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Chapter 1 Introduction 

Structure of Cellulose Ethers 

Cellulose 

Native cellulose is the primary source of mechanical strength in living plants, 

making up 40-50% of the mass of global plant matter, and up to 90% of the mass of 

cotton.
1
 It is primarily used in the paper and textile industries, and due to its natural 

abundance, it has been of interest as a renewable, green material. Cellulose consists of a 

chain of anhydroglucose units (AGUs) covalently bound by β (1→4) glucosidic linkages 

between C1 and C4 of adjacent glucose units (Figure 1.1). Each glucose unit is rotated 

180° relative to neighboring units. Equatorial hydroxyl substituents on C2, C3 and C6 

form intramolecular and intermolecular hydrogen bonds, imparting mechanical strength 

and stiffness, and allowing cellulose to arrange into complex crystalline structures on a 

range of size scales.
2,3,4

 The location of individual atoms and hydrogen bonds in native 

crystalline cellulose has been well characterized.
5
 Single chains are extended into rod-like 

nanocrystals with right-handed chirality, which are aligned into parallel crystalline 

microfibrils.
6
 The extensive hydrogen bonding makes native cellulose insoluble in most 

organic solvents as well as water, limiting its usefulness. Treatment with a caustic 

disrupts hydrogen bonding and allows for substitution of some or all of the hydroxyl 

groups to yield cellulose derivatives that can be dissolved and more widely used.
7
 

 

 



2 

 

 

 

Cellulose Derivatives 

The first reported cellulose derivative was nitrocellulose, an ester formed in 1862 

by the reaction between cellulosic hydroxyl groups and nitric acid. Nitrocellulose was 

later used as a precursor for celluloid.
8
 Cellulose ethers (CEs) including methylcellulose 

(MC) are formed through the heterogeneous reaction between cellulose and a haloalkane 

or epoxide in an alkaline environment. The modified polymer is characterized by the 

degree of substitution (DS) or the average number of substitutions per AGU in the 

backbone. This can range from 0 to 3 for an unsubstituted and fully substituted AGU, 

respectively. Substitution heterogeneity is introduced due to the difference in local 

acidities of the hydroxyl groups. In low alkalinity, the hydroxyl group on C2 is the most 

frequently substituted as it is the most acidic due to the neighboring withdrawing 

anomeric center. OH-3 participates in intramolecular hydrogen bonding in crystalline 

cellulose so demonstrates the lowest reactivity. Thus, 2-O- substitution is favored over 6-

O- and 3-O-substitution at low pH, while at high pH substitution of the less hindered 

hydroxyl on C6 is preferred.
9,10,11

 Additionally, there may be regions of the cellulose 

backbone that retain the native crystal structure and are therefore less substituted, leading 

to substitution bias along the cellulose backbone. The DS and distribution of substituents 

Figure 1.1. Structure of native cellulose represented by two parallel cellulose chains containing 

three AGUs each. Red lines represent intramolecular hydrogen bonding and blue dashed lines are 

intermolecular hydrogen bonds. 
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along the CE backbone are known to affect solution behavior, biodegradability and the 

rate of drug release when used as a tablet matrix.
12,13 

MC, the methyl ether of cellulose, is 

water-soluble when DS is between 1.3 and 2.2. Hydroxypropyl methylcellulose (HPMC) 

contains both methyl and hydroxypropyl substituents and is synthesized by either 

consecutive or simultaneous treatment of alkaline cellulose with methyl chloride and 

propylene oxide. In this case, DS describes the average number of hydrophobic methyl 

units per AGU. The average number of hydrophilic hydroxypropyl (HPO) substituents 

per AGU is given by the molar substitution (MS). This can exceed 3 as the hydroxyl 

moiety on hydrophilic substituents can be further etherified to form branches. 

Commercially prepared cellulose ethers are heterogeneous in structure with wide 

variation in molar mass and substituent distribution. Work has been done to synthesize 

and characterize homogeneous cellulose ethers MC
14 , 15 , 16 , 17

 and HPMC,
12, 18  

but 

controlled synthesis on an industrial scale is expensive and impractical. Study of the 

effect of substituent polarity, DS, MS, Mw and substitution bias upon material properties 

is of interest for the characterization and prediction of the properties of commercially 

prepared CEs.  

