
ABSTRACT 

LI, SHANSHAN. Complexation of Urea and Urea Analogues with Amorphous Polymers. 

(Under the direction of Dr. Alan E. Tonelli.) 

 

Urea has been widely studied as a host molecule forming conventional inclusion com-

pounds. However, limited by the small size of the urea crystalline lattice channels, includ-

ing polymers with relatively bulky side groups are difficult. Other than forming inclusion 

compounds in the solid state, urea was also reported to alter the conformation of certain 

polymers in their aqueous solutions. Nevertheless, the interaction mechanism between pol-

ymers and urea is still an open and popular question. To further study the interactions be-

tween polymers and urea, complexation of urea or urea analogues with three commonly 

used amorphous polymers: poly (methyl methacrylate) (PMMA), poly (vinyl acetate) 

(PVAc) and polystyrene (PS) have been investigated and discussed in this work.  

The first chapter is mainly a literature review of conventional polymer inclusion com-

pounds. Polymers coalesced from their inclusion compounds are also mentioned. In the 

second and third chapters, both urea and N, N’-dimethylurea are found to form non-crys-

talline complexes with PMMA. However, the glass transition temperature increases when 

PMMA complexed with urea, and decreases when complexed with N, N’-dimethylurea. A 

contaminant in as-received PMMA is accidently segregated when preparing PMMA-urea 

complexes. The contaminant forms a conventional inclusion compound with urea. In the 

fourth chapter, the influence of the contaminant on the glass transition temperature of asr-

PMMA is discussed, and efficient ways to remove the contaminant from asr-PMMA are 

suggested. In chapter five, PVAc-urea complexes and PMMA-PVAc-urea complexes are 

prepared and characterized. Urea molecules act as plasticizers in PVAc chains when the 



concentration of urea is low. A miscible blend of PMMA and PVAc is obtained in the 

PMMA-PVAc-urea complex. In the sixth chapter, studies of interactions between PMMA, 

PS and thiourea (TU) are carried out for the first time. Crystalline PMMA- and PS-TU 

complexes are formed. By comparison of the neat TU-dioxane, PMMA- and PS-TU, and 

PEO-TU layered complex WAXD patterns, it has been suggest the PMMA and PS chains 

in their TU-complexes may be separated by layers of stable hydrogen-bonded networks of 

TU and dioxane molecules. 
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 Introduction 

1.1 Conventional Inclusion Compounds 

    An inclusion compound (IC) is not a simple homogenous or heterogeneous physical 

mixture of two different components, but a complex containing an encapsulated and iso-

lated guest molecule(s) in a host molecule or in the host molecule crystal lattice. Covalent 

chemical bonds between the host and the guest molecules are absent. Instead, van der 

Waals interactions play a key role to stabilize their IC structures. Because van der Waals 

interactions vary with the distance between molecules, a tight fit is necessary for guest and 

host molecules to form an inclusion compound1. For this reason, molecules that can be 

included in ICs are limited by the size and shape of the host molecule or its crystalline 

lattice.  

    Mylius2,3 first found intermolecular complexation without chemical bonding between      

hydroquinone and some volatile compounds in 1886. In the 1940s, terms such as “occlu-

sion compounds”, “adducts” or “clathrates” 4 were used for naming this kind of complex-

ation. Schlenk5 created the term “inclusion compound” in 1949 and to date it has remained 

the most commonly used one. The host can either be a molecule with a cavity, such as 

cyclodextrins2, or the channel- and cage-like crystal lattice constructed with several mole-

cules, such as urea, thiourea, and perhydrotriphenylene (PHTP). For the latter, the host 

lattice is joined by hydrogen bonds, and the guest molecule acts as a template for the in-

clusion cavity. For example, urea forms a hexagonal crystal with the presence of guest 

molecules, while it maintain a close packed tetragonal crystal without any guest. 

The unique structures of inclusion compounds have gathered great attention in many 

fields of application, including the food and agricultural industry6, pharmaceutical science, 

and the petrochemical and textile industries7–9. For instance, ICs can be used to protect 
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small guest molecules against oxidation and decomposition, improve aqueous solubility of 

guest molecules, or remove unwanted molecules from a system.  

In the last several decades, research on ICs with polymer guests has become more and 

more popular. The guest polymers residing in narrow, channel-shape small molecule crys-

tal lattices are separated and highly extended and have unique morphologies10.  In addition, 

after removal of the host lattices from polymer ICs, the properties of the resulting coalesced 

polymers, such as crystallinity and glass transition temperature, can be altered without any 

chemical reaction or addition of other components. Polymer ICs provide new perspectives 

and opportunities to investigate polymer structures, properties, and various applications, 

such as separation of polymers by molecular weight11, nucleating the melt crystallization 

of polymers12,13 and enhancing their crystallization13,14. Some details will be introduced in 

the following chapters.  

Commonly used host molecules and their example guests are listed in Table 1.115. Even 

though many host molecules have been discovered, in the current work, our emphasis will 

be place on cyclodextrins, urea and thiourea, which are the most common host molecules 

used in forming polymer ICs. 

 

1.1.1 Cyclodextrin Inclusion Compounds 

    Cyclodextrins (CDs), a series of cyclic oligosaccharides, are products obtained by means 

of enzymatic degradation of starch or its related compounds. Villiers16 first discovered         

CDs in 1891. Schardinger and Uenter17 provided the details of the CD preparation process 

in 1903. In 1911, Schardinger18 successfully distinguished α- and β- CDs by their iodine 

complexes. γ-CD was discovered by Freudenberg and Meyer-Deliusin15,19 in the 1930s. In 



3 

 

1953, Freudenberg, Cramer and Plieninger20,21 obtained the first patent in drug formula-

tions to protect easily oxidizable substances against atmospheric oxidation and to increase 

the solubility of poorly soluble drugs by CD complexation. Before the 1970s, most               

research on CDs focused on their chemical structures and inclusion properties, while more 

recently their industrial applications have become more and more popular (Figure 1.1)21.  

 

Table 1.1 Host molecules and example guests15 

 

 

Figure 1.1 The cumulated number of publications on cyclodextrins from 1990 to 

200021. 
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Basically, all CDs are ring structures composed of different numbers of α-1,4-linked 

glucose units22 (Figure 1.2). Most commonly used are α-, β- and γ-CDs composed of six, 

seven, and eight α-1,4-linked glucose unitss23, respectively (Figure 1.3). They all have the 

shapes of truncated hollow cones, with cavity diameters of about 5, 6 and 8 Å, and a height 

of ~8Å. Their complexing ability comes from their large intramolecular cylindrical cavities. 

The basic physical properties of α-, β- and γ-cyclodextrins are listed in Table 1.221.  

 

Figure 1.2 α-1,4-linked glucose22. 

 

 

Figure 1.3 Chemical structures and diameters of α-, β-, and γ-cyclodextrins23. 
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Table 1.2 Basic properties of α-, β- and γ-cyclodextrins21 

 

 

The building blocks of the relatively “rigid” α-, β- and γ-CDs are the glucose rings that 

adopt the 4C1 chair conformation mainly stabilized by intramolecular hydrogen bonds 

formed between O2-H and O3-H in adjacent glucose units24 (Figure 1.4). Because of the 

occupation of both rims of the CD cones by hydrophilic hydroxyl groups, CDs are able to 

dissolve in water and other polar solvents, such as DMSO15. Hydrogen atoms from the     

C3-H and C5-H methines, and the C6-H2 methylenes, as well as the ether-like O4 oxygens 

are located inside the cyclodextrin cavities. Hence, CDs can provide a “microheterogene-

ous environment” in aqueous solution by having a hydrophobic cavity25. The size of the 

cavity can be gauged by the polygon composed of glycosidic O4 atoms24 (Figure 1.4).  

Other cyclodextrins include δ-cyclodextrin (9 glucose units), ε-cyclodextrin (10 glucose 

units) and ι-cyclodextrins (14 glucose units). Even though these cyclodextrins potentially 

have bigger cavities, no formation of inclusion compounds has been shown24. In the mean-

time, several modified cyclodextrins have also been produced24.  
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Figure 1.4 Structure of α-cyclodextrin. Solid thin lines denote the hexagon composed 

of the six glycosidic oxygen atoms. Dotted lines show the possible hydrogen 

bonds  between O2-H and O3-H to the adjacent glucose units24. 

 

Cyclodextrins can crystallize with their cavities filled with guest molecules into two 

main modes of crystal structures: channel- and cage-structures. In the channel-structure, 

CD molecules are stacked on top of each other to form linearly aligned cavities (Figure 1.5 

a). This stacked structure is stabilized by hydrogen bonds. The “head-to-tail” pattern of the 

channel structure is produced by the hydrogen bonds between O2-H/O3-H and O6-H sides 

of the CDs25. The “head-to-head” or “tail-to-tail” pattern is formed by hydrogen bonds 

between the two O2-H/O3-Hs on one side of a CD and the two O6-Hs on the other side of 

the neighboring CD25. The inclusion compounds formed between polymers and cyclodex-

trins adopt channel crystal structures.  



7 

 

In cage-structure CD-ICs, depending on the packing of cyclodextrins, two different 

structures were found: herringbone and brick-type (Figure 1.5 b and c). The guest mole-

cules in a cage-structure inclusion compound are not be able to contact each other because 

of the isolated cavities. Hence, the cage-structure motifs are mostly observed in small mol-

ecule-cyclodextrin inclusion compounds.   

 

Figure 1.5 Schematic description of channel (a), herringbone (b) and brick-type (c) 

crystal structures formed by cyclodextrin inclusion compounds25.  

 

The inclusion ability of cyclodextrins has attracted great attention in industrial applica-

tions. Suitable functional small molecules may form inclusion compounds with CDs in 

both solution and the solid state. For example, vitamin A and some unsaturated fatty acids 

formed inclusion compounds with α- and β-CDs to retard oxidation26. Taking advantage 

of the inclusion properties of CDs, a crude mixture of different CDs can also be used to 

separate various small molecules according to their sizes.  

The thermodynamics of inclusion compounds formation between small molecules and 

cyclodextrins have been studied extensively. It is generally believed that water molecules 
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are released from the cyclodextrin cavity into the surrounding bulk water and the less polar 

guest molecules are inserted into the hydrophobic cavity during the inclusion process21 

(Figure 1.6). The van der Walls and hydrophobic interactions likely play important roles 

in the process, even though certain studies have shown that hydrogen bonds and steric 

effects are also involved.  

 

Figure 1.6 Molecular mechanism of p-Xylene-cyclodextrin inclusion compound for-

mation. Small circles represent the water molecules in the system21. 

 

Polymers formed by polymerization of monomer-cyclodextrin inclusion compounds 

were reported before the direct formation of a solid polymer-CD-IC. For example, in 1976, 

Ogata et al.27 obtained polyamides by reacting diamine-β-CD-ICs with acid chlorides. In 

1979, Maciejewski28 reported the formation of poly (vinylidene chloride) by polymerizing 

vinylidene chloride-β-CD-ICs.  

In 1990, Harada and Kamachi29 first formed a solid polymer-CD-IC between polyeth-

ylene oxide (PEO) and α-CD. Then they conducted investigations on various low molecu-

lar weight polymer-CD-ICs29–36. They reported the formation of ICs between CDs and sev-

eral hydrophilic polymers, such as poly(methyl vinyl ether)37, poly(propylene glycol)38 and 
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PEO29, and some hydrophobic oligomers and polymers, such as oligoethylene39 and poly-

isobutylene35,36. From their WAXD patterns, Harada et al. 29 concluded that polymer-α-

CD-ICs have an extended channel structure similar to the inclusion compounds formed by 

valeric acid or octanol with α-CD. They also reported that some polymers are selective for 

the host CD when forming ICs. For example,  poly(propylene glycol)s and polyisobutylene 

can be enclosed in β- and γ-CDs, while they cannot form inclusion compound with α-

CD33,35. The molecular weight of the guest polymers also affects the yield of their CD-

ICs33,35. 

Thereafter, many further studies were done on both stoichiometric and non-stoichio-

metric CD-ICs with different molecular weight polymers and block copolymers. In stoi-

chiometric inclusion compounds, the guest polymer chains are fully covered by the host 

CDs, while in non-stoichiometric inclusion compounds only portions of some guest poly-

mer chain are covered by the host CDs (Figure 1.7). To form stoichiometric inclusion com-

pounds, excess host CDs are added in order to fully cover the polymer chains. No                 

un-included free crystalline polymer are found in stoichiometric inclusion compounds40, 

and their formation were reported to improve the thermal stabilities of the host CDs 40.  

 

Figure 1.7 Stoichiometric polymer-cyclodextrin inclusion compound (a) and Non-

stoichiometric polymer-cyclodextrin inclusion compound (b) 41.  
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Here we summarize some of our group’s work on polymer-CDs begun in the early 1990s. 

High molecular weight PEO40, nylon 642, poly(ε-carprolatone) (PCL) 40, poly(L-lactic acid) 

(PLLA) 43 and isotactic poly(3-hydroxybutyrate) (i-PHB) 44 were found to form stoichio-

metric ICs with α-CD. Nylon 6 was documented to form inclusion compounds with both 

α- and γ-CDs42. PCL can form inclusion compounds with both α-40 and γ-CDs45. After 

examination by solid state carbon NMR, it was demonstrated that in PCL-α-CD-ICs, single 

PCL chains are included in the host channels, while in PCL-γ-CD-ICs, two parallel, side-

by-side PCL chains occupy each host γ-CD channel45. Host α-CD can form common ICs 

with both PLLA and PCL chains simultaneously, which provided a new approach to obtain 

intimately compatible polymer blends43. Poly(ethylene 2,6-naphthalate) (PEN)46, poly(eth-

ylene terephthalate) (PET) 46, isotactic polypropylene (i-PP)47 , isotactic poly(butene-1) (i-

PB)47, poly(vinyl chloride) (PVC) with different isotactic contents48, poly(dimethylsilox-

ane)49, polyacrylonitrile49, atactic poly(3-hydroxybutyrate) (a-PHB)44, poly(N-acylethyl-

enimine)50, polycarbonate (PC)51, poly(methylmethacrylate) (PMMA)51 and poly(vi-

nylacetate) (PVAc)51 were found to form ICs with γ-CD. For most guest polymers, the 

inclusion compound formation is not only governed by the chemical structure but also by 

the cross-sectional area of their chains44.  For example, a-PHB is not able to form inclusion 

compounds with either α- or β-CDs because of its large cross-sectional area, while an            

i-PHB-α-CD-IC was formed44.  

When forming polymer-CD-ICs, the host CD crystal lattice is converted to a channel 

structure from its as-received cage crystal structure (Figure 1.8). Polymer chains are seg-

regated from each other by the host CD channels and adopt a highly extended conformation 

in the host crystalline CD channels. 
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Figure 1.8  WXAD data for cage structure γ-cyclodextrin (a) and channel structure 

γ-cyclodextrin (b) 52. 

 

The formation of inclusion compounds has also been reported between cyclodextrins 

and several block copolymers. For example, the triblock copolymer (PCL-PEO-PCL)-CD-

ICs were formed using both α- and γ-CDs53. The included PCL blocks were found to be 

much more mobile that the crystalline PCL blocks, while the included PEO blocks behaved 

similar to the amorphous PEO bulk sample54.  Also, a PCL-b-PLLA block copolymer was 

reported to be included in an α-CD-IC55,56, and a PCL-PPG-PCL triblock copolymer was 

included in a γ-CD-IC57. 

As we mentioned before, the formation of polymer-CD-ICs was found to be a novel 

approach to obtain intimately compatible polymer blends from normally immiscible poly-

mers by enclosing both polymer chains into common host CD channel crystalline IC lat-

tices.43 For example, intimate blends of PLLA/PCL43, PC/PMMA51, PC/PVAc51, and 

PMMA/PVAc51 were obtained by first including both polymers in common CD-ICs, fol-

lowed by their simultaneous coalescence from their common CD-ICs52. Coalesced bulk 
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polymers obtained by removal of host CDs from their ICs showed improved thermal and 

mechanical properties. The details will be introduced later.  

Unlike stoichiometric polymer-CD-ICs, nonstoichiometric polymer-CD-ICs are typi-

cally formed by using excess polymer. Hence, some guest polymer chains are partially 

uncovered in their nonstoichiometric CD-ICs. The difference between stoichiometric and 

non-stoichiometric polymer-CD-ICs was shown in Figure 1.7.  Inoue et al.13 first made 

nonstoichiometric i-PHB-α-CD-ICs and found their ability to nucleate crystallinity in bulk 

i-PHB melts. Vogel et al.58 showed that melt-spun i-PHB fibers nucleated with nonstoichi-

ometric PHB-α-CD-ICs evidenced greatly enhanced tensile strengths. Mohan59 prepared 

the nonstoichiometric-nylon-6-α-CD-ICs and studied the constrained crystallization of the 

unthreaded portions of un-included nylon-6 chains. They found that they crystallized faster 

and at higher temperatures than bulk nylon-6 chains, because they are highly extended as 

they emanate from the α-CD-IC crystalline surface59.  

The shape-memory properties of nonstoichiometric polymer-cyclodextrin inclusion 

compounds have also been studied60,61. The uncovered portions of guest polymer chains 

and the CD host lattice have different melting temperatures. Hence, when the nonstoichio-

metric polymer-CD-IC is heated to a temperature between the melting temperature (Tm) of 

the partially uncovered polymer and the CD-IC lattice, they may be deformed into a dif-

ferent shape. Following a rapid quench below Tm, the deformed sample then retains its 

deformed shape. Subsequent heating above the Tm of the uncovered polymer chain portions, 

but below the Tm of cyclodextrin crystals, will cause the sample to revers back to its origi-

nal shape in response to the constraining CD-IC crystals60–62 . The molecular mechanism 

is shown in Figure 1.963. 
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Figure 1.9 Schematic description of shape memory effect of nonstoichiometric PEO-

α-cyclodextrin inclusion compound: cyclodextrin crystallites as fix part while 

PEO crystallites as reversible part63.  

 

    Similar to small molecule-CD-ICs, the driving force for threading polymer chains into 

cyclodextrin host is mainly due to the release of high energy cavity water, intermolecular 

hydrogen bonding between cyclodextrins, polymer steric compatibility, and hydrophobic 

interactions64,65. Baglioni et al.65 studied the threading process of polyethylene oxide (PEO) 

into α-CD and found temperature and solvent compositions affect the threading process. 

By studying the effects of temperature and solute, Baglioni provided an interesting hypoth-

esis to explain the threading process: cyclodextrins first form pre-assembled, wormlike 

aggregates in aqueous solutions and then instantly swallow the polymer chain66. The cavity 

size of cyclodextrins and the cross-section area of guest polymers are correlated to the yield 

of their inclusion compounds44. Only polymers with suitable cross-sectional areas may fit 

into certain CD cavities. For instance, PMMA is too bulky for α- and β-CDs. However, it 

does fit into γ-CDs51. Interestingly, by comparing the inclusion compounds formed be-

tween α-CD and poly(ε-caprolactone) and hexanoic acid, Rusa et al.67 demonstrated that 
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α-CD prefers the inclusion of the longer molecule chain guests. Poly (N-acylethyleneimine) 

(PNAI) was found to form inclusion compound with γ-CD by suspension of either as-       

received cage or channel crystalline structure γ-CDs in an acetone solution of the polymer. 

Rusa et al.50 monitored the temporal evolution of the PNAI γ-CD inclusion process by 1H 

NMR. Polymer peak intensities were observed to decrease while the water peak intensity 

increased, which indicated the threading process of PNAI into crystalline γ-CDs accompa-

nied by the release of water molecules (Figure 1.10)50.  

