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CHAPTER 1  

INTRODUCTION AND OBJECTIVES OF THIS RESEARCH 

Nowadays, polymers play an important role in our daily life. They have wide applications such as 

automobile parts, textiles, plastics, etc. Most of polymers widely used in industry are petroleum-based 

synthetic polymers (e.g. nylon, polyester) because of their low production cost and excellent applicative 

properties. However, petroleum is not a renewable resource and as predicted by Hubbert peak theory, we 

must take care of the remaining petroleum reserves because there are less and less resources every day. 

Various approaches have been proposed in order to resolve this problem, one of which is the return of 

natural polymers. 

 

Natural polymers, such as natural rubber or polysaccharides, are renewable resources. They have been 

introduced in industry long before synthetic ones. However, in the second half of the 20th century, the 

worldwide oil exploration changed everything. Natural polymers have been largely replaced by petroleum-

based synthetic polymers. 

1.1 – From cellulose to its derivatives 

 

Figure 1: Chemical structure of cellulose 
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Cellulose is the world’s most abundant renewable material, about 7.5 x 1010 tons of production per year. 

There are two primary sources of cellulose on earth for its industrial development: wood pulp and cotton 

linters (short fibers not used to spin yarns). Their typical compositions are illustrated in Table 1 and 2. 

 

Table 1: Average chemical composition of the main constituents in the cell wall of a typical softwood and hardwood 
(Kadla and Dai 2007) 

 

Table 2: Composition of typical cotton fibers (Wakelyn 2007) 
 

Cellulose is a polysaccharide consisting of �E-1,4 glycosidic linkages of anhydroglucose units (Figure 1). 

Hydrogen bonds (H-bonds) can be easily formed within and between cellulosic chains, as illustrated in 

Figure 2. Cellulose is insoluble in water and in most of organic solvents, but it is soluble in certain ionic 

liquids (French et al. 2007). The insolubility in water is often referred to as strong intermolecular hydrogen 

bonding between cellulose molecules. Cellulose itself is difficult to be used in industry, but its derivatives 

are much easier to handle. 

 

 

Figure 2: The schematic structure of cellulose and the numbering of carbon atoms constituting its repeat unit showing 
the hydrogen bonds (dashed) within and between cellulosic chains (Lu  et al. 2014) 

Component Softwood,% Hardwood,%

Cellulose 40 - 45 38 - 49

Hemicellulose 25 - 30 30 - 35

Lignin 25 - 30 20 - 25

Total extractives 2 - 5 3 - 7

Component Typical Range

Cellulose 94.0 88.0 - 96.0

Protein 1.3 1.1 - 1.9

Pectic Substances 1.2 0.7 - 1.2

Ash 1.2 0.7 - 1.6

Wax 0.6 0.4 - 1.0

Total Sugars 0.3

Pigment Trace

Others 1.4

Percent of dry weight
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All cellulose derivatives are based on the substitution of hydroxyl groups of cellulose by other functional 

groups. Thus, a definition term Degree of substitution needs to be introduced here: The degree of 

substitution (DS) of a polymer is the (average) number of substituent groups attached per base unit (in 

the case of condensation polymers) or per monomeric unit (in the case of addition polymers). The term 

has been used mainly in cellulose chemistry where each anhydroglucose (�E-glucopyranose) unit has 

three reactive (hydroxyl) groups; degrees of substitution may therefore range from zero (cellulose itself) to 

three (fully substituted cellulose). In the case of cellulose acetate, DS is the average number of acetyl 

groups attached per anhydroglucose unit (from Encyclopedia of Polymer Science and Technology). In 

total, eight possible anhydroglucose units (AGU) of cellulose acetate are listed below (Figure 3): 

 

  

R = -COCH3 

              Unsubstituted Trisubstituted  

  
Disubstituted  

  
Monosubstituted 

Figure 3: eight possible anhydroglucose units of cellulose acetate – unsubstituted, partially substituted and fully 
substituted anhydroglucose units (R = -COCH3) 
 

The present work is focused on one of the most common cellulose derivatives in industry: cellulose 

acetate. Cellulose acetate (CA) is an environmentally friendly product from manufacturing to degradation 

processes. Its raw material is cellulose, the most abundant renewable source from the nature. Its 

industrial manufacturing is a continuous process with recovery of acetic acid and self-production of acetic 

anhydride. Relatively little chemical waste remains after the manufacturing process. Some of CA-

fabricated products (e.g. packaging, films) have been approved for food or cosmetics use. Finally, bio-

degradation of CA-fabricated products is totally possible via various methods. Cellulose acetate is also a 

transparent, glossy, non-flammable and tough polymer with good dimensional stability and high 

resistance against heat and chemicals. Nowadays, fully substituted cellulose triacetate (CTA) and 

partially substituted cellulose diacetate (CDA, DS = 2.5) are the most commercialized cellulose acetate in 

the market.  
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1.2 – History of cellulose acetate 

Cellulose acetate was historically discovered by Paul Schützenberger in 1865, by reacting cellulose with 

acetic anhydride. Cellulose triacetate was industrialized (first patents in 1894, Rustemeyer 2004) much 

earlier than acetone-soluble cellulose diacetate (discovered by George Miles in 1904). CTA could be 

applied as photographic film, artificial silk or hornlike plastic materials. But the major commercial 

breakthrough was the application of cellulose diacetate as a textile fiber. The success of cellulose acetate 

fiber lasted until 1960’s when cheaper petroleum-based synthetic fibers (such as nylon and polyester) 

entered textile market. The chronicle of cellulose acetate’s industrial applications is summarized in Figure 

4. Apart from the applications mentioned above, filter tow for cigarettes, polarizer protection film and other 

environmentally friendly plastics should also be noted.  

 

 
Figure 4: The chronicle of cellulose acetate’s industrial applications over 100 years (from Ocalio® brochure) 
 

Another potential market of cellulose acetate is filter tow for cigarettes. A linear and constant growth has 

been observed in the CA filter tow market since 1960s. It is currently the biggest market of cellulose 

acetate in industry. Some of the major players in this market are Celanese Corporation, Eastman 

Chemical Company, Daicel Corporation, Solvay Acetow GmbH and Mitsubishi Rayon Co. 

1.3 – Evolution of cellulose acetate market 

World consumption of cellulose acetate is mainly in four different markets: filter tow for cigarettes, textile 

fibers, polarizer protection film in liquid crystal displays (LCD) and coatings, plastics and membranes. The 

following Table 3 and Figure 5 present the estimated 2011-2016 evolution of world consumption of 

cellulose acetate flakes (from CEH Marketing Research Report of Cellulose Acetate Flake, April 2012): 
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Table 3: Estimated 2011-2016 evolution of world consumption of cellulose acetate flake (from CEH Marketing 
Research Report of Cellulose Acetate Flake, April 2012) 

 

Figure 5: Estimated 2011-2016 evolution of world consumption of cellulose acetate flake (from CEH Marketing 
Research Report of Cellulose Acetate Flake, April 2012) 
 

According to this marketing research report, polarizer protection film in LCD will be the CA market which 

has the most important growth in the period of 2011-2016 (+ 7.7%). Other applications, such as filter tow 

for cigarettes and textile fibers, will be the constant growing markets for cellulose acetate. The main target 

of cellulose acetate market is now towards high-value market rather than commodity market. 
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1.4 – Industrial manufacturing 

In industry, cellulose acetate is produced via the acetylation of cellulose. Three industrial processes have 

been mainly applied in the cellulose acetate manufacturing history. 

 

• The acetic acid process 

• The methylene chloride process 

• The heterogeneous process 

 

The Methylene Chloride Process was developed by Bayer, which replaces acetic acid of the Acetic Acid 

Process with methylene chloride. The solvent allows “reflux” cooling to remove the heat of acetylation and 

is a better solvent for cellulose triacetate than acetic acid. However, high investment and low productivity 

are the drawbacks of this method. With improvements of product quality issued from the Acetic Acid 

Process, the Methylene Chloride Process has been abandoned since 2003. 

 

The Heterogeneous Process is based on a non-solvent instead of acetic acid or methylene chloride. It is 

dedicated to the production of cellulose triacetate flakes. The non-solvent can be of petroleum ether or 

toluene type. It results cellulose triacetate flakes in a fibrous state. The process has been abandoned in 

the late 1990’s. 

 

Here, we will focus on the acetic acid process which is the most widely used method for the production of 

commercial cellulose acetate. In the acetic acid process, two major stages are involved: the acetylation of 

cellulose and the hydrolysis of cellulose triacetate. Therefore, the following raw materials are required for 

the industrial production of cellulose acetate: 

 

• Wood pulp/cotton linter (cellulose source) 

• Acetic acid (solvent) 

• Acetic anhydride (reagent) 

• Sulfuric acid (catalyst). 

 

1.4.1 – Activation of wood pulp 

 

Wood pulp is the most common cellulose source used for the cellulose acetate manufacturing industry. 

The commercial products are usually available in sheets. In order to achieve the best performance of 

cellulose acetylation, the commercial wood pulp sheets need to be firstly activated. 
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The activation (pre-treatment) stage consists in three steps: 

 

• Mechanical disintegration 

• Swelling in acetic acid 

• Sulphuric acid addition 

 

The result of the activation stage is a homogeneous accessibility of cellulose hydroxyl groups for the 

reagent during the next acetylation stage. 

 

1.4.2 – Acetylation stage 

 

Acetylation of cellulose is considered as a kind of esterification: the hydroxyl groups of cellulose can be 

substituted by acetyl groups. In the literature, the following equations are widely accepted as the general 

acetylation mechanism: 

 

 

Figure 6: The general acetylation mechanism of cellulose acetate 
 

In industry, the acetylation stage is usually in a continuous process (as shown in Figure 8). 

 

1.4.3. – Hydrolysis stage 

 

The hydrolysis of cellulose triacetate is mainly performed under acidic conditions in industrial process. 

Water or dilute acetic acid is needed to start this hydrolysis process: 

 

 

Figure 7: Hydrolysis of cellulose triacetate 
 

Finally, the hydrolysis will be stopped when the desired degree of substitution of cellulose acetate is 

reached. 
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Figure 8: Simplified outline of industrial manufacturing process of cellulose acetate (Rustemeyer 2004). 
 

1.4.4 – Final treatments 

 

Once desired cellulose acetate is formed in solution, it needs to be precipitated, washed and dried. At the 

same time, a part of acetic acid can be recovered and recycled for further use in the continuous process. 

In some cases, recovered acetic acid is sufficient enough to be used for the self-production of acetic 

anhydride (as illustrated in Figure 8). 

1.5 – General properties of unplasticized cellulose acetate 

1.5.1 – Solubility of cellulose acetate in organic solvents 

 

The solubility of cellulose acetate depends on the average degree of substitution (DS). Figure 9 outlines 

the solubility of commercial cellulose acetate in various organic solvents. Here, “degree of substitution” of 

cellulose acetate is replaced by another term: “acetic acid, %”. The conversion of DS in acetyl and acetic 

acid content is calculated according to Equation 1 and listed in Table 4. Formic acid and solvent mixture 

of methylene chloride / methanol (9:1) are able to dissolve all commercial cellulose acetates. Acetone is a 

good solvent for cellulose diacetate (DS 2.0 – 2.7). 

Dissolving��pulp

Pretreatment

Acetylation

Hydrolysis

Precipitation

Purification

Drying

Cellulose��acetate

Acetic��acid

Acetic��anhydride

Sulfuric��acid

Dilute��acetic��acidConcentration

Acetic��anhydride��
production

Dilute��acetic��acid
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Figure 9: Solubility of commercial cellulose acetate in various organic solvents (Cellulose Ester of Ullmann’s 
encyclopedia of industrial chemistry) 
 

�&�5 L
�s�x�t H ��̈º�Ö�Ø�ç�ì�ß

�:�v�u H �s�r�r�;  F  c�:�v�u F �s�;  H � �̈º�Ö�Ø�ç�ì�ßg
 

Equation (1) 

Where: 

- 162 = molar weight of cellulose monomer 

- 43 = molar weight of acetyl group 

- %Acetyl = acetyl content (wt.%) 

 

 

Table 4: Relationship of cellulose acetate’s DS to acetyl content and combined acetic acid 
 

  

Compound DS
Acetyl 

Content
Acetic Acid

Content

Cellulose 0 0.0% 0.0%

Cellulose Monoacetate 1 21.1% 29.4%

Cellulose Diacetate (CDA) 2 34.9% 48.8%

Cellulose Triacetate (CTA) 3 44.8% 62.5%
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1.5.2 – Thermal properties of cellulose acetate 

 

Thermal properties of cellulose acetate were resumed by Kamide and Saito 1985 in Figure 10. 

 

The dependence of glass transition temperature (Tg) on the degree of substitution of cellulose acetate is 

generally described by Equation 2: 

 

�6�Ú�:�- �; L �w�t�u F � t� r�ä�u���&�5 

Equation (2) 

 

In Figure 10, the crosspoint between Tg and decomposition temperature (Td) is found at DS ~1.7, which 

means from this point, Tg of cellulose acetate is measurable by conventional characterization techniques. 

Another crosspoint is found at DS ~2.5 between melting temperature Tm and Td. According to Kamide and 

Saito 1985, the limited range of DS ~2.5 is the only cellulose acetate whose Tm is lower than Td. This is 

why DS 2.5 is the most suitable DS to be transformed through melt processing techniques and is always 

found among the commercial cellulose acetate grades. Its typical DSC thermogram is shown in Figure 11. 

 

 

Figure 10: Dependence of glass transition temperature Tg, melting temperature Tm and decomposition temperature Td 
on the average degree of substitution of cellulose acetate (Kamide and Saito 1985). 
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Figure 11: Typical DSC thermogram of unplasticized cellulose acetate powder (DS 2.5, McBrierty et al. 1996) 
 

The glass transition temperature of DS 2.5 was identified at 190°C, along with polymer melting peaks at 

higher temperatures. The decomposition of cellulose acetate may occur at the same temperature range 

(McBrierty et al. 1996). 

 

1.5.3 – Dynamic properties of cellulose acetate 

 

 

Figure 12: DMTA spectra of cellulose acetate at frequencies (–) 0.3 Hz and (--) 30 Hz (Scandola et al. 1985a) 
 



 Introduction and Objectives of This Research  

28 
 

Dynamic properties of cellulose acetate are generally evaluated by Dynamic Thermal Mechanical 

Analysis (DMTA) and Broadband Dielectric Spectroscopy (BDS). Literature researches were focused on 

cellulose acetate DS 2.5 (Figure 12 and 13). Mechanical and dielectric relaxations were identified. 

