
 

ABSTRACT 

YANG, HYUNGCHOL. Controlling the Stereoregularity of Polyacrylonitrile and Its 
Determination Using Small-Molecule Host Inclusion Compounds. (Under the direction of 
Prof. Alan E. Tonelli). 
 
This research focuses on synthesizing highly stereoregular polyacrylonitrile (PAN) and 

determining its tacticity (predominantly isotactic or syndiotactic), utilizing guest monomer 

(acrylonitrile = AN) host inclusion polymerization. Highly stereoregular PAN, with a meso 

or racemic diad content ~ 80%, was prepared by γ-ray irradiation of an AN urea canal 

complex at a low temperature (-78° C). Several essential experimental factors for ensuring 

the highly stereoregular PAN production were considered. After γ-ray irradiation 

polymerization, the tacticity of PAN was determined from triad peak intensities of the 

methine (CH) and nitrile (–C≡N) carbons in the 13C-NMR spectra, assuming Bernoullian 

statistics. When the AN guest forms an inclusion compound (IC) with urea host, it was 

expected that there is a structural transformation of urea into the hexagonal crystal lattice 

structure with a narrow channel diameter (5.25-5.5Å). However, in our FTIR observations 

run at room temperature, a different type of transformation was detected. AN urea IC before 

and the PAN urea IC after low temperature γ-ray irradiation polymerization are both large 

tetragonal structures, which have a larger channel diameter (> 5.5Å) at room temperature. 

Because these infrared observations were not carried out below -20.8° C, known as the 

decomposition temperature of the hexagonal IC structure, the fact that the structures of both 

AN urea IC and PAN urea IC are the large tetragonal does not necessarily prove that during 

polymerization below –20.8º C the AN urea IC was also the large tetragonal structure. If 

PAN was polymerized in the hexagonal (or pseudo-hexagonal) urea canal lattice (5.5Å), 

which provides a more confined environment for its conformation and configuration, it 



would likely be syndiotactic and adopt the all trans conformer. Because of the flexible nature 

of urea when it forms inclusion compounds with guest molecules, if AN was polymerized in 

the large tetragonal (> 5.5.Å) lattice structure of urea, which gives more freedom to PAN 

during its inclusion polymerization or inclusion compound formation, it could have either an 

isotactic or a syndiotactic configuration. 

 

Because no definitive evidence has been previously reported in the determination of γ-ray 

irradiated PAN by NMR spectroscopy, an effort to prepare PAN in another molecular host 

crystalline lattice, α-cyclodextrin (CD), was made. Synthesis of PAN in the columnar 

structure of AN α-CD–IC is a very promising method to reveal the original tacticity of highly 

stereoregular (~80%) PAN due to the fact that α-CD has a rigid small diameter (4.9Å) 

channel cavity, and only syndiotactic PAN in the all trans conformation is likely to be 

produced. However, γ-ray irradiation of a channel structure AN α-CD IC did not produce any 

PAN, implying that the AN urea IC that produced stereoregular PAN upon γ-irradiation was 

likely in a large tetragonal structure. Alternatively, because of the disparity in AN:α-CD and 

PAN:α-CD stoichiometries [1:1 (experimental) versus 3:1 (expected)], after γ-irradiation 

initiation of AN α-CD IC, a shortage of AN would result in the α-CD IC channels, possibly 

interrupting polymerization. 

 

By analogy to polypropylene (PP) polymerized in host perhydrotriphenylene (PHTP) IC (d  ~ 

5Å) and polyvinylchloride (PVC) polymerized in urea canals, which  are  both  found  to  be 



 

syndiotactic,   we   suggest   that   stereoregular   PAN   polymerized  in  urea  canals  is  also 

predominantly syndiotactic.
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CONTROLLING THE STEREOREGULARITY OF 

POLYACRYLONITRILE AND ITS DETERMINATION 

USING SMALL-MOLECULE HOST INCLUSION  

COMPOUNDS 
 

 

                               1. INTRODUCTION 
 

1.1. Historical Background of Inclusion Compound Study 

1.1.1. Urea Inclusion Compounds 

Urea, also known as carbamide, is a nitrogenous organic compound excreted in the urine by 

humans and most other mammals. It was first discovered in the urine in 1773 by J. Rouelle. 

Some 50 years later, in 1828, it was synthesized by F. Wöhler and became the first organic 

substance synthesized from inorganic compounds in the laboratory.1 It is well-known that it 

has the unique ability to form transition-metal complexes, as well as, inclusion complexes 

with long chain molecules. 

 

  

FIGURE 1.1. Structure of urea. 
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Urea forms inclusion compounds (ICs) with derivatives of n-alkanes and n-alkenes. It can 

form inclusion compounds not only with hydrocarbons and their alcohol, ester and ether 

derivatives, but also with aldehydes, ketones, (di-) carboxylic acids, amines, nitriles, 

thioalcohols, and thioethers if the hydrocarbon has six or more carbon atoms.2 No such 

compound has been reported with n-pentane.3 In 1940, Bengen4 discovered by chance that 

urea can form a crystalline adduct with n-octyl alcohol, while testing the effect of urea on 

pasteurized milk’s protein. In his consecutive publications, it was reported that a linear 

organic compound having six or more carbon atoms can also form adducts easily with around 

six molecules of urea.5-6 The physical properties and the structures of the adducts were not 

specified at that time; moreover, it was regarded that the adducts could only be obtained by 

the combination of urea and n-alkanes and their derivatives. 

 

In 1947, Angla7 found another adduct host, thiourea, which can form crystalline complexes 

with various organic guest compounds. It was demonstrated that those compounds formed 

crystalline adducts when mixed both with solid thiourea and its saturated aqueous solutions. 

By using X-ray analysis, Schlenk8 characterized these thiourea ICs as the same type of 

channel inclusion compounds as those formed with urea except for the fact that they have 

larger diameter channels. It was Schlenk who used the term inclusion compound (IC) for the 

first time to illustrate the crystalline adducts in which host molecules crystallize into a 

matrix, isolating the guest molecule into cavities of well-defined geometry. These 

compounds are not held together by conventional covalent chemical bonds; instead, they are 

linked by weaker, steric forces, related to the size, shape, and dimensions of each molecule.11 

In fact, there are no discrete bonds between the host and guest molecules. This differentiates 
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ICs from other adducts; for example, hydrates or coordination compounds in which strong 

hydrogen bonding (10 – 40 KJ/mol) or ion-dipole bonding (100 – 1000 KJ/mol) exits, 

sustaining their stability and affecting their physical properties.11 It is assumed that the 

stability of ICs  originates mostly from Van der Waals interactions (London or dipole-dipole 

with London, 0.1 – 10 KJ/mol) between the host and guest, as well as the improved hydrogen 

bonding between host molecules. For the stability of IC adducts, therefore, a well fitting 

geometry between the host and guest is essential since the Van der Waals forces depend on 

the distance between them. 

 

Thus, understanding the structural features of inclusion compounds is a critical issue. A good 

illustration of this is that one can estimate the overall size and shape of guest molecules when 

isolated from the tight IC adducts. Both urea and thiourea are known to form a rigid 

hydrogen-bonded adduct, although they have different channel diameters.6-8 Urea can 

crystallize into an adduct with hexagonal channels of diameter of 5.25 – 5.5Å (determined by 

electron density projections); meanwhile, thiourea forms a larger diameter (6.1Å) hexagonal 

adduct. The hexagonal crystalline structure of urea linear-hydrocarbon ICs has been 

characterized by X-ray diffraction.8-9 The hexagonal structure means that the unit cell is 

hexagonal and the structure has six urea molecules per unit cell, while enclosing the guest 

molecules. Smith9 concluded that a hollow channel structure is formed by the packing of 

urea, in which the n-hydrocarbon molecules are entrapped and arranged in an extended and 

oriented planar zigzag configuration with their long axis parallel to the c axis. 

 



The crystal structures of these urea ICs can be easily differentiated from the tetragonal lattice 

of pure urea by WAXD (wide angle X-ray diffraction) (Figure 1.2.). 

 

The tetragonal structure of pure U at 148K23

 

The hexagonal structure of C12–U at 293K24

FIGURE 1.2. Comparison between the tetragonal and hexagonal crystal structures of urea 

(Also see Figure 1.3.). 

 

The tetragonal crystalline structure of urea was confirmed by an X-ray study and the 

interatomic distances were calculated by Fourier and least-squares analysis.10 The results 

were C = O = 1.26Å, C – N = 1.34Å, < N – C – O = 121°, N – H ··· O = 2.99Å, and N – H ··· 

O´ = 3.04Å. It has been reported that, in most cases, urea ICs crystallize into a hexagonal 

lattice structure. However, the ideal hexagonal close-packed structure only occurs with guest 

molecules which have a cross section closely matched with the urea host channel diameter.11, 

13, 18
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FIGURE 1.3. Space-filling drawing of a hexagonal channel in the urea n-hexadecane 

clathrate, determined by X-ray diffraction.9, 12 

 

A few exceptions have been found in the structures of urea inclusion compounds formed with 

some monomers, as well as polymers such as poly (ethylene oxide), vinyl chloride, poly 

(vinyl chloride), polypropylene, 1,3-butadiene, acrylonitrile, and polyacrylonitrile, etc.. For 

example, if the guest molecule’s cross section is larger than the urea hexagonal channel 

diameter (5.5Å), the resulting crystal type can be large tetragonal, since the guest and host 

urea canal complex is formed at the same time and the guest molecules are arranged in the 

central positions of the urea channels (Tables 1.1. and 1.2.). 

 

Table 1.1. Urea Inclusion Compounds with Various Guest Molecules and Their Structures. 

Guest Molecules Tm(° C) Crystal Structure References

Pure Urea 135 tetragonal 

P-421m, a = b = 5.589Å, c = 4.6947Å 

10, 13, 23 
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Table 1.1. continued. 

Poly(ethylene oxide) 143 
trigonal 

a = b = 10.43Å, c = 9.12Å 
14, 15 

Low Mol. Weight 

Poly(ethylene glycol) 
∝ Mn

large tetragonal 

I41/amd–D4h, a = b = 7.30Å, c = 19.51Å 
16 

Poly(tetrahydrofuran) 135–138
hexagonal 

P6122, a = b = 8.23Å, c = 11Å 
9, 17 

Poly(ethylene) 148 hexagonal 9, 18 

Poly(ε-caprolactone) 142 hexagonal 9, 13 

Poly(L-lactic acid) 137 hexagonal 9, 19 

Vinyl chloride 

(Urea : VCl = 3 : 1) 
– 

rhombohedral (monoclinic) 

P21/a, a = 8.89Å, b = 14.02Å, c = 10.82Å 
20 

Poly(vinyl chloride) 142 hexagonal (or tetragonal) (2), 20 

1,3-butadiene 

(Urea : 1,3-b = 4 : 1) 
– 

orthorhombic 

P212121, a = 8.20 Å, b = 14.20Å, c = 11Å 
21 

Poly(1,3-butadiene) 

(Urea : P = 2.63 : 1) 
123–128 hexagonal 21 

Polypropylenes 138 large tetragonal 14, 16 

Acrylonitrile 

(Urea : AN = 3 : 1) 
– 

pseudo-hexagonal (or large tetragonal) 

a = b = 8.90Å, c = 11.88Å 
(14), 22 

Poly(acrylonitrile) – 
pseudo-hexagonal (or large tetragonal) 

a = b = 8.90Å, c = 11.88Å 
(14), 22 

 



Table 1.2. Fundamental Unit Cells. 

