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ABSTRACT 

 
 
 Supervising Professor:  Dr. Bruce M. Novak, PhD 
 
 
 
 
Polycarbodiimides are a developing class of helical polymers formed via synthesis, which utilize 

transition-metal facilitated polymerizations and contain the ability to incorporate a wide range of 

pendant groups onto the amidinate backbone, allowing for numerous applications. These highly 

regioregular polymers, confirmed by 15N NMR spectroscopic analysis, shows potential in practical 

applications concerning volatile organic compound sensing using poly(N-1-naphthyl-N-

octadecylcarbodiimde) (PolyNOC), due to the chiroptical switching nature of the polymer in the 

presence of temperature and solvent variation. This phenomenon is confirmed by studies 

conducted utilizing a real-time ATR-FTIR probe monitoring the rapid polymer response to various 

solvent and solvent mixtures, such as hydrogenated pyrolysis gas. PolyNOC’s varying responses 

to similar solvents were quantified and clarified using Hansen Solubility Parameters, assigning 

polycarbodiimides favorability to solvents with reduced standard deviations in polarity (δp), 

dispersion forces (δd), and hydrogen bonding forces (δh). Due to polyNOC’s and polyPOC’s 

(poly[N-1-phenyl-N-octadecylcarbodiimde]) helical nature and excellent solubility in various 

solvents, lyotropic liquid crystal behavior was observed with possible exhibition of Blue Phase III. 



 

vi 

Previously documented articles discuss the living nature of carbodiimide polymerizations 

mediated through titanium (IV) initiators, but were only verified for the Ti(IV) catalysts containing 

one alkoxide ligand. First-order kinetic experiments confirmed that chiral Ti(IV)-BINOL catalysts, 

that contain two potential activation sites, do not polymerize carbodiimides in a living fashion due 

to chain transfer existing in the system. Finally, potential chiral sensing properties to create a 

standard to determine enantiomeric excess across various functional groups were explored using 

carbodiimide copolymers with boronic ester functionality to reversibly bind chiral diols. The initial 

experiments indicated promise in imparting a helicity onto the achiral copolymer backbone using 

the chiral diol.  
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CHAPTER 1 

DEVELOPMENTS IN SYNTHESIS, CHARACTERIZATION AND SELF-ASSEMBLY 

OF POLYCARBODIIMIDE SYSTEMS1 

 
1.1 INTRODUCTION 

Chirality in biological small molecules (amino acids, sugars, natural products, etc.) and 

macromolecules (proteins, polynucleotides, polysaccharides, etc.) allows for magnificent 

selectivity and specificity in natural molecular recognition processes essential for the formation of 

life. The classical definition of chirality typically requires four dissimilar substituents attached to 

a central “chiral carbon”, however, the definition has expanded to include any molecular topology 

that has a non-superimposable mirror image. One example, akin to the polymers of biology, is the 

two oppositely rotating helical secondary structures of peptides or DNA (Figure 1.1; P helix = 

clockwise rotation; M helix = counter-clockwise rotation). The first synthetic helical polymer was 

discovered in 1955 when Natta and coworkers successfully polymerized propylene monomers in 

a highly isotactic fashion.1 Today, the synthetic repertoire of helical polymers has grown 

tremendously to include poly(m-phenylene ethynylene),2 poly(phenyl acetylenes),3,4 

 
Figure 1.1: General formation and structure of helical polycarbodiimides using transition metal 
initiators. 
 

1Reprinted with permission: Mammoottil, N. R., Reuther, J. F., Siriwardane, D. A., Kulikov, O. V. and Novak, B. 
M. (2017), Developments in synthesis, characterization, and self‐assembly of polycarbodiimide systems. J. Polym. 
Sci. Part A: Polym. Chem., 55: 2915-2934. Copyright 2017, John Wiley and Sons.  
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polyisocyanates,5-8 polyisocyanides,9-12 polysilanes,13 poly(quinoxaline-2,3-diyls),14,15 poly(cis-

acetylenes),16,17 to name a few.18  

The polymerization of carbodiimides using transition metal initiators, first reported in 

1994,19 has provided yet another class of helical macromolecules but one with a blend of favorable 

properties. When using titanium(IV) or copper(I/II) initiators,20 the polymerization was found to 

proceed in a controlled “living” fashion absent of chain termination and chain transfer side 

reactions. The formation of optically active polycarbodiimides with an excess helical sense has 

been achieved in various ways, with the most common being the incorporation of chiral pendant 

groups, or the utilization of chiral BINOL-Ti(IV) initiators.21 The past synthetic achievements in 

polycarbodiimides have been outlined in detail in our previous review.  

The partial conjugation of the nitrogen-rich, guanidine-like backbone causes these 

polymers to act as rigid-rods in solution with experimentally determined persistence lengths of 

~400 Å.22 Furthermore, polycarbodiimides are synthetically versatile with the ability to fine tune 

material properties through the facile incorporation of two dissimilar pendant groups per repeat 

unit via monomer design. Depending on the steric constraints of attached pendant groups, it is 

possible to tailor helical inversion barriers (Er) of polycarbodiimides to achieve either dynamic 

helical polymers (Low Er) or stable/static helical polymers (High Er) for specific applications. For 

example, Schlitzer et al. demonstrated the dynamic character of poly(N,N'-dihexylcarbodiimide) 

via inducing single-handed screw sense through the charge pairing of the basic polymer backbone 

and chiral acids.23 In contrast, Tang et al. synthesized polycarbodiimides with bulky anthracene 

pendant groups that displayed large Er values of ca. 36 kcal/mol, which is the highest helical 

inversion barrier for polycarbodiimides reported to date.24   
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Incorporating varied pendant groups has led to the discovery of several interesting 

properties including lyotropic/thermotropic liquid crystallinity,25,26 chiroptical switching,27-30 and 

antimicrobial activity. As mentioned, much of the past research on polycarbodiimides has been 

outlined in our previous review. Herein, we survey the most recent and current research in the area 

of polycarbodiimide synthesis, microstructure determination, and transition metal initiator design. 

Specifically, we discuss the 15N-isotopic enrichment of specific polycarbodiimides and the 

utilization of 15N NMR spectroscopy to identify the preferential regioisomer formed upon 

polymerization. Furthermore, 15N NMR and vibrational circular dichroism (VCD) spectroscopies 

 
Scheme 1.1: Mechanism of polycarbodiimide synthesis and possible regioisomers using 
Titanium (IV) catalyst.  
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were employed to elucidate the mechanism associated with the unique chiroptical switching 

process observed in specific polycarbodiimides. The development of novel nickel(II) initiators for 

the controlled “living” polymerization of carbodiimides is also detailed along with its utilization 

in the development of helical, end-functionalized polymers, graft-copolymers, rod-coil block 

copolymers, and star polymers. Finally, we describe the unique self-assembly behaviors observed 

in helical polycarbodiimide homopolymers and copolymers. 

1.2 DETERMINATION OF REGIOREGULARITY 

Regioregularity can affect various properties of polymer systems, such as altering the liquid 

crystallinity, semiconducting abilities, etc., depending on the monomer attachment.31,32 Hence, 

determining the microstructure of the polymer is significant in order to determine and understand 

the structure and property relationships. Polycarbodiimides, structurally, are a combination of both 

polyisocyanates and polyisocyanides, in that they contain one sp3 nitrogen (amine nitrogen) and 

one sp2 nitrogen (imine nitrogen) per repeat unit that bears the functionality of the polymer.33 

(Scheme 1.1) This offers synthetic versatility with a variety of substituents that can be 

incorporated, and the properties of the polymer to be selectively tuned upon alterations of pendant 

functionalities. Further, when incorporating two dissimilar pendant groups into polycarbodiimides, 

the formation of two regioisomers becomes possible.34 The bias towards regioregularity can be 

influenced by steric hindrance of the substituent groups, monomer coordination to the catalyst, 

and/or electronic effects pertaining to the substituent. If there is a lack of preference for monomer 

insertion, a regioirregular polymer is formed with both regioisomers placed randomly throughout 

the backbone.35 The regioregularity of polycarbodiimides is hypothesized to be dependent on the 
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sequential monomer insertions into the titanium(IV) catalyst, allowing for asymmetric 

carbodiimide monomer units to connect in a potential regioregular or irregular fashion.33  

Early work, with Tang and Novak et al., concluded that regioregularity could possibly be 

determined by examining the C=N stretching mode, at ~1610 - 1650 cm-1, using FTIR 

spectroscopy. The appearance of two peaks at 1641 and 1620 cm-1 in the FTIR spectra of poly(N-

1-anthryl-N’-octadecylcarbodiimide) was initially attributed to regioirregularity within the 

polymer, while the appearance of a single peak at 1622 cm-1 for poly[N-(1-anthryl)-N’-(R)-3,7-

dimethyloctylcarbodiimide] was designated to be regioregular throughout this polymer’s 

backbone.24 In order to further validate the FTIR analysis, Lu et al. conducted 13C NMR analysis 

for various polycarbodiimides to correlate substituent effects to regioregularity.36 Various 

regioisomers were assigned to polycarbodiimides, containing diaryl, dialkyl, and asymmetric 

alkyl/aryl substituents, by correlating chemical shifts to FTIR analysis in order to demonstrate 

trends between 13C NMR analysis and the C=N stretch. Even though these studies held validity in 

the deductions provided, a concrete conclusion cannot be reached without additional evidence.  

1.2.1 15N Labeling to Resolve Regioregularity 

 To further resolve and definitively prove regioregularity or irregularity for 

polycarbodiimides, DeSousa and Reuther synthesized a series of 15N labeled polycarbodiimides 

containing various aryl and alkyl groups.37,38 (Figure 1.2) The 15N labeled polymers were 

synthesized via amidation of various acyl chlorides with 15NH4Cl, Hofmann rearrangement, and 

deprotection to afford a library of 15N labeled amines.38 This was followed by the formation of 15N 

labeled urea, dehydration to carbodiimide monomers, and polymer synthesis. The first polymer 

synthesized, poly(N-phenyl-N’-hexylcarbodiimide), was 15N labeled at both the aromatic and alkyl 
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nitrogens (Poly-1), the aromatic nitrogen position (Poly-2), and the alkyl nitrogen (Poly-3).37 The 

equally isotopically labeled polymer (Poly-1) showed evidence of being completely regioregular 

due to the presence of two equally intense peaks at 136.5 ppm, for the imine nitrogen, and 15.5 

ppm, for the amine nitrogen. (Figure 1.3) Regioirregularity was disproven due to the absence of 

two extra 15N signals that would account for a second regioisomer. Poly-2, labeled only at the aryl 

position, showed a single peak at 136.5 ppm, and Poly-3 displayed single a peak at 15.4ppm, 

verifying regioregularity within an asymmetric carbodiimide polymer. Furthermore, this proved 

the specific attachment of pendant groups, with the aryl group consigned to the imine position and 

the alkyl group present only at the amine position.37  

A second series of polymers were synthesized to determine if the previous findings were 

consistent for symmetric polymers, asymmetric polymers containing substituents that have 

electronic influences, and polymers with pendant groups containing secondary carbons attached 

α-, β-, and γ- to the nitrogen of the backbone.38 Various substituents were attached at the 4-position 

 
Figure 1.2: 15N labeled polycarbodiimides to determine regioregularity in symmetric 
polymers, asymmetric polymers, and polymers with electronic effects from substituents.    
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of the phenyl pendant group to influence electronic effects, in order to observe any impact induced 

upon the polymer’s microstructure. Poly-4 and Poly-5, with electron withdrawing and electron 

donating para-substituents, respectively, were synthesized using achiral titanium initiators. 

(Figure 1.3) Poly-4, with a p-methoxy group, proved to be regioregular with the phenyl group, 

again, relegated to the imine position and the alkyl group to the amine nitrogen, showing a single 

peak at 15.2 ppm associated with the 15N labeled hexyl side chain.  

Further, Poly-5, containing a p-nitro group, was successfully synthesized but proved 

insoluble in all standard solvents. Therefore, FTIR analysis compared to the unlabeled version of 

the polymer was used in order to assign regioregularity. The unlabeled poly[N-(4-nitrophenyl)-

N’-hexylcarbodiimide) displayed a strong imine stretch at 1634 cm-1, comparable to Poly-5 with 

 
 
Figure 1.3: 15N NMR analysis to deduce regioregularity of polycarbodiimides. 
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an imine stretch at 1633 cm-1, indicating a lack of an isotopic shift for the imine stretching mode.38 

This provides evidence for the 15N labeled nitrogen being relegated to the amine position on the 

polymer. This result indicates that asymmetric polymers containing an aromatic and aliphatic 

groups are regioregular with the aryl group located on the imine nitrogen and the alkyl group found 

on the amine nitrogen, regardless of any electronic effects from phenyl substituents.38  

As electronic effects have been excluded, pertaining to the regioregularity of 

polycarbodiimides, the steric effects of substituents need to be considered to determine the 

selectivity of pendant group attachment to either the imine or amine nitrogen. To understand 

whether sterics is the main bias for regioregularity, Poly-6 through Poly-9 were synthesized and 

analyzed using 15N NMR.38 (Figure 1.3) Poly-6 contains a cyclohexyl group that has comparable 

steric A-values to phenyl groups (i.e. A = 2.15 and A = 3.00, respectively) with the notable 

difference being aromaticity. 15N NMR analysis exhibited a single peak at 1.20 ppm for Poly-6, 

reinforcing the idea of steric hindrance solely contributing to the regioregularity of the polymer. 

Since polymers with pendant groups containing secondary α-carbons have been synthesized and 

found to be located exclusively on the imine nitrogen (Poly-1 to Poly-6), Poly-7 and Poly-8 were 

synthesized to determine additional steric effects contributed by β-, and γ-carbons to the polymers 

regioregularity.38 (Figure 1.3) Poly-7, poly(N-benzyl-15N-hexylcarbodiimide), supports a slight 

loss of monomer insertion bias and resulted in regioirregularity to a certain extent. 15N NMR 

analysis show an ~8:1 integration of the peaks at -7.5 ppm and 128 ppm, respectively, with the 

majority of the benzyl groups being placed on the imine nitrogen.38 The phenyl ring was then 

positioned on the γ-carbon on Poly-8, resulting in a further loss of selectivity with a ~1:1 ratio of 
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the two regioisomers.  These results, collectively, show that steric influences of pendant groups 

are the major factor governing regioregularity within polycarbodiimides.  

In the case of symmetrical polymers, poly(15N,N-dihexylcarbodiimide) (Poly-10)   and poly(15N,N-

dibenzylcarbodiimide) (Poly-11), were analyzed using 15N NMR and showed evidence of two 

peaks. (Figure 1.3) Poly-11 had peaks appear at 137 ppm and 3.0 ppm, while Poly-10 displayed 

peaks at 133 ppm and 1.7 ppm for the imine and amine nitrogens, respectively. The appearance of 

two peaks indicates regioirregularity as designated via 15N NMR, but since the substituents are 

identical on both nitrogens, the polymers do not contain regioisomers. Hence, the polymers are 

neither regioregular or irregular due to the irregularity only appearing when a 15N labeled nitrogen 

is included within the polymer. To rule out the influence of chirality on the polymers 

regioregularity, (S) and (R)-BINOL titanium (IV) catalysts were also used to synthesize Poly-3, 

Poly-4, and Poly-10. The chiral polymers compared to its achiral counterparts showed no 

differences in the 15N NMR analysis in regards to their respective regioregularity.  

  

 
Figure 1.4: Polycarbodiimides containing anthryl and naphthyl pendant groups to determine 
chiroptical switching conformations. 
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1.3 MECHANISTIC STUDIES OF CHIROPTICAL SWITCHING 

Molecular switches imbedded within a structure have the capability to interconvert conformations/ 

isomeric forms due to influences of an external stimuli such as temperature, solvent, pressure or 

pH changes.39-42 Chiroptical switches, a class of molecular switches, undergo changes promoted 

by these external stimuli to modify the chirality of the compound depending on several variables 

including helical inversion, cis-trans isomerization, and cyclization.43-46 The changes in these 

chiral structures are commonly monitored using polarimetry, vibrational circular dichroism (VCD) 

and electronic circular dichroism (ECD).46 These optically active structures have recently garnered 

interest due to their applications as polymer catalyst supports, liquid crystal displays, molecular 

motors, chiral separation materials, and chiral sensors.6,47-49  

The first polycarbodiimide reported to display reversible thermo- and solvo- induced chiroptical 

switching was synthesized by Tang et al.29,30 Poly(N-1-anthryl-N’-octadecylcarbodiimide) (Poly-

 
 
Figure 1.5: Changes in specific optical rotation (SOR) of Poly-13 correlated to temperature 
with (a) chloroform, (b) THF, and (c) toluene.  
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12) was formed using a chiral titanium (IV) initiator and the specific optical rotation (SOR)/ECD 

Cotton effect of the polymer measured. (Figure 1.5) Unexpectedly, as the temperature was 

increased in dilute toluene solutions, Poly-12 exhibited changes in SOR and Cotton effect from 

positive to negative values (Figure 1.4). The possible mechanistic hypotheses that were proposed 

to clarify this phenomenon include helical inversions, imine inversions, or rotation around the N-

aryl bond.29,30  

The prospect of helical inversions inducing chiroptical switching within the polymer can 

be eliminated due to reversibility of switching evidenced in repeated cooling/heating cycles 

reproducing the same SOR values for each cycle. Full racemization can also be excluded due to 

the substantial amount of required energy and higher temperatures needed when compared to that 

of the switching process. Imine inversions within small molecules require energies between 20-26 

kcal/mol and temperatures of 50-180 °C, well above the energy range needed for the low-energy 

switching cycles.50 This leaves the possibility of rotation around the N-aryl bond as a viable source 

for the chiroptical changes, with the motion being directed by temperature and solvent effects.30 

The more polar solvents were believed to stabilize the higher energy state associated with low 

negative SOR values.  

A more versatile polymer was reported by Kennemur et al. that possessed intensified 

chiroptical switching in an array of solvents and at various temperatures.27 Poly(N-1-naphthyl-N’-

octadecylcarbodiimide) (Poly-13) contained a naphthyl group, structurally similar to the anthryl 

pendant of Poly-12, and displayed enhanced variable-temperature SOR deviations of ~1700° in 8 

different solvents with chloroform, THF, and toluene showing the most profound amplitude of 

switching.27 (Figure 1.5) Since 15N NMR and FTIR spectroscopies have proven to be a powerful 
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tool in the characterization of polycarbodiimides, we analyzed the imine region in FTIR and 15N 

NMR spectra to generate and quantify a two-state model rationalizing the chiroptical switching 

process.51  

1.3.1 15N NMR Analysis of Chiroptical Switching Polycarbodiimides 

 The two-state model was initially formulated when the 15N-labeled version of Poly-14 was 

analyzed via FTIR spectroscopy. (Figure 1.5) The two peaks appearing at 1619 cm-1 and 1602 cm-

1 in the imine stretching region had different intensities with the higher wavenumber peak 

appearing larger in intensity compared to the lower wavenumber when the polymer was dissolved 

in chloroform. The intensities of the peaks appeared to reverse when the polymer was instead 

dissolved in THF, with the peak at 1602 cm-1 becoming more prominent.51 The analysis of a Poly-

 
Figure 1.6: 15N NMR spectra of mono-functionalized Poly-14 in deuterated chloroform, THF, 
and toluene.  
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14 solution in toluene, showed a complete absence of the stretch at 1620 cm-1 leaving only the 

peak at 1602 cm-1. In order to quantify the populations of the two states, 15N NMR analysis was 

conducted on the 15N-labeled Poly-14 dissolved in CDCl3, THF-d8, and toluene-d8. (Figure 1.6) In 

CDCl3, two peaks appear at 148 ppm and 138 ppm, with the dominant peak being at 148 ppm and 

the relative integration approximately 2:1, respectively.51 The opposite can be seen with THF-d8 

with a downfield shift in the peaks to 153 ppm and 143 ppm and the peak at 143ppm being 

prominent. There is an absence of the second peak when dissolved in toluene-d8, with the only 

peak emerging at 139 ppm.  

The 15N NMR analysis for THF-d8, CDCl3, and toluene-d8 mirrors the intensity of the 

stretches in the FTIR results. The NMR analysis paired with the FTIR analysis can be correlated 

to the SOR values measured for the polymer solutions in these solvents. For the polymer formed 

using (R)-BINOL Ti(IV) initiator, high positive SOR values correlate to the upfield chemical shift 

in 15N NMR and the 1602 cm-1 stretch in FTIR, designated as State A.51 Conversely, low negative 

SOR values correspond to the downfield peak seen in 15N NMR and the 1620 cm-1 peak in FTIR, 

i.e., State B. The correlation between these three measured analyses confirmed that this chiroptical 

switching process is a consequence of varying populations of Poly-14 occupying either State A, 

State B, or an amalgam of both states.  

 Multiple solvents were studied in order to establish the extremes of the two-state model 

depending on both the SOR values and 15N NMR analysis. Dichloromethane displayed the highest 

optical rotation at [α]22435 nm = 625° , but the variation in SOR values were limited with the values 

never passing through 0°.51 15N NMR analysis displayed a single peak for DCM-d2 at 139 ppm, 

exhibiting an absolute occupation of the State A conformation. Poly-14 dissolved in benzene, in 
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contrast, exhibited the lowest SOR value at [α]22435 nm = -152⁰ and did not experience a variation 

towards the positive direction as a function of temperature, similar to DCM.51 Two peaks appear 

in the 15N NMR spectra of benzene-d6 with the more intense peak occurring at 148 ppm showing 

the polymer to be mostly State B. Regardless of the solvent used, the polymer occupied distinct 

conformational populations, as seen in DCM, benzene, CHCl3 and toluene, and the chemical shifts 

remain relatively constant for the two distinct states. Though the imine nitrogen provided evidence 

of the proposed two-state model, the effect of the distinct confirmations assumed by the polymer 

 
Figure 1.7: 15N NMR spectra of mono-functionalized Poly-14 in deuterated chloroform, THF, 
and toluene.  
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on the amine nitrogen needed to be examined.51 Poly(15N-1-naphthyl-15N-octadecylcarbodiimide) 

(Poly-15), a di-15N functionalized polymer polymerized using chiral (S)-BINOL titanium (IV) 

initiator, was synthesized and analyzed using 15N NMR. (Figure 1.7) In CDCl3, two peaks emerged 

in the amine region at 19.9 ppm and 11.5 ppm with almost equal intensity, with State A 

corresponding to the downfield peak at 19.9 ppm and State B related to the more dominant peak 

at 11.5 ppm.51 This trend continued for all solvents studied showing a reverse in peak intensities 

when compared to the imine nitrogen chemical shifts. The opposite chirality of Poly-15 also 

switched the trend of SOR values relating to the two-state model, but the solvent trends remained 

consistent. Changes in solvents used within Poly-14 and Poly-15 solutions have proven to alter 

 
Figure 1.8: Calculated conformations of State A and State B used to calculate theoretical VCD 
spectra of Poly-13 to correlate to experimental VCD spectra.  
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the conformations of the polymers.51 In addition to the impact of solvents, temperature influenced 

the conformations of the polymer from State A to State B in tandem with solvent effects. Variable-

temperature 15N NMR analysis of polymer solutions in CDCl3, THF, and toluene-d8 allowed for 

the quantification conformational population as a function of temperature.51 The observed solvent 

trends on the 15N NMR chemical shifts correlate well with the effect of temperature increase upon 

the conformation of the polymer, advancing towards State B in all solvents studied, with CDCl3 

showing the most dramatic change.  