 

Industrial Uses and Applications  

The CE market was $4 billion in 2014 and is estimated to be worth $6.3 billion by 

2020, with a 7.2% annual growth rate between 2015 and 2020.
19

 Several common CEs 

and their common fields of application are given in Table 1.1.
20

 Notably, MC and HPMC 

are ‘generally recognized as safe’ (GRAS) by the United States FDA and are common 

ingredients in foods and pharmaceutical products. HPMC is given the generic name 

hypromellose, and United States Pharmacopoeia (USP) types 2910, 2906 and 2208 

correspond to METHOCEL products E4M, F4M and K4M, manufactured by Dow.
21

 It is 

also produced and sold globally by Samsung Fine Chemicals, SE Tylose, AzkoNobel 
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Performance Additives, and under the tradename Metolose by Shin-Etsu. HPMC has seen 

extensive use as a pharmaceutical excipient as it allows for the extended release of both 

water soluble and poorly soluble drugs.
22

 In these situations, it often is used as a solid 

matrix tablet and drug release occurs following the hydration and gelation of the tablet 

surface.
23

 It has also seen use as a food additive for emulsification, thickening, 

suspension stabilization, binding, dough conditioning and as a grease barrier.
24

 In 

personal care it is used as a lubricant, a lather enhancer in soaps and an emulsifier in 

cosmetics.
25

 Commercial markets include adhesives, mortars and cements, ceramics, and 

textiles.
26

 MC and HPMC cost $2-20/lb with USP grade materials on the high end and 

construction materials on the low end. 

 

 

 

 

Table 1.1. Gelation, precipitation behavior and industrial applications of common cellulose ethers 

Substituent Structure Abbreviation 

Gel 

forming Precip. Common Applications 

Sodium 

Carboxymethyl 
-CH2COO

-
Na

+ 
CMC 

 
 

Detergents, textiles, 

food, ceramics, paints 

2-Hydroxyethyl -CH2CH2OH HEC, EHEC 
 

 

Varnishes, films, 

adhesives, emulsions, 

drilling mud 

2-Hydroxypropyl -CH2CH(OH)CH3 HPC, HPMC 
 

Yes 
Building materials, 

paints, pharmaceuticals 

Methyl -CH3 MC, HPMC Yes  
Food, adhesives, 

building materials 

Ethyl -CH2CH3 EC, EHEC   Paints, lacquers 

Hydroxypropyl 

methyl 

-CH2CH(OH)CH3 

-CH3 
HPMC Yes Yes 

Adhesives, 

pharmaceuticals 
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Solution Behavior of Cellulose Ethers  

Phase Separation 

Flory-Huggins theory describes the the Gibb’s free energy of mixing in a two-

component polymer-solvent system, ΔGm, accounting for the disparity in sizes between 

the components.
 27,28,29 

 It is given by the sum of the changes in the entropy and enthalpy 

upon mixing according to  

 212211
m lnln

Δ
nnn

RT

G
  Equation 1.1 

in which n1 and n2 are the number of molecules of each component in the system, and ϕ1 

and ϕ2 are the volume fractions of the same components. χ is the Flory-Huggins 

interaction parameter, which describes the amount of energy required to exchange a 

molecule of one component with a molecule of the other component. R and T are the 

ideal gas constant and the temperature, respectively. Miscibility between components 

occurs when ΔGm < 0 and when  

0
2

2




















P,Ti

G



mΔ
.  

The entropy terms favor mixing, and the enthalpy term opposes mixing when χ > 0. A 

generic temperature-composition phase diagram for a binary mixture exhibiting lower 

critical solution temperature (LCST) behavior is given in Figure 1.1. At temperatures 

below the LCST, the two components of a mixture are miscible at every composition due 

to favorable enthalpic interactions. The spinodal or coexistence curve separates the stable 

region from the unstable region above the LCST. There exists a metastable region 

between the binodal and spinodal, and the phase separation mechanism is qualitatively 

different in the unstable and metastable regions. In the metastable region, large 

concentration fluctuations grow and aggregate into regions rich in polymer in a 

nucleation and growth process. In the unstable region, the solution is unstable to all 
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concentration fluctuations and spontaneously separates into two phases with distinct 

compositions. 