Crystal System Edge Length Angles 

Cubic a = b = c α = β = γ = 90° 

Tetragonal a = b ≠ c α = β = γ = 90° 

Orthorhombic a ≠ b ≠ c α = β = γ = 90° 

Monoclinic a ≠ b ≠ c α = γ = 90°, β ≠ 90° 

Hexagonal a = b ≠ c α = β = 90°, γ = 120° 

Rhombohedral a = b = c α = β = γ ≠ 90° 

Triclinic a ≠ b ≠ c α ≠ β ≠ γ ≠ 90° 

 

Determining the crystalline structure of urea by WAXD (wide angle X-ray diffraction) is a 

fundamental and an accurate method. First, the θ values for the reflections in the WAXD 

patterns for the unknown urea structures are tabulated. Secondly, d-spacings, or d, the 

distance between equivalent planes, is calculated for each reflection using Bragg’s Law: 

θλ sin2 ∗= dn  

where n is the number of equivalent lattice planes within d, λ is the X-ray wavelength, and θ 

is the angle that the incident X-ray beam makes with the crystal plane. These measured d-

spacings are compared to d-spacings from the hkl values and unit cell parameters given in the 

literature. X-ray analysis can be an assured strategy for determining the crystalline structure 

of either urea itself or urea ICs. However, in the case of the acrylonitrile urea IC, there are 

some difficulties in the analysis, since an ideal single crystal of the canal complex needed for 

crystalline structure determination can not be obtained easily, and the canal complex is stable 

only at low temperatures.  
 

7



Instead of utilizing an X-ray study, FTIR (fourier transform infrared spectroscopy) 

measurements are a good alternative for the structural analysis due to the fact that FTIR has 

the ability to differentiate between pure urea and urea IC crystal structures by observing the 

shifts in the vibrational bands (stretching, in-plane bending or out-of-plane bending) of the 

functional groups of urea, caused by the structural change in its hydrogen bonding.14,17,19 In 

the case of pure urea having a tetragonal structure, the urea spectrum shows bands at 1682 

cm-1 due to C=O stretching, at 1628 and 1599 cm-1 due to N–H bending vibrations, and at 

1467 cm-1 due to the N–C–N antisymmetric stretching vibration. These vibrational modes are 

sensitive to the structural transformation occurring when urea forms inclusion compounds 

with guest molecules (Figures 1.4. and 1.5.).  

 

FIGURE 1.4. Comparison of the FTIR spectra of the hexagonal PEC–U IC (a), the trigonal 

PEO–U IC (b), and the large tetragonal isotactic (i)- polypropylene (PP)–U IC (c).14 

 

For example, in the infrared spectrum of PEC–U IC (a) above [PEC = poly (ε-caprolactone)], 

the most notable bands are at 1658 cm-1 and 1491 cm-1 and are believed to result from C=O 
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stretching and N–C–N stretching observed only in the hexagonal urea. These two types of 

vibrational modes seem to be sensitive to the change of the crystal structure of urea and the 

number of urea molecules in the unit cell; thus, they can be a fingerprint for determining 

whether the crystal structure of a urea IC is hexagonal. However, the bands for PEO–U IC 

(b) [PEO = poly (ethylene oxide)], which has a trigonal lattice structure, are not much 

affected by the formation of the complex. In the case of PEO–U IC (b), the original bands at 

1682, 1628, 1599, and 1467 cm-1 of pure urea are simply shifted to 1694, 1659, 1639, 1577, 

and 1457 cm-1, respectively. The FTIR spectrum observed in the i-PP–U IC (Figure 1.5. (c)) 

(PP = polypropylene) shows that the structure of i-PP–U IC is neither hexagonal nor trigonal. 

In the infrared spectra of pure urea (b) and i-PP–U IC (c), the urea C=O stretching vibration 

 

FIGURE 1.5. Comparison of the infrared spectra of i-PP (a), pure urea (b), and i-PP–U IC (c) 

from 500 to 2000 cm-1.(14)

 

is shifted from 1682 to 1663 cm-1. The NH bending vibrations at 1628 and 1599 cm-1 are 

shifted to 1638 and 1614 cm-1, respectively. They show similar N–C–N antisymmetric 
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stretching vibration peaks at around 1467 cm-1, because they may have the same number of 

urea molecules in their unit cell. Eaton et al.14 pointed out the similarity of the FTIR spectra 

between the PP–U IC and low molecular weight poly (ethylene glycol)–U IC, whose crystal 

structure is known as large tetragonal, expanded from the tetragonal lattice structure of pure 

urea, and confirmed by previous X-ray diffraction study (Figure 1.6.).16

 

FIGURE 1.6. Infrared spectra of i-PP–U IC (a), s-PP–U IC (b), and PEG–U IC (c).14

 

Tonelli25 had concluded in his conformational modeling of stereoregular polypropylenes that 

both isotactic and syndiotactic polypropylenes cannot adopt their crystalline conformations in 

channels which have a diameter smaller than 5.5Å. The channel diameter of hexagonal urea 

is known to be 5.25 - 5.5Å.6 Based on these results, but without a further X-ray diffraction 

study, Eaton et al.14 suggested that the crystal structure of urea when it forms ICs with 

stereoregular polypropylenes could be a large tetragonal. In this study, the successful 

formation of isotactic polypropylene urea IC was confirmed by DSC (differential scanning 

calorimetry) thermograms. Most urea IC melting points are shifted slightly higher than that 
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of pure urea. The close-packed tetragonal crystal structure of pure urea is apparently not as 

stable as either the hexagonal or expanded tetragonal channel crystal structures of polymer-

U-ICs. The melting point of i-PP–U IC was 138° C, which is 2–3° C higher than that of pure 

urea. The high-temperature shoulder is also apparent in most other urea IC thermograms 

(Figure 1.7.). 

 

FIGURE 1.7. DSC thermograms of i-PP (a), pure urea (b), and i-PP–U IC (c).14
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1.1.2. Cyclodextrin Inclusion Compounds 

Cyclodextrins, are a series of cyclic oligosaccharides composed of α-(1, 4)–linked D(+)-

glucopyranose units (Figure 1.8.). Cyclodextrins are of three types: α-cyclodextrin, β-

cyclodextrin, and γ-cyclodextrin, consisting of six, seven, and eight glucose units, 

respectively. In 1891, Villiers28 discovered that a very small amount of crystalline material 

(around 3g/kg of starch), cellulosine, was yielded by the Bacillus amylobacter during the 

enzymatic degradation process on starch, consisting of a multiple of the formula, 

(C6H10O3)·3H2O. In 1903, Schardinger29 made the first detailed studies on its preparation and 

isolation. In his study, two different crystalline products, dextrins A and B were isolated; 

however, the bacterial strain capable of producing them from starch was not maintained. One 

year later, in 1904, Schardinger30 succeeded in isolating a new organism having the 

capability of producing acetone and ethyl alcohol from sugar and starch-containing plant 

material. In 1911, this bacterial strain was called by Schardinger31 Bacillus macerans, which 

can produce larger amounts of crystalline dextrins (25–30%) from starch. These crystalline 

dextrins were named as ‘crystallized dextrin α’ and ‘crystalline dextrin β’ by him. In 1942, 

the structures of α and β-cyclodextrins were characterized by X-ray crystallography.27 In 

1948, γ-cyclodextrin was discovered and the X-ray structure was elucidated.32 At the 

beginning of the 1950s, it was suggested by Cramer’s group that many possible inclusion 

compounds (ICs) can be formed with cyclodextrins.33

 

One of the most important features regarding the IC formation capability of cyclodextrins is 

the ideal distribution of hydrophilic and hydrophobic groups in their molecular geometries.26 



The hydroxyl groups occupy both rims of the cone-shaped cyclodextrin structures, 

contributing to CDs’ good solubility in aqueous solution (Table 1.3.). 

 

FIGURE 1.8. Chemical structure of α-CD containing 6 glucose units. 

 

Table 1.3. Some Physical Properties of Cyclodextrins.26

Property α-Cyclodextrin β-Cyclodextrin γ-Cyclodextrin 

#. of Glucose units 6 7 8 

Molecular weight (g/mol) 972 1135 1297 

Solubility in H2O (g/mL) 14.5 1.85 23.2 

Outer diameter (Å) 14.6 15.4 17.5 

Cavity diameter (Å) 4.7 – 5.3 6.0 – 6.5 7.5 – 8.3 

Height of torus (Å) 7.9 7.9 7.9 

Cavity volume (Å3) 174 262 427 
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The CH groups as well as the ether-like oxygens face the interior, while the secondary 

hydroxyls are located on the outside. As a result of the orientation of the hydroxyl groups, 

CDs have a hydrophilic exterior, which makes them soluble in water, and an apolar cavity, 

which in general provides a hydrophobic inside matrix. In cyclodextrin ICs, both polar and 

apolar guest molecules can be included into the CD cavity. That is why CDs have the ability 

to form ICs with a very wide range of compounds that are normally solid, liquid, and even 

gaseous in their pure states by a molecular complexation process.28 Like other ICs, urea or 

thiourea, the dimensional fitting between the host and guest is essential to stable complex 

formation, since the binding of guest molecules within the host CDs is a dynamic equilibrium 

in solution.26

 

Unlike urea or thiourea, whose ICs can only exist in the solid state and where guest 

molecules must be included in the channels, CDs can form ICs either in solution, which 

remain soluble, or in the crystalline state.26 Moreover, the columnar (channel) cavity matrices 

of CDs can be maintained without the involvement of guest molecules.36 Solid CD ICs 

formed in solution are described by a large number of crystal structure studies. As a matter of 

fact, CDs can be easily dissolved in water (Table 1.3.) and crystallized as ‘empty’ species, 

with their rigid cavities, filled only by water molecules.34 CD ICs can be isolated in some 

crystalline form if a molar excess of guest reagent is included inside. α-, β-, and γ-CD ICs 

can crystallize into two main types of crystal packing, channel and cage structures, 

depending on the types of host CDs and the guest molecules (Figure 1.9.).34



 

FIGURE 1.9. Schematic description of (a) cage herringbone type, (b) channel (head-to-head) 

type, (c) brick (layer) type crystal structures formed by crystalline cyclodextrin inclusion 

complexes.35 

 

In the channel structure (b), the stacks of CDs are stabilized by hydrogen bonds either 

between O(2)H/O(3)H and O(6)H sides, resulting in a head-to-tail pattern, or between 

O(2)H/O(3)H and O(2)H/O(3)H on one side and between O(6)H and O(6)H on the other, 

producing a head-to-head arrangement.34 Recently, Rusa et al.36 succeeded in the direct 

preparation of α-CD in the columnar (channel) structure with only water as the guest 

molecule by rapid precipitation of α-CD from its aqueous solution using chloroform. The 

presence of α-CD in the columnar structure was confirmed by WAXD, with a characteristic 

reflection (scattering curve) centered at 2θ = 20.0° ((b) and (c) in Figure 1.10.).36 In the case 

of cage structures, two CD packing modes are possible. One is called cage herringbone type 

(a), a pattern most common in α-, β-, and γ-CD. The other is a cage brick (or layer) type (c), a 

pattern only found in α-cyclodextrin.34 The cage herringbone structure of α-CD can be 
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obtained by a simple recrystallization process of α-CD from water and confirmed by a 

WAXD pattern with reflections at 2θ = 12.0 and 21.7° (Figure 1.10.).36

 

FIGURE 1.10. WAXD patterns of as-received α-CD (a), recrystallized, air- (b), and vacuum-

dried α-CD columnar structure (c).36

 

