilities: RR, SS, RS, and SR. The RR and SS stereoisomers are 

enantiomers. The RS and SR stereoisomers are also enantiomers. The RR stereoisomer is 

a diastereomer of both the RS and the SR stereoisomers. The SS stereoisomer is a 

diastereomer of both the RS and SR stereoisomers.49 Figure 1.15 shows sawhorse 

projections of the four stereoisomers of 2-chloro-3-fluorobutane. Unlike enantiomers, 

diastereomers have different physical, chemical and optical properties. This characteristic 

of diastereomers could be used to separate the enantiomers. 
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            Figure 1.15 Configuration of enantiomers and diastereomers.154

  Polarimeter and Circular Dichroism (CD) 

Polarimeter and citcular dichroism can be used to characterize the optical active 

materials. The simplest polaimeter consists of a monochromatic light source, a polarizer, 

a sample cell, a second polarizer, which is called the analyzer, and a light detector 

(Figure 1.16). The analyzer is oriented 90o to the polarizer so that no light reaches the 

detector.  

 

                                 Figure 1.16 Schematic of a polarimeter.155  
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When an optically active substance is present in the beam, it rotates the 

polarization of the light reaching the analyzer so that there is a dominant component that 

reaches the detector. The angle that the analyzer must be rotated to return to the minimum 

detector signal is the optical rotation, . The amount of rotation observed in a 

polarimeter depends on the substance structure, the concentration and measure conditions 

such as temperature, wavelength and solvent. To account for the effects of path length 

and concentration, specific rotation, given the symbol [α], is used. The specific optical 

rotation can be calculated by the following equation:  

              [α] = 100α/cl                      (1) 

where c is the concentration in grams per 100mL of solution, and l is the length of the 

sample cell in decimeters. 

Circular dichroism (CD) spectroscopy measures differences in the absorption of 

left-handed polarized light versus right-handed polarized light which arise due to 

structural asymmetry. The absence of regular structure results in zero CD intensity, while 

an ordered structure results in a spectrum which can contain both positive and negative 

signals. 

Linear polarized light can be viewed as a superposition of opposite circular 

polarized light of equal amplitude and phase. A projection of the combined amplitudes 

perpendicular to the propagation direction thus yields a line (Figure 1.17). When this 

light passes through an optically active sample with a different absorbance A for the two 

components, the amplitude of the stronger absorbed component will smaller than that of 

the less absorbed component. The consequence is that a projection of the resulting 
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amplitude now yields an ellipse instead of the usual line. The occurrence of ellipticity is 

called Circular Dichroism. 

 

Figure 1.17 (a) Linear polarized light can be viewed as a superposition of opposite 

circular polarized light of equal amplitude and phase. (b): different absorption of the left- 

and right hand polarized component leads to ellipticity (CD).155

1.3.2 Helical polymers 

Macromolecules exist in different conformation forms from randomly coiled 

chains to more spatial ordered structures. For the orderly units, polymers with regular 

dihedral angles along the backbone can adopt helical structures. The helical structure is 

one of conformational asymmetry. Helical chirality arises from the unidirectional nature 

of the twist propagation along the long axis of molecule or assembly. Polymers with 
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single-handed helical conformation are of particular interest. They can be used as sensors, 

display systems, data storage devices, separation medium and so no. Examples of helical 

chirality can be abundantly found in nature systems (DNA, α-helix of proteins, and 

polysaccharides) as well as in artificial ones. According to the nomenclature of Cahn, 

Ingold and Prelog,84 the  helix can be characterized by a center axis (c-axis), a screw 

sense and a pitch. For a helical polymer, the pitch, p, is the distance traveled along the c-

axis corresponding to one full 360 degree ture, and h, is the monomer repeat height 

projected into the c-axis, where p=n×h. Thus, the convention is that, on looking from 

either end downward along the helical axis, it is termed P helicity if the rotation is 

clockwise and termed M helicity if the rotation is anticlockwise. 

1.3.2.1 Natural helical polymers 

 In the early 1950s, α-helical structure for natural polypeptides was proposes by 

Pauling50 and the double-helix for DNA (Figure 1.18) was found by Watson and Crick.51 

The helix is a ubiquitous motif in biological polymers and plays an important role in 

realizing many biological activities.53, 54 For example, in the case of amino acid derived 

biomolecules, biological systems can occasionally turn to the enantiometric amino acids 

to accomplish specific structural objectives.54
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                               Figure 1.18  The structure of part of a DNA double helix.52

 

1.3.3.2 Synthetic helical polymers 

The helix is one of the most fundamental structures of biopolymers, synthetic 

helical polymers are expected to broaden the application of these materials into many 
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new areas. Many applications of helical polymers emanate from the asymmetric nature of 

a single helical sense, and these include chiral separations medium,55-60  optical data 

storage,61,62 liquid crystalline materials.63 These applications make the helix more 

attractive target for the polymer scientists. Relatively few synthetic polymers adopt 

helical conformation in solution such as polysilylene, poly(cis-acetylene), poly(iso-

methacrylate), polyisocyanide, polyisocyanate and polyguanidine. The followings are the 

brief review for  polyisocyanides, polyisocyanates and polyguanidines. 

Polyisocyanides 

Polyisocyanides can be used as mimics of biological molecules, such as ion 

channel and enzymes.68-70 Polyisocyanides have a unusual structure in polymers. Each 

carbon atom of the chain have a double bond to a nitrogen atom. This brings a restricted 

rotation about the C-C single bonds of the chains and hence results in the formation of 

stable, rigid helices. Isocyanides can be polymerized in the presence of Ni(II) salts 

(Figure 1.19). The optical active poly(t-butyl isocyanide) prepared by chiral Ni catalyst 

does not racemize at room temperature due to the high helical inversion barrier.64-66 

Polyisocyanides have a 4/1 helix (Figure 1.20) and adopt the wormlike conformation in 

solution with relatively short persistence length, e.g., 30Å for poly(1-phenyl 

isocyanide).67 The persistence length is defined as the length over which the polymer 

chain remains straight without bending.  
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Figure1.20. The 4/1 helical conformation of a polyisocyanide. 

Polyisocyanates 

Polyisocyanates have been investigated intensively for a long time. Polyisocyanates also 

show helical behavior due to a combination of steric hindrance and partial conjugation. 

At low molecular weight, polyisocyanates behave like rigid rods, while at high molecular 

weight, they behave more worm-like. Comparing with polyisocyanides, their persistence 

lengths are longer, e.g., 600 Å for poly(n-butylisocyanate) and the inversion barrier is 
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low, e.g., 19 kcal/mol for poly(2-butylhexyl isocyanate). Stereoselective replacement of 

deuterium for one of the diastereotropic hydrogens of either the methylene group α and β 

to the amide function in poly(n-hexylisocyanate) leads to an intense circular dichroism 

spectrum, which is caused by a large excess of one helical sense.71, 72

      

 

 

            

Figure 1.21 . Circular dichroism and UV spectra of deuterated polyisocyanates.71
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Polyguanidines 

In order to combine all of the good features of both of these helical polymers, the 

high barrier to helix inversion for the polyisocyanides and the long persistence lengths 

from the polyisocyanates, into a single polymer, which would adopt a stable helical 

conformation in solution, Novak group achieved this by replacing the carbonyl group in 

the polyisocyanate backbone with the more sterically demanding imine group of a 

polyisocyanide (Figure 1.23)  

The polyguanidines are the most promising candidates for biomimetic 

applications. Following are some important characteristics of polyguanidines. 

 Are built on guanidine repeat units, a ubiquitous entity in biological  systems. 

 Adopt regular 6/1 helical conformation in both solution and the solid state. 

 Possess dimensions comparable to helical polypeptides. 

 Have a wide range of solubilities including water solubility. 

 Tolerate both high and low pH extremes. 

 Are not susceptible to degradation by digestive enzymes. 

 Are more conformationally robust than polypeptides vis pH, temperature, and 

denaturing reagents. 
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Figure 1.22. The structure relationship between polyisocyanates, polyisocyanides and  

the hybrid polymer derived from the polymerization of carbodiimides. 

 

 40



 

 

1.3.3 Synthesis of single-handed helical polymers 

Most synthetic helical polymers in the crystalline state are not optically active 

because the polymer chains exist as a series of blocks of right and left-handed regions 

separated by helical reversals (Figure 1.23).73, 74 The left- and right-handed helices are 

enantiomers  having equivalent free energy, so neither conformation is 

thermodynamically preferred.  The helical reversal is defined as a defect region spanning 

several repeat units in which the dihedral angle in the helical sense changes sign. Higher 

population of helical reversals would result in a change of the conformation and a shorter 

persistence length. The properties of helical macromolecules are highly dependent on the 

helical inversion barrier. It is defined as the activation energy required to switch one-

handed helix to the other helix sense (Figure 1. 24). Polymers with low helix inversion 

barriers have dynamic properties which can be used to build chiral architectures that 

respond to interactions with small molecules, light, or subtle changes in monomer 

composition or temperature as will be discussed in the following section. When the helix 

inversion barrier of the polymer is high, the helical conformation is formed under kinetic 

conditions. 

                                    

                        Figure 1.23 Optically inactive helical polymer chain. 
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             Inversion barrier depends on several factors, including the size and steric nature 

of the side chain and  the stiffness of the polymer backbone. The polymer with a high 

inversion barrier will racemize slowly, while a low inversion barrier leads to faster 

racemization. 

 

        

 

 

 

 

     

                      

 

 

                     Figure 1.24 An energy diagram of helical inversion.         

         The left- and right-handed helices are enantiomers and have equivalent free energy, 

so neither conformation is thermodynamically preferred.   When polymer contains chiral 

side chains, the helices are diastereomers and consequently have different free energies 

(Figure1.25.). Most interesting properties and applications are related to their single-

handed conformation. Therefore, many researchers are interested in generating helical 

polymers with predominant one helical sense. Single-handed helical polymers can be 
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achieved form the polymerization of optically active monomers,74-77 the asymmetric 

polymerization of racemic or prochiral monomers,78-83 or be prepared by chiral induction 

with small chiral molecules.89-99

                           

                         

                            

  

Figure 1.25. Diastereomeric nature between right and left handed helices for   polymers 

composed of chiral monomers. 
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Preparation of single-handed helical polymers from chiral monomers 

Many single-handed helical polymers, such as polysilanes, polyisocyanates and 

polyisocyanates are prepared from chiral monomers. When there exists a chiral center in 

the polymer molecule, the chiral center affects the two type of helical segments 

differently due to the steric hindrance, so one of the two type of the helical segment is 

preferred thermodynamically. Generally speaking, when the chiral center is on the 

pendent groups, the closer the chiral center is to the backbone, the more bulky and rigid 

the pendent group is, the stronger interaction is between the chiral center and the 

backbone. The side chain chirality plays an important role in the determination the helical 

direction of the resulting polymer. Figure 1.26 shows how the side chain chirality 

determine the direction of helical sense for poly( N-methyl-N’-(α)-

methylbenzylguanidine) prepared from (R)- N-methyl-N’-(α)-methylbenzylcarbodiimide 

and (S)- N-methyl-N’-(α)-methylbenzylcarbodiimide. Steric interaction between the 

methyl group of the chiral center and the imine of the neighboring repeat forces the helix 

to turn in the direction that minimizes this interaction. S-side chains force a right-handed 

helix and R-side chains the left-handed form. 
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        Figure 1.26. The determination of helical direction by side chain chirality.85
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Helix-sense-selective polymerization of racemic or achiral monomers with chiral catalyst 

While single screw-sense polymers can be formed from optically active, 

homochiral monomers,86 this approach is limited by both the small number of viable 

monomers and expense. To address this limitation, Novak group have been interested in 

developing helix-sense selective polymerizations of achiral monomers using chiral 

catalysts.87 When chiral catalysts are used, a helix-sense selective polymerization can be 

classified into two categories according to the structure of monomers: fluxional and 

nonfluxional chains.88 Fluxional chains have low helix inversion barriers that allow 

frequent occurrences of helix reversals. Examples of fluxional chains polymers include 

polysilylenes, polyisocyanates, and poly(cis-acetylenes). The removal and introduction of 

helix reversals can be dynamic process, and reversible equilibrium between the two 

helical states (P- and M-handed) can be sometimes observed. Also, these helical 

conformations of polymers are under thermodynamic control at normal temperatures, 

these helical polymers undergo rapid racemization (helical inversion). Nonfluxional 

helices, the rarer of the two categories, have higher inversion barriers typically introduced 

by incorporating bulky side chains that hinder main chain bond rotations. Examples 

include isotactic poly(trityl methylacrylate) and polyisocyanides. For this approach to be 

viable, the helical conformation of the polymer must be under kinetic, rather than 

thermodynamic control, and the helix inversion barrier must be sufficiently high enough 

to retain the single-handed screw sense. 
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The achievement of one handed helix by helical induction 

The transfer of chiral information to achiral or dynamically racemic 

macomolecular helical systems from chiral guest molecules through noncovalent bonding 

interactions has attracted great interest in recent years.89 This is because chirality-transfer 

phenomenon can be used for sensing chirality for a wide range of chiral molecules, as 

well as for developing novel cjiroptical devices and chiral materials as enantioselective 

adsorbents and catalysts.90 In particular, when a receptor molecule is achiral, but 

chromophoric, the noncovalent bonding to a chiral guest may provide a characteristic 

induced ciclular dichroism (ICD) in the absorption region of the receptor and the cotton 

effect sign can be used to determine the absolute configuration of the guest.89  

In 1995, yashima reported that macromolecular helicity with an excess helical 

sense could be induced in an optically inactive, dynamic helical polymer by an opticaaly 

active small molecule.91 A cis-transoidal stereoregular poly[(4-carboxyphenyl)acetylene] 

prepared by the polymerization of the corresponding phenylacetylene monomer with a 

rhodium catalyst wa the first example of such a noncovalent, one-handed-helicity 

induction phenomenon using chiral acid-base interactions. Upon acid-base complexation 

with chiral amines in DMSO, a dynamic one-handed macromolecular helicity is induced 

in the polymer, resulting in characteristic ICDs (Figure 1.27). The concept of this helicity 

induction through noncovalent chiral molecular interactions is widely applicable to the 

design and synthesis of related chirality-responsive poly(phenylacetylene)s bearing 

various  functional groups as the pendent. For example, the introduction of amino (9b),93 
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boronate (9c),94 phosphonate (9d, 9e),95 and sulfinate (9f)96 groups as the pendent 

produced poly(phenylacetylene)s that can respond to the chirality of chiral acids, sugars, 

amines, and ammonium groups respectively, and their complexes show a characteristic 

ICD depending on the stereochemistry including the absolute configurations of the guest 

molecules. Similar helicity induction with chiral molecules was achieved for 

polyphosphazene,97 polyisocyanate,98 polyguanidine.99

 

 

Figure 1.27. Schematic illustrations of a one-handed helical structure of achiral 

poly(phenylacetylene)s upon with chiral compounds.92

  

Chiral amplification 

In helix-sense-selective polymerization, optically inactive initiators can be used to 

catalyze the polymerization of chiral monomers. Goodmam and Chen100 were the first to 

take advantage of the pendant chiral group to control the helix conformation and prepared 

polyisocyanates from two optically active monomer which showed exceptionally high 
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optical properties compared to the monomers. There are other examples, such as a chiral 

polyisocyanate synthesized by the Green group and a chiral polyguanidine synthesized by 

Novak group (Figure 1.28), which showed the same feature.101-104 

 

 

  

  

  

  

                                                                  Figure 1.28. Amplification of chirality. 
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Cooperativity 

t a very small energy difference between diasteromers forms a significant     The fact tha

helical excess was due to the cooperativety effect. Cooperativity depends on the 

effectiveness of the interaction between the repeating units within a polymer chain. When 

a chiral perturbation is introduced into the polymer chain, the perturbation can be felt 

along the polymer chain. If the cooperativity can extend over long length scales, 

comparable to the chain length, then single-handed helical polymers can be formed 

(Figure 1.29). The length scale of cooperativity depends on the stiffness of the backbone 

and sterics of the pendant groups.  When the pendant groups are too small or the backbone 

is flexible, the bond rotation along the backbone can occur freely and results in a large 

number of helical reversals. Helicity in polyolefins does not extend over long length 

scales is an example. Several strategies have been designed to investigate cooperativity 

(Figure 1.30). Each method can be used to synthesize single-handed helical polymers. 

The experiment can be expressed on a pyramid according to different length scales. From 

the bottom of the pyramid to the top, as the number of chiral centers decrease, the 

interactions are probed from the local scale to the long range. 
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                    Figure 1.30 . The pyramid of cooperativity.105 

ystems with the largest member of perturbations are at the base (cooperativity over 

ort length scales), and systems with the smallest member are found near the top).  
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1.3.4 Polyguanidines synthesized by organometal-catalyzed polymerization of 

arbodiimides 

As discussed, polyguanidines combine all of the salient features of both of the 

 and the long persistence lengths, adopt a static helical conformation in 

solutio

c

polyisocyanates and polyisocyanides. Polyguanidunes, which have the high barrier to 

helix inversion

n and solid state. Polyguanidines are synthesized by organometal-catalyzed living 

polymerization of carbodiimides.  

Carbodiimide monomers 
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                   Figure 1.31. The enantiomeric conformers of carbodiimides. 

     

bodiimides have allene-like structure. But the di-substituted carbodiimides ar  

-ray diffraction 

Car e

not linear, the NCN bond angles vary from 166~170o according to X
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studies. The dihedral angle of the cumulenic π bond system is nearly 90o and therefore 

they ca

e,109 or phosphorus halides,110 

n exist in optically active forms (Figure 1.31).106

    Among the several synthetic pathways to carbodiimides, three routes are mostly 

common employed, including the dehydration of ureas and thioureas with reagents such 

as metal oxides,107 sodium hypochloride,108 phosgen

catalytic decarboxylation of isocyanates with phosohorus oxides,111 or utilization of the 

Tiemann rearrangement.112

Living polymerization of carbodiimides 

In 1964, the polymerization of carbodiimides was first reported by 

Robinson. although many113  initiators such as Na/DMF, CH3I, AlBr3, Zn(Et)2, allyl 

onditions were investigated, very little polymer 

charact

ting ionic chain end using transition metal complexes, which 

control

lithium, Hg(Et)2, and different reaction c

erization was carried out due to the poor control over the polymerization and too 

low molecular weight.  

Novak group had a long-standing interest in designing polymerization catalysts 

that would allow control over the molecular weight. This is typically performed by 

stabilizing the propaga

 the polymerization rate. The target molecular weight can be achieved by changing 

the monomer to catalyst ratio. In 1994, Goodwin used titanium(IV) based catalysts to 

achieve the living polymerization of many different carbodiimide monomers.114 In 1997, 

Shibayama showed that Cu(I/II) based catalysts also initiated living polymerization of 

carbodiimide monomers (Figure 1.32).115  These living polymerization enable the formed 

polyguanidines having uniform chain-end groups, controlled molecular weights.The 
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metal complex acts to stabilize the propagating anionic chain end resulting a reduction in 

the rate of polymerization but better control. According to the proposed mechanism of the 

polymerization (Figure 1.33), the polymerization is initiated by insertion of the monomer 

into a titanium-nitrogen or oxygen bond to form an intermediate amidinate complex. 

Propagation proceeds through monomer coordination to titanium and insertion into 

titanium-amidinate bond. All the steps are fully reversible. The ceiling temperature of 

polymerization of carbodiimides depends on the side chains, such as 80oC for N,N’-di-n-

hexylcarbodiimide, and 156oC for N-(R/S)-(±)-(1-phenylethyl)-N’-methylguanidine). 

Since polymerization proceeds through consecutive equilibrium reactions, polymerization 

in bulk is favored to achieve high yield. 

 

 

 

 

 

  

 
  

 

 

 

 

 
 
 
 
 
 

 55



 
 
 

TiCl

Cl

Cl N

SiMe3

SiMe3

N
Ti

Cl

OCH2CF3
Cl

Cl

Ti OCH2CF3
Cl

Cl

Ti NMe2
Cl

Cl

Ti O
Cl

Cl

N

N

Si(CH3)3

Si(CH3)3

Cu

Cu

N

N

Si(CH3)3

Si(CH3)3

N

N

Ar

Ar

Cu

Cu

N

N

Ar

Ar

Ar =

 
 
     Figure 1.32 . Effective catalysts for the polymerization of carbodiimides 
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Figure 1.33. The mechanism of polymerization of carbodiimide monomer using a Ti(IV
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CHAPTER II CHOLESTERIC GELS FROM HELICAL POLYGUANIDINES

2.1 Introduction

             Cholesteric liquid crystals (CLCs) possess many unique optical properties 

because of their periodic helical structure. This structure serves as a spontaneously 

formed photonic crystal. Hence, particular attention has been paid to the use of CLCs for 

photonic devices such as dye lasers. One of the advantages of using CLCs for dye laser 

devices is tunablility. Many types of tunable lasers have been proposed by utilizing 

external influences such as temperature,1-3 electric field, 4-8 mechanical strain,9 light 

irradiation10-12 and so on. However, the tunable range is limited. In order to extend the 

tunable range, Chanishivili et al.13,14 first proposed the strategy of using a chiral dopant 

gradient and demonstrated that this method can extend the tunability in some extent. 