 

Figure 1.10 Left: Time dependent 1H NMR spectra of PNAI1 and initially cage crystal 

structure γ-cyclodextrin in acetone solution, (a) initial state and (b) after 90 

hours. ↑=water peak, ↓=PNAI peak. Right: Decrease of polymer peak intensi-

ties with time by adding γ-cyclodextrin with different crystal structures. CD: 

cage structure, CDcs: channel structure. The molecular weight of PNAI2 is 

higher than PNAI150. 

 

    Water molecules can improve the inclusion process by giving the cyclodextrin molecules 

enough mobility to thread over polymer guests68. It has also been found that α-cyclodextrin 

prefers to thread over and include the more hydrophobic polymer chains in a solution of 

two polymer guests69. By suspending PLLA-α-CD-IC crystals in a PCL solution, it was 

demonstrated that that PLLA-α-CD-IC crystals were completely converted to PCL-α-CD-
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IC crystals69. However, the reverse transfer was prohibited69. In conclusion, not only the 

geometrical compatibility, but also the hydrophobicity of the guest polymer plays an im-

portant role in polymer threading by CDs in the IC formation process69.  

 

1.1.2 Urea Inclusion Compounds 

    Urea (U) inclusion compound crystals were first discovered in the 1940s by adding urea 

to milk70. Subsequently, urea was observed to form inclusion compounds with a wide range 

of aliphatic straight-chain hydrocarbons71. Similar to cyclodextrin inclusion compounds, 

formation of small molecule-urea inclusion compounds were used for solubilization,         

hydrocarbon mixtures separation, and handling of viscous materials or dangerous com-

pounds2. As mentioned before, urea does not have a molecular cavity, hence the guest mol-

ecules can only be enclosed in the urea crystal lattice. Therefore, understanding the struc-

ture of urea crystalline lattices is critical to the study of urea inclusion compounds.   

    Smith studied the crystal structure of urea-hydrocarbon inclusion compounds in the  

1950s and provided direct evidence of a channel-like host urea structure72,73 (Figure 1.11). 

It has been found that the unit cell of the urea-hydrocarbon complex is hexagonal with          

a = b = 8.23Å, c = 11.02Å15 (Figure 1.12). The diameter of the channel is approximately 

5.5 to 5.8Å74. The crystal structure of the urea inclusion compound is obviously different 

from the pure neat urea crystal lattice, which has a close packed tetragonal structure with 

a = b = 5.59Å, and c = 4.69Å at 148K75. 
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Figure 1.11 Hexagonal crystal arrangement of a hydrocarbon-urea inclusion com-

pound2. (Only the urea lattice is shown) 

   

    To form conventional urea inclusion compounds, guest molecules act as a template, 

while hydrogen-bonded urea molecules are arranged along the guests76. Urea molecules 

adopt a helical rotation, either right-handed or left-handed77, along the hexagonal tunnels. 

In urea inclusion compounds, the guest molecules are densely packed within and along the 

linear, parallel channels formed by urea molecules78. Similar to CD-ICs, structural com-

patibility is a fundamental requirement for urea inclusion compounds. Even though urea 

can form inclusion compounds with long n-alkane chains, any chemical substitutions on 

the chains must be small enough to be enclosed in the channel74.  

    Harris’s group made extensive studies on the fundamental physicochemical phenomena 

of small molecule-urea inclusion compounds, including incommensurate structural prop-

erties76,79–82 , order-disorder phase transition83, molecular motion848586 and one-dimen-

sional confinement87,88. In 1996, Hollingsworth published a template-directed mechanism 
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for the crystal growth of small molecule-urea inclusion compounds in Science89. They de-

scribed the mechanism of both hexagonal needle and plate-like structures of urea inclusion 

compounds89. 

 

 

Figure 1.12 (a) and (b) are two representations of nine complete host tunnels in al-

kane-urea inclusion compounds, viewed along the tunnel axis (ch). 

ah=bh=8.23Å, ch=11.02Å. In (a), the atomic radii are zero. In (b), conventional 

van der Waals radii are used15. 

 

    Polymer-urea inclusion compounds (polymer-U-ICs) are normally formed by co-crys-

tallization. The guest polymer chains are individually enclosed in urea crystalline lattices 

in the shape of long narrow channels. In such a unique environment, guest polymer chains 

are separated from neighboring chains and are highly extended. Therefore, similar to their 
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CD-ICs, polymer-U-ICs provide a useful model for assessing the inherent behavior of sin-

gle extended polymer chains in the solid state, without cooperative interchain interac-

tions90,91,92 .  

Urea was reported to form ICs with certain linear polymers, such as polyethers93,94,95,96 

and polyethylene97, as early as the 1960s. The structure and conformational properties of 

guest polymers in these U-ICs were investigated in these studies. In 1973, Yokoyama’s 

group successfully obtained a polyethylene-U-IC by adding a previously formed U-paraf-

fin-IC to a xylene solution of polyethylene. The scanning electron microscope showed a 

clear hexagonal channel-like crystal structure98 (Figure 1.13).  

 

Figure 1.13 Scanning electron micrographs of polyethylene-urea inclusion com-

pounds98. 

 

Brisse’s group succeeded in preparing single crystals of PEO-95, poly(tetrahydrofuran) 

(PTHF)-96 and several aliphatic polyester-U inclusion compounds in the 1990s99. X-ray 

diffraction observations were used to analyze their single crystals. It was found that the 

PEO-U-IC belongs to a trigonal system95, while its scanning electron micrographs show  

“pseudohexagonal” prisms95 (Figure 1.14).  
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Figure 1.14 Scanning electron micrographs of: PEO (1000)-urea inclusion compound 

(a); end-on view of PEO-urea inclusion compound which revealing the “pseu-

dohexagonal” cross section (b); PEO (6000)-urea inclusion compound (c); 

PEO (35,000)-urea inclusion compound (d) and PEO (100,000)-urea inclusion 

compound (e)95. 

 

The PTHF-U-IC has a conventional hexagonal crystal structure, with a unit cell of di-

mensions as a = b = 8.20Å and c = 11.03Å96. The aliphatic polyester-U-ICs were consistent 

with hexagonal platelets. However, compared with PEO- or PTHF-U-ICs, the crystals of 
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polyester-U-ICs did not show smooth faces and edges (Figure 1.15), and the platelets stack-

ing dimension was much smaller than the lateral dimension99, which may be caused by 

their heterogeneous molecular weight distributions99.  

 

 

Figure 1.15 Scanning electron micrographs of different polyester-urea inclusion com-

pounds. Poly(ethylene adipate)-urea inclusion compound (a); Poly(1,4-butyl-

ene adipate)-urea inclusion compound (b); Poly(trimethylene adipate)-urea 

inclusion compound (c) and Poly(trimethylene glutarate)-urea inclusion com-

pound (d)99. 

 

In the early 1990s, Tonelli et al. made extensive molecular modeling studies of extended 

guest polymer chains included in U or PHTP crystal lattices. Polyethylene100, poly(oxyeth-

ylene)100, polypropylenes101, aliphatic polyamides102, aliphatic polyesters102, and polylac-

tides103 were all examined. Later on, this group succeed in preparing hexagonal PCL-104,105 

and PLLA-U-ICs106. It was been pointed out by both FTIR and CPMAS/DD 13C NMR data 
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that the guest PCL had extended, nearly all-trans conformations in the U-IC, which agreed 

with the modeling results102,105.  The PLLA conformations were also different in the U-IC 

channels and in bulk106.    

In 1996, Tonelli’s groups reported the formation of a “large tetragonal” inclusion com-

pound between U and isotactic (i) and syndiotactic (s) polypropylenes (PP), respectively107. 

The powder X-ray diffraction data of  i-PP- and s-PP-U-ICs were similar to the as-received 

urea crystal107 (Figure 1.16). Later on, both poly(ε-caprolactam) (nylon-6)- and i-PHB-U-

ICs were found to have “large tetragonal” structures108,109.  

In addition, various crystal structures of the urea host lattices were demonstrated in co-

polymer-U-ICs. For example, both hexagonal and “expanded tetragonal” host structures 

were reported for the di-block copolymer poly(ε-caprolactone)-polybutadiene (PCL-b-

PBD)-U-ICs110. In 1996, Vasanthan et al.92 found that, even though a PEO-U-IC formed 

from solution has a trigonal crystal structure, a hexagonal structure is formed after recrys-

tallization from the melt. Urea was also reported to preferentially form inclusion compound 

with high molecule weight PEOs, compared with low molecular weight PEOs11. 

It has been shown by DSC measurements that the melting temperature of semi-crystal-

line polymer-U-ICs are typically higher than that for pure neat tetragonal urea crystals105–

107. The melting peak for the included polymer is normally absent in the first heat, only the 

melting peaks of the polymer-urea inclusion compound and neat urea crystals (if there are 

any) can be observed. After melting of the inclusion compound, in the second heat, the 

melting of some free polymer, neat urea crystals, and partially reformed inclusion com-

pound may be observed (Figure 1.17)104,111.  
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Figure 1.16 Powder X-ray diffraction patterns for (a) i-PP-, (b) s-PP-inclusion com-

pounds and (c) neat urea crystal107. 
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Figure 1.17 DSC scans of PCL-U-IC. (a) first heating, (b) second heating and (c) cool-

ing111. 

Table 1.3 Inclusion compounds formed between polymers and urea1 
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    Moreover, the stoichiometry has been calculated for most polymer-urea inclusion com-

pounds. For example, the stoichiometry is 1:4 (repeat unit:urea) for PCL105, 1:2.5 for PEO92 

and 1:1 for PEO600
11. Some of the conventional polymer-urea inclusion compounds are 

summarized in Table 1.31. 

1.1.3 Thiourea Inclusion Compounds 

    Thiourea, a urea analogue, with a C=S group replacing the urea C=O group, is another 

commonly used host molecule. Similar to urea, with the presence of an appropriate guest,          

thiourea (TU) molecules can be organized by hydrogen bonds and crystallized into a chan-

nel matrix with a larger cross-sectional area (max=7.0Å), due to the larger radius of the 

sulfur atom. Smith pointed out that the unit cell of most small molecule-thiourea inclusion 

compounds (TU-ICs) are rhombohedral, while the arrangement of the TU molecules is 

similar to U host molecules73. Schlenk112 and Lenne113 reported the crystal structure of TU 

was altered from a rhombic to a rhombohedral form, in the presence of suitable guest mol-

ecules114. 

Because of the larger diameter of TU-IC, bigger guest molecules, such as cyclohexane 

(Figure 1.18), triptane, ferrocene, some compounds with a benzene ring and certain other 

branched chain hydrocarbons can be included in TU-ICs73,74, 115. Cyclohexane was the most 

popular guest molecule in TU-ICs studied in in the period 1960-1980s116.  

In contrast to the channel form of conventional U-ICs, the TU-IC channel has big fluc-

tuations in its channel diameter74,78, with prominent bulges and constrictions along the TU 

channel78 (Figure 1.19). The heterogeneous TU channel structure may affect the order of 

guest molecules and cause packing complexity for the included polymer guests.   
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Figure 1.18 The cyclohexane-thiourea inclusion compound78. 

 

Figure 1.19 The minimum channel diameter dmin VS a function of position z along the 

channel, z is corresponding to the lattice period. Urea (a) and thiourea (b). 

 

    In the 1960s, stereospecific polymers were obtained by polymerization of different mon-

omers in TU-canal-ICs117,118. For example, poly(2,3-dimethylbutadiene), poly(2,3-

dchloro-butadiene), poly(1,3-cyclohexadiene) and poly(cyclohexadiene monoxide), ob-

tained from polymerization of their monomer-TU-ICs, showed a highly trans-1,4 monomer 
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insertion118. Polymerization of vinyl and diene monomers in TU complexes were also re-

ported119. The scheme of 2,3-disubstituted butadienes-TU-IC polymerization and resultant 

polymer crystallization is shown in Figure 1.20119. 

 

Figure 1.20 The schematic description of 2,3-disubstituted butadienes-thiourea inclu-

sion compound polymerization and resultant polymer crystallization. 

 

    Compared to polymer-urea inclusion compounds, fewer studies have focused on poly-

mer-TU-ICs. Since the 1940s, several papers have reported the formation of inclusion com-

pounds between various hydrocarbons and TU120,115. Redlich et al.120 observed that the 

stability of hydrocarbon-TU complex is relatively low, compared to the high stability of 

their U-ICs. The complexes were barely formed at room temperature or even at 0° C120. 

Schiessler and Flitter studied the TU adduction of C5-C42 hydrocarbons and confirmed the 

dimensions of the TU channels115. They found 1-cyclopentyl-heneicosane, 1-cyclo-

hexyleicosane and 3-ethyltetracosane form TU adducts with difficulty. They also pointed 

out that long alkyl chains on some hydrocarbons greatly reduce the stability of the TU 

complex.  

The most widely investigated polymer guest in TU-ICs is PEO. However, its structure 

is much more complex compared to the PEO-U-IC and still some questions remain.  Bailey 

and France studied the high molecular weight PEO-TU-IC in 196193. They pointed out that 
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the molar ratio between the EO monomer unit and TU is 1:2, which is close to the EO:U 

molar ratio in the U-IC93. However, Vasanthan et al.121 found the PEO-TU-IC is similar to 

pure orthorhombic TU with EO:TU molar ratio of 1:4. Pellerin prepared pure samples of 

PEO-TU-IC by an electrospinning method. They found that the PEO-TU-complex has sim-

ilar structural and thermodynamic characteristics with the PEO-urea β complex122,123. They 

described it as a layer structure PEO-TU complex with an EO:TU molar ratio of 3:2123. In 

2015, Ye et al.124 prepared PEO-TU complexes through a freeze-drying method and 

demonstrated a new EO:TU molar ratio of 4:1. Hence, compared to urea inclusion com-

pounds, more research needs to be conducted on polymer-TU-ICs. 

1.2 Polymers Coalesced from Their Inclusion Compounds  

    We have introduced various inclusion compounds (ICs) formed between large guest pol-

ymers and small host molecules. In these ICs, the polymer guests are confined to narrow 

and continuous host channels. The polymer chains are segregated from the neighboring 

guest polymers and are highly extended in the channels. Hence, the organization of guest 

polymer chains are different from their bulk samples. After removing the hosts lattice from 

the polymer-ICs by using a host-only solvent, the insoluble guest polymers are forced to 

coalesce into bulk samples125. Coalesced guest polymers are observed to maintain substan-

tial degrees of their extended and un-entangled natures in their ICs126,127 (Figure 1.21). The 

structure, morphologies and conformations of polymers coalesced from their ICs are sig-

nificantly reorganized from their bulk samples126.      

 Coalesced crystallizable polymers are found to crystallize faster at higher temperatures 

from their melts128, and coalesced amorphous polymers display higher glass-transition tem-
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peratures127. Interestingly, these unique properties of coalesced polymers can be main-

tained even after long-time melt annealing129. It has been found that coalesced polymers 

can be used as self-nucleating agents. By adding coalesced polymers into their as-received 

samples, the resulting self-nucleated sample showed similar properties as the neat                

coalesced samples129. In addition, the coalescence of block copolymers with inherently 

immiscible blocks, generally results in the suppression of  block phase-segregation130.   

 

Figure 1.21 Schematic representation of the formation of polymer-cyclodextrin inclu-

sion compound, coalescing process and bulk coalesced polymer126. 

 

    It has been demonstrated that coalescence increased the crystallinities of PLLA and  PCL, 

but decreased the crystallinities of the PLLA-b-PCL copolymer131. All three of these coa-

lesced-polymers were obtained from their α-CD-ICs, the coalesced-PLLA-b-PCL copoly-

mer sample showed a great suppression in microphase separation55. Also, a small amount 

of coalesced PCL was reported to effectively nucleate the melt-crystallization of as-re-

ceived PCL132.  
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    Nylon-6 chains coalesced from their α-CD-ICs showed an increase in crystallinity of 

80%. along with a change in crystal structure133. In addition, a 30° C higher thermal deg-

radation temperature was indicated for the coalesced nylon-6 chains133.  

The structures and chain conformations of PET134, PC51, PMMA51, PVAc51 and 

poly(ethylene isophthalate) (PEI)135 coalesced from their γ-CD-ICs have been reported to 

be distinct from their as-received samples. For example, coalesced-PET was found to be 

much more difficult to quench into the usual amorphous state134. PC changed from the as-

received amorphous state to a semi-crystalline state with an elevated melting temperature, 

after coalescence from its γ-CD-IC134. The glass transition temperatures (Tgs) were signif-

icantly increased for the coalesced amorphous polymers such as PMMA (Figure 1.22) 51, 

PVAc51 and PEI135. 

 

Figure 1.22 DSC thermograms: Tg of coalesced-PMMA(15,000) (a) and as-received 

PMMA(15,000) (b)51. 
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The original conformations of polymer chains in as-received samples may also affect 

the properties of their coalesced samples. Two poly (vinyl chloride) (PVC) samples with 

different isotactic content were reported to form ICs with γ-CD48. After removal of the γ-

CD hosts, the Tg for coalesced PVC with the  higher isotactic content was increased, while 

for the coalesced PVC with the lower isotactic content it was decreased48. An irreversible 

conformational change when forming the PVC-γ-CD-ICs was suggested to explain these 

results48. 

    PCL-PPG-PCL triblock copolymers coalesced from their α-CD- and γ-CD-ICs showed 

different crystallinities. PCL-PPG-PCL copolymers coalesced from the α-CD-IC showed 

an increased crystallinity, in opposition to the coalesced sample obtained from the γ-CD-

IC. Since suppression of the block phase-segregation properties generally occurs in coa-

lesced block copolymers, the above differences in PPG crystallinities was likely a result of 

only PCL blocks being included in the α-CD-IC channels, while entire tri-block chains 

were included in the γ-CD-IC channels57. Similar results were found for coalesced-PLLA-

b-PCL131.  

    Melt blending, co-precipitation, and solvent casting are conventional methods for blend-

ing different polymers. In these methods, parameters such as solvent, temperature or molar 

ratios of polymers may affect the homogeneity of the blend136. In recent years, polymer 

blends have also been obtained by coalescing polymers from their common inclusion com-

pounds. A schematic description of the process is shown in Figure 1.23. This method elim-

inates factors such as solvent and temperature136. The common inclusion compound in-

duces specific molecular interactions between the two different polymer chains, which re-

sult in stable, intimate polymer blends127,137.  
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    In 2000, Rusa and Tonelli first obtained an intimately compatible blend of PLLA and 

PCL from their common α-CD-IC43. The DSC data showed that there were no PCL crystals 

and only a small fraction of PLLA chains crystallized in the coalesced blend, which is in 

contrast to a PLLA/PCL blend cast form their common solution43. Also, no phase separa-

tion was found upon high-temperature annealing above the melting temperature of both 

constituent polymers43. 

 

Figure 1.23 Schematic description of blending polymer 1 and 2 via coalescence from 

their common cyclodextrin inclusion compounds130. 

 

     A degree of intimate miscibility between nylon-6 and nylon-66, not seen in their solu-

tion-cast physical blend, was observed by dissociation of their common α-CD-IC138. DSC 
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thermograms demonstrated that a much reduced phase separation upon melting of the co-

alesced blend138. An intimate blend of poly(ethylene 2,6-naphthalate) (PEN) and PET was 

also obtained by coalescence of their common γ-CD-IC139.  