 

Primary���D-relaxation of cellulose acetate (DS 2.5) was determined at ~200°C (at frequency 3 Hz). The 

shoulder �E* was believed to be related to the loss of water. Two secondary relaxations of cellulose 

acetate (denoted as �E- and �J-relaxations) were found in the sub-glass region (Scandola et al. 1985a). 

 

 

Figure 13: Temperature dependence of relaxation times of cellulose acetate (I: �J-relaxation and II: �E-relaxation). 
(Sousa et al. 2010) 
 

Dielectric studies of cellulose acetate (DS 2.5) have been reported in the literature along with those of 

polysaccharides (Seymour et al. 1979, McBrierty et al. 1996, Einfeldt et al. 2001, Jafarpour et al. 2007, 

Kaminski et al. 2009, Sousa et al. 2010, Kusumi et al. 2011, Roig et al. 2011). �E- and �J-relaxations of 

cellulose acetate were identified but their molecular origins remain undetermined. The terminal �D-

relaxation of cellulose acetate was not as well documented as secondary relaxations due to conductivity 

interferences. 

 

1.5.4 – Structural properties of cellulose acetate 

 

The majority of structural studies of cellulose acetate are focused on cellulose triacetate (CTA). CTA is a 

semi-crystalline and has two polymorphs: CTA I and CTA II, the latter has been thoroughly analyzed by 

Roche et al. 1978. Little information is available for other amorphous cellulose acetates in the literature. 
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The International Centre for Diffraction Data (ICDD) has launched a project in order to collect the Powder 

Diffraction Files (PDF) for the study of polymorphism and crystallinity in cellulosics.  

Fawcett et al. 2013 publish a resumed technical article containing diffractograms of cellulose acetate. An 

X-ray diffraction example of commercial cellulose acetate (DS 2.5) is shown in Figure 14. Three 

crystalline transitions are identified in a mainly amorphous background signal. Their weak intensities are 

issued from a low degree of crystallinity in the unplasticized cellulose diacetate. 

 

 

Figure 14: Diffractogram of cellulose diacetate (DS 2.5) from PDF N° 00-062-1713 (Fawcett et al. 2013). Arrows point 
out the crystalline transitions. 
 

1.5.5 – Miscibility behavior of cellulose acetate 

 

The work of Dyer et al. 2013 on the blends of cellulose acetates (with different DS) is one of the neutron 

scattering studies of cellulose acetate available in the literature. The blend miscibility was proven to 

depend on the difference in degree of substitution (�ûDS) of cellulose acetate blend. However, the study 

covers a very limited range of correlation length and thus is incomplete. Other interesting work is done by 

Kulkarni 1994a, b. 

1.6 – Plasticizers of cellulose acetate 

Cellulose acetate has its own weakness: it needs to be plasticized for being industrially processed from 

the melt because its melting temperature is too close to its decomposition temperature. A plasticizer is an 

additive that is mixed with a polymer in order to make it more flexible, durable, and processable by 
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lowering transition temperature of the macromolecule. Literature bibliographic research of plasticized 

cellulose acetates is summarized in Table 5.  

 

Literature Reference Cellulose Acetate (DS) Plasticizer

Buchanan, Dorschel et al. 1996 Blends of
DS 2.49 (Eastman CA398-30)
and DS 2.06 (Hydrolysis of DS 2.49)

Poly(ethylene glycol) (PEG 400)

Buchanan, Pearcy et al. 1997 DS 2.49 (Eastman CA398-30) Poly(ethylene succinate)

Buchanan, Buchanan et al. 2003 DS 2.47 (Eastman product) Arabinoxylan acetate

Nishio, Matsuda et al. 1997 DS 2.9 (acetylation of unmodified cellulose) Poly(�L-caprolactone)

Miyashita, Suzuki et al. 2002
Ohno, Yoshizawa et al. 2005

DS 1.80, 2.18, 2.33, 2.48, 2.70, and 2.95
(Daicel products)

Poly(vinyl acetate) (PVAc),
Poly(N-vinyl pyrrolidone) (PVP), 
Poly(N-vinyl pyrrolidone-co-vinyl acetate) 
[P(VP-co-VAc)]

Ohno and Nishio 2007a
Ohno and Nishio 2007b

DS 1.80, 2.18, 2.33, 2.48, 2.70, and 2.95
(Daicel products)

Poly(vinyl acetate) (PVAc),
Poly(N-vinyl pyrrolidone) (PVP), 
Poly(N-vinyl pyrrolidone-co-vinyl acetate) 
[P(VP-co-VAc)]
Poly(methyl methacrylate) (PMMA)
Poly(N-vinylpyrrolidone-co-methyl methacrylate) 
[P(VP-co-MMA)]

Higeshiro, Teramoto et al. 2009 DS 2.45 (Daicel product) Poly(vinyl pyrrolidone-co-vinyl acetate)-graftpoly(�L-
caprolactone) (PVPVAc-g-PCL)

Unohara, Teramoto et al. 2011 DS 2.15 (Daicel product) Cellulose diacetate-graft-poly(L-lactide)
(CDA-g-PLLA)
Poly(vinyl acetate-co-vinyl alcohol)-graft-PLLA 
[P(VAc-co-VOH)-g-PLLA]

Aoki, Teramoto et al. 2011 DS 2.28 (Daicel product) Poly(methyl methacrylate) (PMMA)
CA-MA (mercaptoacetic acid)

Yoshitake, Suzuki et al. 2013 DS 1.80, 2.18, 2.48, 2.70, and 2.95
(Daicel products)

Poly(acryloyl morpholine) (PACMO)

Shashidhara, Guruprasad et al. 2002 Combined acetic acid = 53.5–55.5% w/w Nylon 6

Cerqueira, Valente et al. 2009 DS 2.60 and 2.88 Polyaniline

Gaibler, Rochefort et al. 2004 DS 2.49 (Eastman CA398-30) Polyvinyl phenol

Zhou, Zhang et al. 2003 Combined acetic acid, 54.5–56.0 wt% Castor oil-based polyurethane

Choi, Lim et al. 2005 Eastman product 30% Triethyl citrate (TEC)
Natural fibres
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Table 5: Summary of bibliographic references on additives able to plasticize cellulose acetates. 
 

Plasticizers are incorporated in the amorphous parts of polymers while the structure and size of any 

crystalline part remains unaffected. Plasticizers are expected to reduce the modulus, tensile strength, 

hardness, density, melt viscosity, glass transition temperature, electrostatic chargeability, and volume 

resistivity of a polymer, while at the same time increasing its flexibility, elongation at break, toughness, 

dielectric constant, and power factor (Definition in “Encyclopedia of Polymer Science and Technology”). 

Plasticizers are usually low molecular weight (MW) chemicals, which specifically interact with polymers 

and spread them apart in order to increase free volume in one system. Thus, plasticizers reduce polymer-

polymer bonding and provide more molecular mobility for the macromolecules. 

 

An ideal plasticizer should be highly compatible with polymers, stable in any kind of temperature 

environments, sufficiently lubricating over a wide temperature range, insensitive to radiations, leaching 

and migration resistant, inexpensive and should respect health and safety regulations. The current market 

offers numerous choices of plasticizers with a range of attributes that can be selected for specific 

applications to meet critical material requirements. 

 

Plasticizers can be divided into two categories: internal plasticizers and external plasticizers. External 

plasticizers are not attached to polymer chains by covalent bonds and can therefore be lost by 

evaporation, migration or extraction. On the other hand, internal plasticizers are inherently part of the 

plastic and remain part of the product. Sometimes binary or even ternary plasticizer blends can be used 

to improve certain performance properties and/or to lower cost. 

 

Warth, Mulhaupt et al. 1996 DS 2.5 (Acetow GmbH) Lactones
Hydroxyfunctional plasticizers
Organosolv lignin, cellulose, starch, and chitin

Shaikh, Pandare et al. 2009 DS 2.6 to 3 (from bagasse cellulose) Residual hemicellulose

Gutiérrez, De Paoli et al. 2012 Tenite Acetate 105
Cellulose acetate (38.7% acetyl degree)
Eastman products

Dioctyl phthalate
Glycerol triacetate
Triethyl citrate
Curauá fibers

Quintana, Persenaire et al. 2013 DS 2.5 (British American Tobacco) Triacetin
Tripropionin
Triethyl citrate 
Tributyl citrate
Tributyl 2-acetyl citrate
Poly(ethylene glycol) 200

Mohanty, Wibowo et al. 2003
Park, Misra et al. 2004

DS 2.5
Eastman product

Triethyl citrate (TEC)

Meier, Kanis et al. 2004 CA with ca. 40% of acetyl content Poly(caprolactone triol)

McBrierty, Keely et al. 1996 DS 2.5 Diethyl phthalate
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The most commonly used plasticizers worldwide are esters of phthalic acid. Phthalate esters were initially 

found to be no harmful to human beings and therefore have been used in various products such as 

children’s toys and medical plastics where they may come in close contact with the human body. 

However in 2013, one of the most widely used phthalate plasticizer - di-(2-ethylhexyl) phthalate (DEHP), 

has been officially classified by the International Agency for Research on Cancer (IARC) to be possibly 

carcinogenic to humans (group 2B). 

1.7 – Objectives of the current research work 

The current research work is partially financed by Solvay group, who holds the Acetow GmbH, the third 

biggest supplier of cellulose acetate in the world. Cellulose acetate, as other natural polymers, has 

regained attention for various industrial applications due to its biodegradability and renewability. Cellulose 

acetate has been survived against petro-based synthetic polymers in industry thanks to the filter tow 

market for cigarettes in the late 20th century. Nowadays, the global market tends to assure a sustainable 

development which encourages the return of renewable materials. 

 

 

Figure 15: Chemical structure of cellulose acetate (DS 2.45, commercial grade) with possible intra H-bonding 
 

Cellulose acetate is a derivative of cellulose, the most abundant organic polymer on Earth. It has an 

important polar interaction network consisting of hydrogen bonding and dipole-dipole interactions, which 

is believed to have significant influence on its ultimate properties (Figure 15). Dynamic relaxations of 

cellulose acetate are supposed to be dependent on polar interactions, especially for segmental motions 

(i.e. �D-relaxation). It will be interesting to figure out how the strength and the density of polar interaction 

network marks its influence on polymer relaxations. This kind of polymers with specific interactions is 

rarely documented in the literature and it will be interesting to extend our investigations (theoretical and 

experimental researches) on it. 
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To do so, the first step is to modulate the strength and the density of polar interaction network with three 

parameters: 

 

- Degree of substitution (DS) 

 

The strength and the density of hydrogen bond network is strongly dependent on the amount of hydroxyl 

groups, which is defined by the degree of substitution. On the other hand, the strength and the density of 

dipolar interaction network is strongly related to the amount of acetyl side groups, which is also defined by 

the degree of substitution. Thus, three different DS will be under investigation in the present work:  

 

�x DS 2.45, the commercial grade of cellulose acetate  

�x DS 1.83 and DS 2.08, issued from pilot production 

 

The chosen DS are required to accomplish the following conditions: possibility to dissolve in an organic 

solvent or solvent mixture, accessibility to their Tg (DS range of 1.7 ~3) and resulted samples suitable for 

characterizations. 

 

- Typology of plasticizers 

 

Plasticizers are able to modulate the polar interaction network by proposing different kinds of polymer-

plasticizer interactions. Under the present work, traditional plasticizers of cellulose acetate are preferred. 

In this context, triacetin (TA) and diethyl phthalate (DEP) are selected as the plasticizers of cellulose 

acetate (Figure 16). Interactions between TA and cellulose acetate are supposed to be dissimilar with 

those between DEP and cellulose acetate. 

 

 

Figure 16: Chemical structure of plasticizers – diethyl phthalate and triacetin 
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Triacetin is a common plasticizer of cellulose acetate and an eco-friendly one. It has been less applied in 

industrial processes than DEP but is proven as an efficient CA plasticizer. With increasing demand of 

environmental protections and “green” polymers, TA is now considered as a potential candidate to 

replace the phthalate plasticizers. 

 

Diethyl phthalate has been one of the most common plasticizers of cellulose acetate until the end of the 

20th century. Due to some toxicity/security issues, its industrial use will be sharply reduced in the next 

future and replaced by eco-friendly plasticizers. For our study, DEP is considered as the reference 

plasticizer of the phthalate family. 

 

- Plasticizer content 

 

The third and last modulation factor is the plasticizer content, which is expected to vary from 0 to 50%, 

weight fraction. Considering the unprocessability of the unplasticized cellulose acetate in industrial 

processing, solvent casting method will be applied for sample preparation in this reasearch work. 

 

The second step of the study is the characterization, which includes thermal (Modulated Differential 

Scanning Calorimetry, MDSC), thermo-mechanical (Dynamic Mechanical Thermal Analysis, DMTA), 

dielectric (Broadband Dielectric Spectroscopy, BDS), structural (Wide-Angle X-Ray Scattering, WAXS) 

and neutron scattering (Small-Angle Neutron Scattering, SANS) measurements. 

 

Therefore, to resume the objectives of our work, it is important to: 

 

- Confirm the plasticization effect of DEP and TA on cellulose acetate 

- Identify and understand the miscibility behavior between the plasticizer and the polymer 

- Study the influence of the polar interaction network (in terms of density and strength) on these 

behaviors 

- Establish the link between the structure of plasticized CA systems and their dynamic properties 

as well as their relaxation mechanisms 

 

Thus, this report is organized as follows: experimental conditions are presented in Chapter 2, some 

detailed information is listed in Appendix I and II. 
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In Chapter 3, we focus on the miscibility study between plasticizers and cellulose acetate by interpreting 

the thermal, thermo-mechanical and neutron scattering results. Chapter 4 is dedicated to the structural 

study by XRD technique. In Chapter 5, we focus on the dynamical properties of plasticized CA systems: 

identification of relaxation processes either by mechanical or by dielectric analysis, interpretations of their 

molecular origins/relaxation mechanisms. Each of these three chapters is completed with a global 

comparison and well-resumed conclusion with all available results. 

 

A more complete discussion assembling all experimental results is made in the Chapter 6, in order to 

propose and to justify credible interpretations on the important behaviors observed in plasticized CDAs. 

General conclusions and perspectives can be finally found in Chapter 7. 
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CHAPTER 2  

EXPERIMENTAL SECTION 

2.1 – Materials 

2.1.1 – Cellulose acetate and its solubility in organic solvents 

 

Cellulose acetate flakes (CA) were kindly supplied by Solvay Acetow GmbH with three different degrees 

of substitution (DS 1.83, DS 2.08 and DS 2.45). They were used as raw materials of plasticized CA 

systems. The solubility of cellulose acetate in various organic solvents has been previously discussed. 