However, the pitch gradient was not stable, since the diffusion of chiral molecules 

smeared out the pitch gradient. In order to improve the stability of cholesteric mesophase, 

Yamagishi and Sixou investigated cholesteric gels based on cellulose by chemical 

crosslinking,15 and stable cholesteric order of pentyl ether of hydroxypropyl cellulose gel 

achieved. So crosslinking can stabilize the cholesteric mesophase.15

             The colors of “tunable dye” lasers are not from the dye, but are formed by the 

selective reflection of visible light by the cholesteric structures. For polymeric 

cholesterics, single-handed helices are requirement to form cholesteric mesophases. Just 

like drill bits or screms, single-handed helices can form cholesteric mesophase by 

nestling into each other’s groove (Figure 2.1). Cholestric phase selectively reflects 
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(Bragg reflection) visible light and exhibit brilliant colors if the pitch of the cholesteric 

helix coincides with the wavelength of visible light. The polyguanidines adopt helical 

conformation in solution and solid sate and display a range of liquid crystalline phases 

due to the restricted bond rotations along their backbones. Single-handed helical 

polyguanidines, e.g., poly(N-methyl-N’-(R)-(+)-()-methylbenzylguanidine), pack in 

cholesteric mesophase.16

 Figure 2.1 The formation of cholesteric stucture and its Bragg reflection.

Cholesteric  materials can exhibit brilliant colors through Bragg reflection. The 

changes to the cholesteric structure results in color changes. For this reason, we can 

develop a series of cholesteric gels each with different substituents on the side chains, so 

that each cholesteric will respond differently to external influences. Different cholesteric 

structures are expected to have different tunable ranges. By combination of different 

cholesteric structure, the wide-range tunability of polyguanidine gels can be expected. 

Also we can use the cholesteric polyguanidine gels as sensors, which is based on 

cholesteric wells each with different substituents on the side chains, so that each 
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cholesteric will respond differently to the analytes. By comparing the overall pattern of 

changes, subtle differences in analytes can be discrimated. Sensing using the cholesteric 

phase will involve a thin gel matrix that would allow for flow of analytes such as 

medicinals, biodecontamination reagents and fluids into the cholesteric structure. 

Analytes will drive the pitch change (expansion or contraction) and hence the color 

change (Figure 2.2). Polyguanidines are an unusual class of macromolecules because 

they are one of the few types of synthetic polymers that adopt a stable helical 

conformation is solutions as well as in the solid state. So my research goals are to 

synthesize cholesteric gels from polyguanidines and use them as tunable “dyes” and 

chemical sensors.

                    

Expand by 
charging

Contract by 
discharging

Figure 2.2. Contracted, the cholesteric pitch reflects blue and the expanded pitch reflects 

red.  Expansion is caused by charge repulsion between the polymer layers (in this case by 

the presence of an acid).

Crosslinking can be formed by physical process or chemical process. Takashi 

Kato17 reported the preparation of liquid-crystalline (LC) physical gels by using liquid 
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crystals as solvents for physical gelation. The LC gels are microphase-separated materials 

consisting of LC solvents and fibrous solid aggregates of gelators (Figure 2.3). 

                       Figure 2.3. Physical gelation of liquid crystals.17

They have found that physical gelation of liquid crystals leads to the formation of 

a variety of self-organized structures and to the induction of significant properties as 

follows: Improved response speeds to electric fields,18,19 showing fast and high contrast 

electrooptic switching,20-23 the enhanced hole mobility of discotic liquid crystals by the 

physical gelation with hydrogen-bonded networks. 

Tanaka reported  that poly(L-glutamic Acid)-Poly(oxyethylene glycol) formed the 

cholesteric films.24 As is well known, poly(L-glutamic Acid) (PGA) forms lyotropic 

cholesteric liquid crystals in solvents such as dimethylformamide (DMF), dioxane-water
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(D-W), or dimethyl sulfoxide (DMSO), if the polymer concentration exceeds a certain 

threshold value.25 The γ-carboxyl groups of PGA can enter into rather strong hydrogen 

bonding with the ether oxygens of  poly(oxyethylene glycol) (PEO).26 They observed that 

addition of small amount of PEG to PGA system facilitates the formation of cholesteric 

structures, rather than destroys them (Figure 2.4). Moreover, such structures tend to be 

preserved even after the solvent completely evaporates (Figure 2.5).

   

(a) (b)

     Figure 2.4. Polarizing micrographs of PGA/PEG300/DMF solution at room 

temperature.26  (a) PGA, (b) PGA/PEG=70/30, and 

PGA+PEG)/(PGA+PEG+DMF)=0.256 by weight
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(a)                                                     (b)

Figure 2.5. Polarizing micrographs of solid films cast from DMF at 100oC.26

                                  (a)  PGA, (b) PGA/PEG=50/50

Chemical liquid crystal gels also are well investigated. Yamagishi and Sixou 

investigated cholesteric gels based on cellulose by chemical crosslinking.27-31 They 

prepared the cholesteric gel of pentyl ether of hydroxypropyl cellulose (HPC) from HPC 

and 1, 6-diiodohexane (DIH), which is a cross-linking agent. They observed the 

cholesteric order of pentyl ether of hydroxypropyl cellulose gel maintained, which is 

insensitive to the temperature change, up to 90oC, and found the birefringence in the gel 

of pentyl ether of hydroxypropyl cellulose swollen in THF as well as in the dry gel before 

swelling. They also found that the concentration of pentyl ether of hydroxypropyl 

cellulose gel in the swollen gel is much lower than the critical concentration for 

formation of lyotropic mesophase for cellulose derivatives. So the anisotropic 

arrangement of liquid crystal seems to be augmented by cross-linking. Hikmet and 
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Kemperman32 created a lightly crosslinked network dispersed within the non-reactive LC 

molecules. This is done by in-situ polymerization of a LC monoacrylate and 

diacrylatemolecule mixture in presence of non-reactive LC molecules. After obtaining 

defect-free orientation of the mixture, polymerization of the reactive molecules is induced 

by ultraviolet irradiation freezing in the cholesteric configuration and orientation by 

creating a network containing non-reactive molecules. In these gels, the network consists 

of monoacrylate molecules forming the side-chain polymer that are crosslinked by a very 

small amount of diacrylates. And the function of diacrylate molecules that are present at 

fractions of a per cent is twofold: (1) they form crosslinks and thus provide a system 

memory; (2) they preserve the polymer structure and its distribution within the system, 

thus preventing is diffusion. They found that after polymerization the pitch becomes 

almost temperature independent. They explained this behavior is a result of the network 

formation, which freezes-in the cholesteric structure and hence the cholesteric pitch. The 

fact that the cholesteric band can be frozen in by polymerization at different temperatures 

makes it possible to pattern a gel so that it reflects different colors at different positions.

2.2 The synthesis of dicarbodiimides

To form chemical gels, the cross-linkers must have at least two active function 

groups in one molecule, which can form chemical bond with two different chains. 

Dicarbodiimides are synthesized because we want to make crosslinked  polyguanidine 

gels. Dicarbodiimides can be readily synthesized through dehydration of the 

corresponding diureas or dithioureas with reagents such as metal oxides, sodium 
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hypochlorite, phosgene, or phosphorous halides using the reported procedure33 with a 

little modification.  Diureas or dithioureas can be prepared by reaction of diamine with 

two equivalents of an isocyanate or a thioisocyanate, or by the reaction of diisocyanate 

with two equivalents of amine (Scheme 2.1). Using the reactions outlined in Scheme 2.1, 

we were able to synthesize a series of dicarbodiimides with different chain length 

(Figure 2.6). All these dicarbodiimides were isolated from the reaction mixture by 

reduced pressure distillation and the overall yield from the starting diamines or 

diisocyanates is 42-57%.

NH2 YCN NCY+
n

2

NCY + H2N NH2

n2

H
N

H
N

H
N
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N

Y Y
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N

H
N
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Y Y
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PPh3/Br2/Et3N
N N
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Y = O, S
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                        Scheme 2.1. The synthesis of dicarbodiimides.
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                    Figure 2.6. Some dicarbodiimides synthesized for these studies.

2.3 Polymerization of dicarbodiimides
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Room temperature reaction of dicarbodiimides with Cl3TiOCH2CF3 in neat 

condition resulted in solutions, which changed color to the characteristic red hue of an 

active polymerization. For 1,3-di(N'-methylcarbodimido)propane (IV), 1,4-di(N'-

methylcarbodimido)butane (III), 1,6-di(N'-methylcarbodimido)hexane(II), the red 

solutions become viscous in one day . For 1,2-di(N'-methylcarbodiimido)ethane, after 

three days, the viscosity of the solution increased notably. The polymerization of II, III, 

IV yielded a solid gel, which was believed to be cross-linked network because of its 

resistance to deformation. Additionally, these materials were insoluble in a wide range of 

solvents. To remove the unreacted monomers, we left the resulted gels in chloroform for 

a couple days, then removed the chloroform solution. This was repeat this several times 

to make sure the resulting gels did not contain free monomer as evidenced IR

spectroscopy of the chloroform solutions. Poly(I) was soluble in a wide range of solvents 

such as methanol, acetonitrile, acetone, THF, benzene, toluene, chloroform and soluble to 

some extent in hexane. Poly(I) is also water-soluble. We purify poly(I) by precipitation 

in cold hexane. The IR spectra of these polydicarbodiimides had the typical absorptions 

at around 1650, 1373 and 1266 cm-1, indicating the presence of the guanidine repeat unit, 

but there are some differences. The IR spectrum of poly(I) showed two imine absorptions 

at 1688 cm-1 and 1640 cm-1, and no absorption at 2130 cm-1, which indicates no free 

carbodiimide function groups in the resulting polymer. However, the IR spectrum of 

poly(II), poly(III), poly(IV) showed the very obvious carbodiimide absorption along 

with the typical absorptions of the guanidine because incomplete the cross-linking leads 

to dangling ends (Figure 2.7). The solution of poly(I) was noticeably less viscous than 
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solutions of polymers of monocarbodiimides (e.g., poly(N,N’-di-n-hexylcarbodiimide)) at 

the same concentration and molecular weight, which suggested that the chain-

conformation characteristics of poly(I) and poly(N,N’-di-n-hexylcarbodiimide) are quite 

different. We believe that the polymerization of 1,2-dicarbodiimides occurred by 

intramolecular cyclipolymerization. The polymerization of dicarbodiimides, which have 

more than two carbon between the two carbodiimide functionalities, formed crosslinked 

gels by intermolecular crosslinking. The polymerization of 1,2-dicarbodiimides, we will 

discuss more detail in Chapter III. We used thermal gravimetric analysis (TGA) to 

examine the crosslinked dicarbodiimide polymers, poly(II) and poly(III).  Comparing to 

poly(N, N’-di-n-hexylcarbodiimide), both poly(II) and poly(III) showed a little bit higher 

onset decomposition temperatures (Figure 2.8), which is consisted with that 

multifunctional polycarbodiimides should be more thermal robust than 

monocarbodiimide polymers and show the higher decomposed temperature. Also the

TGA curves for poly(II) and poly(III) appear stepwise in contrast to poly(di-n-

hexylcarbodiimide), which is the characteristic for crosslinked polymers.
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Figure 2.7. The IR spectras for Poly(I), Poly(II), Poly(III) and Poly(IV).
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Figure 2.8. TGA thermogram of poly(N,N’-di-n-hexylcarbodiimide) and crosslinked 

polycarbodiimides

2.4 Synthesis of N, N’-di-n-hexyl-carbodiimide (V)  crosslinking gels

   

N C N +

N N

C

N

C

N

n

n = 4

Cl3TiOCH2CF3

Crosslinked Polymers

(V)                      

Scheme 2.3 The Synthesis of poly(V) gels.
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Since the polymerization of II, III, IV with titanium catalyst can form crosslinked 

gels, we used them as cross-linkers to react with other carbodiimides to make crosslinked 

polymer gels. Poly(N,N’-di-n-hexylcarbodiimide) gels were synthesized by the 

copolymerization of N,N’-di-n-hexylcarbodiimide with a small amounts of II, III, IV

using Cl3TiOCH2CF3 as the catalyst and chloroform as solvent.

The swelling properties of the gels were investigated and the results are shown in 

Table 2.1.  The swelling ratio was calculated as the weight ratio of the gel equilibrated 

with different solvents to that in dry state. Poly(N,N’-di-n-hexylcarbodiimide) gels can 

swell in chloroform, toluene, hexane and THF but with different degree. They do not 

swell in DMF, DMA, DMSO and acetonitrile. 

Table 2.1: Swelling ratios of poly(V) gels with various crosslinkers.

1,6-dicarbodiimide       Cross-linkers and 
cross-link density

1,3-
dicarbodiimide, 
5%

1,4-
dicarbodiimide, 
2% 1% 0.5%

Equilibrium time (Mins) 90 90 60 30

Toluene 2.3 3.1 4.1 4.5

Chloroform 2.6 3.7 6.1 6.5

Hexane 1.22 1.12 1.36 1.48

Swelling 
ratio in 
different 
solvents

THF 2.2 2.6 3.9 4.3

*1. Crosslinking Density: molar ratio of the crosslinker to the monomer.

  2. Swelling Ratio Q = (W/W0), where W and W0 represent the weight of swollen gel and 

the weight of dry gel. 
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 According to Flory’s gel theory
35

 the equilibrium state of a polymer gel can be 

represented by the sum of two terms: one takes into account the mixing process and the 

other the elastic contribution. The following expression is valid at the swelling 

equilibrium: ln Φs + (1- Φs)(1-Vs/ Vp) + χΦp
2 + veVs(Φp

1/3 – 2/3 Φp) = 0

where Φs, Φp, Vs and  Vp are the volume fractions of solvent and polymer and their molar 

volume, respectively; ve is the crosslink density and χ is the polymer-solvent interaction 

parameter. Crosslink formation is a random process, and many cross-links do not 

function as elastically effective junctions; instead, they are incorporated into loops, 

dangling ends, densely cross-linked clusters, and so on. It is therefore very difficult to 

determine the number of effective junctions and their mode of distribution. Here we use 

the molar ratio of the cross-linker to monomer of the main polymer as a measure of cross-

linking density. Therefore, for a sample with a defined degree of crosslinking a different 

degree of swelling in two different solvents may be explained only in terms of different χ 

values associated with polymer-solvent interaction. According to Table 2.1, for the same 

cross-linker, the swelling ratios decreased with increasing the cross-linking density of the 

gels. However, the gels prepared with an amount less than a critical value of cross-linking 

reagent (5 mol % for 1,3-, 2 mol % for 1,4, 0.5 mol % for 1,6-dicarbodiimide) were too 

soft to handle, and, therefore, an adequate amount of the cross-linking reagents is 

necessary to obtain stable gels. Also the critical values are different for different cross-

linker, the longer chain length is, the less the critical values are, which may be explained 

more effective junctions due to the long flexible chains comparing to the short chain 

length. Thermal properties of crosslinked poly(N,N’-di-n-hexylcarbodiimide) were 
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studied by TGA (Figure 2.9, 2.10, 2.11, 2.12.). The crosslinked polymers show a little bit 

higher onset decomposition temperatures and increasing crosslinking density, the 

decomposition temperature increased. At the same molecular weight and same 

crosslinking density, the gel made by III as crosslinker showed higher decomposed 

temperature comparing to that synthesized by II as crosslinker.
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Figur e 2.9.  TGA for poly-n-dihexylcarbodiimide and its gels with different crosslinking 

densities, 1,6-di(N’-methylcarbodiimido)hexane as crosslinker. The ratio of monomer to 

catalyst is 420:1.
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Figure 2.10. TGA for poly-n-dihexylcarbodiimide and its gels with different crosslinking 

densities, 1,4-di(N’-methylcarbodiimido)butane as the crosslinker. The ratio of monomer 

to catalyst is 120:1.
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Figure 2.11. TGA thermogram of poly(di-n-hexylcarbodiimide) gels prepared by two 

different crosslinkers at the crosslinking density 1%.
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Figure 2.12. TGA thermogram of poly(di-n-hexylcarbodiimide) gels prepared by two 

different crosslinkers at the crosslinking density 2%.
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2.5 Cholesteric gels prepared from polymerization of chiral carbodiimides

2.5.1 Crosslinking effects on polyguanidine backbone conformation behaviour

N
N

C

C

N

N

Cl3TiOCH2CF3

N
H

C N

+

Poly(R-VI) gel

(R-VI)

                                Scheme 2.4 The Synthesis of poly(R-VI) gels.

Single helical sense polymers can be synthesized by helix-sense-selective-

polymerization of chiral monomers. Single-handed helices are the requirement to form 

cholesteric mesophases, which can selectively reflect the visible light and exhibit brilliant 

colors. Kim and Novak reported that the homochiral polymer poly(N-methyl-N’-1-

phenylethyl)carbodiimide) can form cholesteric mesophases in chloroform and the 

critical concentration is 12.5% (w/w).36 It is known that crosslinking can stabilize the 

cholesteric mesophases by locking the cholesteric structure in the crosslinked network.37

So we want to synthesize cholesteric gels based on this chiral carbodiimide monomer. We 

synthesized N-methyl-N’-((R)-(+)-(α)-methylbenzyl)carbodiimide (R-VI) according to 

literature36 and  prepared poly(R-VI) gels by copolymerization of monomer VI with 

small amounts of crosslinker, monomer II, using Cl
3
TiOCH

2
CF

3
 as the catalyst and THF 

as solvent.  Then investigate the crosslinking effect on the conformation of 

polycarbodiimides, and ultimately their LC properties. As shown in Table 2, both the 

homopolymer and the corresponding gel show very large specific optical rotation values, 
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compared to their monomer, whose specific optical rotation is small at 7.3
o
. Clearly, the 

optical activity of the polymer and its gel cannot arise simply from the intrinsic chirality 

of the monomer units and it must from polymer backbone conformation. The energy 

difference between the left- and right-handed helical senses of these chains in 

homopolymer and polymer gels causes an uneven distribution of the two screw senses. 

Also the cross-linking can cause decreasing of the specific optical rotation values a little 

bit, but a one-handed helical conformation can be kept even in the gels with a lightly 

cross-linking density. Relative to monomer, the amounts of the cross-linking reagent were 

0.5 mol%, 0.2 mol% and 0.05 mol%. When the cross-linking density was 0.5 mol%, the 

gel was too stiff to swell, and when the cross-link density was 0.05 mol%, the gel was too 

soft to handle. We then studied the swelling properties of poly(VI) gel with the cross-

linking density 0.2 mol % (Figure 2.13). According to Figure 2.13, this polyguanidine 

gel can swell in different solvents with different extent, the swelling equilibrium can be 

reached in 10 minutes. In chloroform, the gel showed the largest swelling ratio about 15 

in these four specific solvents.

Table 2.2: The specific optical rotation of poly(VI) gels.                   

* The measurement is in chloroform at room temperature and C=0.2 g/mL in chloroform

Cross-linking Density (mol %) [α] 365
*

0 -82.5

0.05 -79.1

0.2 -65.6
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Figure 2.13. The swelling properties of poly(R-VI) gel with the crosslinking density 

0.2%. The swelling ratio is the ratio of the solvent-swollen weight of the gel to the dry 

weight of the gel.

As is well known, lyotropic liquid-crystalline polymers exhibit phase separation 

above a certain critical concentration. Below this concentration, the solutions are 

isotropic; at this concentration and above, an anisotropic phase appears. When we 

synthesized the poly(R-VI) gel with the cross-linking density 0.05 mol% in THF, it 

showed brilliant green colors. After purification of this gel, we made the film by simple 
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evaporation of the solvent. The resultant films of this gel are also highly opalescent. For 

this polymer, there is no chromophor which shows absorption in visible light range. This 

phenomena that the polymer gel and polymer film exhibit brilliant colors can be 

explained by the Bragg reflection of visible light from the pitch of the frozen cholestric 

domain.36 Color is produced by selective reflection from the crosslinked layered 

mesophases. The cross-linking locks in the cholesteric structure of the samples, which 

stabilize the cholesteric packing. The optical polarizing microscopic image of poly(R-VI) 

gel with crosslinking density 0.05% was obtained from the 11% (w/w) solution in 

chloroform at room temperature (Figure 2.15). The critical concentrations for the gels are 

lower than that of the uncrosslinked homopolymer. Poly(R-VI)  gel exhibits typical 

cholesteric texture due to the existence of the chiral centers.
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            During polymerization in THF                  Polymer film made by the purified 
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Figure 2.14. The cholesteric poly(R-VI) gel in THF (left), and its colorful film (right).



94

N
N

C

C

N

N

Cl3TiOCH2CF3

N
H

C N

+

Poly(R-VI) Gels

(R-VI)

Figure 2.15. Optical poarizing image of 11% (w/w) solution of  crosslinked poly(R-VI) 

gel in chloroform at room temperature.
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The x-ray diffraction of poly(R-VI) and its gel are shown in Figure 2.16. The 

polymer and its gel all display strong sharp peaks (1st peak) at 2θ = 7.98o, which 

correspond to long-range layer spacing of 11.07Å. This value is smaller than its 

calculated value using a molecular modeling program with an assumption that all the 

methyl groups adopt trans conformations. This implies that side chains are tilted at a 

certain angle from the polymer backbone, or interpenetrate each other, or both. This sharp 

peak indicates that the backbones of this lightly cross-linked polymer gels are aligned in 

an ordered form. The polymer and its gel also show a little broader peak (2nd peak) at 

high angle. This peak corresponds both to second order diffraction of the peak at low 

angle and to the lateral spacing between side chains within the layers formed by polymer 

main chains. The number and sharpness of the peaks at high angle is related to the degree 

of order in the packing of side chains within the layers from polymer backbones.
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Figure 2.16. The x-ray doffractograms of poly(R-VI) and its crosslinked gel.
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Scheme 2.5 The Synthesis of poly(R-VI) gel and poly(S-VI) gel.