    Wei and Tonelli reported different ratios of PC and PMMA in amorphous blends             

coalesced from their common γ-CD-IC137. A single glass transition temperature between 

the Tgs of as-received-PC and –PMMA samples was observed137. No phase separation was 

produced under annealing at 200° C137.  

    Uyar et al.136 found specific molecular interactions exist between polymer chains in a  

coalesced-PMMA and -PVAc blend obtained from their common γ-CD-Is. The thermal 

stability and degradation mechanisms for PMMA and PVAc chains in the intimate blend, 

as probed by using direct insertion probe pyrolysis mass spectrometry (DIP-MS) analyses, 

were different from conventional phase separated blends136.  

     Based on previous studies, an intimate ternary blend of PC, PMMA, and PVAc was 

obtained by simultaneous coalescence from their common γ-CD-IC140. While blends 

formed by the traditional co-precipitation and solution casting methods were phase segre-

gated, a homogeneous amorphous phase was proved by the presence of a single, common 

glass transition temperature at 57° C. The component polymer ratios used to form their 

common CD-ICs are important for producing coalesced ternary blends140. For instance, 

PVAc domains were observed to be phase-separated in the coalesced blend richer in PC140.  

    Most of the coalesced polymers or blends introduced before were obtained from differ-

ent cyclodextrin inclusion compounds. More recently, similar results were also found with 

polymer-U-ICs. Since urea is easier to remove from its polymer-ICs, it has become a          

preferred method to obtain coalesced-polymers.  
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    Gurarslan et al.141 prepared coalesced-PCLs by forming PCL-U-ICs with PCLs of dif-

ferent molecular weights, then carefully removing the U host (Figure 1.24). PCLs coa-

lesced from their U-ICs showed properties similar to those coalesced from their α-CD-ICs, 

regardless of their molecular weights111. The mechanical properties of melt-spun fibers 

made from PCL coalesced its U-IC were also tested. The as-spun and drawn coalesced 

PCL fibers had significantly higher moduli than as-spun and drawn as-received PCL fibers, 

which may be due to the intrinsic alignment of the coalesced polymers141.  

 

Figure 1.24 Schematic description of the coalescence of the PCL-urea inclusion com-

pound141. 

 

1.3 Unconventional Inclusion Compounds and New Findings  

    In 1.1.2, we introduced conventional U-ICs formed with various polymers. In these co-

lumnar ICs, the urea molecules form regular lattices and enclose guest polymer chains in 
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their narrow channels. The crystal forms include trigonal, expanded tetragonal and hexag-

onal, determined by the different sizes of polymer guests. This unique microenvironment 

forces included polymer chains to be isolated, unentangled, and highly extended. Removal 

of the crystalline U lattice results in coalesced polymer samples whose chains retain a sig-

nificant degree of their prior U-IC included organization.  

In addition to conventional polymer-U-ICs, other forms of urea-polymer complexes 

have also been found, especially in the investigations of PEO-urea complexes. Bogdanov 

et al.142,143 reported a phase transition on heating the undercooled melt of a PEO-U-IC to 

form a metastable PEO-urea complex. Pellerin et al.144 suggested a new orthorhombic crys-

talline PEO-urea complex structure achieved by using a solution electrospinning method. 

Taking into account the crystal structures of PEO-U electrospun fibers, a sandwich-like 

complex structure, with PEO chains separated by a layer or ribbon of urea molecules, was 

suggested (Figure 1.25)123.  Unfortunately, they did not coalesce PEO samples from their 

U-complex. Hence, how this “sandwich-like” complex structure affects the properties of 

PEO is still unknown.  

    Investigations on the interactions between polymers and urea are not only conducted on 

solid state inclusion compounds, but also on aqueous solutions. Rather than as a host mol-

ecule, urea is more widely known as a denaturing osmolyte. It is well-known that addition 

of urea can lead to protein unfolding in its aqueous solution. However, the mechanism is 

still an open question. In recent years, some research groups have focused on investigating 

the changes in the conformations of polymers upon addition of urea to their aqueous solu-

tions. It has been found that under certain conditions, the polymer chains are more extended 

in aqueous solution with the presence of urea molecules than without. For example, Berne’s 
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group investigated the effects of urea on unfolding polystyrene single chains by using sin-

gle-molecule atomic force microscopy145. They found that urea molecules decrease the 

force required to extend single polystyrene chains in water145. Micciulla et al.146 reported 

the effects of urea binding to poly(N-isopropylacrylamide) (PNIPAM) brushes. They ob-

served significant effects of the urea concentrations on PNIPAM brush conformations146. 

 

 

Figure 1.25 Two suggested layer structures models for PEO-urea complex123. 
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    To further study the interactions between polymers and urea, we have tried to form com-

plexes between several different amorphous guest polymers and urea and urea analogues. 

Details will be provided in the following chapters. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



37 

 

 Complexation of PMMA and Urea 

2.1 Abstract 

Unlike conventional crystalline polymer-urea inclusion compounds, urea (U) formed 

non-crystalline complexes with poly (methyl methacrylate) (PMMA), where the urea mol-

ecules apparently reside between PMMA polymer chains and possibly form hydrogen bond 

interactions with the pendent PMMA acrylate groups. The PMMA-U complexes are amor-

phous and urea likely acts as a cross-linker between PMMA polymer chains. An “alkane-

like” impurity was found in the as-received commercial PMMA samples. The impurity was 

isolated from PMMA by forming a conventional urea inclusion compound in the prepara-

tion process of PMMA-U complexes.  

2.2 Introduction 

    Urea inclusion compounds have been studied for many years since they were first dis-

covered in the 1940s. Small molecule-urea inclusion compounds have been successfully 

used for solubilization, mixture separation or carriers in many fields of application2. The 

polymer-urea inclusion compounds formed between urea and certain linear polymers such 

as polyethers93–96 and polyethylene97 were reported as early as 1960s. Tonelli et al. made 

extensive molecular modeling studies of extended guest polymers, such as polyethylene100, 

poly(oxyethylene)100, polypropylenes101, aliphatic polyamides102, aliphatic polyesters102, 

and polylactides103, included in U crystal lattices in the early 1990s. Later on, they succeed 

in preparing hexagonal PCL-104,105 and PLLA-U-ICs106. It was been pointed out by both 

FTIR and CPMAS/DD 13C NMR data that the guest PCL had an extended, nearly all-trans 

conformation in its U-IC, which agreed with the modeling results102,105.  
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    It was recently reported that the thermal behaviors and mechanical properties of poly-

mers changed by using an “included-coalesced” processing approach111,127,141,147. In this 

technology, polymers chains are first included into a channel crystal structure formed by 

small host molecules, cyclodextrins or urea for example, and then are coalesced into a neat 

bulk sample by removing the host crystalline lattice. When forming these inclusion com-

pounds (ICs), the guest polymer chains are separated from each other and extended in the 

host crystalline channels. After the removal of the host lattice, polymer chains coalesced 

from their ICs presumably remain relatively un-entangled and more extended than in their 

normally processed as-received samples (Figure 2.1). Gurarslan et al.111 reported that 

poly(ε-caprolactone) (PCL) samples coalesced from their urea-ICs are more readily crys-

tallizable, and the melt-spun fibers made from coalesced (c)-PCL have significantly higher 

moduli than fibers made from as-received (asr)-PCL141.  

The “included-coalesced” technique is a desirable way to improve polymer properties, 

because it uses no additives nor changes chemical components in the process. However, 

the small sizes of the channels formed by the host crystalline lattice may prevent polymers 

with relatively bulky side groups to be included. 

 

Figure 2.1 The “included-coalesced” technology of reorganizing polymers. 
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It has been suggested that urea can not only “include” polymers by forming crystalline 

stable polymer-urea-ICs, but also form “metastable” complexes with some polymers or 

smaller molecules123,148. Liu et al.123 reported both the usual stable trigonal channel form 

urea-PEO-IC and a ‘‘metastable’’ layer-form PEO-urea crystalline complex nanofibers, 

with, respectively, 4:9 and 3:2 molar EO:urea stoichiometries, produced by solution-based 

electrospinning. FTIR spectroscopy suggested that in the layered complex the PEO chains 

assume conformation(s) distinct from those in both neat crystalline PEO and its trigonal 

crystalline channel structure urea-IC. The distinct guest PEO chain conformation(s) in the 

layered urea-complex crystals were attributed to strong hydrogen bonding between guest 

PEO chains and host urea molecules. These authors discussed and drew two model struc-

tures for the layered “metastable” PEO-urea complex crystals (Figure 1.25). In addition to 

being consistent with their WAXD and polarized FTIR observations, their model is also 

consistent with the higher melting temperature observed for the layered PEO-urea complex 

compared with neat PEO. 

PMMA is an amorphous polymer with relatively bulky side groups. Previously a 

“PMMA-urea inclusion compound”147 was reported. The “coalesced-PMMA” (c-PMMA) 

obtained from it was found to have a higher Tg than as-received-PMMA. Now these exper-

iments have been carefully repeated and no evidence was found for the formation of a 

crystalline inclusion compound between PMMA and urea. Instead, It has been found that 

PMMA chains can form non-crystalline/amorphous complexes with urea, which are dif-

ferent from the usual stabile crystalline polymer-urea-ICs and the “metastable” complexes 

reported by Liu et al.123 and described above.  
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     In addition, small amounts of impurity from asr-PMMA were accidentally isolated by 

forming a hexagonal urea inclusion compound. After analyses by 1H NMR and FTIR, this 

minor impurity appears likely to be a surfactant, such as stearyl alcohol, which might have 

been used in the polymerization of commercial PMMA samples. Similar impurities have 

also been found by Liao et al.149. However, other than this research, the impurity in asr-

PMMA has seldom been paid attention to in other numerous PMMA studies. 

2.3 Experimental  

2.3.1 Materials 

    Atactic-PMMA (MW = 15,000) was purchased from ACROS-ORGANICS (Fisher) and 

Scientific Polymers Inc.. Urea was purchased from Sigma-Aldrich. Acetone (meets ACS 

Specifications) and methanol (meets ACS Specifications) were purchased from BDH® 

VWR ANALYTICAL. Dimethyl Sulfoxide-d6 was obtained from Cambridge Isotope La-

boratories, Inc. 

2.3.2 Methods 

    Formation of PMMA-Urea Complexes (PMMA-U Complexes) 

    1, 3, 5, and 10 wt% PMMA in acetone solutions were prepared by dissolving the appro-

priate amounts of PMMA in 10 ml of acetone at 50° C. PMMA-urea complexes were 

formed by dropwise addition of 50 mL saturated (around 8.2g) urea methanol solution to 

the PMMA-acetone solutions at room temperature. After mixing was complete, the com-

bined solutions were sealed, kept in the hood overnight without stirring, and then the re-

sulting white precipitates were filtered and vacuum-dried to remove the residual solvents. 

Also, by using the same preparation methods above, 5 wt% PMMA-U-2, 4 and 8g com-

plexes were prepared by adding 50ml methanol with different grams of urea (2, 4 and 8g) 
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to 5 wt% PMMA in 10 ml acetone at room temperature. The precipitates were filtered and 

vacuum-dried to remove the residual solvents. 

2.3.3 Characterization Methods 

    FTIR 

    FTIR spectra were recorded on a Nicolet 510P IR spectrometer over the wave number 

range of 4000-400 cm-1, with a resolution of 4 cm-1, by signal averaging 64 scans for each 

spectrum.  

    DSC 

    A Perkin-Elmer Diamond DSC-7 instrument was employed to conduct thermal scans of 

the samples. Thermal scans at a rate of 20° C/min were performed in steps starting from 

25 to 150° C and then held for at least 1 minute. Samples were then cooled to 25° C at 20° 

C/min and followed by a second heating to 150° C at 20° C/min. Nitrogen was used as the 

purge gas and calibration was performed with Indium. Pyris software was used to calculate 

the glass transition temperatures and the endothermic and exothermic peak areas.  

    WAXD 

    A Philips XLF, ATPS X-ray diffractometer with an OMNI instruments customized auto-

mount and a copper tube (wavelength:1.54 Å) was used to do the wide angle X-ray diffrac-

tion analysis. The 2θ scanning ranged from 5 to 40° with a step interval of 0.1°.   

    NMR 

     1H NMR was performed on a Varian Inova-500 MHz NMR spectrometer at ambient 

temperature.  Dilute solutions of samples were prepared in DMSO-d6. 
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2.4 Results and Discussion 

    PMMA-U complexes with different PMMA concentrations  

    Figure 2.2 shows a comparison of FTIR spectra obtained from asr-urea, 1, 3, 5, 10% 

PMMA-U complex samples, and asr-PMMA over the range of 700-3800 cm-1. The FTIR 

spectra of the PMMA-U complexes are not simple additive sums of the asr-urea and asr-

PMMA FTIR spectra. Noticeable shifts in the vibrational peaks of urea occur in the ranges 

of 3100-3600 and 1400-1800 cm-1 in all complex samples. The band at 1726 cm-1, which 

is due to the acrylate carboxyl group in PMMA, is found in 3, 5 and 10 % complex samples, 

indicating the presence of PMMA chains in these complexes. No noticeable band at around 

1726 cm-1 is found in the 1% PMMA-U complex. Instead, a very weak absorption band 

presents at 1738 cm-1.  

In the asr-urea FTIR spectrum, the band at 1677 cm-1 can be attributed to C=O stretching, 

bands at 1619 and 1593 cm-1 are due to N-H bending vibrations, and the band at 1463 cm-

1 is the N-C-N antisymmetric stretching vibration in neat tetragonal crystalline urea92. In 

the complexes, the 1677 cm-1  band in the neat urea spectrum is split into two peaks, one 

peak slightly shifted to 1678 cm-1, while another shifts to 1651 cm-1 in the spectra of all the 

complexes. The band at 1618 cm-1 is also split into two bands at around 1627 and 1612 cm-

1 in all 4 complex samples. The new vibration peaks indicate different urea N-H bending 

in complex samples.  

Attention should also be paid to the wavenumber ranges from 2800 to 3100 cm-1 and 

from 1400 to 1500 cm-1. Bands in the range of 2800 to 3100 cm-1 are typically assigned to 

the vibrations of -CH3 groups and -CH2- groups in PMMA150,151. Urea has no vibration 

peaks in this wavenumber range. Asr-PMMA has two significant vibration bands in this 
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area, the band at 2995 cm-1 is the -CH3 vibration while the band at 2950 cm-1 is the -CH2- 

vibration.  Except for the 1% PMMA-U sample, all other complexes show the same vibra-

tions. For the 1% PMMA-U complex sample, a new band at 2925 cm-1 is present in the 

spectrum.  Interestingly, it is also shown in all the other three complex samples. The band 

can not be assigned to methanol absorption since methanol has its strongest absorption 

peak at around 1030 cm-1, which was not seen in any of the PMMA-U complex samples. 

Bands from 1400 to 1500 cm-1 are attributed to N-H in urea152 and C-H bond vibrations 

in PMMA150. The band at 1463 cm-1 in the neat urea spectrum is the N-C-N antisymmetric 

stretching vibration. This band is shown as a shoulder of a new band at 1487 cm-1 in the 1% 

PMMA-U complex. In all the other complex samples, both bands 1487 cm-1 and 1463 cm-

1 are observed in their FTIR spectra. The band at 1463 cm-1 can be attributed to the urea 

N-C-N vibration in all complexes. In the asr-PMMA spectrum, the band at around 1487 

cm-1 is shown as a shoulder and it has a much lower absorption intensity compared to the 

acrylate carboxyl group vibration (1726 cm-1). By comparing the absorption intensity of 

the band at 1487 cm-1 to their acrylate carboxyl group vibration (1726 cm-1) in all com-

plexes, it is found that the 1487 cm-1 bands in all PMMA-U complexes are more intense 

than in the asr-PMMA. Hence, the band at 1487 cm-1 is not the C-H bond vibration in 

PMMA chains in the complex samples. It may be caused by different urea N-C-N vibra-

tions in all the complexes. Clearly, the new bands at 2925 cm-1 and 1487 cm-1 present in 

all complex samples indicates that there may be new -CH2- vibrations, which need to be 

further characterized.  
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Figure 2.2 FTIR spectra of asr-urea (a), 1 (b), 3 (c), 5 (d), 10% (e) PMMA-U-complex 

samples, and asr-PMMA (f). 

 

   1H NMR was used to further confirm compositions of all PMMA-U complex samples, 

and determine their molar stoichiometries. Dilute solutions of samples 1, 3, 5, and 10 wt% 

were prepared in DMSO-d6. Asr-PMMA, the 3, 5 and 10% PMMA-U complexes were 

relative easy to dissolve in DMSO-d6. However, insoluble waxy precipitates were found in 
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the 1% PMMA-U. This precipitate was filtered out and examined by FTIR (Figure 2.3) 

and the resultant clear solution obtained was prepared for 1H NMR observation. 

The precipitate shows an entirely different infrared spectrum compared to PMMA (Fig-

ure 2.3). Three strong bands at 2955, 2916 and 2848 cm-1 can be attributed to -CH3 and -

CH2- stretching in aliphatic compounds, and the 1% PMMA-U complex sample also shows 

absorption peaks in this region (Figure 2.3). The precipitate has a very weak absorption at 

1738 cm-1, which shifted about 10 cm-1 from its position in the FTIR of asr-PMMA. This 

also explains why there was a very weak absorption band at 1738 cm-1 in the 1% PMMA-

U complex (Figures 2.2 and 2.3). 

By examining the 1H NMR spectrum of the resultant clear solution obtained from the 1% 

PMM-U complex (Figure 2.4 b), a urea peak is found in the spectrum but no noticeable 

PMMA peaks are seen. The precipitate seems partially dissolved in DMSO. The peak lo-

cated around 1.25 ppm confirms the presence of alkane –CH2– groups and peaks around 

0.75 ppm showed that the precipitate also has some short hydrocarbon branches (Figure 

2.4).  

Since the precipitate cannot be easily dissolved in DMSO and has strong FTIR bands in 

the –CH3 and –CH2– stretching regions, it likely contains some long chain “alkane-like” 

compounds. Liao et al.149 reported similar waxy extracts present in their asr-PMMA using 

a re-precipitation method. The impurity was around 4 wt% of their asr-PMMA. After con-

firmation by GPC and 1H NMR, they noted that the impurity may be a surfactant that con-

tains –O–CnH2n+1(n=18-19), for example, stearyl alcohol149.     
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Figure 2.3 FTIR spectra of the precipitate found in 1% PMMA-U complex (a), 1% 

PMMA-U complex (b), and asr-PMMA (c). 

 

1H NMR resonance peaks of both urea and PMMA are seen in the 3, 5 and 10% PMMA-

U complex samples (Figure 2.4 c-e). Based on these spectra, the mole ratios of urea/PMMA 

repeat units were calculated and are listed in Table 2.1. The mole ratio of urea/PMMA 

repeat units decrease with increasing of PMMA concentrations. Also, the peak located at 

around 1.25 ppm (Figure 2.4 red arrow) and peaks at around 0.75 ppm (Figure 2.4 black 

arrow) in the 1% PMMA-U NMR spectrum can be observed in all other complex samples 

(Figure 2.4 c-e), as well as the asr-PMMA (Figure 2.4 a), which means the impurity comes 

from the original asr-PMMA sample (Figure 2.4 a).   

By using both 1H NMR and FTIR, it can be confirmed that 1% PMMA-U complex sam-

ple is a complex formed by the “alkane-like” impurity and the urea molecules. The low 

concentration of PMMA in the 1% PMMA solution may not lead to interactions with the 
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urea molecules, instead, urea formed an inclusion compound with the “alkane-like”           

impurity in the asr-PMMA. Hence, in the following paragraphs, the “1% PMMA-U com-

plex” will be replace by the “impurity-U complex”. The 3, 5 and 10% PMMA-U complex 

samples include not only urea and PMMA, but also the impurity-U complex (Figure 2.2 

and 2.4).  