“Solvent Casting” method requires a solvent or a solvent mixture which fits the following conditions: 

 

- Good solubility of cellulose acetate in this solvent 

- Optimized volatility (for slow evaporation) 

- No toxicity (according to our laboratory’s policy regarding solvent manipulations) 

 

Cellulose acetate with DS 2.45 

 

Cellulose acetate with DS 2.45 is the commercial product for cigarette filter tow. It is chosen as the 

reference system of this work. Acetone is chosen as its organic solvent. 

 

Cellulose acetate with DS 1.83 

 

Cellulose acetate samples of DS 1.83 are obtained from a ‘pilot-scale’ level and cannot be considered as 

commercial products. 
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DS 1.83 is an interesting degree of substitution to study with non-negligible amounts of hydroxyl groups, 

for the evolution of the polar interaction network of the corresponding CA matrix. Acetone cannot totally 

dissolve the original flakes of DS 1.83 alone at room temperature. Small amount of water is needed to 

complete the dissolution step. The solvent mixture is acetone/water (95/5, v/v) in volume fraction for the 

first dissolution. After that, a second dissolution of treated DS 1.83 is performed in acetone with success. 

 

Cellulose acetate with DS 2.08 

 

DS 2.08 is an unusual but interesting degree of substitution for our investigations as little information is 

found in the literature, concerning its specific behavior. Surprisingly DS 2.08 is not at all dissolved by 

acetone at room temperature while DS 1.83 can be partially dissolved by acetone. Acetone/water is a 

good solvent mixture for DS 2.08 but the resulted film is not suitable for further characterizations. 

 

Ethyl acetate, methyl formate, methanol, isopropanol, chloroform and dichloromethane were also tested 

without success. Finally, we succeeded with a mixture of acetone/methanol (75/25, v/v). Thus, organic 

solvents or solvent mixtures applied in this work are: 

 

- DS 1.83 – acetone/water (95/5, v/v), then second dissolution in acetone 

- DS 2.08 – acetone/methanol (75/25, v/v) 

- DS 2.45 – acetone 

 

2.1.2 – Plasticizers of cellulose acetate 

 

Triacetin 

 

Triacetin (TA), also called glycerin triacetate, is one of the most common plasticizers of cellulose acetate. 

It is also an eco-friendly plasticizer. Triacetin and cellulose acetate share same side functional groups: 

acetyl groups. Table 6 shows the properties and characteristics of triacetin. 

 

Diethyl phthalate 

 

Diethyl phthalate (DEP) belongs to the family of phthalates which is often used as plasticizer for a wide 

range of polymer systems (notably PVC). DEP differs from TA in that there is an aromatic ring in its 

chemical structure. Table 6 shows the properties and characteristics of DEP. Unfortunately, the phthalate 

family may have some toxicity issues so that they have been less and less used as plasticizers in industry. 
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Table 6: Properties and characteristics of triacetin and diethyl phthalate 
 

2.2 – Preparation of cellulose acetate films through Solvent Casting method 

Solvent casting is the only preparation method at the laboratory scale to produce both plasticized and 

unplasticized cellulose acetate films. It is a common film-making method used in the literature. 

 

 

Figure 17: Photographs of solvent casting method (step 1 to 3, respectively). 

Triacetin Diethyl Phthalate

Chemical Structure

CAS Number 102-76-1 84-66-2

Formula C9H14O6 C12H14O4

Molecular Weight 218 g.mol-1 222 g.mol-1

Density 1.16 g.cm-3 at 25°C 1.12 g.cm-3 at 20°C

Appearance Oily liquid Oily liquid

O

O

O

O

1 1

2 3
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1) Plasticized cellulose acetate solution 

 

Cellulose acetate and plasticizer mixtures in the desired weight proportions were dissolved in the 

corresponded solvent (mixtures) at a concentration of 10%. Plasticizer content in the plasticized cellulose 

acetate systems varied from 0 to 50% in weight fraction. The solutions were stirred for at least 24 h at 

room temperature and then poured into a Teflon tray. 

 

2) Solvent evaporation 

 

Films were made by slow solvent evaporation at room temperature and stored in a desiccator until 

analysis. Slow solvent evaporation prevents films from surface damaging and air bubbles. 

Acetone is the solvent for the evaporation process because of its volatile nature. Teflon tray is specially 

designed for slow solvent evaporation and for film removal process. 

 

3) Characteristics of plasticized CA films 

 

Finally, plasticized CA films are measured as 10 cm in diameter and 300-400 mm thickness (as shown in 

Figure 17). They are relatively transparent and have a good mechanical resistance. The shape and 

dimension of plasticized CA films are totally suitable for further characterizations. 

 

Karl Fischer titration method 

 

Trace amounts of water were quantified by Karl Fischer titration method at 160 °C. It helps us to improve 

further experimental conditions and to have a glance at the influence of water on our films. 

 

NMR spectroscopy used for the determination of plasticizer content 

 

NMR samples were prepared using acetone-d6. Tetramethylsilane (TMS) was used as internal standard 

for each sample. 1H NMR spectra were measured over the range of 0 - 15 ppm with a Bruker 300 MHz 

instrument (Karlsruhe, Germany). From the obtained spectra, the exact plasticizer content was 

determined using pyrrole as the reference. Standard deviation is estimated at ± 1~2%, weight fraction. 
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2.3 – Miscibility study of cellulose acetate 

2.3.1 – Modulated Differential Scanning Calorimetry (MDSC) 

 

Figure 11 (see Chapter 1) is a typical thermogram of cellulose acetate obtained by the traditional 

Differential Scanning Calorimetry (DSC). The step decrease of the heat flow which is related to the glass 

transition seems to be superimposed with other transitions and is not easy to be determined. To resolve 

this problem, it was decided to use the modulated DSC (MDSC) instead of the traditional one. 

 

Modulated DSC calorimetry has been commercialized at the end 1990’s and has been proven as an 

efficient tool to analyze complex transitions. It is an improved version of the traditional DSC which 

provides significant advantages over the latter one: separation of complex transitions, increased 

sensitivity for detection of weak transitions and, most importantly, measurement of heat flow and heat 

capacity in a single experiment (Figure 18). 

 

 

Figure 18: Our DSC thermogram of unplasticized secondary cellulose acetate flakes. Heating rate 5°C.min-1. Data 
collected by MDSC. 
 

Modulated DSC differs from traditional DSC in that it applies two simultaneous heating rates to the 

sample (Figure 19). The linear heating rate provides the same information as traditional DSC (i.e. total 

heat flow rate), while the modulated sinusoidal heating rate is used to calculate the fraction of the total 

heat flow rate that corresponds to a changing heating rate. This fraction is called reversing heat flow 

which is dependent on heat capacity (or changes in heat capacity). The remaining fraction of the total 

heat flow is then called non-reversing heat flow, which is a time-dependent or kinetic component. 

Complex transitions can then be separated according to this principle: Heat flow = reversing heat flow 

(heat capacity dependent) + non-reversing heat flow (kinetic/time dependent). 
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Figure 19: Principles of modulated DSC 
 

In this work, the most important transition to be studied is the glass-to-rubber transition of plasticized 

cellulose acetates, which should be found in the reversing heat flow. Other thermal transitions, such as 

decomposition or cristallization process, can be found in the non-reversing heat flow. 

 

MDSC measurements were performed by using a Q2000 differential scanning calorimeter (TA 

Instruments, United States) equipped with a liquid N2 cooling device. Indium was used for temperature 

and heat flow calibration. Sapphire was used to calibrate the MDSC reversing heat capacity signal. For 

each measurement, 5 - 10 mg of material was sealed into a Tzero aluminum pan and placed in the 

autosampler. Samples were preconditioned at 70 °C for 15 min to eliminate any residual solvent. 

Thermograms were recorded during heating at a scanning rate of 5 °C/min. Modulation was performed 

every 40 s at ± 2 °C. Glass transition temperatures were determined from the second scan in order to 

discard the influence of thermal history. 
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Determination of phase compositions 

 

In case of phase separations, the MDSC can also help us to calculate phase compositions and their 

volume fraction by comparing theoretical and experimental Tg values and the heat capacity step �ûCp. 

Theoretical Tg values were predicted from the Couchman-Karasz equation (Couchman & Karasz, 1978), 

an empirical law which assumes no specific interactions between the two components of the blend: 

 

�6�Ú L
�S�5  H � ¿� %� L�5  H � 6�Ú�5 E � S�6  H � ¿� %� L�6  H � 6�Ú�6

�S�5  H � ¿� %� L�5  E � S�6  H � ¿� %� L�6
 

Equation (3) 

Where  

�r Tg1 is the glass transition temperature of the pure polymer 

�r Tg2 that of plasticizer 

�r w1 and w2 the weight fraction of each component 

�r �ûCp1 and �ûCp2 the increment of heat capacity 

 

Phase composition was also calculated from the above equation by using its corresponded experimental 

Tg value. Thus, the resulted w1 and w2 are the weight fractions of each component in this phase domain. 

The volume fractions of each phase domain in a plasticized CDA system were determined by the heat 

capacity step �ûCp. 
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Equation (4) 

Where 

�r �ûCpi is the heat capacity step of a phase domain 

�r �ûCpc is the heat capacity step of a pure component 

 

When the phase domain is rich in cellulose acetate, then �ûCpc should be that of unplasticized CA system. 

On the other hand, when the phase domain is rich in plasticizer, then �ûCpc should be that of pure 

plasticizer. The MDSC results and related calculations will help us establish a first view on the miscibility 

behavior of plasticized cellulose acetate systems. 
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2.3.2 – Dynamic Mechanical Thermal Analysis (DMTA) 

 

Dynamic Mechanical Analyzer (DMA) works by applying a sinusoidal deformation to a sample of known 

geometry. The sample will deform under a controlled stress or strain according to instruments. Then DMA 

measures stiffness and damping which are generally reported as modulus and tan �G. The modulus can be 

divided into two parts: the storage modulus (E’) and the loss modulus (E”) because of the sinusoidal 

deformation: 

�ê�:�P�;  L � Û�4�>�'�" �•�‹�• �ñ�P E �'�6 �…�‘�• �ñ�P�? 

Equation (5) 

 

Storage modulus (E’) is a measure of the elastic response of a material (stored energy) while loss 

modulus (E”) is a measure of the viscous response of a material which is associated to dissipation of 

energy. The ratio between the loss and the storage moduli is called the loss angle or tan �G, which is the 

out-of-phasing angle between stress and strain, and which represents the energy proportion dissipated as 

heat by the polymer in a sample. Figure 12 (see Chapter 1) is a general example of the modulus plot of 

cellulose acetate against temperature. The glass transition is characterized as a large drop (a decade or 

more) in the storage modulus when log E’ is plotted against a linear temperature scale. A peak can be 

seen in E” and tan �G signals at the same time. Secondary transitions could also be detected but with 

much less intensity. 

 

A Rheometrics Scientific Analyzer RSA II was used to perform DMTA measurements. Samples were cut 

into rectangular films having the following dimensions: length of 26.5 mm, width of 4.5 mm and thickness 

of 0.3 mm. Strain limit was fixed at 0.02 %. Thus the mechanical response of all samples will be found in 

the linear regime. Curves were recorded at frequencies 1 Hz during heating from ~-100 °C at a scanning 

rate of 2 °C/min. 

 

Theoretical T�Ds for polymer-plasticizer blends can be predicted by the Fox equation (Fox, 1956), another 

empirical law which assumes no specific interactions between the two components of the blend. 
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Equation (6) 

Where  

�r Tg1 is the glass transition temperature of the pure polymer 

�r Tg2 that of plasticizer 

�r w1 and w2 the weight fraction of each component 
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2.3.3 – Small-Angle Neutron Scattering (SANS) 

 

Small-Angle Neutron Scattering (SANS) is a well-established characterization method for microstructure 

investigations in various materials, such as macromolecules, colloids, porous systems or proteins, etc. 

Furthermore, it can reveal inhomogeneity from the near atomic scale (~0.5 nm) to the near micron scale 

(~1 000 nm). Consequently, SANS is considered as a powerful tool to characterize the miscibility behavior 

of plasticized cellulose acetates. 

 

The SANS experiments were performed on the D11 beamline at Institut Laue Langevin (ILL, Grenoble, 

France), using a neutron wavelength of 6 Å (�O).The instrument layout of D11 is shown in Figure 20. A 

polychromatic neutron beam comes from the vertical cold source of the ILL high flux reactor and is 

monochromated by a velocity selector. The neutrons are then collimated by a series of moveable glass 

guides in order to control their divergence, size and intensity. 

 

 

Figure 20: Instrument layout of D11 (Institut Laue Langevin, Grenoble, France) 
 

When the neutron beam is directed at a sample, some of the incident radiation is transmitted by the 

sample, some is absorbed and some is scattered. Neutrons scattered from the sample are detected on a 

multi-position detector which may be placed at any distance between 1.2 and 39 meters from the sample 

position, giving a total accessible momentum transfer (q) range of 3.10-4 to 1 Å-1. Three detector distances 

were applied in our study: 1, 8 and 28 m to cover a q range of 2.15 * 10-3 – 0.5 Å-1. Complete 

characteristics of D11 instrument are listed in Appendix I. 
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Definitions of Small-Angle Neutron Scattering 

 

One of the most important definitions in SANS is the scattering cross section, which is a measure of how 

strongly neutrons will be scattered from the nucleus. The total scattering cross section (�1s, cm2) is defined 

as: 

�ê�æL
�P�K�P�=�H���J�Q�I�>�A�N���K�B���J�A�Q�P�N�K�J�O���O�?�=�P�P�A�N�A�@���>�U���O�A�?�K�J�@

�0
 

Equation (7) 

Where �)  is the number of incident neutrons per unit area per second. 

 

The differential cross section is defined as: 
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Equation (8) 

 

 

Figure 21: The geometry of a scattering experiment 
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It can also be expressed as: 

 

�+�:�M�; L
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Equation (9) 

Where 

I(q): Scattering intensity (cm-1) 

q Scattering vector (Å-1) 

N: Number of scattering objects per unit volume (cm-3), �§ �M/�[3 according to 

Figure (�M is volume fraction of scattering objects in the sample) 

�û�U: Scattering length density contrast (cm-2) 

V: Volume of scattering objects (cm3), �§ �[3 according to Figure  

P(q): Normalized form factor, which represents the interference of neutron 

scattered from different parts of the same object (dimensionless) 

S(q): Normalized structure factor, which represents the interference of neutrons 

scattered from different objects (dimensionless) 

 

Figure 22 shows scattering objects with a correlation length �[ in a SANS sample which can be expressed 

by the Equation 9. Later in Chapter 3.3, the Debye-Bueche Equation is based on the Equation 9. 