The phase transition temperature depends upon χ for the polymer-solvent system, 

which is affected by the structure of the polymer. Synthetic poly(N-isopropylacrylamide) 

(PNIPAM) and poly(N-vinyl caprolactam) (PVCL) exhibit  LCSTs in water at  32 °C and 

31 °C, respectively. As this transition occurs between room temperature and body 

temperature, these biocompatible materials are of particular interest in biomedical 

applications.
30 , 31

 In aqueous cellulose ethers, the LCST varies widely with higher 

temperatures associated with polymers having higher Mw and more hydrophilic end-

groups or substituents. There is controversy surrounding the phase separation 

mechanisms of MC
32

 and HPMC
33

 materials, which is addressed in Chapter 3.  

 

 

 

Figure 1.2. Temperature-composition phase diagram for a LCST system showing the binodal 

(solid) and spinodal (dashed) curves that bound the metastable region.
34
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Thermoreversible Gelation 

Many natural and synthetic polymers exhibit temperature-dependent gelation, 

including cellulose ethers. When the transition from solution to gel is reversible, it must 

not involve changes to covalent bonds but rather occur due to secondary forces. Gelation 

in polymer solutions may be induced by coil-to-helix or coil-to-crystallite 

transformations, or phase separation. Gelatin, a collagen protein, and carrageenan, an 

acidic polysaccharide, are three-stranded and two-stranded helical rods, respectively, in 

their native states. These rods dissolve into random polymer coils in solution at high 

temperature, and on cooling the native chains are partially reformed causing polymer 

chains to aggregate into continuous networks.
35 , 36

 Poly(vinyl chloride) (PVC) and 

poly(vinyl alcohol) (PVA) form gels due to crystallite formation.
37

 Block copolymers 

such as poly(lactic acid-co-glycolic acid)-b-poly(ethylene oxide)-b-poly(lactic acid-co-

glycolic acid) (PLGA-PEO-PLGA) and PEO-PLGA-PEO triblock copolymer undergo 

macroscopic phase separation as a function of temperature that causes reversible 

gelation.
38, 39

 

Thermoreversible gelation upon heating has been observed in CEs for decades, 

though there has been controversy regarding the mechanism for gelation.
 20,40,41,42,43,44,45,46

 

The proposed theories for MC can be roughly divided into two primary categories: 

gelation due to phase separation or due to the formation of physical crosslinks between 

polymer chains. Sarkar argued that increasing the temperature decreases the quality of 

water as a solvent causing polymer-polymer interactions between hydrophobic methoxy 

groups to dominate and form an infinite network at high temperatures.
20

 Haque and 

Morris further proposed that MC and HPMC chains aggregate into crystalline bundles 

due to interactions between unsubstituted regions of the cellulose backbone and 

hydrophobic interactions in highly substituted regions.
47 , 48

 Similarly, Kato attributed 

gelation to “crosslinking loci” composed of crystalline sequences of fully substituted 
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domains in MC.
49

 Light scattering and rheology were used by Shahin to argue that 

HPMC forms both a permanent network at high temperature that is unaffected by phase 

separation, and an interpenetrating transient network at low temperature due to reversible 

crosslinking of the chains.
50

 Kita proposed based on light scattering data that HPMC 

solutions undergo spinodal decomposition that is spontaneously pinned or gelled due to 

the slow diffusion of large chains between phases, work later supported by Fairclough 

using microscopy.
33,51 

Arvidson attributed gelation to phase separation via nucleation and 

growth in aqueous MC as the gel point correlates with the onset of turbidity.
32

 Recently, 

it has been discovered that fibrils form in aqueous MC at high temperatures. These fibrils 

arrange into sample-permeating networks that cause gelation.
94

 Turbidity is caused by 

micron-sized heterogeneities within the network, rather than liquid-liquid phase 

separation.  