 Calculation of the enthalpy and entropy changes associated with of the switching process 

was accomplished using van’t Hoff analysis to further quantify the interconversions of State A and 

B using the relative integrations determined via VT-15N NMR.51 The quantities of each 

confirmation can be used to calculate Keq and plotted versus T-1. Positive enthalpy changes were 

observed for all the solvents (i.e. endothermic switching) associated with the polymer adopting a 

higher energy state (State B) as the temperature increased. The highest observed enthalpy change 

is related to the polymer dissolved in chloroform due to a higher proportion of polymer chains 

populating the higher energy State B during the switching process.  

The large entropic gain from switching from State A to B proved to be the driving force behind 

the process. If the entropy change associated with the polymer systems are assumed to be the same 

in all the solvents, then the difference in entropy can be associated with the added disorder in the 

polymer solvation sphere as it switches from State A to State B.51 The highest entropic change can 

be seen with CHCl3 and the lowest disorder change with toluene, possibly due to higher 

favorability in solvent-polymer interaction through π-π stacking. This supports the limited ability 
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for the polymer system in toluene to undergo the switching process and an increase in switching 

temperatures.51  

1.3.2 Modeling of State A and State B Conformations 

 The hypothesized conformations of the two-state model can be qualitatively presented with 

the calculated energy values along with 15N NMR analysis. To propose specific macromolecular 

confirmations associated with State A and B, experimental vibrational circular dichroism (VCD) 

analysis and theoretical DFT calculations were conducted on Poly-13.52,53 (Figure 1.8) A Poly-13 

solution in DCM, containing a backbone in the State A conformation, was found to have an imine 

stretch at 1614 cm-1 with a strong ± bisignate VCD peak and a positive VCD peak at 1572cm-1 

associated with the naphthyl C=C aryl breathing mode. In CDCl3, where Poly-13 is predominantly 

State B, the IR spectra contains two stretches for the C=N bond at 1641cm-1 and 1621cm-1 with a 

blue-shifted ± bisignate VCD stretch. Also, the aryl breathing mode becomes CD inactive when 

dissolved in CDCl3.  

The calculation of theoretical VCD spectra by modelling the structures of Poly-13 was 

utilized to corroborate the experimental VCD spectra. Two models similar to Poly-13 were 

constructed consisting of 7 monomer units with the naphthyl pendant groups on the imine position, 

methyl groups (shortened from an octadecyl chain for simplicity) on the amine position, and the 

backbone oriented to form a P-helix. The naphthyl bridge angles (C3-N4-C5-C6) were oriented to 

135⁰ in model A and -124⁰ for model B and the models were optimized at the B3LYP/6-31G(d,p) 

level. These correspond to the aromatic naphthyl pendants being oriented in the same direction or 

opposite direction as the helical backbone rotation, respectively. (Figure 1.8) The final backbone 

displayed an angle change on the C1-N2-C3-N4 dihedral angles of -70⁰ for model A and -103⁰ for 
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model B, indicating a helical pitch change from 5/1 to a contracted 7/2. Both the theoretical and 

experimental VCD and IR spectra match very closely correlating the orientation of the naphthyl 

pendant groups in model A and model B to the conformations of State A (DCM) and State B 

(CHCl3), respectively.52  

Poly-12 was also studied using experimental models and an indifference in the 

experimental VCD spectra was noticed between toluene that has positive optical rotation values, 

and chloroform with negative optical rotation values, in contrast to Poly-13. Since the reorientation 

of the naphthyl pendant groups was considered as the principal cause of the changes in the SOR 

values and ECD spectra, the change in VCD pertaining to Poly-13 is linked to another effect, 

possibly to the helical pitch. Model A’ and model B’ were created to mirror the change in the 

helical pitch from 5/1 to 7/2 but with the oppositely rotated naphthyl pendants when compared to 

model A and B. The theoretical VCD spectra for models A’ and B’ reflected model A and B, which 

were not optimized to the helical pitch change. This concludes that the changes in SOR and ECD 

values is dependent on the orientation of the sterically bulky pendant groups on the imine nitrogen, 

while changes in the VCD were due to the change in the helical pitch of the backbone.52  

1.4 POST-POLYMERIZATION MODIFICATION OF PENDANT GROUPS  

1.4.1 Ligation of Small Molecules onto the Polycarbodiimide Helical Backbone 

Various helical polycarbodiimides were synthesized bearing aliphatic and aromatic 

pendants appended around the rigid backbone. Owing to the attachment of two tunable pendant 

groups per repeat unit, these polymers provide a more versatile scaffold for diverse post-

polymerization modifications. To date, we have utilized efficient “click” reactions (i.e. copper-

catalyzed Huisgen 1,3-dipolar cycloaddition reaction) and Sonogashira coupling reactions to 
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attached alkyne side groups of polycarbodiimides. This offers the ability to fine tune polymer 

hydrophobicity/hydrophilicity, backbone stiffness, and to attach functionalities not compatible 

with the polymerization initiators. Budhathoki-Uprety and Novak successfully synthesized various 

functional polycarbodiimides using this method through ligation of small molecules.54 (Scheme 

1.2)    

By incorporating aliphatic and/or aromatic alkyne pendants attached, we can functionalize 

each nitrogen, selectively, due to the formation of one preferred regioisomer, as previously 

discussed. The “click” reaction was characterized and confirmed using FTIR and 1H NMR 

spectroscopies showing the quantitative incorporation of functional azides in less than 30 minutes. 

This allows for another added degree of control when functionalizing these versatile polymers. 

Further, we incorporated two propargyl pendants to provide two clickable, functional arms per 

repeating unit for the double attachment of one desired functionality. Both the single and double 

 
Scheme 1.2: Ligation of small molecules onto alkyne-helical polycarbodiimide scaffolds via 
copper-catalyzed “click” reactions. 
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alkyne functionalized polycarbodiimides were developed to form a library of bioactive, 

antimicrobial polymers with propyl guanidine functionalities incorporated via “click” reaction. 55 

1.4.2 Development of Functional, Anti-Microbial Polycarbodiimides 

Synthetic antibacterial mimics imitating natural antimicrobial peptides have been a 

growing field due to the difficulty of synthesizing these peptides in large quantities and growing 

prevalence of antibiotic resistant bacterial strains. Natural antimicrobial peptides, that are 

commonly amphiphilic, usually contain a basic side chain and are able to be protonated at 

biological pH. This cationic, amphiphilic feature of antimicrobial peptides is duplicated in mimics 

using polymer systems that are evaluated as potential antimicrobial agents. Polycarbodiimides 

 
 
Figure 1.9: Mono- and di-alkyne functionalized polymers (Poly-16a-e) used for post-
polymerization modification (CuAAC reaction) to create guanidine functionalized 
polycarbodiimides (Poly-17a-e). 
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contain a stable, nitrogen-rich backbone that is able to incorporate two tunable pendant groups per 

repeat unit. The ability of the polymer to undergo post-polymerization modification allows for 

further tunability and integration of possible physiologically relevant pendant groups regarding 

antibacterial capabilities. Poly(N-alkyl-N’-propargylcarbodiimide) (Poly-16a-d) with various 

lengths of the alkyl chains and Poly(N,N’-dipropargylcarbodiimide) (Poly-16e) were synthesized 

with alkyne functionalities in order to incorporate propyl guanidinium side chains.55 (Figure 1.9) 

Poly-16a-e underwent ”click” reactions with propyl guanidinium azide to make either mono- 

(Poly-17a-d) or di-functionalized (Poly-17e) guanidinium polycarbodiimides. Poly-16a-d offers 

a hydrophobic aliphatic tail along with the hydrophilic guanidinium group after incorporation, 

addressing the amphiphilic feature seen in other synthetic mimics, and Poly-16e presents two sites 

for post-polymerization modification that may increase the antibacterial activity of the polymer. 

Previous studies conducted have shown guanidine to be preferred in some cases compared to the 

usual quaternary ammonium groups used in antibacterial experiments. Hence, the incorporation of 

guanidine into polycarbodiimides would allow for the polymer to be utilized as an antibacterial 

agent.  

The guanidinium functionalized polymers were tested for minimum inhibitory 

concentration (MIC) against gram-negative E. coli and A. baumanii as well as gram-positive S. 

aureus and methicillin-resistant S. aureus (MRSA). In the case of E. coli, Poly-17a had no effect 

on the bacteria even when tested up to concentrations of 1024 µg/mL, while Poly-17b-e showed 

vastly improved antibacterial activities with Poly-17d showing the best effect at MIC = 64 µg/mL. 

Poly-17a, again, had no effect against drug-resistant MRSA, but Poly-17b-d displayed MIC values 

of 128 µg/mL with Poly-17e displaying the best result at 64 µg/mL. For S. aureus, Poly-17a once 
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more showed no antibacterial activity, while Poly-17c-e exhibited MIC = 128 µg/mL, with Poly-

17b displaying the most antibacterial effect at 64 µg/mL. A. baumanii proved to be very resistant 

to the polymer antibiotics with Poly-17a, -17b and -17e proving ineffective against the bacteria 

and Poly-17d showing MIC of 512 µg/mL and Poly-17c displaying the lowest MIC at 256 µg/mL. 

The decrease in alkyl chain length from Poly-17a-d influenced the antibacterial activity with the 

most hydrophobic polymer, Poly-17a having little to no antibacterial activity. This could be due 

to shielding of the cationic side chains with the hydrophobic tail. In contrast, the increased 

hydrophilicity due to shorter alkyl side-chain lengths of Poly-17b-d, and di-functionality in Poly-

17e was found to be more effect against these common bacteria.55  

When testing hemoreactivity, Poly-17a showed relatively lower hemoreactivity with HD50 

of 6.18 mMol, while Poly-17b-e showed immediate hemoreactivity, by precipitating red blood 

cells within the span of a minute. The high hemoreactivity of Poly-17b-e could be due to the 

interaction between the red blood cells and the cationic polymer, while the low hemoreactivity in 

Poly-17a is related to the shielding of the cationic moiety from the long dodecyl chains. Even 

though the polymers indicative of higher antibacterial activity induces the precipitation of red 

blood cells, their use for antibacterial blood clotting applications, especially for wound protection, 

can be further explored.  

1.4.3 Selective Functionalization of Each Nitrogen 

To provide a route to orthogonally functionalize both backbone nitrogen atoms selectively, 

two new methodologies were developed.56 The first utilized triisopropylsilyl (TIPS) protected 

ethynylbenzene pendant groups along with unprotected alkyl-alkyne pendants to form regioregular 

polycarbodiimides that can be modified one nitrogen at a time via “click”, TIPS deprotection, and 



 

23 

second, dissimilar “click.” The second route developed in this study utilized the orthogonal “click” 

reactions of copper-catalyzed Huisgen’s cycloaddition and thiol-ene click chemistries. These 

grafting strategies emphasize towards more structural control for synthesis of new polymer-peptide 

or polymer-drug conjugate functionalities for various biomedical applications. 

Furthermore, this methodology for functionalization has recently been extended to new, 

exciting applications outside of the Novak lab. Heller and coworkers functionalized alkyne 

appended polycarbodiimides with hydrophilic amines, carboxylic acids, and oligoethylene glycol 

azides via “click” chemistry to facilitate water-solubility.57 The resulting polymers were then 

utilized for the encapsulation and dispersion of single-walled carbon nanotubes (SWCNT) in 

aqueous solvents.  

Additionally, this encapsulation enabled modulation of inter-nanotube exciton energy 

transfer (INEET) and produced up to a 12-fold difference in photoluminescence efficiency 
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Scheme 1.3: Synthesis of novel Ni(II) initiators for the incorporation of end-groups into 
polycarbodiimides and the synthesis of various polycarbodiimide topologies. 
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depending on the encapsulating polycarbodiimide. This modulation is controlled by the inter-

nanotube association of amine-polycarbodiimide encapsulated SWCNTs and carboxyl-

polycarbodiimide encapsulated SWCNTs. This INEET process can then be effectively decreased 

upon addition of additional, free amine-polycarbodiimide breaking up inter-nanotube aggregates 

offering additional control and opening interesting sensory applications.57  

1.5 SYNTHESIS OF END-FUNCTIONALIZED POLYCARBODIIMIDES AND UNIQUE 

POLYMERIC TOPOLOGIES 

Synthesis of block copolymers and studying their microphase separation offer the ability 

to explore great chemical diversity and develop novel nanoscale assemblies through structural 

control. This synthesis strategy has emerged as a powerful tool and the utilization of chiral 

polymeric architectures has opened up applications including biomimetic drug delivery vehicles, 

stimuli responsive materials, and polymer nanocomposites. 

The polymerization of carbodiimides goes through a reversible coordination-insertion 

mechanism first being initiated upon transfer of specific/modifiable ligand to the electrophilic 

carbon center of carbodiimides, forming Ti-amidinate complexes.  Propagation then ensues in a 

living chain-growth manner with the modifiable transfer ligand appended to the end terminus of 

the polymer chain. This synthesis strategy provides many opportunities for block copolymer 

synthesis.   In this regard, Reuther et al. developed square-planar, η1-aryl Ni(II) bromide based 

initiators for polymerization of carbodiimides and the specific incorporation of functional end-

groups.58 These Ni(II) initiators are substantially more air and moisture stable when compared to 

their Ti(IV) counterparts and polymerize carbodiimides in a controlled, living manner. Herein, we 

discuss the utilization of this novel polymerization technique in the formation of rod-coil block 
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copolymers, helical-arm graft copolymers, and helical arm star polymers with chiral 

polycarbodiimide segments.  

1.5.1 Synthesis of Ni(II) Initiators 

  In the presence of triphenylphosphine and specific aryl bromides, bis(1,5-cyclooctadiene) 

nickel (0), i.e., Ni(COD)2, undergoes oxidative addition into the aryl bromide bond forming a 

square-planar Ni(II) complex. (Scheme 1.3) By using functionalized aryl bromides, specific 

functional groups can be incorporated into the η1-aryl ligand which act as the necessary initiator 

ligand for the initiation of carbodiimide polymerizations. Helix-sense selective polymerization can 

be induced upon polymerization of chiral monomers with achiral initiators. For polycarbodiimide 

synthesis, chiral N-phenethyl-N’-methylcarbodiimide (PMC) monomers are prime candidates to 

achieve helix-sense selective polymerizations due to the resulting polymers (PPMC; poly(N-

phenethyl-N’-methylcarbodiimide)) possessing many interesting properties such as cholesteric 

liquid crystallinity,26 rigid-rod backbone structure,22 and enantiomerically pure helical secondary 

structure.58  

 
Scheme 1.4: Synthesis of PBrS macroinitiators via oxidative addition of Ni(COD)¬2 onto the 
aryl bromide pendants and subsequent graft copolymerization of PMC monomers. 
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The Ni(II)-mediated polymerization occurs via a controlled, “living” chain growth 

mechanism, absent of chain-terminating and chain transfer side reactions, as evident by kinetics 

analysis. The first initiators designed for the proof-of-concept studies contained simple phenyl 

(Initiator-1) and 4-trifluoromethylphenyl (Initiator-2) η1-aryl ligands.58 (Scheme 1.4) The 

trifluoromethyl aromatic substituent allowed for molecular weight characterization by 19F NMR 

spectroscopy by incorporating a chemically dissimilar fluorine into the monomer. Further, 

incorporation of nitrogen-15 into the carbodiimide monomer and subsequent 15N NMR analysis of 

the polymer formed confirmed the formation of the same regioisomer formed using Ti(IV) upon 

polymerization of N-phenyl-15N-hexylcarbodiimide with Initiator-1. Using VCD spectroscopy, 

we confirmed that the polymerization of (R)- or (S)-PMC monomers with these Ni(II) initiators 

resulted in the specific formation of the P or M helical backbone secondary structures. 

1.5.2 Helical, Rod-Coil Block Copolymer Synthesis 

 
Scheme 1.5: Synthesis of alkyne end-functionalized PPMC homopolymers and rod-coil 
block copolymers via “click reaction” of functional end-groups.  
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This newly developed synthesis strategy allowed for the incorporation of chiral, helical 

polycarbodiimides into a variety of different polymer architectures leading to the discovery of 

interesting nanoscale assemblies. The introduction of a second chemically diverse segment has 

emerged as a powerful tool to access diverse self-assembly behaviors via microphase separation. 

The incorporation of helical, rigid-rod segments into block copolymers (i.e. rod-coil block 

copolymers) has further expanded the scope of nanoscale design introducing dissimilar self-

assembly constraints, most notably the self-association behavior of anisotropic rigid-rod blocks. 

Implications of this technique extend towards using rigid-helical polycarbodiimides as potential 

nanocarriers in many applications such as drug delivery and catalysis. For these reasons, we sought 

to synthesize novel helical, rod-coil block copolymers with chiral polycarbodiimide segments.  

Taking advantage of end-functionalization, Reuther and coworkers polymerized enantiomeric 

PMC monomers with a TIPS-protected alkyne functional Ni(II) initiator (Initiator-3).59 Through 

post-polymerization modification, azide end-functionalized polystyrene and polyethylene glycol 

were coupled to alkyne end-functionalized PPMC via copper catalyzed “click” reactions to yield 

rigid-rod helical-block-random coil copolymers. (Scheme 1.5) Further, triblock rod-coil 

copolymers have been synthesized using di-azide functionalized PEG polymers using the same 

synthesis strategy. These amphiphilic block copolymers were found to self-assemble into diverse 

nanostructures simply upon altering the solvent and/or blending with hydrophobic, helical PPMC 

homopolymers. Furthermore, these polymers retained the lyotropic liquid crystallinity of PPMC 

(cholesteric mesophase) in concentrated toluene solutions and adopted nanofibular morphologies 

in the thin film upon thermal annealing above the melting temperature of PEG (ca. 65 °C). The 
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nanoscale assemblies of the amphiphilic PPMC-b-PEG copolymers will be outlined in the next 

section. 

1.5.3 Polycarbodiimide Graft Copolymers 

These polymers offer new opportunities for synthesis of graft copolymers using post-

polymerization “graft-from” and “graft-to” strategies. Additionally, the structural features of 

polycarbodiimides allow for the formation of alternating graft copolymers functionalized at each 

nitrogen selectively. Kulikov et al. reported the synthesis of graft copolymers from (R) and (S) 

families of polycarbodiimides.60,61  In these strategies, we utilized click chemistry as post-

polymerization modification to attach specific ATRP initiating sites or azide-terminated PS 

homopolymers to the rigid polycarbodiimide backbone. First, the meta-alkyne functionalized 

phenyl ring was incorporated as a pendant group randomly into the helical backbone via the 

random copolymerization of N-(3-ethynylphenyl)-N’-hexylcarbodiimide and N-phenyl-N’-

hexylcarbodiimide. In the “graft-from” approach, the azide functionalized tertiary alkyl bromide 

initiator was clicked onto the alkyne functionality. This initiator site was then utilized to initiate 

the atom transfer radical polymerization (ATRP) of styrene.  This creates graft copolymers with 

 
Scheme 1.6: Synthesis of PBrS macroinitiators via oxidative addition of Ni(COD)¬2 onto the 
aryl bromide pendants and subsequent graft copolymerization of PMC monomers. 
 

 

 

 

 

 

 

 

 

 

 

 

 

N C N
H3C

N

N

NInitiator-5

toluene, N2, RT

N
CH3

N N
CH3

N

N N
H3C

x

x

x



 

29 

random-coil polystyrene extended from the helical backbone to form helical bottle-brush 

copolymers.  Both strategies were characterized using GPC and the interesting self-assembly 

behaviors of these copolymers is outlined in the next section. 

Reuther et al. also reported the synthesis of graft copolymers composed of rigid, helical 

PPMC arms extended from random-coil poly(4-bromostyrene) (PBrS) scaffolds.58 (Scheme 1.5) 

In this strategy, the active Ni(II) initiation site was generated in situ via oxidative addition of 

Ni(COD)2 into the polymeric aryl bromide pendant groups. The catalyst formation was evident by 

the color change to deep red and was characterized using 1H and 31P NMR spectroscopy. 

Introduction of the PMC monomer then allowed for the controlled graft copolymerization 

appending helical arms of ~8.9 kDa to 22% of pendants of PBrS, as confirmed by GPC and 1H 

NMR. The self-assembly behavior was also studied for these all polymers using atomic force 

microscopy (AFM).  

1.5.4 Multi-arm Star Polycarbodiimides 

Star polymer architecture have attracted attention among polymer chemists recently due to 

their facile synthesis using controlled polymerization techniques, high degree of functionality, and 

unique self-assembly behavior.  To achieve multi-arm star polymers, both core-first strategy and 

arm-first method can be employed. In this regard, we attempted arm-first method by synthesizing 

nitrile end-functionalized PPMC using Initiator-4.62 Unfortunately, the trimerization reaction of 

the nitrile group in the presence of neat triflic acid (CF3SO3H) was not successful. Conversely, we 

successfully employed the core-first method using an initiator specifically designed with multiple 

initiating Ni(II) sites (Initiator-5). Using chiral PMC monomers, helical, rigid-rod arms were 
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grown from the core in a living, controlled fashion yielding a multi-arm star polymer with 

enantiomerically pure PPMC arms. (Scheme 1.6)  

1.6 SELF ASSEMBLY BEHAVIOUR OF POLYCARBODIIMIDES 

The novel synthetic methodology utilizing Ni(II) based initiators has opened up many new 

opportunities for the formation and incorporation of chiral, helical polycarbodiimides into a variety 

of polymer systems. This includes the synthesis of helical rod-coil block copolymers, helical graft-

copolymers, and helical star polymers. These diverse polymer structures and topologies were 

hypothesized to adopt interesting self-assembly behaviours due to the incorporation of anisotropic 

rod-like polycarbodiimides. Furthermore, the chirality of the helical polymer secondary structure 

offers potential for the formation of chiral nanostructures, which have garnered much interest in 

applications such as chiral seperations, biomimetic drug delivery, and enantioselective catalysis.  