 

 

Figure 22: Illustration of scattering objects (with a correlation length �[) in a SANS sample. 
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Scattering vector q is defined as: 
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Equation (10) 

Where 

- �O: neutron wavelength (Å) 

- �T: scattering angle between the incident beam and the scattered beam 

 

A quantity called scattering length density is defined as follows: 
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Equation (11) 

Or 
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Equation (12) 

Where 

�r �U: coherent scattering length density of a material 

�r ni: number of an isotope in a monomer 

�r bi: coherent scattering length of an isotope 

�r �� : the volume containing the n atoms 

�r d: density of a material (g.cm-3) 

�r NA: Avogadro constant (mol-1) 

�r Mw: molar mass of a monomer (g.mol-1) 

 

Thus, the scattering length density contrast between two phases is defined as: 

 

�¿�é L �é�5  F � é�6 

Equation (13) 

Where 

�r �U1 and �U2 are the scattering length densities of the phase 1 and phase 2, respectively. 

 

NIST Centre for Neutron Research (NCNR) provides a summary table of neutron scattering lengths and 

cross sections with the complete list of elements and isotopes (Sears 1992). 
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Table 7 is the summary of theoretical coherent scattering length densities of all samples. Neutrons are 

elastically scattered either by nuclear scattering (through interaction with the nucleus) or by magnetic 

scattering (through interaction of unpaired electrons with the magnetic moment of the neutron). Neutron 

scattering lengths vary randomly with atomic number. It also varies between isotopes of the same 

element. The most useful example is hydrogen and deuterium: 1H is one of the rare isotopes whose 

coherent neutron scattering length density is negative. Thus the scattering length of a molecule can be 

varied by replacing hydrogen with deuterium. This technique is called “contrast variation” or “deuterium 

labelling” and is one of the key advantages of neutron scattering over X-rays and light (Figure 23). 

 

 

Table 7: Summary of theoretical coherent scattering length densities of cellulose acetates and plasticizers. DEP d14 
and TA d9 are the deuterated plasticizers. 

 

Figure 23: Schematic representation for a mixture of deuterated and non-deuterated polymers (bold lines represent 
the deuterated part of polymer blend). 
 

Incoherent neutron scattering intensity 

 

Neutron scattering is characterized by coherent and incoherent contributions to scattering. In our SANS 

experiments, we are interested in the coherent contributions. The incoherent part of neutron scattering 

needs to be calculated and to be separated from the coherent part (Equation 14). 

 

�U

(cm�r2)

DS 1.83 1.73E+10

DS 2.08 1.76E+10

DS 2.45 1.79E+10

DEP 1.54E+10

DEP d14 5.56E+10

TA 1.35E+10

TA d9 4.17E+10
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Equation (14) 

Where  

�r d: density of a material (g.cm-3) 

�r NA: Avogadro constant (mol-1) 

�r Mw: molar mass of a monomer (g.mol-1) 

�r nH: number of 1H in a monomer 

�r xsH: incoherent scattering cross section of 1H (10-24 cm2) 

 

According to NIST Centre for Neutron Research (NCNR), the incoherent scattering cross section of 1H is 

80.27*10-24 cm2. Other isotopes’ incoherent scattering cross sections are negligible compared to 1H’s 

value. Incoherent neutron scattering is q (the scattering vector) independent. Table 8 is the summary of 

incoherent scattering results of all samples. 

 

 

Table 8: Summary of incoherent scattering results of all samples (deuterated and protonated samples) 
 

  

SANS Sample
Incoherent

(cm -1)

Plateau Value

(cm -1)
Differences

DS 2.45 + 10% TA 0.26 0.43 0.17

DS 2.45 + 20% TA 0.25 0.42 0.17

DS 2.45 + 40% TA 0.21 0.38 0.17

DS 1.83 + 10% TA 0.27 0.50 0.23

DS 1.83 + 20% TA 0.25 0.39 0.14

DS 1.83 + 40% TA 0.21 0.39 0.18

DS 2.08 + 10% TA 0.27 0.40 0.13

DS 2.08 + 20% TA 0.25 0.49 0.24

DS 2.08 + 40% TA 0.21 0.42 0.21

DS 2.45 + 10% TA 0.28 0.52 0.24

DS 2.45 + 20% TA 0.28 0.50 0.22

DS 1.83 + 10% TA 0.29 0.53 0.24

DS 2.08 + 10% TA 0.29 0.53 0.24

DS 2.45 + 45% DEP 0.16 0.36 0.20

DS 2.45 + 30% DEP 0.20 0.43 0.23

DS 2.45 + 20% DEP 0.23 0.46 0.23

DS 2.45 + 10% DEP 0.25 0.50 0.25

DS 2.45 + 30% DEP 0.28 0.47 0.19

DS 2.45 + 20% DEP 0.28 0.49 0.21

DS 1.83 + 30% DEP 0.29 0.47 0.18

DS 2.08 + 20% DEP 0.28 0.49 0.21

Triacetin
d9

Triacetin

Diethyl
Phthalate

d14

Diethyl
Phthalate
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2.4 – Structural study of cellulose acetate 

2.4.1 – Degree of crystallinity by calorimetry 

 

The crystallinity degree of cellulose acetate is estimated by the ratio between the melting enthalpy of the 

material under study (�ûHm) and the respective value for the totally crystalline material (�ûH0
m): 
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Equation (15) 

Where �ûH0
m = 58.8 J/g as proposed by Cerqueira et al. 2006. 

 

2.4.2 – X-ray diffraction 

 

Wide-angle X-ray scattering (WAXS) is used to gather structural information of cellulose acetate systems 

in the present work. This technique is based on the Bragg’s Law of diffraction which describes the 

condition for a reflected X-Ray beam to constructively interfere with an incident beam: 

 

�J�ã L �t�@ �•�‹�• �à 

Equation (16) 

Where 

�r n: an integer 

�r �O: the wavelength of incident X-ray beam 

�r �T: the angle of incident X-ray beam 

�r d: distance between crystalline layers 

 

 

Figure 24:Scheme of X-ray diffractometer (from Technique de l’Ingénieur p1080) 
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WAXS differs from small-angle X-ray scattering (SAXS) because its scattering angles 2���T is larger than 5°. 

The experimental setup is the following: an X-Ray beam is sent to the sample at a given incident angle, 

the beam penetrates in the sample and it is reflected. A detector placed behind the sample detects the 

reflected beams and their scattered intensity as shown schematically on Figure 24. Finally, the resulted 

X-ray diffractogram is the plot of scattered intensity against the scattering angle 2���T. Due to major 

amorphous nature of cellulose acetate, WAXS diffractograms are expected with little crystalline peaks. 

Nevertheless, useful structural information can be gathered by X-ray patterns. 

 

X-ray diffractograms were measured on a Bruker D8 Advance diffractometer (Bruker, Germany) by 

refraction method using nickel-filtered CuK�. radiation (�O = 1.5406 Å) operated in the �Z-2���T scanning 

mode between 1 and 90° (2���T). 

 

2.5 – Dynamic properties of cellulose acetate 

2.5.1 – Broadband Dielectric Spectroscopy (BDS) 

 

Broadband dielectric spectroscopy (BDS) is our characterization technique for studying dynamic 

properties of plasticized CDA systems. Analogous to a sinusoidal deformation in DMTA measurement, an 

electric field is applied to a dielectric material. By measuring dynamics of polarization of a material, one 

can obtain information regarding its molecular motion. BDS is a powerful technique because it covers a 

large frequency range and temperature range in a single experiment. However, only materials with 

sufficiently high polarisability are suitable for this characterization technique. BDS measurements were 

carried out in the frequency range of 0.06 - 107 Hz by means of an Alpha-N analyzer from Novocontrol 

GmbH (Hundsangen, Germany). Isothermal frequency scans were performed from - 130°C up to 200°C 

in steps of 4°C/scan. Temperature was controlled to better than 0.1 K with a Novocontrol Quatro 

cryosystem. Parallel gold-plated electrodes with a diameter of 20 mm were used. The sample thickness 

was 0.3 - 0.4 mm. 

 

Data analysis 

 

In order to analyze dielectric relaxation processes, several model functions have been proposed in the 

literature. Debye relaxation is the dielectric relaxation response of an ideal, non-interacting population of 

dipoles to an alternating external electric field: 
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�Ý�Û�:�ñ�;  L � Ý�¶ E
�¿�Ý

� s  E � E� ñ� ì�½
 

Equation (17) 

Where 

�r �û�0 = �0s - �0�’  is the dielectric strength (the difference between the real permittivity values at the low 

and high frequency limits) 

�r �WD is the Debye relaxation time 

 

Debye-like relaxation behavior is rarely observed. Usually dielectric peaks are much broader than Debye-

like ones. The broadening of dielectric functions could be described by Cole-Cole equation (Cole & Cole, 

1941, 1942): 

 

�Ý�Û�:�ñ�;  L � Ý�¶ E
�¿�Ý

� s  E�:�E�ñ�ì�¼�¼�;��
 

Equation (18) 

 

Where �D is the symmetrical broadening factor of dielectric function with 0 < �D �” 1. Debye model is actually 

a simplified version of Cole-Cole equation if �D = 1. Cole-Cole equation is frequently used as the model 

function of data analysis of secondary relaxation processes. 

 

The commercial software “WinFit” was used to fit the isothermal dielectric relaxation data by using a sum 

of the model function introduced by Havriliak and Negami (Havriliak & Negami, 1967): 

 

�Ý�Û�:�ñ�;  L � Ý�¶  E  Í
�¿�Ý�Ý

c�s E k�E�ñ�ì�Ýo
�� �¹�¿�Õg

�	 �¹�¿�Õ
�Ý

 

Equation (19) 

Where 

�r �û�0 = �0s - �0�’  is the dielectric strength (the difference between the real permittivity values at the low 

and high frequency limits) 

�r �W �§ (2�Sfmax)
-1 is the characteristic relaxation time 

�r �DHN and �EHN are the shape parameters (0< �DHN <1, 0< �DHN . �EHN <1) 

�r j is the number of relaxation processes 

 

Cole-Cole equation is also a simplified version of Havriliak-Negami equation if �E = 1. 
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CHAPTER 3  

MISCIBILITY BEHAVIOR OF CELLULOSE ACETATE - PLASTICIZER 

BLENDS 

In Chapter 3, miscibility behavior of plasticized cellulose acetate is studied through the exploration of 

three characterization techniques: Modulated Differential Scanning Calorimetry (MDSC), Dynamic 

Mechanical Thermal Analysis (DMTA) and Small-Angle Neutron Scattering (SANS). The first two are 

conventional techniques used for materials science while SANS is able to provide information about 

structure and dynamics of polymers on a length scale of 5 ~ 1000 Å, which is not an accessible range for 

MDSC and DMTA. The objective of the study is to understand miscibility behavior between cellulose 

acetate and its plasticizers from a macroscopic and a microscopic point of view. 

 

3.1 – Miscibility behavior of plasticized cellulose acetate: a MDSC study 

First, it would be better to introduce the criteria of “miscibility” before any discussion or interpretation. The 

miscibility term is commonly estimated by the determination of the glass transition temperature(s) of the 

binary system. From a thermodynamic perspective, polymer blends may be miscible, partially miscible, or 

immiscible. A miscible blend will exhibit a single glass transition between the Tg values of both 

components with a sharpness of the transition similar to that of the components. Broadening of glass 

transitions is a criterion of heterogeneous dispersion of components in the blend. With cases of limited 

miscibility (partial miscibility), two separate transitions between those of the constituents may result, 

depicting a component-1 rich phase and a component-2 rich phase. Tg values of separated phases are 

between those of pure components. A fully immiscible polymer blend will result the finding of Tg‘s of 

component 1 and component 2. 
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Cellulose acetates with three different degrees of substitution (DS 1.83, DS 2.08 and DS 2.45) plasticized 

by triacetin and diethyl phthalate are discussed here. The plasticizer content varies from 0% to 50% 

weight fraction, by steps of 10%. Cellulose acetates with specific plasticizer percents may be produced 

and analyzed if necessary. In this chapter, representative samples are analyzed in details. In case of 

partial miscibility (i.e. phase separation), plasticized cellulose acetate is considered as a two-phase 

system: cellulose acetate-rich phase (CDA-rich phase) and plasticizer-rich phase. As a reminder, glass 

transition temperatures are determined from the second heating scan in order to discard the influence of 

thermal history.  

Thermal analysis is able to provide important details on the behavior of plasticized cellulose acetates: 

 

- Identification of glass transition and ability for phase separation. 

- Miscibility diagram of cellulose acetate and its plasticizers. 

- Calculation of phase compositions according to empirical Couchman-Karasz equation. 

- Determination of volume fractions of each phase in case of phase separation. 

 

3.1.1 – Cellulose acetate (DS 2.45) plasticized by triacetin and diethyl phthalate 

 

The first series of plasticized cellulose acetate to be analyzed is DS 2.45 plasticized by triacetin (TA, 

Figure 25). DS 2.45 is the commercial grade of cellulose acetate and is considered as our reference 

system. TA is reported as an efficient plasticizer of cellulose acetate or related derivatives (Fordyce and 

Meyer 1940; Suvorova et al. 1995, Fringant et al. 1998). 

 

Triacetin is an eco-friendly plasticizer but has a low molecular weight (218 g.mol-1). Cellulose acetate with 

DS 2.45 is a high-molecular-weight polymer (Mw �§ 65 000 g.mol-1). The polymer and the plasticizer are 

not miscible in all proportions. Acetyl groups of triacetin are supposed to interact with cellulose acetate 

through dipolar interactions and hydrogen bondings (H-bonds). The influence of these polar interactions 

on glass transition is unknown. Prediction of glass transition temperatures in a binary blend is generally 

described by a few empirical equations, such as Couchman-Karasz Equation or Fox Equation (Fox 1956, 

Couchman and Karasz 1978). These empirical models are based on the assumption of a perfect binary 

system in which the two constituents never interact with each other. As a result, deviations of 

experimental results from the empirical model are expected for our plasticized cellulose acetate series. 

Tg‘s prediction will be based on the Couchman-Karasz Equation for thermal analysis, as others did in their 

studies (Fringant et al. 1998). Glass transition can be identified either by a smooth step in the ‘reversing 

heat flow’ curve or by a peak in the ‘derivative reversing heat capacity’ curve. The glass transition signal 

of cellulose acetate is broad and not intense because of heterogeneous distribution of 8 possible 

anhydroglucose units of cellulose acetate. 
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Three plasticizer contents are selected to illustrate miscibility behavior of TA-plasticized DS 2.45 series 

(Figure 25): 

 

  

  

  

Figure 25: Left - MDSC thermograms of DS 2.45 + TA and Right - MDSC thermograms of DS 2.45 + DEP. Red lines: 
heat flow with glass transition steps. Blue lines: derivative heat capacity with glass transition peaks. 
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�r 10% TA, which is a low plasticized composition, represents a totally miscible system. One glass 

transition is identified. 