Aggregation in Aqueous Cellulose Ethers 

Polymer aggregation is accompanied by an increase in Mw which causes scattered 

light intensity to increase, assuming that the scattering contrast remains constant. Bodvik 

monitored the scattered intensity of dilute solutions of MC, HPMC and EHEC as a 

function of time as temperature was increased at a rate of 2 °C/hr to characterize 

aggregation. MC and HPMC having similar DS and Mw were found to aggregate at 

similar temperatures, though only a single DS and Mw were studied. The rate of 

aggregation is higher for HPMC and even higher for EHEC. From this result, it appears 

that increasing the hydrophilicity of substituents increases the rate of aggregation.
52

 

Cryogenic transmission electron microscopy (cryo-TEM) was used to show that MC and 

HPMC form fibrillar networks upon heating, which lead to an increase in solution 

viscosity. The network formed is denser in MC than in HPMC, leading to higher solution 

viscosity. The aggregation of HPMC into fibrils occurs at a higher temperature and 

higher concentration than MC. Shielding of hydrophobic methoxy groups from the 
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aqueous solvent is suggested as the driving force for fibril formation, which is consistent 

with NMR measurements showing immobilization of methoxy groups upon heating.
53

 

The bulky, hydrophilic hydroxypropyl substituents on HPMC are more mobile by NMR, 

and more exposed to aqueous solvent. Thus, rearrangement of aggregates into fibrils is 

easier than for MC. EHEC, with bulky oligo (ethyleneoxide) substituents does not form 

fibrils. 

Introduction to Fibrils  

Fibrils in aqueous MC solutions were first reported by Bodvik.
54

 Cryo-TEM 

images were used to show 500 nm long, semi-flexible fibrils with 20 nm diameters in 0.1 

wt% solutions at 45 °C. This phenomenon was confirmed and fibrils were extensively 

characterized by Lott et al.
109,110

 Fibrils were found to have consistent diameter of 14 ± 1 

nm and contain 40% polymer and 60% water by volume by fitting SANS traces with a 

model for semi-flexible cylinders with disperse radii. Cryo-TEM images show diameters 

of 15 ± 2 nm. Fibril dimensions and composition were independent of concentration and 

Mw. Fibrils persist on cooling, as seen in cryo-TEM images, consistent with thermal 

hysteresis observed in rheology. This led McAllister at al. to propose a torroidal 

arrangement of individual chains within fibrils.
55

 Huang and Ginzburg suggest that MC 

fibrils are composed of stacked polymer rings that form due to hydrogen bonding 

between MC and water, and they used course-grained molecular simulations guided by 

atomistic molecular dynamic simulations to observe the conformational change of MC 

chains into rings.
56,57  

Research focus to date has primarily been upon fibrils in MC 

solution. 

Effect of Substitution on Behavior of Cellulose Ethers 

Commercial CEs exhibit wide dispersity in Mw, MS, and DS along with 

substitution bias along a chain backbone, all of which affect the crystallinity, solubility, 

and mechanical properties of the material. Phase separation monitored via optical 
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transmittance occurs at higher temperatures for higher Mw and higher DS HPMC 

materials and the transmittance drops at a slower rate for materials with higher 

heterogeneity of substitution along the backbone (Figure 1.3).
12,58 

HPMC materials with 

higher MS values form stronger gels, while MC materials having no MS formed even 

stronger gels.
20

 Existing studies examine only a small number of MC and HPMC 

materials, making extrapolation to other materials difficult. As such, there is a need to 

expand the library of well characterized CEs.  