Then increasing the crosslinking density, we used these two enantiopure 

monomers, N-methyl-N’-1-(R)-phenylethyl)carbodiimide, R-VI and N-methyl-N’-1-(S)-

phenylethyl)carbodiimide, S-VI to prepared these two crosslinked gels with crosslinking 

density 0.09 % and 0.15 %, respectively. These two gels were prepared in chloroform, 

the concentrations are about 60 % wt percent and the ratio of the monomers to catalyst is 

130:1. These two resulting polymer gels showed large optical rotation values [α]365, -74o

and 68o, repectively, compared to their monomer, whose absolute specific optical rotation 

is small as 7.3
o
. Both of these polymerizations proceed very fast, in five minutes, there 

were green colors for both polymers, with the polymerization proceeding,  the colors 
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changed to purple,  then the colors disappeared. After adding a little bit more chloroform, 

the green colors reappeared.

2.5.2 Cholesteric gels with different molecualr weight

N
N

C

C

N

N

Cl3TiOCH2CF3

NH C N

+

Poly(S-VI) Gels

(S-VI)
0.15%

Scheme 2.6 The Synthesis of poly(S-VI) gel with different molecule weight.

We wanted to study the effect of molecular weight on the formation of cholesteric 

structure. We  made a series of crosslinked gels in chloroform (concentration~ 50% wt) 

with the same crosslinking density 0.15 %, but at different ratio of monomer to catalyst, 

70, 154, 220, 485, respectively. During the polymerization, the crosslinked gels showed 

the green colors when polymerized at the ratio of monomer to catalyst 154 and 220 

because of the formation of cholesteric structures (Figure 2.17). However, the other two, 

the lowest molecular weight or the highest molecular weight, did not show the green 

colors during the polymerization.

    Chiral polyguanidines can form lyotropic cholesteric liquid crystal when the

concentration of polymer equals or exceeds a critical value. At low concentration the 

solution is isotropic. Upon increasing concentration, the system is completely 

transformed to the cholesteric phase. And the critical concentration increases with 

increasing molecular weight.34  The pitch of cholesteric phase decreases with increasing 
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the concentration. We measure their optical rotation in chloroform, the results are in 

table. The resulting polymer gels have quite different optical rotations when they are

polymerized at different monomer to catalyst ratio (Table 2.3). When the ratio is 70, the 

polymer gel has a little smaller optical rotation, however, the optical rotation keep the 

constant for the other three polymer gels. Besides, the solubility of the low molecular 

weight is not as good as the other gels. Due to its poor solubility, the lyotrpic liquid 

crystalline properties of this gel (monomer:catalyst=70) were not investigated. The 

critical concentration of the polymer solution could not be reached. The optical polarizing 

microscopic image of poly(VII) gels (monomer:catalyst=154, 220) were obtained from 

the 11% (w/w) solution in chloroform at room temperature (Figure 2.18). Poly(S-VI)  

gel exhibits typical cholesteric texture due to the existence of the chiral centers. For the 

higher molecular weight (monomer:catalyst=485), the polymer solution did not show the 

cholesteric phase at 11% concentration. However, it exhibited typical cholesteric 

structure when the concentration is 20% (Figure 2.19), which is due to the critical 

concentration increasing with the molecular weight.
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Figure 2.17. The cholesteric gel of poly(S-VI) in CHCl3 with the ratios of  monomer to 

catalyst 154 and 220.
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                                                                     (a)

            
                                                                   (b)

Figure 2.18. Optical polarizing images obtained from 11% solution of poly(S-VI) gels in 

chloroform. (a) monomer:catalyst=154; (b) monomer:catalyst=220.
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                                                                  (a)

                      

                                                                  (b)

Figure 2.19. Optical polarizing images obtained from different concentration chloroform 

solution of poly(S-VI) gel polymerized with the ratio of monomer to catalyst 485. 11% ; 

(b) 20%.
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Table. 2.3 Optical rotation of poly(S-VI) gels with different molecular weight.

Monomer: Catalyst 70 154 220 485

Optical Rotation, [α]365
* 56.2 62.6 61.6 61.9

 * The measurement is in chloroform at room temperature.

 * C = 0.2 g/mL in chloroform

2.5.3 Cooperative through chiral seeding

Pendant chiral centers on helical polymers introduce a diastereomeric relationship 

between the right- and left-handed senses, which can result in an excess of a particular 

helix sense. The homopolymerization of chiral monomers is a classic example of this 

phenomenon. However, this approach is usually limited by high costs, and the small 

number of viable monomers. Therefore, other methods for generating these 

diastereomeric polymers are of interest. There are two approaches are commonly used. 

One is the helix-sense-selective-polymerization of achiral monomers using chiral 

catalysts. The other is the incorporation of small amounts of optically active monomers. 

In the latter, the cooperativity still replies on the presence of chiral monomers to force a 

preferred handedness, but the quantity is reduced considerably.

Incorporation of chiral monomer units into achiral polymers can induce 

remarkable optical activities in the copolymers, which changes disproportionately with 

the mole fraction of the chiral monomer. This is due to the chiral pertubation of the chiral 

units that force the achiral units to adopt the helical conformation with the same sense as 

itself. The chiral unit is referred to as a sergeant because it forces the achiral unit, a 

soldier, to adopt a particular helical conformation, thus the resulting polymer is referred 
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to as a sergeant and solider polymer. In the present model, the two monomer units share 

the same backbone with different side chains for each monomer type. The chain consists 

of an alternating sequence of left- and right-handed helices separated by helical reversals 

with one helical sense in excess. Results obtained by Green and his coworkers have 

shown that optical rotation is linear increased , then reach a plateau, when the amount of 

chiral units is increased in helical polyisocyanates (Figure 2.20).

Figure 2.20. Optical rotation for a series of polyisocyanates containing different amount 

of (R)-2,6-dimethylheptyl isocyanate (sergeant) and n-hexyl isocyanate (solider).38

Lu and Novak investigated the random copolymers of N-(R)-2,6-dimethylheptyl-

N’-phenylcarbodiimide and N-hexyl-N’-phenylcarbodiimide.39 These copolymers 

showed large optical rotations, which originate from the induction by the chiral 

monomers. However, they found that the optical rotation increases for the virgin 

copolymers as the percent of chiral monomer decreases (Figure 2.21). Also , in the 
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annealing studies at 70oC, they found the copolymers containing more chiral units have 

lower optical rotations after reaching the plateau values. They explained the differences 

of cooperativity between polyisocyanates and polyguanidines as the variations of 

conformations and inversion barrier energies  between these two kinds of polymers. 

These two kinds of polymers exist as three-dimension. Comparing with polyisocyanates, 

which have the lower helix inversion barrier and do not depend on the branching of the 

side chain,  the inversion barriers of polyguanidines appear to depend heavily on the

branching of the side chains.

Figure 2.21. Optical rotation for a series of polyguanidine containing different amounts 

of sergeant and solider.39

We already investigated the cholesteric structures of crosslinked chiral gels, 

poly(R-VI) and poly(S-VI). These gels showed brilliant colors in solvent and in solid 

films due to the formation of cholesteric structures. The crosslinking stabilized the 
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cholesteric phase rather than destroy the cholesteric mesophase. Our present study is 

concerned with the crosslinked gels of random copolymer of  N, N’-di-n-

hexylcarbodiimide V and N-methyl-N’-((R)-(+)-(α)-methylbenzyl)carbodiimide R-VI. N-

methyl-N’-((R)-(+)-(α)-methylbenzyl)carbodiimide R-VI is the “sergeant” and N, N’-di-

n-hexylcarbodiimide V is the “solider”. We made the copolymer gels at the same 

crosslinking density 0.08% and same molecular weight (monomer:catalyst=200), but 

with different mole fraction of the chiral monomer. These copolymer gels showed large 

optical rotations, which originate from the induction by the chiral monomers (Table 2.4). 

Due to the incorporation of chiral monomer, there is an imbalance in the stability 

between left- and right-handed helices of the monomer and this is amplified along the 

long chain by the difficulty of introducing helical reversals. From the result in Table 2.4, 

the optical rotations keep the constant when the percent of chiral monomer is higher than 

60.

N

H

C N

+ N C N +
N

N C N
CN

Ti

Cl

OCH2CF3

Cl

Cl

Copolymer Gels

(VI)
(V)

Scheme 2.7.  The Synthesis of poly(R-VI-co-V) gels containing different amounts of 

sergeant and solider.
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Table 2.4. Optical rotation of Poly(VI)-co-(V) gels.
Mole percent of chiral monomer 60 70 80 90

Optical Rotation [α] 365
* -76.5 -77.9 -78.1 -78.0

 * C = 0.2 g/mL in chloroform

* The measurement is in chloroform at room temperature.

During the polymerization in chloroform, the crosslinked poly(R-VI)-co-(V) gels, 

in which the percent of chiral monomer is 60, 70, 80, 90, all showed bright colors due to 

the cholesteric mesophase formation (Figure 2.22). The optical polarizing microscopic 

image of poly(VI)-co-(V) gels were obtained from the 11% (w/w) solution in chloroform 

at room temperature (Figure 2.23). All the copolymer gels exhibit typical cholesteric 

texture.

                      

                   Figure 2.22. The cholesteric gels of poly(R-VI)-co-(V) in CHCl3 .
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Figure 2.23. Optical polarizing images obtained from 11%(w/w) solution of poly(R-VI)-

co-(V) gels with different molar percent seageant. (a) 90; (b) 80; (c) 70; (d) 60.
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             The solid state structure of poly(R-VI), poly(R-VI) gel, poly(R-VI)-co-(V) gel 

were also studied by X-ray diffraction (Figure 2.24) . Poly(VI), poly(VI) gel and 

poly(VI)-co-(V) gel show strong peaks at 2 = 7.97, 8.08, and 8.00, corresponding to the 

long-range layer spacing of 11.03, 10.83, and 11.00 Å, respectively, implying that the 

long-range packing is in order and lightly crosslinking does not disturb this order. The 

layer space distances for gels are lightly shorter than that of the homopolymer due to the 

crosslinking effect.

                           Poly(VI)                Poly(VI) Gel                Poly(VI)-co-(V) Gel
Figure 2.24. The x-ray doffractograms of poly(R-VI), poly(R-VI) gel and poly(R-VI)-

co-(V) gel.
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2.6 Cholesteric polyguanidines synthesized by helix-sense-selective polymerization of 

achiral carbodiimide monomers

    While single-handed helical polymers can be formed from optically active, 

homochiral monomers, this approach is limited by both the small number of viable 

monomers and expense. To address this limitation, Novak group have been interested in 

developing helix-sense selective polymerizations of achiral monomers using chiral 

catalysts.40 For this approach to be viable, the helical conformation of the polymer must 

be under kinetic, rather than thermodynamic control, and the helix inversion barrier must 

be sufficiently high to retain the single-handed screw sense. Our group have discovered 

that titanium(IV) alkoxide, amidinate, and amide complexes catalyzed the living 

polymerization of carbodiimides.41 (S)-BINOL-Ti and (R)-BINOL-Ti catalysts can be 

synthesized by attaching chiral ligands, (S)-binaphthnol (BINOL) and (R)-BINOL, to the 

titanium center. Presumably, initiation of the polymerization proceeds through insertion 

of the monomer into isopropoxyl-titanium bond to form an intermediate amidinate 

complex, which then act as the propagation species in the polymerization process. The 

chiral BINOL ligand affects the stereochemistry at the active catalytic site and 

subsequently controls the conformation of polymer chain to form optically active 

polyguanidines. Yujie Lu39 investigated the helix-sense-selective polymerization of N-(n-

hexyl)-N’-phenylcarbodiimide with chiral catalysts, (R)-BINOL-Ti and (S)-BINOL-Ti. 

The resulting polymers had very large optical rotations and showed essentially mirror 

images in the CD spectra (Figure 2.25).
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                Scheme 2.8. Prepration of optically active catalysts.
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Scheme 2.9. Polymerization of N-(n-hexyl)-N’-phenylcarbodiimide with the chiral 

titanium catalysts.39
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Figure 2.25. CD spectra of enantiotropic poly(N-(n-hexyl)-N’-phenylcarbodiimide).39

In order to study the crosslinking effect on the polymer backbone conformation 

behavior, we synthesized N-(n-hexyl)-N’-phenylcarbodiimide homopolymer and its 

crosslinked polymer with the crosslinking density is 0.4 % using (S)-BINOL-Ti as 

catalyst and (II) as the crosslinker in neat condition at room temperature. N-(n-hexyl)-N’-

phenylcarbodiimide (VII) was synthesized according to Lu’s dissertation.39 For the 

homopolymer and the crosslinked polymer, we measured the optical rotation and run the 

CD in hexane. The optical rotations of poly(VII) and its crosslinked gel are [α]=-814.7o

and -593.2o, (c=0.2 in toluene) respectively. Furthermore, poly(VII) and poly(VII) gel all 

showed CD absorption at the same wavelength, which is the characteristic CD absorption 

for polyguanidines. So for this polymerization system, the crosslinking does not disturb 

the polymer backbone conformation.
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Scheme 2.10. Synthesis of poly(VII) and its crosslinked gel using (S)-BINOL-Ti as 

catalyst.

Figure 2.26. CD spectra of poly(VII) and its crosslinked gel prepared by (S)-BINOL-Ti.
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Haibo Li42 prepared single-handed helical polyguanidine, poly(N-

methoxyethylene-N’-4-(4-methylpiperizino)phenylcarbodiimide), by helical-sense-

selective polymerization of N-methoxyethylene-N’-4-(4-

methylpiperizino)phenylcarbodiimide with chiral titanium catalysts, (R)-BINOL-Ti and 

(S)-BINOL-Ti. These polymers showed very large optical rotations, and showed mirror 

images in CD spctra.

N
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N C N
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O

O
Ti

O

O

(R)-BINOL-Ti

O

O
Ti

O

O

(S)-BINOL-Ti

N

N

O

N

N

n

Scheme 2.11.  Preparation of optical active hydrophilic polycarbodiimides using (R)-

BINOL-Ti and (S)-BINOL-Ti.42

Inspired by Haibo Li’s work, we want to prepare crosslinked polyguanidine gel 

based on N-methoxyethylene-N’-4-(4-methylpiperizino)phenylcarbodiimide (IX). Firstly, 

we synthesized monomer, N-methoxyethylene-N’-4-(4-

methylpiperizino)phenylcarbodiimide (IX)  following Haibo’s procedure with light 

modification (Scheme 2.12), using Pd/C as the catalyst instead of raney Ni42
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(2) MeSO3Cl, Et3N

N N N C N
O

(VIII)

                              Scheme 2.12 The synthesis of monomer VIII.

Once we prepared the monomer, we synthesized the homopolymer, poly(VIII)-

(R)-catalyst, with (R)-BINOL-Ti as the catalyst. The optical rotation for this 

homopolymer is very large, 632.4o (c=0.2).  Then we prepared crosslinked polymer, 

poly(VIII) gel by helix-sense selective polymerization using chiral catalysts, (R)-

BINOL-Ti and (S)-BINOL-Ti. We used (II) as the crosslinker and the crosslinking 

density is 0.1%. The optical rotation for these two crosslinked polymer, poly(VIII)-(S-

catalyst) gel  and poly(VIII)-(R-catalyst) gel are -611.5o (c = 0.23) and 627.8o (c = 0.2), 

respectively. Lightly crosslinking does not cause big change for the optical rotation. To 

further investigate their helical structures, CD spectra (Figure) were run in methanol for 

poly(VIII)-R-catalyst and crosslinked poly(VIII)-R-catalyst gel and Poly(VIII)-S-

catalyst gel. There are no big diiferent cotton effects in CD spectra  for both the 
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homopolymer, poly(VIII)-R-catalysy and the crosslinked poly(VIII)-R-catalyst. 

Furthermore, crosslinked poly(VIII)-R-catalyst  and crosslinked poly(VIII)-S-catalyst 

show a mirror-image intense CD signal. Both the data of the optical rotation and CD 

spectra imply that poly(VIII)-R-catalyst and poly(VIII)-S-catalyst adopt a regular one-

handed helical conformation with the  opposite  screw  sense  in  solution. Further proved 

that lightky crosslinking does not disturb the polyguanidine backbone conformation.

N
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Poly(VIII) Gel

II
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Scheme 2.13.  Preparation of optical active poly(VIII) gels using (R)-BINOL-Ti and (S)-

BINOL-Ti.
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                                    Poly(IX)-R-catalyst

                                    Poly(IX)-R-catalyst gel

                                    Poly(IX)-S-catalyst gel

  Figure 2.27. CD spectra of Poly(VIII)-R-catalyst, Poly(VIII)-R-catalyst gel and

  Poly(VIII)-S-catalyst gel.             
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 Poly(VIII)-R-catalyst and its crosslinked gels display birefringent, cholesteric 

mesophases. When the solvent is removed by simple evaporation, the resultant films of 

poly(VIII)-R-catalyst and its gels are highly opalescent (Figure 2.28) due to the Bragg 

reflection of visible light from the pitch of the frozen cholesteric domains. The optical 

polarizing microscopic images of poly(VIII)-R-Catalyst  and its gels were obtained from 

the 15% (w/w) solution in chloroform at room temperature (Figure 2.29). Poly(VIII)-R-

catalyst and its gel exhibit typical cholesteric texture due to the single-handed nature of 

these chiral polymers resulted from the helix-sense selective polymerization of achiral 

carbodiimide by chiral catalysts.

   

             Poly(VIII)-R-catalyst                                   Crosslinked poly(VIII)-R-catalyst 

Figure 2.28. Highly opalescent films of poly(VIII)-(R)-catalyst and crosslinked 
poly(VIII)-R-catalyst.
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                                                             (a)

                  
                                                              (b)
Figure 2.29. Optical polarizing images obtained from 15%(w/w) solution of poly(VIII) 

and poly(VIII) gel. (a) poly(VIII)-R-catalyst; (b) poly(VIII)-R-catalyst gel.
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In the X-ray diffractogram (Figure 2.30), poly(VIII)-R-catalyst and its 

crosslinked gel all show strong and sharp peaks (1st peak) at 2θ=6.6°, which correspond 

to a long-range spacing of 13.80 Å. Both the homopolymer and its crosslinked gel show 

relatively small and broader peaks at low angle, 2θ=18.3°,  which correspond to a long-

range spacing of 4.7 Å. Stronger and sharper peaks at higher angle region indicating 

homopolymer and its crosslinked gel have ordered structures.

                               poly(IX)-R-catalyst          Crosslinked poly(IX)-R-catalyst

Figure 2.30. The X-ray diffractograms of poly(VIII)-R-catalyst and crosslinked 

poly(VIII)-R-catalyst.
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 We also conducted Differential Scanning Calorimetry (DSC) on poly(VIII)-R-

catalyst and its crosslinked gels. The glass transition temperatures (Tg) of poly(VIII)-R-

catalyst and crosslinked poly(VIII)-R-catalyst gel are10oC and 14.6oC respectively

(Figure 2.32). From the results, we can see that the crosslinking increased the glass 

transition temperature (Tg) because the crosslinking  makes the polymer chains less 

mobile.

                         Poly(VIII)-R-catalyst                Crosslinked poly(VIII)-R-catalyst      

Figure 2.31. DSC for poly(VIII)-R-catalyst and crosslinked poly(VIII)-R-catalyst.    
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2.7 Solid Opalescent films from photocrosslinking

The cholesteric phase of liquid crystals shows selective reflection of light if the 

pitch of the cholesteric helix coincides with the wavelength of light within the material (λ 

= np). Since the reflection conditions vary with the angle between the cholesteric helix 

and the incident light, different reflection colors are seen depending on the observation 

angle. Highly crosslinked cholesteric pigments have found a lot of interest as dye 

pigments for cars or as “copy safe” colors for documents or money.43 These cholesteric 

pigments have been made from cholesteric monomers or oligomers by a 

photocrosslinking process.44

2.7.1 Cholesteric networks from cellulose derivatives

Helical biopolymers offer the same potential and a great deal is known about 

thermotropic or lyotropic phases of polypepides or cellulose derivates. Crosslinking is 

possible either by crosslinking a suitable thermotropic system45 or by the crosslinikng of 

vinyl monomers used as solvents for a lytropic phase, thus producing a semi-

interpenetrating network. Among cellulose derivatives many chiral nematic phases are 

known, both lyotropic and thermotropic.46 Zentel and his coworkers reported lyotropic 

mesophases based on aryl urethanes of cellulose in commercially available mono- or 

bifunctional derivatives of acrylic and methacrylic acid. To obtain solid films and to 

conserve the selective reflection, the solvents were polymerized photochemically, which 

yields a semi-interpenetrating network of cellulose urethanes in polyacrylates. In these 

systems, they changes many parameters to control the color of reflection. These 

parameters are the urethane side groups of the cellulose, the degree of polymerization of 
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the cellulose urethanes, the solvent, the concentration of the solvent, and the temperature.     