 

Figure 2.4 1H NMR spectra for asr-PMMA (a), and 1 (b, the impurity), 3 (c), 5 (d), 

and 10% (e) PMMA-U complex samples; red arrow = 1.25 ppm, black arrow 

= 0.75 ppm. 

 

Table 2.1 The mole ratio of urea/PMMA repeat units calculated from 1H NMR 

Sample ID 3% PMMA-U 5% PMMA-U 10% PMMA-U 

Urea/MMA 0.414 0.325 0.242 
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WAXD was used to probe the crystalline structure of the samples (Figure 2.5). The 3 

and 10% PMMA-U samples are not shown here, because they have patterns similar to the 

5% PMMA-U complex sample. Clearly, the impurity-U complex sample (Figure 2.5 b) has 

a crystal structure, which is distinct from the urea crystal structure (Figure 2.5 a) at room 

temperature. The X-ray diffraction pattern for the impurity-U complex sample (Figure 2.5 

b) shows a peak at 2θ = 12.48°, which is reported as an evidence for a hexagonal polymer-

urea-IC crystal structure92. In addition, a new diffraction peak with a maximum at 21.64° 

becomes dominant in the pattern for impurity-U complex sample (Figure 2.5 b). This is 

also a peak that was found in the WAXD pattern of hexagonal urea-ICs in many other 

publications. It is well known that linear alkanes can be included in hexagonal urea crys-

talline IC channels. Thus, the impurity-U complex sample is likely an “alkane-urea-inclu-

sion compound”. 

The dominant peak at 22.31° in urea (Figure 2.5 a) is due to the tetragonal neat urea 

crystal structure. The peak at 22.31° is also seen in the impurity-U complex sample (Figure 

2.5 b), which indicates that there may be a small amount of neat urea in it. The peaks at 

21.64° and 22.31° have weak intensities in the pattern for 5% PMMA-U, as well as 3 and 

10% PMMA-U (not shown), which indicate the existence of both impurity-U IC and neat 

tetragonal urea crystals in these samples. However, the 3, 5 and 10% PMMA-U complex 

samples can be considered as predominantly PMMA-U complexes with a homogeneous 

amorphous structure, because the intensity of both peaks (21.64° and 22.31°) are low in 

the WAXD patterns, and the pattern shows mostly amorphous halos. The WAXD data 

agrees with both FTIR and 1H NMR data, indicating again the presence of both PMMA-U 

and the impurity-U complexes in the samples.  
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Figure 2.5 WAXD patterns for asr-urea (a), 1% (impurity, b), 5% (c) PMMA-U com-

plex samples, and asr-PMMA (d). 
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Figure 2.6 DSC thermograms of asr-urea: first heating (a); cooling (b) and second 

heating steps (c). 

 

Figure 2.7 DSC thermograms of asr-PMMA: first heating (a) and second heating 

steps (b). 
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DSC scans were observed by first heating the sample up to 150° C, held there briefly 

and then cooled down to 25° C,  and re-heated to 150° C all at the same rate of 20° C/min. 

Asr-urea has a tetragonal crystal structure, which melts at around 138° C and recrystallizes 

at 85° C when cooling (Figure 2.6). The glass transition temperature of asr-PMMA is at 

around 85° C (Figure 2.7).  

The DSC data support the previous conclusions. The comparisons of DSC data among 

impurity, 3, 5 and 10% PMMA-U complex samples are shown in Figures 2.8-2.10. In Fig-

ure 2.8 a, the melting peak at 136° C with a shoulder at lower temperature in the first 

heating is the melting of some neat urea crystals and the hexagonal impurity-U-IC. The 

absence of a PMMA glass transition and urea melting peak in the first heating scan of 3, 5 

and 10% PMMA-U complex samples indicate no phase separation between PMMA and 

urea molecules. The dominant endothermic peak at around 120° C (Figure 2.8 b-d) may be 

mainly caused by the deconstruction of the hydrogen bonds formed between PMMA and 

urea molecules. The small shoulder peaks at lower temperature may due to the melting of 

a small amount of impurity-U IC in the complexes.   
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Figure 2.8 DSC thermograms (first heating) of impurity (a), 3 (b), 5 (c) and 10% (d) 

PMMA-U complex samples. 

 

Figure 2.9 DSC thermograms (cooling) of impurity (a), 3 (b), 5 (c) and 10% (d) 

PMMA-U complex samples. 
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    The impurity-U complex was totally melted during the first heating. In the cooling step, 

re-crystallization peaks are seen at around 95 and at 40-50° C (Figure 2.9 a). The recrys-

tallization peaks at around 95° C can be attributed to the recrystallization of the impurity-

U-IC as well as some neat urea crystals, which re-melt together at around 134° C in the 

second heating step (Figure 2.10 a). Several small crystallization peaks were seen when 

cooling down to around 50° C in the impurity-U complex sample (Figure 2.9 a, arrow). 

These peaks may be caused by the recrystallization of free impurity molecules, which 

failed to be re-included into urea channels. These impurity crystals re-melt in the second 

heating scan at around 52° C (Figure 2.10 a). 

In the cooling steps of the 3, 5 and 10% PMMA-U complexes, no recrystallization peak 

was seen except for the similar recrystallization behavior at around 50° C as seen in the 

impurity-U complex sample (Figure 2.10 b-d). These small exothermic peaks may be 

caused by re-forming the PMMA-U non-crystalline complex, as well as a small amount of 

isolated impurity molecules. The formation of PMMA-U complex may perturb the aggre-

gation of the impurities. Therefore, the intensity of the recrystallization peak at 50° C de-

creases with increasing concentration of PMMA in the complexes.   

The small endothermic peaks around 50° C in the second heat (Figure 2.10, peak at 52° 

C seen in a, and arrows for the other curves) are the melting of impurity crystals in all the 

complex samples. Since no neat urea re-crystallization peak was found in the cooling step 

(Figure 2.9), the endothermic peaks at around 115° C are due to the hydrogen bond disrup-

tion in the 3, 5 and 10% PMMA-U non-crystalline complexes. The 3% PMMA-U complex 

sample probably has a slightly higher complex disruption temperature due to the higher 

urea/MMA mole ratio (Table 2.1). 
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Figure 2.10 DSC thermograms (second heating) of impurity (a), 3 (b), 5 (c) and 10% 

(d) PMMA-U complex samples. 

 

    PMMA-U complexes with different U concentrations 

In order to study the effect of urea concentration on PMMA-U complexes, the 5 wt% 

PMMA-U complexes made with different urea concentrations were also prepared and char-

acterized. Figure 2.11 shows the FTIR spectra of 5 wt% PMMA-U complexes formed with 

2g (4 wt%), 4g (8 wt%) and 8g (16 wt%, close to saturated) urea-methanol solutions. The 

absorption peaks in the range of 3100 to 3500 cm-1 do not shift significantly in 5 % PMMA-

U-2 and 4g samples. However, these bands significantly shift in 5 % PMMA-U-8g samples. 

Compared to asr-PMMA, the 5% PMMA-U-8g sample shows a new vibration band at 2926 

cm-1. As introduced before, this band is attributed to the isolation of impurity. The new 

band is not seen in 5% PMMA-U-2 and 4g samples. The bands at 1618 and at 1593 cm-1 

in the asr-urea spectrum shift to higher wavenumbers in all three complex samples, which 
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may due to PMMA-U interactions. However, several new bands at 1652, 1612 and 1487 

cm-1, which were attributed to the formation of an impurity-urea-IC, present only in the -

8g sample. The absence of these peaks in -2 and 4g samples may indicate the failure of 

forming an impurity-U-IC, which is caused by the low concentration of urea in the solu-

tions.  

 

 

Figure 2.11 FTIR spectra of asr-urea (a), asr-PMMA (b), 5% PMMA-U-2 (c), 4 (d) 

and 8g (e) samples.  
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Figure 2.12 DSC thermograms (first heat) of 5% PMMA-U-8 (a), 4 (b), 2 (c) and 0g 

(control, d) samples. 

 

Figure 2.13 DSC thermograms (cooling) of 5% PMMA-U-8 (a), 4 (b), 2 (c) and 0g 

(control, d) samples. 
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Figure 2.14 DSC thermograms (second heat) of 5% PMMA-U-8 (a), 4 (b), 2 (c) and 

0g (control, d) samples. 

 

The DSC thermograms agree with the conclusions draw from FTIR spectra. The ther-

mograms of the 5% PMMA-U-8g (Figure 2.12-2.14) are very similar to the thermograms 

of 5% PMMA-U-complex in Figure 2.8-2.10. However, the behaviors of the 5% PMMA-

U-2 and 4g are different from the 5% PMMA-U-8g sample. In the first heating step of DSC 

scans, both the 5% PMMA-4 and 2g have endothermic peaks at 120 and 115° C (Figure 

2.12 b and c). No melting peak is seen for the impurity-U-IC, as was shown in the 5% 

PMMA-U-8g and the samples made by using saturated urea solution (Figure 2.8). For the 

control samples, only a Tg at around 77° C is observed (Figure 2.12 d).  

In the cooling scans, the 5% PMMA-U-8g sample starts to show an exothermic behavior 

at around 50° C (Figure 2.13 a). However, for the -4 and 2g samples, no exothermic peak 

was seen in their cooling steps (Figure 2.13, b and c).  
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In the second heating scan, the 5% PMMA-U-8g sample showed a melting peak around 

40° C, which has been attributed to the melting of isolated impurity. However, in the -4 

and 2g samples, no melting peaks for impurity were observed. Hence, the impurity cannot 

be isolated from PMMA by forming impurity-U-ICs with a low urea concentration in the 

solutions. In the second heating scans of the -4 and 2g samples, urea molecules are more 

homogenously mixed with PMMA. Compared to the control sample, the glass transition 

temperature of PMMAs are increased, which may due to the cross-linking effect of urea 

molecules between PMMA chains. There is no significant difference in the thermal behav-

iors of -2 and 4g complex samples. However, when the urea solution concentration is close 

to saturated, excess urea in the solution can isolate the impurity from asr-PMMA by form-

ing an inclusion compound. 

2.5 Conclusions 

Different from the conventional crystalline polymer-urea-ICs and the “metastable” com-

plexes reported by Liu et al.123, PMMA formed a non-crystalline complex with urea. No 

phase segregation was observed in the complexes. Urea molecules acted as physical cross-

linkers between PMMA chains. The glass transition temperatures of the PMMA-U com-

plexes have been significantly increased compared to asr-PMMA. An alkane-like impurity 

was isolated from asr-PMMA by forming conventional inclusion compounds when excess 

urea molecules are present in the solutions.  
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 Complexation of PMMA and N , N’-Dimethylurea                                                              

3.1 Abstract 

    In order to study how hydrogen bonds affect the behavior of PMMA-U complexes, a 

methylated urea, N, N’-dimethylurea (DMU) has been used as a urea replacement to pre-

pare PMMA-DMU complexes. The representative complexes have been characterized with 

FTIR, DSC and WAXD. DMU can complex with PMMA. However, the thermal behaviors 

of PMMA-DMU complexes are the reverse of PMMA-U complexes. The DMU molecule 

acts as a plasticizer rather than a cross-linker like urea and significantly reduces the glass 

transition temperature of PMMA.  

3.2 Introduction 

    Hydrogen bonding influences the melting temperatures, dielectric constants, surface 

properties, crystal structures, solubility, miscibility, as well as the glass transition temper-

atures of polymers153. The profound effect of hydrogen bonding on the physical properties 

of PMMA has attracted great interest from polymer researchers for many years. Copoly-

merization and addition of nanoparticles or salts are popular ways to change the glass tran-

sition temperature of PMMAs in the literature149,154–161. For example, Kuo et al.158 reported 

PMMA based copolymers with high glass transition temperature by copolymerizing meth-

acrylamide and methyl methacrylate monomers. Strong hydrogen bonds between different 

monomer segments limited the polymer chain mobility158.  Also, in PMMA film studies, it 

has been found that the hydrogen bonding at the interface increases the polymer Tgs by 

restricting the mobility of PMMA chains162–164.  
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    As introduced in the previous chapter, urea can form non-crystalline complexes with 

atactic-PMMA. The complex was disassociated at temperatures higher than the glass tran-

sition temperature of asr-PMMA. In this chapter, a urea analogue, N, N’-dimethylurea 

(DMU) (Figure 3.1), will be used to further study the mechanism of the above observations.  

DMU is one of the simplest examples of disubstituted urea, which has wide applications 

in scientific and industrial processes165. Several different polymorphs have already been 

discovered for DMU. However, packing similar to that observed in urea was never seen 

for DMU when applying various crystallization techniques165–167.  The comparisons of the 

ab-plane of urea and DMU crystal structures are shown in Figure 3.2. 

 

 

Figure 3.1 Chemical structures of (a) N,N'-dimethylurea and (b) urea. 

 

Since DMU can also provide hydrogen bonds, many researches were interested in form-

ing crystalline complexes between small molecules and DMU, especially metal-DMU 

complexes168,169, for applications in crystal engineering. Also, polymers with –HCONCH3 

functional groups synthesized with N-Dimethylurea were found to have good antistatic 

properties170. However, studies focused on the direct molecular interactions between poly-

mer and DMU are very limited. Similar to urea, DMU is an easily crystallized small mol-

ecule. Yilgör et al.171 reported a highly mixed DMU-PEO phase by using a solvent casting 

method. The formation of strong hydrogen bonds between DMU and PEO was demon-

strated by the vibrational band (N-H and C-O) shifts in the FTIR spectra. It has been found 
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that the mixed DMU-PEO phase showed fibrillar crystals, while pure PEO and DMU have 

spherulitic structures. 

 

 

Figure 3.2 Projection onto the ab-plane of (a) urea, (b) phase I DMU and (c) phase II 

DMU crystal structure165. 

 

N, N’-dimethylurea has a similar structure as urea but less hydrogen bond-donors. Com-

pared to urea, the additive cross-linking between polymer chains is expected to be much 

diminished by using DMU. It has been found in this research that DMU can also complex 

with PMMA. Different to Yilgör et al.’s research, the PMMA-DMU complex is a non-

crystalline complex. Instead of acting as cross-linkers like urea molecules in the PMMA-

U complex, DMU molecules act more like plasticizers and reduce the glass transition tem-

perature of PMMA by increasing the chain mobility in the complexes.  

In the previous chapter, it was found that excess urea in the preparation solvent system 

can help to isolate the impurity from asr-PMMA by forming impurity-U-IC. However, no 

isolation of impurity was found in the PMMA-DMU complexes. Details will be provided 

below. 
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3.3 Experimental  

3.3.1 Materials 

    Atactic-PMMA (MW = 15,000) was purchased from Scientific Polymers Inc.. Acetone 

(meets ACS Specifications) and methanol (meets ACS Specifications) were purchased 

from BDH® VWR ANALYTICAL. Urea was purchased from Aldrich Chemical com-

pany, Inc.. N, N’- Dimethylurea was purchased from Alfa Aesar.  

3.3.2 Methods 

Preparation of the PMMA-DMU complexes with different PMMA concentrations. 

3, 5 and 10 wt% of PMMA were dissolved in 10 ml of acetone. PMMA-DMU complexes 

were formed by adding 50 mL of DMU (12g, same molar ratio as saturated urea in 2.3.2)-

methanol solution to PMMA-acetone solutions at room temperature. After mixing was 

complete, the solutions were sealed, kept in the hood overnight without stirring, and then 

the resulting white precipitates were filtered and vacuum-dried to remove residual solvents.  

Preparation of the PMMA-DMU complexes formed with different DMU concentrations. 

0.5 gram of PMMA were dissolved in 10 ml of acetone. PMMA-DMU complexes were 

formed by dropwise addition of  50 mL of DMU-methanol solution with 12, 8, 4, 2 and 0g 

(control) of DMU to the 5 wt% PMMA-acetone solutions at room temperature. After 

mixing was complete, the solutions were sealed, kept in the hood overnight without 

stirring, and then the resulting white precipitates were filtered and vacuum-dried to remove 

residual solvents. 
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3.3.3 Characterization Methods 

    FTIR 

    FTIR spectra were recorded on a Nicolet 510P IR spectrometer over the wave number 

range of 4000-400 cm-1, with a resolution of 4 cm-1, by signal averaging 64 scans for each 

spectrum.  

    DSC 

    A Perkin-Elmer Diamond DSC-7 instrument was employed to conduct thermal scans of 

the samples. Thermal scans at a rate of 20° C/min were performed in steps starting from 

25 to 120° C and then held for at least 1 minute. Samples were then cooled to 25° C at 20° 

C/min and followed by a second heating to 120° C at 20° C/min. Nitrogen was used as the 

purge gas and calibration was performed with Indium. Pyris software was used to calculate 

the glass transition temperatures and the endothermic and exothermic peak areas.  

    WAXD 

A Philips XLF, ATPS X-ray diffractometer with an OMNI instruments customized auto-

mount and a copper tube (wavelength:1.54 Å) was used to do the wide angle X-ray diffrac-

tion analysis. The 2θ scanning ranged from 5 to 40° with a step interval of 0.1°.   

3.4 Results and Discussion 

    PMMA-DMU complexes with different PMMA concentrations 

    The FTIR spectra of PMMA, DMU and PMMA-DMU complexes are presented in 

Figure 3.3. DMU has a sharp vibrational absorption peak at 3338.7 cm-1 which indicated 

the N-H vibration, and a peak doublet at 1621 cm-1 (C=O absorption peak) and 1585 cm-1  

(amide II band)171. When forming the complex with PMMA, the band at 1620.9 cm-1 in 

pure DMU shifts to higher wavenumbers while the band at 1585.2 cm-1 shifts to lower 
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wavenumbers, especially for 3 and 5% PMMA-DMU complexes. The shift in vibrational 

bands may indicate interactions between PMMA chains and DMU molecules. Distinct 

from urea, DMU has vibrational bands in the range of 2800-3100 cm-1. Hence, it is difficult 

to identify if there is any isolation of impurity in PMMA-DMU complexes directly from 

FTIR spectra. 

 

Figure 3.3 FTIR spectra for PMMA, 3, 5, 10% PMMA-DMU-complex samples, and 

asr-DMU. 
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Figure 3.4 shows the second heating and the cooling step of DSC thermograms for asr-

DMU. Asr-DMU melts at 108° C (2nd heat) and re-crystallizes at 94° C upon cooling.  The 

melting temperature of DMU is 30° C lower than urea crystal melting.  

 

 

Figure 3.4 The second heating and cooling DSC scans of asr-DMU. 

 

The DMU molecules formed homogenous non-crystalline complexes with PMMA. No 

melting peak of the DMU crystals can be found in the DSC thermograms (Figure 3.5-3.7). 

Hence, there is no phase separation between DMU and PMMA in the complexes. 

Significantly lower Tgs, compared to asr-PMMA, at around 74° C (2nd heat) can be 

observed for all 3, 5 and 10% PMMA-DMU complexes (Figure 3.7), which demonstrate a 

plasticization effect of DMU molecules on PMMA chains. The concentrations of PMMA 

solutions seem to have no effect on the glass transition temperature of PMMA-DMU 
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complexes. In addition, there is no melting peak of impurity crystals in DSC thermograms 

of PMMA-DMU complexes, which were found in the second heating steps of the DSC 

scans of PMMA-U complexes.  