�r 20% TA, which is considered as a threshold limit of phase separation, represents the beginning of 

partial miscibility between cellulose acetate and triacetin. A second Tg is merely observed. 

�r 40% TA, which is highly plasticized, represents a partially miscible system. Two glass transitions 

are found: one for CDA-rich phase and another for TA-rich phase. 

 

The evolution of glass transition temperatures of TA-plasticized DS 2.45 series is plotted in Figure 26, as 

well as its miscibility diagram as a function of plasticizer content.  

 

  

Figure 26: Top - MDSC thermograms of plasticized DS 2.45 series, arrows indicate glass transition temperatures. 
Bottom - Miscibility diagrams of plasticized DS 2.45 series, Couchman-Karasz Equation is considered as the 
theoretical prediction of Tg’s. 
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General observations are listed below: 

 

- The plasticization effect of triacetin on cellulose acetate is efficient because of the important 

decrease of Tg’s. Broadening of glass transitions with increasing plasticizer content is observed 

and is attributed to the heterogeneity of the system.  

- Partial miscibility threshold limit of TA-plasticized DS 2.45 series is established ~20% TA. From 

this point, two glass transitions are identified in thermal analysis: Tg of CDA-rich phase and Tg of 

TA-rich phase. Both of them are composition-dependent and are between the Tg values of pure 

polymer and plasticizer. 

- Deviations of experimental Tg’s from the Couchman-Karasz prediction are observed as expected. 

This is supposed to be due to the presence of dipolar interactions and H-bonds created between 

the polymer and the plasticizer. 

 

  

Figure 27: Left - Evolution of Tg’s of starch acetate with the amount of plasticizer and comparison with the theoretical 
curve. Right - Thermogram of triacetin after rapid quenching at 110°C. Scanning rate 15°C/min (Fringant et al. 1998). 
 

Determination of phase composition is based on the measured Tg’s and the Couchman-Karasz law. 

Volume fractions of respective phases are estimated by �ûCp (increment of heat capacity). Details of 

calculation are listed in Chapter 2. Fringant et al. 1998 is the reference article of plasticization effect of 

triacetin: the external plasticization of starch acetate by triacetin was examined by the Couchman-Karasz 

equation, one of the empirical calculations of Tg’s of polymer-diluent system. In Figure 27, a good 

agreement was observed between the model and the experimental data, demonstrating that triacetin is a 

good plasticizer over a wide range of composition and it is efficient in producing starch acetate plastics 

with a low Tg. The heat capacity increment at glass transition temperature (�ûCp) of each component was 

known in thermal analysis: 
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- �ûCp of starch acetate = 0.23 J.g-1.K-1 

- �ûCp of triacetin = 0.50 J.g-1.K-1 

 

These values are considered as the literature reference for our study of TA-plasticized cellulose acetates. 

�ûCp of cellulose acetate and of triacetin resulted from our MDSC analysis are: 

 

- �ûCp of cellulose acetate (DS 2.45) = 0.27 J.g-1.K-1 

- �ûCp of triacetin = 0.57 J.g-1.K-1 

 

 

Table 9: Phase compositions of DS 2.45 + TA issued from glass transition temperatures. Tg
ck (°C): Couchman-Karasz 

prediction; Tg
CDA (°C): glass transition temperature of CDA-rich phase; Tg

TA (°C): glass transition temperature of TA-
rich phase 
 

Table 9 summarizes phase compositions of DS 2.45 + TA series. It has to be mentioned that the 

composition of a phase domain is estimated from the Couchman-Karasz empirical model. Non-negligible 

standard deviations (± 3% plasticizer content) need to be taken into account due to the broadness of 

glass transitions of plasticized DS 2.45 series and the use of the empirical equation. 

 

% CDA % TA % CDA % TA

Unplasticized DS 2.45 192 192 N/A 100 0 N/A N/A

DS 2.45 + 10% TA 143 142 N/A 90.0 10.0 N/A N/A

DS 2.45 + 20% TA 102 109 N/A 82.0 18.0

DS 2.45 + 30% TA 68 82 -35 75.0 25.0 24.0 76.0

DS 2.45 + 40% TA 39 60 -40 68.0 32.0 21.0 79.0

DS 2.45 + 50% TA 14 N/A -47 N/A N/A 17.0 83.0

Triacetin -70 N/A -70 N/A N/A 0 100

Merely observed

TA-plasticized CDA T g
ck

 (°C) Tg
CDA

 (°C) Tg
TA

 (°C)

CDA-rich phase TA-rich phase

% CDA % DEP % CDA % DEP

Unplasticized DS 2.45 192 192 N/A 100 0 N/A N/A

DS 2.45 + 10% DEP 137 141 N/A 90.0 10.0 N/A N/A

DS 2.45 + 20% DEP 93 113 N/A 85.0 15.0 N/A N/A

DS 2.45 + 30% DEP 57 84 -49 78.0 22.0 26.0 74.0

DS 2.45 + 40% DEP 26 69 -58 74.0 26.0 20.0 80.0

DS 2.45 + 50% DEP 0 65 -68 72.0 28.0 14.0 86.0

Diethyl Phthalate -88 N/A -88 N/A N/A 0 100

DEP-plasticized CDA T g
ck

 (°C) Tg
CDA

 (°C) Tg
DEP

 (°C)

CDA-rich phase DEP-rich phase
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Figure 28: Photograph of highly plasticized cellulose acetate with triacetin. Arrows point out the exudation of the 
plasticizer. 
 

According to our experimental protocol, plasticizer content in cellulose acetates never exceeds 50%, 

weight fraction. Plasticizer exudation is visible to the naked eye from 50% TA (Figure 28). No interest is 

justified to continue raising the plasticizer content. 

 

The second series to be analyzed is DS 2.45 plasticized by diethyl phthalate (DEP, Figure 25). DEP is a 

historically common plasticizer of cellulose acetate along with other phthalate esters (Fordyce and Meyer 

1940, Seymour et al. 1979, Scandola and Ceccorulli 1985b and Keely et al. 1995). Its chemical structure 

is different from triacetin’s: DEP consists of an aromatic ring with two carboxylic acid ethyl esters in ‘ortho’ 

positions (Figure 29). The study of DEP-plasticized DS 2.45 series is an opportunity for us to understand 

the influence of plasticizer’s chemical structure on the behavior of cellulose acetate. DEP may have the 

same ability as triacetin to interact with cellulose acetate through dipolar interactions and H-bonds 

because of the carboxylic acid ethyl ester side groups. It is also susceptible to interact with cellulose 

acetate in a different way due to the presence of the aromatic ring. Three plasticizer contents are selected 

to illustrate various miscibility behaviors: 

 

�r 10% DEP, represents a totally miscible system. One glass transition is identified. 

�r 25% DEP, is considered as the threshold limit of phase separation.  

�r 40% DEP, represents a partially miscible system. Two glass transitions are found. 

 

 

Figure 29: Available sites to interact with cellulose acetate through dipolar interactions for DEP and TA. 
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According to the results of Figure 25, 26 and Table 9, important observations about DEP-plasticized DS 

2.45 series are listed below (�ûCp of DEP = 0.60 J.g-1.K-1): 

 

- The plasticization effect of diethyl phthalate on cellulose acetate is efficient because of the 

important decrease of Tg’s. Broadening of glass transitions with increasing plasticizer content is 

observed and is attributed to the heterogeneity of the system. Nevertheless, the decrement of 

Tg’s (�ûTg) is more significant for triacetin-plasticized DS 2.45 series than the DEP series. The 

plasticization effect of triacetin on cellulose acetate is more powerful than that of DEP. 

 

- Partial miscibility threshold limit of DEP-plasticized DS 2.45 series is estimated ~25% DEP. From 

this point, two glass transitions are identified in thermal analysis: Tg of CDA-rich phase and Tg of 

DEP-rich phase. Both of them are composition-dependent and are between the Tg values of pure 

polymer and plasticizer. Compared to the miscibility behavior of TA-plasticized DS 2.45 series, 

DS 2.45 + DEP series maintains a wider miscibility range than the TA series. 

 

- Deviations of experimental Tg’s from the Couchman-Karasz prediction are also observed. This is 

supposed to be due to the presence of specific interactions created between the polymer and the 

plasticizer. This point will be recalled in the next chapters. 

 

3.1.2 – Cellulose acetate (DS 2.08) plasticized by triacetin and diethyl phthalate 

 

Cellulose acetate with DS 2.08 is one of the ‘pilot-scale’ flakes provided from our supplier. Kamide and 

Saito 1985 predicted its glass transition temperature at ~207°C. Buchanan et al. 1996 studied a cellulose 

acetate blend of DS 2.06 and DS 2.49. Their unplasticized DS 2.06 is completely amorphous and its Tg is 

found at 209°C. According to our thermal analysis, the Tg of the unplasticized DS 2.08 is measured at 

201°C.  

 

Three plasticizer contents are selected to illustrate its miscibility behavior (Figure 30): the same percent 

as  those of DS 2.45 series. Figure 31 and Table 10 summarize the MDSC results of TA-plasticized DS 

2.08 series. The Tg of the unplasticized DS 2.08 is 9°C higher than the Tg of the unplasticized DS 2.45. As 

expected, the glass transition signal is broad due to the heterogeneity of the system. According to the 

Couchman-Karasz Equation, plasticized DS 2.08 series should have a higher Tg value than the 

plasticized DS 2.45 series. 
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The plasticization effect of triacetin on cellulose acetate with DS 2.08 is efficient because of the important 

decrease of Tg’s. Broadening of glass transitions with increasing plasticizer content, partial miscibility 

threshold limit and deviations of experimental Tg’s from the Couchman-Karasz prediction are all similar to 

the behavior of TA-plasticized DS 2.45 series. 

 

  

  

  

Figure 30: Left - MDSC thermograms of DS 2.08 + TA and Right - MDSC thermograms of DS 2.08 + DEP. Red lines: 
heat flow with glass transition steps. Blue lines: derivative heat capacity with glass transition peaks. 
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Figure 31: Top - MDSC thermograms of plasticized DS 2.08 series, arrows indicate glass transition temperatures. 
Bottom - Miscibility diagrams of plasticized DS 2.08 series, Couchman-Karasz Equation is considered as the 
theoretical prediction of Tg’s. 
 

The plasticization effect of diethyl phthalate on cellulose acetate with DS 2.08 is not as efficient as on 

cellulose acetate with DS 2.45 (Figure 30, 31 and Table 10), although the partial miscibility threshold limit 

is still estimated at ~25% DEP. A third glass transition temperature is identified around - 90°C when the 

DEP content exceeds 30% weight fraction. This third Tg is supposed to be related to a ~100% DEP phase 

domain because the Tg of pure DEP liquid is - 88°C (from internal work not reported in this study). This 

makes the highly plasticized DS 2.08 + DEP series a three-phase system: CDA-rich phase, DEP-rich 

phase and DEP phase. Furthermore, in the event where the third transition is identified, compositions of 

CDA-rich phase and DEP-rich phase do not evolve anymore. 

 

R
ev

er
si

ng
 H

ea
t F

lo
w

 (
W

/g
)

2001000-100
Temperature (°C)

 DS 2.08
 DS 2.08 + 10% TA
 DS 2.08 + 20% TA
 DS 2.08 + 30% TA
 DS 2.08 + 40% TA
 DS 2.08 + 50% TA

R
ev

er
si

ng
 H

ea
t F

lo
w

 (
W

/g
)

2001000-100
Temperature (°C)

 DS 2.08
 DS 2.08 + 10% DEP
 DS 2.08 + 20% DEP
 DS 2.08 + 30% DEP
 DS 2.08 + 40% DEP
 DS 2.08 + 50% DEP

200

150

100

50

0

-50

-100

T
g 

(°
C

)

100806040200
Plasticizer Content (%)

 Couchman-Karasz Equation
 CDA-Rich Phase
 TA-Rich Phase

MDSC

DS 2.08

200

150

100

50

0

-50

-100

T
g 

(°
C

)

100806040200
Plasticizer Content (%)

 Couchman-Karasz Equation
 CDA-Rich Phase
 DEP-Rich Phase
 DEP

MDSC

DS 2.08



 Miscibility Behavior of Cellulose Acetate - Plasticizer Blends  

65 
 

Table 10: Phase compositions of DS 2.08 + TA issued from glass transition temperatures. Tg
ck (°C): Couchman-

Karasz prediction; Tg
CDA (°C): glass transition temperature of CDA-rich phase; Tg

TA (°C): glass transition temperature 
of TA-rich phase. 
 

In Table 10, one can see that 12.5% DEP is the highest plasticizer content which efficiently plasticizes DS 

2.08 (% DEP in CDA-rich phase). Thus, the lowest Tg of DEP-plasticized DS 2.08 is observed at ~130°C. 

It is important to understand the mechanism of the formation of the third thermal transition in DEP-

plasticized DS 2.08. Our hypothesis is that the third transition corresponds to cavities partially filled with 

plasticizer molecules.  

 

Figure 32: Scheme of the formation of cavities (trajectory N°2, yellow curve). No cavities formed through trajectory 
N°1 (green curve). 

% CDA % TA % CDA % TA

Unplasticized DS 2.08 201 201 N/A 100 0 N/A N/A

DS 2.08 + 10% TA 150 156 N/A 91.5 8.5 N/A N/A

DS 2.08 + 20% TA 107 125 N/A 84.5 15.5

DS 2.08 + 30% TA 72 101 -39 78.5 21.5 21.5 78.5

DS 2.08 + 40% TA 43 74 -46 70.5 29.5 17.0 83.0

DS 2.08 + 50% TA 17 N/A -54 N/A N/A 12.0 88.0

Triacetin -70 N/A -70 N/A N/A 0 100

TA-plasticized CDA

CDA-rich phase TA-rich phase

Merely observed

Tg
ck

 (°C) Tg
CDA

 (°C) Tg
TA

 (°C)

% CDA % DEP % CDA % DEP

Unplasticized DS 2.08 201 201 N/A N/A N/A 100 0 N/A N/A

DS 2.08 + 10% DEP 144 160 N/A N/A N/A 93.0 7.0 N/A N/A

DS 2.08 + 20% DEP 99 134 N/A N/A N/A 88.0 12.0 N/A N/A

DS 2.08 + 30% DEP 61 132 -49 -87 N/A 87.5 12.5 25.0 75.0

DS 2.08 + 40% DEP 29 131 -49 -87 -100 87.5 12.5 25.0 75.0

DS 2.08 + 50% DEP 2 134 -49 N/A -97 88.0 12.0 25.0 75.0

Diethyl Phthalate -88 N/A -88 N/A N/A N/A N/A 0 100

CDA-rich phase DEP-rich phase

DEP-plasticized CDA T g
ck

 (°C) Tg
CDA

 (°C) Tg
DEP1

 (°C) Tg
DEP2

 (°C) Tg
DEP3

 (°C)

�I s
ol

ve
nt

�Ipolymer

Non-equilibrium domain

�Isolvent + �Ipolymer = 11

2



 Miscibility Behavior of Cellulose Acetate - Plasticizer Blends  

66 
 

The mechanisms which lead to the formation of cavities are illustrated in Figure 32. Let us consider a 

CDA film with solvent. Initially, before evaporation takes place, the density may be normalized by 1, 

corresponding to a dense system. Then, evaporation takes place. The trajectories in the (�) p, �) s) space 

are illustrated in the same figure. If the evaporation process is slow enough, the trajectory never enters 

the unstable domain: the total density remains sufficiently high for the system to be in the stable state 

(trajectory N°1, green curve). If the evaporation process is fast as compared to the film contraction 

process, then the trajectory may enters the unstable domain (shaded area in Figure 32, trajectory N°2, 

yellow trajectory). 