They prepared and crosslinked large well-oriented samples between the glass plates. The 

crosslinked films can be removed from the glass plates. Irradiation of these films at 

different temperatures allows patterning (see Figure 2.33) 
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Figure 2.32 Dog and bird patterns obtained by crosslinking of: (a) a mixture of 47 wt.-% 

of a courethane (49 mol-% of 3-chlorophenyl sidechains, DP 100), 43 wt.-% of 2-

ethoxyethyl acrylate and 10 wt.-% of diethylene glycol diacrylate (the dog was irradiated 

at 5 oC and the background at 40°C); (b) a mixture of 40 wt.-% of cellulose tricarbanilate 

(DP 50) in diethylene glycol dimethacrylate (the dog was irradiated at 20°C and the 

background at 5 oC); (c) a mixture of 45 wt.-% of a courethane (49 mob% of 3-

chlorophenyl sidechains, DP 100), 44 wt.-% of 2-ethoxyethyl acrylate and 11 wt.-% of 

diethylene glycol diacrylate (the bird was irradiated at 5°C and the background at 

20°C).46
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2.7.2 Cholesteric networks from chiral polyisocyanates

Polyisocyanates (PICs) are an unusual class of macromolecules, because they are 

one of the few types of synthetic polymers that adopt a stable helical conformation in 

solution as well as in the solid state.47The property of polyisocyanates to form lyotropic 

liquid crystalline (LC) structures is well-known.48 The first example of “opalescent 

cholesteric networks” obtained by incorporation of acrylate side group into chiral 

polyisocyanate was reported by Novak et al.49 The concept for preparation of lyotropic 

cholesteric phases and the freezing of this structure by polymerization is presented in 

Scheme. Using styrene as a lyotropic solvent for chiral copolyisocyanates (poly-n-

hexylisocyanate-co-(R)-(+)-2,6-dimethyl-heptylisocyanate) (CPIC), they obtained a 

cholesteric LC phase that showed selective reflection of light in the wavelength region 

400-800nm. The titanium catalyst CpTiCl2N(CH3)2 can initiate the isocyanate

polymerization, but not methyacrylate functionality. So the crosslinker monomer, 2-

isocyanatoethyl-methacrylate, contains an isocyanate and a methacrylate functionality, of 

which only the isocyanate functionality is polymerized . the methacrylate group stays 

totally intact, resulting in a terpolymer containing polymerizable side groups. 

Photocrosslinking freezes the cholesteric structure of the samples. Photocrosslinking of 

these films at different temperature allows patterning.
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Figure 2.33: Preparation scheme for a solid opalescent network based on a crosslinkable 

LC polyisocyanate “macrocrosslinker”. Cross-linking at different temperatures allows a 

distinct patterning; here a “cloverleaf” pattern: green = polymerized at 12oC, red = 

polymerized at 25oC.49
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2.7.3 Cholesteric networks from chiral polycarbodiimides

Here we describe, for the first time, cholesteric network based on chiral carbodiimide 

copolymer containing methacrylate functionality in styrene. There is no commercially 

available methacrylate containing carbodiimides, we need to synthesize methacrylate 

containing carbodiimide monomer (Scheme 2.14). The same procedure for the 

preparation of N,N’-di-n-hexylcarbodiimide was employed as reported previously.50 The 

1H NMR for monomer X is shown in Figure 2.35. Then we studied their polymerization 

with titanium catalysts, CpTiCl2N(Me)2  and  TiCl3OCH2CF3. The significant difference 

between the two classes of catalysts is the fact that polymerization using CpTiCl2N(Me)2 

give high yield of polymer while that using TiCl3OCH2CF3 does not. This difference can 

be attributed to the electron-dinating and steric characteristics of the Cp versus the 

chloride ligand. The 1H NMR of polymer(IX) is shown in Figure 2.34. The 1H NMR 

shows only carbodiimide functionalities have been polymerized and methacrylate group 

stays totally intact (Figure 2.35). 

O

O

N C N
O

O

NCO +
NH2

(IX)

Scheme 2.14. Synthesis of methacrylate containing carbodiimide monomer (IX).
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                             Figure 2.34 1H NMR for monomer IX.

                          Figure 2.35 1H NMR for poly(IX).
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Scheme 2.15. The polymerization of methacrylate containing carbodiimide with titanium 

catalyst.

The property of polycarbodiimides to form lyotropic liquid crystalline (LC) 

structures is well known.39 This is due to the relatively stiff polymer backbone. The 

flexible side groups are important in order to enhance solubility without distorting the 

main chain. Typically these LC structures are nematic. If instead of an achiral, a chiral 

side group is attached to the stiff polycarbodiimide backbone by homo- or 

copolymerization of chiral carbodiimide monomers, the LC superstructure is no longer 

nematic but cholesteric.42 Chiral polycarbodiimides have the major advantage that their 

optical activity is very high, due to their extremely high cooperativity along the polymer 

backbone, in which, following the so-called “sergeants and soliders principle”, left-

handed and right-handed helices become diastereomers.
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Scheme 2.16. Preparation scheme for a solid opalescent network based on a crosslinkable  

LC polycarbodiimide “macrocrosslinker”
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The copolymer was prepared from N-methyl-N’-((R)-(+)-(α)-

methylbenzyl)carbodiimide (R-VI) and (2-N’-methylcarbodiimidoethyl)methacrylate(IX) 

with CpTiCl2N(CH3)2 as the catalyst at room temperature in dark. The ratio of “the 

sergeant”, N-methyl-N’-((R)-(+)-(α)-methylbenzyl)carbodiimide (R-VI), to “the solider”, 

(2-N’-methylcarbodiimidoethyl)methacrylate(IX), is 90/10 (mol ratio). The copolymer 

was purified by the precipitation in the methanol and dried under vacumm. The yield is 

92 %.

We prepared the cholesteric film by the following precedure. A 40 wt. -% mixture 

of carbodiimide copolymer is freshly distillated styrene together with 2 wt. -% of the 

photoinitiator, 2,2-dimethoxy-2-phenyl-acetophenone was prepared in a screw cap vial 

and kept in dark for about 12 hrs to form a lyotropic mixture. Small portion of the 

homogeneous liquid crystalline solution was dropped on a microscope slide. Irradiation 

with a low-pressure mercury lamp for about 2 minutes caused the styrene to 

copolymerized with the methacylate functionalities. The colors of the resulting stiff films 

may depend on the composition and the polymerization temperature, which need further 

investigation.
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2.8 Other carbodiimide monomers and their polymerizations

2.8.1Polyoxyalkylene carbodiimide monomer and its polymerization

Polyoxyalkylene carbodiimide monomer is synthesized by the reaction of methyl 

thioisocyanate and JEFFAMINE (polyoxyalkyleneamines) to form thiourea, followed by 

the dehydration of thiourea by mercury oxide. The monomer is purified by through the 

silica column. Then removed the solvent by rotavap, dried by vacumm line.

 The JEFFAMINE are a part of an ever-expanding family of polyether compound 

products. They contain primary amino groups attached  to the terminus of a polyether 

backbone. They are thus "polyether amines." The polyether backbone is based either on 

propylene oxide (PO), ethylene oxide (EO), or mixed EO/PO. The basic JEFFAMINE 

family consists of monoamines, diamines, and triamines, which are available in a variety 

of molecular weights, ranging up to 5,000. The wide range of molecular weights, amine 

functionality, and oxide type and distribution provides flexibility in synthetic design of 

compounds made from JEFFAMINE products. For the most part, JEFFAMINE products 

undergo typical amine reactions and are low viscosity, color and low vapor pressure. 

Here we used the JEFFAMINE, in which its polyether backbone is based on mixture 

EO/PO and its molecular weight is 1000. The polyoxyalkylene carbodiimide monomer 

(X) was synthesized (Scheme 2.17). Firstly, the JEFFAMINE reacted with methyl 

thioisocyanate to form the thiourea, then dehydration of the thiourea by HgO. The 

monomer was purified by silica column and the yield is 38%.Monomer (X) is water 

soluble. Its FT-IR and 1H NMR are shown in Figure 2.36. 
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Scheme 2.17 Synthesis of polyoxyalkylene carbodiimide monomer (X).
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Scheme 2.18 The polymerization of X.

The polymerizations of carbodiimides by titanium catalysts were well studied by 

Novak group. we tried to polymerized the monomer (X) with our most active catalyst 

Cl3TiOCH2CF3. Room temperature, adding the titanium catalyst, Cl3TiOCH2CF3,  to the 

monomer(X) resulted in a solution, however, this solution did not changed color to the 

chacteristic red hue of an active polymerization. Then we tried the copper catalyst, CuCl2, 

because the copper catalysts also work for the polymerization of carboddimide. The most 

important is that the copper catalysts are more tolerant to the moister. At 60oC, using the 

CuCl2  as the catalyst, however, there is no notable viscosity change for the reacting 

solution in 7 days. So CuCl2 does not work for the polymerization for this specific 

monomer (X). Then we tried to remove the trace amount of water in the monomer (X) by 

molecule sieve, and then tried to polymerize by the titanium catalyst, Cl3TiOCH2CF3, at 
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55 oC in neat condition, the reaction solution turned into solid gel in 7 days. The resulting 

polymer (X) was purified by precipitation in  petrolume ether. The FT-IR and 1H NMR 

are shown in Figure 2.37. 
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Figure 2.36. FT-IR and 1H NMR for Polyoxyalkylene carbodiimide monomer X.
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Figure 2.37. The FT-IR and 1H NMR for poly(X).
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 The transfer of chiral information to achiral or dynamic racemic macromolecular 

helical systems from chiral guest molecules through noncovalent bonding interaction has 

attracted great interest in recent years. This chirality-transfer phenomenon can be used for 

sensing chirality for a wide range of  chiral molecules, as well as for developing novel 

optical devices. The backbone of polyguanidine is a strong base, which can react with 

acid to form ion pairs. If the counter ions are chiral, an induction effect occurs to give a 

biased helical polyguanidines. Schlitzer investigated the helical induction of 

polyguanidine using chiral camplorsulfonic acids (Figure 2.38).51

Figure 2.38. Helical induction of poly(di-n-hexylcarbodiimide) using (1S)-10-

camphorsulfonic acid. 51
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The ionic interaction between the charged backbone and its chiral counter ions 

induces the racemic polymer chain to adopting a preferred handedness, so that the 

polymer displays a large optical rotation. Poly(X) is water soluble, and here we are 

concerted with the chiral induction of this water soluble neutral polyguanidine. We use 

(1S)-10-camphorsulfonic acid (S-CSA) as molecule chaperon, at the ratio of (S)-CSA to 

guanidine repeat unit 1:1, the polymer displayed the optical rotation, [α]365 = -67.1o (in 

1:1 H2O and MeOH). However, the optical rotation value is not stable if measured in 

100% DI water. So (S)-CSA did induced the poly(X) to form single-handed sense 

helices. Unfortunately, there is no ICD absorption for this polymer.

Protonation of polyguanidine backbone can effectively decrease the helical 

reversal,52 and acid concentration has no effect on the chiral induct. So we can protonate 

the polyguanidine backbone with achiral acid to lower the reversal barrier, then used the 

chiral acid to induce and form low the single-handed helical sense.  We protonated 

poly(X) backbone at a level of approximately 1 proton per repeat unit using benzoic acid 

to lower the inversion barrier between helical senses. After protonation, varying amounts 

of (S)-camphorsulfonic acid was added. As the chiral counter ions added, they replace the 

other anions ion paired with the charged backbone. Through these chiral counterion-

backbone interactions, the polymer adopts a preferred helical sense (Scheme 2.19) and 

the results are showed in Figure 2.39. At very low (S)-CSA concentrations (e.g., 50 

guanidinyl repeats per (S)-CSA in chloroform, protonated poly(X) shows small optical 

rotation –3o, but as the concentration is increased, the rotation became nonlinear and a net 
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specific rotation was observed as -73o when the ratio of (S)-CSA to the guanidine repeat 

unit reached 1:1.     
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Scheme 2.19. Helical induction of poly(X) using (1S)-10-camphorsulfonic acid. 
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Figure 2.39. Helical induction of poly(X) using (1S)-10-camphorsulfonic acid.
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2.8.2 Carbodiimide monomers containing alkene side chains and their polymerization

NCS

NH2

H

+

HgO/Na2SO4

CH2Cl2

NCN

H

XII

NCS

NH2

+

HgO/Na2SO4

CH2Cl2

NCN

XI

Scheme 2.20 Synthesis of carbodiimide monomers containing alkene side chain.

 Two carbodiimide monomers with alkene side arms were synthesized (Scheme 2.20). 

The same procedure was used for monomer X. Dehydration of thioureas is always used 

to yield carbodiimides. The monomers were purified by reduced pressure distillation. The 

yields are around 60%. The 1H NMR for monomer XI and XII are shown in Figure 2.40. 
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Figure 2.40. 1H NMR for monomer XI (above) and XII (below).
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Monomer XI and XII were polymerized by the titanium (IV) catalyst to yield the 

corresponding polymers (Scheme 2.21) with the yield about 70%. However, poly(XI) is 

not soluble in a very wide range solvent, such as chloroform, toluene, hexane, methylene 

chloride, acetone, ether and alcohols. So the following study will focus on poly(XII). The 

very large optical rotation of poly(XII) was observed, [α]435= -352.5o ( c=0.2, in 

chloroform), comparing that of monomer XII, which is [α]435= 9.47o.

NCN

H

XII

NCN

XI

Cl3TiOCH2CF3

CH3Cl

N

N

Cl3TiOCH2CF3

CH3Cl
N

N

N

n

n

Poly(XI)

Poly(XII)

                    Scheme 2.21 The polymerization of monomer XI and XII.
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The crosslinked poly(XII) gel can be made by random copolymerization of XIIwith the 

crosslinker II (0.5% crosslinking density) using titanium catalyst. The optical rotation of 

crosslinked poly(XII) is [α]435= -335o  ( c= 0.2, in chloroform). So the lightly crosslinking 

does not have effect on the optical rotation of poly(XII).     

NCN

H Crosslinked Poly(XII)

Cl3TiOCH2CF3

CHCl3

N
N

C

N

C

N

+

XII
II

Scheme 2.22 The synthesis of poly(XII) gel.

In the X-ray diffractogram (Figure 2.41), poly(XII) and crosslinked poly(XII) 

show strong and sharp peaks (1st peak) at 2θ=7.8°, which correspond to a long-range 

spacing of 11.1 Å. Both the homopolymer and its crosslinked gel show relatively small 

and broader peaks at

low angle, 2θ=4.25°,  which correspond to a long-range spacing of 20 Å and . Stronger 

and sharper peaks at higher angle region indicating homopolymer and its crosslinked gel 

have ordered backbone packing.
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Poly(XII)

Crosslinked Poly(XII)

Figure 2.41. The powder X-ray diffractogram of poly(XII) and crosslinked poly(XII).

Other reason to make this polymer, poly(XII), is that we want to study the effect 

single-handed helical polymer backbone on the stereochemistry of the derivatives of the 
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side chains, such as the halogen (Br2) addition to alkene bond. 

Br Br

Br2 / CHCl3

0oC

       There is a prochiral center C in monomer XII and poly(XII) (Figure 2.42). The 

bromine addition of the double bond in the monomer, the bromine atoms of Br2 adding to 

the two faces of the double bond has the same probability. After bromination, the 

prochiral C turns into the chiral center, R and S, the ratio is 50:50 and neither is 

dominant. However, for the polymer, since the steric effect, during the addition of the 

double bond, the bromine may prefer one face than the other, which results that one 

diastereomer is preferred.

                     

NCN

H

C
*

XII              

N

N

N

C
*

n

Poly(XII)

Figure 2.42 The prochiral center C in monomer XII and poly(XII).
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The basic idea is that we brominate the double bond in the polymer side chain, 

then decompose the resulting polymer and study the depolymerization products. 

According to Andrew Goodwin’s dissertation, the decomposition of poly(N-methyl-N’-

(R)-(+)-α-phenylethylcarbodiimide) (structure shown below) yielded the original 

monomer exclusively, as indicated by the analysis of the depolymerization products by 

GC/MS and NMR spectroscopy. The complete absence of any metathesis products 

demonstrated that only one polymer microstructure exists. Monomer XII has the similar 

structure with N-methyl-N’-(R)-(+)-α-phenylethylcarbodiimide, we were expecting that 

poly(XII) also has only one polymer microstructure. So its depolymerization products 

contain only two diastereomers.

                                              NCN

H

                    N-methyl-N’-(R)-(+)-α-phenylethylcarbodiimide

    The bromine addition of poly(XII) occurred by adding bromine dropwisely into 

poly(XII) chloroform solution at 0oC with the molar ratio of bromine and the polymer 1:1 

(Scheme 2.19). After the red color disappeared, we purified the resulting product, 

poly(XII-Br), by precipitation in methanol. The optical rotation of poly(XII-Br) is 

[α]435= 103.7o  ( c= 0.2, in chloroform). We also measured the decomposed temperatures 

for poly(XII) and poly(XII-Br) by TGA analysis (Figure 2.43). The onset decomposed 

temperatures for poly(XII) and poly(XII-Br) are 150oC and 140oC,  respectively.
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Scheme 2.23  The bromine addition of poly(XII)

                

                  Poly(XII)                          Poly(XII-Br)

                 Figure 2.43. TGA analysis of poly(XII) and poly(XII-Br).
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Before we decompose the poly(XII-Br), we need to figure out how to separate the 

diastereomers, R,R-XII-Br and R,S-XII-Br, or how to calculate the ratio. So we studied 

the addition reaction for the monomer XII (Scheme 2.24). The optical rotation of XII-Br

is [α]435=15.7o  ( c= 0.2, in chloroform). But we failed to separate the diastereomers even 

we tried different TLC plates, both silica gel or neutral aluminum gel, and used different 

solvents or solvent mixtures, which prevent us further investigation.

NCN

H

XII

Br2/CHCl3

0oC NCN

H

XII-Br

Br

Br

                           Scheme 2.24 The bromination of monomer XII.
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2.9 Free radical polymerization of di-n-hexylcarbodiimide

Robinson53 investigated the thermal polymerization and depolymerization of 

diethylcarbodiimide. From their work done with diethylcarbodiimide, it is clear that the 

initiation step is of high activation energy. The polymerization is very slow even at 

100oC, only about 1% of a sample of diethylcarbodiimide was converted to polymer 

during 8 hr. Heating to 120oC, gave 50% conversion of polymer. At 150oC, the 

polymerization is less complete due to the competition between depolymerization and 

polymerization.

    Here we studied the free radical polymerization of di-n-hexylcarbodiimide using 2,2’-

Azobis(isobutyronnitrole)  (AIBN) as the initiator at 60oC. Di-n-hexyl (2.22g, 

11.2mmol), and AIBN (~1.0mg, 0.52 ҳ 10-3 mmol) were added to a 25 mL Schlenk tube 

charged with stirring bar. The mixture was stirred for at least 30 min to ensure complete 

solution of AIBN in the monomer. Then removed the oxygen with nitrogen and vacumm 

several times. The Schlenk tube was immersed  in a preheated oil bath at 60oC. After one 

week, the solution became solidified gel. The polymerization was halted by immediate 

expose to air and cooling with liquid nitrogen. The polymer was purified by precipitation 

in methanol. The yield is 37%. The polymer was analyzed using FT-IR and 1H NMR 

(Figure 2.44). The way in which free radical polymerization of carbodiimides is initiated 

is not know. From the FT-IT and 1H NMR, the polymerization of di-n-hexylcarbodiimide 

indeed formed the guanidine repeat units.
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Figure 2.44. The 1H NMR and FT-IR of the poly(di-n-hexylcarbodiimide) using AIBN 

as initiator.
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 Thermal free radical polymerization is not controlled polymerization due to the 

chain transfer and chain termination. The distribution of the molecular weight is broad. 

Living polymerization is a form of  addition polymerization where the ability of a 

growing polymer chain to terminate has been removed. This can be accomplished in a 

variety of ways, such as ATRP and RAFT Chain termination and chain transfer reactions 

are absent and the rate of chain initiation is also much larger than the rate of chain 

propagation. The result is that the polymer chains grow at a more constant rate than seen 

in traditional chain polymerization and their lengths remain very similar.

RAFT polymerization is a smart reply to the drawbacks of conventional free 

radical polymerization characterized by a low control over the molecular weight 

distribution (MWD) and the chain architecture. It consists of adding, in the 

polymerization medium, a reversible chain transfer agent (CTA). Thiocarbonylthio 

compounds are used as CTA. The general structure of thiocarbonylthio compound is 

shown in Figure 2.45. A great number of such compounds have been synthesized by 

varying the structure of the Z and R groups. In the presence of (macro)radical species, the 

CTA induces reversible addition-fragmentation transfer reactions (Scheme 2.25), to creat 

an equilibrium between active species (propagating radicals) and so-called dormant 

species (thiocarbonylthio-terminated chains) that can become active again, contrary to the 

dead species (prduced via irreversible termination or transfer reactions). This equilibrium 

is responsible for the control of the polymerization.



153

                                     

S
R

Z

S

Figure 2.45. General structure of a thiocarbonylthio compound.
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Scheme 2.25. Reversible addition-fragmentation transfer reaction in the presence of a 

CTA.

Here we use ethyl dithioacetate (commercial available) (Figure 2.46) as the CTA 

to study the RAFT polymerization of carbodiimide monomer and its structure is shown in 

Figure. The 1H NMR for this CTA and the mixture of CTA and di-n-hexylcarbodiimide 

(10:1 molar ratio) standing at room temperature 10 days are shown in Figure 2.47. 