 

 

 

Thesis Outline 

This work aims build upon foundational CE literature with a particular focus on 

HPMC materials, which are less prevalent in literature despite their widespread 

applications and use. Chapter 2 describes the materials and experimental methods used in 

this research, including the naming scheme used to describe the DS, MS, and Mw of each 

CE discussed. Chapters 3 and 4 focus on the characterization of a single HPMC material 

that we have named HP03M2C-375 or HPMC-375 as Mw ≈ 375 kg/mol, DS = 1.98 and MS 

= 0.27. The phase behavior of aqueous HPMC-375 is investigated using optical 

Figure 1.3. Cloud point temperature (50% transmission) as a function of concentration for 

aqueous solutions of A4M, E4M, F4M and K4M reproduced from Mitchell et al. Heating rate 

was not specified in the original report.
58
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transmittance, small-angle oscillatory shear rheology, dynamic and static light scattering 

and small-angle neutron scattering (SANS) in Chapter 3. The conditions under which 

HPMC-375 forms fibrils are described in Chapter 4, along with characterization of the 

dimensions and composition of fibrils by SANS modeling and cryo-TEM. Chapter 5 

describes efforts to elucidate the effect of DS, MS, and Mw upon phase separation and 

fibril formation through the comparison of a series of HPMC materials with controlled 

lengths and degrees of HPO and MeO substitution. 
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Chapter 2 Materials and Methods 

Materials 

Methylcellulose and hydroxypropyl methylcellulose (Trade name METHOCEL) 

were supplied by The Dow Chemical Company along with the material properties 

described in Table 2.1 and Table 2.2 below. SEC-MALLS was used to determine Mw and 

Ð, while the number of methyl and hydroxypropyl functional groups per anhydroglucose 

unit (DS and MS, respectively) were determined using the Zeisel method.
59,60,61

  The 

viscosity of a 2 wt% aqueous solution at 20 °C is also given. Commercial materials are 

named with a letter prefix (A or MC denote methylcellulose and E, F and K each denote a 

particular HPMC substitution range) followed by the Mw in kg/mol. Non-commercial 

materials are similarly named with prefixes Q, R, S and T denoting substitution patterns. 

Hydroxypropyl cellulose (HPC) with Mw = 370 kg/mol, MS = 3.8 and 2% viscosity of 

0.415 Pa∙s was purchased from Sigma-Aldrich and used as received. Two surfactants, 

Pluronic F108 and Triton X-100, manufactured by BASF and Dow, respectively, were 

used as received. Pluronic F108 is a poly(ethylene oxide)-block-poly(propylene oxide)-

block-poly(ethylene oxide) surfactant with terminal primary hydroxyl groups, having 

degree of polymerization of PEO = 127, degree of polymerization of PPO = 51, and Mw = 

14 kg/mol. Triton X-100 is a surfactant with Mn = 625 g/mol composed of poly(ethylene 

oxide) having degree of polymerization = 9 coupled with a hydrophobic 4-(1,1,3,3-

tetramethylbutyl)-phenyl group. Chemical structures of surfactants are given in Figure 

2.1 below. The water used in all experiments was purified to at least 12 MΩ resistivity 

using a Milli-Q system (Millipore, MA).  
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Solution Preparation 

MC, HPC and HPMC powders were dried in a vacuum oven at 40 – 60 °C 

overnight prior to use and stored in a desiccator. Polymer was added to half the necessary 

amount of ultrapure water at ~75 °C and allowed to stir for about 10 minutes to obtain a 

well-dispersed mixture. Enough room temperature water was added to give the final 

concentration and the solution stirred for another 10 minutes at room temperature 

followed by 10 minutes in an ice bath. The cold solutions were degassed with brief 

exposure to vacuum with stirring and then stored under static vacuum in a refrigerator for 

at least 24 hours to allow for hydration and clearing of bubbles. Calculations of volume 

fraction were made assuming volume additivity using the densities given in Table 2.1. 

For neutron scattering experiments, solutions were prepared using D2O in place of H2O. 

Solutions containing mixtures of MC or HPMC with HPC or surfactants were 

prepared as described above with the secondary component added simultaneously with 

the primary component for solids or to the hot dispersion for liquids.  