No specific investigation has been made on the conditions for the selectivity between channel 

and cage formations; in general, small molecular guests tend to complex in cage structures, 

while long and ionic guests prefer channel structures in the case of α-cyclodextrin.34 In the 

mechanism of CD inclusion compound formation, in addition to the geometrical importance 

of the relative size of the CD to the guest molecules or the existence of certain functional 

groups within the guest, the thermodynamic interactions between the different components of 

the system (CD, guest, and solvent) is another key factor.26 An important driving force for 

complex formation coincides with the release of enthalpy-rich water from the CD cavity; that 

is, the energy level of the system is lowered when these enthalpy-rich water molecules are 

substituted by suitable guest molecules which are less polar than water, with an increased 
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potential of hydrophobic interactions.37 Proportional to their dimensions (Table 1.3.), α-

cyclodextrin can usually form ICs with low molecular weight molecules or compounds 

having aliphatic side chains, β-cyclodextrins with aromatics and heterocycles, γ-

cyclodextrins with larger molecules, such as macrocycles, steroids, and so on.26

 

CD polymer inclusion compound formation studies have received serious attention since 

1990 when Harada and Kamachi38 reported the first cyclodextrin IC formation with a guest 

polymer – IC between α-cyclodextrin and poly (ethylene glycol) formed in high yield. Due to 

the capability of CDs to isolate single polymer chains inside their stacked cavities/channels, 

polymer CD ICs provide unique solid state environments for guest polymers, and can yield 

information regarding the dynamics of polymer motions and other properties originating 

from the inherent behavior of individual polymer chains.39 Furthermore, we believe that 

coalescence of polymers from their cyclodextrin inclusion compounds causes a 

reorganization of their solid state morphologies, leading to improvements of properties in 

various applications.40

 

1.2. Inclusion Polymerization 

1.2.1. Background 

Inclusion polymerization occurs within the channel structure made from the crystalline 

inclusion complexes between a monomer guest and its designated host molecules. Therefore, 

linear polymers, which have constrained conformations, configurations, and molecular 

weights, may be produced within the channels available inside the crystal structure, where 

the propagation step takes place without branching found in conventional homogeneous 
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chain-growth polymerization. The confined reaction proceeds by the general chain-growth 

mechanism, commonly initiated by radiation; thus, the high yield of polymer from limited 

initiation steps is guaranteed. 

 

Interest in inclusion polymerization arose in the late 1950’s, as an alternative method to 

Ziegler–Natta coordination polymerization in order to obtain highly stereoregular polymers.41 

The first detailed study of inclusion polymerization was clearly demonstrated by Brown and 

White42, 43 who focused on urea and thiourea inclusion compounds. They screened over 30 

possible monomers for inclusion polymerization and observed that high energy radiation 

sources (for example, β, γ, or X-rays) capable of penetrating the crystal lattice are good 

initiators of polymerization. Furthermore, the absence of bimolecular interactions between 

growing chains (termination or chain-transfer) was proved experimentally, leading to 

polymerization that can take place between physically isolated sequences of monomers 

included in the urea canals.42 It was observed that the propagation step occurs very rapidly, 

showing a sharp temperature increase. They also found that urea canal complex 

polymerizations are sensitive to reagent impurities (guest, host, and solvent acting as an 

accelerator), which might obstruct their close contact.42, 43

 

White43 reported improvement in the physical properties of polymers obtained by inclusion 

polymerization. For example, the polybutadiene obtained from the urea canal complex with 

1,3-butadiene showed a higher melting point than that of the conventional polymer, resulting 

from its restricted freedom during polymerization, which produces an extended and oriented 

chain microstructure for the coalesced polymer. White also found a syndiotactic 



polyvinylchloride was obtained when vinyl chloride was polymerized in the urea canal 

complex (Figure 1.11.). It was the first attempt to control the steric configuration of the 

tetrahedral (sp3) carbon atoms, utilizing inclusion polymerization.41 Infrared absorption 

bands of the γ-ray irradiated canal-type polymer were sharper than those of the normal 

polymer and the unique spectral patterns observed between 625–588 cm-1 demonstrated that 

the γ-ray irradiated polyvinylchloride achieved a highly stereoregular structure.43 In addition 

to this, an X-ray diffractogram of γ-ray irradiated polyvinylchloride indicated 6 rings with ‘d-

spacings’ of 2.2Å (weak), 2.5Å (weak), 2.9Å (diffuse), 3.5Å (strong), 4.7Å (medium), and 

5.2Å (medium), corresponding to the values for syndiotactic polyvinylchloride observed by 

Natta and Corradini.44

 

Sample Chamber Cylinder (γ-Irradiator) at Low Temp. (-78° C) 

Polymerization 

Urea–VCl Canal ComplexVCl 

Filled with Solvent (Accelerator)

Urea  Canal

Urea  Canal

FIGURE 1.11. Schematic representation of polymerization of vinyl chloride within the urea 

canal complex (γ-ray irradiated insource polymerization). 
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However, it was noted that inclusion polymerization within the channels made of either urea 

or thiourea has some disadvantages. For instance, in the case of volatile guest monomers, to 

obtain good results (high polymer yield and designated stereoregularity), the preparation of 

inclusion compounds between urea and those volatile guests (monomer level) should be kept 

at low temperature (between -78 and 0° C) for quite long times with small quantities of 

promoters (methanol), due to the fact that urea canal complex structures can be maintained 

only in the presence of guest molecules.41

 

In 1963, a new host molecule for inclusion polymerization was discovered at Milan 

Polytechnic. It was the trans-anti-trans-anti-trans stereoisomer of perhydrotriphenylene 

(PHTP), a saturated tricyclic hydrocarbon (C18H30).45 The general features of inclusion 

polymerization within PHTP are quite identical to those within the urea and thiourea 

channels, in that it is initiated by strong energy sources such as γ or X-rays, and produces 

highly oriented polymers. However, unlike urea or thiourea, PHTP ICs have a greater 

thermal stability – IC preparation can be accomplished over a wide range of temperatures – 

and its IC forms very quickly.41 

 

In 1985, a more versatile host system, tris(o-phenylenedioxy)cyclotriphosphazene, was 

investigated by Allcock and Levin.46 Their research focused on acrylic monomers (acrylic 

acid, acrylic anhydride, acrylonitrile, methyl acrylate, methyl methacrylate, and methyl vinyl 

ketone), known to be difficult to polymerize in a stereocontrolled manner. The γ-ray 

irradiated inclusion polymerization of these acrylic monomers yielded stereoregular (either 

iso- or syndiotactic) polymers with molecular weights similar to those of polymers prepared 



in the bulk phase. Unlike other host systems, such as urea or thiourea and PHTP48, spiro-

cyclotriphosphazene can adopt a wide range of guest molecules for the clathrate-mediated 

polymerization and inclusion compound formation, utilizing the suspension method.47 These 

exciting advantages result from the fact that its channel diameter can be varied by alterations 

in the size of the spiro- side groups.49 (See Figure 1.12.). 

 

FIGURE 1.12. Schematic representation of a perspective view down one of the tunnels that 

penetrate the hexagonal crystalline lattice of tris(o-phenylenedioxy)cyclotriphosphazene.46

 

In 2004, based on previous stereoisomeric conformational modeling50 (See Table 1.4.), Uyar 

et al.51 proposed that the confined free-radical polymerization of styrene monomer within the 

narrow channels of its γ-CDchannel IC crystals might produce a polystyrene with unusual 

microstructures, regularly alternating meso– and racemic– diads. It was demonstrated that the 

probability of both isotactic stereosequences with narrower diameters and syndiotactic 

stereosequences with larger diameters might not be produced.50 It was observed by 13C-NMR 

that the new type of stereoregular (..mrmrmrmr..) polystyrene could be possibly obtained 
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inside the γ-CD channels only by suspension of styrene-γ-CDchannel IC crystals in aqueous 

polymerization medium.51

 

Table 1.4. Polystyrene Stereoisomer Channel Conformations.50

Stereoisomer Channel Diameter (Å) Conformer Probability 

mmm 8.5 tttttgg and gttttgg 0.0000003 

mrm 9.0 ttgttgt 0.0012 

rrm 9.2 tgttgtt 0.0000002 

mmr 9.3 tttttgg 0.000007 

rmr 10.4 tttggtt 0.00005 

rrr 10.5 tgttttg and tgttgtt 0.000005 

 

Recently, solution polymerizations mediated within cyclodextrin channels have been paid 

particular attention. It is a well-known fact that CD has both thermal and structural stability 

when it forms inclusion compounds with various guest molecules. Ravi and Divakar52, 53 

reported that stereoregular polyacrylonitrile (PAN) can be obtained when soluble β-CD 

inclusion compounds formed with acrylonitrile monomer are used to mediate their solution 

polymerization, and  PAN stereoregularity was shown to depend on the molar ratio of guest 

AN monomer  to  host β-CD in accordance with their 1H NMR observations. 

 

Emulsion polymerization is an important process, having favorable kinetics, safety, 

environmental, compositional control, high solids level and conversion.54 At the same time, it 

is the most complicated process among the three major aqueous based polymerizations; 
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solution, emulsion, and suspension, in which finite semi-solubility of the monomer is 

essential to the effective diffusion process in the aqueous medium. Thus, suitable monomer 

selection for emulsion polymerizations has been limited to C1–C2 alkyl esters of acrylic and 

methacrylic acids (acrylates and methacrylates), styrene, vinyl acetate, etc..55

 

Table 1.5. Aqueous Polymerization Process with Respect to Monomer and Polymer 

Solubility.55

Polymerization Process 

 Solution Emulsion Suspension 

Monomer Soluble Semi-soluble Insoluble 

Polymer Soluble Insoluble Insoluble 

 

It is believed that very hydrophobic monomers cannot be easily incorporated by emulsion 

polymerization.55 However, this solubility barrier in emulsion polymerization was shown to 

be overcome by the mediation of cyclodextrin (CD) as a “Phase Transport Catalyst,” making 

the hydrophobic monomers adequately soluble in the aqueous medium without any chemical 

modification of the guest molecules.56 A good example of this is that long chain hydrophobic 

monomers such as LMA (C12H25 lauryl methacrylate) and SMA (C18H37 stearyl 

methacrylate) can be successfully converted into hydrophobic latex polymers (Figure 

1.13.).55



 

FIGURE 1.13. Proposed mechanism of phase transport cycle in emulsion polymerization.55

 

However, this batchwise polymerization often yields high amounts of coagulum that is 

undesirable in the synthesis of stable latexes.57 In 2003, Ritter’s group proposed a novel 

approach, which is a much simpler and surfactant free way of radical polymerization, 

synthesizing polymers having a narrower particle size distribution (PSD) with the utilization 

of RAMEB (randomly methylated β-cyclodextrin), under homogeneous and semicontinuous 

conditions in water. The polystyrene latexes polymerized under this condition, showed not 

only much smaller PD (polydispersities), but also much narrower PSD (See Figure 1.14.), 

leading to stable latexes containing no coagulum. It was noted that the preparation of almost 

monodisperse polymer particle size distributions with a high yield of monomer conversion is 

important in many technical applications.57 
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FIGURE 1.14. SEM image of polystyrene particles, obtained: (a) 0 wt % cyclodextrin, broad 

particle size distribution; (b) 5.6 wt % cyclodextrin, narrow particle size distribution; (c) 11.1 

wt % cyclodextrin, narrow particle size distribution.57

 

1.2.2. Polyacrylonitrile (PAN) Urea Canal Polymerization 

The first detailed attempts to obtain a highly stereoregular polyacrylonitrile (PAN) in the 

urea canal complex were made by White43 in 1960. The polymerization procedure strictly 

followed other cases using volatile monomers, such as vinyl chloride and butadiene, with the 

γ-ray irradiated initiation and propagation steps conducted at a very low temperature (Figure 
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1.15.). It was inferred that most of the acrylonitrile molecules formed a complex with urea 

and then polymerized inside the canal structure, since polymerization of uncomplexed 

acrylonitrile in the presence of urea could not take place at -78° C. Furthermore, noticeable 

differences in the X-ray diffractograms and infrared spectra between the γ-ray irradiated 

PAN and as-received PAN indicated a change in crystalline orientation commonly observed 

in inclusion polymerization.43

 

 

 

 

 

T = -78 ~ -20.8° C  

FIGURE 1.15. Pseudo-hexagonal lattice structure of acrylonitrile-urea canal complex [Td is 

decomposition temperature of urea canal complex. One molecule of 3.5Å thick (height) AN 

occupying a 2.7Å long (height) urea canal unit.22, 43] 

 

Recently, Minagawa et al.22 made a comprehensive investigation of the conditions ensuring 

highly stereoregular PAN (> 80% m diads) prepared in the urea canal complex. This was a 

follow-up study of White’s work, who had utilized inclusion polymerization studies 

especially for the purpose of increasing the stereoregularity, while achieving a large quantity 
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of polymer. However, the PAN study done by Minagawa et al.22, was much more focused on 

producing more stereoregular PANs. Several essential experimental factors for the 

production of highly stereoregular PAN were suggested (Table 1.6.). 