                                

S

S

Figure 2.46 The structure of ethyl dithioacetate (CTA)

Di-n-hexylcarbodiimide (2.86g, 14.6mmol), ethyl dithioacetate (CTA) (16.6mg, 

0.138mmol) and AIBN (~1.5mg, 0.75 ҳ 10-3 mmol) were added to a 25 mL Schlenk tube 

charged with stirring bar. The mixture was stirred for at least 30 min to ensure complete 

dissolution of CTA and AIBN in the monomer. Then removed the oxygen with nitrogen 
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and vacumm several times. The schlenk tube was immersed in a preheated oil bath at 

65oC. After 16 days, the solution became unstirrable. The polymerization was halted by 

immediate expose to air and cooling with liquid nitrogen. The polymer was purified by 

precipitation in methanol. The yield is 41%.The polymer was analyzed using FT-IR and 

1H NMR (Figure 2.48). From the FT-IT and 1H NMR, the polymerization of di-n-

hexylcarbodiimide indeed formed the guanidine repeat units. Unfortunately, we could not 

to prove this polymerization is living polymerization by GPC because the polyguanidines 

stick to the solid phase of GPC column. 
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                                                                   (a)

             

                                                                   (b)

Figure 2.47. The 1H NMR spectras for CTA (a) and the mixture of monomer and CTA 

(b).
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Figure 2.48. The 1H NMR and FT-IR of the poly(di-n-hexylcarbodiimide) using AIBN 

as initiator.
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2.10 Experiment section   

2.10.1 Instruments 

Anhydrous solvents were passed through columns packed with Q5 catalysts and 

molecular sieves prior to use. Polymerization was performed in a MBRAUN UNILAB 

dry box. 1H NMR and 13C NMR spectra were obtained on Mercury 300 or Mercury 400 

spectrometers. Chemical shifts were reported in δ (ppm) relative to tetramethylsilane as 

internal standard. All infrared spectra were obtained from a JASCO FT/IR-410 

spectrometer and wavenumbers in cm-1 are reported for characteristic peaks.  UV-vis/CD 

spectra were obtained from JASCO J-600 spectropolarimeter. UV-vis spectra was 

recorded on a JASCO V-550 spectrophotometer. Optical rotation measurements were 

taken on a JASCO P-1010 polarimeter at 589 nm. A 100 mm long cell was used for 

standard optical rotation measurement.

2.10.2 Catalysts Synthesis

(2,2,2-Trifluoroethoxy)trichlorotitanium(IV), B.  Under nitrogen atmosphere, 

Titanium(IV) chloride was dissolved in anhydrous methylene chloride, 2,2,2-

trifluoroethanol was added dropwise. After it was stirred for 5 hours, solvent was 

removed under reduced pressure. Anhydrous hexane was added to wash the solid. Then 

hexane was removed by filtration. The recrystallization  of the white powder in benzene 

yielded the product. 1H NMR (300 MHz, CDCl3) 4.88(m, 2H). 13C NMR (75 MHz, 

CDCl3): δ  76.83, 117.14, 120.84, 124.53, 128.24.

(S-BINOL)Ti(OiPr)2, S-BINOL-Ti.  This compound was  synthesized  similarly with  a  

slight modification of  literature procedures. To  a  suspension  of  dried  (R)-1,1’-bi-2-
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naphthol  (0.50  g,  1.7  mmol)  in toluene  (10 mL) was added distilled Ti(OPri)4  (0.51 

mL, 1.7 mmol) at  room  temperature. After  stirring  for 1 h at  room  temperature, 

azeotropic distillation was carried on until  the volume of  the  solution was  reduced  to 2 

mL. Further  concentration was  continued under reduced pressure. The resulting orange 

residue was dissolved into ether (10 mL) and left to stand  for  4  hours  at  -20  °C.  The  

resulting  needle–crystalline  material  was  obtained  by removing the supernatant 

solution with a syringe. The remaining ether solvent was removed under reduced pressure 

to give yellowish–orange crystals in 78% yield (0.6 g). 

(R-BINOL)Ti(OiPr)2, R-BINOL.   The  same  procedure  used  for  the  preparation  of  

(S-BINOL)Ti(OiPr)2  was employed, but with R-BINOL ligand.

CpTiCl2N(CH3)2, A. In a 10 mL Schlenk flask, CpTiCl3 (0.723 g, 3.48 mmol) was 

dissolved in a 5 mL of THF. Then 0.555 mL (3.48 mmol) of (CH3)3SiN(CH3)2 was added 

via syringe. The solution turned deep red and was stirred for 24hr. THF and volatile 

products were removed under vacumm, the product (0.573, 74%) was transferred to a 

sumlimation appatatus. Sublimition at 90oC and 0.01Torr afforded 0.52 g (66% yield) of 

orange crystals. 1H NMR (400 MHz, CDCl3) δ (ppm) 6.61 (s, 5H), 3.82 (s, 6H); 13C 

{1H} NMR (100MHz, CDCl3) δ (ppm) 188.4, 52.1.

2.10.3 Monomer synthesis

1,2-di(N’-n-methylthioureido)ethane.  All the diurea or dithiourea were prepared with 

the same procedure for the preparation of N, N’-di-n-hexylurea was employed as reported 

previously.37
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1,2-di(N’-methylcarbodiimido)ethane, I. The dicarbodiimides were prepared similarly 

with a slight modification of literature procedures.37 26.2 g triphenylphosphine (100

mmol) were dissolved in 200 mL of absolute benzene, and 16.0 g of bromine (100 mmol) 

were added dropwise over the course of 20 minutes with stirring and cooling at 0~5oC. 

The resulting solution was allowed to stir for additional 10 minutes at room temperature. 

To the resulting suspension, 20.4 g of triethylamine (202 mmol)  was then added with 

cooling. 8.25 g of 1,2-Di(N’-n-methylthioureido)ethane (40 mmol)  were then introduced 

in five equivalent portions into this suspension over the next hour. After the last addition 

of thiourea, the reaction mixture was then heated under reflux for several hours and then 

cooled to 5oC. After removal of the precipitant of triethylamine hydrobromide by 

filtration, the filtrate was concentrated by a rotary evaporator. Addition of 20~50 mL 

ether to the viscous, brown oil served to remove triphenyl phosphine sulphide. The ether 

was removed to give light yellow oil. The crude 1,2-di(N'-methylcarbodiimido)ethane 

thus obtained was purified by distillation under vacumm. Yield: 42.6%; bp = 51-52oC, 70

mTorr. 1H NMR (300 MHz, CDCl3): δ (ppm) 2.983(s, 6H), 3.335(s, 4H). 13C NMR 

(CDCl3): δ (ppm) 162.8, 49.9, 32.9. IR: 2131 (s, N=C=N).

1,3-di(N'-methylcarbodiimido)propane. III. The same procedure for the preparation of 

1,2-di(N'-methylcarbodiimido)ethane was employed. The quantities of the reagents used 

were 49.63 g triphenyl phosphine (189.2 mmol), 9.75 mL bromine (30.2 g, 189 mmol), 

400 mL benzene, 53.2 mL triethylamine (38.6 g, 381 mmol), 16.58 g (75.6 mmol) of 1,3-

Di(N’-n-methylthioureido)propane. Yield: 48.3%. 1H NMR (300 MHz, CDCl3) δ(ppm) 
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1.792(m, 2H), 2.974(s, 6H), 3.342(t, 4H). 13C NMR (CDCl3): δ (ppm) 162.8, 46.8, 32.9, 

31.7. IR: 2131 (s, N=C=N).

1,4-di(N'-methylcarbodiimido)butane, IV. The same procedure for the preparation of 

1,2-di(N'-methylcarbodiimido)ethane was employed. The quantities of the reagents used 

were 39.35 triphenyl phosphine (150 mmol), 7.73 mL bromine (23.9 g, 150 mmol), 300

mL benzene, 42.2 mL triethylamine (30.63 g, 310 mmol), 10.2 g (60 mmol) of 1,3-

Di(N’-n-methylthioureido)-butane. Yield: 57%. 1H NMR (300MHz, CDCl3) δ(ppm) 

1.615(m, 4H), 2.928(s, 6H), 3.342(m, 4H). 13C NMR (CDCl3): δ (ppm) 162.8, 48.9, 32.9, 

28.6. IR: 2131 (s, N=C=N).

1,6-di(N'-methylcarbodiimido)hexane, II. The same procedure for the preparation of 

1,2-di(N'-methylcarbodiimido)ethane was employed. The quantities of the reagents used 

were 52.47 g triphenyl phosphine (200 mmol), 10.31 mL bromine (31.86 g, 200 mmol), 

400 mL benzene, 56.3 mL triethylamine (40.84 g, 413 mmol), 15.76 g (80 mmol) of 1,6-

Di(N’-n-methylthioureido)hexane. Yield: 53%. 1H NMR (300 MHz, CDCl3) δ(ppm) 

1.373(m, 4H), 1.573(m, 4H), 2.936(s, 6H), 3.185(m, 4H). 13C NMR (CDCl3): δ (ppm) 

162.8, 49.2, 32.9, 31.0, 27.6. IR: 2131 (s, N=C=N).

N-methyl-N’-(R)-(+)-(α)-methylbenzylcarbodiimide.  Most carbodiimides were 

prepared similarly with a slight modification of literature procedures.39 The  following  

description  of  the  preparation  of N-methyl-N’-(R)-(+)-(α)-methylbenzylcarbodiimide 

serves  as  a  typical  example. A  dry  200 mL  three  neck  flask was charged with 20 

mL CH2Cl2, 2.63 g triphnylphosphine (10 mmol, 1.25 eq). A dry pressure equalizing  

addition  funnel  was  charged  with  10 mL  CH2Cl2  and  0.52 mL  bromine  (10mmol, 
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1.25 eq) and was  then placed on the 3-neck flask. The whole apparatus was placed under 

a dry nitrogen atmosphere and the triphenylphosphine solution was cooled by an ice bath 

and stirred vigorously. The bromine solution was added dropwise over  the course of 30 

min. The mixture turned yellow and was allowed  to stir for an additional 10 min. 2.78 

mL  of  triethylamine  (20  mmol,  2.5  eq)  was  added  to  the  resulting  suspension  of 

dibromotriphenylphosphorane. N-methyl-N’-(R)-(+)-(α) –methylbenzyl)thiourea (ca.1.55 

g, 8.0 mmol, 1.0 eq) was added as a viscous liquid in 20 mL CH2Cl2 under a nitrogen 

flow in three potions at 0 °C over 15 min. The cooling bath was removed after the 

reaction mixture stirred over 1 h, then it was allowed to stir at room temperature for 

additional 3 hr. The reaction could be monitored by infrared spectroscopy. Strong 

adsorption of 2130 cm-1N=C=N antisymmetric stretch suggests  that  the  reaction  is 

nearing completion and can be stopped  within  an  additional  30  min  of  stirring. Then 

cool down with the ice bath for 30 min, the solution was filtered through a glass filter. 

The  CH2Cl2  was  removed  by  rotary evaporation to give a yellow oil. The resulting oil 

was distilled under reduced pressure to give  N-methyl-N’-(R)-(+)-(α)-

methylbenzylcarbodiimide as a clear, colorless liquid. Yield: 0.95 g (63%). Bp = 60oC 

(0.1 Torr); 1H NMR (300 MHz, CDCl3): δ (ppm) 1.48 (d, 3H), 2.89 (s, 3H), 4.62 (q, 1H), 

7.3 (m, 5H). IR (neat): cm-1 3055 (m), 2908 (s), 2935 (s), 2124 (s), 1492 (s), 1452 (s), 

1421 (s), 1372 (s). 

N-methyl-N’-(S)-(-)-(α)-methylbenzylcarbodiimide.   The  same  procedure  used  for  

the  preparation  of  N-methyl-N’-(R)-(+)-(α)-methylbenzylcarbodiimide was employed, 

but with -(S)-(-)-(α) –methylbenzylamine.
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N,N’-di-n-hexylcarbodiimide.  The  same  procedure  for  the  preparation  of  N-(R)-

2,6-dimethylheptyl-N’-benzylcarbodiimide  was  employed.  The  quantities  of  reagents  

used  were  7.4  g hexylisocyanate  (58  mmol),  5.84  g  hexylamine  (58  mmol),  19.01  

g  triphenylphosphine (72.5 mmol, 1.25 eq), 3.73 mL bromine  (72.5 mmol, 1.25 eq) and 

20.0 mL  triethylamine (145 mmol, 2.5 eq). Distillation: 60-65 °C, 0.15 Torr. Yield: 11.8 

g, (96.9%). IR: 2131 (s, N=C=N). 1H NMR (400 MHz, CDCl3) δ: 3.14 (t, 4H), 1.50 (tt, 

4H), 1.23 (m, 12H), 0.82 (t, 6H). 13C NMR {1H} (100 MHz, CDCl3) δ: 144.4, 46.09, 

41.06, 31.34, 31.23, 26.44, 22.51, 13.93.

N-(n-hexyl)-N’-phenylcarbodiimide. The  same  procedure  for  the  preparation  N-

methyl-N’-(R)-(+)-(α)-methylbenzylcarbodiimide was  employed. The quantities  of  

reagents  used were  24.11  g  phenyl isocyanate (0.2 mol), 20.2 g hexylamine (0.2 mol), 

65 g triphenylphosphine (0.25 mol, 1.25eq),  13  mL  bromine  (0.25  mol,  1.25  eq)  and  

70  mL  triethylamine  (0.5  mol,  2.5  eq). Distillation: 90 °C, 0.1 Torr. Yield: 35 g,  

(69.2 %).  IR: 2131  (s, N=C=N). 1H NMR  (400 MHz, CDCl3) δ: 7.28 (m, 3H), 7.07 (m, 

2H), 3.40 (t, 2H), 1.67 (m, 2H), 1.41 (m, 2H), 1.31 (m,  4H),  0.88  (t,  3H). 13C NMR  

{1H}  (100 MHz, CDCl3)  δ:  140.8,  136.0,  129.3,  124.5, 123.5, 46.85, 31.34, 31.28, 

26.46, 22.51, 13.94.  

1-nitro-4-(4-methylpiperizino)benzene.   1-fluoro-4-nitrobenzene (193.27 mmol, 27.27 

g) and 1-methylpiperizine (193.27 mmol, 15.00 mL) were dissolved in acetonitrile (300 

mL). Triethylamine (503.45 mmol, 70.0 mL) was added. The reaction was refluxed for 

18 hours. Then the solvent was removed by rotavep and aqueous solution (200 mL) of 

sodium  hydroxide (400.0 mmol,  16.0 g) was added to dissolve the residue. The product 
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was  extracted by methylene chloride (5×100 mL). All methylene chloride fractions were 

combined  and dried by sodium sulfate. The removal of solid and solvent by filtration and 

rotavep respectively yielded 44.10 g product. Yield: 100% mp 104-105oC. IR (KBr film) 

2939(s) 2850(s) 2808(s) 1596(s)1494(s) 1331(s) 1243(s) 1114(s) 1006(s) 1H NMR (300

MHz, CDCl3) 2.36(s, 3H) 2.55(t, 4H) 3.43(t, 4H) 6.81(d, 2H) 8.10(d, 2H). 13C NMR 

(75MHz, CDCl3): δ 46.42, 47.31, 54.85, 112.86, 126.13, 138.56, 154.96. 

4-(4-methylpiperizino)aniline.  In an autoclave, 1-nitro-4-(4-methylpiperizino)benzene 

(198.84 mmol, 44.00 g) was dissolved in THF (200 mL). Pd/C (1.0 g) was added. The 

autoclave was sealed and the reaction was held under hydrogen of pressure (80 psi). After 

being stirred for two days, the catalyst was filtrated off and solvent was removed by 

rotavep. A sublimation (0.13 torr, 150 oC) yielded 24.20 g product. Yield: 64%. Mp 88-

90 oC. IR (KBr film) 3359(s) 3194(s) 2931(m) 2805(s) 1646(m) 1512(s) 1457(m) 1277(s) 

1231(s) 822(s). 1H NMR (300 MHz, CDCl3) 2.35(s, 3H) 2.58(t, 4H) 3.07(t, 4H) 6.64(d, 

2H) 6.81(d, 2H). 13C NMR (75MHz, CDCl3)  δ  46.50, 51.18, 55.65, 116.40, 118.73, 

140.24, 144.64.

Methoxyethyleneisothiocyanate.   Methylene chloride (100 mL) was added to a flask 

charged with aqueous solution (200 mL) of sodium bicarbonate (0.36 mol, 30 g), 

followed by the addition of methoxyethyleneamine (113.77 mmol, 10.00 mL). The 

mixture was cooled by ice bath and thiophosgene (120.20 mmol, 9.50 mL) was added. 

The reaction was allowed to warm up to room temperature and the mixture was stirred 

for 5 hours. Organic layer was separated from the aqueous one and dried by sodium 

sulfate. Then the solid was removed by filtration and the solution was concentrated by 
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rotavep. A vacuum distillation (28 mmHg, 93 oC) yielded 12.31 g product. Yield: 87%. 

IR (neat) 2933(m) 2892(m) 2197(s) 2114(s) 1344(m) 1125(m). 1H NMR (300MHz, 

CDCl3) 3.41(s, 3H) 3,57(t, 2H) 3.66(t, 2H) 13C NMR (75MHz, CDCl3) δ 45.31, 59.25, 

70.70. 

N-methoxyethylene-N’-4-(4-methylpiperizino)phenylcarbodiimide. To solution of 

methoxyethyleneisothiocyanate (27.58 mmol, 3.23g) in chloroform (50 mL) cooled by 

ice bath, 4-(4-methylpiperizino)aniline (27.58 mmol, 5.28 g) was added in one portion. 

The reaction was allowed to warm up to room temperature and the solution was stirred 

for two days. Then triethylamine (82.74 mmol, 11.50 mL) and DMAP (0.74 mmol, 90 

mg) was added. The reaction was cooled again by ice bath and methylsulfonyl chloride 

(55.16 mmol, 4.30 mL) was added dropwise over  a period of 20 minutes. Ice bath was 

removed when the addition was complete. Two and half hours later, the mixture was 

poured to hexane (300 mL) and was stirred thoroughly for another 20 minutes. The solid 

was removed by filtration. The hexane solution was washed by water (3×150 mL) to 

remove the water soluble byproduct. The aqueous phase was then separated and the 

organic phase was dried by sodium sulfate. The removal of solid and solvent through 

filtration and rotavep respectively yielded 1.75 g product.  Yield: 23%. IR (neat) 2127(s) 

1H NMR (300MHz, CDCl3) 2.36(s, 3H) 2.58(t, 4H) 3.17(t, 4H) 3.39(s, 3H) 3.52(t, 2H) 

3.59(t, 2H) 6.85(d, 2H) 7.03(d, 2H). 13C NMR (75MHz, CDCl3) δ  46.48, 47.07, 49.79, 

55.41, 59.06, 72.16, 117.14, 124.56, 148.83.

Ethylmethacrylate-methyurea: To a solution of 2-isocyanatoethyl metharylate (5 mL, 

35.4mmol) in CH2Cl2, methylamine (2.0 M in THF) was added. The reaction was stirred 
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at room temperature for 3 hr. Then the solvent was filter off. The urea is white powder. 

The yield is 95 %.

(2-N’-methylcarbodiimidoethyl)methacrylate: The  same  procedure  for  the  

preparation  of  N-methyl-N’-(R)-(+)-(α)-methylbenzylcarbodiimide was  employed. The 

quantities  of  reagents  used were  11.6 g triphenylphosphine (0.044 mol, 1.25eq),  2.27 

mL  bromine  (0.044  mol,  1.25  eq)  and  15  mL  triethylamine  (0.09  mol,  2.5  eq), 6.0 

g ethylmethyacrylate-methyurea. Distillation: 83 °C, 0.06 Torr. Yield: 4.26 g,  (79.1 %).  

IR: 2131  (s, N=C=N). 1H NMR  (400 MHz, CDCl3) δ: 6.15 (d, 1H), 5.60 (d, 1H), 4.50 

(t, 2H), 3.52 (t, 2H), 2.95 (s, 3H), 2.0 (s, 3H). 

N-methyl-methoxypoly(oxyethylene/oxypropylene)-2-propylcarbodiimide: To 

methyoxypoly(oxyethylene/oxypropylene)-2-propylamine solution in methylenechloride, 

methythioisocyanate solution (in methylenechloride) was added. The reaction was stirred

3 days. Then sodium sulfate (50 g, 350 mmol) and mercury (II) oxide ( 58 g, 267 mmol) 

was added. The mixture was stirred reflux for 5 hr. The slurry solid was removed by 

filtration. The product solution was concentrated by rotavap. The vacumm was used to 

further remove the trace amount of solvent, then dry by molecule sieve. IR (neat) 2125 

(s). 

N-allyl-N’-benzylcarbodiimide: The  same  procedure  for  the  preparation  of  N-

methyl-N’-(R)-(+)-(α)-methylbenzylcarbodiimide was  employed. The  quantities  of  

reagents  used  were  4.24  g allylthioisocyanate  (46 mmol),  4.28  g  aniline  (46  mmol),  

13.6  g  triphenylphosphine (58 mmol, 1.25 eq), 2.67mL bromine  (58 mmol, 1.25 eq) 

and 18 mL  triethylamine (116 mmol, 2.5 eq). Distillation: 60-65 °C, 0.15 Torr. Yield: 
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4.0 g, (62.3 %). IR: 2131 (s, N=C=N). 1H NMR (400 MHz, CDCl3) δ: 7.26 (m, 2H), 7.14 

(m, 3H), 5.97 (tdd, 1H), 5.39 (d,1H), 5.24 (d, 1H), 4.01 (s, 2H).

N-allyl -N’-(R)-(+)-(α)-methylbenzylcarbodiimide: The  same  procedure  for  the  

preparation  of  N-methyl-N’-(R)-(+)-(α)-methylbenzylcarbodiimide was  employed. The  

quantities  of  reagents  used  were  10.5 g allylthioisocyanate  (114 mmol),  9 g  N’-(R)-

(+)-(α)-methylbenzylamine  (114 mmol),  33  g  triphenylphosphine (142 mmol, 1.25 eq), 

6.5mL bromine  (142 mmol, 1.25 eq) and 40 mL  triethylamine (284 mmol, 2.5 eq). 