 
 
Figure 1.10: Nanofibular aggregates and superhelices assembled from different alkyne 
polycarbodiimides as evidenced by AFM.  
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1.6.1 Polycarbodiimide Homopolymer Thin Film Morphologies  

 (R)- and (S)-series of ethynylpolycarbodiimides (denoted as alkyne PCDs) and their respective 

triazole derivatives were characterized by combination of AFM, TEM, and SEM techniques.61 

Figure 1.10 showed the representative AFM images of the (S)-85-ET-15-Ph-PCD obtained by 

spin-coating from CHCl3 before thermal annealing (panel a) and after annealing (panels b, c), and, 

also (S)-100-ET-PCD composite (panels d-f) spin-coated from CHCl3, thus unambiguously 

confirming the formation of various fiber-like morphologies, their respective sizes, and the relative 

thermal stability. (Figure 1.10) 

Observed aggregation behaviors may be associated at a molecular level with the inter-

digitation of n-alkyl side chains protruding from polycarbodiimide backbone. This implies that 

variations in side chain structures allows the tenability of hydrophobic interactions, and, hence, 

the control of aggregation. Superhelical motifs of both right- and left-handed screw senses were 

 
 
 
Figure 1.11: Summarized solvent tunable nanostructures formed upon casting PPMC-PEG 
RCPs from various solvent combinations and blending with hydrophobic PPMC homopolymer.  
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identified for the thin film fibrous aggregates formed from ethynyl polycarbodiimides in 

THF/EtOH (25%, v) solvent mixture.61 These superstructures should not be confused with helical 

configurations (i.e., P- and M-helices) of the individual polycarbodiimide macromolecules. 

We assume that helicity in polycarbodiimides may be introduced by lateral side chains specifically 

arranged with respect to the polymer main chain, i.e., the configuration of the side chain can induce 

the twist in the polymer backbone. Furthermore, macromolecules can self-assemble in a thin film 

to form a great variety of complex supramolecular architectures, such as fibers, looped fibers, 

superhelices, fibrous networks, ribbons, worm-like aggregates, toroidal structures, and craters 

identifiable by AFM-analysis.  

Despite the fact that there is no linear relationship between concentration and the diameter 

of fibers/ribbons formed when spin-coated from CHCl3 on Si-wafer, it seemed likely that 

decreasing the concentration of stock solution allowed to control the thickness of fibrous 

aggregated morphologies for (S)-100-ET-PCD. (Figure 1.11, panels a-f) Thus, the fibers with an 

average diameter ~76 nm (panel b) and 38-60 nm (panel c) transformed into 30-40 nm fibrous 

network (panel e) and ~12-20 nm assemblies (panel f). AFM inspection of other alkyne PCD 

dilution series is in accordance with this general trend. 

1.6.2 Amphiphilic Rod-Coil Block Copolymer Assembly 

The formation of PPMC-b-PEG rod-coil block copolymers (RCP) provides a new, chiral 

polymer scaffold for nanoscale design due to the global amphiphilicity of the copolymer structure 

(i.e. hydrophobic PPMC attached to hydrophilic PEG). This is demonstrated upon casting these 

di- and tri-block RCPs from solvent mixtures containing selective solvents for the PEG blocks 

such as water, methanol, and ethanol. The resulting nanostructures were characterized using AFM  
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and demonstrated the ability to form a variety of nanoshapes simply upon changing the solvent 

proportions, selective solvent, and/or blending with hydrophobic PPMC homopolymer.63 (Figure 

1.11) Four RCPs were synthesized in this report including two diblock RCPs (RCP-1 and 2) and 

The formation of PPMC-b-PEG rod-coil block copolymers (RCP) provides a new, chiral polymer 

scaffold for nanoscale design due to the global amphiphilicity of the copolymer structure (i.e. 

hydrophobic PPMC attached to hydrophilic PEG). This is demonstrated upon casting these di- and 

 
 
Figure 1.12: AFM images of RCP-1 blended with (R)-PPMC homopolymer (top) or RCP-3 
blended with (S)-PPMC (bottom) and cast from dilute THF/25 v% EtOH solutions displaying 
the preferential formation of P or M super-helical assemblies, respectively.  
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tri-block RCPs from solvent mixtures containing selective solvents for the PEG blocks such as 

water, methanol, and ethanol. The resulting nanostructures were characterized using AFM  and 

demonstrated the ability to form a variety of nanoshapes simply upon changing the solvent 

proportions, selective solvent, and/or blending with hydrophobic PPMC homopolymer.63 (Figure 

1.11) Four RCPs were synthesized in this report including two diblock RCPs (RCP-1 and 2) and 

two triblock RCPs (RCP-3 and 4) both with varying MWs of PEG (i.e. Mn = 10 kDa for RCP-1 

and 4; Mn = 20 kDa for RCP-2 and 3).  

When cast from THF/H2O solvent mixtures all RCPs were found to form either spherical 

micelles or polymersomes depending on the relative proportions of H2O utilized for dissolution 

(e.g. high water content yielded micelle assemblies and low water content yielded polymersomes). 

Switching the selective solvent to MeOH induced interesting size and shape alterations to the nano-

objects formed. For example, when cast from THF/10 v% MeOH solutions, RCP-1 adopted 

 
Figure 1.13: Developing nano-ring patterns in the thin film from PS-polycarbodiimides.  
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interesting nano-maggot micelle morphologies with pronounced oblong shapes. Increasing the 

proportions of MeOH in solution to 90% induced elongation of these aggregates forming nano-

worm micelles with substantially longer lengths. Additionally, blending all RCPs with 

hydrophobic PPMC homopolymer in THF/25 v% MeOH incited another morphological transition 

to long, interconnected nanofiber assemblies with the hydrophobic PPMC effectively encapsulated 

within. These diverse nanostructures are summarized in Figure 1.11.63 

Furthermore, we demonstrated the formation of super-helical nanofibers of defined 

chirality using these chiral RCPs. (Figure 1.12) When blending RCP-1,2, or 4 (which contain the 

(R)-1-phenethyl pendant group) with (R)-PPMC in THF/25 v% EtOH solutions, we observed the 

formation of long, right-handed P super-helical aggregates, exclusively. Vice versa, we formed 

 
 
Figure 1.14: Exemplified spherical particles generated from PS-PCDs in thin film (AFM data) 
and summary for the different types of aggregated morphologies derived from 
polycarbodiimides.  
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the M super-helical aggregates, selectively, when blending RCP-3 with (S)-PPMC in the same 

solvent combinations. Using VCD spectroscopy, we previously proved that the incorporation of 

the enantiopure (R)- or (S)-1-phenethyl side chain into PPMC forms the P or M helical secondary 

structures, respectively. This helical chirality transfers to the chiral nanostructures formed by these 

block copolymers.  

1.6.3 Polycarbodiimide Graft-Copolymer Self-Assembly 

Also shown are the morphologies formed from polycarbodiimide-graft-polystyrenes 

(denoted PS-PCDs) spin-coated from CHCl3 stock.60 (Figure 1.13) Unlike alkyne 

polycarbodiimides aggregation behaviours in CHCl3, the major observation for CHCl3 dilution 

series of polycarbodiimide-graft-polystyrenes having a large polystyrene block is their ability to 

form nano-rings at particular concentration, so that well-defined circular patterns represent a 

“transient morphological motif” that arises from concentration changes of stock solution. Nano-

rings with outer diameter ~ 748 and 771 nm and their respective inner diameters ~550 and 580 nm 

are clearly observed in Figure 1.13g. This provides an evidence for such ring-like architectures, at 

least in the thin film phase.  

Noteworthy, increasing the solvent polarity (i.e., changing CHCl3 to THF or, alternatively, 

to THF/EtOH (25%, v) binary mixture) displayed an adverse effect on self-organizing properties 

of tested PS-composite that can be further utilized to grow specific spherical motifs for certain 

materials science applications.60 (Figure 1.14) 

Figure 1.14 showed AFM micrographs of (S)-50-TRZinsol.-50-Ph-STYR(1:50)-PCD(tol.) 

spin-coated from THF stock onto Si-wafer (5.0 mg/mL, panels a, b) and from THF/EtOH (25%, 

v) stock (1.0 mg/mL, panels c, d), respectively, displaying clearly distinguishable nano-spheres of 
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~150 nm in size at different concentrations that were formed due to aggregation of individual 

macromolecules. The table shown on the left side is to briefly summarize our experimental results 

on secondary structure types found for polycarbodiimides in thin film. 

In summary, grafting PS-segments by ATRP-reaction from the polycarbodiimide backbone 

influenced self-assembling properties, thus macromolecules tend to aggregate into craters/nano-

rings rather than fibers, a predominant motif found for all alkyne polycarbodiimides. Also, low 

concentrations are favourable for toroidal aggregates to be formed in CHCl3. In a practical sense, 

applying more polar THF or THF/EtOH (25% by volume) solvent systems induced formation of 

spherical aggregates as shown by combination of AFM and SEM techniques.  

Additionally, the self-assembly of graft-copolymers with chiral PPMC pendants extending 

from the random-coil PBrS scaffold has also been investigated.58 The incorporation of (S)-PPMC 

through the controlled graft polymerization of the PBrS-Ni(II) macroinitiator induced the 

formation of long nanofibullar aggregates when spin-coated from CHCl3 and annealed in CHCl3 

 
Figure 1.15: AFM (a) of super-helical aggregates formed when star-PPMC is spin-coat from 
THF/EtOH solvent mixtures and SEM image (b) of star-PPMC electrosprayed from 1,1,2,2-
tetrachloroethane.  
 

 

 

a) b)



 

38 

vapor. The fibers displayed an average diameter of ~171 nm suggesting that the liquid crystallinity 

of PPMC causes these pendants to aggregate intermolecularally very significantly. This diameter 

corresponds to ~10 graft copolymers self-associated from one end of the fiber to another.  

1.6.4 Self-Assembly of Polycarbodiimide Star Polymers 

 Again, taking advantage of the “living” nickel(II) mediated polymerization of 

carbodiimides, Siriwardane et al. synthesized three-arm star polymers with chiral, rigid-rod PPMC 

arms extending radially from a central core.62 These polymers were found to adopt unique 

nanoscale aggregates when compared to linear PPMC analogues. This star-PPMC adopted thin-

film nanofibullar morphologies when spin-cast from dilute THF and toluene solutions as well as 

nanoporous thin-film morphologies from CHCl3 solutions. Altering the casting solvents to 

THF/EtOH solvent mixtures induced the formation of tangled, interconnected super-helical 

nanofibers (Figure 1.15) whereas the linear PPMC homopolymers adopted straight nanofibers with 

no defined helicity. Finally, when electrosprayed from tetrachloroethane, these interesting star 

polymers formed unique, red-blood cell-like nano-platelet morphologies which could hold 

biomimetic drug delivery applications. 

1.7 CONCLUSIONS 

The complete survey of recent advancements in polycarbodiimide chemistry have been 

detailed throughout this comprehensive review. We described the identification of the specific 

regioisomer formed when polymerizing carbodiimides where the more sterically bulky pendant 

group was relegated to the imine nitrogen in all cases studied. Furthermore, we found that the 

unique chiroptical switching process observed for specific polycarbodiimides occurs via a dynamic 

equilibrium between two discrete states. Coupling VCD spectroscopy with DFT modeling, we 
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identified that these two states consist of oppositely rotated naphthyl pendants with the substituents 

oriented in the same direction of the P helical backbone in State A and opposing the helical rotation 

in State B. Also, a significant backbone helical contraction was identified upon switching from 

State A to B. Additionally, the developments in polycarbodiimide synthesis are surveyed with 

descriptions on the recent/current utilizations of Ni(II) based initiators for the controlled formation 

of polycarbodiimide block copolymers, graft copolymers, and star polymers. Finally, we described 

the very interesting self-assembly of polycarbodiimide homopolymers and copolymers showing 

the ability to form a wide range of functional nanostructures including nanofibers, super-helices 

with defined chirality, nano-rings,  and nano-worms, to name a few.  
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CHAPTER 2 

POLYCARBODIIMIDE SOLVENT INTERACTION, LIQUID CRYSTALLINE 

PROPERTIES, AND SOLID STATE SENSING OF VOCS USING THE BISTABLE 

EXPANSION AND CONTRACTION OF HELICAL POLYCARBODIIMIDES2 

2.1 INTRODUCTION 

2.1.1 Volatile Organic Compound (VOC) Sensing 

 Biomimetic technologies that use the discrete conformational changes of individual 

synthetic macromolecules are emerging in areas of catalysis, microelectronics, biotechnology, and 

photovoltaics.1 Selective and nonselective sensors for VOCs are used for a variety of applications 

including food and beverage quality control to the diagnoses of disease and medical conditions.2−7 

Despite the wide application of VOC sensing, commercially available technologies are mainly 

based on the collective properties of molecules for signaling (e.g., swelling, conductance, 

etc.).2−4,7−9 The current market for VOC sensing require several components to qualify a successful 

device, such as high throughput, high sensitivity, high selectivity and rapid response time. Existing 

sensors are able to achieve a few factors, but aren’t able to fulfill the promise of achieving all 

aspects simultaneously.  

Presently, in the petroleum industry, reforming of naptha during steam cracking for olefin 

production creates hydrogenated pyrolysis gasoline, also known as BTX mixture (benzene, toluene 

and xylenes mixture).37-38, 41 This aromatic mixture is the feedstock supply providing the worlds 

 
 

2Reprinted with permission from Solid State Sensing of Nonpolar VOCs Using the Bistable Expansion and 
Contraction of Helical Polycarbodiimides. Raymond Campos, James F. Reuther, Nimmy R. Mammoottil, and Bruce 
M. Novak. Macromolecules 2017 50 (13), 4927-4934. Copyright 2017 American Chemical Society. 
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source of benzene, toluene and xylenes and their hydrogenated derivatives worth approximately  

$4,000/ton, with benzene used to produce styrene and cumene, toluene used as a solvent in the 

creation of dyes and paint thinner, p-xylene expended to create polyethylene terephthalate and o-

xylene necessarily needed to synthesize plasticizers.37-38 The market is currently valued at $90 

billion in revenue that has steadily grown at a rate of 3.6% per year.37-38 To separate the benzene, 

toluene and xylene mixture, the compound undergoes aromatic fractional distillation, which is then 

verified for purity using gas chromatographs (Figure 2.1).39  

 

Figure 2.1 Aromatics fractionation unit created by SIEMENS for the use of separating BTX 
mixtures39 
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Both methods incorporate highly expensive equipment that also require a great deal of 

preventative maintenance. Hence, being able to quickly detect and analyze purity of the mixtures 

and the purified products would reduce cost significantly. BTX mixtures are also known to be 

highly volatile compounds that are categorized to be detrimental to the environmental health due 

to their toxicity, carcinogenic and mutagenic properties.35-56 Benzene is classified as being a high 

risk factor for leukemia, and inhaling toluene or xylenes can induce disorder in brain function 

accompanied by liver and kidney damage.35-56 The emission of BTX mixtures through the exhaust 

vent in vehicles and the excellent water soluble properties of the compound provides humanity 

with a constant exposure to the toxic effects of the compounds, and a device for constant site 

monitoring would aid in methods of cleaning pollution.35-36  

Individual chain technologies using discrete synthetic macromolecules possess the 

potential for achieving VOC sensing using simple transduction methods and data analysis. Helical 

polymers are commonly studied for their chiral properties10−13 but are increasingly used as sensing 

materials14−16 and molecular machines.17−19 Helical polymers are attractive as molecular sensors 

because they can undergo discrete changes in macromolecular conformation from weak 

interactions between pendant group moieties. The conformational switching process for helical 

polymers usually involve isomerization of backbone atoms in response to changes in steric and/or 

electronic character of pendant groups possessing sensing functional groups (e.g., H-bonding 

amides, π-stacking aromatics, etc.).12,14,16,20 Helical polycarbodiimides have been found to display 

chiroptical switching without isomerization of backbone atoms, without the presence of any 

obvious sensing group, and without stereogenic centers.21,22  
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Figure 2.2 Controlled, helix-sense selective polymerization of N-(1-naphthyl)-N′-(n-
octadecyl)carbodiimide (NOC) using chiral (R)- or (S)-BINOL Ti(IV) diisopropoxide initiator 
forming the bistable, chiroptical switching polyNOC. Also shown are models (side view and down 
the helix) of the (P) and (M) helical polyNOC.  

 
The first polycarbodiimide to display reversible, chiroptical switching behavior was 

poly[N- (1-anthracenyl)-N′-(n-octadecyl)carbodiimide], or polyAOC, displaying specific optical 

rotation values that could be modulated between SOR ≈ +300°/(dm/g)−1 at room temperature to 

0°/(dm/g)−1 when dissolved in toluene and heated to ∼38 °C.23,24 A similar polycarbodiimide with 
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1- naphthyl substituents instead of 1-anthracenyl, poly[N-(1- naphthyl)-N′-(n-

octadecyl)carbodiimide] (polyNOC; Figure 2.2), was later shown to display enhanced chiroptical 

switching performance (e.g., [SOR] ≈ +1360 at room temperature to [SOR]≈ −91° (g/mL)−1 cm−1 

at 50 °C for toluene solutions) with the addition to hypersensitivity to solvent (e.g., polyNOC 

dissolved in DCM and chloroform displays [SOR] ≈ +1050 and −655° (g/mL)−1 cm−1 , 

respectively).25,26 Structural changes associated with the chiroptical switching ability of polyNOC 

have been elucidated over the years through a combination of synthetic and computational efforts, 

including variable-temperature/solvent 15N NMR spectroscopic analysis of 15N-labeled 

polycarbodiimides and the calculation of 7-mer molecular models used to generate theoretical 

VCD spectra.27,28 NMR spectra for 15N-labeled polyNOC revealed that the chiroptical switching 

behavior is associated with equilibria between two discrete helical conformations. Variable 

temperature 15N NMR data were used for van’t Hoff analysis, suggesting that the chiroptical 

switching process is mainly entropy driven and too low in energy (ΔG ≈ +0.3 kcal/mol) to be 

attributed to helix-sense inversion or isomerization of backbone atoms. VCD spectra of polyNOC 

in chloroform and DCM compared to simulated VCD spectra confirmed that the polycarbodiimide 

backbone does not undergo helical-sense inversion during chiroptical switching in dilute solutions 

and that the large optical rotation deviations are a result of a uniform flip of the pendant naphthyl 

rings from a right-handed to left-handed pendant helix. The VCD study also revealed that state A 

and state B possess different helical pitches, 5/1 and 7/ 2, respectively (Figure 2.3).  

The discrete conformations adopted by polyNOC helical segments, expanded (state A, 

1619cm-1) and contracted (state B, 1640 cm-1), (as mentioned in chapter 1, section 1.3.2) produce 
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separate absorbance signals in the imine stretching region of the infrared spectrum. Herein, 

solution and solid-state infrared spectroscopy are used to quantify the state A/state B population.  

 

Figure 2.3 Structural characteristics of expanded/contracted, helical conformations adopted by 
(P)-polyNOC shown in two DFToptimized 7-mer models of states A and B. Black = 
polycarbodiimide backbone atoms; blue = pendant naphthyl substituents; and red = first carbon 
atom of octadecyl substituents. 
 
2.1.2 Hansen Solubility Parameter 

 Solubility is understood, even in the most fundamental chemistry courses as “like dissolves 

like,” where polar compounds prefer other polar compounds while non-polar compounds favor 

non-polar compounds, but, there are significantly more molecular interactions that aid in 

determining how molecules intermingle with each other than just the polarity of the compound.40 

In order to quantify the factors dictating two compounds affinity for each other, Joel Hildebrand 

theorized the Hildebrand solubility parameters.40 The Hildebrand solubility parameters account 

for the cohesive energy density of the compound, which is commonly known as “molecular 

stickiness,” based on the intermolecular interaction, between the molecules of two neighboring 
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compounds, that have to be surmounted in order to understand whether the molecules are willing 

to interact with each other or not, outlined in Equation 2.1.40  

𝛿𝛿 =  √𝐶𝐶𝐶𝐶𝐶𝐶 =  �
∆𝐻𝐻𝑣𝑣 − 𝑅𝑅𝑅𝑅

𝑉𝑉𝑚𝑚
 

Equation 2.1: The Hildebrand solubility parameters40 

In Equation 2.1, the heat of vaporization (ΔHv), the energy at a certain temperature (RT), 

all over the molar volume (Vm) is factored in to calculate the intermolecular forces between two 

soluble compounds.40 The inadequacy of Hildebrand’s parameters lie in the exclusivity of the 

parameter to only calculate intermolecular forces related to the vaporization of the molecules and 

not the solvation of the molecules, where the heat of vaporization is difficult to determine for 

compounds such as polymers. The lack of considering the dissolution of compounds, prevents 

from accurately predicting how a compound necessarily interacts with another. Charles Hansen 

developed the Hansen solubility parameter to overcome the limitations presented by the 

Hildebrand solubility parameters.40 The Hansen solubility parameters include three fundamental 

intermolecular forces as three distinct factors in the equation in order to quantify the solvation of 

a compound, dispersion forces (δd), polarity (δp), and hydrogen bonding forces (δh), as outlined in 

equation 2.2.  

𝛿𝛿𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 2 =  𝛿𝛿𝑑𝑑2 + 𝛿𝛿𝑝𝑝2 + 𝛿𝛿ℎ2 

Equation 2.2: The Hansen solubility parameters40 

Dispersion forces (Van der Waals forces), being the weakest force, exist between every 

molecule evidenced by the atoms electron cloud being distorted due to the attraction between the 

molecules, but is a temporary force existing as molecules pass by each other or are bonded to each 
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other.40 Dipole-dipole forces (polarity) is the second strongest force accounted for in the equation, 

that describe the attraction between differing atoms with contrasting electronegativities, where the 

forces are permanent and create a dipole moment towards the atom that is more electronegative. 

For example, a carbonyl bond (-C=O), contains a dipole moment that extends towards the oxygen 

molecule due to it being more electronegative compared to the carbon atom.40 The last, and 

strongest, force, hydrogen bonding, is the bond between a hydrogen atom and a differing atom. 