Even though DMU is an analogue of urea, the complexation behaviors of urea and DMU 

with PMMA chains are significantly different. By adding urea molecules, PMMA chains 

showed endothemic behaviors at temperatures higher than the Tg of bulk PMMA. However, 

by complexing DMU with PMMA, DMU molecules act as platicizers between PMMA 

chains, and reduces their Tgs. 

 

 

Figure 3.5 The first heating steps in the DSC thermgrams of 3, 5 and 10% PMMA-

DMU complexes. 
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Figure 3.6 The cooling steps in the DSC thermograms of 3, 5 and 10% PMMA-DMU 

complexes. 

 

 

Figure 3.7 The second heating steps in the DSC thermgrams of 3, 5 and 10% PMMA-

DMU complexes. 
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Figure 3.8 WAXD diffraction patterns of DMU, 10% PMMA-DMU complex and 

PMMA. 

 

The WAXD diffraction pattern of DMU, PMMA and PMMA-DMU complex (10% 

PMMA-DMU as a representative) are shown in Figure 3.8. Even though DMU has a clear 

crystal structure, the WAXD spectra of PMMA-DMU complexes have amorphous halos, 

which are very similar to PMMA. Hence, WAXD patterns agree with the DSC data show-

ing that the PMMA-DMU complexes have amorphous structures. 
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Figure 3.9 FTIR spectra for 5% PMMA by using 0 (control), 2, 4, 8 and 12g DMU 

dissolved in 50 ml methanol. Red arrow: DMU N-H vibrations.  

 

    PMMA-DMU complexes with different DMU concentrations 

    The FTIR spectra of 5% PMMA-DMU complexes formed with different concentrations 

of DMU-methanol solutions are shown in Figure 3.9. All of the PMMA-DMU complexes 

(except the control) show the N-H vibration peak of DMU (red arrow) at around 3338 cm-

1. The C=O absorption peak (1621 cm-1) of DMU (Figure 3.3) shifts to higher wave-

numbers while the amide II band (1585 cm-1) shifts to lower wavenumber with decreasing 

DMU concentration in the complexes.  
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    As introduced previously, behaviors of PMMA-DMU complexes formed with different 

PMMA concentrations (3, 5 and 10%) showed no significant differences (Figure 3.7). The 

PMMA-DMU complexes have glass transition temperatures at around 74° C (Figure 3.7). 

However, for PMMA-DMU complexes prepared with various DMU-methanol solutions, 

the Tgs seem correlated with the DMU solution concentrations. Figure 3.10 shows the DSC 

scans of 5% PMMA complexed forming by using different concentration DMU solutions. 

As seen there, with increasing of DMU concentration in the solution, the glass transition 

temperatures of the PMMA-DMU complexes decrease. 

 

Figure 3.10 The second heating step in the DSC thermgrams of PMMA-DMU com-

plexes forming by adding 0 (control PMMA), 2, 4, 8 and 12g DMU in the solu-

tion. 
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The distinct thermal behaviors of PMMA-U and PMMA-DMU complexes may be due 

to the difference in their methyl group contents. Sagle et al.172 investigated the hydrogen-

bonding interactions between poly (N-isopropylacrylamide) (PNIPAM) and urea mole-

cules. They found that urea may interact bivalently with PNIPAM by forming direct hy-

drogen bonds to its amide moieties, and thereby decreases the lower critical solution tem-

perature (LCST). The proposed cross-linking mechanism is shown in Figure 3.11. How-

ever, the phase transition measurements were different when urea was replaced with meth-

ylated urea, such as methylurea, dimethylurea and tetramethylurea. Methylated ureas 

caused the LCST to increase with increasing methyl group content (Figure 3.12).  

 

 

Figure 3.11 A possible cross-linking mechanism between PNIPAM and urea172.   
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Figure 3.12 LCST trends for PNIPAM with urea and different methylated ureas172.  

 

In this research, the cross-linking formed between urea and PMMA is prevented between 

DMU and PMMA, due to the steric hindrance of the attached methyl groups in DMU.   

In addition, the DMU molecules are proximal to PMMA chains and may provide more 

free volume in the matrices, thus reducing the glass transition temperature of PMMA.  

3.5 Conclusions 

Influence of hydrogen bonding on the crystallization behaviors and thermal properties 

of PMMA-DMU complexes have been investigated in this chapter. Vibrational band shifts 

have been observed in FTIR spectra, which may indicate the proximity between PMMA 

chains and DMU molecules. The PMMA-DMU complexes have non-crystalline structures 

with no phase separation. Under DSC scans, the glass transition temperature of PMMA has 

been significantly reduced by complexing with DMU molecules.  

The thermal properties of PMMA-DMU complexes is the reverse of PMMA-U com-

plexes, which may be caused by the steric hindrance effects of methyl groups in DMU. 
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They may prevent the cross-linking between polymer chains in the complex, and reduce 

the glass transition temperature of PMMA by generating more free volume. 
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 Glass Transition Temperature Enhancement of PMMA: The Effect of 

Original Contaminant 

4.1 Abstract 

    By removing of urea or DMU molecules from the PMMA-U or -DMU complexes, the 

resultant coalesced-PMMA (c-PMMA) showed an approximately 30° C higher glass tran-

sition temperature than as-received PMMA (asr-PMMA). After annealing well above its 

Tg at 150° C for several days, it still had a substantially higher Tg than an as-received sam-

ple. The “increased” glass transition temperature cannot be thermally erased. The plasti-

cizer effect of the impurity in asr-PMMA is found to be the reason for the “increased” Tg 

in the c-PMMA. Forming the PMMA-U or -DMU complexes and then removing urea or 

DMU with methanol can completely purify the asr-PMMA and remove the effect of the 

impurity on the PMMA Tg.  

4.2 Introduction 

The glass transition temperature (Tg) is a key parameter for processing and using com-

mercial poly (methyl methacrylate)s (PMMAs), which are, in most cases, atactic amor-

phous polymers. By increasing its Tg, bulk PMMA would be able to be utilized at higher 

temperatures, thereby broadening its potential applications in the thermoplastic and opti-

cal-electronic industries154,173,174.  

Copolymerization is a popular way to improve thermal properties of PMMA-based pol-

ymers. PMMA copolymers formed with monomers with bulky structures175,176 or mono-

mers that can form hydrogen bonds with MMA177–179 have been reported widely176.   Ad-

dition of nanoparticles to PMMA is another common way to improve the heat resistance 

of PMMAs, especially PMMA/silica nanocomposites180,181. Some researchers found the 
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Tgs increase in PMMA/silica nanocomposites, which are due to the hydrogen bond inter-

actions between silica surface and PMMA acrylate groups181–186. Other researchers, how-

ever, reported unchanged or decreased Tgs of PMMA in nanocomposites181,187–189. Expla-

nations of these results varied. Most researchers mentioned the preparation steps and meth-

ods used might alter the glass transition temperatures. For example, Hub et al.188 pointed 

out non-equilibrium trapped voids may reduce the glass transition temperatures of 

PMMA/silica nanocomposites, but they are thermally-erasable. Rittigstein and Torkelson 

reported that PMMA/silica nanocomposites prepared from methyl ethyl ketone showed Tg 

enhancements, while those prepared from acetic acid solution showed Tg reductions187. Fu 

et al.189 found that residual THF decrease the Tg of PMMA/silica nanocomposites. In 2015, 

Eriksson et al.181 pointed out that solvent retention generally led to a reduction in the glass 

transition temperature of PMMA/silica nanocomposites prepared via solution casting 

methods. They mentioned that improper matching of the drying time and temperature may 

be partly the reason of the scattered glass transition temperatures reported for nanocompo-

sites181. 

Since solvent casting is the most widely used method to prepare polymer films, the re-

sidual solvent may also influence the glass transition temperature of the films. Solvent ef-

fects have been widely studied in many different polymer films, including PMMA films. 

Bistac and Schultz investigated the relaxation properties of PMMA films cast from chlo-

roform, toluene, THF and acetone190. A decrease in Tg was reported for all the films. Chlo-

roform has a stronger interaction with PMMA chains than other solvents used in the 

study190. Zhang et al.191 probed the residual solvent of spin-coated PMMA films from deu-

terated toluene solutions onto silicon substrates by utilizing neutron reflectometry. They 
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found the content of residual toluene solvent affected film brittleness191. Patra et al.192,193 

compared the glass transition temperatures of PMMA films spun-cast from different solu-

tions. All the samples were tested after drying at room temperature for 4 days. It was found 

that the Tgs of PMMA films prepared from chloroform and toluene solutions were reduced, 

while the film prepared from DMF showed a 10° C increased Tg, due to the strong bonding 

between PMMA chains and DMF molecules192. In addition to residual solvents, the prep-

aration and thermal history impacts of the dynamic glass transitions of PMMA thin films 

were also investigated194. 

In 2008, Ramanathan et al.155 reported a significant increase in glass transition temper-

ature of nearly 30° C for PMMA composites with only 0.05 wt% functionalized graphene 

sheet. The modulus, ultimate strength and thermal stability of the PMMA nanocomposites 

were also improved155. However, Liao et al.149 questioned the large modulus increase with 

such small addition of functionalized graphene sheets since the value is higher than Voigt 

upper bound prediction. They also pointed out the exceptional increase in glass transition 

temperature for PMMA in Ramanathan’s paper may be due to a different reason. Liao et 

al. repeated the experiments reported by Ramanathan et al. by using the same materials 

and same methods. They found the Tg of asr-PMMA was 105° C by DSC. However, 

PMMA precipitated from THF solution using methanol as antisolvent, which is the same 

preparation steps for PMMA nanocomposites in Ramanathan’s paper, showed a signifi-

cantly increased Tg at around 125° C (Figure 4.1), without adding any nanoparticles. The 

Tg of the precipitated PMMA didn’t change with functionalized graphene sheet loading 

(Figure 4.1).  
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By analyzing the remaining filtrate from the precipitation process, Liao et al. obtained 

waxy extracts by concentration of the filtrate. The extracts amounted to ~ 4 wt% of the 

total asr-PMMA. By charactering the waxy extracts by GPC and NMR, they believed the 

extracts are mainly surfactant and PMMA oligomers. The unprecedented increase in Tg in 

the paper of Ramanathan et al. may result from the removal of these extracts, but not the 

addition of functionalized graphene sheet.  

 

Figure 4.1 DSC scans of asr-PMMA (R-PMMA), as-precipitated PMMA (PMMA) 

and different loading of functionalized graphene sheet in PMMA149. 

 

    Liao et al. actually raised another important concern that should be considered when 

investigating the properties of polymers, i.e., the contaminant of as-received polymers. 

Less attention has been paid to the effect of original impurities on the properties of poly-

mers in the formation of polymer nanocomposites, polymer films or other applications. 
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Most of the studies used asr-polymers directly without further purification in the prepara-

tion steps. However, as Liao et al. showed in their paper, the impurity in asr-polymers may 

greatly influence polymer mechanical properties and thermal properties.  

As introduced in Chapter 2, an alkane-likely impurity was found in our asr-PMMA sam-

ples when trying to form PMMA-U complexes. Different from Liao’s method, PMMA 

precipitated from acetone solution using methanol showed no changes in Tg. However, the 

impurity was found to be isolated by forming conventional urea inclusion compounds. A 

melting peak of the impurity crystal was clearly shown at around 50° C in DSC scans. The 

influence of impurity on the glass transition temperature of PMMA will be studied in detail 

in this chapter. In addition, methods of removal of the impurity from asr-PMMA samples 

will also be discussed. 

4.3 Experimental  

4.3.1 Materials and Methods 

PMMA-U and PMMA-DMU complexes were obtained as described in chapters 2 and 3.  

New PMMA-U-W complexes were prepared by using 5 wt% PMMA-acetone solutions 

and urea aqueous solutions with different concentrations (0, 2, 4, 6, 8 and 10M urea).  

PMMAs coalesced from urea complexes (c-PMMA) 

Urea was removed from the PMMA-urea complexes by stirring them in excess methanol 

or distilled water for 24 hours, followed by filtration and vacuum-drying to remove residual 

solvents.  

    Control PMMA (precipitated (p)-PMMA) 

    Control PMMA was formed by dropwise addition of  50mL of pure methanol in to the 

PMMA-acetone solutions at room temperature. After mixing was complete, the combined 



79 

 

solutions were sealed, kept in the hood overnight without stirring, and the resulting white 

precipitates were filtered and vacuum-dried to remove residual solvents. 

PMMA soaked in methanol. (s-PMMA) 

Asr-PMMA was soaked in pure methanol for 3 days. 

Annealing 

PMMA samples were annealed in a vacuum oven above 150° C for 7 days. 

4.3.2 Characterization Methods 

    FTIR 

    FTIR spectra were recorded on a Nicolet 510P IR spectrometer over the wave number 

range of 4000-400 cm-1, with a resolution of 4 cm-1, by signal averaging 64 scans for each 

spectrum.  

DSC 

A Perkin-Elmer Diamond DSC-7 instrument was employed to conduct thermal scans of 

the samples. Thermal scans at a rate of 20° C/min were performed in steps starting from 

25 to 150° C and then held for at least 1 minute. Samples were then cooled to 25° C at 20° 

C/min and followed by a second heating to 150° C at 20° C/min. Nitrogen was used as the 

purge gas and calibration was performed with Indium. Pyris software was used to calculate 

the glass transition temperatures and the endothermic and exothermic peak areas.  

    WAXD 

A Philips XLF, ATPS X-ray diffractometer with an OMNI instruments customized auto-

mount and a copper tube (wavelength:1.54 Å) was used to do the wide angle X-ray diffrac-

tion analysis. The 2θ scanning ranged from 5 to 40° with a step interval of 0.1°.   
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    NMR 

     1H NMR was performed on a Varian Inova-500 MHz NMR spectrometer at ambient 

temperature.  Dilute solutions of samples were prepared in DMSO-d6. 

    Solution Viscometry 

    Single concentration solution flow times for asr-PMMA, p-PMMA, and c-PMMA were 

observed with a #50 Cannon-Ubbelohde viscometer at 25° C. Samples were prepared as 

1% PMMA-DMF solutions.  

    Density Tests  

    The asr-, p- (control) and c-PMMA films were prepared by melt pressing in a Carver 

Melt Press at 150° C under a pressure of 1000 psi, and the films were cooled to room 

temperature before measuring their densities. Water (ρwater=1.0 g/cm3) and 40% NaBr-wa-

ter solution (ρNaBr =1.4138 g/cm3) were used as the immersion liquids in the density tests, 

since PMMA films are not affected by water. Films were first immersed in a measured 

volume of water, where they sank to the bottom of the volumetric cylinder. Then the aque-

ous 40 wt% NaBr solution was slowly added followed by rapid stirring. The volumes of 

water (Vwater) and NaBr (VNaBr) solutions used were determined by adding them to the vol-

umetric cylinder with burettes. When the volumes of water and 40 wt% NaBr in water 

caused the PMMA film to be steadily suspended in the solution mixture, they were used to 

determine the density of the PMMA film (𝜌𝑃𝑀𝑀𝐴 𝑓𝑖𝑙𝑚) according to:  

 

𝜌𝑃𝑀𝑀𝐴 𝑓𝑖𝑙𝑚 =
𝑉𝑤𝑎𝑡𝑒𝑟 × 𝜌𝑤𝑎𝑡𝑒𝑟 + 𝑉40%𝑁𝑎𝐵𝑟 × 𝜌40% 𝑁𝑎𝐵𝑟

𝑉𝑤𝑎𝑡𝑒𝑟 + 𝑉40%𝑁𝑎𝐵𝑟
 

 

At least 3 density measurements were made for each PMMA film. 
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4.4 Results and Discussion 

    PMMAs coalesced by methanol 

As it was shown in Chapter 2 and 3, PMMA-U complexes and PMMA-DMU complexes 

have distinct thermal behaviors. Urea molecules improve the thermal stability of PMMA, 

while DMU molecules decrease the glass transition temperature of PMMA. It has been 

shown in much research that polymers coalesced from “Inclusion Compounds” have im-

proved properties. In order to further investigate the influence of the complexes on the Tg 

of PMMA, urea and DMU molecules were removed by soaking the complexes with excess 

methanol solvent, as described in the Experimental section. Several samples were chosen 

as examples for discussion.  

C-PMMAs were characterized by FTIR and 1H NMR after removal of urea molecules 

from the complexes. There is no noticeable remnant U in all c-PMMAs samples. The FTIR 

spectrum of PMMA coalesced from 5% PMMA-U complex samples is shown as an exam-

ple in Figure 4.2 b. After immersing the PMMA-U complex in excess methanol and then 

vacuum drying, there are no noticeable vibration bands from urea in the ranges of 3100-

3600 and 1400-1800 cm-1 in the complex. Moreover, the impurity peak at 2925 cm-1, was 

also absent in the FTIR spectrum of c-PMMA. No significant band shifts are seen in the 

spectrum of c-PMMA, compared to asr-PMMA.  
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Figure 4.2 FTIR spectra of 5% PMMA-U complex (a), coalesced-PMMA (c-PMMA) 

obtained from 5% PMMA-U complex (b), and asr-PMMA (c).  
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Figure 4.3 1H NMR spectra for asr-PMMA (a), 5% PMMA-U complex (b), and c-

PMMA obtained from 5% PMMA-U complex (c).  Arrows at 1.25 ppm and 

0.75 ppm are impurity peaks. 

 

The 1H NMR spectrum of c-PMMA indicates no remaining urea molecules, with the 

absence of the urea peak, as shown in Figure 4.3 c. Also, compared to asr-PMMA and the 

PMMA-U complex, all impurity peaks, located at around 1.25 and 0.75 ppm (arrows in 

Figure 4.3), disappear in the spectrum of c-PMMA. (The impurity peaks in 1H NMR spec-

trum were assigned in Chapter 2) 
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Figure 4.4 DSC thermograms (2nd heating step) of c-PMMA (red, top curve in each 

small figure) and p-PMMA (black, bottom curve in each small figure) of 3 (a), 

5 (b) and 10 (c) % PMMA-U complexes. 

 

The DSC thermograms of c-PMMAs obtained from 3, 5 and 10% PMMA-U complexes 

and the related control samples (p-PMMAs) are shown in Figure 4.4. The p-PMMAs were 

prepared by using the same steps without urea in the process. Most of the p-PMMA Tgs 

(Figure 4.4) are slightly altered compared to asr-PMMA (Figure 2.7), which may due to 

solvent effects. Distinct from p-PMMA, the Tgs of c-PMMAs were significantly increased 

to about 30° C higher than asr-PMMA, as it is seen in Figure 4.4. The Tgs of c-PMMAs do 

not seem to depend sensitively on the U/PMMA complex stoichiometry (Table 2.1) from 

which they were coalesced. Since no urea remnant in c-PMMAs was detected by FTIR and 
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1H NMR, urea crosslinking should not be the reason for the increased glass transition tem-

peratures in c-PMMAs.  

As introduced in Chapter 2, the Tgs of PMMA-U complexes shifted to a lower tempera-

ture with decreasing of urea concentration in methanol solutions (Figure 2.14). However, 

by coalescing PMMAs from these complexes, the Tgs of c-PMMA (Figure 4.5) shows no 

difference to the PMMAs coalesced from the complexes prepared from saturated urea-

methanol solutions (Figure 4.4). In addition, there is no significant difference of Tgs           

between the c-PMMAs obtained from 5%-PMMA-U-2, 4 and 8g samples (Figure 4.5). 