 

Figure 33: Different steps from solvent evaporation to formation of cavities (Trajectory N°2 in Figure 32). 
 

Thus, during the solvent evaporation, two different situations may occur: 

 

- Case 1 represents a solvent evaporation step without creating cavities. Its solvent evaporation 

speed is slow enough to avoid the unstable domain: the film contraction is fast enough for the 

total density to remain sufficiently high. This situation is favored when the plasticized polymer film 

has a low Tg. 
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- Case 2 if the solvent evaporation speed is fast as compared to film contraction, the total density 

decreases sufficiently for the trajectory to enter the unstable domain. This situation is favored 

when the plasticized film has a high Tg. 

 

These effects are possible because solvent diffusion and mechanical contraction are two different 

mechanisms: solvent diffusion is controlled by fast path in the material, whereas film contraction is 

controlled by the alpha-relaxation process. The latter is controlled by the slowest part of the relaxation 

spectrum of the material as measured in dielectric spectroscopy or in mechanical spectroscopy (e.g. Long 

& Lequeux 2001, Merabia et al. 2004, Julien, PhD thesis, Lyon 2014). 

 

The formation of cavities is illustrated in Figure 33: in the first step, solvent has diffused out of the sample. 

Empty regions appear before contraction takes place (Step 2 in Figure 33).  If the sample has had time to 

partially contract, it may still remain in the stable region of the phase space (trajectory N°1, Figure 32). In 

this case, contraction will continue, without formation of cavities (Step 3 in Figure 33). If the sample has 

not contracted sufficiently during the solvent evaporation stage, the sample may enter the unstable 

domain (trajectory N°2). Then, cavities may appear (Step 4 in Figure 33). 

 

Note that the size and volume fraction of the cavities should depend on the glass transition temperature 

(Tg) of the plasticized CDA. When the Tg is low enough, contraction takes place rapidly, and no cavities 

may appear. For a higher Tg, contraction may be too slow for preventing cavities. On the other hand, 

mechanical relaxation may be sufficiently quick for building large cavities in the sample. If the Tg is even 

higher, the cavity formation process may stop when the cavities are still relatively small. 

 

3.1.3 – Cellulose acetate (DS 1.83) plasticized by triacetin and diethyl phthalate 

 

The third and last cellulose acetate to be analyzed is DS 1.83, whose hydroxyl side groups should be the 

most abundant among the three DS. Kamide and Saito 1985 predicted its glass transition temperature at 

~212°C. Ohno and Nishio 2007a used DS 1.80 (supplied from Daicel Chemical Industries, Ltd.) for their 

miscibility study of cellulose acetate blends. The Tg of DS 1.80 was then reported as 203°C, compared to 

a Tg value of 204°C which is measured by thermal analysis for our DS 1.83 grade. MDSC thermograms of 

cellulose acetate with DS 1.83 plasticized by triacetin and diethyl phthalate are shown in Figure 34 and 35. 
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Figure 34: Left - MDSC thermograms of DS 1.83 + TA and Right - MDSC thermograms of DS 1.83 + DEP. Red lines: 
heat flow with glass transition steps. Blue lines: derivative heat capacity with glass transition peaks. 
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Figure 35: Top - MDSC thermograms of plasticized DS 1.83 series, arrows indicate glass transition temperatures. 
Bottom - Miscibility diagrams of plasticized DS 1.83 series, Couchman-Karasz Equation is considered as the 
theoretical prediction of Tg’s. 
 

The plasticization effect of triacetin on cellulose acetate with DS 1.83 is efficient as shown by the 

important decrease of Tg’s. The miscibility behavior between DS 1.83 and triacetin is almost the same as 

the behavior of two other TA-plasticized cellulose acetates. It is interesting to notice that at the same 

triacetin content, the Tg of DS 1.83 series is always lower than the Tg of DS 2.08 series. As a reminder, 

the Tg of the unplasticized DS 1.83 is 3°C higher than that of the unplasticized DS 2.08 (Equation 2). Thus, 

the decrement of Tg’s (�ûTg) is more important in DS 1.83 series until the plasticized content reaches 40% 

weight fraction. 
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Table 11: Phase compositions of DS 1.83 + TA issued from glass transition temperatures. Tg
ck (°C): Couchman-

Karasz prediction; Tg
CDA (°C): glass transition temperature of CDA-rich phase; Tg

TA (°C): glass transition temperature 
of TA-rich phase. 
 

With regard to DEP-plasticized DS 1.83 series, the miscibility behavior is much like that of DS 2.08 series 

(Table 11). Meanwhile, the exceptions are made for the two following points:  

 

- The third Tg is observed when the DEP content exceeds 40% weight fraction, instead of 30% in 

DS 2.08. This is regarded as a result of less worse miscibility between DS 1.83 and DEP. 

 

- The plasticization of diethyl phthalate on DS 1.83 is more efficient, according to the obtained Tg’s 

values and the decrement of Tg’s (�ûTg). The minimum Tg of DEP-plasticized DS 1.83 is ~100°C, 

instead of 130°C for DS 2.08 series.  

  

% CDA % TA % CDA % TA

Unplasticized DS 1.83 204 204 N/A 100 0 N/A N/A

DS 1.83 + 10% TA 151 147 N/A 89.0 11.0 N/A N/A

DS 1.83 + 20% TA 108 116 N/A 82.0 18.0

DS 1.83 + 30% TA 73 89 -38 75.0 25.0 22.0 78.0

DS 1.83 + 40% TA 42 73 -44 70.0 30.0 18.5 81.5

DS 1.83 + 50% TA 17 N/A -54 N/A N/A 12.0 88.0

Triacetin -70 N/A -70 N/A N/A 0 100

Merely observed

TA-plasticized CDA T g
ck

 (°C) Tg
CDA

 (°C) Tg
TA

 (°C)

CDA-rich phase TA-rich phase

% CDA % DEP % CDA % DEP

Unplasticized DS 1.83 204 204 N/A N/A 100 0 N/A N/A

DS 1.83 + 10% DEP 146 155 N/A N/A 92.0 8.0 N/A N/A

DS 1.83 + 20% DEP 99 125 N/A N/A 86.0 14.0 N/A N/A

DS 1.83 + 30% DEP 61 108 -54 N/A 82.0 18.0 23.0 77.0

DS 1.83 + 40% DEP 29 100 -49 -97 80.0 20.0 25.5 74.5

DS 1.83 + 50% DEP 2 102 -53 -94 80.5 19.5 23.5 76.5

Diethyl Phthalate -88 N/A -88 N/A N/A N/A 0 100

CDA-rich phase DEP-rich phase

DEP-plasticized CDA T g
ck

 (°C) Tg
CDA

 (°C) Tg
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3.1.4 – Conclusions of the MDSC study on the miscibility behavior of plasticized cellulose acetate 

 

Modulated DSC study of plasticized cellulose acetates leads us to understand the miscibility behavior 

between the polymer and its plasticizers. The plasticization of triacetin is efficient on cellulose acetates 

with three different degrees of substitution (DS 1.83, DS 2.08 and DS 2.45). The partial miscibility 

threshold limit is established at ~ 20% TA for all three systems. Thus, TA-plasticized cellulose acetate is 

considered as a two-phase system after the phase separation: CDA-rich phase and TA-rich phase. 

Deviations of experimental Tg’s from the Couchman-Karasz prediction are observed, probably due to the 

presence of dipolar interactions and H-bonds created between the polymer and the plasticizer. 

 

The plasticization effect of diethyl phthalate on cellulose acetate is different from one DS to another. 

However, the partial miscibility threshold limit is estimated at ~ 25% DEP for all three systems. A third Tg 

is identified when DS 1.83 and DS 2.08 series are highly plasticized, which results a three-phase system: 

CDA-rich phase, DEP-rich phase and pure DEP phase. We propose that the appearance of the third Tg is 

due to the presence of cavities filled with plasticizer molecules. 

 

Among the three DS, the reference degree of substitution – DS 2.45 presents the best miscibility behavior 

with triacetin and diethyl phthalate. On the contrary, DS 1.83 and DS 2.08 undergo certain degree of 

immiscibility with DEP at high plasticizer content. And since then, the plasticization of DEP becomes less 

efficient. The influence of molecular structure of cellulose acetate and plasticizers on the miscibility 

behavior and the formation of cavities proposed above will be discussed again in next chapters with other 

characterization techniques. 
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3.2 – Miscibility behavior of plasticized cellulose acetate: a DMTA study 

The second conventional characterization of cellulose acetate is Dynamic Thermal Mechanical Analysis 

(DMTA). It provides information about the �D-relaxations of plasticized cellulose acetate, instead of Tg’s 

from thermal analysis. In fact, �D-relaxation corresponds to the onset of segmental motion of a polymer, 

which is the molecular origin of glass transition. Therefore, the respective temperature of �D-relaxation (T�D) 

can be regarded as a kind of glass transition temperature. T�D must be presented along with its respective 

frequency. Simultaneously, secondary relaxations, which are originated from localized motions of the 

polymer, can also be detected by DMTA.  

 

In Chapter 3.2, �D-relaxations and secondary relaxations of plasticized cellulose acetate are identified. T�D’s 

is compared to the theoretical Tg’s obtained from empirical Fox Equation (Equation 6). Miscibility behavior 

of plasticized cellulose acetate is then studied and a comparison with results obtained from MDSC 

experiment is also expected. Finally, preliminary details of relaxation behavior are discussed. They will be 

fully interpreted in Chapter 5 along with dielectric results. 

 

3.2.1 – Cellulose acetate (DS 2.45) plasticized by triacetin and diethyl phthalate 

 

In Figure 36, the storage modulus (E’) and the damping factor (tan �G) of plasticized cellulose acetate with 

DS 2.45 are plotted versus the temperature at frequency 1 Hz. Determination of T�D is based on the tan �G 

curve. The T�D of unplasticized DS 2.45 is measured at 212°C. Scandola and Ceccorulli 1985a studied a 

cellulose acetate with DS 2.4 by thermal mechanical analysis and its T�D was reported at 197°C and at 

frequency 3 Hz. The effect of plasticizers on the dynamic mechanical spectrum of cellulose acetate with 

DS 2.45 is summarized in the same figure. It can be observed that the �D-relaxation of DS 2.45 series is 

shifted to lower temperatures with increasing plasticizer content, such as the decrease of Tg’s observed 

from thermal analysis. In the meantime, the drop of modulus E’ which corresponds to the main transition 

undergoes the same shift towards lower temperatures with increasing plasticizer content. 

 

A secondary relaxation (denoted as �E-relaxation) is identified in the plasticized DS 2.45 series. �E-

relaxation is a well-known secondary relaxation of cellulose acetate but its molecular origin is still not 

clearly interpreted. As the amount of plasticizer increases, �E-relaxation is shifted to lower temperatures, 

and its magnitude is increased. This temperature shift is the same as the Tg’s of plasticizer-rich phase in 

MDSC analysis, which leads us to believe that the related tan �G peak is an overlapping contribution 

between the �E-relaxation and the �D’-relaxation of plasticizer-rich phase. Partial miscibility threshold limits 

of plasticized DS 2.45 series are confirmed by thermo-mechanical analysis at ~20% TA and ~25% DEP. 
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Both �D- and �D’-relaxations are composition-dependent and are between the T�D values of the polymer and 

the plasticizer. 

 

Figure 36: Left - DMTA spectra of plasticized cellulose acetate with DS 2.45 at frequency 1 Hz (only E’ and tan �G are 
represented). Plasticizer content varies from 0 to 50% in weight fraction. Right - Zoom of tan �G plot against 
temperature at sub-glass temperature range. 
 

Miscibility diagrams of plasticized DS 2.45 series are presented in Figure 37, as a function of plasticizer 

content. The empirical Fox Equation is used for calculations of theoretical Tg’s. As mentioned in Chapter 2, 

this equation assumes no specific interactions between the two components of the blend. Therefore, 

deviations of experimental T�D’s from the Fox prediction are observed as expected. 
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Figure 37: Left - Miscibility diagrams of TA-plasticized DS 2.45 series, Right - Miscibility diagrams of DEP-plasticized 
DS 2.45 series, Fox Equation is considered as the theoretical prediction of Tg’s. 
 

3.2.2 – Cellulose acetate (DS 2.08) plasticized by triacetin and diethyl phthalate 

 

Dynamic mechanical spectrum of plasticized DS 2.08 series is plotted in Figure 39, where the modulus E’ 

and the damping factor tan �G as a function of temperature are shown. DS 2.08 + TA series is similar to DS 

2.45 + TA series, such as the decrease of T�D’s with increasing plasticizer content, the overlapping of �E-

relaxation and �D’-relaxation and the partial miscibility threshold limit at ~20% TA. However, deviations of 

T�D’s from the Fox prediction are more important than those found in DS 2.45 + TA series (Figure 38). 

 

 

Figure 38: Left - Miscibility diagrams of TA-plasticized DS 2.08 series, Right - Miscibility diagrams of DEP-plasticized 
DS 2.08 series, Fox Equation is considered as the theoretical prediction of Tg’s. 
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Figure 39: Left - DMTA spectra of plasticized cellulose acetate with DS 2.08 at frequency 1 Hz (only E’ and tan �G are 
represented). Plasticizer content varies from 0 to 50% in weight fraction. Right - Zoom of tan �G plot against 
temperature at sub-glass temperature range. 
 

DS 2.08 + DEP series does not follow the pattern of DS 2.45 + DEP series. In highly plasticized DS 2.08, 

a third �D-type relaxation is found at the same temperature range as the �D-relaxation of DEP. Considering 

the MDSC results, this relaxation is denoted as �D”-relaxation and is attributed to the �D-relaxation of DEP. 