Due to the hydrogen atom contributing one electron, in which hydrogens electron density is 

completely drawn away, it results in an extraordinarily strong polar electrostatic interaction 

between the hydrogen atom and the heteroatom it contains a bond with.40 Assigning values to 

compounds according to the dispersion forces, dipole forces, and hydrogen bonding forces 

supports in determining the compatibility of the compound to its neighboring molecules and can 

be determined both experimentally and by using simulated software to create 3-dimensional 

representations of the Hansen solubility sphere of a certain compound.40   

2.1.3 Liquid Crystallinity of Polymers 

 Liquid crystalline property within molecules exist as a phase between a crystalline solid 

and an isotropic liquid, identified as a mesophase, that can be distinguished by their diverse optical 

properties and have been a growing area of curiosity for synthetic, helical macromolecules for 

applications in liquid crystal displays (LCDs), and electrooptical devices.42 The methods to induce 

liquid crystalline phases within a compound are lyotropically, thermotropically, and 

metallotropically.42-45, 49 Thermotropically generated liquid crystal phases involve organic 

compounds that form the phases when the molecules are heated to its melt temperature or glass 

transition temperature, while metallotropic phases are induced upon inorganic materials that 
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contain a low melting temperature.42-45, 49 Lyotropically induced liquid crystal phases have several 

components in the molecule that become solvated to create fluidity in the system generating the 

ability to produce various different liquid crystal phases due to the additional degree of freedom 

granted by the solvent – compound interaction.42-45, 49  

Liquid crystal phases are analyzed for their positional order, where there is an order to the 

lattice of the phase, or order in orientation, where the phase is aligned in a certain direction, studied 

using cross polarized light in an optical microscope and verified by differential scanning 

calorimetery (DSC), wide-angle x-ray scattering (WAXS) and x-ray diffraction (XRD).42-45 The 

cross polarizers are positioned perpendicular to each other, where the first polarizer splits the light 

into two rays (ordinary and extraordinary ray), and the second ray recombines the light to reflect 

off of the birefringent sample. The phases can be categorized as being in the nematic phase, smectic 

phase, cholesteric phase (chiral nematic) and the uncommon blue phase (BP I, II, and III). 

 

Figure 2.4 The orientational order of the nematic liquid crystal phase.49 
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The nematic liquid crystal phase contains no positional order but includes order in 

orientation that point towards a particular direction (Figure 2.4).42-45, 49 

 

Figure 2.5 The translational order observed in the smectic A and smectic C phase. 49 

The smectic phase contains a translational order where an orientational order is found, as in the 

nematic phase, but the molecules are also able to align themselves in stacked levels (Figure 2.5). 

The smectic phase can be classified into 3 subcategory of phases, where smectic A has no 

positional order and the layers are perpendicular, smectic B has positional order and the layer are 

still perpendicular and smectic C is the chiral state where the layers rotate and form into a helix.42-

45, 48 The cholesteric phase (chiral nematic) is composed of the nematic phase but contains a chiral 

center that aligns the molecules at a small angle to each other (Figure 2.6).45, 46, 49  
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Figure 2.6 The alignment of molecules at angles in a helical pattern to create the cholesteric 
phase.49 

 

Blue phase I, II and III are a subcategory of the cholesteric liquid crystal phase that have been 

utilized in the blue phase mode LCD panel because of their selective Bragg reflections in the 

visible light spectrum.48 BP I and BP II are denoted by the body-centered and simple cubic 

structure existing in 3D due to the double twist cylinders exhibited in the x and y axis compared 

to the single twist of the cholesteric phase. BPIII is identified to have identical symmetry as the 

isotropic phase and is also called the “fog phase” because of its foggy blue character.48  

2.2 EXPERIMENTAL 

All chemicals purchased for the synthesis of ureas, monomers, catalysts and solvents were 

received from Fisher Scientific and Sigma Aldrich, as mentioned in each particular section below. 

The synthesis, purification and storage of each synthesized product is outlined, as well as, in the 
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sections beneath. All 1H NMR were recorded using a Bruker Advance III 500 MHz NMR 

Spectrometer at room temperature in CDCl3 and all the specific optical rotation values (SOR) were 

recorded using a JASCO P-1010 polarimeter at a concentration of 2mg/ml in a 100mm path length 

cell a λ = 435 nm. Measurement of liquid crystal properties from each polymer solutions were 

recorded on the Meiji ML9000 polarizing microscope using an AmScope MU300 microscope 

digital camera. Transmission FTIR spectra were collected on a Jasco Model 410 FTIR 

spectrometer either cast onto a KBr salt plate or in solution between KBr windows (0.11 mm path 

length). ATR-FTIR spectra were collected on a Thermo Scientific Nicolet 380 ATR/FTIR 

spectrometer. Dynamic ATR-FTIR spectra were collected using a probe-type, Mettler-Toledo 

reactIR ATR-FTIR spectrometer with a silicon sample window. 

2.2.1 Synthesis of N-naphthyl-N’-octadecyl urea 
 

Initially, 5.39g of 1-octadecylamine, 97% (Alfa Aesar) (0.022 mol) was dissolved in 200 

ml of dichloromethane in a 500 ml round bottom flask. Then, 3.16ml of 1-naphthyl isocyanate, 

98% (Alfa Aesar) (1 equiv. 0.02 mol) was added in via syringe into the dissolved solution while 

stirring. Immediately, white precipitate crashed out of the solution, but the solution was left to stir 

overnight at room temperature. The precipitate was then filtered and recrystallized with 

isopropanol and chloroform, separately. The product was left to dry under high vacuum overnight 

and stored in a 20ml vial. Yield = 7.56g (86%, white, powdery precipitate). 

2.2.2 Synthesis of N-phenyl-N’-octadecyl urea 
 

Initially, 5.69g of 1-octadecylamine, 97% (Alfa Aesar) (0.021 mol) was dissolved in 200 

ml of dichloromethane in a 500 ml round bottom flask. Then, 2.78ml of phenyl isothiocyanate, 

98% (ACROS Organics) (1 equiv. 0.023 mol) was added in via syringe into the dissolved solution 
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while stirring. The solution was left to stir overnight at room temperature. The solution was then 

concentrated via rotary evaporation and the solid white precipitate was recrystallized using 

ethanol. The precipitate was left to dry under high vacuum overnight and stored in a 20ml vial. 

Yield = 7.12g (83%, white, powdery precipitate) 

2.2.3 Synthesis of chiral Ti(IV)-BINOL initiators 

Due to the sensitive nature of the catalyst, the reaction was conducted in a drybox under 

constant N2 flow. In an oven dried 20ml vial, 1.04g of (S) or (R)-1,1’-Bi-2-naphthol, 99% (Alfa 

Aesar) (0.004 mol) was weighed and added along with 3ml of toluene. The solution was stirred 

till dissolved and then 1.07ml of Titanium (IV) isopropoxide, 98% (ACROS Organics) (0.004 mol) 

was added to the solution. The solution went from being clear to a dark red liquid and was left to 

stir overnight. The solution was then transferred to an oven dried schlenk flask and transferred out 

of the glovebox and onto a schlenk line and fitted with an oven dried distillation column and round 

bottom. The solution was then concentrated via distillation till a dark red precipitate formed. 

Distilled diethyl ether was then used to recrystallize the precipitate to form a light orange product 

and the product was dried overnight under high vacuum and then stored in the drybox. Yield = 

1.59g (97%, light orange powder).  

2.2.4 Synthesis of carbodiimide monomers 
 
 The general procedure for synthesizing all carbodiimide monomers is started by an oven 

dried 500ml round bottom flask that is cooled to 0°C with an ice bath, under N2 flow. The reaction 

to synthesize the carbodiimide monomers is sensitive to the amount of solvent added to the 

reaction. To this flask, triphenylphosphine (99%, ACROS Organics) (1.2 equiv.) was added along 

with an adequate amount of solvent to dissolve the reagent (~5 ml) into a clear solution, while 
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stirring. Once the triphenylphosphine had dissolved, liquid bromine (99%, Sigma Aldrich) (1.2 

equiv.) was carefully added, while the round bottom flask remained in the ice bath. The addition 

of bromine to the triphenylphosphine solution is a highly exothermic reaction that created a light 

yellow cloudy solution, along with the formation of fumes. Due to its high reactivity, there may 

be liquid bromine that splashes to the walls of the round bottom, so the user has to ensure careful 

addition of the liquid bromine. To this solution, trimethylamine (99%, ACROS Organics) (2.5 

equiv.) was added, which is also an exothermic reaction and creates fumes. Once the vapors 

subsided, urea was added in slowly and the reaction was allowed to reach room temperature. 

Additional amounts of dichloromethane was added ~1ml at a time to allow as much of the solid 

urea to dissolve into the mixture. The reaction was monitored for the conversion of the urea peak 

to the carbodiimide stretch at ~2100 cm-1 every hour, till the C=O stretch could no longer be 

observed. Upon completion of the reaction, ~150 ml of hexanes was added to the mixture to quench 

the reaction. The precipitate was separated via gravity filtration and the filtrate was concentrated 

via rotary evaporation. This process was repeated 3-4 more times till most of the byproducts were 

removed. Column chromatography was conducted to purify the product using oven dried silica 

and dichloromethane as the eluant. The separated product was then concentrated using rotary 

evaporation. In the case of synthesizing N-phenyl-N’-octadecyl carbodiimide, a white solid was 

formed and in the case of N-naphthyl-N’-octadecyl carbodiimide, a light yellow oil was formed. 

The product was dried overnight under high vacuum and stored in a drybox. Yield ~ 95%.  

2.2.5 Synthesis of polycarbodiimides 

 The broad method of synthesizing polycarbodiimides involves conducting the synthesis in 

a drybox. In the case of synthesizing poly(N-naphthyl-N’-octadecyl) carbodiimide, at least ~1g of 
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monomer needs to be used to perform a successful polymerization, but for the synthesis of poly(N-

phenyl-N’octadecyl) carbodiimide, only a minimum of ~0.2g needs to be used. The appropriate 

carbodiimide was measured and transferred to an oven dried vial and 0.5ml of toluene was added. 

It is advised not to exceed ~1ml of solvent for a polymerization since it will exceed reaction times 

and reduce catalyst reactivity. To this mixture, (R) or (S) – BINOL- Ti(IV) initiator was added and 

the reaction along with an additional 0.5ml of toluene and was left for ~4 hours. Various ratios of 

polymer: catalyst were synthesized for this study, (1:200), (1:150), (1:100), and (1:50). The 

reaction was removed from the drybox after the allotted time and diluted with ~2ml of chloroform. 

The reaction was then precipitated into a 100ml methanol solution containing ~1ml of 1,8-

Diazabicyclo[5.4.0]undec-7-ene (DBU). The precipitate was filtered via gravity filtration, washed 

with methanol, and dried under high vacuum overnight. Yield ~85%.  

2.2.6 Hansen solubility parameter solutions 

 The solubility of both poly(N-naphthyl-N’-octadecyl) carbodiimide and of poly(N-

phenyl-N’octadecyl) carbodiimide were tested using 50 solvents varying in polarity. 100mg of 

polymer of 1:200 ratios were dissolved into the appropriate solvent. The solution was initially 

agitated for 2 minutes, left at room temperature for 2 hours and finally agitated for another 2 

minutes before the results were recorded. A grade of “P” was assigned for polymer that were 

observed to be completely dissolved in the solvent. A grade of “P-” was assigned to a perceived 

gelled or swollen solution. A grade of “F+” was allocated to a cloudy solution and a grade of F to 

a solution that had a clear separation between polymer and solvent. From this data collected, the 

Hansen Solubility Parameters sphere was generated and the parameter values assigned.  
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2.2.7 Liquid crystal solutions 

 The concentrations of polymer and solvent ratios to observe liquid crystal activity were at 

25wt% and catalyst to monomer ratios of 1:200, 1:150, 1:100, and 1:50. The solvents used to 

create liquid crystal samples were chloroform, benzene, toluene and THF, where each solvent 

was used for the 4 different catalyst: monomer ratios. Each polymer was weighed and placed into 

a 5ml vial and the appropriate amount of solvent was added. The vials were then mixed with a 

vortex till the polymers went into solution. The vials were wrapped with Parafilm and left in 

room temperature for ~3 days so that the liquid crystalline phases could form. One drop of each 

solution were then placed into a glass slide and covered with a microscope slip and placed under 

the polarized optical microscope to record the exhibiting phase.  

2.2.8 FTIR Spectroscopy  

Peak heights of imine stretches used to determine the state A/B population were normalized 

to stretches at either 776 or 1365 cm−1, where the imine peaks at 1640cm-1 (State B) and 1619cm-

1 (State A) were monitored to determine state A/B population. The experiment was prepared by 

creating a solution of polyNOC in a suitable solubilizing compound, such as benzene or 

chloroform, and coating the tip of the ATR-FTIR silver halide probe with the polymer solution. 

The coated probe was allowed to air-dry with the assistance of nitrogen vapor. The designation of 

a dried, solid state film on the probe was indicated by a stable intensity of the peaks monitored at 

1640cm-1 and 1619cm-1. 5ml of several solvents, such as benzene, toluene, chloroform, DCM, 

pentane, hexane and octane, were deposited into a 20ml vial and tightly closed. Reference samples 

were collected of all the solvents to ensure that the ATR-FTIR was recording the response of the 

polymer to the solvent and the not the solvent itself. Once the peaks for the dried polymer film 
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were stable, the film was then exposed to the vapors of the various solvents in the 20ml vial, in 

varied sequences and the intensities in the imine peaks recorded.  

2.2.9 Benzene: Toluene: Xylene (BTX) mixtures 

 In order to study polyNOC’s reaction to benzene, toluene and xylene mixtures, variations 

of those solvents were combined in 20ml vials and exposed to the dried polymer film coated on 

the ATR-FTIR probe as outlined in section 2.2.8. Vial 1 contained a 1:1:1 molar mixture of 

benzene: toluene: o-xylene, vial 2 contained a 1:1:2 molar mixture of benzene: toluene: o-xylene, 

vial 3 contained 1:2:1 molar mixture of benzene: toluene: o-xylene, and vial 4 contained a 2:1:1 

molar mixture of benzene: toluene: o-xylene. The same procedure was followed in exposing the 

BTX mixtures to the dried film as explained in section 2.2.8. The polymer film was initially 

exposed to chloroform to create a baseline intensity for both peaks and to verify that any intensities 

recorded for other solvents weren’t an artificial phenomenon.  Reference samples were recorded 

of the 4 vials containing BTX mixtures and chloroform before the film was exposed to the various 

solvent combinations. For experiment 1, the dried polymer film was exposed to the following 

solvents in this order: chloroform, vial 1 of BTX mixture, chloroform, vial 2 of BTX mixture, 

chloroform, vial 3 of BTX mixture, chloroform and vial 4 of BTX mixture. For experiment 2, to 

prove that the polymer can still differentiate between the solvent mixtures, the dried polyNOC film 

was exposed to the following solvents in this order: chloroform, vial 4 of BTX mixture, vial 1 of 

BTX mixture, vial 3 of BTX mixture and vial 2 of BTX mixture.  
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2.3 RESULTS AND DISCUSSION 
 

2.3.1 Hansen Solubility Parameters 

 To understand the behavior of both (S) and (R) PolyPOC and PolyNOC in various solvents 

and to deduce how they differentiate between extremely similar solvents via switching behavior 

and possible lyotropic phase changes, conducting Hansen Solubility Parameters studies was 

appropriate to cast light onto polymer – solvent interactions. The polymer can be separated into 

three components that could potentially influence the polymer solvent interaction, the nitrogen rich 

backbone, the aromatic pendant group (naphthyl and phenyl groups), and the long chain 

hydrocarbon group (octadecyl group). The Van Der Waals interaction (δd), dipole-dipole 

interactions (δp), and hydrogen bonding (δh) of the solvent in its interaction to the polymer, will 

contextualize how each component will individually or collective react towards the solvent. Tables 

below outlines the solvents that were assigned a grade P, P-, F+, and F based on their qualitative 

interaction with the polymer, with the interaction being similar between both PolyPOC and 

PolyNOC, their assigned dispersion, polarity and hydrogen bonding values.  

Table 2.1 The solvents that received a grade of P and their Hansen solubility parameters values.40 

Solvent: P Dispersion (δd) Polarity (δp) Hydrogen Bonding (δh) Total 

Benzene 18.4 0.0 2.0 18.5 

Chloroform 17.8 3.1 5.7 18.9 

Cyclohexane 16.8 0.0 0.2 16.8 

Cyclopentane 16.4 0.0 1.8 16.5 

dichloromethane 18.2 6.3 6.1 20.2 

O-dichlorobenzene 19.2 6.3 3.3 20.5 

Tetrahydrofuran 16.8 5.7 8.0 19.5 

Toluene 18.0 1.4 2.0 18.2 

Xylenes 17.6 1.0 3.1 17.9 
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 The similarity between solvents that received a grade of P were the non-plarity in the 

solvents with the polarities ranging from 0 to 6 MPa1/2, where the most polar solvent was O-

dichlorobenzene and dichloromethane at a δp of 6.3 MPa1/2 and the total value ranging from 16-

20 MPa1/2 with the average value at 18.6 MPa1/2 and the standard deviation at 1.4 MPa1/2 (Table 

2.1). The dispersion parameters for these solvents were significantly closer in range, between 16 

– 19 MPa1/2, but the hydrogen bonding parameters had a vaster range from 0 – 6 MPa1/2, similar 

to polarity. The solutions were visually clear to where the polymer appeared to be completely 

dissolved and no particles of the polymer were seen separated from the solvent. The solvents were 

also mostly cyclic in structure with the exception of dichloromethane and chloroform, which were 

the second highest in the polarity index. For the solvents in this category, that showed to have 

excellent solubility with the polymers, the dispersion parameter and its closeness in range seemed 

to be the driving force, since the polarity and hydrogen bonding parameters showed less correlation 

to each other than the dispersion forces. Solvents such as benzene, toluene, xylenes, and O-

dichlorobenzene would have an affinity to the aromatic pendant group bonded to the imine position 

because of their π-donating character that allows for interaction with the phenyl/naphthyl group 

and the nitrogen rich backbone. Aromatic solvents and THF work as solvents that dissolve the 

polymer well due to being able to dissolve both the aromatic pendant group and the long chain 

octadecyl pendant group. Solvents assigned a grade of P, such as benzene, chloroform, toluene, 

THF and dichloromethane showed potential in being used for analyzing liquid crystal behavior in 

the polymer. Since the polymer has previously showed the ability to distinguish between similar 

solvents such as benzene and toluene, correlating the polymers behavior towards these solvents 
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and associating it to possible phase changes seen in its liquid crystalline phases can potentially 

help understand how the polymer is able to distinguish between these similar solvents so well.  

Table 2.2 The solvents that received a grade of P- and their Hansen solubility parameters values.40 

 

Solvent: P- Dispersion (δd) Polarity (δp) Hydrogen Bonding (δh) Total 

1-Decene 15.8 1.0 2.2 16.0 

N-Decane 15.7 0.0 0.0 15.7 

Dodecane 16.0 0.0 0.0 16.0 

N-Heptane 15.3 0.0 0.0 15.3 

Hexadecane 16.3 0.0 0.0 16.3 

N-octane 15.5 0.0 0.0 15.5 

N-Hexane 14.9 0.0 0.0 14.9 
 

 Solvents that obtained a grade of P- were all non-polar hydrocarbons that were on the 

polarity index between 0-1 MPa1/2, dispersion parameters between 15-16 MPa1/2 and hydrogen 

bonding parameters between 0-2 MPa1/2 and the δtotal value ranging from 15-16 MPa1/2 with the 

average of the total being 15.7 MPa1/2 and the standard deviation at 0.5 MPa1/2 (Table 2.2). The 

solutions were all gelled or swollen where the polymer seemed to have absorbed the solvent, but 

wasn’t dissolved by the solvent. The mixtures also exhibited sheer thinning behavior where when 

the solution was agitated, the viscosity of the solution significantly decreased, demonstrating 

fluidity in the mixture, but would return back to its high viscosity when left unanimated. A possible 

reason for alkane solvents creating a gelled solution could be due to the solvents favorable 

interaction with the octadecyl pendant group on the polymers, but the solvents become limited in 

its interaction due to being incompatibility with either the phenyl pendant group on PolyPOC or 

the naphthyl pendant group on PolyNOC. Hence, it crystallized the octadecyl chain which becomes 

isolated from the aromatic groups. The Hansen Solubility parameters for solvents assigned a grade 
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of P- is significantly more defined than other categories, were the similarities between each 

parameter can show correlation between solvent and polymer interaction. Besides 1-decene, all 

the solvents had a polarity and hydrogen bonding of 0, similar to that of an octadecyl chain, 

distinctly varied from the solvents graded as a P that had a broader range in its polarity and  

Table 2.3 The solvents that received a grade of F+ and their Hansen solubility parameters values.40 

*EDGE is an abbreviation for Ethylene Glycol Dimethyl Ether. 
 

Solvent: F+ Dispersion (δd) Polarity (δp) Hydrogen Bonding (δh) Total 
1,1,2,2-

Tetrabromoethane  22.6 5.1 8.2 24.6 

1,1,2,-trichloroethane 18.2 5.3 6.8 20.1 

2-Chlorophenol 20.3 5.5 13.9 25.2 

2-Ethyl-1-hexanol 15.9 3.3 11.8 20.1 

Benzonitrile 17.4 9.0 3.3 19.9 

Benzyl Chloride 18.8 7.1 2.6 20.3 

Cyclohexanone 17.8 6.3 5.1 19.6 

Cyclopentanone 17.9 11.9 5.2 22.1 

Diethyl ether 14.5 2.9 5.1 15.6 

Dimethyl Formamide 17.4 13.7 11.3 24.9 

Di-n-butyl ether 15.2 3.4 4.2 16.1 

diphenyl ether 19.5 3.4 5.8 20.6 

Ethanol 15.8 8.8 19.4 26.5 

Ethyl acetate 15.8 5.3 7.2 18.2 

EGDE* 15.4 6.3 6.0 17.7 

Methyl Ethyl Keytone 16.0 9.0 5.1 19.1 

N-Butanol 16.0 5.7 15.8 23.2 

Nitrobenzene 20.0 8.6 4.1 22.2 

N-methyl-2-pyrrolidone 18.0 12.3 7.2 23.0 

Phenyl acetylene 18.8 2.8 4.0 19.4 

Propylamine 16.9 4.9 8.6 19.6 

Quinoline 19.8 5.6 5.7 21.4 
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dispersion forces and had an affinity for the aromatic pendant group. The dispersion force also had  

a very limited extent, but since none of the solvents, besides 1-decene has π- donating 

characteristic, the solubility will be limited to the octadecyl group. 1-decene would be able to pi-

donate into the aromatic group and the backbone, but is limited by only having one double bond 

in the solvent and would have dispersion forces contributing more than its pi-donating ability.  