 

Table 1.6. Several Experimental Conditions Crucial to The Preparation of Highly 

Stereoregular PAN (modified from the referred original table).22

Step Polymerization Essential Feature Example 

1. High purity of reagents - 

2. Fine particle size of urea < 60 mesh 

3. Small mol. ratio AN to urea AN/U ~ 1/7 

4. Suitable amount of MeOH 10% MeOH to AN 

І 

Mixing of AN & Urea 

↓ 

Complex formation 

(Aging) 
5. Long aging time 2 weeks 

ІІ 
γ-ray irradiation 

(polymerized at -78° C)

*Post-polymerization (γ-ray irradiation at -196° C first, 

then polymerize at -78° C) can avoid canal destruction. 

6. Rapid termination 
ІІІ Recovery

7. Prompt recovery at a low temp. 
Use of cooled MeOH 

*local temperature elevation right after exposing to the γ-ray source can cause exothermic 

heat which may destroy canal structure of urea. 

 

After polymerization, the tacticity of PAN was determined from triad peak intensities of the 

methine (CH) carbon in the 13C-NMR spectra (Figure 1.16.), assuming Bernoullian statistics, 

which requires diad and triad fractions totaling to unity by definition: 

(m) + (r) = (mm) + (mr) + (rr) = 1, (m) = (mm) + 0.5 (mr), and (r) = (rr) + 0.5 (mr), where 



m = meso, r = racemic, and  mr = rm. 

The probability of diad tacticity [isotactic (m = meso), syndiotactic (r = racemic)] can be 

described: Pm + Pr = 1 and triad fractions are given by 

(mm) = (m)(m) = P2
m

(mr) = (rm) = 2(m)(r) = 2Pm (1 – Pm) 

(rr) = (r)(r) = 2(1 – Pm)2

 

FIGURE 1.16. 100-MHz 13C NMR spectra of three types of stereoregular PAN (Tacticity: 

sample 1. 48%, sample 2. 69%, and sample 3. 84% isotactic (mm) at the triad level).22

 

1.3. Problems Arising in Previous Studies of Inclusion Polymerized PANs 

1.3.1. NMR Determination of PAN Stereoregularity: Iso- or Syndiotactic? 

No definitive evidence has been reported in the determination of PANs true tacticity – 

syndiotactic or isotactic – by NMR spectroscopy. The first attempt to determine the original 

tacticity of polyacrylonitrile (iso– or syndiotactic) by 1H NMR spectroscopy was made by 
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Yamadera and Murano58 in 1967. The high resolution 1H NMR spectra in NaCNS–D2O 

solution indicated that the methylene proton resonances can be separable into two triplets: 

one was assigned to the methylene protons in syndiotactic r diads and the other to isotactic m 

diads. Thus, the tacticity of unknown polyacrylonitrile could be determined by calculating 

the ratio of the integrated intensities of those two triplets. An assumption made here was that 

only two kinds of monomer linkages (syndiotactic and isotactic head-to-tail) exist in the 

polymer backbone chain, and the possibility of head-to-head sequences was excluded. 

Thereafter, the methylene proton resonance spectrum can be considered as a superposition of 

the syndiotactic and isotactic methylene resonances (See Figure 1.17.). 

 

FIGURE 1.17. Methylenic proton resonance spectrum of PAN, prepared by γ-ray irradiated 

polymerization of AN urea canal complex (the same kind of PAN made by White43). 
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The 1H NMR spectrum of γ-ray irradiated polyacrylonitrile (See Figure 1.17.) turned out to 

have more isotactic configuration (m-diads), but without remarkable stereoregularity, 

through calculation of the ratio of integrated intensities of overlapped triplet chemical shifts 

(τ): one is centered at around 7.5 ppm, (δ) of 2.5 ppm and the other at 7.45 ppm, (δ) of 2.55 

ppm, repectively.58 Based upon the results from the analysis of NMR spectra of the two 
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repeat unit (diad) models of PAN (meso– and racemic 2,4-dicyanopentane), the triplet 

centered at the higher magnetic field at 2.5 ppm was assigned to the syndiotactic CH2 protons 

and at lower magnetic field at 2.55 ppm to the isotactic CH2 protons.59 However, the two 

methylene protons in an isotactic diad are not equivalent in principle, so that they could show 

an intricate more complicated spectrum.58 The authors made the assumption that the two CH2 

protons in isotactic diads could be treated as approximately equivalent if decoupled from the 

neighboring methine protons, because the methylene proton resonances decoupled from 

methine protons consists of two peaks.58 For example, the methylene proton resonance 

spectrum of PVC decoupled from its methine protons has shown that the two CH2 protons of 

isotactic diads could be treated as equivalent.60

 

Murano and Yamadera61, in their following paper, pointed out that the spectra of meso 2,4-

DCNP (2,4-dicyanopentane) show no significant change with various solvents, such as CCl4, 

NaCNS–D2O, DMSO-d6, etc.. On the contrary, racemic 2,4-DCNP shows two types of 

spectra, one in a solvent for PAN and the other in a nonsolvent. This was explained by the 

fact that meso 2,4-DCNP has only two equivalent conformations, TG and GT, which are the 

mirror images of each other; however,  racemic 2,4-DCNP might have predominantly either 

the TT or GG conformations in CCl4, pyridine, and benzene, while it has both conformers 

with almost equal probability in DMSO-d6 and NaCNS–D2O.61

 

Thus, the reasoning used in the determination of the true tacticity of PAN is potentially 

undermined by two facts. First, the chemical shift (δ) differences between the 1H-NMR 

spectra of the meso– and racemic 2,4-dicyanopentane, assigned at 2.55 ppm and 2.5 ppm, 



 
31

respectively, is negligibly small. Furthermore, the two protons of isotactic methylenes are 

inequivalent in principle, so that they should show a multiplet more complicated than the 

simple triplet. Secondly, the chemical shifts of methylene protons in racemic-2,4-DCNP 

displayed two types of spectra, one in a solvent for PAN and the other in a nonsolvent for 

PAN. Based on these facts, it is difficult to unambiguously analyze the absolute tacticity of 

PAN by 1H-NMR spectroscopy, due to the extensive and solvent-dependent superposition of 

CH2 proton resonances in m and r diads. 

 

Furthermore, if PAN was polymerized in the hexagonal (or pseudo-hexagonal) urea canal 

lattice (5.5Å), which provides a more confined environment for its conformation and 

configuration, it would likely be syndiotactic and adopt the all trans conformer. Farina et al.62 

conducted a free-radical initiated polymerization of propylene confined to its IC with the 

PHTP host and found the resulting polypropylene (PP) to be syndiotactic. Because of the 

similarity in the channel diameters of urea and PHTP channels, we would also expect PAN 

obtained from polymerization in urea canals to be syndiotactic. Because of the flexible nature 

of urea when it forms inclusion compounds with guest molecules, if PAN was polymerized 

in the large tetragonal (> 5.5.Å) lattice structure of urea, which gives more freedom to PAN 

during its inclusion polymerization or inclusion compound formation, it could have either an 

isotactic or a syndiotactic configuration (See Figure 1.18.). This expectation is consistent 

with the observation14 that i-PP and s-PP form ICs with urea and both appear to adopt the 

large tetragonal lattice structure. 



 
 
 

 
 
 

 

(a) 

(b) 

(c) 

 

FIGURE 1.18. The PAN tetrad fragment with different stereoregularities: isotactic or mmm 

(a), syndiotactic or rrr (b), atactic or mrr (c).  

 

1.4. Determination of PAN Tacticity 

1.4.1. PAN Cyclodextrin Inclusion Polymerization 

Inclusion polymerization of PAN stabilized thermally and structurally in confined 

cyclodextrin (CD) channels could be a potential methodology for the estimation of the true 

tacticity (syndiotactic or isotactic) of PAN previously studied by γ-ray irradiated urea canal 

polymerization. As seen in Figure 1.19, the rigid channel diameters of α-, β-, and γ-CDs are 
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~5, 6, and 8Å, respectively. The channel diameter of α-CD is very similar to that of the urea 

channels in hexagonal urea ICs, while β-, and γ-CDs have channel diameters similar to those 

in the large tetragonal urea lattice found in other urea ICs. 

 

FIGURE 1.19. The different sizes of cyclodextrin molecules (α, β, and γ, respectively). 

 

This approach was followed here, where we attempted to form AN-ICs using CD hosts, 

followed by γ-irradiation initiated polymerization of AN in the CD-IC channels. 
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2. EXPERIMENTAL 

 

2.1. Materials and Sample Preparation: Part A. PAN Urea Canal 

Polymerization 

2.1.1. Materials 

Acrylonitrile (≥99%), the monomer guest for the polymerization, and powdered urea, the 

inclusion compound host were obtained from Aldrich. Methanol used as an accelerator in 

complex formation was purchased from Fisher Scientific. 

 

2.1.2. Outline of Experiments 

Table 2.1. Flow Chart of Stereoregular Polyacrylonitrile Production. 

 

Purifying Acrylonitrile  
(Washing and Distillation)

Mixing AN / Urea / MeOH 
(Physical mixture) 

Aging at -78° C for 2 weeks  
(AN Urea IC formation) 

γ-ray irradiated polymerization 
at -78° C for 1.65 Mega Rad 
(PAN Urea IC formation) 

Coalescence of PAN from IC 
(Stereoregular PAN collected) 

FT-IR, DSC, and X-ray 
(Before polymerization) 

FT-IR, DSC, and X-ray 
(After polymerization) 

FT-IR, DSC, X-ray, 13C NMR 
(After Coalescence) 
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2.1.3. Purification of Monomer 

As-received acrylonitrile, having some impurities involved from its commercial production, 

should be purified before making the inclusion compounds with urea, because high purity of 

reagents is one of the important factors necessary to increase PAN stereoregularity. 

Purification of acrylonitrile was conducted in five steps: First, 50ml of as-received 

acrylonitrile were washed with 30ml of 5% (w/w) sulfuric acid 2 times. Second, 2 washings 

with 30ml of 2% (w/w) sodium carbonate were conducted. Third, the acid-base washed 

monomer was washed with distilled H2O a couple of times until it was neutral. Fourth, 50ml 

of washed monomer were preserved in a brown glass bottle with a suitable amount of 

calcium chloride overnight in order to desiccate any remaining water. Finally, the dried 

acrylonitrile (See Figure 2.1.) was distilled at atmospheric pressure after purging with argon 

for 1 hour. 