 

Figure 4.5 DSC thermograms (2nd heating step) of c-PMMAs obtained from 5% 

PMMA-U-8 (a), 4 (b), 2g (c) and p-PMMA (d).  
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The c-PMMA obtained from different PMMA-DMU complexes were also characterized 

by DSC. As introduced in Chapter 3, distinct from urea, DMU molecules act as plasticizers 

and reduce the glass transition temperature of PMMA by complexing with it. However, 

after the removal of DMU molecules in all the complexes by using methanol, the Tgs of c-

PMMAs also increased by about 30° C in all coalesced samples (Figure 4.6 and Figure 

4.7). The DMU concentrations seems to have no correlation with the Tgs of PMMA             

coalesced with methanol from PMMA-DMU complexes.  

 

Figure 4.6 DSC thermograms (2nd heating step) of c-PMMAs obtained from 10 (a), 5 

(b) and 3% (c) PMMA-DMU complexes. 
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Figure 4.7 DSC thermograms (2nd heating step) of c-PMMAs obtained from 5% 

PMMA-DMU-12 (a), 8 (b), 4 (c) and 2g (d) complexes. 

 

As mentioned previously, parameters such as residual solvent, preparation steps or aging 

time may alter polymer Tgs. However, all of these effects can be erased after annealing 

above the Tg of the polymer. Interestingly enough, in this research, Tgs of all c-PMMAs, 

form all PMMA-U and PMMA-DMU complexes, were not erasable after annealing above 

150° C for more than 24 hours. The DSC scans of annealed p-PMMA and c-PMMA ob-

tained from the 5% PMMA-U complex are shown in Figure 4.8. The Tg of c-PMMA after 

annealing shifted slightly to 112° C, which is still around 25° C higher than the Tg of asr-

PMMA. As a control, the Tg of p-PMMA after annealing decreased to around 75° C, which 

is around 10° C lower than asr-PMMA.  
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Figure 4.8 DSC thermograms (2nd heating step) of c-PMMAs (a) obtained from 5% 

PMMA-U complex and p-PMMA (b) after annealing above 150° C for more 

than 24 hours. 

 

Moreover, by re-dissolving and then solvent casting or re-precipitating the c-PMMAs, 

the Tgs did not return to 85° C. 

In order to understand these interesting results, solution viscosities and densities were 

tested by using PMMA-DMF solutions and PMMA melt press films, respectively. The 

viscometry flow times reveals that c-PMMA has a slightly longer flow time than p-PMMA 

and asr-PMMA. The viscosity differences may be caused by the removal of the lower mo-

lecular weight impurity during the coalescence process. Similar results were obtained from 

density tests. The measured densities of asr-, p-PMMA and c-PMMA (coalesced from the 

5% PMMA-U complex) films are presented in Table 4.1. The c-PMMA film had a higher 

density than asr- and p-PMMA films (Table 4.1).  
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Table 4.1 Densities of asr-PMMA, p-PMMA and c-PMMA 

Sample Density (g/cm3) (Er±) 

asr-PMMA 1.159 (±0.010) 

p-PMMA 1.143 (±0.039) 

c-PMMA  1.171 (±0.003) 

 

Since the high Tg, at around 115° C in coalesced-PMMAs, cannot be thermally-erased 

or altered by dissolution, it is likely the true Tg of asr-PMMA.  According to the results 

above, the low molecule weight alkane-like impurity may act as a plasticizer in the asr-

PMMA and masks the true Tg of asr-PMMA by reducing it to around 85° C. Since the Tgs 

of p-PMMA in this research were not increased, simple precipitation, like the purification 

process used in most research, may not effectively remove the impurity from asr-PMMA. 

Both complexing molecules (urea and DMU) and coalesced solvent (methanol) may play 

important roles in removing impurity from asr-PMMA in this research.  In order to confirm 

the hypothesis, the following experiments were designed and their results are discussed 

below. 

    PMMAs coalesced by water 

Instead of methanol, water was used to coalesce PMMA from the PMMA-U complex. 

The FTIR spectrum of c-PMMA after removing urea molecules in the complex by water 

is shown in Figure 4.9 a. There is no noticeable impurity in the FTIR spectrum when coa-

lesced by methanol (Figure 4.9 c), which indicated the impurities from asr-PMMA were 

removed in the coalescence. However, significant impurity vibrational bands can be found 

in the FTIR spectrum of PMMA coalesced using water (Figure 4.9 a).  
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The impurity in 5% PMMA-U complex was isolated when forming conventional inclu-

sion compounds, as discussed in Chapter 2. When removing all the urea molecules from 

the complexes, water may coalesce the impurity and PMMA chains, separately. However, 

methanol may coalesced PMMA chains and removed impurities from PMMA chains at the 

same time. 

   

 

Figure 4.9 FTIR spectra of PMMA coalesced from the 5% PMMA-U complex by wa-

ter (a), impurity found in asr-PMMA (b) and PMMA coalesced from the 5% 

PMMA-U complex by methanol (c).  

 

The DSC thermograms support the conclusions draw from the FTIR spectra in Figure 

4.9. The DSC scans of PMMA coalesced from the 5% PMMA-U complex by water are 

shown in Figure 4.10. The melting peak of impurity crystal can be found at around 41° C 
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in both the first heating and second heating steps. In the cooling step, the impurity was re-

crystallized at 34° C. Since the impurity was removed completely by methanol in the coa-

lescence, no impurity crystal melting peak or re-crystallization peak was seen in the DSC 

scans of PMMA coalesced by methanol (Figure 4.4 and 4.5).  

When coalescing PMMA from the PMMA-U complex with water, the neat impurity is 

also coalesced and crystallized, so that the interactions between impurity molecules and 

PMMA chains is reduced or disappear. A phase separation between PMMA and the impu-

rity occurs under this situation. Hence, the plasticizer effects of impurity molecules no 

longer exist in PMMA chains. As a result, the increased glass transition temperature of 

PMMA present in the DSC scans (Figure 4.10 a and c).  

 

Figure 4.10 The first heat (a), cooling (b) and second heat (c) of DSC scans of PMMA 

coalesced from the 5% PMMA-U complex by water.  
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    The behaviors of PMMAs coalesced from PMMA-DMU complexes by water are differ-

ent from c-PMMAs obtained from urea complexes. Since DMU could not form inclusion 

compounds with impurity, the impurity was not isolated initially in the complex. When 

coalescing with water, most of the impurity remains localized in PMMA chains. No impu-

rity crystalized by itself since no melting peak is observed in the DSC scans (Figure 4.11). 

However, the Tg of PMMA coalesced by water is also increased to around 102° C (Figure 

4.11). Even though it is more than 10° C lower than the Tg of PMMA coalesced by meth-

anol (Figure 4.7), it is higher than the asr-PMMA. Hence, the impurity may be partially 

removed by water in the PMMA-DMU complex coalescence process. The leftover impu-

rity molecules in the c-PMMA still act as plasticizers and reduce the glass transition tem-

perature of PMMA. Since the impurity was not isolated and coalesced when removing 

DMU molecules in PMMA-DMU complexes by water, no clear vibration peaks for impu-

rity can be seen in FTIR spectra (Figure 4.12). The c-PMMA using water and the c-PMMA 

using methanol have similar FTIR spectra (Figure 4.12), though different Tgs (Figure 4.11 

and 4.7). 
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Figure 4.11 The first heating (a), cooling (b) and second heating (c) of DSC scans of 

PMMA coalesced from the 5% PMMA-DMU-2g complex by water.  
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Figure 4.12 FTIR spectra of PMMA coalesced from the 5% PMMA-DMU-2g complex 

by water (a), and by methanol (b). 

 

    Asr-PMMA Soaked in methanol 

It has been concluded before that precipitating PMMA from acetone by methanol may 

not remove impurity efficiently, since no significant change of p-PMMA Tgs from asr-

PMMA Tgs was obtained (Figure 4.4). However, other than coalescence from PMMA-U 

or -DMU complexes, Tgs of asr-PMMA were found increased by simply immersing asr-

PMMA in methanol solvent. Asr-PMMA were first soaked in methanol for 3 days, and 

then dried in a vacuum-oven above 50° C for several days to remove residual methanol 

before the DSC test. The DSC scans of soaked PMMA (s-PMMA) are shown in Figure 
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4.13. The Tg of s-PMMA is around 20° C higher than the asr-PMMA, but still around 10° 

C lower than the c-PMMA samples.  

 

Figure 4.13 DSC thermograms (2nd heating step) of s-PMMA (a) and s-PMMA an-

nealing after annealing above 150° C for more than 24 hours (b).  

 

The interactions between PMMA and methanol have been studied and reported by many 

researchers. Even though methanol is a non-solvent for PMMA, it can be transported in to 

PMMA and cause shrinking and cracking of PMMA specimens151. It may also affect the 

optical properties of PMMA by inducing opacity195,196. Methanol molecules were found to 

act as a plasticizer in PMMA and lower its glass transition temperatures195,197. However, 

the Tg recovered once the methanol molecules were removed195. As concluded before, 

methanol can remove urea, as well as impurity, during the coalescence. When soaking asr-
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PMMA in pure methanol, methanol molecules can be transported into bulk PMMA and 

remove some of the impurity. However, since the ability of methanol to penetrate bulk 

PMMA is limited, the impurity in asr-PMMA cannot be totally removed.  

In PMMA-U or PMMA-DMU complexes, the U or DMU molecules reside between 

polymer chains by complexing with PMMA. Since methanol is a good solvent for urea and 

DMU, methanol molecules can more easily be transported between PMMA chains and 

remove the impurity efficiently. Hence, the Tgs of c-PMMAs are much higher than the Tg 

of s-PMMA.  

    PMMA-U-W complexes 

To prove the importance of methanol in forming the PMMA-U complexes and in the 

coalescence, new PMMA-U complexes (PMMA-U-W) were prepared by using water as a 

replacement for methanol. The detailed preparations steps are presented in the experi-

mental section. The FTIR spectra of PMMA-U-W complexes prepared with aqueous urea 

solutions of various concentrations are shown in Figure 4.14. Both urea and PMMA vibra-

tions peaks are seen in the FTIR. No clear urea peak shifts in the wavenumber range of 

3100-3600 cm-1 were observed in all the PMMA-U-W complexes. No significant vibra-

tional shifts are observed for PMMA bands. Interestingly, the impurity, with a dominant 

peak at 2925 cm-1, can be seen in the FTIR spectra of all 5% PMMA-U-W samples, in-

cluding the control sample, which contains no urea. Since the peak can be seen in the con-

trol sample, the aggregation of impurity in PMMA may not be caused by forming the im-

purity-U-IC. The precipitation of PMMA in acetone by water may segregate a certain 

amount of the impurity.   



97 

 

 

Figure 4.14 FTIR spectra of asr-urea (a), 5% PMMA-U-W prepared by using 10 (b), 

8 (c), 6 (d), 4 (e), 2 (f), 0M (control, g) urea aqueous solution, and asr-PMMA 

(h). Arrow: impurity peak. 
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The DSC scans of all 5% PMMA-U-W complexes are shown in Figure 4.15-4.17. No 

clear impurity crystal melting peak can be observed at around 50° C in the complex sam-

ples. This may due to the masking effect of a large urea endothermal melting peak. Unlike 

PMMA-U complexes prepared with methanol, clear phase separations between urea crys-

tals and PMMA chains can be seen in the 1st and 2nd heating steps (Figure 4.15 and 4.17) 

in all PMMA-U-W complexes. In the first heating steps of 5% PMMA-U-W complex sam-

ples, a Tg at around 88° C of PMMA portions and a melting peak of urea crystals are shown 

(Figure 4.15). The urea crystals seem to be embedded in the PMMA matrices in the com-

plexes, since the melting temperature of urea crystals in the 5% PMMA-U-W complexes 

are much lower than asr-urea melting. Urea may have been confined in the PMMA matrices 

leading to a melting point depression. The WAXD patterns of 5% PMMA-U-W samples 

can be found in Figure 4.18. Since the Tgs of PMMA showed no difference to the Tg of the 

control, no proof of a PMMA-U homogenous mixture can be found in the first heating step 

(Figure 4.15). 

In the cooling steps, no sharp recrystallization peak was found in all 5% PMMA-U-W 

complex samples (Figure 4.16), which agrees with the urea nucleation confinement in the 

PMMA matrices. For 2M samples, even though there is urea in the complex, no urea re-

crystallization can be seen in the cooling step.  

In the second heating steps, the melting temperature of urea crystals decreased, while 

the Tgs of PMMA in the complexes increased about 5° C, except for the control sample 

(0M). No melting peak for urea has been seen in the 2M samples, which indicates that all 

urea molecules have been transported among the PMMA chains and form a homogenous 

mixture. The increased Tgs of PMMA in 5%-PMMA-U-W complexes may be caused by 
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the physical cross-linking effect, which comes from the transportation of urea molecules 

into and PMMA chains. 

 

 

Figure 4.15 DSC thermograms (1st heating step) of 5% PMMA-U-W complexes by 

using 10, 8, 6, 4, 2 and 0M (control) urea aqueous solutions.   

 

    PMMAs coalesced from PMMA-U-W complexes 

Instead of methanol, the 5% PMMA-U-W complexes were then coalesced by water. The 

FTIR spectra of c-PMMAs are shown in Figure 4.19. No urea vibration band presents in 

the FTIR spectra after coalescence. In addition to PMMA vibration peaks, the impurities 

can also be seen clearly in the FTIR spectra at around 2925 cm-1 in all water-coalesced 

PMMA samples (Figure 4.19). Hence, PMMA chains coalesced by water still contain some 

isolated impurity. The coalescence by water cannot remove impurity from the PMMA as 

efficiently as methanol.  
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Figure 4.16 DSC thermograms (cooling step) of 5% PMMA-U-W complexes by using 

10, 8, 6, 4, 2 and 0M (control) urea aqueous solutions 

 

Figure 4.17 DSC thermograms (2nd heating step) of 5% PMMA-U-W complexes by 

using 10, 8, 6, 4, 2 and 0M (control) urea aqueous solutions. 
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Figure 4.18 WAXD diffraction patterns of 5% PMMA-U-W complexes by using 10, 

8, 6, 4, 2 and 0M (control) urea aqueous solutions. 
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Figure 4.19 FTIR spectra of PMMA coalesced from 5% PMMA-U-W samples com-

plexes by using 10 (a), 8 (b), 6 (c), 4 (d), 2 (e) and 0M (f) urea aqueous solutions. 

Arrow: impurity peak. 
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The DSC thermograms of PMMAs coalesced from 5% PMMA-U-W complexes by      

water are shown in Figure 4.20-4.22. In the first heating steps, small melting peaks of im-

purity crystals can be observed at around 45° C in all c-PMMA samples (arrows in Figure 

4.20), which indicated the phase separation between impurity and PMMA chains. No urea 

remained indicated by the absence of urea melting peak in DSC. The Tgs of c-PMMAs are 

also increased compared to the control sample. Since the Tgs of c-PMMAs using water are 

not as high as PMMAs coalesced by methanol, some impurity did not phase separate from 

PMMA after the coalescence. With increased urea aqueous solution concentrations, the c-

PMMA Tgs increased. This can be explained by the increased impurity solubility in water 

with increasing urea concentrations. It is well known that U molecules can increase solu-

bility of some polymers in solution198–200. Under certain conditions, urea can also help to 

change polymer (protein) chain conformations from compact globular to more extended 

coil structures by directly interacting with them145,146,172,201,202.  

No re-crystallization peaks were observed in c-PMMAs in the cooling step (Figure 4.21), 

which means the impurity melted in the first heating step did not re-crystallize in the cool-

ing step. Interestingly, all the Tgs of c-PMMA decreased in the second heating steps (Figure 

4.22). Since no melting peak of impurity can be observed in the second heating steps, the 

isolated impurity molecules may have become free again and transported into and among 

the PMMA chains after the first heating step. Hence, the decreased Tgs in the second heat-

ing steps may be caused by the plasticizing effects of the re-introduced impurity. 
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Figure 4.20 DSC thermograms (1st heating step) of PMMA coalesced from 5% 

PMMA-U-W complexes with various urea aqueous solutions. Arrows: impu-

rity melting. 

 

 

Figure 4.21 DSC thermograms (cooling step) of PMMA coalesced from 5% PMMA-

U-W complexes with various urea aqueous solutions. 
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Figure 4.22 DSC thermograms (2nd heating step) of PMMA coalesced from 5% 

PMMA-U-W complexes with various urea aqueous solutions. 

 

It should be briefly mentioned that PMMAs with MWs of 75,000 and 996,000 have also 

been used to prepare complexes with U using the same experimental method described in 

Chapter 2. Both resulting c-PMMAs have higher softening temperatures than their asr-

PMMA samples (Figure 4.23).  

The above results confirm the significant effect of the impurity on the Tgs of asr-PMMA, 

which has been commonly neglected in most PMMA research. Since the PMMAs used in 

our experiments were brought from several different suppliers, the impurity may be a com-

mon problem in PMMA commercial products. More attention should be paid to this issue 

in polymer research, especially those probing their Tgs.   
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    PMMA-U and -DMU complexes prepared by c-PMMAs 

    C-PMMAs have been used to re-prepare the PMMA-U and PMMA-DMU complexes 

discussed in Chapter 2 and 3. The DSC scans of 5% PMMA-U complex and 5% PMMA-

DMU complex are shown in Figure 4.24 and 4.25.  

 

 

Figure 4.23 DSC thermograms (2nd heating step) of c-PMMA (red, top curve in each 

small figure) and asr-PMMA (black, bottom curve in each small figure) of 

PMMA with Mw=75000 (a), and 996000 (b). 

 

The 5% PMMA-U complex prepared by asr-PMMA has been shown to have two endo-

thermic peak in the first heating step and a single endothermic peak in the second heating 

step (Figure 2.8 and 2.10). However, after the removal of impurities, the 5% PMMA-U 

complex prepared by c-PMMAs only show a single melting peak at both first and second 

heating steps with higher endothermic temperatures than the asr-PMMA-U complexes.  

The 5% PMMA-DMU complex prepared by c-PMMA shows an endothermic peak at 

89° C in the first heat. In the second heating step, a lower Tg has been observed at around 

83° C, which is much lower than the Tg of the c-PMMA (at around 115° C).  
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Hence, the main conclusions draw from chapters 2 and 3 are supported. Urea molecules 

act as cross-linkers between PMMA chains and DMU molecules show the behavior of a 

plasticizer by reducing the Tg of PMMA.  

 

Figure 4.24 DSC thermograms of first heat (a), cooling (b) and second heat (c) of 5% 

PMMA-U complex prepared with c-PMMA.  

 

Figure 4.25 DSC thermograms of first heat (a), cooling (b) and second heat (c) of 5% 

PMMA-U complex prepared with c-PMMA. 
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4.5 Conclusions 

The original impurity significantly reduce the glass transition temperature of asr-PMMA 

by acting as a plasticizer. PMMAs coalesced from PMMA-U complexes and PMMA-DMU 

complexes showed 30° C higher Tgs than asr-PMMA. Coalescence of PMMA from 

PMMA-U or -DMU complexes by methanol can help to remove the impurity completely. 

Urea or DMU molecules reside between PMMA chains and may accelerate transportation 

of methanol in and among PMMA chains, thus helping the purification process.  

Simple precipitation with methanol of PMMA from acetone solution was shown not to 

effectively remove impurities from asr-PMMA, though soaking asr-PMMA in methanol 

may partially remove the impurities. Also, urea can increase the solubility of impurity in 

water solutions.  