 Solutions that attained a grade of F+ were solubilized in solvents that had a polarity 

between 2-14 MPa1/2, dispersion forces between 15-23 MPa1/2 and hydrogen bonding forces 

between 3-19 MPa1/2 with the total value ranging from 15–27 MPa1/2 with the average being 20.9 

MPa1/2 and the standard deviation equaling 2.9 MPa1/2 (Table 2.3). The solvents were mostly short 

chain or cyclic structures containing few oxygen or nitrogen based groups. The range in all three 

factors in the Hansen solubility parameter were immense and showed limited correlation between 

each of  

the solvents due to the standard deviation. The two solvents that were unexpectedly assigned a 

grade of F+ were benzyl chloride and phenyl acetylene. Benzyl chloride has a polarity, dispersion 

and hydrogen bonding character (δp = 7.1 MPa1/2, δd = 18.8 MPa1/2, δh = 2.6 MPa1/2) to that of O-

dichlorobenzene (δp = 6.1 MPa1/2, δd = 19.2 MPa1/2, δh = 3.3 MPa1/2), that was assigned a grade 

of P. The difference of a chlorine atom and a –CH2 group was enough of a variance to have better 

solvent – polymer interaction with O-dichlorobenzene compared to benzyl dichloride. The other 

unpredicted solvent, phenyl acetylene, contains two areas of pi-donating character, the aromatic 

ring and the triple bond group, but this compound wasn’t able to solubilize the polymer compared 

to toluene or xylene, which were able to effortlessly. Within this category of solvents, the trend 

also indicates that the appearance of oxygen or nitrogen heteroatoms, such as nitro- groups, ether 
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groups, carboxylic acid groups, etc. limits the solvent- polymer interaction. This could be due to 

the limited availability of heteroatoms to just the nitrogen rich backbone, and the lack of hydrogen 

bonding on the polymer itself.  

 Solvents that earned a grade of F had a polarity ranging from 2-18 MPa1/2, dispersion forces 

between 7-20 MPa1/2 and hydrogen bonding forces between 3-23 MPa1/2 with the total values 

ranging from 11-31 MPa1/2 with the average equaling 23.9 MPa1/2 and the standard deviation being 

5.7 MPa1/2 (Table 2.4). The variation between all of these forces were massive compared to 

solvents that were assigned a grade of P or P- and the compounds were also short chain structures 

containing several heteroatoms compared to solvents assigned a grade of F+. This category of 

solvents expresses the polymers affinity for solvents that have concise ranges in their polarity, 

dispersion and hydrogen bonding parameters, with a preference for solvents that do not contain 

heteroatoms, besides chlorine, and compounds with possible pi-donating character, since they are 

able to interact with both the aromatic pendant group and long chain alkane pendant group.  

Table 2.4 The solvents that received a grade of F and their Hansen solubility parameters values.40 

Solvent: F Dispersion (δd) Polarity (δp) Hydrogen Bonding (δh) Total 

1,4-Butanediol 16.6 15.3 21.7 31.3 

1,4-Dioxane 19.0 1.8 7.4 20.5 

Acetonitrile 15.3 18.0 6.1 24.4 

Acetone 15.5 10.4 7.0 19.9 

Dimethyl sulfoxide 18.4 16.4 10.2 26.7 

Isopropanol 7.7 3.0 8.0 11.5 

N-N-dimethylacetamide 16.8 11.5 10.2 22.8 

N-Propanol 16.0 6.8 17.4 24.6 

1, 2 Propane Diol 16.8 9.4 23.3 30.2 

Propylene Carbonate 20.0 18.0 4.1 27.2 
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 Using the grades assigned to the solvents tested, a Hansen solubility sphere was generated 

to visualize the polymer solvent interaction. The sphere itself is indicated by the green mesh in 

which at the very center is the polymer in question represented by a green dot. Any solvent that 

interacts well (grade of P) with polyNOC or polyPOC will exist inside the sphere represented by 

a blue dot, while any solvent that interacts poorly (grade of F- and F) with the polymer is 

represented as a red dot that exists outside of the green mesh or the Hansen sphere. All solvents 

with partial solubility to polyNOC or polyPOC (P+) exist on the sphere as light blue dots.  

2.3.2 Kinetically Trapping the State A/B Population of PolyNOC in the Solid State. 

 
Figure 2.7 Concentration independence of the state A/state B population of (P)-polyNOC 
demonstrated from solutions of toluene and benzene ranging from 5 to 100 mg/mL. Transmission 
FTIR spectra of the imine stretching region is shown on the bottom and corresponding state A/state 
B values are shown above. 



 

68 

Monitoring the equilibrium between state A and state B for polyNOC by IR spectroscopy 

allows for analysis in solution and the solid state. The population of state A/B remained constant 

in polyNOC solutions ranging from 5 to 100 mg/mL suggesting that polyNOC intermolecular 

interactions do not influence the helical conformation of repeat units (Figure 2.7). Consistent with 

transmission FTIR spectra, the population of state A and state B adopted in solution can be retained 

in the solid state if the carrier solvent is quickly removed (i.e. spin/sling casting vs. drop casting). 

If the solvent is allowed to evaporate slowly, then the population bias toward state A or state B in 

solution will begin to be lost, approaching ~1:1 state A: state B. Although the preference toward a 

1:1 mixture of state A and state B can be seen with slow evaporation in both ATR-FTIR spectra 

and transmission-FTIR spectra, the population of state A: state B is independent of concentration 

when in solution. The state A: state B population of polyNOC was found to be independent of 

concentration in the range that could be measured by transmission FTIR spectroscopy.  

100 mg/mL can be seen in Figure 2.7. The state A/B population of (P)-polyNOC in the 

range measured was 0.68 ± 0.04 when dissolved in benzene and 2.66 ± 0.21 when dissolved in 

toluene. The higher standard deviation for toluene solutions is attributed to less than ideal 

subtraction of the overlapping C-C stretching mode of toluene at approximately 1605 cm-1 (neat 

toluene typically absorbs at 1614 cm-1). Benzene does not absorb in the imine stretching region 

producing a more reliable measure of the state A/B population of polyNOC at different 

concentrations. This is attributed to the core−shell structure of polyNOC where densely grafted n-

octadecyl substituents effectively shield the backbone from interacting with other polymer chains.  
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Figure 2.8 Kinetically trapping the conformational equilibrium of (M)-polyNOC solutions in the 
solid state as evidenced by transmission FTIR spectra of polyNOC solutions (left) and films cast 
onto KBr plates by spin-casting (middle) or drop-casting (right). Top to bottom: benzene, 
chloroform, and toluene (10 mg/mL). 
 
The population of polyNOC adopted in solution could be kinetically trapped in both drop- and 

spin-casted films. Transmission FTIR spectra of polyNOC solutions and corresponding films 

prepared by either drop- or spin-casting onto KBr windows can be seen in Figure 2.8. The rate of 

evaporation influenced the final state A/state B population of polyNOC, which were monitored by 

measuring the overall peak height of the two vibrational modes at 1641 cm−1 (state B) and 1620 

cm−1 (state A). Spin-cast films were closer to the population in solution than drop-cast film, most 

notably for state A enriched solution (e.g., toluene; bottom of Figure 2.8). This trend was also seen 

with films drop- or sling-cast onto an ATR crystal. The population approaches a 0.8:1 ratio upon 
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slow solvent removal, which is hypothesized to be the thermodynamic equilibrium in the absence 

of solvent, supported by variable temperature experiments discussed in a later section. Additional 

experiments were conducted to determine the role of n-octadecyl crystallization on the state A/B 

population. 

2.3.3 Temperature Dependence of the State A/B Population 

 Once in the solid state, the population of states could be reversibly modulated with solvent 

vapor exposure or by heating/cooling beneath the melting point of n-octadecyl substituents. The 

influence of n-octadecyl crystallization on the state A/B population was probed by monitoring the 

state A/B population of polyNOC when heating/cooling above and below the melting point of n-

octadecyl substituents. Variable-temperature IR experiments were conducted on polyNOC films 

deposited on a probetype ATR-FTIR crystal. The influence of n-octadecyl crystallization on the 

state A/B population10 was probed by monitoring the State A/B population of a polyNOC film 

while heating/cooling above and below the melting point of n-octadecyl substituents (100-120 °C). 

For example, thin films of (M)-polyNOC heated to either 100 or 150 °C are shown in Figure 2.9.  

The State A/B population of (M)-polyNOC steadily decreased from ~1.6 at room 

temperature until leveling off between 135-140 °C to ~0.8. The State A/B population remained 

constant when heated to 150 °C, dropping slightly to 0.7 when cooled past room temperature and 

down to -80 °C. In contrast, the State A/B population could be reversibly biased if only heated up 

to 100 °C before being cooled. Complete melting of n-octadecyl substituents locks in a state A/B 

of 0.8 until being cooled passed the recrystallization temperature, at which point the state A/B can 

be again modulated by heating and cooling.  
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Figure 2.9 Temperature-dependence of polyNOC state A/B population in thin films. ATR-FTIR 
spectra of (M)-polyNOC film at selected temperatures while heating from 25-150 °C, cooling to -
80 °C (top), heating from -80 to 100 °C, and then cooling to 25 °C (bottom); the imine stretching 
region used to monitor the state A/B population is shown on the left and the fingerprint region 
used to monitor octadecyl crystallization is shown on the right. 
 

The fingerprint region of high-resolution FTIR spectra has been used to identify and 

monitor the crystalline phases of n-alkyl grafted bottle-brush polymers during heating and cooling, 

corroborated with analogous X-ray diffraction studies.1 The number and type of crystalline phases 

could not be determined from FTIR spectra collected with 4 cm-1 resolutions, but obvious changes 

in the fingerprint region were observed both with and without changes in the State A/B ratio. For 

example, spectra overlay in Figure 2.9 (right side) display a broadening of the C-H stretch 

absorbance centered at ca. 724 cm-1 when heated to 100 °C, appearing to split into two overlapping 

absorbance bands centered at 715 and 735 cm-1, which eventually turns into a single broad hump 

when heated to 150 °C. A single peak reappears, sharpening and slightly red-shifting when cooled 
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to -80 °C. The state A/B population decreased as the temperature was raised from room 

temperature and could be partially reversed if cooled before reaching the melting point of n-

octadecyl side chain, albeit attenuated compared to solution behavior (e.g., state A/B = 1.6 to 0.8 

to 1.1 when heating/cooling from rt to 100 °C to rt, respectively). Once the melting point was 

reached the state A/B population would drop to state A/B = 0.8 and not change with subsequent 

cooling or heating. The fingerprint region of the infrared spectrum during heating/cooling 

suggested that phase transitions of n-octadecyl substituents occur with and without transitions 

between state A and B modulating the State A/B Population in polyNOC Films with Solvent 

Vapor. The state A/B population of polyNOC was surprisingly responsive to solvent vapor 

exposure. Simply placing a probe-type ATR-FTIR spectrometer crystal coated with polyNOC 

directly above a vial containing solvent produced a distinct change in the state A/B population, 

including switching between populations of majority state A to majority state B, and vice versa. A 

significant signal response would occur within the time between collecting 16-scan spectra (10 s 

between the start of each collection; ∼5 s for collecting 16 scans). The time for the state A/B 

population to equilibrate after solvent vapor exposure depended on film thickness and solvent 

volatility but would typically occur within 10−30s. For example, the state A/B population of an 

(M)-polyNOC film while being successively exposed to DCM and chloroform vapor is presented 

in Figure 2.10, left side. Similar data for a thicker film of (M)-polyNOC being successively 

exposed to toluene and benzene vapor are shown on the right side of Figure 2.10. The “thin” (M)-

polyNOC film was sling-cast from benzene displaying an initial state A/B population of 0.6. The 

state A/B population changed to 2.1 within 10 s of being exposed to DCM. The population 

fluctuated at extended exposure from the overlap of DCM IR signals. The population remained 
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constant after the coated ATR-FTIR probe was removed from the solvent vapor. The state A/B 

population was then switched back to a majority state B population by exposure to chloroform 

vapor. The signal response occurred within 10 s and remained constant with extended exposure 

and after drying. The population was cycled back and forth between 2.1 and 1.9 and 0.6 with 

successive DCM and chloroform vapor exposures. The “thick” (M)-polyNOC film was drop-cast 

from DCM displaying an initial state A/B of 1.8. The conformation population would respond 

within 10 s of benzene vapor exposure but would take 30−40 s to equilibrate (state A/B ca. 0.9), 

followed by no change after being dried in air. Subsequent exposure to toluene vapor produced an 

attenuated response reaching a population of state A/B ∼ 1.35 after 2.5 min of exposure that would 

drop to ∼1.3 after being dried. The process was repeated three times with little hysteresis in the 

state A/B population. 

2.3.4 Nonpolar VOC Sensing 
 
 The response of polyNOC to nonpolar hydrocarbons was reproduced several times under 

various conditions (i.e., different casting solvents, deposition methods, molecular weights, and 

helical sense). Dynamic ATRFTIR experiments designed to highlight the most interesting and 

nuanced response of (P)- and (M)-polyNOC films to hydrocarbons are shown in Figure 2.10. To 

begin, both samples exhibited the same state A/B populations when cast from the same solvents 

and exposed to the same VOCs, suggesting that the state A/B population is independent of helical 

sense. Consistent with the example shown in Figure 2.10, sling-cast polyNOC films displayed 

rapid state A/B population changes within 10 s of exposure to VOCs, equilibrating within 10−30 

s. Unlike the previous examples, the conformation response was not always stable after the VOC 

analyte was removed and the film dried under a stream of nitrogen or in ambient conditions. This 
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is highlighted in both of the experiments shown in Figure 2.11, most notably with exposure to n-

pentane as well as with exposure to VOCs with similar initial state A/B populations (i.e., going 

from majority state B to majority state A). Exposure of n-pentane vapor to a DCM-cast film of 

(P)- polyNOC produced a drop from state A/B = 1.9 to 1.0 would remain stable with extended 

exposure but would then equilibrate to state A/B = 2.0 when dried (first exposure displayed in 

Figure 2.11, top).  

 

Figure 2.10 Solvent-vapor response of (M)-polyNOC via dynamic ATR-FTIR. (M)-PolyNOC 
was either sling-cast from benzene (10 mg/mL) while being sequentially exposed to DCM (DCM) 
and chloroform (CHCl3) vapor (data on left side) or drop-cast from DCM (10 mg/mL ×3) and 
sequentially exposed to benzene and toluene vapor (data on right side). Top: state A/B vs time plot 
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during the solvent exposure experiment with changes in chemical environment annotated with 
dashed, vertical lines and labels above plots (16-scan spectra were recorded every 10 s). Bottom, 
left: spectra of the imine stretching region initially (t = 0 min, black trace), after DCM exposure (t 
≈ 4 min, dashed red trace), and after chloroform exposure (t ≈ 7 min, dotted blue trace). Bottom, 
right: spectra of the imine stretching region initially (t = 0 min, black trace), after toluene exposure 
(t ≈ 6 min, dashed red trace), and after benzene exposure (t ≈ 7 min, dotted blue trace). 
 

Nearly identical behavior was observed after exposing (M)-polyNOC to DCM vapor, 

drying in air, and then subsequently exposing to pentane and air again (second and third exposures 

displayed in Figure 2.11, bottom). Signal overlap from pentane CHC vibrational modes was 

initially suspected to account for the drop in state A content, however, exposing polyNOC in a 

majority state B condition to n-pentane produced an increase in state A during exposure that would 

then drop to slightly above the initial state A/B population after drying under nitrogen. The 

response to pentane vapor from a majority state B condition and was reproduced after subsequent 

exposures to n-heptane and n-octane, suggesting that neither trapped solvent nor the initial 

population is associated with the anomalous response (Figure 2.11, top). The unique response of 

polyNOC to pentane vapor is suspected to be associated with molar volume and/or polarizability 

but requires further study. In contrast to n-pentane exposure, hexanes vapor produced a drop to 

state A/B = 0.5 from an initial majority state A condition that remained constant after vapor 

removal. This can be seen from the first exposure in the bottom plot of Figure 2.11 as well as in 

the top plot of Figure 2.11 after initially exposing to pentane. Similar behavior was also seen with 

n-heptane and n-octane. If starting from a majority state A condition exposure to n-hydrocarbons 

produced a reproducible change to a specific population for each hydrocarbon analyte. Starting 

from a majority state B population, however, produced either no change or a variable change to a 

final state A/B value. 
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Figure 2.11 State A/B vs time plots for dynamic ATR-FTIR experiments (16-scan spectrum/10 s) 
of sling-cast films of (P)-polyNOC (top, 5 mg/mL toluene ×3) or (M)-PNOC (bottom, 5 mg/mL 
toluene ×3) while being exposed to hydrocarbon VOCs. The times where VOCs were introduced 
are annotated with colored, vertical lines with the analyte name shown above the plot; red 
delineates an increase in state A and blue a decrease. 

 
The ability to distinguish between hydrocarbons implies that subtle physical interactions 

near the backbone of polyNOC can influence the delicate equilibria between expanded and 

contracted local conformations. This behavior is consistent with the intramolecular crystallization 

mechanism of switching described in this report. The regioregular primary structure of polyNOC, 
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with alternating 1-naphthyl and n-octadecyl substituents, along a helical backbone with little/no 

helical reversals (i.e., defects in helix structure) produces a unique chemical environment in which 

confined methylene units can reproducibly and reversibly crystallize within the confined space 

between naphthyl substituents. The mechanism proposed herein explains why the helix-helix 

switching of polyNOC is fully reversible and hypersensitive to chemical environment. Solvents 

with Hansen solubility parameters closer to octadecyl substituents (i.e., polyethylene; δd = 17.10 

MPa1/2, δp = 3.10 MPa1/2, δh = 5.2 MPa1/2) reduce the crystallinity of confined methylenes within 

the inner shell, increasing the population of the contracted, state B conformation. The state A/B 

population of polyNOC after contact with hydrocarbon vapor and their corresponding δd (δp = δh 

= 0 for hydrocarbons) are as follows: pentane δd = 14.5 MPa1/2, state A/B = 0.66 ± 0.01; hexane δd 

= 14.9 MPa1/2, state A/B = 0.49 ± 0.006, heptane δd = 15.3 MPa1/2, state A/B = 0.44 ± 0.02; and 

octane δd = 15.5 MPa1/2, state A/B = 0.45 ± 0.004. 

2.3.5 PolyNOC vapor sensing of BTX mixture. 

The sensitivity of polyNOC to distinguish between exceptionally similar solvents such as 

benzene and toluene has been established, but the ability of the polymer to differentiate between 

mixtures of solvents very similar in structure would address the polymers uniqueness in its 

sensitivity compared to current market sensors. According to the Hansen Solubility Parameters, 

benzene, toluene and xylene were all assigned a grade of P for their ability to solubilize both 

polyPOC and polyNOC well. The parameters for benzene were δp = 0 MPa1/2, δd = 18.4 MPa1/2, 

and δh = 2 MPa1/2, similar to toluene at δp = 1.4 MPa1/2, δd = 18.0 MPa1/2, δh = 2 MPa1/2 and xylene 

at δp = 1 MPa1/2, δd = 17.6 MPa1/2, and δh = 3.1 MPa1/2. The polarity, dispersion and hydrogen 

bonding values assigned to these three solvents exhibit that they will behave similarly towards the 
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polymer, constituting that a mixture of the three compounds will generate a complex situation for 

the polymer to be able to discriminate between various ratios of the benzene, toluene and xylene. 

To examine if polyNOC would be unique in its sensitivity, the procedure to study the polymers 

response to the benzene: toluene: xylene (BTX mixture) was followed according to section 2.2.9.  

 

Figure 2.12 The various vials of BTX mixtures exposed to the polyNOC film (100mg/ml) coated 
onto the probe of the ReactIR instrument. Benzene: Toluene: Xylene, vial 1 = 1:1:1, vial 2 = 1:1:2, 
vial 3 = 1:2:1, vial 4 = 2:1:1 ratios were used.  
 

Once the reference samples were subtracted from the background, the dried polyNOC film 

was initially exposed to chloroform that created a baseline relative intensity of state A/B: 0.37/0.61 

= 0.61, and the repeatability of the polymer to reach the same relative intensities in chloroform 

confirmed that the intensities seen for the various BTX mixtures would be consistent with the 

polymer’s response. For experiment 1 (refer to section 2.2.9 for experiment format), Vial 1 of the 

BTX mixture showed a state A/B: 0.52/0.88 = 0.59, Vial 2 of the BTX mixture showed a state 

A/B: 0.58/0.94 = 0.62, vial 3 of the BTX mixture showed a state A/B: 0.58/0.91 = 0.63, and vial 
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4 of the BTX mixture showed a state A/B: 0.55/0.86 = 0.64, with chloroform exposed to the film 

in between each vial, consistently showing a relative intensity of state A/B: 0.61, as seen in Figure 

2.12.  

 

Figure 2.13 The various vials of BTX mixtures were exposed in random order, consecutively to 
the polyNOC film in order to verify the rapid and accurate response of the polymer without using 
choloform as a baseline.  
 

The differences in the relative intensity of the polymer after being exposed to each vial of 

BTX mixtures confirms that the polyNOC film is able to undergo chiroptical switching to separate 

solvent mixtures that contain subtle differences. Even with the variances between the vials being 

minor, the polymer was able to identify vial 1 v. vial 2 v. vial 3 v. vial 4 via changing the intensity 

of the state A v. state B frequency accordingly. To verify that polyNOC was able to replicate its 

sensitivity to the various BTX mixtures, experiment 2 (according to section 2.2.9) was conducted 

where the different mixtures were exposed to the film in varying order, consecutively (Figure 

2.13). Even with the order of the vials being changed in experiment 2, the polymer was able to 
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imitate the exact same relative intensities for each vial, as seen in experiment 1, without requiring 

chloroform as a reference point. It is beneficial that the relative intensities recorded when benzene 

or toluene were separately evaluated for their impression on the peaks at state A v. state B were 

distinguishingly dissimilar, allowing for the potential of mixtures to elicit varied responses. The 

ability of polymer to undergo this phenomenon with extremely similar solvent mixtures eludes to 

the highly sensitive nature of the polymer.  

2.3.6 Liquid crystalline properties of PolyPOC and PolyNOC 

 Since the lyotropic anisotropy of chiral polyNOC have been previously documented, liquid 

crystal phase changes related to (R) and (S) polyPOC and racemic polyNOC at various monomer 

to catalyst ratios have been extensively studied to monitor anisotropy of the polymer related to 

chirality, temperature and molecular weight. Within the structure of polyPOC, the dominant 

groups that will influence liquid crystal phase formation would be the alignment of the expansive 

octadecyl chain or stacking of the aromatic groups. 25wt% solutions were created by dissolving 

(R) or (S) polyPOC and racemic polyNOC into benzene, chloroform, toluene and THF, since these 

solvents show excellent solubility with these polymers and solutions at lower wt% failed to show 

sufficient formation of anisotropic behavior in the polymer. A time period of at least 3 days were 

required to see formation of liquid crystal phases for solutions in benzene, toluene and THF, and 

1 day for solutions in chloroform. A solution left past 3 days tended to become dry, limiting the 

ability to examine any liquid crystal phase formation. When observing images ranging from 

catalyst to monomer ratio from 1:50, 1:100, 1:150 to 1:200, a progression of phase formation can 

be seen across most solvents. Differences in colors and phases exhibited can be contrasted or 

compared to phases displayed on the opposing chirality.  
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 As seen in Figure 2.14, (S) polyPOC in benzene at 25wt% extending from 1:50 to 1:200 

shows a development in the formation of liquid crystal phase as the molecular weight increases. 