Distillation: 68-70 °C, 0.15 Torr. Yield: 9.4 g, (50 %). IR: 2131 (s, N=C=N). 1H NMR 

(400 MHz, CDCl3) δ: 7.26 (m, 5H), 5.80 (m, 1H), 5.24 (d, 2H), 5.14 (d,1H), 4.62 (q, 

1H), 3.77 (m,2H), 1.55 (d, 3H).

Bromination of N-allyl -N’-(R)-(+)-(α)-methylbenzylcarbodiimide: Bromine was 

added to the N-allyl -N’-(R)-(+)-(α)-methylbenzylcarbodiimide solution in chloroform 

dropwisely. Then the solvent was removed by rotavap. The concentrated oil was added to 

cold ethyl ether, filter it and keep the solution. Remove the solvent to yield the product. 

IR: 2131 (s, N=C=N). 1H NMR (400 MHz, CDCl3) δ: 7.30 (m, 5H), 4.68 (q, 1H), 4.07 

(m, 1H), 3.78 (m, 2H), 3.75 (m, 2H), 1.58 (d, 3H).

2.10.4 General procedure for polymerization for carbodiimides by titanium catalyst

Unless noted, the following is a general procedure for the preparation of neutral 

polycarbodiimides. All manipulations were performed in a MBRAUN UNILAB dry box. 

Catalysts and monomers were added to a vial, when necessary, solvent is also added to 

the reaction. All polymerization was performed in room temperature unless otherwise 

noted. During the polymerization, the color of the living species, the amidinate group 
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serves as an indicator. A persistent dark red solution indicates an active living species for 

polymerization while the white or colorless is a sign for deactivated living species. The 

consumption of the monomers was monitored by IR and the time span for polymerization 

varies from a couple hours to several days, depending on the structure of monomers.  

When the polymerizations were complete, concentrated solutions of the polymer solution 

in chloroform were prepared. Polymers were purified by precipitayion. Polymers and 

solvent were separated by centrifugation or filtration and the polymers were dried under 

vacuum. 

Polymerization of 1,2-di(N'-methylcarbodiimido)ethane: To a vial charged with 1,2-

di(N'-methylcarbodiimido)ethane ( 1.1058 g, 8.12 mmol), trichloro-(2,2,2-

trifluoroethoxy)titanium(IV) (6.553 mg, 0.03 mmol) was added. The red solution was 

stirred at room temperature for three days.The next day, the reactant mixture became 

solid, then purify the polymer by precipitation in cold hexane. Centrifugation yielded the 

polymer as a white mass which was placed in a second scintllation flask and dissolved in 

benzene (15 mL). The benzene solution was frozen in liquid N2 and lyophilized yielding 

the polymer as a solid white plug. The yield is 84%. IR: 1648 (s, guanidine stretching). 

1H NMR (400 MHz, CDCl3) δ: 2.98(br, 6H), 3.95 (br, 4H). 13C NMR (CDCl3): δ (ppm) 

158.8, 154.3, 49.9, 32.9.

Polymerization of 1,3-, 1,4- and 1,6-dicarbodiimides.

To a vial charged with 1,3-, 1,4-,1,6-dicarbodiimide, trichloro-(2,2,2-

trifluoroethoxy)titanium(IV) was added. The red solution was stirred at room temperature 
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overnight, the reactant mixture became solid, then purify the polymer by repeatly 

immersing the solid in chloroform, removal the solvent by pippet. Then dry the solid by 

vacumm. The yields are around 87%. IR: 1648 (s, guanidine stretching).

Poly (N,N’-di-n-hexylcarbodiimide)

IR: 1648 (s, guanidine stretching). 1H NMR (400 MHz, CDCl3) δ : 4.00-4.20 (br),

2.80-3.20 (br), 1.00-1.47 (br), 0.60-1.00 (br). 13C NMR (100 MHz, CDCl3) δ: 48.76, 

32.34,

31.92, 29.17, 27.73, 22.92, 14.14.

Poly (N,N’-dihexylcarbodiimide)  gel: To a vial charged with N, N’-

dihexylcarbodiimide (1.05g, 5mmol) and small amount of 1,6-dicarbodiimide (0.0493 g, 

0.025 mmol), trichloro-(2,2,2-trifluoroethoxy)titanium(IV) (4.9 mg, 0.0207 mmol) 

dissolved in THF was added. The red solution was stirred several hours at room 

temperature and  the reactant mixture became solid, then purify the polymer by repeatly 

immersing the solid in chloroform and removal the solvent by pippet. Then dry the solid 

by vacumm. The yield is 92.7%. IR: 1648 (s, guanidine repeat unit).

(M)-poly (N-methyl-N’-1- (R)-phenylethyl) carbodiimide): IR: 1624 (s, guanidine 

stretching). 1H NMR (400 MHz, CDCl3) δ: 7.2-6.4 (br), 2.8-3.6(br), 1.2-0.2 (br). 13C 

NMR (100 MHz, CDCl3) δ: 148.5, 148.2, 128.3, 122.1, 47.3, 31.8, 28.3, 26.3, 23.0, 14.4.

(P)-poly (N-methyl-N’-1- (S)-phenylethyl) carbodiimide): IR: 1624 (s, guanidine 

stretching). 1H NMR (400 MHz, CDCl3) δ: 7.2-6.4 (br), 2.8-3.6(br), 1.2-0.2 (br). 13C 

NMR (100 MHz, CDCl3) δ :148.5, 148.2, 128.3, 122.1, 47.3, 31.8,28.3, 26.3, 23.0, 14.4.
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(M)-poly (N-methyl-N’-1- (R)-phenylethyl) carbodiimide) gel: To a vial charged with 

N-methyl-N’-1- (R)-phenylethyl) carbodiimide (0.8 g, 5 mmol) and small amount of 1,6-

dicarbodiimide (0.0206 g, 0.0105 mmol), trichloro-(2,2,2-trifluoroethoxy)titanium(IV) 

(4.9 mg, 0.0207 mmol) dissolved in THF was added. The red solution was stirred several 

hours at room temperature and the reactant mixture became solid, then purify the polymer 

by repeatly immersing the solid in chloroform and removal the solvent by pippet. Then 

dry the solid by vacumm. The yield is 90.1%.

(P)-poly (N-methyl-N’-1- (R)-phenylethyl) carbodiimide) gel:  The same procedure 

used as the synthesis of (M)-poly (N-methyl-N’-1- (R)-phenylethyl) carbodiimide) gel.

(M)-poly (N-methyl-N’-1- (R)-phenylethyl) carbodiimide-co-N, N’-di-n-

hexylcarbodiimide: N-methyl-N’-1- (R)-phenylethyl) carbodiimide and N, N’-di-n-

hexylcarbodiimide mixture ( at different ratio), 1,6-dicarbodiimide as crosslinker 

(~crosslinking density 0.08%), and Cl3TiOCH2CF3 as the catalyst ( monomer: catalyst = 

200) to yield the crosslinked copolymer gels, the yield is around 84%. IR: 1624 (s, 

guanidine stretching).

Poly[N-methoxyethylene-N’-4-(4-methylpiperizino)phenylcarbodiimide]-(R-cat): N-

methoxyethylene-N’-4-(4-methylpiperizino)phenylcarbodiimide (3.28 mmol, 0.90 g) and 

(R)-BINOL-Ti(IV) (0.022 mmol, 9.8 mg) were used to yield 0.32 g product. Yield: 41%. 

IR: 1624 (s, guanidine stretching). 1H NMR (300MHz, CDCl3) 2.15(br, m) 2.31(br, s) 

2.33-2.65(br,

s) 2.65-90(br, s) 5.95-7.30(br, s) 13C NMR (75MHz, CDCl3) ä46.45 50.08(br, m) 

55.60(br,
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m) 58.41(br, s) 117.12(br, w) 123.34(br, w) 146.72(br, w).

Poly [N-(n-hexyl)-N’-phenylcarbodiimide]-(S)-BINOL: IR: 1624 (s, guanidine 

stretching). 1H NMR (400 MHz, CDCl3) d: 7.2-6.4 (br), 2.8-3.6(br), 1.2-0.2 (br). 13C 

NMR (100 MHz, CDCl3) d: 148.5, 148.2, 128.3, 122.1, 47.3, 31.8,28.3, 26.3, 23.0, 14.4.

Poly [N-(n-hexyl)-N’-phenylcarbodiimide]-(S)-BINOL gel: N-(n-hexyl)-N’-

phenylcarbodiimide]-(S)-BINOL, (S)-BINOL-Ti as the catalyst (monomer: 

catalyst=500:1), 1,6-dicarbodiimide as the croaalinker (0.1% crosslinking density)were 

used to yield the product. IR: 1624 (s, guanidine stretching). 

Poly[N-methoxyethylene-N’-4-(4-methylpiperizino)phenylcarbodiimide] -(S-cat)

N-methoxyethylene-N’-4-(4-methylpiperizino)phenylcarbodiimide (0.73 mmol, 0.20 g)

and (S)-BINOL-Ti(IV) (0.005mmol, 2.2 mg) were used to yield 0.056 g product. Yield: 

25%.

IR: 1624 (s, guanidine stretching). 1H NMR (300MHz, CDCl3) 2.15(br, m) 2.31(br, s) 

2.33-2.65(br, s) 2.65-90(br, s) 5.95-7.30(br, s). 13C NMR (75MHz, CDCl3) ä46.45 

50.08(br, m) 55.60(br, m) 58.41(br, s) 117.12(br, w) 123.34(br, w) 146.72(br, w).

Poly[N-methoxyethylene-N’-4-(4-methylpiperizino)phenylcarbodiimide]-(R-cat) gel: 

N-methoxyethylene-N’-4-(4-methylpiperizino)phenylcarbodiimide (3.28 mmol, 0.90 g) 

and (R)-BINOL-Ti(IV) (0.022mmol, 9.8 mg) and 1,6-dicarbodiimide as crosslinker 

(crosslinking density ~ 0.1%) were used to yield 0.28 g product. Yield: 36%. IR: 1624 (s, 

guanidine stretching).

Poly[N-methoxyethylene-N’-4-(4-methylpiperizino)phenylcarbodiimide]-(S-cat): N-

methoxyethylene-N’-4-(4-methylpiperizino)phenylcarbodiimide (3.28 mmol, 0.90 g) and 
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(S)-BINOL-Ti(IV) (0.022mmol, 9.8 mg) were used to yield 0.16 g product. Yield: 20%. 

IR: 1624 (s, guanidine stretching).

Poly((2-N’-methylcarbodiimidoethyl)methacrylate): CpTiCl2N(CH3)2 (6.0 mg), (2-

N’-methylcarbodiimidoethyl)methacrylate (0.46 g) were used to yield the product. The 

yield is 43.7%. IR: 1624 (s, guanidine stretching).

Poly((2-N’-methylcarbodiimidoethyl)methacrylate)-co-N-methyl-N’-1- (R)-

phenylethyl) carbodiimide: 2-N’-methylcarbodiimidoethyl)methacrylate (0.076 g), N-

methyl-N’-1- (R)-phenylethyl) carbodiimide (0.67 g), CpTiCl2N(CH3)2 (7.9 mg) were 

used to yield the product. IR: 1624 (s, guanidine stretching).

Poly(N-allyl-N’-benzylcarbodiimide): N-allyl-N’-benzylcarbodiimide (1.86 g) and 

Cl3TiOCH2CF3 were used to yield the product. IR: 1624 (s, guanidine stretching).

Poly(N-allyl -N’-(R)-(+)-(α)-methylbenzylcarbodiimide): N-allyl -N’-(R)-(+)-(α)-

methylbenzylcarbodiimide (0.4 g) and Cl3TiOCH2CF3 (8 mg) were used to yield the 

product. IR: 1624 (s, guanidine stretching).

Poly(N-methyl-methoxypoly(oxyethylene/oxypropylene)-2-propylcarbodiimide): N-

methyl-methoxypoly(oxyethylene/oxypropylene)-2-propylcarbodiimide ( 4.45 g) and 

Cl3TiOCH2CF3 (12 mg) were used and heated at 65oC  after 23 days, the mixture to 

product. IR: 1624 (s, guanidine stretching).

2.10.5 Polymerization of carbodiimide by free radical polymerization

Conventional free radical polymerization of di-n-hexylcarbodiimide: Di-n-

hexylcarbodiimide (2.22 g, 11.2 mmol), and AIBN (~1.0 mg, 0.52 ҳ 10-3 mmol) were 

added to a 25 mL Schlenk tube charged with stirring bar. The mixture was stirred for at 
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least 30 min to ensure complete solution of AIBN in the monomer. Then removed the 

oxygen with nitrogen and vacumm several times. The schlenk tube was immersed  in a 

preheated oil bath at 60oC. After one week, the solution became unstirrable. The 

polymerization was halted by immediate expose to air and cooling with liquid nitrogen. 

The polymer was purified by precipitation in methanol. The yield is 37%. IR: 1648 (s, 

guanidine stretching). 1H NMR (400 MHz, CDCl3) δ : 4.00-4.20 (br), 2.80-3.20 (br), 

1.00-1.47 (br), 0.60-1.00 (br). 13C NMR (100 MHz, CDCl3) δ: 48.76, 32.34,

31.92, 29.17, 27.73, 22.92, 14.14.

Polymerization of di-n-hexylcarbodiimide by RAFT: Di-n-hexylcarbodiimide (2.86 g, 

14.6 mmol), ethyl dithioacetate (CTA) (16.6 mg, 0.138 mmol) and AIBN (~1.5 mg, 0.75 

ҳ 10-3 mmol) were added to a 25 mL Schlenk tube charged with stirring bar. The mixture 

was stirred for at least 30 min to ensure complete dissolution of CTA and AIBN in the 

monomer. Then removed the oxygen with nitrogen and vacumm several times. The 

schlenk tube was immersed in a preheated oil bath at 65oC. After 16 days, the solution 

became unstirrable. The polymerization was halted by immediate expose to air and 

cooling with liquid nitrogen. The polymer was purified by precipitation in methanol. The 

yield is 41%.IR: 1648 (s, guanidine stretching). 1H NMR (400 MHz, CDCl3) δ : 4.00-

4.20 (br), 2.80-3.20 (br), 1.00-1.47 (br), 0.60-1.00 (br). 13C NMR (100 MHz, CDCl3) δ: 

48.76, 32.34, 31.92, 29.17, 27.73, 22.92, 14.14.

2.10.6 Swelling ratio measurements of gels

10 mL solvent was transfer to a Petri dish, and a piece of gel (10 mg) was placed in the 

Petri dish, and the gel was allowed to stand for an appropriate time until the gel showed 
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no further swelling. The area surrounding the gel was wiped with a soft cloth, and the 

swollen gel was weighed. The swelling ratio was calculated using the following equation: 

[swelling ratio] = w/w0, where w0 and w represent the weights of the dried and swollen 

gels, respectively. Weigh a piece of dry gel and put into the sample cell of polarimeter. 

Then add the appropriate solvent, and it was allowed to stand for some time which should 

be longer than the equilibrium time of the gel swelling. Also the amount of the solvent 

should be equal or less than the amount that the gel took in at its equilibrium state. Then 

the specific optical rotation was measured.
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CHAPTER III CYCLOPOLYMERIZATIONS OF 1,2-DICARBODIIMIDES 

WITH ORGANOTITANIUM CATALYSTS

3.1 Introduction

           The general principle of polymerization established by Staudinger in 1934 was 

that nonconjugated dienes, when polymerized, lead to crosslinked, and therefore 

nonsoluble, nonlinear polymers or copolymers.1 Exceptions to this widely accepted 

principle were observed during 1949-1951, when a variety of diallyl quarternary salts 

were polymerized and yielded soluble, linear polymers containing little or no residual 

unsaturation.2-9 A polymerization mechanism involving an alternating intramolecular-

intermolecular chain propagation was proposed to account for these results.9

          The presently accepted mechanisms for cyclopolymerization may be represented as 

in Scheme 3.1 for the simple 1,6-heptadiene system. R*, in principle, may represent a 

radical, cationic, or anionic initiator. 
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                      Scheme 3.1. The mechanism of cyclopolymerization.10

Cyclopolymerization leads to introduction of cyclic structures into the main chain 

of the polymer. These cyclic structures can impart a variety of properties upon the 

resulting polymer, which differ greatly from those of linear analogue polymer. The scope 

of cyclopolymerization  scope is broad and  includes polymerization of symmetrical 

dienes such as the 1,6-dienes described above and asymmetrical ones as well. A variety 

of other multiply bonded structures, such as diynes, dicarbonyls, diisocyanates, 

diepoxides, dinitriles, and other similar compounds have been shown to undergo 

cyclopolymerization. Herein, we show a couple of examples.

3.2 Cyclopolymers
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3.2.1 Cyclopolymerization of dinitriles

Johns11 reported the polymerization of certain dinitriles. Sucinonitrile was 

polymerized using sodium methoxide in methanol (eq 1). At room temperature the 

reaction was very slow, yielding a black solid which was postulated to be the following 

structure.

ONa +
N

N N NO

x
(1)

The value of x varied from 6 to 65 as conditions were varied. The extreme intractibility 

of the polymer prevented proof of structure.

3.2.2 Cyclopolymerization of diisocyanates

The first example of a cyclopolymerization using diisocyanates was reported by 

Miller and Black in 1962.12 In this work, trimethylene diisocyanate (eq 2) was 

polymerized by the use of anionic initiators sodium cyanide in polar solvents at 

temperatures of –50 to –75oC. The resulting polymer was characterized by solubility, 

differential thermal analysis, thermogravimetric analysis, IR, x-ray diffraction, and 

viscosity measurements. The polymer was a linear, crystalline, thermally stable material 

with relatively low molecular weight. The structure proposed for the poly(trimethylene 

diisocyanate) was shown in eq 2.
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N N
CC

N N

O O
xO O

(2)

Beaman13 polymerized 1,2-diisocyanates and 1,2,3-triisocyanates to cyclic 

polymers via anionic initiation. Two carbonyl absorptions were observed in the IR 

region. One attributed to the intra-ring carbonyl group and the other inter-ring. King14

investigated the cyclopolymerization of aliphatic 1,2-diisocyanantes of high molecular 

weight. 1,2-ethylene diisocyanate, 1,2-propylene diisocyanate, and 1,2-cyclohexylene 

diisocyanate were polymerized to cyclic 5-atom systems using sodium cyanide in DMF at 

–38oC. A mechanism of alternationg intra-intermolecular chain growth was proposed  

(Scheme 3.2).
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Scheme 3.2. The proposed mechanism of alternating intra-intermolecular chain growth.
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Patten and Novak15 reported that the 1,2-diisocyanate derivatives were 

successfully cyclopolymerized in a very good yield using an organotitanium(IV) catalyst 

that was used for the living polymerization of monoisocyanates (eq 3). IR, 1H NMR, and 

13C NMR spectra of the resulting polymers indicate that complete cyclization of the 

monomers occurred and formed five-membered ring structure.

N

N C O

C O

CpTiCl2N(CH3)
N N

O O

R

n

R = n-octyl

(3)

3.3 Mechanism of cyclopolymerization 

The mechanism of cyclopolymerization for a general case is represented in 

Scheme 1. The initiator R* reacts with the terminal carbon of the diene to give structure 

2 which adds to the remaining double bond in an intramolecular cyclization. The cyclized 

structure 3 then reacts with another mole of diene in an intermolecular step. This process 

continues until polymer 4 is obtained.

It may be seen in this mechanism that certain competing processes should be 

expected. If the intramolecular process is slow compared with the intermolecular 

reaction, the polymer will have a large number of pendent unsaturated groups along the 

chain or have a crosslinked structure. If the intramolecular process is fast relative to the 

intermolecular reaction, the polymer will be saturated and linear, as shown in Scheme

3.1. Intermediate 2 may cyclize to give structure 3 and then cyclic polymer 4 or may 

undergo intermolecular propagation to give linear polymer 5 with resulting pendant 
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double bonds. The cyclization rate constant kc is independent of monomer concentration. 

The ratio kc/kp indicates the extent of cyclization in the polymer. The ratio is very 

important to the investigation of the mechanism of cyclopolymerization. In general, the 

intralmolecular propagation step is highly favored over the intermolecular step, which 

resulting in virtually complete cyclization.

3.4 Ring size effect in cyclopolymerization

In order for a reaction to take place spontaneously, the free energy of the products 

must be lower than the free energy of the reactants; that is, G must be negative. Of 

course, the reactions can go the other way, but only if free energy is added. Free energy is 

made up of two components, enthalpy, H, and entropy, S. These quantities are related by 

the equation 4.

                                    G = H - TS                                     (4)

Just because a reaction has a negative G does not necessarily mean that it will 

take place in a reasonable period of time. A negative G is a necessary but not a 

sufficient condition for a reaction to occur spontaneously. In order for a reaction to take 

place, free energy of activation G╪ must be added. G╪ also is made up of enthalpy and  

entropy components (eq 5).

                                G╪  = H╪ - TS╪            (5)

H╪, the enthalpy of activation, is the difference in bond energies, including strain, 

resonance, and solvation energies, between the starting compounds and the transition 

state. Entropy of activation, S╪, is the difference in entropy between the starting 

compounds and the transition state, which becomes important when two reacting 
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molecules must approach each in a specific orientation in order for the reaction to take 

place. Entropy of activation is responsible for the difficulty in closing rings larger than 

six membered. Consider a ring-closing reaction in which the two groups that must 

interact are situated on the ends of a 10-carbon chain. In order for reaction to take place, 

the groups must encounter each other. But 10-carbon chain has many conformations, and 

in only a few of these are the ends of the chain near each other. Thus, forming the 

transition state requires a great loss of entropy. This factor is also present, though less so, 

in closing rings of six members. But with rings of this size, the entropy loss is less than 

that of bringing two individual molecules together.