 

FIGURE 2.1. Molecular Structure of Acrylonitrile Monomer. 
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2.1.4. Mixing of Acrylonitrile and Urea 

3ml of purified monomer (AN), 19g of finely ground urea, and 0.144g of methanol (10 wt % 

of AN) were added into a 25ml round bottom flask and mixed with a spatula for about 1 

minute. The theoretical mole ratio of AN to urea can be calculated to be around 1:3, using the 

stoichiometric formula: m (urea/n-alkane molar ratio) = 0.684 (n-1) + 2.175, where n is the 

number of carbon atoms in the guest backbone. However, to make sure all AN is included in 

urea and resides completely inside the urea channels, a smaller mole ratio of AN to urea ~1:7 

was used. Minagawa et al.22 suggested that this mole ratio of AN to urea is the primary factor 

to get a higher stereoregularity of polyacrylonitrile polymerized inside the urea canal. 

Besides the importance of the optimized mole ratio, the presence of methanol in the mixture 

is another factor for achieving a high stereoregularity. It was observed by White43 that a 

small amount of methanol plays an important role as a nucleation agent (or an accelerator), 

shortening the complex formation period. This physical mixture (AN/urea/MeOH: 

3ml/19g/0.144g) was purged with argon for 30 minutes, sealed tightly with a stopper, and 

chilled to -78° C by powdered dry ice, ready for the aging step in the AN urea inclusion 

compound formation. 

 

2.1.5. Acrylonitrile and Urea Complex Formation (Aging): Step One 

Two batches, each in a 25ml round bottom flask, containing the physical mixture 

(AN/urea/MeOH: 3ml/19g/0.144g) had been kept in a dewar flask filled with powdered dry 

ice for 2 weeks. During this period, acrylonitrile monomer starts to form an IC inside the urea 

canal complex. The melting point of acrylonitrile is around -83° C and it is a very volatile 

molecule. That is why we need to maintain a very low sample temperature (-78° C). 



Minagawa et al.22 reported that an aging time of 1-2 weeks is sufficient to obtain good 

results, although the aging time of the complex formation is strongly dependent on other 

experimental factors, such as the presence of methanol, the particle size of urea, and the mole 

ratio of AN to urea, etc. It is during the complex forming stage that the tetragonal lattice 

structure of as-received urea changes into the suitable structure capable of including AN in 

the central position of the urea  canals (Figure2.2.). 

 

FIGURE 2.2. Structural change in urea during the complex formation process.22

 

2.1.6. γ-Ray Irradiation (Inclusion Polymerization): Step Two 

After characterizing by infrared spectroscopy whether the AN urea canal complex is properly 

formed, the other batch (unopened) of AN urea inclusion compound was placed into a γ-ray 

irradiation source for the polymerization. In the γ-ray irradiated polymerization, there are two 

different methods used. One is the in-source polymerization and the other is the radiation 

post-polymerization.  In the former case, the AN urea canal complex aged at -78° C for two 
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weeks is directly irradiated at this temperature. However, in the latter case, the prepared 

batch is cooled down to a much lower temperature (-196° C, liquid nitrogen temperature), 

and then irradiated. Polymerization does not occur at this lower temperature, so that the 

polymerization can be separated from the γ-ray irradiation step.22 Minagawa et al.22 proved 

that the latter procedure yields much more stereoregular PAN, because it can prevent the 

unnecessary destruction of canal complex caused by high-energy radiation during the 

polymerization.  

 

To produce a highly stereoregular PAN, one might need to minimize the possible destruction 

of the AN urea canal complex, because the more AN polymerized into PAN in the canal, the 

more stereoregular the resulting PAN. Therefore, in the case of the insource polymerization, 

a weaker irradiation dose is particularly advantageous. We did choose the insource 

polymerization method, while using a dose (dose is defined as energy deposited per unit 

mass) rate of 9,500 Rad/hour, which was a lower intensity compared to that of the 

conventional experiments. The γ-ray irradiated polymerization continued for 7 days to satisfy 

the total dose rate of 1.6 Mega Rad. The γ-irradiator uses several pencil-shaped, encapsulated 

60Co sources that line the walls of the sample chamber cylinder (See Figure 2.3.). Dose rate is 

directly related to the source activity, which decays with a 5.27 year half-life. Two photons 

are emitted with each decay with energies of 1.17 MeV and 1.33 MeV. Upon interacting with 

matter, the gamma photons deposit some or all of the energy giving the material a radiation 

dose. The irradiator manufacturer is Atomic Energy of Canada, Limited. 



 

Sample Chamber Cylinder 
(γ-Irradiator) 

Sample 
(AN Urea IC) 

Powdered Dry Ice -78° C 
(Dewar Flask) 

FIGURE 2.3. The γ-ray irradiated polymerization (Insource Polymerization). 

 

2.1.7. Recovery (Coalescence of PAN from Its IC): Step Three 

The 19.42g of irradiated complex (at -78 ° C) was directly transferred into a flask containing 

150ml of distilled, cooled methanol. If the reaction batch is taken out of the dewar flask (at -

78° C) and exposed to room temperature, one can expect the rapid elevation of its 

temperature and unwanted progress of polymerization at room temperature. That is why the 

use of cooled methanol and a prompt coalescence are needed. The suspension (PAN/Urea 

complex) was left at room temperature for 3 hour stirring and given another 30 seconds of 

ultra-sonification at 25° C. PAN was isolated by vacuum filtration and the rinsing procedure 

with methanol was repeated until the FTIR no longer showed the existence of urea in the 

coalesced PAN. The polymer was dried in the vacuum oven overnight and weighed around 

1.5g, corresponding to an ~ 50% yield. 
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2.2. Materials and Sample Preparation: Part B. PAN α-CD Inclusion 

Polymerization 

2.2.1. Materials 

Acrylonitrile (≥99%), the guest monomer obtained from Aldrich, was purified by the same 

method as described in 2.1.3. The α-cyclodextrin was purchased from Cerestar in powder 

form. 

 

2.2.2. Suspension Method 

To obtain α-cyclodextrin columnar structure, 1.825g of as-received α-CD was firstly 

dissolved in 12.5 ml of distilled water with continuous stirring at 50° C for 1 hour. The clear 

solution was then rapidly poured into 50 ml of highly stirred chloroform at room temperature 

and the precipitate was immediately vacuum-filtered and allowed to air-dry overnight under 

vacuum draft. Attempts to scale up the above method have not been achieved36; thus, the 

same experiments were repeated five times in order to get a sufficient amount of α-CD 

channel structure. After characterizing the structural transformation of α-CD from the as-

received cage to precipitated channel by x-ray, the acrylonitrile CD inclusion compound was 

prepared by the suspension method, i.e., by making a slurry with the α-cyclodextrin in the 

acrylonitrile and allowing it to stir overnight at room temperature. Then, it was allowed to 

air-dry overnight under vacuum draft. Finally, it was polymerized at room temperature, 

initiated by γ-rays with the same dose rate used in the preparation of PAN by urea canal 

polymerization (Figure 2.4.). 



 

  

1. Formation of α-CDcs → 2. Suspension with AN → 3. Polymerized by γ-rad 

FIGURE 2.4. The procedure of PAN CD inclusion polymerization by suspension method. 

 

2.2.2. Solution Heating Method 

As-received α-CD was dissolved in distilled water for one hour; then purified acrylonitrile 

was added to the α-CD solution with heating and stirring for another three hours. It was 

cooled to room temperature and a precipitate began to form, which was filtered after stirring 

overnight at room temperature. The sample was air dried for 48 hours and vacuum oven dried 

overnight. After confirming the presence of monomer inside the α-cyclodextrin channel 

structure by FTIR and X-ray observations, it was polymerized at room temperature by γ-ray 

initiation. 
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2.3. Characterization Methods 

2.3.1. Spectroscopic Characterization 

Spectroscopic characterizations are analytical techniques which allow interpretation of the 

emission or absorption of ‘electromagnetic’ radiation as definite quanta when transitions take 

place between certain energy levels of a molecule. 

 

2.3.1.1. Fourier Transform Infrared Spectroscopy (FTIR) 

Among spectroscopic techniques, FTIR is a vibrational spectroscopy suitable for identifying 

types of chemical bonds by observing the characteristic electromagnetic radiation absorbed 

by their vibrating groups in the infrared region. Infrared spectroscopy detects changes in 

vibrational states when the vibrating dipole is in phase with the electric vector of the incident 

radiation. The energies correspond to wave numbers of 4000 – 400 cm-1. Thus, a functional 

group can be detected by the frequency of its absorbance.  

 

Infrared spectroscopy is usually based on a transmission method; thus, the solid samples 

should be prepared as discs to lessen the scattering of radiation by the solid particles while 

increasing the amount of radiation transmitted through the sample. Powder samples were 

thoroughly mixed with KBr and pressed into pellet form. Acrylonitrile urea IC samples were 

mixed with KBr at -20° C and then quickly pressed into pellet form and placed in the 

spectrometer. Absorbance Fourier transform infrared spectra were recorded at room 

temperature on a Nicolet 510p FTIR spectrometer (NCSU ID#. 205616) with OMNIC 
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software at frequencies from 4000 to 400 cm-1, with a resolution of 4 – 2 cm-1, gain = 1, and 

scans = 64 – 128. 

 

2.3.1.2. Nuclear Magnetic Resonance Spectroscopy (NMR) 

NMR is based upon the measurement of the absorption of ‘electromagnetic’ radiation in the 

radio-frequency region of approximately 4 to 600 MHz. Infrared spectroscopy reveals the 

types of functional groups existing in a molecule; in addition, NMR gives information 

regarding the number of magnetically distinct atoms of those types, because nuclei of atoms 

are involved in the absorption process. It is necessary to place the nuclei of atoms in an 

intense magnetic field in order to make them absorb in the radio-frequency region. The 

nuclei behave as if they were spinning, so that certain atomic nuclei have a quantized spin 

angular momentum and a magnetic momentum. This quantized momentum is defined by its 

nuclear spin quantum number, I = ± 1/2,… (I not equal to zero, 1H, 13C, 15N, 29Si, 31P, etc.). 

When the magnetic field B0 is applied, the torque L (L = μ × BB0) tending to tip μ (the nuclear 

magnetic moment) toward B0 is exactly balanced by the spinning of the magnetic moment, 

resulting in nuclear precession about B0. If a small rotating magnetic field B1 (orthogonal to 

B0B ) is applied and its rotational frequency coincides with the Larmor frequency νo of the 

precessing nucleus, the nucleus absorbs energy from B1, the spins flip and a resonance 

condition is achieved. At B0 = 2.34T (1T = 1 tesla = 10 kilogauss), the resonant frequencies 

of 1H, 13C, and 29Si are νo = 100, 25.1, and 19.9 MHz, respectively.  

 

NMR is a powerful technique for analyzing polymers, because the absorption of radio-

frequency radiation can be influenced by the molecular environment of nuclei. The NMR 
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resonance effect has an important connection with molecular structure, so that we can use 

NMR spectroscopy for polymer microstructure analysis. Compared to 1H NMR, 13C NMR 

has some advantages: 

1. 13C has only 1.1% natural abundance; thus, it does not have strong homo-nuclear 13C – 13C 

spin-spin coupling. Also, heteronuclear 13C – 1H coupling is always easily removed for 

spectral simplification; 

2. 13C NMR spectra have a large range of resonant frequencies or chemical shifts for the 

constituent carbon nuclei, which can make it possible to separate peaks originating from 

different structures; 

3. 13C NMR is very sensitive to the chemical environment of carbon nuclei, which constitute 

the backbones and side-chains of most polymers. 