The phase at 1:50 identifies to be mostly nematic in nature with predominantly golden hues 

interlaced with sparse blue, but it is apparent that the phase wasn’t able to fully form even after 3 

days that the solution was left to order. This could be due to the low molecular weight of the 

polymer limiting the availability of pendant groups to order. The phase was identified as being 

nematic due to the positional disorder within the areas that showed liquid crystallinity.  

 

 

Figure 2.14 The liquid crystal images were captured with 25wt% (S) polyPOC in benzene 
solutions at x40 magnification at various catalyst to monomer ratios. Catalyst to monomer ratio: 
top left: (1:200), top right: (1:150), bottom left: (1:100), bottom right: (1:50). 
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Transitioning to the phase at 1:100, the materialization of spherulites indicates the formation of a 

cholesteric phase (chiral nematic) with more uniform areas indicating part of the nematic phase 

and the progression of phase formation compared to (S) polyPOC in benzene at 1:50. The hues 

also shift from being gold increasingly towards blue. (S) polyPOC in benzene at 1:150 contains 

mainly spherulites in a blue hue representing a cholesteric phase and finally (S) polyPOC in 

benzene at 1:200 showing a fully formed cholesteric phase with a principally blue color.  

  

  

Figure 2.15 The liquid crystal images were captured with 25wt% (R) polyPOC in benzene 
solutions at x40 magnification at various catalyst to monomer ratios. Catalyst to monomer ratio: 
top left: (1:200), top right: (1:150), bottom left: (1:100), bottom right: (1:50). 
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The blue color has been previously identified to indicate the liquid crystal phase termed Blue Phase 

III, demonstrating a “foggy” blue color encompassing over the entire liquid crystal image captured, 

without the cubic structure used to classify Blue Phase I or II.  

In contrast, (R) polyPOC in benzene at 25wt% from 1:50 to 1:200 demonstrates a transition 

in color from predominantly being blue to gold in increasing molecular weight, with fully formed 

phases at all varying monomer to catalyst ratios as seen in Figure 2.15. In contrast to (S) polyPOC 

in benzene, (R) polyPOC in benzene began with blue hues at the lower molecular weights, with 

increasing purple and golden hues as the molecular weight increased. (R) polyPOC in benzene at 

1:50 catalyst to monomer ratio contains cholesteric phase along with blue phase III. This is due to 

the sperulites observed in the corner of the image accompanied by the positional disorder seen in 

the majority of the image indicating a chiral nematic phase. The phase also embodies a “foggy” 

blue phase that seems to be layered with the cholesteric phase possibly indicating the existence of 

BPIII in (R) polyPOC in benzene at 1:50. This phase is in slight contrast to that of (S) polyPOC in 

bezene at 1:50 in that there is a lack of chiral nematic phase in (S) polyPOC and contains mostly 

golden hues, while (R) polyPOC has BPIII. (R) polyPOC in benzene at 1:100 contains a nematic 

phase with transition towards more purple, green and golden hues, which is in contrast to (S) 

polyPOC in benzene at 1:100, which showed a cholesteric phase in a mix of golden and blue hues. 

The nematic phase was identified in (R) polyPOC due to the positional disorder, but the stability 

in orientation towards one direction. (R) polyPOC in benzene at 1:150 shows a brilliant nematic 

phase with a majority of purple hues along with blue and golden tones. The phase could possibly 

be chiral nematic due to slight helical layer feasibly existing above the disordered layer of the 

colors seen. (R) polyPOC in benzene at 1:200 exhibits a cholesteric phase, due to the fingerprint-
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like characteristic with predominantly golden hues in contrast to the BPIII phase exhibited by (S) 

polyPOC in benzene at 1:200.  

 (S) polyPOC in toluene contains partially formed liquid crystal phases across all catalyst 

to monomer ratios with the phases being developed progressively with increasing molecular 

weight (Figure 2.16). The phase at 1:50 shows an incomplete phase with the early stages of the 

cholesteric phase due to the blue spherulites. Transitioning to (S) polyPOC in toluene at 1:100, a 

significant progress in the formation of cholesteric phase can be observed due to the “fingerprint” 

impression seen on the areas that are establishing into liquid crystal phases.  

  

  

Figure 2.16 The liquid crystal images were captured with 25wt% (S) polyPOC in toluene solutions 
at x40 magnification at various catalyst to monomer ratios. Catalyst to monomer ratio: top left: 
(1:200), top right: (1:150), bottom left: (1:100), bottom right: (1:50). 
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The phase also exhibits blue hues with golden areas. (S) polyPOC in toluene at 1:150 visibly 

demonstrates blue spherulites displaying the cholesteric phase with the cloudy blue phase III 

existing. This phase is not completely developed but has reached the extent of its formation after 

3 days of being left to have the polymer chains to orient itself. Advancing onto (S) polyPOC in 

toluene at 1:200, the cholesteric phase layered with BPIII, as seen in (S) polyPOC in toluene at 

1:150 can be observed. The development of the phases seen in (S) polyPOC in toluene show a 

growth in the cholesteric phase with BPIII without variation in color from blue.  

  

  

Figure 2.17 The liquid crystal images were captured with 25wt% (R) polyPOC in toluene solutions 
at x40 magnification at various catalyst to monomer ratios. Catalyst to monomer ratio: top left: 
(1:200), top right: (1:150), bottom left: (1:100), bottom right: (1:50). 
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 (R) polyPOC in toluene exists in slight contrast to helical counterpart in showing 

advancement in liquid crystal phases with hues transitioning from blues to golds and various 

phases existing between the different monomer to catalyst ratio. The phase formation varies and 

shows a completion of phase formation with increasing molecular weights, which lies in contrast 

to (S) polyPOC in toluene (Figure 2.17). The first catalyst to monomer ratio at 1:50 exhibits a 

cholesteric phase due to the blue spherulites as seen in previous phases formed in with various 

solvent to chiral polymer interaction. (R) polyPOC in toluene at 1:100 exhibits a mixture of the 

cholesteric phase, as seen in the blue spherulites, nematic phase, as seen in the positional disorder 

in the area where a liquid crystal phase can be observed to be formed with gold and blue hues, 

with hints of purple, and BPIII due to the foggy blue hue seen in areas of the liquid crystal phase. 

This phase is comparable as to the one seen in (S) polyPOC in toluene at 1:100, with the blue 

characteristic and the cholesteric phase that forms. (R) polyPOC in toluene at 1:150 shows a shift 

in phase to the nematic phase exhibiting predominantly gold hues with purple hues laced 

throughout, demonstrated in contrast with its helical equivalent that show a partially formed 

cholesteric phase with BPIII. This phase shows a clear disorder in position but shows an orientation 

in direction indicating it to exist in the nematic phase. The final molecular weight at 1:200, catalyst 

to monomer ratio, shows a partially formed cholesteric phase in golden colors, indicated by the 

gold spherulites, which is contrary to (S) polyPOC in 1:200 showing a BPIII phase in addition to 

the cholesteric phase.  

 PolyPOC in chloroform shows interesting characteristics in phases and color transitions. 

(S) polyPOC in chloform development shows uniformity in its phases in its progression in 

increasing molecular weight (Figure 2.18). (S) polyPOC in chloform in 1:50, 1:100, and 1:150 
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shows a liquid crystal phase existing as the cholesteric phase. The phase at 1:50 shows the phase 

with gray and golden tones, which is novel in comparison to previous phases observed in blue and 

gold. The phases at 1:100 and 1:150 show the cholesteric phase with the “fingerprint” 

directionality seen in the lines witnessed in the liquid crystal image. The image at 1:100 shows 

less direction in orientation compared to the phase seen in 1:150. The liquid crystal phase detected 

at 1:150 show significantly more direction in orientation and more pronounced in its cholesteric 

phase possibly due to the increase in polymer chains that undergo chain alignment compared to 

the phase in 1:100.  

  

  

Figure 2.18 The liquid crystal images were captured with 25wt% (S) polyPOC in chloroform 
solutions at x40 magnification at various catalyst to monomer ratios. Catalyst to monomer ratio: 
top left: (1:200), top right: (1:150), bottom left: (1:100), bottom right: (1:50). 
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(S) polyPOC in chloroform at 1:200 reverts to positional disorder, exhibiting a nematic phase in 

contrast to the phases observed at lower molecular weights.  

  

  

Figure 2.19 The liquid crystal images were captured with 25wt% (R) polyPOC in chloroform 
solutions at x40 magnification at various catalyst to monomer ratios. Catalyst to monomer ratio: 
top left: (1:200), top right: (1:150), bottom left: (1:100), bottom right: (1:50). 
 

Contrary to phases observed in (S) polyPOC in chloroform, (R) polyPOC in chloroform 

primarily exhibits the nematic phase in blue hues (Figure 2.19). (R) polyPOC in chloroform at 

1:50 shows a partially formed nematic phase along with blue phase III, different from (S) polyPOC 

in chloroform at 1:50 showing a cholesteric phase. The phases observed at 1:100 and 1:150 are 

similar in image, with both phases being a nematic phase. The phase at 1:100 show positional  
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Figure 2.20 The liquid crystal images were captured with 25wt% (S) polyPOC in THF solutions 
at x40 magnification at various catalyst to monomer ratios. Catalyst to monomer ratio: top left: 
(1:200), top right: (1:150), bottom left: (1:100), bottom right: (1:50). 
 
disorder with predominantly purple hues with blue and slight gold tints and the phase at 1:150 

containing various colors ranging from green, to blue, to gold. This is in contrast to the chirality 

exhibited in the helical equivalent of the phases in (S) polyPOC in chloroform at 1:100 and 1:150. 

(R) polyPOC in chloroform at 1:200 exhibit a cholesteric phase, seen by the blue spherulites, with 

BPIII, seen in the foggy blue hue perceived in the image. Comparing this image to its helical 

counterpart, (S) polyPOC in chloroform at 1:200 exhibits a completely different image with gold 

colors with green and pink hues laced in between opposing that of (R) polyPOC in chloroform at 

1:200. Assessing the liquid crystal phases formed between (S) polyPOC in chloroform and (R) 



 

90 

polyPOC in chloroform, there exists a dissimilarity between the two helicities with (S) polyPOC 

in chloroform prevailing primarily in the cholesteric form, while (R) polyPOC existing mainly in 

the nematic form along with BPIII.  

 (S) polyPOC in THF also exists in contrast to (R) polyPOC liquid crystal phases in THF 

with (S) polyPOC films having partially formed liquid crystal phases (Figure 2.20). The first phase 

in THF at 1:50 demonstrates gold spherulites indicating the beginning formation of a cholesteric 

phase, while the phase at 1:100 shows a more pronounced development of the cholesteric phase 

exhibited by the gold and blue spherulites and the the fingerprint-like streaks seen across the 

oblong shape in the liquid crystal image. (S) polyPOC in 1:150 predominantly exhibits a smectic 

C phase due to the hazy conic-like texture seen towards the top area of the liquid crystal image 

along with the cholesteric phase seen in the gold and blue spherulites and the minor “fingerprint” 

impressions seen towards the bottom area of the liquid crystal image. The liquid crystal image at 

1:200 display a cholesteric phase, from the blue and gold spherulites as seen in other phases, with 

possible BPIII seen in the blue fog-like areas seen in the partially formed liquid crystal phase. A 

slight nematic phase can be seen in the top right corner of the liquid crystal image due to the 

positional disorder observed.  

 (R) polyPOC in THF at 1:50 displays a cholesteric phase with a possible overlay of BPIII 

because of the characteristic blue and the spherulites indicating the existence of chirality in the 

polymer (Figure 2.21). The phase is also significantly more formed compared to (S) polyPOC in 

THF at 1:50. The phase formed at 1:100 exhibits a nematic phase due to the thread-like impression 

seen on the image and the lack of positional order demonstrated, but the phase also shows signs of 

containing a cholesteric phase due to the spherulite seen at the corner of the liquid crystal image.  



 

91 

  

  

Figure 2.21 The liquid crystal images were captured with 25wt% (R) polyPOC in THF solutions 
at x40 magnification at various catalyst to monomer ratios. Catalyst to monomer ratio: top left: 
(1:200), top right: (1:150), bottom left: (1:100), bottom right: (1:50). 
 
The phase also contains significantly more blue colors than the mixture of gold and blue seen in 

(S) polyPOC in THF at 1:100. (R) polyPOC at 1:150 displays a smectic C phase due to the faint 

conical shape adopted by the helical polymer revealing purple and blue as the dominant colors in 

the phase. This is in contrast to (S) polyPOC in THF at 1:150 displaying a nematic phase in mostly 

gold colors. (R) polyPOC in THF at 1:200 catalyst to monomer ratio shows a distinct BPIII with 

a smectic A phase due to the positional order going towards one direction. The opaque blue color 

indicates the existence of the blue phase which contradicts the cholesteric phase existing in (S) 

polyPOC in THF at 1:200.  
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Figure 2.22 The liquid crystal images were captured with 25wt% of racemic polyNOC in various 
solutions at x40 magnification at 1:200 catalyst to monomer ratio. Top left: DCM, top right: 
Chloroform, bottom left: toluene, bottom right: THF. 

 

Racemic polyNOC at a catalyst: monomer ratio of 1:200 at 25wt% was also analyzed in 

DCM, THF, benzene, and chloroform to compare to previous work conducted on chiral polyNOC 

(Figure 2.22). Racemic polyNOC in DCM exhibits a predominantly partially formed nematic 

phase, with slight indications of displaying a cholesteric phase due to the sporadic placement of 

spherulites throughout the liquid crystal image. The formation of spherulites indicates that there is 

a dominance of one or the other chirality existing within the racemic polymer, which implies that 

there is possible self-aggregation of the chiral polymer chains that assist one chirality to govern 
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over the other. Racemic polyNOC in chloroform indicates the formation of the smectic C phase 

due to the hazy conical impression seen on the liquid crystal image, while the same polymer in 

toluene indicates the partially formed existence of spherulites, mirroring the liquid crystal phase 

formation as seen in the polymer in DCM. The last solvent used for racemic polyNOC, THF, 

exhibited a nematic phase due to the grainy texture of the phase that lacks a positional order. 

Racemic polyNOC contains both chiralities existing within the polymer sample, with a single 

chain of the polymer containing only one chirality. With both chiralities contained within the 

polymer sample, the chiralities annuls the optical rotation of the polymer to be SOR = 0° (g/mL)−1 

cm−1, meaning that neither chirality is dominant in the polymer sample. This is proven to be untrue 

since there are spherulites observed in the liquid crystal phases in DCM and toluene possibly due 

to the self-aggregation of each individual chirality to itself.  

2.4 Conclusion 
 

The solid-state characterization of RR-PCDs that display chiroptical switching behavior in 

dilute solution has enabled a new method for the nonselective sensing of VOCs. Hansen solubility 

parameters indicates the polymers affinity to solvents that have polarity, dispersion and hydrogen 

bonding parameters within limited range showed excellent cohesiveness with the aromatic and 

octadecyl pendant groups on the polymer. The solvents that received a grade of P were principally 

non-polar solvents that had very low dispersion parameters and similar ranges in polarity and 

hydrogen bonding parameters. On the opposing end, solvents that received a grade of F showed 

extremely wide ranges in all three categories of parameters with the inclusion of several 

heteroatoms comprised in the solvents. This report described the facile assembly and use of a 

molecular sensor using commercial FTIR instruments (both transmission and ATR-FTIR). The 
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change in state A/B population in response to VOCs was surprisingly rapid, responding, and 

equilibrating within 10−30s. The imine stretching region has proven to be a convenient 

spectroscopic handle in which very few functional groups absorb allowing for sensing VOCs 

without signal occlusion or significant overlap. The promising results for the semiselective sensing 

of VOCs elicits further scrutiny for the development of a viable sensing method for industrial 

applications, especially due to the polyNOC’s high sensitivity to various mixtures of benzene, 

toluene and xylene mixtures indicating possible incorporation into the petroleum industry, where 

the polymer was able to distinguish between mixtures that had slight differences to each other even 

though all three of the solvents had very similar Hansen solubility parameters and all received a 

grade of P. The liquid crystalline properties of chiral polyPOC and racemic polyNOC was 

examined with clear phase differences being exhibited between the helical counterparts of chiral 

polyPOC, with the majority of the phases being in cholesteric or nematic with a lot of occurrences 

of blue phase III. There were also disparities in the development of the phases with (S) polyPOC 

having a significant amount of partially formed phases, while its equivalence in (R) polyPOC 

showed fully formed phases within the same period of time. The phases also exhibited contrasting 

hues between the phases where if gold hues were seen in a solution in one chirality, the opposite 

was observed with the opposing chirality.  
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CHAPTER 3 

LIVING V. NON-LIVING CARBODIIMIDE POLYMERIZATION USING TITANIUM 

BASED CATALYSTS 

3.1 INTRODUCTION 

3.1.1 Types of Polymerizations 

 A polymer is the result of a reaction, polymerization, that contain several monomer 

molecules that react together to in a repeating fashion to form chain that is linear or branched in 

structure.1-5 There are two principal methods of polymerization, step-growth polymerization and 

chain-growth polymerization. Step-growth polymerization refers to systems where monomers 

react with each other to create dimers, trimers, and oligomers, which then react with each other to 

create the polymer evidenced by the low molecular weight throughout the system till high 

monomer conversions are reached (Figure 3.1, 3.2).1-7  

Figure 3.1 Chain growth within a step-growth polymerization leading to a full polymer chain.7  



 

100 

 Several factors comprise if a polymer reaction is identified to be step growth, such as there 

is continual chain growth within the system matrix, several steps (initiation, propagation, chain 

transfer, etc.), occur simultaneously throughout reaction process with various growing polymer 

chains, the molecular weight increases slowly over low monomer conversions and proceeds to 

increase rapidly at high monomer conversions.1, 3  

 

Figure 3.2 Comparison of rate of polymerization from equating average molecular weight to % 
conversion of monomer consumption.7  
 
Conversely, chain-growth polymerizations contain reactions that have sequential addition of 

monomer to the end of the polymer chain.1-7 Chain-growth polymerization usually undergoes steps 

such as chain initiation, where an initiator generates an active center, chain propagation, where 

new active centers are generated for each consecutive monomer addition for polymer chain 
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growth, chain transfer, where the active center of the polymer chain is transferred to a new chain, 

while the current chain terminates, and chain termination where the polymer chain ends either by 

combining with another polymer chain or through disproportionation. Chain-growth 

polymerization also contains guidelines in identifying it within a polymer system, such as abiding 

by the previously mentioned steps followed in different stages throughout the mechanism, the 

requirement of an initiator to begin the polymerization, the molecular weight increasing 

accordingly with monomer conversion and the polymer chains not being active after the 

termination step, unlike step-growth polymerization (Figure 3.2).1-7 

 Living polymerization is a subset of chain growth polymerization where the chains do not 

experience chain transfer or chain termination and the rate of chain initiation is much higher than 

chain propagation.6-10 Living polymerizations can undergo anionic, cationic or radical 

polymerizations and has a steady rate constant, hence exhibiting first order kinetic behavior due to 

the dependency of the reaction lying slowly on the availability of monomer within the system. The 

first order kinetic behavior is outlined by equation 3.2, where the natural of the initial monomer 

[Mo] over the monomer at a particular time [Mt] equals the rate constant of the propagating species. 

The rate is plotted against time to monitor consumption, as seen in % conversation of the monomer 

(equation 3.2) of the propagating species [P] which needs to lay in a linear fashion with absence 

of an upward or downward curve in the beginning of the plot indicating slow initiation, or a 

downward curve at the end of the reaction indicating termination.6-10  

𝑙𝑙𝑙𝑙
[𝑀𝑀𝑡𝑡]
[𝑀𝑀𝑡𝑡]

= 𝑘𝑘𝑝𝑝[𝑃𝑃]𝑡𝑡 

Equation 3.1: The polymerization rate as the log of monomer concentration6-10 
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% 𝑐𝑐𝑐𝑐𝑙𝑙𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑙𝑙 = 1 −
(𝑙𝑙𝑙𝑙 [𝑀𝑀𝑡𝑡]

[𝑀𝑀𝑡𝑡]
)𝑓𝑓𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡

(𝑙𝑙𝑙𝑙 [𝑀𝑀𝑡𝑡]
[𝑀𝑀𝑡𝑡]

)𝑓𝑓𝑓𝑓𝑓𝑓𝑡𝑡𝑓𝑓𝑡𝑡𝑡𝑡
 

Equation 3.2: The % conversion indicating monomer consumption.6-10 

 A living polymerization is also monitored by its determined molecular weight and narrow 

polydispersity index (PDI), close to 1.1, indicating a controlled reaction continuing in a living 

manner. The molecular weight is compared to the % conversion of monomer, where a linear fit is 

expected to verify the system to be living.6-10 A downward curve in the system towards the end of 

polymerization indicates chain transfer, an upward curve towards the end of the polymerization 

indicates coupling or combination of the polymer chains, and an upward curve towards the 

beginning of the reaction indicates a slow initiation, all of which designate the system as not living. 

The number average molecular weight (Mn) needs be a linear function of monomer conversion (Io) 

(equation 3.3), and the PDI is the weight average molecular weight over the number average 

molecular weight which needs to be close to 1.1 (equation 3.4).6-10  

𝐶𝐶𝑃𝑃𝑓𝑓 =  
𝑀𝑀𝑓𝑓

𝑀𝑀𝑡𝑡
=  

[𝑀𝑀]0
[𝐼𝐼]𝑡𝑡

 (𝑐𝑐𝑐𝑐𝑙𝑙𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑙𝑙) 

Equation 3.3: The number average molecular weight as a linear function of monomer 
conversion.6-10 

𝑃𝑃𝐶𝐶𝐼𝐼 =  
𝑀𝑀𝑤𝑤

𝑀𝑀𝑓𝑓
 

Equation 3.4: The polydispersity index as function of weight average molecular weight over 
number average molecular weight.6-10 

 
3.1.2 History of carbodiimide polymerizations 

 Carbodiimide monomers were initially polymerized under anionic conditions which 

resulted in low molecular weights and low yields, with radical and cationic polymerizations 
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yielding unsuccessful results.11-12 Goodwin et al. reported the synthesis of the asymmetrical 

carbdodiimide polymer using organotitanium catalysts that undergoes a living polymerization. The 

asymmetry in the polymer backbone allows for helicity to be incorporated into the backbone to 

create chiral polycarbodiimides.11, 13 Figure 1.1 and scheme 1.1 expresses the mechanism that a 

carbodiimide monomer undertakes in order to form the polymer chain. The titanium (IV) catalyst 

required for the polymerization are air and moisture sensitive, necessitating the use of a drybox 

and schlenk glassware for the synthesis itself.11, 14  

Figure 3.3 Various Titanium (IV) catalysts used for carbodiimide polymerizations. Cat-1 contains 
a cyclopentadienyl group with a fluorinated alkoxide. Cat-2 contains a fluorinated alkoxide ligand 
and experiences the fastes polymerization reactions. Cat-3 contains a chiral BINOL ligand that 
imparts helicity onto the backbone of the polymer.  
 