3.4.1 Strain

Steric strain exists in a molecule when bonds are forced to make abnormal 

angles. In general, there are two kinds of structure features that result in sterically caused 

abnormal bond angles. One is found in small-ring compounds, where the angles must be 

less than those resulting from normal orbital overlap. Such strain is called small-angle 

strain. The other arises when nonbonded atoms are forced into close proximity by the 

geometry of the molecule. These are called nonbonded interactions including Pitzer, 

transannular, and large angle strain.
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In summary, saturated rings can be divided into four groups, of which the first and 

third are more strained than the other two.16

      1. Small rings (3 and 4 membered ). Small-angle strain predominates.

2. Common rings (5, 6, and 7 membered).  Largely unstrained. The strain that is 

present is mostly Pitzer strain.

3. Medium rings (8-11 membered). Considerable strain (Pitzer, transannular, and 

large angle strain).

4. Large rings (12 membered and larger). Little or no strain.

3.4.2 Relationships between ring size and facility of ring closure

Many examples of intramolecular reactions have served to established a rough 

correlation between the rate of a reaction and the size of the ring being formed. Although 

different reaction types exhibit large quantitative differences, and there are exceptions, 

the order 5  6 3  7  4  8 –10 is rough guide of relative reactivity for many systems. 

Some quantitative data on typical reactions involving nucleophilic substitution or 

participaton are shown in Table 3.1. 
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Table 3.1. Relative Rates of Ring Closure as a function of ring Size.17

                                                                                         Relative rate
Reaction                        Ring size       3           4 5        6            7                     8
                        
Br(CH2)xCO2

-
lactone       8.3  10-4        0.31     90 1        0.0052          6.5  10-5        

Br(CH2)xNH2
-

cycli amine  0.07       0.001     100     1        0.002   ──

PhC(CH2)xCl

O

nucleophilic
participation
in solvolysis           ──         0.37       36      1         0.13                    ──

O

O(CH2)xBr

cyclic ether
formation

       ──            ──       ──     1       0.01                  4  10-4        

ArSO2N(CH2)xCl cyclization       17            33        ──      1        ── ──

The dissection of the energy of activation of typical ring closure reactions usually 

shows some consistent features. The H╪ for formation of three- and four-membered 

rings is normally higher than H╪for the corresponding five- and six-membered rings, 

while S╪ is least negative for the three-membered rings, comparing four-, five-, and six-

membered rings, then becomes more negative as the ring size increases above seven. The 

H╪ term reflects the strain, which developed in the closure of three-membered rings, 

while the large negative entropy associated with eight-membered and larger rings relative 

improbability of achieving the required molecular orientation. Because the combination 

of the two factors is most favorable for five- and six-membered rings, the maximum rate 

is observed for these ring sizes.
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According to the Baldwin, ring closure reactions are related to three factors: (a) 

ring size, (b) the hybridization of the carbon at the reaction site, and (c) the relationship 

(endocyclic or exocyclic) of the reacting bond to the forming ring. Certain types are 

found to be favorable while others are unfavorable for stereoelectronic reasons. The 

relationships are summarized in Table 3.2.

Table 3.2. Classification of Ring-Closure Types18

Ring Size Exocyclic bonds

sp                  sp2             sp3

(dig)               (trig)           (tet)

Endocyclic bonds

sp                 sp2

(dig)              (trig)

3

4

5

6

7

unfav            fav               fav    

unfav            fav               fav     

fav                fav               fav

fav                fav               fav

fav                fav               fav     

fav              unfav

fav              unfav

fav              unfav

fav              fav

fav              fav

3.5 Cyclopolymerization of 1,2-dicarbodiimides   

Cyclopolymerizations are synthetically useful reactions, because they convert an 

acyclic monomer into a polymer containing monocyclic or polycyclic ring systems. 

These cyclic structures can impart a variety of properties upon the resulting polymer, 

which differ greatly from those of its parent acyclic polymer: increased chain stiffness, 

increased thermal stability, stronger interchain interactions, and distinct chemical or 

biological properties. Until now, the cyclopolymerization of dicarbodiimides have not 

been reported in the literature. Our interest in the polymerization of 1,2-dicarbodiimides 
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was twofold. First, we want to extend the living organotitanium(IV) polymerization 

methodology developed for monocarbodiimides to dicarbodiimides. Second, we want to 

investigate the structure and properties of dicarbodiimide cyclopolymers, because little is 

actually known about these macromolecules. Especially, we want to compare and 

contrast the solution properties of poly(monocarbodiimide)s and poly(dicarbodiimide)s 

and to determine the impact of tethering together the side chains of two adjacent repeat 

units upon the conformation behavior of a carbodiimide polymer backbond.

3.5.1 1,2-Dicarbodiimide Monomer Synthesis

Carbodiimides are typically synthesized by the dehydration of ureas and 

thioureas. A variety of dehydration agents including metal oxides19, sodium

hypochlorite20, phosgene21, or phosphorous halides22. Bromotriphenylphosphonium 

bromide works well for most dehydrations. 1,2-dicarbodiimides can be readily 

synthesized through dehydration of the corresponding diureas or dithioureas with 

bromotriphenylphosphonium bromide. Diureas or dithioureas can be prepared by reaction 

of diamine with two equivalents of an isocyanate or a thioisocyanate, or by the reaction 

of diisocyanate with two equivalents of amine (Scheme 3.3). Using the reactions outlined 

in Scheme 3.3, we were able to synthesize a series of 1,2-dicarbodiimides (Figure 3.1). 

All these 1,2-dicarbodiimides were isolated from the reaction mixture by reduced 

pressure distillation and the overall yield from the starting diamines or diisocyanates is 

42-57%.
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              Scheme 3.3. The synthesis of 1,2-dicarbodiimide monomers.
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                    Figure 3.1. A series of 1,2-dicarbodiimide monomers.
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3.5.2 Polymerization of 1,2-dicarbodiimides

Ti O

CF3Cl

Cl
Cl

N N

N N

H H
N C NN C N

RT, CHCl3

n

rac-III

poly(rac-III)

(6)

Scheme 3.4. Polymerization of 1,2-dicarbodiimide.

Room temperature addition of organotitanium catalysts into 1,2-dicarbodiimide 

monomers gave orange solutions, which changed color to the characteristic red hue of an 

active polymerization (Scheme 3.4). After three days, the viscosity of the solution 

increased notably, decent yields of polymers (50~60%) were isolated by precipitation in 

cold hexane.  One exception is that cis-1,2-di(N’-methylcarbodiimido)cyclohexane) 

(meso-III) did not polymerize spontaneously, while trans-1,2-di(N’-

methylcarbodiimido)cyclohexane) (rac-III) would spontaneously polymerize after sitting 

under an inert atmosphere for days. These observations suggest stereochemistry plays an 

important role in the cyclopolymerization of the 1,2-dicarbodiimides. Poly(I) were 

soluble in a wide variety of solvents such as methanol, acetonitrile, acetone, THF, 

benzene, toluene, chloroform and soluble to some extent in hexane. Poly(I) is also water-

soluble. The IR spectra of these polymers except poly(meso-III) had the typical 

absorptions at around 1650, 1373 and 1266 cm-1, no absorption at 2130 cm-1 indicating 

the presence of the guanidine repeat unit and no pendent unreacted carbodiimide, while 
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poly(meso-III) shows a small absorption band at 2130 cm-1 in IR spectra, indicating the 

presence of unreacted carbodiimide. The solutions of poly(1,2-dicarbodiimide)s were 

noticeably less viscous than solutions of polymers of monocarbodiimides (e.g., 

poly(N,N’-di-n-hexylcarbodiimide)) at the same concentration and molecular weight, 

which suggested that the chain-conformation characteristics of poly(1,2-dicarbodiimide)s 

and poly(N,N’-di-n-hexylcarbodiimide) are quite different. The proposed mechanism of 

polymerization of 1,2-dicarbodiimide is shown in Scheme 3.5. For the polymerization of 

1,2-dicarbodiimides with titanium catalyst, we believe it occurs through intramolecular 

cyclopolymerization instead of intermolecular crosslinikng, which could form five-

membered or seven-membered ring structures. The five-membered ring structure is 

favored. The reacting atom C is of sp hydridization (dig) and the reacting bond is 

endocyclic to the forming ring if forming five-membered ring, and the reacting bond is 

exocyclic to the forming ring if forming seven-membered ring. According to Baldwin, 

both of them are favorable. Considering H╪ reflecting the ring strain and S╪, 

representing the probability of two reacting groups encounting each other, H is higher 

for five-membered ring than seven-membered ring, while S╪ is less negative comparing 

seven-membered-ring. Combination of the two factors, it is most favorable for five-

membered rings, the faster rate is observed for this ring size for the similar reaction.17

The 1H NMR and 13C NMR spectras for poly(rac-III) and its peaks assignment is shown 

in Figure 3.2, which is consistant with the five-membered ring structures.
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Scheme 3.5. The proposed mechanism of polymerization of 1,2-dicarbodiimides.
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3.4.3 Characterization of 1,2-dicarbodiimide polymers

Despite the high solubility of 1,2-dicarbodiimide polymers, attempts to determine 

the molecular weights of these polymers with tandem gel permeation 

chromatography/light scattering (GPC/LS) could not be unsuccessful because of the 

column adhesion phenomenon. We used 1H NMR and 13C NMR to identify the polymer 

structure. And X-ray diffraction is used to characterize cyclopoly(1,2-dicarbodiimide)s 

packing orders. We also studied their thermal properties using thermal gravimetric 

analysis (TGA) and differential scanning calorimeter (DSC).

NMR

The information from 1H NMR and 13C NMR for poly(rac-III) and its peak 

assignment is shown in Figure 3.2, which is consistant with the five-membered ring 

structures.
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                       Figure 3.2. The 1H NMR and 13C NMR for poly(rac-III).
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Analysis of X-ray powder Pattern of cyclopoly(1,2-dicarbodiimide)s

The X-ray diffraction can be used to characterize polymonocarbodiimides 

packing orders.23 The X-ray pattern shows one strong peak at low angle, which 

corresponds to a long-range interchain distance, and shows a broad peak at high angle,

which corresponds short-range spacing within the layers from lateral side chains. The 

schematic representation of layered structure of poly(di-n-hexylcarbodiimide) is showed 

in Figure 3.3, in which, d1=d2 is the long-range layer spacing. The x-ray diffraction 

patterns of poly(I), poly(II) and poly(rac-III) were studied. Poly(I), poly(II) and 

poly(rac-III) show strong peaks at at 2 = 9.8, 9.81 and 8.53o, corresponding to the long-

range layer spacing of 8.27, 8,28 and 9.70Å, respectively (Figure 3.4, 3.5, 3.6.)

Comparing to poly(di-n-hexylcarbodiimide), which has a sharp, strong peak at 6.46 o, 

corresponding to a long-range layer spacing of 13.2 Å,23 peaks of poly(I), poly(II) and 

poly(rac-III) appear to be broader and the long-range layer spacing distance of poly(I), 

poly(II) and poly(rac-III) are shorter. The broader peaks indicate that the polymer 

backbones of poly(I), poly(II) and poly(rac-III) are aligned in less ordered form in solid 

state than poly(di-n-hexylcarbodiimide). This may arise from the two different side 

chains that induce a less ordered layer for the formation of efficient packing of the 

polymer molecules. Also it is reasonable that layer spacing distance decreases as the 

length of side chain decreases.
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N N N N N

N N N N N

Figure 3.3. Schematic representation of the layered structure of poly(di-n-

hexylcarbodiimide)
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n

Figure 3.4. The x-ray diffractogram of poly(rac-III) in the solid state at room 

temperature.
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Figure 3.5. The x-ray diffractogram of poly(I) in the solid state at room temperature.
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Figure 3.6. The x-ray diffractogram of poly(II) in the solid state at room temperature.
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Thermal characterization of 1,2-dicarbodiimide polymers

We used thermal gravimetric analysis (TGA) to examine the 1,2-dicarbodiimide 

cyclopolymers. Poly(I), Poly(II) and Poly(rac-III) showed onset of decomposition 

temperatures at 175oC, 200oC and 226oC, respectively (Figure 3.7). Since 

multifunctional polycarbodiimides should be more thermal robust than 

monocarbodiimide polymers and show the higher decomposed temperature. Our 

cyclopolymers do not show improvement in the thermal properties. The results are 

consistant with the ring-forming polymerization and the ring strain in five-membered 

rings gives rise to weaker bonds that would be expect to undergo homolytic bond 

cleavage at a little bit lower temperatures, thus decreasing the thermal stability of the 

polymer chains. The mechanism of radical depolymerization of 

poly(monocarbodiimide)s through a radical chain-scission is shown in Figure 3.8. 

                 Figure 3.7. TGA analysis of cyclopoly(1,2-dicarbodiimide)s.
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Figure 3.8. The mechanism of radical depolymerization of poly(monocarbodiimide)s 

through a radical chain-scission
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Comparing the decomposition temperature (Tg) of poly(rac-III), poly(cis-III) and 

poly(meso-III), poly(rac-III) showed the highest decomposition temperature 226oC, and 

poly(cis-VI) exhibited the lowest decomposition temperature 175oC.We also observed 

the decomposition temperature of  poly(meso-III) is closer to 226oC. This can be due to 

small portion of cis- in the resulting polymer chain. As we mentioned above, the 

polymerization of cis-1,2-di(N’-methylcarbodiimido)cyclohexane) is much slower than 

the trans-1,2-di(N’-methylcarbodiimido)cyclohexane). The thermal property of resulting 

polymer is closer to trans-polymer.

              

     Figure 3. 9. TGA analysis of 1,2-di(N’-methylcarbodiimido)cyclohexane
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             During thermogravimetric (TGA) studies, we have found that chirality can 

influence the thermal stability of these polymers (Figure 3.10). The onset of 

decomposition (Td) of poly((R,R-III) is 20oC higher than the Td of poly(rac-III). This is 

believed to be due to a lower population of defects (such as helical reversals) along the 

polymer chains in the optically pure polymer.

                          poly(rac-III)                                        poly(R,R-III)

Figure 3.10. Thermal stability of optically active and inactive cyclopoly(1,2-

dicarbodiimide)s.
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         We also conducted Differential Scanning Calorimetry (DSC) on cyclipoly(1,2-

dicarbodiimide)s. The glass transition temperatures (Tg) of poly(I), poly(II) and 

poly(rac-III)  are –1.3oC, 14.6oC and 64.9oC respectively (Figure 3.11). From the 

results, we can see that the more bulky pendent groups, the higher glass transition 

temperature (Tg) because the bulky pendent groups make the polymer chains stiffer. For 

polymonocarbodiiides, the polymers do not exhibit Tg because the change in heat 

capacity during these transition could be smaller than detectable using that particular 

instrument. 

                         poly(I)                             poly(II)                                 poly(III)

 Figure 3.11. Differential Scanning calorimetry (DSC) for poly(I), poly(II) and poly(rac-

III)
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3.5.4 The backbone conformation of cyclopoly(1,2-dicarbodiimide)s

N N

N

R

R

N
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R

n

N N

N N

?
n

Figure 3.12. Comparison between the conformation of a   polymonocarbodiimide(above) 

and 1,2-dicarbodiimide cyclipolymer structure.

The monocarbodiimide polymers have been well investigated by Novak group.24-35  

The rigid polymer backbone and steric interactions between the side chains force 

polyguanidines adopt helical conformation in solid state and in solution. So far no

characterization of the poly(1,2-dicarbodiimide) backbone conformation behavior has 

been reported. We want to compare and contrast the solution properties of 

polymonocarbodiimides and poly(1,2-dicarbodiimide)s and to determine the impact of 

tethering together two adjacent imine units on the conformational behavior of guanidine 

polymer backbone (Figure 3.12). We can use optical rotation and circular dichroism 
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(CD) spectra to characterize the polymer backbone conformation. The helical 

chromophere in the polyguanidines absorbs UV light, and if one sense of the helix 

predominates, there will be a differential absorption of the left- and right-handed 

circularly polarized light, then they exhibit CD absorption. Single-handed helices can be 

made by polymerization of chiral monomer, helix-sense-selective-polymerization of 

achiral monomer by chiral catalyst or by chiral induction through small chiral molecules.

Synthesis of single-handed helices by polymerization of chiral monomers

    There are two directions screw senses for a helix, left- and right-handed. These 

conformations are enantiomers, have equavalent free energies and neither conformation 

is thermodynamic preferred. When helical polymers, such as polyisocyanates and 

polyguamidines, are formed from achiral monomers, the left- and right-handed helical 

senses are mirror image related, and therefore, of equal energy and probability. In order 

to get single-handed helix excluding helical reversals, asymmetric pendant groups are 

incorporated in the structure and one helical sense is biased. Because enantiomeric 

relationship between left- and right-handed screw senses is broken when polymer is 

prepared by a monomer with an asymmetric center on the side chain, a diastereomeric 

relationship is introduced into the system. Therefore, the free energies of the left and 

right-handed helix are no longer equal and one of them would be energetically favored 

over the other in the polymerization (Figure 3.13).
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Figure 3.13. Diastereomeric nature between right and left handed helices for polymers 

composed of chiral monomers

       A number of catalysts for the polymerization of carbodiimides have been developed 

in our group that show a range of reactivities. The titanium(IV) A and B have been used 

in this project (Figure 3.14). Catalyst A is moderately active for the polymerization of 

carbodiimides and catalyzes A living polymerization with good control for 

monocarbodiimides. Catalyst B is more active and works very well when the monomers 

have stereically bulky side chains. The molecular weight in both cases is controlled 

stoichiometrically by the ratio of monomer to catalyst. 
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                   Figure 3.14. Catalysts used to polymerized 1,2-dicarbodiimides.

    We tried to polymerized two enantiopure 1,2-dicarbodiimide monomers, R,R-III and   

S,S-III using these two catalysts (Scheme 3.6). Surprisingly the polymerizations of these 

two enantiopure monomer with Catalyst A is much faster than with catalyst B at the same 

monomer and catalyst ratio, which is opposite for what is seen for monocarbodiimides.

This may be due to the two carbodiimide functions coordinating the titanium catalyst, 

which results in the slow polymerization rate when using catalyst B. However, for 

catalyst A, there is bulky group Cp in the catalyst which can protect the second

carbodiimide function in the monomer from coordinating to metal center of the catalyst.

In either case, both resulting polymers, poly(R,R-III) and poly(S,S-III) show very large 

specific optical rotation values, 848o and -827o, compared to their monomers, whose 

specific optical rotation is 13o in absolute value (Scheme 3.6). Clearly, the optical 

activity of the polymers cannot arise simply from the instrinstic molecular chirality of the 

monomer units. It must from polymer backbone conformation. However, we cannot 
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assign a quantitative preference to this helical sense and assign which handedness is in 

excess. In polyguanidines, the helices are the chromophore. If one sense of the helix 

predominates, there will be a different absorption of the left- and right-handed circularly 

polarized light. This can be measured by circular dichroism(CD). Poly(R,R-III) and 

Poly(S,S-III)  synthesized from the homo-chiral monomers lead to the large CD intensity, 

which is caused by a large excess of one helical sense (Figure 3.15.). Both the data of the 

optical rotation and CD spectra indicate that Poly(R,R-III) and poly(S,S-III) adopt a 

regular one-handed helical conformation with the opposite screw sense in solution. So

cyclopoly(1,2-dicarbodiimide)s adopt helical conformation. Poly(S,S-III) displays 

birefringent, cholesteric mesophase. For poly(S,S-III) solution, when the solvent is 

removed by simple evaporation, the resultant films are highly opalescent (Figure 3.16) 

due to the Bragg reflection of visible light from the pitch of the frozen cholesteric 

domains. Optical polarizing microscopic image was obtained from the 15%(w/w) 

solution of poly(S,S-III) in chloroform at room temperature, which shows the typical 

cholestric texture due to the existence of the chiral center. We also studied the acid effect 

on the cholesteric structure. Adding S-CSA into the polymer solution at the ratio of one 

proton to one repeat unit. The optical polarizing image is shown in Figure 3.18, which 

shows the typical cholesteric texture.
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Scheme 3.6. Polymerization of 1,2-dicarbodiimides R,R-III and S,S-III.

[α]25
365 = 12.9o

[α]25
365 = 848o

[α]25
365 = -12.9o [α]25

365 = -827o



211

                        poly(R,R-III)                           poly(S,S-III)         

Figure 3.15. CD spectra of poly(R,R-III) and poly(S,S-III).

Figure 3.16. Opalescent film of poly(S,S-III)
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Figure 3.17. Optical polarizing microscopic image from the 15%(w/w) solution of 
poly(S,S-III) in chloroform at room temperature.
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with (S)-CSA

Figure 3.18. Optical polarizing microscopic image from the 15%(w/w) solution of 

protonated poly(S,S-III)  by (S)-CSA in chloroform at room temperature.
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Crosslinikng effect on cyclopoly(1,2-dicarbodiimide) backbone conformation
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Poly(S,S-III) Gel (7)

                                                                                                          [α]25
365 = 798o

In order to study the crosslinking effect on polymer backbone conformation, we 

prepared poly(S,S-III) gel by crosslinikng (S,S-III) monomer with 1,6-di(N’-

methylcarbodiimido)hexane as crosslinker using catalyst b in neat condition. When the 

crosslinking density is 0.1%, the optical rotation of poly(S,S-III) gel is 798o, there is no 

large difference compared to the homopolymer. This polymer gel also shows the CD 

absorption (Figure 3.19). The polymer films are highly opalescent (Figure 3.20) due to 

the Bragg reflection of visible light from the pitch of the frozen cholesteric domains.