The behavior of the overlapping peak (of �E-relaxation and �D’-relaxation) is also similar to thermal analysis: 

compositions of the two relaxations do not evolve anymore with the presence of �D”-relaxation (Figure 38). 
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3.3.3 – Cellulose acetate (DS 1.83) plasticized by triacetin and diethyl phthalate 

 

Miscibility behavior of plasticized DS 1.83 series is much like that of plasticized DS 2.08 series (Figure 40 

and 41). Again, T�D’s decrease efficiently when triacetin content increases. Deviations of T�D’s from the Fox 

Equation are less important than those observed in TA-plasticized DS 2.08 series. Partial miscibility limits 

are the same as other plasticized DS series. �D”-relaxation of DEP phase is detected from 40% DEP. All 

results are consistent with MDSC findings. 

 

 

Figure 40: Left - DMTA spectra of plasticized cellulose acetate with DS 1.83 at frequency 1 Hz (only E’ and tan �G are 
represented). Plasticizer content varies from 0 to 50% in weight fraction. Right - Zoom of tan �G plot against 
temperature at sub-glass temperature range. 
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Figure 41: Left - Miscibility diagrams of TA-plasticized DS 1.83 series, Right - Miscibility diagrams of DEP-plasticized 
DS 1.83 series, Fox Equation is considered as the theoretical prediction of Tg’s. 
 

3.2.4 – Conclusions of the DMTA study on the miscibility behavior of plasticized cellulose acetate 

 

Thermo-mechanical analysis confirms the conclusions obtained from MDSC analysis on the miscibility 

behavior of plasticized cellulose acetate. Three main relaxations (�D-, �D’- and �D”-relaxations) are identified 

and related to the three Tg’s of thermal analysis. Miscibility diagrams established from DMTA results are 

the same as those obtained from MDSC results. 

 

3.2.5 – Access to thermo-mechanical transitions of plasticized cellulose acetate 

 

Useful equations 

 

Thermo-mechanical transitions of polymers are described by different types of behavioral laws, which we 

would like to re-introduce prior to the analysis of specific transitions of plasticized cellulose acetates: 

 

- Arrhenius Equation 

 

Secondary transitions are generally described by the Arrhenius Equation: 
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Where 

�r Ea: activation energy representing the energy barrier for molecular rearrangement (kJ.mol-1) 

�r �W0: relaxation time at infinite temperature (s) 

�r kB: Boltzmann’s constant (m2.kg.s-2.K-1) 

�r T: temperature (K) 

 

�r Williams-Landel-Ferry (WLF) Equation 

 

The temperature-frequency relationship of primary �D-transitions can be described by Williams–Landel–

Ferry (WLF) equation: 

�Ž�‘�‰�:�B�Í �;  F � Ž� ‘� ‰ k� B�Í�Ý o  L
�%�5�:� 6  F � 6�å�;

�%�6  E � 6  F � 6�å
 

Equation (21) 

Where 

�r Index r: reference temperature or frequency 

�r C1: constant related to free volume fraction at reference temperature 

�r C2: constant corresponds to thermal expansion of the free volume 

 

�r Vogel-Fulcher-Tammann (VFT) Equation 

 

Another representation for the temperature-frequency relationship of primary �D-transitions is called Vogel-

Fulcher-Tammann (VFT) equation (Vogel, 1921, Fulcher, 1925, Tammann & Hesse, 1926). WLF and VFT 

equations are mathematically equivalent. 

 

� ì  L � ì�4���A�T�L
�#

� 6  F � 6�4
 

Equation (22) 

Where: 

�r T0: Vogel temperature (K) 

�r �W: relaxation time which is related to frequencies (s) 

�r A: constant 

 

With the above equation, one can calculate the resulted activation energy of dynamic transitions. All 

transitions are generally plotted together in the literature to form a relaxation map, in which the logarithm 

of relaxation time is plotted as a function of 1000/T, where T is the absolute temperature.  
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It is useful to compare results obtained by different characterization techniques at various temperature 

and frequency range, such as DMTA or BDS measurements. 

 

�r Identification of simple or cooperative motions in secondary transitions 

 

During our study on secondary transitions of cellulose acetate, the Eyring theory (Eyring 1936) and the 

framework of Starkweather (Starkweather 1988) catch special attention. Several research groups which 

are specialized in cellulose and its derivatives quoted and used their work for data analysis of secondary 

relaxations. 
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Equation (23) 
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Then we can obtain: 
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Equation (25) 

Where: 

�r k: Boltzmann Constant (m2.kg.s-2.K-1) 

�r h: Planck Constant (m2.kg.s-1) 

�r R: Gas Constant (J.K-1.mol-1) 

�r f: Motional Frequency (Hz) 

�r T: Temperature (K) 

�r �¨G*: Transition Gibbs Energy (J.mol-1) 

�r �¨Ha: Activation Enthalpy (J) 

�r �¨Sa: Activation Entropy (J.K-1) 

 

According to the framework of Starkweather, transitions fall into two categories: 

 

�r Simple transitions, characterized by low values of the activation entropy (0-30 J.K–1.mol–1) and 

associated with motions of small chemical sequences 

 

�r Complex transitions, characterized by high values of the activation entropy (80 J.K–1.mol–1 or 

more) and corresponding to cooperative motions of neighboring groups 
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Literature results of thermo-mechanical transitions of plasticized cellulose acetate 

 

Four thermo-mechanical transitions were identified for cellulose derivatives in the literature and denoted �D, 

�E*, �E and �J from higher to lower temperatures. Meanwhile, different interpretations were reported 

concerning the two secondary relaxations (�E- and �J-relaxations). 

 

�J-relaxation 

 

It was reported in the literature that �J-relaxation depends on amounts of water trace in cellulose acetate 

samples. If CDA is sufficiently dried, �J-relaxation should be invisible in mechanical and dielectric 

measurements. If not, then �J-relaxation is related to amounts of water trace: intensity of �J-relaxation 

decreases and characteristic temperature of �J-relaxation increases when less water trace is present in the 

system. In recently years, scientists made similar experimental observations on �J-relaxation: activation 

energy of 32-52 kJ.mol-1 and relatively negligible entropy contribution. However, molecular origin of �J-

relaxation has not been very well defined. Here are two interesting interpretations: 

 

Scandola and Ceccorulli 1985a considered �J-relaxation as a result of water-associated primary hydroxyl 

group of cellulose acetate. They found similar activation energy values and relaxation temperatures at 

same frequency between �J-relaxation and –CH2OH relaxation of cellulose (�ûEa = 54 kJ.mol-1 at -86°C and 

frequency 3 Hz). However, in our point of view, the amount of unsubstituted primary hydroxyl groups in 

DS 2.45 is not large enough to explain �J-relaxation of cellulose acetate. There is on average one 

remaining unsubstituted hydroxyl group per two anhydroglucose units for DS 2.45. The ratio of acetyl 

groups versus hydroxyl groups is already 5 to 1. Furthermore, among hydroxyl groups, only one third may 

be primary hydroxyl groups (three possible positions: C2, C3 and C6). The ratio of acetyl groups versus 

methylol groups is actually 15 to 1. This interpretation is thus considered unjustified. 

 

McBrierty et al. 1996 studied cellulose acetate samples plasticized by diethyl phthalate. They proposed 

several possibilities to explain �J-relaxation: the onset of mobility of tightly bound water, the onset of 

mobility of loosely bound water and the glass transition of DEP molecules. The last proposition is not 

justified since �J-relaxation already exists in unplasticized CDA sample. That leaves us two possibilities 

related to mobility of water molecules. If �J-relaxation is due to mobility of water, then it should be a 

primary relaxation process which is fitted with WLF or VFT law. According to our experimental results, �J-

relaxation is a secondary relaxation process which follows Arrhenius behavior (details in dielectric 

analysis). Other interpretations of �J-relaxation are based on the dynamic study of broadband dielectric 

spectroscopy. The related literature review will be discussed in Chapter 5. 
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�E-relaxation 

 

Scandola and Ceccorulli 1985b also discussed the molecular origin of �E-relaxation of DEP-plasticized 

cellulose acetate. They observed that at high plasticizer content, the participation of DEP molecules in the 

motion responsible for the �E-relaxation is clearly suggested. But how DEP molecules are involved in the 

molecular motion of �E-relaxation? The authors proposed that a polymer-diluent interaction was formed 

and then yielded a change in bulkiness of the relaxing units when DEP content became efficient, which 

led to a modification of pre-existing secondary �E-relaxation. Seymour et al. 1979 shared the same point of 

view. 

 

McBrierty et al. 1996 identified three principal sub-peaks in the broad peak of �E-relaxation. They 

confirmed that �E-relaxation was complex and should be related to cooperative motions involving side 

groups and main cellulosic rings. Again, further information will be provided in Chapter 5 along with 

literature review of dielectric results of dynamic transitions. 

 

Preliminary interpretations of our experimental results 

 

The first thing to be noted about our experimental results is that �J-relaxation has not been found in any 

plasticized cellulose acetate through our DMTA analysis. Since drying procedure is done prior to analysis, 

the sample is considered as sufficiently dried to remove the �J-relaxation. 

 

�E-relaxation is found at the same temperature range as �D’-relaxation. The resulted overlapping peak in 

the tan �G curve makes the interpretation more difficult than expected. �E-relaxation is recognized as a 

result of cooperative motions, but no further details can be revealed by DMTA measurement. It is not 

certain that if the participation of plasticizer molecules may change the nature of the secondary relaxation. 

Combination of thermo-mechanical and dielectric results may help us find the right answer. 

 

�E*-shoulder is located from 50 to 150°C and is centered at 100°C and frequency 1 Hz. Considering this 

specific temperature value, it is not surprising that the shoulder is interpreted as evaporation of water 

trace from samples. Such a conclusion is also obtained by other authors such as Scandola and Ceccorulli 

1985a. DMTA spectra are compared to MDSC thermograms in the same temperature range: a loss peak 

in the non-reversible heating flow is identified from MDSC measurement in the first heating scan if the 

sample has no drying procedure prior to analysis (Appendix III). 
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In conclusion, thanks to the first results obtained by DMTA analysis, relaxation behavior and molecular 

motions of dynamic transitions will be thoroughly studied in Chapter 5.  
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3.3 – Miscibility mechanisms: a Small-Angle Neutron Scattering study 

Small-Angle Neutron Scattering (SANS) is aimed at understanding miscibility mechanisms of plasticized 

cellulose acetate. We expect to observe miscibility behaviors such as phase separation, cavitation (filled 

with plasticizer molecules) and fluctuations of concentration, etc. In the present study, plasticizers 

Triacetin (TA) and Diethyl Phthalate (DEP) are deuterated. Deuterium labelling is the most common 

method used for identification of phase separation in SANS experiment. 1H is the only element/isotope 

whose coherent scattering length density is negative. Due to commercial availability, triacetin d9 and 

diethyl phthalate d14 are used as the deuterated plasticizers. Thanks to the deuterium labelling, the 

important scattering length density contrasts between CDA-rich phase and plasticizer-rich phase can be 

observed and are regarded as a result of phase separation. 

 

In this chapter, the following contents are discussed: 

 

- First, on the basis of MDSC and DMTA characterizations, conclusions and hypotheses about the 

miscibility behavior of plasticized cellulose acetate are reviewed. Their corresponded SANS 

responses are discussed. 

- Second, the SANS result is fitted and analyzed according to the above hypotheses. Every 

possibility is studied and justified. 

- Third, after the first SANS measurement, conclusions and perspectives are announced. 

 

3.3.1 – Miscibility behaviors being susceptible to be detected in SANS 

 

Phase separation 

 

It is proven that phase separation occurs in the plasticized cellulose acetates and results a two-phase 

system: CDA-rich phase and plasticizer-rich phase (Figure 42). In neutron scattering analysis, phase 

separated systems with well-defined (narrow) interfaces between two phases are analyzed by the Debye-

Bueche Equation (Debye and Bueche 1949, Debye et al. 1957): 

 

�+�:�M�; L
�+�4

�:� s  E � æ�6�M�6�;�6
 

Equation (26) 

Where 

�r I0: the extrapolated scattering intensity of each blend at q = 0 (cm-1) 

�r �[: correlation length (nm) 

�r q: scattering vector (Å-1) 
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And I0 is defined as: 

�+�4  L � z� è� æ�7�:�¿�é�;�6�î �5�î �6 

Equation (27) 

Where 

�r �Mi: volume fractions of each phase domain in the blend (dimensionless) 

�r �û�U: coherent scattering length density contrast (cm-2) 

 

Equation 9 of Chapter 2 is equivalent to Equation 26. In Figure 22, the correlation length of scattering 

objects is denoted �[, which means that its volume (V in Equation 9) is ~���[3. The number of scattering 

objects per unit volume (N in Equation 9) corresponds to �M��/ �[3, as �M is the volume fraction of scattering 

objects in the sample. Other terms in Equation 26 come from the normalized form factor P(q) and 

structure factor S(q). 

 

Thus, we obtain for large q the Porod law I �§ q-4. The resulted scattering pattern is displayed in Figure 43, 

plotted as absolute scattering intensity I(q) as a function of scattering vector q. The hump at q �§ 0.01 Å-1 

is the result of phase separation in a polymer blend. 

 

 

Figure 42: Phase separation in the plasticized cellulose acetates. �[: correlation length 
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Figure 43: A typical neutron scattering pattern of phase separation of polymer blends. 
 

According to the Debye-Bueche Equation, the scattering intensity of phase separation I(q) is dependent 

on three variables and their influences are shown in Figure 44: 

 

�r the contrast (�û�U: cm-2) of scattering length densities of separated phases 

�r the length scale (�[: nm) of separated phases 

�r and the volume fractions (�M) of separated phases 

 

Deuterium labelling is mandatory to enhance the contrast of scattering length densities of separated 

phases. The scattering length densities of deuterated plasticizers can be easily distinguished from those 

of cellulose acetates and protonated plasticizers (Table 7 in Chapter 2). Consequently, the I(q) of phase 

separation between cellulose acetate and deuterated plasticizer will be far more intense than the intensity 

of phase separation between cellulose acetate and protonated plasticizer (I(q) �’  �û�U2). The larger the 

contrast �û�U, the higher the scattering intensity I(q). 

 

The length scale (�[) of separated phases is an important key to locate their SANS signals or conversely 

analyzing SANS signals allow to determine or estimate length scales. Since phase separation has been 

observed in the conventional techniques, �[min should be at least ~5 nm. In Chapter 3.1, it has been noted 

that plasticizer exudation is visible to the naked eye from 50% plasticizer content, i.e. �[ max����should be in 

the �—m scale. If this is the case, the related hump may be in the inaccessible q range, as shown in Figure 

44.  
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At the moment, the influence of plasticizer content on the length scale (�[) of separated phases remains 

unknown. As mentioned above, the scattering intensity I(q) is dependent on the length scale (�[) of 

separated phases according to the equation below: 

 

�+�:�M�; L
�z�è�æ�7�:�¿�é�;�6�î �5�î �6

�:� s  E � æ�6�M�6�;�6
 

Equation (28) 

The scattering intensity I(q) is dependent on the correlation length �[ such as: 

 

- When � M � \ � r, the scattering intensity I(q) is proportional to �[3. 