The alkoxide pendant group connected to the titanium center is the activating ligand that initiates 

the monomer for chain propagation.11, 13, 14 The first catalyst synthesized (Cat-1) contains an 

alkoxide ligand and a cyclopentadienyl group, which makes it bulkier than Cat-2 that contains 

three chlorides and a fluorinated alkoxide (Figure 3.3). Neither catalyst is able to impart chirality 

onto the polycarbodiimide backbone, but are able to conduct reaction rates of polymerization faster 

with high yields than titanium (IV) catalyst containing bulkier ligands.11, 13-20 The 1,1’-binaphth-

2,2’-ol (BINOL) ligand (Cat-3) was incorporated as a chiral ligand so that a wide range of 

polymers can have a helicity assimilated into the backbone of the polymer versus only being able 

to have chirality from chiral pendant groups synthesized into the backbone of the polymer (Figure 
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3.3). The BINOL ligand is also able to produce yields of ~85-90% of the product, but increase in 

temperature of the reaction or having even more bulkier ligands, such as tridentate BINOL titanium 

(IV) catalysts, causes aggregation and lower catalyst activity resulting in poor yields.11, 13-20 Cat-1 

and Cat-2 have been previously studied for polymerization reactivity rates and have been 

determined to form polycarbodiimides in a living manner, hence, the assumption extended that all 

titanium (IV) catalysts conduct polycarbodiimide reactions as living polymerizations. The initial 

kinetic studies were conducted in order to create block copolymers of polycarbodiimides for 

various applications, and herein are the results of studying kinetic experiments conducted with 

chiral Ti-BINOL catalysts on N-phenyl-N’-octadecyl carbodiimide. 

3.2 EXPERIMENTAL 

All chemicals purchased for the synthesis of ureas, monomers, catalysts and solvents were 

received from Fisher Scientific and Sigma Aldrich, as mentioned in each particular section below. 

The synthesis, purification and storage of each synthesized product is outlined, as well as, in the 

sections beneath. All 1H NMR were recorded using a Bruker Advance III 500 MHz NMR 

Spectrometer at room temperature in CDCl3. Dynamic ATR-FTIR spectra were collected using a 

probe-type, Mettler-Toledo reactIR ATR-FTIR spectrometer with a silicon sample window. The 

monomer consumption was analyzed on a Shimadzu GCMS-QP2010 Plus and all molecular 

weights were recorded on the gel permeation Viscotek VE3580 sytsem equipped with Viscotek 

Columns (t6000M).  

3.2.1 Synthesis of Chiral Titanium-BINOL catalyst 

 Refer to chapter 2, section 2.2.3 for the procedure to synthesize the chiral titanium-BINOL 

catalyst. 
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3.2.2 Synthesis of PolyPOC urea, and carbodiimide monomer.  

 Refer to chapter 2, section 2.2.2 for synthesis on N-phenyl-N’-octadecyl thiourea. Refer to 

chapter 2, section 2.2.4 for synthesis on N-phenyl-N’-octadecyl carbodiimide 

3.2.3 Polymerization of POC monomer for analysis in GC-MS and GPC 

Refer to chapter 2, section 2.2.5 for a thorough procedure of synthesis on. A similar protocol was 

used to create polyPOC at a 1:200 ratio using both (R) and (S) Ti-BINOL catalyst, as separate 

reactions, except 1: ¼ ratio of N-phenyl-N’-octadecyl carbodiimide to 1,4-dimethoxybenzene was 

used in order to incorporate a standard while analyzing the compound in the GC-MS. 0.1 ml 

aliquots of the reaction was quenched into 3.0 ml of acetone in a 1 dram vial, without the presence 

of DBU at various intervals of time. In experiment 1, synthesis of (S) polyPOC using (S) Ti-

BINOL catalyst, the aliquots were quenched every hour for 9 hours and in experiment 2, synthesis 

(S) polyPOC using (S) Ti-BINOL catalyst, the aliquots were quenched every 15 mins for 4 hours. 

0.5 ml of the solution was then filtered through a 25 mm syringe filter with 0.2 µm PTFE 

membrane into a 2.0 ml vial. In experiment 3, synthesis of (R) polyPOC using (R) Ti-BINOL 

catalyst, the same protocol as experiment 2 was followed. Any precipitate formed was immediately 

separated using vacuum filtration and dried under high vacuum overnight. The precipitate was 

then measured to concentrations of 0.6mg/ml and dissolved in THF and analyzed for molecular 

weight in the GPC.  

3.3 RESULTS AND OBSERVATIONS 

3.3.1 Kinetics study of PolyPOC using ReactIR 

 Since the initial goal of the project was to synthesize block copolymers, the natural measure 

was to conduct polymerization kinetic experiments to determine the moment that the first polymer 
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block is completely consumed in order to add in the second polymer block. The initial kinetic 

study involved the use of a ReactIR, that is able to use infrared spectroscopy to analyze the 

consumption of the monomer by monitoring the imine stretch at 2130 cm-1. The experiment was 

conducted using a 25ml round bottom flask, where 0.5g of the N-phenyl-N’-octadecyl 

carbodiimide was added and dissolved with 4ml of toluene, prepared inside the glovebox. In a 

separate 20mL vial, the appropriate amount of catalyst was added, in order to create a catalyst: 

monomer ratio of 1:200, along with 4ml of toluene, and sealed with a rubber septum in the 

glovebox. The round bottom flask containing just the monomer solution was transferred out of the 

glovebox and sealed with the reactIR probe and purged with nitrogen. To this mixture, the catalyst 

solution was injected and the monitoring the depletion of the peak at 2130 cm-1 begun, as well as 

the increase in the C=N-phenyl peak of the polymer at 1630 cm-1, while stirring.  

 

Figure 3.4 Attempt at kinetic experiment using reactIR. Top: Trend of monomer peak at 1630 cm-

1 decreasing over time. Bottom left: The monitoring of the relative intensity of the monomer peak 
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at 1630 cm-1. Bottom right: 3-D map of the decreasing of the monomer peak at 1630 cm-1 with red 
area showing the peak at time 0 hrs, and the end yellow area showing time at 8 hrs.  
 
 At the start of the experiment the intensity of the monomer imine peak began at 100%, with 

the intensity of the peak decreasing over time, reaching 60% at 2 hrs and close to 2% at 7.5 hours. 

But, within this spectra, it can be noted that at time 2 hours and 15 mins, there was an increase in 

the intensity of the monomer imine peak to 70% and another increase in the intensity of the imine 

peak, starting at 7.5 hours, climaxing to 30% (Figure 3.4). Even though, ideally, the peak would 

steadily decrease in intensity over time, indicating consumption of monomer, the increase in peak 

intensity could be attributed to either instrument error, or the reaction existing in equilibrium 

showing de-polymerization alongside polymerization.  

 

 

Figure 3.5 Attempt at kinetic experiment using reactIR. Top: Relative intensities from monitoring 
the monomer peak (green line) at 1630 cm-1, and the polymer imine peak (green line) at 2130 cm-
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1. Bottom left: Monitoring of the relative intensity of polymer imine peak at 2130 cm-1. Bottom 
right: 3-D map of the relative intensity of the polymer imine decreasing over 36 hours.  
 
 When monitoring the –C=N-phenyl peak over the course of the reaction, several anomalies 

can be seen at times 3 hrs, 11 hrs, and 14 hrs of the reaction, which mirrors the irregularities seen 

of the monomer imine peak, indicating instrument fault, but the decrease in the peak over the 

course of 18 hrs to 20 hrs, could show the titanium catalyst de-polymerizing the extending polymer 

chain (Figure 3.5). At time 0 hrs, the monomer imine peak began at a peak height of 0.03 and the 

polymer imine peak began at a peak height of 0.01. Twenty-three hours into the experiment, the 

monomer peak at 2130 cm-1 reached the same intensity compared to the polymer peak at 1630 cm-

1 (0.02), indicating that the reaction has reached its median point. At 36 hrs, there is indication of 

the polymer imine peak intensity steadily increasing to 0.03, while the monomer imine peak 

reached an intensity of 0.01, indicating possible conclusion to the experiment.  

 According to previously conducted carbodiimide kinetic experiments with similar catalysts 

and monomers that contained less bulky pendant groups, a conclusion of the reaction undergoing 

a living polymerization was reached, with the addition of more monomer resulting in the 

continuation of the polymerization. Hence, time or de-polymerization weren’t factored in since it 

was assumed that the polymerization would have reached a static point. There is previous evidence 

of polymerizations of monomers containing bulkier pendant groups extending into 7 days of 

reaction before the reaction was quenched, but most recent data suggests limiting carbodiimide 

polymerizations to 16 hrs due to the indication of inflation in the polydispersity index (PDI) and 

variations in molecular weight. In the case of the current carbodiimide polymerization kinetic 

study conducted in the reactIR, the reaction is showing evidence of reaction times of 36 hrs, with 

the carbodiimide monomer peak at 1630 cm-1 still not reaching a peak intensity of 0.0, as would 
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be expected of the monomer being completely consumed during the reaction. The long reaction 

time could be due to the dissimilarity in reaction conditions and the catalyst rendering itself 

inactive over time, where under normal conditions, the reaction is conducted inside of a drybox, 

void of oxygen and moisture that would inactive our catalyst with prolonged exposure, and there 

is a limited amount of solvent added to the system, at 1ml of solvent for every 0.5g of monomer. 

The exposure to air and moisture, potentially reducing catalyst activity, and changing reaction 

conditions can drastically elongate polymerization reaction rates, making this kinetic experiment 

to not reflect the true reaction rate of the polymerization.  

3.3.2 Kinetics study of PolyPOC using GPC and GC-MS 

 To truly verify the living nature of the polymerization and to follow the consumption of the 

first block of monomer, the polymerization kinetic experiment was repeated using consistent 

reaction conditions with monitoring of the monomer consumption with a gas chromatography- 

mass spectrometry (GC-MS) and the increase in molecular weight over time using gel permeation 

chromatography (GPC). The polymerization was setup in the glovebox according to section 3.2.3. 

In experiment 1 (Figure 3.6), synthesis of (S) polyPOC using (S) Ti-BINOL catalyst, the 0.1ml 

aliquots of the reaction was quenched every hour for the extension of 9 hours in order to closely 

mimic the reaction time currently used for carbodiimide polymerization. According to Figure 3.6, 

the first order kinetics plot indicates chain propagation until time 180 mins, where 99.6% 

conversion was reached, in which after the lack of monomer to consume is indicated by the 

decrease in the semilogarithmic plot. There is also indication of de-polymerization in the system 

designated by the reversal in the monomer conversion from 99.6% to 92.0% at 240 mins and a 

decrease in conversion at time 420 mins to 97.0% conversion when there was a lack of monomer 
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presence denoted for time 300 mins, 360 mins, 480 mins, and 540 mins. The confirmation of de-

polymerization mirrors the irregularities of monomer consumption observed in the polymer kinetic 

experiment in the reactIR. The de-polymerization reaction exists due to the strong nature of the 

catalyst being able to polymerize the monomer, but also undergo de-polymerization when there is 

a lack of monomer present and the reaction hasn’t been terminated.  

Time Ln(M0/Mt) 
% 

Conversion 
30 3.78 N/a 
60 5.46 81.0% 

120 7.05 96.0% 
180 9.22 99.6% 
240 6.31 92.0% 
300 0.00 N/a 
360 0.00 N/a 
420 7.18 97.0% 
480 0.00 N/a 
540 0.00 N/a 

 

Figure 3.6 Values and graph outlining the experiment 1 of kinetic study conducted according to 
section 3.2.3. The graph outlines that the reaction ends approximately between 3-4 hours.  
 
 In experiment 2, synthesis of (S) polyPOC with (S) Ti-BINOL catalyst, the reaction time 

was reduced to 4 hours since it was indicated in experiment 1 that the monomer conversion reached 

its extend at ~3 hours. The second experiment was conducted in the same manner as section 3.2.3, 

but the aliquots were quenched every 15 mins up to 3 hours. According to Figure 3.7, the first 

order kinetics plot indicates a linear rate of reaction progression with the absence of slow 

termination, indicated by the lack of an upward or downward curve in the beginning of the reaction 

and an R2 value of 0.99, showing excellent fit of the values recorded. The % conversion calculated 

indicates that the monomer conversion reached 95.0% by time 180 mins and 98.0% by time 240 
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mins, with no irregularities indicating de-polymerization. When the molecular weight of the 

precipitates collected for every 15 minutes were analyzed in the GPC and compared with % 

conversion (Table 3.1, Figure 3.8), it is observed that the polymerization undergoes chain transfer 

in the system, due to molecular weight decreasing and having extreme variations over increasing 

conversion of monomer, ranging from 20,000 Da to 31,000 Da.  From 80.0% conversion to 95.0% 

conversion, it is observed that the molecular weight stays stagnant even though a living 

polymerization would have steady growth of molecular weight over conversion of monomer.  

Time Ln(M0/Mt) % 
Conversion 

15.00 3.16 N/a 
30.00 3.31 14% 
45.00 3.62 36% 
60.00 3.73 43% 
75.00 3.95 54% 
90.00 4.53 74% 

105.00 4.75 80% 
120.00 5.06 85% 
135.00 5.31 88% 
150.00 5.38 89% 
165.00 5.90 93% 
180.00 6.17 95% 
195.00 6.68 97% 
210.00 6.61 97% 
240.00 7.07 98% 

 

Figure 3.7 Values and graph outlining the experiment 2 of kinetic study conducted according to 
section 3.2.3. The graph outlines that the reaction ending ~3 hours reaching 95% conversion of 
monomer, showing a linear fit in the first order kinetics plot, as expected in living polymerizations.  
 
It is important to note that with previous experience, the molecular weights for carbodiimide 

polymers tend to be less consistent and PDI’s inflated due to the bulky pendant groups and the 

nitrogen rich backbone not traveling properly through a polystyrene column, as is standard in most 
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GPC’s. In experiment 3, synthesis of (R) polyPOC using (R) Ti-BINOL catalyst, was conducted 

according to the same procedure of experiment 2, to exhibit that the same reaction taking place 

under the opposing chirality will emulate that of the results seen from experiment 2. As seen in  

Figure 3.9, instead of containing a reaction time of 3-4 hours, the reaction reached a monomer 

conversion of 93.0% by time 75 mins. The first order kinetics plot indicates a linear relationship 

of species propagation, but due to the fewer data points collected compared to experiment 2, the 

R2 value is reduced to 0.94, lower than fit observed in experiment 2.  

Table 3.1 Table on the left outlining the analyzed number molecular weights from the aliquots at 
15 mins each, compared to the % conversion of monomer and PDI, and the table on the right 
condensed to the % conversion of monomer and molecular weight that fall into order. 
 

 
 
  

  

Time Mn % Conversion PDI 
0 0 0 0 

30 N/A 14% N/A 
45 N/A 36% N/A 
60 20743 43% 2.4 
75 31285 54% 2.36 
90 26406 74% 2.8 

105 23666 80% 2.88 
120 23471 85% 2.88 
135 30405 88% 2.11 
150 26713 89% 2.62 
165 23600 93% 3.17 
180 24386 95% 2.78 
195 21536 97% 3.16 
210 21780 97% 3.07 
225 21665 98% 2.88 
240 20354 98% 3.14 

% Conversion Mn 
0% 0 

43% 20743 
80% 23666 
85% 23471 
93% 23600 
95% 24386 



 

113 

 

Figure 3.8 Graph explaining fit between molecular weight and % conversion of monomer 
according to Table 3.1. 
 
 From the results drawn from experiment 2 and 3 it can be concluded that a carbodiimide 

monomer does not undergo a living polymerization in the case of the chiral Ti-BINOL catalyst 

and depending on the reaction batch to batch variation while synthesizing the catalyst, reaction 

rates can vary. This finding is contradictory to previous published data that claims the 

polymerization experiences a living fashion unlike the other variations of the Titanium catalyst. In 

the case of kinetic experiments conducting on Cat-1 and Cat-2, the reactions were consistent with 

a living polymerization since the first-order kinetics were linear in both the cases of monomer 

consumption and molecular weight progression, hence, it was assumed all titanium catalyst, even 

with varying ligands, would also polymerize carbodiimide monomers as a living polymerization. 

This could be due to Cat-1 and Cat-2 having only one initiation site, while the Ti-BINOL catalyst 

y = -41476x2 + 63651x + 214.9
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0

5000

10000

15000

20000

25000

30000

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

M
n

% conversion

Mn v. Conversion of (S) Poly(phenyl octadecyl) 
carbodiimide



 

114 

(Cat-3) has two possible initiating sites. It was assumed previously that due to the bulkiness of the 

BINOL ligand, it would prevent both potential activation sites, simultaneously, or that after one 

initiating site has been activated, the catalyst will remain on the chain end till termination, which 

at that point, the catalyst would render itself inactive. This is proven to possibly not be the case 

since there is evidence of chain transfer existing in the system, allowing the polymer chain to 

possibly terminate early, allowing the catalyst to leave the polymer chain and having an additional 

activation site ready to begin another polymer chain. This is slightly confirmed by the actual 

molecular weight of the polymer being ½ to ¼ of the theoretically calculated molecular weight of 

~100,000 Da, but molecular weight data emitted for carbodiimide polymers cannot be completely 

relied on.  

Time Ln(Mo/Mt) % Conversion 
15 5.21 N/a 
30 5.45 21% 
45 6.83 80% 
60 6.93 82% 
75 7.89 93% 

 

 
 
 
 
 
 
 
Figure 3.9 Values and graph outlining the experiment 3 of kinetic study conducted according to 
section 3.2.3. The graph outlines that the reaction ended at 75 mins reaching 93% conversion of 
monomer, which is drastically different from experiment 2, but shows a linear fit in the first 
order kinetics plot, as expected in living polymerizations.  

y = 0.0456x + 4.4063
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3.4 CONCLUSION 

It has been held as a common belief that the catalysts utilized so far for synthesizing 

polycarbodiimides were always conducted in a living fashion, and has been proven so for Cat-1, 

and Cat-2. According to the kinetics study conducted, it can be concluded that the titanium – 

BINOL catalyst (Cat-3) does not take the previously allotted reaction time of 16 hrs to 7 days and 

does not polymerize the carbodiimide monomer in a living fashion due to chain transfer witnessed 

in the molecular weights analyzed. This is possibly due to the Cat-3 containing two activation sites 

compared to Cat-1 or Cat-2, that may become active after the termination of the polymer chain, 

evidenced by the lower molecular weight compared to the theoretical molecular weight. In order 

to further prove any theories on how the catalyst may act in the polymer system, a fluorinated 

NMR kinetic study can be conducted, where the activation sites containing fluorinated 

isopropoxide groups can be tracked when they are added onto the beginning of the polymer chain.  
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CHAPTER 4 

REVERSIBLE COVALENT RECOGNITION PENDANT GROUPS ON ACHIRAL 

POLYCARBODIIMIDES TO INDUCE SINGLE-HANDED HELICITY FOR CHIRAL 

SENSING 

4.1 INTRODUCTION 

4.1.1 Chiral Sensing 

The purification of asymmetric reactions is critical in the pharmaceutical industry due to 

certain enantiomers of bioactive drugs having unfavorable effects to the human body.2 To ensure 

that there are minimal negative effects, standards are in place to analyze and enhance the 

enantiopurity of these drugs. The pharmaceutical industry requires efficiency, accuracy, and the 

use of high-throughput screening (HTS) to determine the relative quantity of each enantiomer in a 

product in a timely manner.3 Enantiomeric excess (ee) values of these chiral products are usually 

calculated using chiral chromatography.4 Even though chiral chromatography distinguishes the 

minute differences between enantiomers with high accuracy, the process has proven to be slow 

and expensive due to long equilibration/run times and the high-purity solvents/ columns required, 

respectively. Though the accuracy of ee determination is superior for chromatography, this process 

is not amenable to new HTS methods. 

 In recent years, the idea of using optical spectroscopy such as circular dichroism (CD) 

instead of chromatographic separation methods has grown popular due to its short analysis time 

and cost efficiency.2 In CD, a chiral substrate shows a distinct, characteristic signature that is 

unique to the substrate allowing for the calculation of enantiomeric excess based on the amplitude 

of the CD signal.5 With the aim of using CD as an efficient method, small molecule and polymeric 
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probes with distinct absorbances have been synthesized where chirality and CD will be induced 

upon binding a chiral analyte. Calibration curves must also be created based on the CD change 

resulting from known changes in ee in order to determine the ee of an unknown product, relative 

to this curve.  In order to use helical polymers as chiral sensors, a racemic polymeric probe must 

be influenced into an induced, one-handed helix upon covalent or non-covalent binding of the 

chiral substrate generating a distinct and exaggerated Cotton effect.5 The accuracy of both ee 

determination methods are comparable (99% accuracy for HPLC  compared to  98% accuracy with 

CD) and CD is sufficient for the rapid ee screening of a multitude of chiral products.6 The downfall 

of utilizing helical polymers as the sensor molecule is the lower sensitivity at high ee values. This 

problem arises due to the majority rules effect for helical polymers that causes the polymer 

backbone to convert to single-handed helices at very low ee values when employing chiral 

monomers or chiral molecular chaperones.7,8  

Herein, we propose the use of the “sergeants and soldier effect” in order to control the 

conversion of the helical bias and achieve a higher sensitivity at high ee values.9-11 For this project, 

poly(phenylacetelyene) derivatives will be created with achiral recognition substituent groups. 

These groups will be reacted with chiral analytes inducing a one handed helix to these polymers 

upon binding. To control the rate of enantioinduction and to create polymers that are able to hold 

various ratios of both (S) and (R) helix along the backbone, the amount of the sensing substituents 

in the backbone will be controlled, so that the chiral analytes can act as a “sergeant” to induce 

single-handed screw-sense only at high ee values.9,12 This approach will help achieve high 

sensitivity at high ee values since the rate of enantioinduction will be in control. The novelty of 
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this approach allows for an efficient high throughput screening protocol to be developed using 

circular dichroism to determine the enantiomeric excess of an unknown product. 