Optical polarizing microscopic image was obtained from the 11%(w/w) solution of 

poly(S,S-III) gel in chloroform at room temperature (Figure 3.21), which shows the 

typical cholestric texture. So lightly crosslinking does not disturb the polymer backbone 

conformation. 
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                                 Poly(S,S-III)                           Poly(S,S-VI) Gel

                             Figure 3.19. CD spectra of poly(S,S-III) gel.

                             Figure 3.20. Opalescent film of poly(S,S-III) gel.
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Figure 3.21. Optical polarizing microscopic image from the 11%(w/w) solution of 

poly(S,S-III) gel  in chloroform at room temperature.

Polymerization of 1,2-dicarbodiimides by chiral initiator

The preparation of optically active polymer from a chiral monomer is not always

convenient due to the requirement for a large amount of often expensive chiral initial 

materials. A more attractive strategy is to polymerize achiral monomers with a catalytic 

amount of chiral initiator/catalyst. The chiral initiator forces propagation to proceed to 

form an excess of one of the two enantiomeric helices. Herein, we present helix-sense-

selective polymerization of 1,2-dicarbodiimides.

Stereoselection and Stereoelection

A stereoselective polymerization has been defined as a polymerization in which a 

macromolecule is formed from a mixture of stereoisomeric monomer molecules by the 

incorporation of only one stereoisomeric species. Stereoselective polymerization involves 



217

both the R and S monomers polymerizing at the same rate but without any cross-

propagation. A racemic monomer mixture can polymerize to a racemic mixture of all-R 

and all-S polymer molecules.36-39            

S-Monomer S S S S S S

R-Monomer R R R R R R

The initiator contains R and S enantiomeric polymerization sites in equal numbers 

such that R sites polymerize only R monomer and S sites polymerize only S monomer. If 

the isoselectivity of R and S sites is less than complete, there is some cross-propagation 

of the two enantiomeric monomers and a decrease in the overall isotacticity of the 

reaction product. However, stereoelective polymerization occurs when one of the 

enantiomers polymerizes faster than the other. In the extreme case, one enantiomer (e.g., 

the R monomer) is unreactive and polymerization of racemic monomer yields the optical 

active all-S polymer with the optically active R monomer left unreacted. As with 

stereoselective, the polymerization sites may not be perfectly isospecific. This results in a 

modified stereoelective behavior with some crosspropagation of the two enantiomeric 

monomers.

R R R R R R + S Monomer

S/R
Monomer

+ R MonomerS S S S S S

Chiral Catalyst

OR
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The extent of stereoelctive polymerization is evaluated by measuring the optical 

activity of unreacted monomer as a function of the extent of reaction.40 The rates of 

reaction of R and S enantiomers are given by 

               

-d[R]
dt = kr[C*]X[R]

-d[S]
dt = ks[C*]X[S]

                            (8)

Where kr and ks are the rate constants for reaction of R and S enantiomers and [C*] is the 

concentration of polymerization sites, X denotes the order of the reaction with respect to 

the catalyst. This treatment assumes that differentiation between R and S enantiomers is 

not dependent on whether the last monomer added to the propagating chain is R or S.

The stereoelectivity factor (S or R), which is the ratio of the polymerization rate 

constants of the two enantiomers ( r = kfast/kslow ), is often used to examine the efficiency 

of a catalyst in a stereoelectivity polymerization. This value can be experimentally 

evaluated by measuring the specific rotation of the unreacted monomer. For 

stereoelective polymerization of a racemic monomer mixture the following equation has 

been presented in the literature.40

                    (1-c)r-1 = (1-α/α0)/(1+ α/α0)                (9)

Where, c is the conversion of the monomer, α is the specific optical rotation of unreacted 

monomer and α0 is the specific optical rotation of enantiopure monomer. The 

stereoelectivity factor(r) can be easily calculated from equation 6 for each set of c and α.
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Polymerization of 1,2-dicarbodiimides by chiral organotitanium(IV) initiator

The fact that the polyguanidines could be isolated in kinetically controlled 

conformations bolstered our hopes for developing helix-sense selective polymerization. 

There has been much effort put in the investigation of polymerization of 

monocarbodiimides with the chiral initiators,41-45 but never be done toward the 

preparation of poly(1,2-dicarbodiimide)s. Herein, we use (R)-BINOL-Ti and (S)-BINOL-

Ti as catalyst to study the helix-sense-selective polymerization of 1,2-dicarbodiimides.

We made these catalysts by binding chiral ligands, (S)-BINOL and (R)-BINOL, to the 

titanium center.41 Presunably, initiation of the polymerization proceeds through insertion 

of a carbodiimide into the isopropoxyl-titanium bond to afford an amidinate complex, 

which could then act as the propagation species in the polymerization process. 

Meanwhile, the chiral BINOL ligand affects the stereochemistry at the active catalytic 

site and controls the conformation of the polymer chain to form optically active 

polyguanidine.
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NCN
NCN

(S)-BINOL-Ti

(R)-BINOL-Ti

rac-III
                                                                                           

          Figure 3.22. Polymerization of rac-III with the chiral catalysts.

The racemic 1,2-dicarbodiimide monomer III was polymerized with (R)-BINOL-

Ti and (S)-BINOL-Ti (Figure 3.22). The polymerizations proceed faster than using 

catalyst B. Good yields were achieved and showed different degrees of asymmetric 

induction. Furthermore, the polymers produced were found to be optically active, 

verifying that the chiral ligand indeed affected the conformation of the polymer chains. 

The optical rotations of the polymers were measured to be []25
365 = 654o  and []25

365 = 

-637o, (c = 0.2 in CHCl3). Furthermore, they show essentially mirror images in the CD 

spectra (Figure 3.23). Both of the results indicate chiral catalysts could produce helical 

cyclopoly(1,2-dicarbodiimide)s with one dominant screw sense and the helix-sense-

selective polymerization of 1,2-dicarbodiimides was achieved. Meanwhile, the polymer 

     []25
365 = -637o

[]25
365 = 654o

poly(rac-III)-R-catalyst

   poly(rac-III)-S-catalyst

O

O
Ti

O

O

(R)-BINOL-Ti

O

O
Ti

O

O

(S)-BINOL-Ti
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films are highly opalescent (Figure 3.23) due to the Bragg reflection of visible light from 

the pitch of the frozen cholesteric domains. Optical polarizing microscopic image was 

obtained from the 17%(w/w) solution of poly(rac-III)-S-catalyst in chloroform at room 

temperature (Figure 3.24), which shows the typical cholestric texture. According the 

equation 6, the stereoselectivity factor for the polymerization of rac-III with (R)-BINOL-

Ti as catalyst can be easily calculated is 1.43. The (R)-BINOL-Ti polymerized these two 

enantimers at different rate, the polymerization rate for (R,R)-enantiomer is faster than 

for (S,S)-enantiomer. Other achiral 1,2-dicarbodiimide monomers II and I also were 

polymerized by chiral catalysts (Figure 3.35 and 3.36). The optical rotation values for 

poly(II)-R-catalyst and poly(II)-S-catalyst are []25
365 = 157o and – 149o respectively (c 

= 0.2 in CHCl3). For poly(I)-S-catalyst , the optical rotation is []25
365 = -94o. The CD 

spectras of poly(II)-R-catalyst and poly(II)-S-catalyst  were shown in Figure 3.37. And 

The CD spectra of poly(I)-S-catalyst is shown in Figure 3.38. So helix-sense-selective-

polymerization for 1,2-dicarbodiimides produced biased helical cyclipolymers. 

Unfortunately, we could not conduct kinetic study to get their helical inversion barrier 

because the optical rotation measurements for these polymers was not stable which 

maybe caused by aggregation of the polymer chains.
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                                           poly(rac-III)-R-catalyst 

                                                       poly(rac-III)-S-catalyst

Figure 3.23. CD spectra of poly(rac-III)-R-catalyst and poly(rac-III)-S-catalyst.

         Figure 3.24. Opalescent film of poly(rac-III)-S-catalyst.
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Figure 3.25. Optical polarizing microscopic image from the 17%(w/w) solution of 

poly(rac-III)-S-catalyst in chloroform at room temperature.
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(S)-BINOL-Ti

(R)-BINOL-TiN N

C

N

C

N

poly(II)-S-catalyst

II

poly(II)-R-catalyst

Figure 3.26. Polymerization of monomer II with the (R)-BINOL-Ti and (S)-BINOL-Ti 

catalysts.

                                                    

                                                    poly(II)-R-catalyst

                                                    poly(II)-S-catalyst

                  Figure 3.27. CD spectra of poly(II)-R-catalyst and poly(II)-S-catalyst.
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(S)-BINOL-Ti

N N

C

N

C

N

poly(I)-S-catalyst

I

Figure 3.28. Polymerization of monomer I with (S)-BINOL-Ti catalyst.
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                           Figure 3.29. CD spectra of poly(I)-S-catalyst.
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Chiral induction of cyclopoly(1,2-dicarbodiimide)s by small chiral molecules

The transfer of chiral information to achiral or racemic supramolecules 

andmacromolecular helical systems from chiral guest molecules through noncovalent 

bonding interactions has attracted great interst in recent years.46-51 This is because 

chirality-transfer phenomenon can be used for sensing chirality for a wide range of chiral 

molecules, as well as for developing novel chiroptical devices and chiral materials as 

enantioselective adsorbents and catalysts.52-54 In particular, when a receptor molecule is 

achiral, but chromophoric, the noncovalent bonding to a chiral guest molecule may 

provide a characteristic induce circular dichrorism (ICD) in the absorption region of the 

receptor. The cotton effect sign can be used to determine the absolute configuration of the 

guest. In 1995, Yashima reported that macromolecular helicity with an excess helical 

sense could be induced in an optical inactive, dynamic helical polymer by an optically 

active small molecule.55 A cis-transoidal stereoregular poly((4-carboxy-phenyl)acetylene 

monomer with a rhodium catalyst was the first example of such a noncovalent, one-

handed-helicity inducton phenomenon using chiral acid-base interactions (Figure 3.29).

Upon acid-base complexation with chiral amines in DMSO, a dynamic one-handed 

macromolecular is induced in the polymer, resulting in characteristic ICDs in the long 

wavelength region of the -conjugated polymer backbone. The induced cotton effect 

sighs corresponding to the helix-sense of the polymer can be used for the chirality 

assignment of amines.
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OHO               Chiral Amines  NH2

H2N
OH

Figure 3.30. One-handed-helicity inducton phenomenon for polyacetylene using chiral 

acid-base interactions.55

Polyguanidines are one of most attractive polymers, which adopt helical conformation in 

both solution and solid state. These polymers are best modeled as single macromolecular 

chains that process regions of right- and left-handed screw senses separated by helix 

reversals. Polyguanidines can adopt kinetically controlled conformations protected by 

barriers sufficiently high to allow their isolation. The polymers can be transformed from 

kinetically controlled conformation to thermodynamically controlled conformation by 

heating.56 Also this transformation can be catalyzed by acids.57 Schlitzer and Novak 

reported that chiral acids, (R)-CSA and (S)-CSA can induce conformation order of 

poly(di-n-hexylcarbodiimide) by tight ionparing. The ionpairing of the chiral anion with 

the polymer forced the racemic mixture of helices to adopt a preferred handedness, which 

results in a material displaying large optical rotations. Here we report the chiral induction 

of poly(1,2-dicarbodiimide)s by small chiral molecules, such as chiral acid.
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Protonation of polyguanidine backbone can effectively decrease the helical reversal,57

and acid concentration has no effect on the chiral induct. We protonated poly(II)

backbone at a level of approximately 1 proton per repeat unit using benzoic acid to lower 

the inversion barrier between helical senses. After protonation, varying amounts of (S)-

camphorsulfonic acid was added. As the chiral counter ions added, they replace the other 

anions ion paired with the charged backbone. Through these chiral counterion-backbone 

interactions, the polymer adopts a preferred helical sense (Scheme 3.7) and the results are 

showed in Figure 3.30. At very low (S)-CSA concentrations (e.g., 60 guanidinyl repeats 

per (S)-CSA in chloroform, protonated poly-II shows small optical rotation –10o, but as 

the concentration is increased, the rotation became nonlinear and a net specific rotation 

greater than -1700o was observed. We also investigate the chiral induction for poly(III) 

and poly(I) (Figure 3.31 and Figure 3.32). Both protonated poly(I) and poly(III) by (S)-

CSA all showed very large net optical rotation. These effects are interpreted as a biasing 

of the helical distribution of poly(I), poly(II), and poly(III) by tight ion pairing between 

the protonated guanidine backbone and the chiral counterions. The CD spectra for 

protoned poly(II) with (R)-CSA in methanol was shown in Figure 3.33. This racemic 

poly(II) exhibited an ICD, in which the peak at 240 nm is from the polymer backbone 

and the peak at 300nm is the (R)-CSA absorption band. Unfortunately, we could not get 

the ICD for poly(I) and poly(III).
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Scheme 3.7. The mechanism of chiral induction of polyguanidine by small chiral 

molecule, (S)-CSA.
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NN

HN HN
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CSA CSA

Figure 3.31. The net specific rotation of Poly(II) as a function of acid concentration (mol 

of polymeric repeats: mol of camphorsulfonic acid).

-1800

-1600

-1400

-1200

-1000

-800

-600

-400

-200

0

05101520253035404550556065

Mol repeat units / mol (-)-CSA

N
et

 o
p

ti
ca

l r
ot

at
io

n



231
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Figure 3.32. The net specific rotation of poly(III) as a function of acid concentration 

(mol of polymeric repeats: mol of camphorsulfonic acid).
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NN
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Figure 3.33. The net specific rotation of Poly(I) as a function of acid concentration     

(mol of polymeric repeats: mol of camphorsulfonic acid).
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                                    Figure 3.34. ICD spectra of poly(II) by (R)-CSA.

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

2.5

3

200 250 300 350 400

Wavelength (nm)

C
D

 (
m

d
eg

)



234

3.6 Experimental procedure and characterization

3.6.1 General section

All glassware was either flame dried or oven dried overnight. Unless otherwise noted, 

all solvents were reagent grade and used without further purification except for drying 

over 3Å molecular sieves. Unless noted all NMR spectra (ppm) was measured in CDCl3

with a Bruker DPX-300 (300MHz).

3.6.2 The synthesis of 1,2-dicarbodiimide monomers

1,2-di(N’-n-methylthioureido)ethane.  All the diurea or dithiourea were prepared with 

the same procedure for the preparation of N, N’-di-n-hexylurea was employed as reported 

previously.

Monomer 1,2-di(N’-methylcarbodiimido)ethane, I. The dicarbodiimides were 

prepared similarly with a slight modification of literature procedures. 26.2 g 

triphenylphosphine (100 mmol) were dissolved in 200mL of absolute benzene, and 16.0 g 

of bromine (100 mmol) were added dropwise over the course of 20 minutes with stirring 

and cooling at 0~5oC. The resulting solution was allowed to stir for additional 10 minutes 

at room temperature. To the resulting suspension, 20.4 g of triethylamine (202 mmol)  

was then added with cooling. 8.25 g of 1,2-Di(N’-n-methylthioureido)ethane (40 mmol)  

were then introduced in five equivalent portions into this suspension over the next hour. 

After the last addition of thiourea, the reaction mixture was then heated under reflux for 

several hours and then cooled to 5oC. After removal of the precipitant of triethylamine 

hydrobromide by filtration, the filtrate was concentrated by a rotary evaporator. Addition 

of 20~50 mL ether to the viscous, brown oil served to remove triphenyl phosphine 
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sulphide. The ether was removed to give light yellow oil. The crude 1,2-di(N'-

methylcarbodiimido)ethane thus obtained was purified by distillation under vacumm. 

Yield: 42.6%; bp =  (Torr). 1H NMR (300MHz, CDCl3): δ (ppm) 2.983(s, 6H), 3.335(s, 

4H). 13C NMR (CDCl3): 162.8, 49.9, 32.9.

Monomer 1,2-di(N’-n-methylthioureido)isopropane, II. The same procedure for the 

preparation of 1,2-di(N'-methylcarbodiimido)ethane was employed. The quantitives of 

the reagents used were 26.2 g triphenyl phosphine (100 mmol), 5.1 mL bromine (16 g, 

189 mmol), 200 mL benzene, 20.4 g triethylamine (202 mmol), 8.8 g (40 mmol) of 1,3-

Di(N’-n-methylthioureido)-propane. Yield: 47.5%. 1H NMR (300MHz, CDCl3) δ(ppm) 

1.220(d, 3H), 2.979(s, 6H), 3.204(m, 2H), 3.567(m, 1H). 13C NMR (CDCl3): 162.8, 49.9, 

32.9.

Monomer trans-1,2-di(N’-methylcarbodiimido)cyclohexane, rac-III. The same 

procedure for the preparation of 1,2-di(N'-methylcarbodiimido)ethane was employed. 

The quantities of the reagents used were 52.47 g triphenyl phosphine (200 mmol), 10.31

mL bromine (31.86 g, 200 mmol), 400 mL benzene, 56.3 mL triethylamine (40.84 g, 413

mmol), 20.83 g (80 mmol) of 1,2-Di(N’-n-methylthioureido)cyclohexane. Yield: 56.88

%. 1H NMR (300MHz, CDCl3) δ (ppm) 1.365(m, 4H), 1.753(m, 2H), 1.998(s, 2H), 

2.987(s, 6H), 3.098(m, 2H). 13C NMR (CDCl3): 162.8, 49.9, 32.9.

Monomer (R,R)-1,2-di(N’-methylcarbodiimido)cyclohexane, R,R-III. The same 

procedure for the preparation of 1,2-di(N'-methylcarbodiimido)ethane was employed. 

The quantities of the reagents used were 52.47 g triphenyl phosphine (200 mmol), 10.31

mL bromine (31.86 g, 200 mmol), 400 mL benzene, 56.3 mL triethylamine (40.84 g, 413
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mmol), 20.83 g (80 mmol) of (R,R)-1,2-Di(N’-n-methylthioureido)cyclohexane. Yield: 

55.48 %. 1H NMR (300MHz, CDCl3) δ (ppm) 1.365(m, 4H), 1.753(m, 2H), 1.998(s, 2H), 

2.987(s, 6H), 3.098(m, 2H). 13C NMR (CDCl3): 162.8, 49.9, 32.9.

Monomer (S,S)-1,2-di(N’-methylcarbodiimido)cyclihexane, S,S-III. The same 

procedure for the preparation of 1,2-di(N'-methylcarbodiimido)ethane was employed. 

The quantities of the reagents used were 52.47 triphenyl phosphine (200 mmol), 10.31mL 

bromine (31.86 g, 200 mmol), 400 mL benzene, 56.3 mL triethylamine (40.84 g, 413

mmol), 20.83 g (80 mmol) of (S,S)-1,2-Di(N’-n-methylthioureido)cyclohexane. Yield: 

51%. 1H NMR (300MHz, CDCl3) δ (ppm) 1.365(m, 4H), 1.753(m, 2H), 1.998(s, 2H), 

2.987(s, 6H), 3.098(m, 2H). 13C NMR (CDCl3): 162.8, 49.9, 32.9.

Monomer cis-1,2-di(N’-methylcarbodiimido)cyclohexane, meso-III. The same 

procedure for the preparation of 1,2-di(N'-methylcarbodiimido)ethane was employed. 

The quantities of the reagents used were 52.47 g triphenyl phosphine (200 mmol), 10.31

mL bromine (31.86 g, 200 mmol), 400 mL benzene, 56.3 mL triethylamine (40.84 g, 413

mmol), 20.83 g (80 mmol) of cis-1,2-Di(N’-n-methylthioureido)cyclihexane. Yield: 51%. 

1H NMR (300MHz, CDCl3) δ (ppm) 1.368(m, 2H), 1.629(m, 4H), 1.798(s, 2H), 2.984(s, 

6H), 3.568(m, 2H).

3.6.3 General method for the polymerization of 1,2-dicarbodiimides

Monomer was added via syringe to a small vial containing a stirbar. Then add the 

catalyst and quickly stirred to ensure proper mixing. All manipulations were performed in 

a glove box. After the samples have gelled, then add a proper amount of acidic 

chloroform. The contents were stirred until dissolution was complete. The polymers were 
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precipitated into stirring cold hexane. The concentration of the polymer solution prior to 

precipitation is critical. Solutions which are too concentrated will not precipitate well, 

they will form insoluble beads of polymer. However, solutions are too dilute will form a 

milky precipitate which is very difficult to filter. The ideal concentration is one in which 

the polymer forms string-like texture when added to the cold hexane. After the 

precipitation is complete, the polymer if filtered through a Büchner funnel and dried 

under reduced pressure. Following this polymerization method, different cyclipoly(1,2-

dicarbodiimide)s were prepared.

3.6.4 Preparation of liquid crystalline polymer solutions

All the liquid crystalline solutions were prepared following the method described 

below. The diluted solution of polymer was first prepared in chloroform in 10mL vial, the 

weight percentage is about 5%. The solution was allowed to stirred overnight. The 

solution was slowing evaporated on the balance to obtain the desirable concentration of 

the solution. The solution was added onto a preclean glass slide with a cover. Each 

picture was taken using Nikon polarizing optical microscope.
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