Table 2.2. presents the experimental conditions employed to acquire 13C NMR and 1H NMR 

spectra. (All spectra were acquired at 298K. TMS was used as an internal resonant frequency 

standard). 

Table 2.2. Experimental Parameters for 13C and 1H NMR Recorded on a Brucker AVANCE 

500 MHz Spectrometer (1996) / with Oxford Narrow Bore Magnet (1989), SGI INDY Host 

Workstation, XWINNMR Software Version. 

Parameters Values 

Number of Acquisitions 16615 – 21071 

Spectral Width 30303 Hz  or (240 ppm) 

Observed Frequency (13C) 125.7710 MHz 

Decoupler Frequency (1H) 500.129 MHz 

BB1( H) Power 1 17 dB 
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Table 2.2. Continued. 

Contact Time N/A 

Pulse Delay 2 sec. 

 

2.3.2. X-Ray Diffraction 

Any source of radiation is suitable for diffraction or scattering by solids. No matter what the 

radiation, scattering experiments give characteristic results: 

1. Positions of maxima and minima 

2. Intensities of maxima, minima, or the entire scattering curve 

For highly ordered systems, scattering has zero intensity except at well defined positions; this 

is diffraction. Thus, the X-ray diffraction technique can confirm, fingerprint, characterize 

crystalline materials and their structures, based on information about: (1) intensity, (2) shape, 

and (3) position of each peak. X-rays are ‘electromagnetic’ radiation of wavelength which is 

generally confined to the region of approximately 0.1 to 25Å, which encompasses the sizes 

of atoms and molecules. X-rays can be obtained in various ways: 

1. by the bombardment of a metal target with a beam of high energy electrons; 

2. by the exposure of a substance to a primary beam of X-rays to produce a secondary beam 

of X-ray fluorescence; 

3. by the employment of a radioactive source whose decay results in X-ray photons that 

match the energy required to remove the electron to the periphery of the atom. The electrons 

excited by the absorption process may return to their ground state and cause emission of 

radiation.  
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The scattering of the beam causes a discrete diffraction pattern if the material it penetrates is 

at least partially crystalline. These diffraction patterns can be used to analyze the size of 

crystals, the amount of crystallinity, and their orientation. Different crystals existing in the 

sample display different peaks on the diffractogram. Each peak on the diffractogram can be 

assigned by Miller indices, illustrating the crystal type; that is, triclinic, monoclinic, 

hexagonal, orthorhombic, rhombohedral, tetragonal, or cubic (See Figure 2.5.). The width of 

each of the peaks on the diffractogram depends on the crystal size. The crystal size can be 

calculated by using the Scherrer equation: δ(2θ) = 0.9λ / (Lcosθ), where δ = width of the peak 

at half-peak-height, λ = wavelength of X-rays (usually 1.5418Å), L = crystal size, and θ = 

angle at which the peak is located. The amount of crystalline material present in the sample 

can also be estimated from the area under the crystalline peaks after subtracting the area 

under the amorphous region. Wide angle X-ray diffraction (WAXD) patterns of powdered 

samples were obtained at ambient conditions on a Siemens type-F X-ray diffractometer with 

a nickel filtered CυKα radiation source (wavelength = 1.54Å). The supplied voltage and 

current were set to 30kV and 20mA, respectively. Samples were mounted on a sample holder 

and the diffracting intensities were recorded in 0.1° steps, collecting the data at a rate of 2θ = 

3° min-1 over the range 2θ = 5 – 30°. 

 

2.3.3. Differential Scanning Calorimetry (DSC) 

Differential Scanning Calorimetry (DSC) is an analytical technique for detecting the changes 

in physical states of matter by measuring the energy necessary to establish a nearly zero 

temperature difference between a substance and an inert reference material, as the two 

specimens are subjected to identical temperature regimes in an environment heated or cooled 



at a controlled rate. It is based on the thought that the thermal properties of a material are 

dependent upon changes in its structure and mobility. Heat flow into (endothermic) and out 

of (exothermic) samples are measured by calculating the power (mW) needed to keep the  

FIGURE 2.5. Schematic representation of 14 possible Bravais Lattices. 

 

sample and its pan at the same temperature as the empty reference pan. 

 

For isothermal conditions: 

ΔG = ΔH – TΔS (a) 
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Consider melting (the inverse of crystallization) as the change of state of interest: 

                                                   T = Tm;      ΔG = 0 = ΔHm – TmΔSm (b) 

                                                           Tm = ΔHm/ΔSm (c) 

1. When the amorphous regions in the polymer crystallize, some level of energy release 

(exothermic) occurs, which means ΔG is lowered by the transformation of amorphous 

material to crystalline material (crystallization); then, ΔG < 0 and ΔH < -TΔS. 

2. If a glassy polymeric material is heated, it absorbs energy (endothermic) and eventually 

changes into a plastic state at the glass-transition (Tg), permitting conformational mobility. In 

this case, Tg < T < Tm, then ΔG << 0; i.e., the thermodynamic driving force for crystallization 

becomes greater with decreasing temperature down to Tg. 

3. When the polymer reaches its melting point, it absorbs energy and its molecular chains 

become more flexible and disordered. ΔH (the enthalpy change) primarily represents the 

energy change associated with the disruption of crystalline regions containing closely packed 

extended chains, while ΔS represents primarily the entropy change associated with the 

transformation of single polymer chain conformations in the rigid, crystalline state to the 

mobile, amorphous state, where the randomly-coiling polymer chains are able to sample their 

entire ensemble of conformations. Both terms influence Tm (See Table 2.3.). 

 

All of the possible transitions (e.g. phase transitions, such as fusion, crystalline structure 

inversion, vaporization, chain dissociation, oxidation and reduction, and destruction of the 

crystalline lattice structure etc.) can be traced by a thermogram observed by DSC. DSC data 

were obtained using a Perkin-Elmer Model 7 series / UNIX differential scanning calorimeter. 

Samples of 5-10 mg were loaded in the DSC pan in all experiments. The samples were sealed 
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tightly in aluminum pans designed for volatile materials and scanned by one or two 

heating/cooling cycles between 25° C and 130 ~ 330° C at a heating rate of 20 ~ 40° C/min 

(40° C/min step rate was used only for the polyacrylonitrile sample, because it decomposes 

(degradation) right before it reaches  its melting point). A 100° C cooling rate was employed. 

 

Table 2.3. Comparison between Thermal Melting Properties of PAN and Other Polymers. 

Polymer Tm  

(° C) 

ΔHm 

(cal/mole) 

ΔHm 

(cal/g) 

ΔSm 

(cal/mole-deg) 

ΔSm 

(cal/mole-

deg/bond) 

Polypropylene 176 2600 62.0 5.8 2.9 

Nylon 6 225 5100 45 10.3 1.5 

PAN 317 1200 23 2.0 1.0 

 

The instrument was calibrated before each set of scans with Indium or Tin depending on the 

temperature range of interest. Nitrogen was used as the purging gas. 

 

3. RESULTS AND DISCUSSION 

 

3.1. The Synthesis of Highly Stereoregular PAN (~ 80%) 

3.1.1. Structural Transformation of Urea 

It is a well-established fact that when a guest monomer and host urea canal complex is 

formed the crystalline structure of urea is transformed to a lattice containing channels where 

the guest molecules are located. This structural transformation of urea varies in accordance 
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with the size and shape of the involved guests. Thus, tracing the structural change of a urea 

canal complex is one of the most important issues necessary to confirm the formation of the 

designated inclusion compound. In the case of acrylonitrile urea inclusion compounds, a 

transformation into the pseudo-hexagonal lattice structure (a = b = 8.90Å, c = 11.88Å) was 

reported, previously.22 However, in our FTIR observations at room temperature, a different 

type of structural transformation was detected (Figure 3.1.). In both cases of AN urea IC (b) 

right before γ-ray irradiated polymerization and PAN urea IC (c) right after γ-ray irradiated 

polymerization, the most notable bands at 1658 cm-1 and 1491 cm-1 resulting from C=O 

stretching and N–C–N stretching found only in the hexagonal urea structure were not 

detected. Instead, C=O stretching at 1682 cm-1 of pure tetragonal urea was shifted to 1678 

cm-1 in spectrum (b) and to 1672 cm-1 in spectrum (c), respectively (Figure 3.2.). 

Furthermore, peaks at 1624 cm-1 and 1601 cm-1 caused by N-H bending vibrations of pure 

tetragonal urea were merged into one peak at 1626 cm-1 in both the acrylonitrile and γ-ray 

irradiated PAN urea inclusion compounds. They also show similar peaks at around 1467 cm-1 

from the N–C–N antisymmetric stretching vibration. These results are analogous to the FTIR 

spectral trends of the PP–U ICs and poly (ethylene glycol)–U IC, whose IC crystal structures 

are known as the large tetragonal, and were confirmed by previous X-ray diffraction study.14, 

16

 

The fact that the structures of both AN urea IC (b) and PAN urea IC (c) are the large 

tetragonal does not necessarily prove that during polymerization below –20.8º C the AN urea 

IC was also the large tetragonal structure, because these infrared spectra were not measured 

below -20.8° C, which is known as the decomposition temperature of the hexagonal IC 



structure made from acrylonitrile and urea. (See Figure 1.15.). Nevertheless, it can be 

suggested as a large tetragonal, because the PAN produced from the AN urea IC (b); i.e., 

coalesced from (c) turned out to be a highly stereoregular PAN (~ 80% m or r), with a high 

yield of ~ 50%. We will discuss this later with Figure 3.3.. 
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FIGURE 3.1. Infrared spectra of pure urea (a), AN urea IC (b), and PAN urea IC (c) (AN 

Urea IC: right before γ-ray irradiated polymerization, PAN Urea IC: right after γ-ray 

irradiated polymerization). 

 

To support our suggestion that the acrylonitrile was polymerized inside the large tetragonal 

lattice, we prepared the PAN urea inclusion compound (d). The polyacrylonitrile used here 

was exactly the same PAN coalesced from PAN urea IC (right after γ-ray irradiation). 

Interesting is the fact that spectral shifts (d) are again showing consistency with those of the 
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large tetragonal lattice rather than the hexagonal structure of urea. Furthermore, the presence 

of a strong nitrile group absorption band of PAN at 2245cm-1– though weak it was also found 

in samples (b) and (c) – strengthens the assertion that the hydrogen bonded urea canal 

structure is stable only in the presence of guest molecules. In an effort to confirm our observ- 
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FIGURE 3.2. Infrared spectra of pure urea (a), AN urea IC (b), and PAN urea IC (c) 

Structural Change of Urea – AN Urea IC: right before γ-ray irradiated polymerization, PAN 

Urea IC: right after γ-ray irradiated polymerization), observed from 2000 to 1000 cm-1. 

 

ations, a low temperature (-20.8° C) X-ray diffraction study was considered; however, it was 

not carried out, because we failed to grow a single crystal of the AN urea IC. Instead, a 

normal X-ray powder diffractogram was measured at room temperature to verify the stability 
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of the large tetragonal urea canal complex structure formed between the host and guest right 

after γ-irradiated polymerization (Figure 3.4.). 
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FIGURE 3.3. Infrared spectra of pure urea (a), AN urea IC (b), *PAN urea IC (c), and PAN 

urea IC (d) (*right after γ-ray irradiation). 

 

First of all, the WAXD pattern of PAN urea IC (right after γ-ray irradiation) confirmed the 

presence of the urea inclusion compound, since no crystalline peak of the uncomplexed, bulk 

stereoregular PAN was found with its characteristic reflection centered at 2θ = 16.4°. 