The presence of impurities do not change the conclusions reached for PMMA-U and 

PMMA–DMU complexes drawn from Chapters 2 and 3.  
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 The Study of Poly(vinyl acetate)-Urea and Common Poly(methyl 

methacrylate)-and Poly(vinyl acetate)-Urea Complexes 

5.1 Abstract 

PVAc- and common PMMA-PVAc-U complexes have been prepared and studied in this 

chapter. The DSC data demonstrated that PVAc-U complexes are heterogeneous mixtures. 

When urea concentration in the complex is low, urea reduces the glass transition tempera-

ture of PVAc, acting like a plasticizer. With increasing urea concentration, the plasticizer 

effect is reduced and eventually disappears. Similar behaviors were also found in common 

PMMA-PVAc-U complexes. For a PMMA-PVAc-U complex prepared using a 1M urea 

solution, an intermediate Tg was found in the DSC scan, which indicates the formation of 

a miscible PMMA-PVAc blend. Urea molecules likely act as crosslinkers between the two 

polymers. However, for the common PMMA-PVAc-U complex prepared using a 6M urea 

solution, the blending effect was absent. Instead, a physical mixture of PMMA, PVAc and 

re-crystallized urea was observed in the DSC thermogram.   

5.2 Introduction 

Poly(vinyl acetate) (PVAc) is an amorphous polymer with a glass transition temperature 

at around 30° C.  The film forms of PVAc mostly find applications in surface coatings and 

adhesives203. PMMA and PVAc have similar chemical formulas and functional groups 

(Figure 5.1). Hence, they are suitable to be investigated together in order to compare their 

behaviors164,204. As reported in Chapter 2, urea molecules act as physical-crosslinkers and 

increase the thermal stability of PMMA chains when forming PMMA-U complexes. Since 

PMMA and PVAc are chemically similar polymeric systems and their functional groups 

can accept hydrogen bonds, it is interesting to also study the interaction between urea mol-

ecules and PVAc chains.  
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Figure 5.1 Chemical structures of the repeat unit of PVAc (A) and PMMA (B)164. 

 

    Because of its well-known chemistry and less-expensive method of film preparation205, 

the PMMA-PVAc blend has been a topic of great interest to polymer scientists for many 

years206,207. The combinatorial or mixing entropy of polymer-polymer mixtures for a given 

volume of solution is exceedingly small, in comparison to the mixing entropies of small 

molecule mixtures. Consequently, strong specific interactions, such as hydrogen bonding, 

donor-acceptor relation and charge-transfer interactions, which result in a negative en-

thalpy exchange interaction and contribution to the free energy of mixing, are generally 

required for miscibility in polymer-polymer systems. However, if two miscible polymer 

pairs have similar chemical constitutions, miscibility can happen without specific interac-

tions. Examples includes polystyrene-poly(o-chlorostyrene)208 and polystyrene-poly(α-

methylstyrene)171. The PMMA and PVAc pair was also inferred to belong to this cate-

gory206,207.  

Several significant papers have studied the miscibility of PMMA and PVAc blends. 

Most of the blend preparation processes were carried out by casting films of their mixed 

solutions205–207,210–212. However, parameters such as temperature, different solvents and 

evaporation rate of the solvent were reported to affect the homogeneity of the blend212. In 

2005, Uyar et al.52,136 provided a novel approach to blend polymers by coalescence of both 
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PMMA and PVAc chains from their common γ-cyclodextrin inclusion compounds, which 

eliminates the effects from solvents.  

In this chapter, the effect of urea on PVAc properties in their complex will be investi-

gated. In addition, the formation of a PMMA-PVAc blend by using urea molecules as com-

plexing crosslinkers will be attempted.  

5.3 Experimental 

5.3.1 Materials 

Atatctic-PVAc (MW= 167,000) and urea (99%) were purchased from Aldrich Chemical 

Company, Inc. Atactic-PMMA (MW = 15,000) was purchased from Scientific Polymers 

Inc.. Acetone (meets ACS Specifications) and methanol (meets ACS Specifications) were 

purchased from BDH® VWR ANALYTICAL. PMMA was immersed in methanol for 3 

days and then vacuum-dried before the preparation.  

5.3.2 Methods 

    Preparation of PVAc-Urea Complexes (PVAc-U Complexes) 

Two methods have been tried to prepare PVAc-U complexes: 

Method A: Similar to the method used for PMMA-U complexes. The 5 wt% PVAc-

acetone solutions were prepared by dissolving the appropriate amounts of PVAc in acetone. 

This was followed by dropwise addition of saturated urea-methanol solutions to the PVAc-

acetone solutions at room temperature.  

Method B: Replace the saturated urea-methanol solution with a series of aqueous urea 

solutions (0, 0.5, 1, 2 and 6M in urea). After mixing was complete, the combined solutions 

were sealed, kept in the hood overnight without stirring, and the resulting precipitates were 

filtered and vacuum-dried at room temperature for 24 hours.  
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    Formation of Common PMMA-PVAc-Urea Complexes (PMMA/PVAc-U Complexes) 

   1 wt% of PMMA and PVAc were simultaneously dissolved in acetone. 10mL of 1 or 6M 

urea aqueous solution was added in a dropwise fashion to the PMMA/PVAc-acetone 

solutions at room temperature. After mixing was complete, the combined solutions were 

sealed, kept in the hood overnight without stirring, and the resulting white precipitates were 

filtered and vacuum-dried at room temperature for 24 hours. 

    PMMA/PVAc blends Coalesced from their common urea complexes (c-PMMA/PVAc) 

    Urea was removed from the common PMMA/PVAc-U complexes by immersion in 

excess water for 24 hours, followed by filtration and vacuum-drying at room temperature 

for 24 hours.  

5.3.3 Characterization Methods 

    FTIR 

    FTIR spectra were recorded on a Nicolet 510P IR spectrometer over the wave number 

range of 4000-400 cm-1, with a resolution of 4 cm-1, by signal averaging 64 scans for each 

spectrum.  

    DSC 

A Perkin-Elmer Diamond DSC-7 instrument was employed to conduct thermal scans of 

the samples. Thermal scans at a rate of 20° C/min were performed in steps starting from -

20 to 150° C and then held for at least 1 minute. Samples were then cooled to -20° C at 20° 

C/min and followed by a second heating to 150° C at 20° C/min. Nitrogen was used as the 

purge gas and calibration was performed with Indium. Pyris software was used to calculate 

the glass transition temperatures and the endothermic and exothermic peak areas. 
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5.4 Results and Discussion 

    Formation of PVAc-U complexes 

Two different methods have been used to prepare PVAc-U complexes. No precipitate 

was obtained by using Method A, which may due to the extensive solubility of PVAc in 

methanol solvent. White precipitates were obtained by using Method B.  

The infrared (FTIR) spectra of PVAc-U complexes obtained by Method B are shown in 

Figure 5.2. Both urea and PVAc vibration bands are clearly present in all PVAc-U complex 

samples. No significant shift is found for PVAc chain vibrations in the FTIR spectra of the 

complexes. With increasing urea concentration in the aqueous solution, the intensity of 

urea vibration peaks in the complex is increased. In addition, urea bands at 3434, 3340 cm-

1 shift to higher wavenumbers with the decreasing of urea composition in the complex.  

 

Figure 5.2 FTIR spectra of the 5% PVAc-U-0 (control, a), 0.5 (b), 1 (c), 2 (d) and 6M 

(e) complexes. 
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Even though no noticeable vibration band shifts of PVAc were observed in the FTIR 

spectra of PVAc-U complexes, the glass transition temperature of PVAc has been found to 

be greatly influenced by urea compositions.  

The DSC thermograms of 5% PVAc-U-0 (PVAc control), 0.5, 1, 2 and 6M are shown 

in Figure 5.3. PVAc-U complexes prepared by using Method B are heterogeneous mixtures. 

An endothermic peak can be seen in all complex samples, except for the control. The en-

dothermic peak in the PVAc-U complex is due to the melting behavior of re-crystallized 

urea molecules. This phenomenon is similar to the PMMA-U-W complexes in Chapter 4.  

However, different from PMMA-U-W samples, a cold crystallization behavior can be 

found at a temperature about 40° C lower than the re-crystallized urea melting in the 2nd 

heating steps of all PVAc-U complex samples. The melting temperature and ∆H values of 

the endothermic peaks increased with increasing the urea composition.  

All PVAc-U complex samples show glass transition behaviors in the 1st and 2nd heating 

steps, while the Tg of the control PVAc sample is 37° C. Interestingly, it can be seen that 

Tgs of 5% PVAc-U-0.5 and 1M samples are significantly lower than the control sample. 

Even though phase separation behaviors (melting peak of re-crystallized urea) are also seen 

in both complexes, some of the urea molecules in the complex may have still interacted 

with PVAc chains and significantly reduce their Tgs. 

With increasing urea composition in the complex, the Tg of the PVAc complexes are 

approaching the Tg of the control sample, and the urea re-crystallization behavior in the 

cooling step and the melting behaviors of re-crystallized urea molecules are becoming ob-

vious. With increasing urea concentration, urea molecules in the PVAc-U complexes seem 
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to prefer to re-crystallize instead of interacting with PVAc chains. The plasticization be-

havior of urea molecules in the PVAc-U complex almost disappear for the sample prepared 

with 6M urea solution. The Tg for PVAc in the PVAc-U-6M complex is the same as the 

control sample, and the melting temperature of re-crystallized urea close to that of neat asr-

urea. 

 

Figure 5.3 DSC thermograms of 5%PVAc-U-0 (a), 0.5 (b), 1 (c), 2 (d) and 6M (e)  

complexes. Curves in each small figure from top to bottom: 1st heating step, 

cooling step and 2nd heating step. 
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Even though PVAc-U complexes were prepared using similar methods as the PMMA-

U-W samples described in Chapter 4, the thermal properties of these two complexes are 

different. In PMMA-U-W samples, no significant shifts in Tgs shifted were observed in the 

1st heating step, compared to the control sample. However, Tgs of the PMMA complexes 

increased in the 2nd heating step, which may be caused by the crosslinking of PMMA chains 

by free urea molecules after melting. In PVAc-U complexes, Tgs of PVAc were found to 

be greatly influenced by the compositions of urea in the complex. When the concentration 

of urea aqueous solution is below 2M, the PVAc shows a significantly reduced Tg. Instead 

of crosslinking PVAc chains, urea molecules behave as plasticizers for the PVAc chains in 

this complex. No significant differences can be found for the Tg of PVAc-U complexes in 

the 1st and 2nd DSC heating steps. 

Formation of Common PMMA-PVAc-U complexes 

Common PMMA-PVAc-U complexes were formed by adding urea aqueous solutions to 

PMMA-PVAc-acetone solutions. Since the urea concentration was seen to affect the       

thermal behaviors of PVAc, two PMMA-PVAc-U complexes were prepared with 1M and 

6M urea aqueous solutions, respectively. The FTIR spectra of these two samples are shown 

in Figure 5.4. Urea vibration peaks and the dominant peaks of both PMMA and PVAc are 

clearly seen in the FTIR spectra of both complexes. A new vibration band at 1543 cm-1 

appears in the PMMA-PVAc-U-1M complex, which may be due to new hydrogen bond 

formation. The acrylate carboxyl group vibrational bands at 1734 cm-1 in asr-PVAc and 

1726 cm-1 in asr-PMMA have combined into a single peak around 1730 cm-1 in both com-

plexes. 
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Figure 5.4 FTIR spectra of asr-PVAc (a), asr-PMMA (b), PMMA-PVAc-U-1M(c) and  

PMMA-PVAc-U-6M (d). *=urea vibrational peaks.  

 

The DSC thermograms of PMMA-PVAc-U complexes are shown in Figure 5.5. Two 

Tgs at 37 and 93° C, and an endothermic peak at 128° C are found in the DSC scan of the 

PMMA-PVAc-U-6M complex sample (Figure 5.5 b). The Tg at 37° C is the same as the Tg 

of the neat PVAc control sample (Figure 5.3 a) which was prepared by using a similar 

method. The other Tg at 93° C can be assigned to PMMA, but it is lower than the Tg of       

s-PMMA (ca. 107° C, see Figure 4.13), which may be caused by the influence of molten 

PVAc chains in the system. Due to the high concentration of urea, urea molecules self-

crystallized instead of interacting with polymer chains. Since clear phase separations have 
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been shown in the DSC scans, the PMMA-PVAc-U-6M complex sample is basically a 

heterogeneous physical mixture of PVAc, PMMA and re-crystallized urea molecules.  

 

Figure 5.5 DSC thermograms (1st heating step) of PMMA-PVAc-U-1M (a) and -6M 

(b) complexes.  

 

However, by reducing the urea concentration to 1M in aqueous solutions, the thermal 

behavior of the PMMA-PVAc-U complex was altered significantly. No re-crystallized urea 

melting peak was seen in the DSC scan (Figure 5.5 a). Hence, urea molecules in the com-

plex reside in the polymer matrices and interact with their chains. Three different Tgs, lo-

cated at 28, 60, and 94° C, are apparent in the thermogram. Based on the previous discus-

sion in this chapter and in Chapter 4, the Tg of 28° C can be assigned to PVAc and the Tg 

of 94° C to PMMA. The new Tg located at 60° C may be due to some well mixed PMMA-

PVAc blend, with urea probably acting as a crosslinker between them. No urea self-crys-

tallization peak was observed in the cooling step. The glass transition at 60° C disappears 
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in the 2nd heating step (Figure 5.6). At the same time, the Tg of PVAc at 28° C in the 1st 

heat decreases to 20° C in the 2nd heat and the Tg of PMMA at 94° C increases to 97° C 

(Figure 5.6). Hence, the PMMA-PVAc blend was disassociated after the 1st heating step 

and the two polymers were phase separated again in the 2nd heating step. Urea molecules, 

that were the crosslinkers between PMMA and PVAc chains in the blend, became free 

again and moved among the PVAc and PMMA chains. As a result, the Tg of PVAc de-

creased, due to the urea plasticizer effect, and the Tg of PMMA increased, as was seen in 

Chapter 4.  

 

Figure 5.6 DSC thermograms of the 1st heating step (a), cooling step (b) and 2nd heat-

ing step (c) of PMMA-PVAc-U-1M complex sample. 

 

    Comparison of the common PMMA-PVAc-U-1M complex and PMMA and PVAc coa-

lesced from it have also been studied. As seen in Figure 5.7, after removing urea molecules 

from the complex, PVAc regains a Tg at 34° C, which is close to the Tg of neat control-

PVAc. And PMMA shows a higher Tg at 103° C after coalescence. Hence, the interesting 
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thermal behaviors of the common PMMA-PVAc-U-1M complex are mainly due to the 

effects of urea.  

 

Figure 5.7 DSC thermograms of the 1st heating step of PMMA-PVAc-U-1M (a) and 

its coalesced sample (b). 

 

5.5 Conclusions 

Heterogeneous PVAc-U complexes were prepared by adding aqueous urea solutions into 

PVAc-acetone solutions. The Tg for PVAc in the complex was found to be significantly 

decreased when reducing the urea composition in the complex. Urea molecules may reside 

between PVAc chains and act as plasticizers at low urea concentration. However, the plas-

ticization effect disappears when the urea concentration reached 6M in its aqueous solu-

tion. 

A similar phenomenon was also found in the common PMMA-PVAc-U complexes. For 

PMMA-PVAc-U complexes prepared with 6M urea solution, clear phase separation has 

been found. However, by reducing the urea concentration to 1M, no re-crystallized urea 
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melting peak could be seen. Instead, an intermediate Tg at 60° C between the Tgs of PVAc 

and PMMA appears in the DSC scan. After removing urea molecules from the common 

PMMA-PVAc-U-1M complex sample, the influence of urea disappears, and instead a 

physical mixture of PVAc and PMMA was observed in the DSC thermogram. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



122 

 

 PMMA- and PS-Thiourea Complexes 

6.1 Abstract 

    Studies of interactions between poly (methyl methacrylate) (PMMA), polystyrene (PS) 

and thiourea (TU) have been carried out for the first time in this research. The PMMA-TU 

and PS-TU complexes were prepared by adding thiourea-methanol solutions into polymer-

dioxane solutions. Layered structures of the polymer-TU complexes were observed and 

showed distinct FTIR, DSC, and WAXD patterns compared to asr-TU. Instead of being 

composed of pure thiourea molecules, the layers separating PMMA or PS chains in the 

complexes were composed of thiourea-dioxane hydrogen-bond networks that are stable at 

room temperature.  

6.2 Introduction 

    Thiourea, a urea analogue with a C=S group replacing the C=O group (Figure 6.1), is 

another commonly used host molecule. Similar to urea, with the presence of an appropriate 

guest, thiourea (TU) molecules can be organized by hydrogen bonds and crystallized into 

a channel structure. Due to the larger radius of the sulfur atom, the diameter of the TU-IC 

channel (about 7Å) is larger than the U-IC host tunnel. Hence, the TU channel was reported 

to be large enough to accommodate bulky molecules such as cyclohexane, ferrocene or 

substituted cyclic hydrocarbons213. Distinct from the host channels in conventional urea 

inclusion compounds, which have only small diameter fluctuations along their tunnels, the 

rhombohedral TU channel has prominent bulges (7.1 Å) and constrictions (5.8 Å) along 

the tunnel. Therefore, the host structure of TU is somewhat like a “cage” structure rather 

than a “pure channel” type. Also, for TU-ICs, a phase transition from a rhombohedral to a 

monoclinic crystal structure can occur at sufficiently low temperatures214.  
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Figure 6.1 Chemical structures of thiourea (a) and urea (b). 

 

    Thiourea has also been widely used to form doped crystals with some other small mol-

ecules215–217. However, fewer studies have focused on polymer-TU interactions. Hydrocar-

bons were found to form ICs with TU in the 1940s120,115. The stability of hydrocarbon-TU-

ICs were reported to be low compared to their U-ICs120. Schiessler and Flitter reported that 

long alkyl chains on some hydrocarbons form thiourea adducts with difficulty115. 

In recent years, the interaction between PEO and TU has attracted some researchers’ 

attention. The structures of PEO-TU complexes were found to be much more complex 

compared to PEO-U-ICs, and some questions remain. In 1961, a high molecular weight 

PEO-TU-IC was reported, with an EO:TU molar ratio of 1:2, which is close to the molar 

ratio in the PEO-U-IC93. Later on, Vasanthan et al.121 reported a PEO-TU-IC with a similar 

crystal structure as pure orthorhombic TU that has an EO:TU molar ratio of 1:4. Pellerin 

prepared PEO-TU-IC by an electrospinning method and found a layer structure PEO-TU 

complex with an EO:TU molar ratio of 3:2123. The layer structure PEO-TU-complex has 

similar structural and thermodynamic characteristics to the PEO-urea β complex122,123. In 

2015, Ye et al.124 prepared PEO-TU complexes through a freeze-drying method and 

demonstrated a new layer structure PEO-TU complex with an EO:TU molar ratio of 4:1. 

To the best best of our knowledge, no clear conclusions regarding the structures if PEO-

TU complexes have been draw. Moreover, studies for other polymer-TU complexes are 

still lacking. 
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PMMA and PS are two of the most commonly used amorphous polymers. Due to their 

bulky side groups, the formation of conventional U-ICs with channel included guests is 

apparently difficult, because they have never been successfully reported. In previous chap-

ters, PMMA-U non-crystalline complexes were prepared and characterized. PMMA chains 

can hydrogen bond with urea molecules and the disruption of PMMA-U complexes re-

quired a higher temperature than the glass transition of PMMA. Since thiourea has a similar 

chemical structure as urea, it is interesting to study the interaction between thiourea and 

PMMA polymer chains.   