 

 

 

 

Figure 2.1. Chemical structures of surfactants Pluronic F108 and Triton X-100 
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Sample Name 
Mw 

(kg/mol) Ð DS MS 

2% 

viscosity at 

20 °C (Pa∙s) 
ρ 

(g/mL) 

SLD 

(Å–2
) 

M2C-50 46 2.5 ~1.8 0     0.015 1.39  

HP02M2C-30 29 1.8 ~1.9 ~0.2     0.005   

HP02M2C-70 74 1.9 1.85 0.19     0.05   

HP03M2C-375 3.7×10
2
  3.6 1.98 0.27     4.0 1.327 1.195×10

–6 

HP03M2C-400 4.0×10
2 4.1 1.89 0.25    10   

HP02M2C-20 23 1.8 1.76 0.17     0.004   

HP02M2C-75 76 2.1 1.81 0.17     0.05   

HP02M2C-320 3.2×10
2 3.2 1.87 0.16     4.0 1.357 1.26×10

–6 

HP02M1.4C-20 21 2.0 1.41 0.23     0.003   

HP02M1.4C-90 91 2.4 1.2-1.6 0.25     0.1   

HP02M1.4C-300 3.1×10
2 3.6 1.4 0.2     4.0 1.365 1.32×10

–6 

HP03M1.5C-1000 1.1×10
3 4.1 1.51 0.28     0.25   

 

 

  

Table 2.1. Physical properties of MC and HPMC. Mw was measured by Yongfu Li using 

SEC as described in his recent publication.
89

 Bulk densities are as published for commercial 

HPMC materials by Escudero.
62
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Sample Name 

Approx. 

Mw 

(kg/mol) 

DS MS 
2% viscosity at 

20 °C (Pa∙s) 

SLD 

(Å–2
) 

 
    

 

HP1M2C-1000 1.1×10
3 1.94 0.94 47.9 1.06×10

–6
 

HP1M2C-400 4.0×10
2 1.9 0.95 11.1 1.06×10

–6
 

HP1M2C-150 1.5×10
2 2.05 1.03 1.1 1.04×10

–6
 

HP01M1.6C-700 7.0×10
2 1.59 0.14 29 1.25×10

–6
 

HP01M1.7C-400 4.0×10
2 1.69 0.15 6.6 1.23×10

–6
 

HP01M1.6C-250 2.5×10
2 1.64 0.15 0.94 1.24×10

–6
 

HP01M1.6C-150 1.5×10
2 1.59 0.15 1.7 1.24×10

–6
 

HP2M1.4C-330 3.3×10
2 1.35 1.92 14.6 9.84×10

–7
 

HP2M1.3C-400 4.0×10
2 1.31 1.79 1.2 1.00×10

–6
 

HP2M1.3C-250 2.5×10
2 1.34 1.78 0.34 9.99×10

–7
 

HP2M1.4C-150 1.5×10
2 1.36 1.78 0.15 9.98×10

–7
 

HP01M1.3C-700 7.0×10
2 1.26 0.09 9.3 1.30×10

–6
 

HP01M1.3C-400 4.0×10
2 1.29 0.09 11.8 1.29×10

–6
 

HP01M1.3C-250 2.5×10
2 1.27 0.09 2.8 1.30×10

–6
 

HP01M1.3C-150 1.5×10
2 1.25 0.12 0.92 1.30×10

–6
 

 

  

Table 2.2 Physical properties of HPMC. Mw was calculated from the intrinsic viscosity of 

the cellulose pulp used for derivation using Mark-Houwink parameters K = 1.14 and a = 

0.86.
63

 SLDs were estimated from Equation 5.1 assuming bulk density = 1.30 g/mL. 
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Turbidity Measurements 

Optical transmittance measurements were conducted using a home-built apparatus 

as described in Figure 2.2 below. Each sample is contained in a 10 mm o.d. cylindrical 

glass ampoule which is placed in a temperature-controlled copper heating block (Omega 

CN3251). A 10 mW HeNe laser beam with a wavelength of 633 nm passes through a 

neutral density filter, through the sample and then is focused onto a photodiode detector 

using a lens. Labview software (National Instruments) is used to automate the 

temperature control and data collection processes. Heating rates are controlled in the 

range of 0.1 – 5 °C/min while cooling rates are controllable only at rates < 0.4 °C/min. 

Transmission measurements are taken every 5 seconds and the raw intensities averaged 

for each temperature. Data are then normalized to the highest value on both heating and 

cooling to yield relative or percent transmittance. Samples were stored in ampoules in a 

refrigerator for at least 12 hours to allow bubbles to settle and ensure polymer hydration. 