Secondly, the diffraction angles of pure urea at 2θ = 22.1°, 24.4°, and 29° are dramatically 

sharpened after inclusion polymerization of acrylonitrile inside the urea canal. That is to say, 

the monomer was successfully polymerized in the relatively stable large tetragonal lattice 

structure of the urea. 
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FIGURE 3.4. Comparison of the WAXD patterns between the stereoregular PAN urea IC 

(before coalescence) and pure urea. 

 

3.1.2. Characterization of PAN Stereoregularity 

After investigating the structural features of urea when it forms inclusion compounds with 

the acrylonitrile, as well as stereoregular polyacrylonitrile, the degree of stereoregularity of γ-

ray irradiated PAN polymerized inside the urea adduct was evaluated by FTIR, WAXD, and 

13C NMR and are discussed in detail. In addition to being an alternative way of confirming 

the successful IC formation within the urea canal complex, it is a good opportunity to 

understand how inclusion polymerization could control the overall stereoregularity of 

polymer production in general. After coalescing the γ-ray irradiated PAN from the urea canal 
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complex, the PAN made in this way (c) was compared to as-received PAN (a) and the γ-ray 

irradiated PAN not complexed with urea (b) in Figure 3.5.. 
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FIGURE 3.5. Comparison of the spectra of the as-received PAN (a), γ-ray irradiated atactic 

PAN (b), and γ-ray irradiated stereoregular PAN (c). 

 

The γ-ray irradiated PAN (c) had been coalesced repeatedly from the urea inclusion 

compound in the methanol solution until it showed identical infrared peaks to both PAN 

types (a) and (b); then, the deformation vibrational mode of methine (CH) groups of the three 

different types of PAN were compared (Figure. 3.6.). The (CH) deformation band of 

stereoregular PAN (c) splits into two distinct bands at 1257 and 1234 cm-1, while the (CH) 

vibrational modes of the atactic PANs (a) and (b) show only a normal peak at around 1250 

cm-1, with much weaker shoulders. The increased splitting of the (CH) deformation band 
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FIGURE 3.6. Comparison of the stereoregular sensitive FTIR spectra in the CH deformation 

region of the as-received PAN (a), γ-ray irradiated atactic PAN (b), and γ-ray irradiated 

stereoregular PAN (c). 

 

observed in the stereoregular PAN might be caused by its more stereoregular chemical 

environment produced during the inclusion polymerization. This suggestion is strongly 

supported by the following analysis of 13C NMR.  

 

It is interesting that a similar infrared pattern is also found in another vinyl polymer (PVF: 

polyvinyl fluoride). It is believed by Minagawa et al.63 that these similar IR patterns are 

probably the result of the presence of structural disorder along their main chains in both 

polymers.  
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The following X-ray analysis on the PAN coalesced from the urea host generally confirmed 

the increased stereoregularity after the inclusion polymerization (Figure 3.7.). 
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FIGURE 3.7. Comparison of the WAXD patterns between the γ-ray irradiated stereoregular 

PAN and atactic PAN. 

 

The peak at 2θ = 17° of as-received atactic PAN shifted to 16.4° in the γ–irradiated 

stereoregular PAN. Also, the width of peak was sharpened slightly, which is proportional to 

the number of unit cells or the crystal dimension in a particular direction. These two changes 

in WAXD pattern are characteristic values used in the evaluation of stereoregularity of 

polyacrylonitrile.64 However, in our stereoregular PAN sample prepared in the urea canal, the 

minor peak at around 30° found only in the WAXD patterns of extremely stereoregular PAN 

was not observed, probably because it was polymerized via the in-source polymerization 
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method, which yields less stereoregular PAN compared to that of the post-polymerization 

method. Post-polymerization (γ-ray irradiation at -196° C, then subsequently polymerized at 

-78° C) can avoid the local heating and elevation of temperature caused by γ-ray 

bombardment, and prevents destruction of the urea canal lattice.22

 

The crystallinity of γ-ray irradiated stereoregular PAN was calculated as 50%, a higher value 

compared to atactic as-received polyacrylonitrile (ca. 44%). However, unlike polypropylene, 

where the crystallinity depends on stereoregularity, the degree of crystallinity was almost 

constant in the case of all polyacrylonitrile samples.64 The reason for these results can be 

explained if the PAN crystals are composed of close-packed, conformationally disordered 

PAN chains, whose packing is dominated by the dipolar interactions between their highly 

polar –C≡N side chains and not the usual stereosequence-dependent steric interactions. 

 

The best way of evaluating the stereoregularity of PAN prepared in the urea canal complex is 

by 13C NMR analysis, because its stereoregularity can be numerically quantified, giving 

information regarding the number of magnetically distinct atoms of each chemical type. 

Three types of configurations – isotactic, syndiotactic, and atactic – were evaluated by 

observing the peak intensities of either the methine (CH) or nitrile (CN) carbons displayed in 

the NMR spectra. Both methine (CH) and nitrile (CN) carbon nuclei are believed to be 

sensitive to their stereochemical environments, while the methylene (CH2) carbons evidence 

a much smaller sensitivity to stereosequences. In our experiment, 2 – 10% solutions of each 

PAN sample in DMSO-d6
 were observed at a frequency of 125 MHz and recorded at room 

temperature (Figure 3.8.). 



FIGURE 3.8. 13C NMR spectra of PAN polymers. Nitrile (CN) carbon, methylene (CH2) 

carbon, and methine (CH) carbon resonances were assigned at 119 – 121, 32 – 33, and 26 – 

28 ppm, respectively. S1-PAN: polymer prepared by γ-ray irradiation urea canal 

polymerization, S2-PAN: same kind of S1-PAN except applying strong coalescence by ultra-

sonification after polymerization, A-PAN (2): the γ-ray irradiated PAN obtained in solution 

without urea canal complex formation, PAN (1): as-received PAN obtained from Aldrich. 
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FIGURE 3.9. 13C NMR spectra of PAN polymers. Expanded region of nitrile (CN) carbon 

resonances from 119 – 121 ppm. S1-PAN: polymer prepared by γ-ray irradiation urea canal 

polymerization, S2-PAN: same as S1-PAN except applying strong coalescence by ultra-

sonification after polymerization, A-PAN (2): the γ-ray irradiated PAN obtained in solution 

without urea canal complex formation, PAN (1): as-received PAN obtained from Aldrich. 

 

In Figure 3.9. above, nine to ten peaks due to the CN pentad tacticities were found among  all 

of the PAN samples. The tacticity of S1-PAN was estimated from triad peak intensities of the 

(–C≡N) carbon atom in the NMR spectra, assuming Bernoullian statistics (Figure 3.10.). 
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FIGURE 3.10. 13C NMR of S1-PAN (γ-ray irradiated stereoregular PAN) in DMSO-d6 and 

its expanded nitrile (–C≡N) carbon region from 119 – 121 ppm. 

 

To determine the tacticity of S1-PAN assuming Bernoullian Statistics, 

(m) + (r) = (mm) + (mr) + (rr) = 1 

(m) = (mm) + 0.5 (mr) 

(r) = (rr) + 0.5 (mr), where m = meso, r = racemic, mr = rm 

Pm + Pr = 1 

(mm) = (m)(m) = P2
m = 100.023/169.205 = 0.59 

(mr) + (rm) = 2(m) (r) = 2Pm (1 – Pm) = 49.893/169.205 = 0.3 
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(rr) = (r)(r) = (1 – Pm)2 = 19.289/169.205 = 0.11 

PP

2
m = 100.023/169.205 = 0.59; therefore, P  = 0.77 m

Therefore, an ~ 80% stereoregularity at the diad level was obtained by measuring the peak 

intensities of the nitrile (–C≡N) carbon groups. To confirm this result and compare it to other  

 

FIGURE 3.11. 13C NMR spectra of PAN polymers. Expanded methine (CH) carbon 

resonance region from 26 – 28 ppm. S1-PAN: polymer prepared by γ-ray irradiation urea 

canal polymerization, S2-PAN: same as S1-PAN except applying strong coalescence by 

ultra-sonification after polymerization, A-PAN (2): the γ-ray irradiated PAN obtained in 

solution without urea canal complex formation, PAN (1): as-received PAN obtained from 

Aldrich. 
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types of PAN samples, the identical analysis of the methine (CH) carbon region, whose 

tacticity dependent chemical shifts  are very clearly separated (Figure 3.11.), was carried out, 

and the results are presented in Table 3.1.. 

 

Table 3.1. Stereoregularity of PAN Polymers Determined by Observing Peak Intensities in 

the Methine Carbon (CH) Region. 

Integral 
Sample 

mm (or rr) mr or rm rr (or mm) 

Stereoregularity 

(at diad level) 

S1-PAN 182.73 85.57 28.74 78% 

S2-PAN 181.40 87.77 35.41 77% 

A-PAN (2) 97.22 142.60 79.49 55% 

PAN (1) 78.11 152.10 75.08 51% 

 

The degree of stereoregularity of PAN was increased by around 25% with the help of the 

designated inclusion polymerization, and supports the acrylonitrile being polymerized inside 

the large tetragonal lattice of urea, as indicated by infrared spectroscopy in advance of 

polymerization. Also note the close agreement found for S1-PAN’s stereoregularity of 77 

and 78%, measured from the nitrile (CN) and methine (CH) carbon regions. Also the long 

duration of the coalescence procedure did not affect the overall stereoregularity of PAN, 

prepared by γ-ray irradiation during the urea canal polymerization. 
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3.2. PAN α-Cyclodextrin Inclusion Polymerization 

3.2.1. Suspension Method 

An effort to synthesize polyacrylonitrile in the α-cyclodextrin columnar structure is a very 

promising method to reveal the original tacticity of highly stereoregular PAN (~80%) 

polymerized in other molecular hosts such as urea and β-cyclodextrin.22, 52 Most importantly, 

α-CD has the smallest diameter (4.9Å) channel cavity, and only syndiotactic PAN in the all 

trans conformation is likely to be produced, based on the behavior of PP.14, 25 Furthermore, 

cyclodextrins are very stable hosts since they can form ICs either in solution or in the 

crystalline state, and their crystalline IC structures are thermally stable as well. Thus, PAN 

production in its α-CD inclusion compound can potentially provide critical information 

regarding the true tacticity of PAN polymerized in other less confining, potentially flexible 

molecular hosts, such as urea and PHTP. In our experiments, two different methods – 

suspension and solution heating – of IC formation with AN (acrylonitrile) were employed 

before the γ-ray irradiation polymerization.  

 

After forming the complex between AN and α-CD columnar structure (α-CDcs) by the 

suspension method, its IC formation was characterized by FTIR, X-ray, low temperature 

(liquid nitrogen) DSC, and 1H NMR. First of all, the presence of acrylonitrile monomer in its 

complex with α-CDcs was checked by infrared spectroscopy (Figure 3.12.), where the 

presence of acrylonitrile (b) was confirmed. By comparison of the intensity of the nitrile 

absorption peak in the AN α-CDcs complex to that in the AN urea IC (a) (See also Figure 

3.1.), which is barely visible, it can be suggested that AN is tightly entrapped within the α-

CDcs channels.65 Because AN is volatile and would normally be expected to evaporate easily 



in the vacuum applied when making the KBr pellet, as apparently at least partially occurs in 

the AN urea IC (a). 
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FIGURE 3.12. The presence of the nitrile group (C≡N) absorption band observed in the room 

temperature FTIR spectra of different ICs: AN urea IC (a), AN α-CDcs IC prepared by 

suspension method (b), AN α-CD IC by solution heating method (c), γ-ray irradiated PAN 

urea IC (d), and PAN urea IC (e). 