In this chapter, both PMMA and PS were found to form crystalline complexes with TU. 

Distinct to PMMA-U complexes, both PMMA- and PS-TU complexes may have layered 

crystal structures that are similar to the reported PEO-TU complexes. Dioxane molecules 

play an important role in forming these complexes at room temperature.  

6.3 Experimental  

6.3.1 Materials 

Atactic-PMMA with Mw 15,000 was purchased from Scientific Polymers Inc.. Atactic-

PS, with a Mw advertised as 50,000 on the sample bottle was purchased from Polyscience, 

Inc.. We only recently learned that this PS sample is bimodal consisting of PS chains with 

Mws of 50,000 and 1,500. Methanol (meets ACS Specifications) was purchased from 

BDH® VWR ANALYTICAL. Dioxane reagent (ACS) was obtained from GFS CHEMI-

CAL®. Thiourea was purchased from ACROS ORGANICS. PMMA was immersed in 

methanol for 3 days and then vacuum-dried before it was used in the preparation.  
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6.3.2 Methods 

    Preparation of PMMA- and PS-TU complexes 

The PMMA-TU and PS-TU complexes were prepared by slowly adding TU (10 wt%)-

methanol solutions to dilute PMMA- and PS-dioxane solutions (about 1 wt%). A control 

TU sample was prepared by adding TU (10 wt%)-methanol solution to the same amount 

of dioxane solvent. After mixing was complete, the solutions were sealed, kept in the hood 

overnight without stirring, and then any resulting white precipitates were filtered and        

vacuum-dried at room temperature.    

Annealing 

PMMA- and PS-TU complexes were placed in a vacuum-dried at 120° C for 12 hrs. 

6.3.3 Characterization Methods 

    FTIR 

    FTIR spectra were recorded on a Nicolet 510P IR spectrometer over the wave number 

range of 4000-400 cm-1, with a resolution of 4 cm-1, by signal averaging 64 scans for each 

spectrum.  

    DSC 

A Perkin-Elmer Diamond DSC-7 instrument was employed to conduct thermal scans of 

the samples. Thermal scans at a rate of 10° C/min were performed in steps starting from 

25 to 190° C. Nitrogen was used as the purge gas and calibration was performed with In-

dium. Pyris software was used to calculate the glass transition temperatures and the endo-

thermic and exothermic peak areas.  
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    WAXD 

    A Philips XLF, ATPS X-ray diffractometer with an OMNI instruments customized auto-

mount and a copper tube (X-ray wavelength:1.54Å) was used to do the wide angle X-ray 

diffraction analysis. The 2θ scanning ranged from 5 to 40° with a step interval of 0.1°.   

    NMR 

     1H NMR was performed on a Varian Inova-500 MHz NMR spectrometer at ambient 

temperature. Dilute solutions of samples were prepared in DMSO-d6. 

6.4 Results and Discussion 

Formation of PMMA-TU and PS-TU complexes 

PMMA- and PS-TU complexes were prepared by a co-precipitation method. Figure 6.2 

shows the FTIR spectra of the PMMA-TU complex and neat PMMA and TU. Both PMMA 

(1728 cm-1) and TU (1606, 1472 and 1410 cm-1) are confirmed in the complex. Several 

new bands are also seen in the FTIR spectra of the complexes. For instance, other than 

1606 cm-1, new N-H bands at 1644 and 1619 cm-1 are visible in the PMMA-TU complex, 

which may due to the formation of new hydrogen bonding122,218. Bands at 1472 and 1410 

cm-1 in the spectrum of TU can be assigned to C-N and C-S bond stretching vibrations218, 

respectively. In the PMMA-TU complex, new C-N and C-S bond stretching peaks at 1490 

and 1394 cm-1 are present. A TU Peak at 1083 cm-1 is assigned to the NH2 rocking 

modes218. In the spectrum of the PMMA-TU complex, new vibration peaks at 1144 and 

1112 cm-1 demonstrate new NH2 vibrations. Moreover, small vibration peaks in the range 

2850 to 3000, 1230 to 1300 and 800 to 900 cm-1 can be assigned to dioxane molecules.  

    The PS-TU complex was prepared similarly to the PMMA-TU complex. The FTIR spec-

tra of asr-TU, PS-TU complex and asr-PS are showed in Figure 6.3. Bands at 2922 and 
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2859 cm-1 confirm polystyrene chains in the complex. The band at 2849 cm-1 in the spec-

trum of PS shifts to 2859 cm-1 in the complex. Similar to the PMMA-TU complex, N-H 

vibrational band exists at 1645 cm-1, which may be due to the formation of new hydrogen 

bonding122,218. The presence of bands at 1491 and 1470 cm-1 indicate different C-N inter-

actions in the PS-TU complex, compared to neat TU. New NH2 rocking modes at 1153 and 

1112 cm-1, and dioxane vibrational peaks are also found in the spectra of the PS-TU com-

plex. 

    Even though new interactions between molecules in the complexes have been shown in 

the FTIR spectra, the complex structures and the role of dioxane molecules in the com-

plexes needs to be further characterized.  

 

Figure 6.2 FTIR spectra of asr-TU (a), asr-PMMA (b) and PMMA-TU complex (c). 

 

The DSC thermograms of asr-TU, and the PMMA- and PS-TU complexes are  shown in 

Figures 6.4 and 6.5. Since TU will start to decompose above 180° C219, only a single DSC 



128 

 

scan was done for each sample. An endothermic peak at 182° C is seen in the DSC ther-

mogram of neat asr-TU, which is due to the melting of pure thiourea crystals. Two endo-

thermic peaks can be observed in the DSC scans of the PMMA- and PS-TU complexes. In 

the DSC scan of the PMMA-TU complex, the first melting peak appears at around 107° C, 

which may due to the melting of the crystalline PMMA-TU complex. The second endo-

thermic peak, located at around 167° C in the DSC scan, is the melting peak of re-crystal-

lized TU formed in the complex preparation process. Similar to the PMMA-TU complex, 

the PS-TU complex also has an endothermic peak at a lower temperature (97° C) than asr-

TU, which is around 10° C lower than the PMMA-TU complex, but around 30° C higher 

than the Tg of asr-PS. Since the asr-PS is a well mixed bimodal sample with chains of Mw 

50,000 and 1,500, showing an intermediate single Tg, we can say that both are complexed, 

because no PS Tg is observed for the PS-TU complex. 

Since both complex crystals and thiourea crystals exist in the PMMA- and PS-TU com-

plexes, determination of the stoichiometries of the complexes are not straightforward. 

 

Figure 6.3 FTIR spectra of asr-TU (a), asr-PS (b) and PS-TU complex (c). 
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Figure 6.4 DSC thermograms of asr-TU and PMMA-TU complex. 

 

 

Figure 6.5 DSC thermograms of the 2nd heating step of asr-PS (a) and asr- and PS-

TU complex (b). 
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    The WAXD diffraction patterns of asr-TU and the PMMA- and PS-TU complexes at 

room temperature are shown in Figure 6.6. Since both asr-PMMA and asr-PS are amor-

phous polymers, no crystalline peaks from the polymers should be found in their WAXD 

patterns. However, clear crystalline structures are presence in the patterns of both PMMA- 

and PS-TU complexes, which are distinct from the asr-TU WAXD pattern. By comparison 

with the WAXD data of the PMMA-TU complex, it can be concluded that the crystalline 

structure of the PS-TU complex is very similar. The main diffraction peaks in the asr-TU 

diffraction pattern shift to smaller incident angles in both PMMA- and PS-TU complexes. 

Also, the intensity of TU crystals in the complexes are much lower than in the asr-TU 

diffractogram. Other than TU peaks, a series of new diffraction peaks (marked with * in 

Figure 6.6), which are not present in the asr-TU pattern, are seen in both PMMA- and PS-

TU complex WAXD patterns. These diffraction peaks are related to the new crystalline 

structure of PMMA- and PS-TU complexes, which have lower melting temperatures than 

re-crystallized TUs. In order to prove this hypothesis, both PMMA- and PS-TU complexes 

were annealed at 120° C for 12 hrs, then re-characterized by FTIR, DSC and WAXD. Since 

the structures of PMMA- and PS-TU complexes are similar, PMMA-TU was chosen as the 

example to be discussed below and shows the same behavior as the PS-TU complex.  
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Figure 6.6 WAXD diffraction patterns of asr-TU, PMMA-TU complex and PS-TU 

complex. *=new diffraction peaks in complex samples. 

 

After annealing at 120° C, the PMMA-TU complex crystalline structure with an origi-

nally lower melting peak at 107° C was apparently disrupted. Hence, only a single melting 

peak for re-crystallized TU is now seen in the DSC scan of the complex after annealing 

(Figure 6.7). The melting temperature of re-crystallized TU in the annealed sample is 

around 10° C higher than before annealing. FTIR spectra (Figure 6.8) show that the new 

vibrational bands appearing in the PMMA-TU complex at 1644, 1619, 1490, 1394 and 

1112 cm-1 disappear in the FTIR spectrum of the complex after annealing. The peak at 

1144 cm-1 is assigned to new interactions in the re-crystallized thiourea crystals, since it 

still exists after annealing.  
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Figure 6.7 DSC thermograms of PMMA-TU complex before (a) and after (b) anneal-

ing at 120° C for 12 hrs. 

 

 

Figure 6.8 FTIR spectra of PMMA-TU complex before (a) and after (b) annealing at 

120° C for 12 hrs. 
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The WAXD pattern of the complex after annealing further confirms the new crystalline 

structure of the PMMA-TU complex. New diffraction peaks at 16.5, 19.8, 22.0, 22.3, 23.7, 

24.5, 27.0, 27.9, 29.8, 31.1, 31.8, 33.5 and 37.8 º that were found in the PMMA-TU com-

plex pattern disappear after annealing (Figure 6.9). The remaining diffraction peaks in the 

annealed samples are similar to the WAXD pattern of asr-TU. The conclusion drawn from 

the WAXD pattern agrees with that from the DSC and FTIR data. 

Structures of PMMA-/PS- TU complexes 

As mentioned before, PEO has been reported to complex with both U and TU. PEO was 

found to form both a conventional channel structure inclusion compound with urea, which 

melts at a higher temperature than pure urea, and a layered structure PEO-urea complex 

with a lower melting temperature than pure urea122. In contrast with PEO-urea complexes, 

most of the reported PEO-TU complexes have a melting temperature lower than pure TU. 

Since several different stoichiometries have been found for PEO-TU complexes, their de-

tailed structures are still unclear.   

In 2010, Liu et al.122 prepared a PEO-TU complex by the electrospinning technique.  

Comparing it with the layered structure PEO-U complex, they concluded the PEO-TU 

complex also adopted a layered structure. Two melting temperatures, a lower one at around 

110° C for the complex and a higher one that melts at ca. 160-170° C for newly recrystal-

lized TU, were observed in the DSC scans. Several new diffraction peaks were present in 

its WAXD pattern. In addition, shifts in NH2 bending modes and C=S stretching vibrational 

peaks in FTIR spectra also indicated the formation of the complex. Later on, Ye et al.124  

confirmed a layered structure for the PEO-TU complex by using a freeze-drying prepara-

tion method.  
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Figure 6.9 WAXD diffraction patterns of asr-TU, PMMA-TU complex before and  

after annealing at 120° C for 12 hrs. *= diffraction peaks in PMMA-TU com-

plex sample. 

  

Similar to the layered structure PEO-TU complexes, in our research PMMA- and PS-

TU complexes also showed lower complex melting temperatures at 107  and 97° C, respec-

tively. In addition, the diffraction peaks marked with * in the WAXD pattern of the layered 

structure PEO-TU complex, peaks at 17.1, 19.9 and 27.1 º for example122, are also seen in 

the PMMA and PS-TU complex WAXD patterns (Figure 6.6). This suggests that the 

PMMA-TU and PS-TU complexes may have layered structures similar to the PEO-TU 

complex. However, distinct to the layered structure PEO-TU complex prepared by Liu et 

al.122 or Ye et al.124, dioxane molecules were also found in the FTIR spectra of the PMMA- 

and PS-TU complexes (Figure 6.2 and 6.3). In this case, it cannot be concluded that simple 
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layered structured complexes are formed between PMMA or PS and TU. Dioxane mole-

cules may also play an important role in their complex formation.  

In 2013, Taouss et al.220 reported the formation of a layered structure crystal formed by 

TU and 1,4-dioxane solvate with a 4:1 molar composition. The asymmetric unit contains 

two thiourea molecules and a dioxane molecule as the inversion center (Figure 6.10). Even 

though details of the crystal structure and hydrogen bonding information was provided in 

their paper220, the WAXD and thermal property data of the TU-dioxane layered structure 

crystal were lacking. The method Taouss et al. used to prepare their layered structure TU-

dioxane crystal was very similar to the method used in our PMMA- and PS-TU preparation. 

 

Figure 6.10 The asymmetric unit of thiourea-1,4-dioxane layered structure crystal 

with 4:1 composition. The dashed lines correspond to hydrogen bonds in the 

unit220. 

 

In order to further study the structures of our PMMA- and PS-TU complexes, a control-

TU sample was prepared and characterized. 

Control-TU 

A control TU was prepared by adding the TU-methanol solution into the pure dioxane, 

and white precipitates were obtained. The control-TU sample was filtered and vacuum-

dried at room temperature before analyzed by FTIR, DSC, WAXD and 1H NMR.  
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Compared to asr-TU, new NH2 vibration peaks are found at 1145 cm-1 in the FTIR spec-

trum of control-TU (Figure 6.11 b). This band has been previously assigned to the new 

interactions in re-crystallized thiourea crystals. Distinct to PMMA- and PS-TU complexes, 

no new N-H band or C-N and C-S bond stretching vibrations are found in the wavenumber 

range 1250 -1700 cm-1 of the control-TU sample, which may due to the lack of polymer-

TU interactions. Interestingly, small vibration peaks in the wavenumber range 2850 to 

3000 cm-1, 1230 to 1300 cm-1 and 800 to 900 cm-1 that have been assigned to dioxane 

molecules are also absent in the spectrum of the control-TU sample. However, the exist-

ence of dioxane molecules is clearly shown in the 1H NMR spectra of control-TU (Figure 

6.12). The stoichiometry of thiourea to dioxane in the control sample is far larger than 4:1, 

which may due to the presence of re-crystallized TU.  

 

 

Figure 6.11 FTIR spectra of asr-TU (a), control-TU (b), PMMA-TU (c) and PS-TU 

(d). 
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Figure 6.12 1H NMR spectrum of the control-TU sample. 

 

 

               Figure 6.13 DSC thermogram of control-TU. 
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The DSC scan of control-TU is shown in Figure 6.13. Similar to PMMA- and PS-TU 

samples, two endothermic peaks are also found in the thermogram of control-TU. The 

lower melting temperature is located at 108° C, which is very close to the melting peak of 

the PMMA-TU complex and higher than the melting peak of the PS-TU complex. Re-

crystallized TU melts at the relatively higher temperature of 171° C. 

The DSC data is reinforced by the WAXD diffraction pattern of the control-TU. The 

WAXD diffraction pattern of control-TU is significantly different from asr-TU, but similar 

to the patterns of the PMMA- and PS-TU complexes (Figure 6.14). Nevertheless, distinct 

to the polymer-TU complexes, a peak at around 17º is absent in the WAXD pattern of 

control-TU. In addition, the intensity of the peak at 27º is significantly decreased in the 

control-TU WAXD pattern.  

Consequently, based on FTIR, DSC and WAXD data of the control-TU, it has been 

found that thiourea can form a layered structure with dioxane molecules at room tempera-

ture. The melting temperature of the TU-dioxane crystal is at ca. 108° C. PMMA- and PS-

TU complexes may also have layered structures, since the characteristic diffraction peak 

of the layered structure at 17º in PEO-TU WAXD pattern is found in PMMA- and PS-TU 

complex samples, but is absent in the WAXD pattern of the control-TU. However, instead 

of separated layers of stable hydrogen-bonded TU molecules, the PMMA and PS chains in 

their TU complexes may be separated by layers of a TU-dioxane network.  
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Figure 6.14 WAXD diffraction patterns of control-, PMMA- and PS-TU samples. 

 

6.5 Conclusions 

The PMMA- and PS-TU complexes were obtained through liquid-liquid diffusion of 

TU-methanol solutions into polymer-dioxane solutions. After their characterization by 

FTIR, DSC and WAXD, a layered structure was suggested for the PMMA- and PS-TU 

complexes. The diffraction pattern of their layered structure complex were very distinct 

from asr-TU. New interactional vibration peaks appeared in their FTIR spectra. The melt-

ing temperature of the complexes were much lower than the melting temperature of the 

pure neat TU crystal.  

The layered structure of neat TU-dioxane crystals were also prepared and characterized 

as a control sample in the study. By comparison of the neat TU-dioxane, PMMA- and PS-

, and PEO-TU layered complex WAXD patterns, we suggest the PMMA and PS chains in 
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their TU-complexes may be separated by layers of stable hydrogen-bonded networks of 

thiourea and dioxane molecules. 
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 Conclusions and Future Work 

Complexation of urea and urea analogues with several amorphous polymers, including 

poly (methyl methacrylate) (PMMA), poly (vinyl acetate) (PVAc) and polystyrene (PS) 

were studied. Both urea and N,N’-dimethylurea formed non-crystalline complexes with 

PMMA. Urea molecules act as crosslinkers between PMMA chains and increase its glass 

transition temperature. Distinct to urea, dimethylurea significantly reduces the glass tran-

sition temperature of PMMA in the complex. The steric hindrance to hydrogen bonding 

produced by the methyl substituents in dimethylurea may prevent its crosslinking between 

PMMA chains. To study the chemical structure effects on the different behaviors between 

PMMA-U and PMMA-DMU complexes, other similar substituted compounds, such as 

methylurea, tetramethylurea, and acetamide, can be used for attempted complexation with 

PMMA in future studies. In addition, molecular simulations may be another effective way 

to uncover their complexation mechanisms.  

    An “alkane-like” impurity was segregated by urea in the as-received commercial PMMA 

when preparing PMMA-U complexes. The impurity was found to significantly reduce the 

glass transition temperature of asr-PMMA. The impurity effect on the Tg of PMMA disap-

pears in coalesced-PMMAs, after removal of urea or DMU molecules from the PMMA-U 

or -DMU complexes. The original contaminant may be one of the reasons for the scattered 

Tgs reported for various PMMA nanocomposites and thin films. Not enough attention has 

been paid to the possible presence of impurities in many other previous PMMA studies.  

Heterogeneous PVAc-U complexes were formed. By reducing the urea concentration in 

the PVAc-U complex, the glass transition temperature of PVAc was reduced. Similar be-

haviors were also found in common PMMA-PVAc-U complexes. When urea concentration 

was low, a miscible blend of PMMA and PVAc appears in the PMMA-PVAc-U complex. 
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The reason why urea at low concentrations prefers to interact with PVAc as a plasticizer is 

still unclear, and should be studied further.  

Layered structure PMMA- and PS-TU complexes were prepared by adding thiourea-

methanol solutions into polymer-dioxane solutions. Instead of layers of neat TU molecules 

separating PMMA or PS chains in the complexes, the layers were composed of TU-dioxane 

hydrogen-bond networks that are stable at room temperature. However, since both complex 

crystals and neat TU crystals exist in the PMMA- and PS-TU complexes, determination of 

the stoichiometries of the polymer-TU complexes becomes difficult. Moreover, the molec-

ular weight effects on the properties of PMMA- and PS-TU complexes would be interest-

ing to study and the details of the layered crystal structures need to be further characterized.  
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