- When � M � \ � », the scattering intensity I(q) is proportional to �[-1. 

 

Figure 44: Four different neutron scattering patterns of phase separation in TA-plasticized cellulose acetate (DS 
2.45). Bold arrows indicate the possible movements of SANS curve; thin arrow indicates the position of the hump 
which should be related to phase separation on the �—m scale. 

The larger the contrast �û�ˆ, the higher the scattering intensity I( q).
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Last but not least, volume fractions (�M) of separated phases should be strongly related to plasticizer 

content of cellulose acetate systems. Consistent results are required between conventional techniques 

and SANS analysis. When the volume fractions (�M) of separated phases tend to be 50-50, I(q) will 

increase (I(q) �ß (1-�M).�M). 

 

Cavities partially filled with plasticizer molecules 

 

In Chapter 3.1, a third transition has been identified in highly DEP-plasticized DS 1.83 and DS 2.08 series. 

We assume that this is due to the presence of cavities partially filled with plasticizer molecules (Figure 

45). Indeed, voids may be created inside the film during solvent evaporation and cavities may be filled by 

certain amounts of plasticizer molecules. The formation of cavities during the solvent evaporation step of 

“solvent casting” method is one of our main hypotheses in the present study. A question is then asked: is 

it possible to find cavities in other plasticized cellulose acetates? Cavities have not been observed in the 

conventional techniques for TA-plasticized cellulose acetates or DS 2.45 + DEP series. Either no cavities 

exist in these systems, or cavities are empty or their volume fraction is negligible or the size of cavities is 

too small to be detected in MDSC and DMTA measurements. However, since SANS is a powerful tool for 

micro-structure investigations of materials, the presence of cavities may be revealed. 

 

Cavities partially filled with plasticizer molecules can be regarded as a sort of phase separation: one 

phase corresponds to the cavities and another one corresponds to plasticized cellulose acetate. Thus, it 

should be analyzed by the Debye-Bueche Equation and the corresponding scattering intensity I(q) is 

dependent on three variables: 

 

- the contrast (�û�U) of scattering length densities of separated phases 

 

The contrast between cavities and plasticized cellulose acetate is dependent on the unknown amounts of 

plasticizers filling into cavities, because the cavity phase domain is composed of voids and plasticizers. 

The plasticizer filling ratio (�) plasticizer) may be calculated if both protonated and deuterated samples are 

tested in SANS analysis. The scattering intensity I(q) is proportional to �û�U2, which means their respective 

ratio between protonated and deuterated samples should be consistent with each other. 

 

- the length scale (�[) of separated phases (i.e. the size of cavities) 

- and the volume fractions (�M) of separated phases (i.e. the volume fraction of cavities) 
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As previously mentioned, cavities have not been observed in the conventional techniques for plasticized 

DS 2.45 series. If neutron scattering study reveals the presence of cavities, two interpretations are then 

possible: either the size of cavities is too small to be detected or their volume fraction is negligible in the 

conventional techniques. 

 

If cavities are partially filled with plasticizer molecules, then the size of cavity phase domain should be 

large enough to contain these low-molecular-weight molecules. That means it should be above the 

detection limit of MDSC analysis. As a result, the negligible volume fraction of cavities should be the 

reason why cavities have not been observed in the conventional techniques for plasticized DS 2.45 series. 

 

 

Figure 45: Empty cavities and cavities partially filled with plasticizer molecules (example of diethyl phthalate) in the 
plasticized cellulose acetates. 
 

Cavities without plasticizers 

 

Since it is not possible to control the mechanism of formation of cavities, the presence of empty cavities 

cannot be excluded. Their contrast of scattering length densities (�û�U) is easy to calculate because �U��of 

cavities is equal to 0. Empty cavities can be unambiguously observed in protonated plasticized cellulose 

acetates. 

 

Concentration fluctuations of the studied system 

 

One of the most common miscibility behavior observed in neutron scattering study is the concentration 

fluctuations of the studied system. Unlike the previous possibilities, it should be analyzed by a q-2 power 

law. The length scale (�[) of concentration fluctuations remains to be determined experimentally. 

Modified Ornstein-Zernike Equation (Ornstein and Zernike 1914) is applied for describing concentration 

fluctuations of a system: 
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Equation (29) 

Molecular liquids of plasticizers 

 

Deuterated plasticizers are used to creat “Contrast Variation” in order to observe miscibility behavior of 

plasticized cellulose acetate. At a near-molecular scale, the plasticized cellulose acetate background is 

considered as homogeneous and has zero contrast. Plasticizer molecules are randomly arranged and 

with the presence of important amounts of plasticizers, the effect of molecular liquids may be observed in 

SANS analysis: the correlation length between two molecules is experimentally observed to be ~1 nm 

(Figure 46 and 47). It is also considered as a sort of phase separation, which should be analyzed by the 

Debye-Bueche Equation. The effect of molecular liquids of protonated plasticizers will not be identified 

because its contrast is negligible in the studied system. 

 

 

Figure 46: Molecular liquids of deuterated plasticizers (example of diethyl phthalate) in the plasticized CDA. 

              

Figure 47: SANS pattern of concentration fluctuations of deuterated plasticizers (example of diethyl phthalate). 
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Concentration fluctuations of main cellulosic chain 

 

 

Figure 48: Left – Small concentration fluctuations of main cellulosic chain. Right – Important concentration 
fluctuations of main cellulosic chain. 
 

In fact, cellulose acetate can be regarded as a semi-flexible polymer: it has a large persistence length. In 

this context, there may be a specific concentration fluctuation which is related to the main cellulosic chain: 

plasticizers are expelled from a localized cellulose acetate-rich domain (e.g. a bundle of cellulosic chains) 

and then dispersed in another localized domain because of the main chain behavior (Figure 48). The 

resulted contrast is directly related to the degree of plasticizer expulsion: 

 

- If the main chains of plasticized cellulose acetate are isolated from each other (Figure 48 left), the 

degree of plasticizer expulsion will be low, which results certain concentration fluctuations in a 

localized area (there is locally an excess of cellulose acetate with respect to the average 

concentration in a region whose size is comparable to the persistence length of the polymer, see 

Lodge & McLeish 2000). It should be analyzed by the modified Ornstein-Zernike Equation. 

 

- If a bundle of cellulosic chains are gathered together, the degree of plasticizer expulsion will be 

high enough to produce strong concentration fluctuations, which results in a phase separation-like 

effect (regions with very few plasticizer molecules and other ones with very few polymers, Figure 

48 right). It should be analyzed by the Debye-Bueche Equation. 
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More importantly, the correlation length of the above assumption should be comparable to the persistent 

length of the sample system (Figure 49). As indicated in the literature (Kamide 2005), the persistent 

length of cellulose acetate is about 10 nm (20 repetition units of 0.5 nm length scales). 

 

 

Figure 49: SANS pattern of concentration fluctuations on the scale of persistence length (example of diethyl 
phthalate). 
 

Interferences at the surfaces of plasticized cellulose acetate films 

 

 

Figure 50: Illustrations of superficial interferences of plasticized cellulose acetate films  
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The last situation which may be detected in neutron scattering analysis is due to potential effects at the 

surfaces of plasticized cellulose acetate films. One such situation is segregation of plasticizers on the 

surface (Figure 50). On the other hand, due to the “solvent casting” method, it is possible to have surface 

irregularity (roughness) in our samples. Of course, this kind of irregularity is limited by thickness of the 

surface area. It should not exceed 1% of film thickness, which is not significant as compared to the whole 

sample. Consequently, the resulted SANS signal may be confused with that of cavities partially filled with 

plasticizers because the contrast (�û�U)of scattering length densities are similar. 

 

3.3.2 – Interpretation of SANS results 

 

The coherent scattering length density of a phase domain (�Uphase domain) in the plasticized cellulose acetate 

is calculated as: 

 

�é�ã�Û�Ô�æ�Ø���×�â�à�Ô�Ü�á L � 0�¼�½�º�é�¼�½�ºE�:� s  F � 0�¼�½�º�;�é�É�ß�Ô�æ�ç�Ü�Ö�Ü�í�Ø�å 

Equation (30) 

Where 

- �) CDA: cellulose acetate content in one phase domain 

- �UCDA: coherent scattering length density of cellulose acetate 

- �UPlasticizer: coherent scattering length density of plasticizer 

 

Nevertheless, the following situations must be taken into account: 

 

a) If the plasticized cellulose acetate is a miscible system, �Uphase domain will be �Uplasticized cellulose acetate. 

b) If the plasticized cellulose acetate is a partially miscible system, �Uphase domain will be either �UCDA-rich 

phase or �Uplasticizer-rich phase. Phase compositions are determined according to thermal results (Tables 

in Chapter 3.1). 

c) If the plasticized cellulose acetate is a three-phase system, �Uphase domain will be one of the following 

possibilities: �UCDA-rich phase, �Uplasticizer-rich phase or �Ucavities. The last one is supposed to be related to the 

cavity phase domain: either with empty cavities (�Ucavities = 0) or with cavities partially filled with 

plasticizers (�Ucavities = �) Plasticizer���UPlasticizer). �) Plasticizer is the plasticizer filling ratio in cavities. 

 

Table 12 is the summary of coherent scattering length densities of different phase domains in the 

plasticized cellulose acetate. 
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Table 12: Summary of coherent neutron scattering length densities calculated based on thermal analysis. 
 

  

Plasticizer Sample
�ˆPlasticized CDA

(cm -2)

�ˆCDA-rich phase

(cm -2)

�ˆPlasticizer-rich phase

(cm -2)

DS 1.83 + 10% TA d9 2.00E+10

DS 1.83 + 20% TA d9 2.17E+10 3.51E+10

DS 1.83 + 40% TA d9 2.46E+10 3.72E+10

DS 2.08 + 10% TA d9 1.97E+10

DS 2.08 + 20% TA d9 2.13E+10 3.52E+10

DS 2.08 + 40% TA d9 2.47E+10 3.76E+10

DS 2.45 + 10% TA d9 2.03E+10

DS 2.45 + 20% TA d9 2.22E+10 3.53E+10

DS 2.45 + 40% TA d9 2.55E+10 3.67E+10

DS 1.83 + 10% TA 1.69E+10

DS 2.08 + 10% TA 1.73E+10

DS 2.45 + 10% TA 1.74E+10

DS 2.45 + 20% TA 1.71E+10 1.47E+10

DS 2.45 + 10% DEP d14 2.16E+10

DS 2.45 + 20% DEP d14 2.35E+10 4.35E+10

DS 2.45 + 30% DEP d14 2.62E+10 4.58E+10

DS 2.45 + 45% DEP d14 2.81E+10 4.92E+10

DS 1.83 + 30% DEP 1.69E+10 1.58E+10

DS 2.08 + 20% DEP 1.73E+10 1.59E+10

DS 2.45 + 20% DEP 1.75E+10 1.62E+10

DS 2.45 + 30% DEP 1.73E+10 1.60E+10

Triacetin
d9

Triacetin

Diethyl Phthalate
d14

Diethyl Phthalate



 Miscibility Behavior of Cellulose Acetate - Plasticizer Blends  

94 
 

3.3.2.1 – Analysis of the curves of DS 2.45 + DEP series 

 

The first series to be analyzed is cellulose acetate with DS 2.45 plasticized by deuterated DEP or TA 

(Figure 51). Arrows indicate fitting contributions corresponding to specific correlation lengths: 

 

- Black arrow indicates a fitting contribution corresponding to a large correlation length (�[), which is 

found out of the experimental range. We propose that this fitting contribution is related to phase 

separation. 

- Red arrow indicates a fitting contribution corresponding to a large correlation length (�[), which is 

in the experimental range. Cavities are attributed to this contribution. 

- Green arrow indicates a fitting contribution corresponding to an intermediate correlation length 

(�[), which is proposed as a result of concentration fluctuations due to the main cellulosic chains. 

Its correlation length is equivalent to the persistence length of cellulose acetate. 

- Blue arrow indicates a fitting contribution corresponding to a small correlation length (�[). We 

propose that this contribution corresponds to concentration fluctuations of plasticizer molecules. 

 

Some exceptions are found in the SANS experiment and they are all noted and discussed in this chapter. 

 

Figure 51: SANS curve of cellulose acetates plasticized by deuterated triacetin and diethyl phthalate. Here the 
incoherent scattering has been subtracted. 
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DS 2.45 + 10% DEP d14 is fit by two separated Debye-Bueche distributions, whose parameters are listed 

in Figure 52. The hump corresponding to �[ = 24.1 nm is supposed to originate from cavities (as explained 

in the next sample). Unfortunately, since the data of corresponded protonated DS 2.45 + 10% DEP is 

missing, the plasticizer filling ratio in cavities remains unknown. The hump corresponding to �[ = 8.2 nm is 

believed to be related to concentration fluctuations near the persistence length scale (as explained in the 

next sample). Phase separation is not detectable here because DS 2.45 + 10% DEP is a miscible system. 

 

 

Figure 52: SANS curve of DS 2.45 + 10% DEP d14, fit by two Debye-Bueche distributions. The curve of DS 2.45 + 
20% DEP is shown for comparison. 
 

 

Table 13: Details of calculation for concentration fluctuations near the persistence length scale of DS 2.45 + 10% 
DEP d14. (�û�U)2 is obtained from the �U��values in phase 1 and 2. �M1 and �M2 are the volume fractions of each phase. % 
CDA and % DEP denote composition in each phase. 
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Phase 1 1.98E+10 95 5 50
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DS 2.45 + 20% DEP d14 is fit by four Debye-Bueche distributions and is compared to the same protonated 

sample in Figure 53. The interpretation of the four distributions is given by orders (from large to small �[ 

values) and the obtained results are shown in Table 14. 

 

 

Figure 53: SANS curve of DS 2.45 + 20% DEP d14, fit by four Debye-Bueche distributions and is compared to its 
protonated sample. 
 

1. The hump corresponding to �[ = 56 nm is attributed to cavities partially filled with DEP molecules. 

Other possibilities are ruled out by considering the ratio between the signals of the systems with 

deuterated and protonated plasticizers: 

 

- If phase separation is the origin of this part of the signal, then according to the Debye-Bueche 

Equation, we should have (with (�û�U) values given by the phase compositions estimated from 

DSC results): 
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Which does not agree with our experimental ratio: 
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