 

To verify the inclusion compound formation, two other characterization methods – DSC and 

WAXD – were employed. The DSC data in Figure 3.13. for  AN α-CDcs IC obtained by the 

suspension method, supports the idea that the guest molecule (AN) was successfully 

positioned at the center of thermally stable α-CDcs long channel cavities (Also Figure 3.14.), 
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FIGURE 3.13. Low temperature liquid nitrogen DSC heating scan for AN α-CDcs IC. 

 

because the melting of free bulk AN, ranging from -82 to -78° C, was completely absent. 

Instead the evaporation of AN from the AN α-CDcs IC appears at 81.6° C indicating the 

presence of AN inside the α-CDcs. At the same time, we prepared a physical mixtures of AN 

and cage (also, columnar) structures of α-CD as controls to see if free AN’s endothermic 

melting peak is shown. Unfortunately, however, neither evidenced a melting point, possibly 

because cage or channel structure α-cyclodextrin form inclusion compounds very quickly 

with AN. Thus, in a further study, it will be necessary to measure the kinetics of IC formation 

between acrylonitrile and α-CD (both cage and channel structures) possibly by UV or NMR 

spectroscopy. At the same time, it is possible that AN is either included in the cavities of 

surface CD molecules or absorbed onto the surfaces of cage CD crystals. The only way to 
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definitively determine which mechanism exists is solid-state 13C-NMR. Detection of AN 

inclusion could be obtained using T1 relaxation time measurements for CD. If the relaxation 

time is higher for as-received CD than CD in the physical mixture with AN, this would 

indicate close proximity of CD with AN. 
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FIGURE 3.14. WAXD Patterns supporting the stability of α-CDcs structure when it forms 

inclusion compound with acrylonitrile. 

 

In Figure 3.14. above, notable is the characteristic reflection of α-CDcs centered at 2θ = 

20.0° that was significantly sharpened after the IC formation, which confirms again that the 

acrylonitrile was successfully included inside the α-CDcs. 
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The stoichiometry of the AN α-CDcs IC (how many moles of acrylonitrile are incorporated 

within each α-CDcs host molecule) was investigated by 1H-NMR (Figure 3.15.). To calculate 

FIGURE 3.15. 1H-NMR spectra of AN α-CDcs IC. Three types of 1H atoms of AN (HA, HB, 

and HC) are showing separable chemical shifts in DMSO-d6
  at around 6 ppm from TMS.  

 

the molar ratio between AN and α-CDcs, one of the protons among each of the six glucose 

units of α-CDcs (the C6-OH proton found at  4.5 ppm) is chosen for comparison. 

Then, 

1.00 (all AN protons)/ 3 = 0.33 

1.77 (all C6-OH protons on α-CD)/ 6 = 0.30 

Thus, the molar ratio of AN : α-CDcs = 0.33 : 0.30 = 1.11 : 1 

Therefore, approximately one molecule of AN is complexed by and included within one 

molecule of α-CDcs during the inclusion compound formation.  
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Having successfully determined that acrylonitrile formed an IC with α-CDcs, the sample (AN 

α-CDcs IC) was exposed to γ-ray irradiation at room temperature for the purpose of inclusion 

polymerization. However, no polyacrylonitrile was discovered after coalescing this γ-ray 

irradiated AN α-CDcs IC. After γ-ray irradiation, the WAXD pattern for AN α-CDcs IC 

(Figure 3.14.) indicated α-CD’s columnar structure, while liquid acrylonitrile monomer was 

observed floating on the surface of the coalescence solvent (water) during the coalescence 

procedure. Unlike urea IC formation, during which a guest monomer and the potentially 

flexible host urea canal complex is formed with the guest molecules arranged in the central 

position of the urea canals that alters the crystalline structure of free urea, the structure of α-

CD is rigidly fixed during guest inclusion (Figure 3.16.). Furthermore, the 4.9Å diameter of  
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FIGURE 3.16. Schematic representation of the different mechanism between the acrylonitrile 

urea IC and acrylonitrile α-CDcs IC formations (do = distance between occupied CDs along 

the longitudinal axis of α-CDcs), molar ratio of AN : α-CDcs = 0.33 : 0.30 = 1.11 : 1. 



 
70

α-CD’s cavity is narrow enough to hold the acrylonitrile monomer having a 3.7Å thickness 

and 4.7Å width. (The height of α-CD’s cavity is 7.9Å and the length of the acrylonitrile 

monomer is 7.1Å), resulting in a fairly tight fit. Considering this tight-fitting geometry 

between the guest and host, as well as the rigid nature of cyclodextrin during IC formation, it 

is possible that if the acrylonitrile monomer was polymerized, the resulting PAN would not 

fit, as has been observed in the case of i-PP. i-PP was found to form an IC with γ-CD, but not 

with α-CD.66

 

Alternatively, because of the disparity in AN:α-CD and PAN:α-CD stoichiometries [1:1 

(experimental) versus 3:1 (expected)], after γ-irradiation initiation of AN α-CD IC, a 

shortage of AN would result in the α-CD IC channels, possibly interrupting polymerization. 

 
3.2.2. Solution Heating Method 

In general, small molecular guests tend to complex in cage structures, while long and ionic 

guests prefer channel structure ICs with α-cyclodextrin.34 To understand this phenomenon 

experimentally, while finding an alternate to the suspension method for the formation of AN 

α-CDCS IC,  the solution heating technique for making the AN α-CD IC was used. After 

precipitating the complex between the acrylonitrile and α-CD, a relatively prominent infrared 

band at 2228 cm-1 was detected by FTIR (See Figure 3.12.). However, the WAXD pattern of 

this sample was cage structure rather than channel (See Figure 3.17.), which indicates that 

AN prefers to form an IC inside a cage65 rather than form an IC within a channel structure. 

To confirm our assumption, 1H-NMR analysis was studied after 24-hour vacuum drying at 

40° C (Figures 3.18. and 3.19.). 
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FIGURE 3.17. WAXD Patterns of AN α-CD IC by solution heating method, AN α-CDcs IC 

by suspension, and pure α-CD. 

 
71



 

FIGURE 3.18. 1H-NMR spectra of AN α-CD IC. Three types of AN protons (HA, HB, and 

HC) are assigned to the resonances at around 6 ppm from TMS in DMSO-d6. 

 

To calculate the molar ratio between AN and α-CDcs, one of the protons among the six 

glucose units of α-CDcs (C6 –OH at 4.5 ppm) was chosen. 

Then, 

6.856 + 7.609 + 4.252 (All AN protons) / 3 = 6.24  

100 (C6–OH protons) / 6 = 16.66 

Thus, the molar ratio of AN : α-CD = 6.24 : 16.66 or 1 : 2.67 
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FIGURE 3.19. 1H-NMR spectra of AN α-CD IC right after γ-ray irradiation. Three types of 

AN protons (HA, HB, and HC) are assigned to the resonances at around 6 ppm from TMS in 

DMSO-d6. 

 

In a similar manner, the molar ratio of AN to α-cyclodextrin after the γ-ray irradiation is: 

(6.967 + 7.295 + 5.487) / 3 = 6.58  

100 / 6 = 16.66 

Molar ratio of AN : α-CD = 6.58 : 16.66 or 1 : 2.53. 

 

 
73



 
74

Beside the minor change in molar ratio of AN to α-CD after the γ-ray irradiation, the FTIR 

spectra of sample RT16: right before polymerization and sample RT18: right after 

polymerization (See Figure 3.12.) confirms the failure of polymerization, since the nitrile 

group’s vibration at 2226~2228 cm-1 for AN did not shift to 2240~2260 cm-1 characteristic of 

PAN. These results observed by FTIR, X-ray, and 1H-NMR explain that the small 

acrylonitrile guest molecule tends to reside in the cage structure of the α-CD host rather than 

the columnar structure of α-CD, when AN α-CD IC is formed in solution65, thereby 

preventing polymerization to PAN. 

 

Another host molecule, γ-CD, which forms a larger channel (D = 7.5 – 8.3Ǻ) than α-CD in 

its IC, was used to form an IC with AN to attempt γ-ray irradiated polymerization. First, γ-

CD in the columnar structure was successfully obtained by dissolving it in water, then 

precipitating it into acetone. After checking the structural transformation of γ-CD from the 

as-received cage to precipitated channel by WAXD, the AN γ-CD inclusion compound was 

prepared by the suspension method. The WAXD pattern after forming a slurry with AN by 

suspension method still shows that the γ-CD maintained its channel structure; however, no 

AN peak was found in the infrared spectrum and 1H-NMR spectroscopy. Furthermore, no 

precipitate between AN and as-received γ-CD was obtained by the solution heating 

technique. It can be suggested that AN molecule is too small to obtain a good fit in the γ-CD 

cavity. 
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4. CONCLUSIONS AND FURTHER WORK 

 

 AN urea IC is likely not a narrow channel (5.25-5.5Å) hexagonal crystal structure at the 

low temperature of γ-irradiation polymerization. 

 

 AN urea IC before and the PAN urea IC after low temperature γ-irradiation 

polymerization are both large tetragonal structures at room temperature. 

 

 Thiourea, which forms larger channels in its ICs than urea, should be used as a host to 

form an IC with AN, followed by an attempted γ-irradiation polymerization to PAN. 

 

 γ-irradiation of a channel structure AN α-CD IC did not produce any PAN, implying that 

the AN urea IC that produced stereoregular PAN upon γ-irradiation was likely in a large 

tetragonal structure. Alternatively, because of the disparity in AN:α-CD and PAN:α-CD 

stoichiometries [1:1 (experimental) versus 3:1 (expected)], after γ-irradiation initiation of AN 

α-CD IC, a shortage of AN would result in the α-CD IC channels, possibly interrupting 

polymerization. 

 

 PAN from low temperature γ-irradiation polymerization of AN urea IC is stereoregular, 

with an m or r diad content ~ 80%. 
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 By analogy to PP polymerized in host PHTP IC (d  ~ 5Å) and PVC polymerized in urea 

canals, which are both found to be syndiotactic, we suggest that stereoregular PAN 

polymerized in urea canals is also likely predominantly syndiotactic. 

 

 AN did not form an IC with γ-CD due to the size mismatch between the guest and host 

molecules. 

 

 An AN-β-CD IC should be formed and exposed to γ-irradiation to see if polymerization to 

PAN occurs, because if it does it would have occurred in the larger β-CD channels (D = 6.0 – 

6.5Ǻ) and its stereoregularity could then be compared to that obtained from the canal 

polymerization of AN urea-IC. If they showed similar stereoregularities, then it could be 

concluded that PAN obtained from AN urea-IC was polymerized in the large channels of 

expanded tetragonal urea. 

 

   Derivation of a configurationally-sensitive rotational state isomeric (RIS) conformational 

model of PAN which gives dimensions (<r2>o/nl2) that are consistent with those measured for 

PANs of different stereoregularities in solution67 should be accomplished to see if either, or 

both syndiotactic and isotactic PAN are consistent with these observations. A further test of 

PAN stereoregularity might be provided by calculating, from the RIS conformational model 

derived above for PAN, the mean-square dipole moments of PAN (<μ2>/x), where x = 

number of PAN repeat units, to see whether syndiotactic or isotactic PAN gives calculated 

dipole moments that agree with those observed. Glycolide, with a small net dipole moment, 
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would appear to be a solvent appropriate for measuring dipole moments of PANs with 

different stereoregularities. 

 

 Consideration of the dipolar interactions between the –C≡N side-chains in PAN (ED = 

d2/4πεor3, where d = 3.6 D and r ≡ the distance between C≡N dipoles ≤ 3.6Å)68,69 should be 

included in the derivation of an RIS conformational model for PAN.  
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