4.1.2 ee Determination 

Enantiomeric purity is an integral part of the pharmaceutical industry, since one enantiomer 

of a certain drug could prove to be beneficial to the human body, while the other enantiomer could 

be detrimental.2 Using high throughput screening processes, the pharmaceutical industry is able to 

quickly and efficiently determine the integrity of their products. HTS is the process of rapid 

identification of bioactive compounds which include various testing, one of those being 

determining enantiomeric excess and yield of chiral compounds.3 The purity of the chiral 

substances within a compound is measured by taking the difference of the mole fraction of the two 

enantiomers, which outputs an ee value (Equation (4.1)).2,3,13,14  

𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄 𝟒𝟒.𝟏𝟏.  𝑐𝑐𝑐𝑐 =  |𝜒𝜒𝑓𝑓+  −  𝜒𝜒𝑓𝑓−| 

Equation (4.2) is used to determine the percent of enantiomeric excess of the compound using 

CD.14 

𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄 𝟒𝟒.𝟐𝟐.  𝑐𝑐𝑐𝑐 = �
[𝛼𝛼]𝑐𝑐𝑜𝑜𝑐𝑐
[𝛼𝛼]𝑚𝑚𝑚𝑚𝑚𝑚

� ∗ 100 

An ee value of 0% proves that the compound is a racemic mixture with neither enantiomer existing 

more than the other, while an ee value of 100% proves that only a single enantiomer is present 

within the sample. In order for a drug to be deemed commercially viable, a value close to 100% is 

needed and this value has to be determined quickly and efficiently. 
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4.1.3 Analytical Methods 

 Currently, the industry utilizes asymmetric synthesis and chiral chromatography to achieve 

high ee values, but due to asymmetric synthesis having several parameters in need of optimization, 

such as solvent, catalyst, temperature, and various reagents, the use of chiral chromatography 

becomes disadvantaged for high-throughput methods of screening these conditions.4,8 A microliter 

size sample is inserted into the instrument, which then passes through a unique, chiral column.15 

This separates the various enantiomers based on their chirality and detects peaks depending on the 

efficiency, retention, and separation factors. The efficiency factor demonstrates the efficacy of the 

instrument in regards to how distinctly the peaks have been separated and how narrow each peak 

is. The retention factor determines how the sample interacts with the stationary and mobile phase. 

The separation factor defines how well the instrument was able to separate the compounds from 

the various reaction components. The narrower and more separated the peaks are, the higher the 

success in the results achieved. With each asymmetric product being unique, new columns can be 

used for distinct samples, and the instrument is typically calibrated consistently in order to 

minimize crucial errors. Since the various parameters are unique to each synthesis, the costs and 

time compound, lowering the efficiency of these chromatographic methods.2 Studies have also 

shown the possibility of systematic errors due to failure of properly optimizing various factors 

within the method.16 Techniques akin to HPLC have other reported problems such as overlapping 

of peaks due to improper separation with research suggesting the coupling of this technique with 

CD and MS.14 

 Other methods such as 1H NMR, 13C NMR, 31P NMR, 19F NMR (i.e. using chiral shift 

reagents), mass spectrometry (MS) and optical spectroscopy are being explored in order to serve 
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as a replacement/compliment for HPLC.2,17-19 Even though NMR is a prominent analytical 

technique to determine the composition of the compound, a complicated molecule can prove to be 

difficult to integrate and assign. With 13C NMR requiring at least an hour, if not more, for a suitable 

spectra and both 31P and 19F NMR only catering to a niche group of products, the possibility of 

substituting a chiral chromatography method for other proposed methods diminish.  

 Research into the use of optical spectroscopy to determine ee values is a fairly new field 

yielding promising results. The idea of using optical spectroscopy, such as circular dichroism, has 

been explored by a few groups.1,2,13,20 Circular dichroism (CD) is the differential absorption of left 

handed or right handed circularly polarized light which is preferentially absorbed by a chiral 

molecule measured within the appropriate range of wavelengths (Figure 4.1).15,21  

 

Figure 4.1 Circularly polarized light as used in CD.21 

 The growing attraction for using CD stems from the shorter analysis time allowing for 

faster high throughput screening protocols.2,5 A product is diluted using an appropriate solvent at 

a specific concentration and placed in a cell in which circularly polarized light is passed through 

and interacts with the medium. According to previously conducted studies, a calibration curve is 

built using various chiral analytes as standards. Following this, a similar unknown product can be 

analyzed relative to this calibration to determine ee. 
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4.1.4 Helical Polymers 

 Helicity found within nature occurs frequently and contributes to the important 

functionalities of these systems, such as DNA, proteins, and genes.22,23 Natural and synthetic 

helical polymers are of great interest due to expansive applications including biomimetics, chiral 

sensing, liquid crystal displays, semiconductors, and chiroptical switches.24 The first synthesized 

helical polymer was discovered by Giulio Natta synthesizing an isotactic polypropylene that 

adopts a helical conformation in the solid state.25 Today, various helical polymers have been 

synthesized including polyisocyanates, polycarbodiimides, and polyphenylacetylenes, to name a 

few.26-28 Helicity within a polymer is formed throughout the backbone or propagated via chiral 

side groups. The helical conformation adopts a right or left handed turn and can be synthetically 

induced or constructed using various methods. Two classes of helical polymers exist, dynamic 

helical polymers and static helical polymers. Static helical polymers have high inversion barriers 

to their helical secondary structures and do not readily interconvert between helical conformations 

without an external influence such as high temperatures or various solvent parameters. In contrast, 

dynamic helical polymers have low inversion barriers and easily racemize at room temperature.29 

This is due to the principle of microscopic reversibility, which states that if a reaction propagates 

towards one direction, it is able to reverse toward the opposite direction. So, if an inversion barrier 

is low enough to be overcome at room temperature, there will be enough energy for helical 

reversals to populate the backbone.26,30,31 If the helical inversion barrier is high there will not be 

enough energy for helical reversals to exist and will form a 50/50 racemic mixture. Since these 

polymers tend to racemize, they are not optically active, so dynamic helical polymers are of interest 

due to having the capacity to induce a one handed helicity and using chiral influences.24 The 
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induction of the main chain conformation helix using a chiral bias via covalent or noncovalent 

binding can form an excess helical sense within these otherwise racemic polymers using effects 

such as sergeants and soldiers and majority rule (Figure 4.2 [C and D]).29  

 

Figure 4.2 A) The dynamic helical nature of polyisocyanates. B) The activation barrier of 
polymers with chiral side groups. C) Sergeants and soldiers effect. D) Majority rules 
effect29 

 
 Green et al. explored work with specific dynamic helical polymers, polyisocyanates, and 

theorized features of these polymers that can be applied to other various dynamic helical polymers 

such as polysilylenes, propargylamides, and polyacetylenes.32-34 Polyacetylenes are semi-rigid 

helical polymers that have reportedly modest persistence lengths (8.6 nm - 13.5 nm), and with low 

helical inversion energies (~16 kJ/mol), similar to that of polyisocyanates as shown in Figure 4.2 

(A and B).35 The persistence length exemplifies the stiffness of the polymer and the energy value 
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on its activation barrier of the polymer and the helical persistence length of a polymer is the 

measure of the length between the helical reversals within an achiral polymer. Since both these 

values are low for polyacetylenes, this polymer becomes a tremendous candidate for chiral 

amplification using sergeants and soldiers effect and majority rule. Previous work into the one 

handed helical induction has been explored by several groups including Yashima, Kakuchi, and 

Okamoto, et al.7,35-38  

 

Figure 4.3 Preferred one handed helicity due to the crown ether interaction with the chiral 
guest39 

 
 Macromolecular helical induction has been previously conducted on 

poly(phenylacetylenes) containing crown ether side groups that are interactive towards small chiral 

molecules, such as tertiary amines, that are able to fit into the crown ether cavity as shown in 

Figure 4.3.39 The chiral analyte controlled the helical conformation via the asymmetric twist of the 

crown ether group.  
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Scheme 4.1 Induction of single handed helix on an achiral poly(phenylacetylene)s via 
“click” attachment of chiral alkynes1 
 

 In similar studies, an achiral poly(phenylacetylene) with azide pendant  groups was 

synthesized containing helical reversals throughout the backbone (Scheme 4.1).1 A CuAAC 

“click” reaction is then conducted between chiral alkynes that induces a single handed helix 

throughout the backbone of the polymer creating a chiral amplification.40-42 The polymer that was 

then analyzed via CD and exhibited enhanced cotton effects due to the bonding of the chiral 

analytes as shown in Figure 4.4.  
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Figure 4.4 CD spectra of the various enantiomers of the polymers shown in Scheme X 
measured in DMSO-acetic acid at 25⁰C at 0.5mg/mL1 

 
 The enhancement of Cotton effects is confirmed in Figure 4.4 by the equal and opposite 

amplification of the Poly-(S)-4 versus Poly-(R)-4 as well as Poly-(S)-3 versus Poly-(R)-3, showing 

that a preferred helical handedness is induced on the optically inactive polymers via chiral 

influences.1  

4.1.5 Majority Rules/Sergeants and Soldiers Effect 

 The majority rules effect, first introduced by Mark Green, explores the behavior helical 

polymers formed with both oppositely handed monomers.43 The study conducted using 

polyisocyanates showed indistinguishable CD effects when an excess of one enantiomer was in 

the presence of another from that of a homopolymer formed with a single enantiomer.8,28 

Polyisocyanates, having a low inversion barrier, exhibited a CD spectra that was exactly that of an 

(R) homopolymer when a copolymer consisting of 56% (R) and 44% (S) enantiomers, as well as, 

a copolymer with 98% (R) and 2% (S) were analyzed, regardless of the ratio of (R) to (S) as long 

as there existed an excess of an enantiomer. This effect is due to the preference for one helical 

sense depending on the stability of each handed helices and the energetic expense of a helical 

reversal. When the energy of the helical reversal is far higher than that of chiral substituents, a bias 

towards the forming the same helical sense takes precedence over the configuration of the pendant 

group (Figure 4.5).  
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Figure 4.5 Induction of one handed helix using chiral molecular chaperones29 

The majority rules effect holds true for a few polymers, including poly(phenylacetylene)s, which 

negates the calculation of ee due to favoritism towards a single helical sense at low ee values. If 

this effect holds true, the ee can only be determined at the extreme ratios equaling 0% ee and 100% 

ee.29 To combat this problem, we propose the use of the sergeants and soldier’s effect by 

incorporating only a small amount of sensing functionalities and single handed helices will only 

be obtained upon binding of chiral analytes with high ee.9-12 The sergeants and soldiers effect 

prevents the helical bias from being completely one handed at low ee, and allows for a ratio of (R) 

and (S) to coexist within a polymer by only having a few sergeants controlling the movement of 

the soldiers.9-12 The sergeants would be the chiral monomers, when the substrate is bound, that 

would be interspersed throughout the backbone, which in turn would be the soldiers. If the amount 

of the chiral monomers were dispersed all throughout the backbone, the helical bias would be 

favored toward all (R) or all (S) depending on the chiral analyte, but if the chiral monomers were 

sparsely dispersed throughout the backbone, the helical bias and the conversion rate would be 
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controlled. This effect allows for various ratios of the enantiomers to exist as helical reversals and 

the ee’s can be measured throughout a larger range.  

4.2 EXPERIMENTAL 

4.2.1 Synthesis of N-(phenyl boronic pinacol ester)-N’-(propyl) urea 

B N
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N
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NH2  

Scheme 4.2 The synthesis scheme of N-(phenyl boronic pinacol ester)-N’-(propyl) urea 

 4-aminophenyl boronic acid pinacol ester (Sigma Aldrich, 97%) (1 equiv.) was added to a 

250ml round bottom flask and dissolved with 100ml of dichloromethane. Once the amine had 

completely dissolved, propyl isocyanate (Alfa Aesar, 98%) (1 equiv.) was added to the solution 

and left to stir overnight at room temperature, with precipitate forming immediately. Using methyl 

isothiocyanate in lieu of propyl isocyanate resulted in the lack of product. The reaction was then 

filtered and the precipitate was recrystallized with hot ethanol. The product was then left to dry 

overnight under high vacuum.  

4.2.2 Synthesis of N-(methyl)-N’-(octadecyl) urea 

NH2
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H
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+
CHCl3

16 16
RT

 
 

Scheme 4.3 The synthesis scheme of N-(methyl)-N’-(octadecyl) urea 
 

 To a 500ml round bottom flask, 1-octadecylamine, (Alfa Aesar, 97%) (1 equiv.) was 

weighed and added and dissolved in 100 ml of dichloromethane. To this solution, methyl 

isothiocyanate (Alfa Aesar, 98%) (1 equiv.) was added and left to stir overnight. The reaction was 
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then rotary evaporated to concentrate the reaction down to form a white precipitate that was 

recrystallized with hot ethanol.  

4.2.3 Synthesis of N-(phenyl boronic acid pinacol ester)-N’-(propyl)carbodiimide (BEC) 

monomer 

CHCl3, RT
PPh3, Br2, TEA

N C N

B
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O
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H
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H

BO

O

O
 

  

 

Scheme 4.4 The synthesis scheme of N-(phenyl boronic acid pinacol ester)-N’-
(propyl)carbodiimide (BEC) monomer. 
 
 The synthesis of the N-(phenyl boronic acid pinacol ester)-N’-(propyl)carbodiimide 

monomer follows as outlined in chapter 2, section 2.2.2.The resulting product was an orange oil, 

due to the leftover bromine liquid in the solution. (Yield = 34%).  

4.2.4 Synthesis of N-(methyl)-N’-(octadecyl)carbodiimide (OMC) monomer 

N
H

N
H

S

CHCl3, RT
PPh3, Br2, TEA

N C N
16

C18H37

 
  

 

Scheme 4.5 The synthesis scheme of N-(methyl)-N’-(octadecyl)carbodiimide (OMC) monomer. 
 

The synthesis of the N-(methyl)-N’-(octadecyl)carbodiimide monomer follows as outlined 

in chapter 2, section 2.2.2.The resulting product was a clear oil.( Yield = 69%).  
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4.2.5 Synthesis of copolymerization of poly(N-[phenyl boronic acid pinacol ester]-N’-

[methyl]carbodiimide-co-(N-[propyl]-N’-[octadecyl]carbodiimide)] 
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x y
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Scheme 4.6 The synthesis scheme of poly(N-[phenyl boronic acid pinacol ester]-N’-
[methyl]carbodiimide-co-(N-[propyl]-N’-[octadecyl]carbodiimide)]. 
 

The random copolymer of N-(phenyl boronic acid pinacol ester)-N’-(propyl)carbodiimide 

and N-[methyl]-N’-[octadecyl]carbodiimide was synthesized similar to chapter 2, section 2.2.3, 

but both monomers were added in simultaneously and a racemic Ti-Binol catalyst was utilized for 

the polymerization. Five variations of the (OMC:BEC) carbodiimide monomers were synthesized 

at  ratios of 95:5 (poly C), 90:10 (poly B), 80:20 (poly A), 50:50, and 0:100. The average molecular 

weight of each variation was used to calculate the monomer to catalyst ratio to be 1:200. The 

resulting product was a light yellow solid.  

4.2.6 Diol Exchange reaction with (OMC:BEC) copolymers and monitoring of SOR 

 

Scheme 4.7 The synthesis scheme of diol and ester exchange between the OMC: BEC copolymer 
and chiral 1,2-propanediol. 
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  To impress a helicity onto the random copolymer, a chiral diol exchange reaction was 

conducted onto the phenyl boronic pinacol ester pendant group to exchange the chiral diol with 

the pinacol ester group on the boron. (R) and (S) 1,2-propanediol was added in excess (3 equiv.) 

to a 50 ml round bottom flask containing the OMC: BEC random copolymer (1 equiv.) dissolved 

in an appropriate amount of THF. The reaction was allowed to stir and the entire reaction was 

monitored at 1 hour intervals in a JASCO P-1010 polarimeter at the appropriate concentration of 

the polymer to solvent in a 100mm path length cell at λ = 435 nm. A standard of the concentration 

of 1,2-propanediol to solvent was used to create a zero baseline for the specific optical rotation, 

based on the concentration of chiral compound placed into the reaction, hence, only the specific 

optical rotation of the polymer would be recorded. The specific optical rotation of (R) 1,2-

propandiol was -20°, while (S) 1,2-propanediol was +20° in THF. 

4.3 RESULTS AND DISCUSSION 

4.3.1 Random copolymerization of OMC:BEC 

The various ratios synthesized of poly(N-[phenyl boronic acid pinacol ester]-N’-

[methyl]carbodiimide-co-(N-[methyl]-N’-[octadecyl]carbodiimide) (Poly[OMC:BEC]) were 

95:5, 90:10, 80:20, 50:50, and 0:100, which were all synthesized to a 1:200 of catalyst to 

monomers ratio by taking the averaged weight of both monomers. Out of the 5 synthesized 

polymers, only three of the varying monomer ratios were able to be analyzed for specific optical 

rotation, 95:5, 90:10, and 80:20, whereas the polymers with ratios of 50:50 and 0:100 exhibited 

massive fluctuations in the SOR without stabilization, varying from positive to negative and back 

to positive. This phenomenon could be due to any self-aggregation of the polymer in THF at those 
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ratios, that scatter light instead of penetrating through the entire path length. Due to the three 

 

Figure 4. 6 NMR study analyzing the ratio of OMC:BEC copolymers at monomer ratios of 80:20, 
90:10, and 95:5. The boxes containing on the NMR plot indicate the integration of the area. 
 
polymers ability to be analyzed in the polarimeter, 95:5, 90:10 and 80:20 were analyzed for their 

actual ratios in the NMR (Figure 4.6), with the polymer synthesized at 80:20 (poly A) showing an 

actual ratio of 78:22 of OMC:BEC, the polymer synthesized at 90:10 (poly B) showing an actual 

ratio of 84:16 of OMC:BEC, and the polymer synthesized at 95:5 (poly C) showing an actual ratio 

of 93:7 of OMC:BEC. The initial specific optical rotations of the polymers were 1.20° for poly C, 

2.97° for poly B and 1.40° for poly A, indicating the absence of chirality throughout the polymer. 

These three polymers were then subjected to the experiment outlined in section 4.2.6 to exhibit 

any changes in helicity by monitoring the optical rotation over time.  
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4.3.2 Specific Optical Rotation Studies of Poly A, Poly B, and Poly C 

Poly A (polymer exhibiting a theoretical monomer to monomer ratio of 80:20 and an actual 

ratio of 78:22) was initially subjected to (R) 1,2-propanediol and monitored for chirality at 

appropriate hours (Table 4.1, Figure 4.7) . At time 0 hours, the initial SOR stated a value of -305°, 

progressing towards -234° by hour 10, ending the reaction at 24 hours with a SOR of -218°. Since 

the specific optical rotation of the chiral pendant group was subtracted from the SOR reading of 

the polymer, the SOR exhibited solely belongs to the polymer evidenced by the larger optical 

rotation value and the change in SOR over time towards 0° indicating a difference of 87° from 

time 0 hour to the 24-hour mark of the experiment. Poly B subjected to the (S) 1,2-propanediol 

and monitored in a similar exhibited the opposing chirality at +361° at time 0 hour continuing to 

+299° at time 24-hour with a difference in SOR of 62°. Several irregularities can be observed 

between the values recorded for the two reactions. Ideally, two identical reaction only having a 

dissimilarity in chirality should emit the same but opposing values, hence, seeing the differing 

variances in the SOR from time 0 hour to 24-hour exhibits either an anomaly in the reaction system 

or a phenomenon yet to be understood. The difference in the final difference of SOR values 

between (R) poly A and (S) poly A are 25°. 
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Table 4.1 SOR of various OMC:BEC copolymers subjected to (R) or (S) 1,2-propanediol 
monitored over a 24 hour time.  
 

Poly B (polymer exhibiting a theoretical monomer to monomer ratio of 90:10 and an actual 

ratio of 84:16) also underwent the same reaction with (R) 1,2-propanediol with results showing 

that SOR began at -248° at time 0 hour and increased to -216° at time 24-hour, exhibiting a SOR 

difference of 32°, while poly B in the reaction with (S) 1,2-propanediol showed an SOR of 456° 

at time 0 hr decreasing to an SOR of 404° by time 24 hr, showing a difference of 52°. The SOR 

values observed for poly B start at a higher value than poly A which would be consistent with the 

assumption that since poly B has a higher number of boron pinacol ester sites, it would contain a 

higher optical rotation than poly A, but the difference across the poly B values from the (S) or (R) 

chirality don’t portray a mirrored reaction. The difference in the final difference of SOR values 

between (R) poly B and (S) poly B are 20°, close to that seen in poly A. Poly C was also monitored 

in the same fashion as poly A and poly B, but the reaction indicated huge fluctuations in the 

polarimeter making it unable to have a consistent reading throughout the reaction (Table 4.1, 

Figure 4.7).  
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Figure 4.7 Graphical representation of Table 4.1 exhibiting SOR change in the various 
copolymers. 
 

Due to the immense difficulty in the synthesis and low yields, the project was not 

continued, even though it showed promise in adopting a helicity from an appending chiral group 

exhibiting differing SOR’s at different polymer ratios. The creation of the samples used for the 

above synthesis took several months of trial and error, which also lacked the ability to be replicated 

after. There is a possibility of purity being in question for the 4-aminophenyl boronic acid pinacol 

ester, where it could have existed primarily as an acid than an ester, which would create significant 

problems during monomer and polymer synthesis, since the titanium catalyst would preferably 

bind to the –OH groups on the boronic acid. UV-borylation to substitute an –I on the phenyl group 

with a boronic pinacol ester resulted in some initial success, but a proper method needed to be 

developed in order to have consistent substitution every time.  
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4.4 CONCLUSION 

The objective to create chiral sensing polycarbodiimides showed preliminary success by 

exhibiting a helicity imparted upon the backbone of the polymer via exchange with a chiral 

analyte. Various copolymers of poly(N-[phenyl boronic acid pinacol ester]-N’-

[methyl]carbodiimide-co-(N-[propyl]-N’-[octadecyl]carbodiimide)] were synthesized at 

monomer to monomer ratios of OMC: BEC of 0:100, 95:5, 90:10, 80:20 and 50:50, with the 

majority containing the OMC monomer, since the BEC monomer will interact with the chiral 

compound that imparts a helicity and an ee determining standard needs to be created from one 

entantiomeric excess to another. Initial studies indicate that copolymer has the ability to 

transition from being achiral to having chirality imparted upon it by reacting poly A (80:20), 

poly B (90:10) and poly C (95:5) with either (R) or (S) 1,2-propanediol and monitoring the 

specific optical rotation of the polymer over 24 hours. The studies indicated that there is 

observed change in the optical rotation of the copolymer over time and the polymer contained 

the chirality according to the chiral ligand it reacted with. There were also differences in the 

optical rotation observed depending on the amount of BEC monomer was present in the 

copolymer. The studies had difficulty continuing due to the problematic nature of the synthesis 

producing low yields and possible existence of boronic acid that would interfere with monomer 

and polymer formation.  
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