Ampoules were allowed to equilibrate to room temperature and their surfaces cleaned 

prior to measurements.  

 

 

 

Rheology 

Small angle oscillatory shear experiments were conducted on a TA Instruments 

AR-G2 rheometer with concentric cylinders (stator i.d. 15 mm, rotor o.d 13 mm, 

immersed height 42 mm) and Peltier temperature control. Experiments were strain-

Figure 2.2. Optical transmission apparatus 
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controlled with 5% strain, a frequency of 1 rad/sec and a 1 °C/min heating and cooling 

rate, unless otherwise specified. Samples were degassed 24 hours prior to measurements 

to eliminate any effect from bubbles during thermal cycling, and a thin layer of silicone 

oil was applied to the sample surface to prevent evaporation.  

Light-Scattering 

Samples for light scattering analysis were filtered into clean, dust-free 

scintillation vials using a 0.45 μm syringe filter and stored in the refrigerator for at least 

12 hours prior to measurement to allow for removal of dust and bubbles. Each sample 

was heated from 4 °C to the desired temperature and annealed for 20‒40 minutes prior to 

measurement and discarded after use. For time-resolved experiments requiring a long 

anneal time, vials were either autoclaved or cleaned with isopropyl alcohol prior to use, 

and samples were stored in a heated aluminum block on a temperature-controlled hot 

plate between collections. Light scattering experiments were performed on a Brookhaven 

BI-200SM multi-angle light scattering instrument equipped with a 637 nm diode laser 

operating at 10 mW (SLS) or at 30 mW (DLS) and an avalanche photodiode detector 

with a 1 mm pinhole for SLS and a 400 μm pinhole for DLS. Temperature control from 

10 to 55 °C was obtained using a 1:1 water:ethylene glycol circulating bath. 

For static light scattering experiments, scattered intensity was measured as a 

function of the scattering vector, q, for angles ranging from 20°‒ 150° for a series of at 

least five concentrations that were less than half of c*. Zimm analysis
64

 was used to 

determine Mw, Rg and the second virial coefficient, A2 for materials with Mw < 100 

kg/mol and the Berry modification was used for larger polymers.
65

 The refractive index 

increment (dn/dc) of MC and HPMC materials was determined in water using a Wyatt 

differential refractometer (OptiLab rEX) for dilute solutions having concentrations 

between 0.1 and 0.5 times c* and was found to be 0.139 ± 0.002 mL/g for E-type HPMC 

materials, and 0.140 ± 0.002 mL/g for MC materials at 25 °C.  
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For dynamic light scattering experiments, intensity correlation functions from 5 ns to 1 s 

were obtained for scattering angles between 60° and 120° in 15° increments. The mutual 

diffusion coefficient, Dm and the hydrodynamic radius, Rh were determined through 

fitting of the correlation functions using Regularized Positive Exponential Sum (REPES) 

analysis as well as cumulant and double exponential fitting.
66

 

X-ray Scattering 

Small, mid and wide-angle X-ray scattering data were collected on the Dupont-

Northwestern-Dow Consortium Access Team (DND-CAT) insertion device beamline at 

sector 5 of the Advanced Photon Source at Argonne National Laboratory.
67

 X-rays were 

17 keV with a wavelength of 0.7293 Å. Sample to detector distances were approximately 

8.5 m, 1 m and 0.1 m for SAXS, MAXS and WAXS, respectively.  Unfiltered sample 

solutions were injected into 1.5 mm o.d. quartz capillaries, sealed with epoxy and 

allowed to equilibrate at 4° C overnight prior to data collection. For long-term annealing 

experiments, capillaries were held at temperature in a water-bath and transferred to a 

preheated sample stage. For heating and cooling ramps, room temperature samples were 

placed in a temperature-controlled Linkam stage. Data collection time varied from 

sample to sample, and typically ranged from 1 – 10 seconds. The total beam exposure 

time for each sample was higher for data points taken at the ends of heating and cooling 

ramps than at the beginning of the ramps. Isotropic scattering patterns were averaged to 

give one-dimensional plots of scattered intensity as a function of scattering wavevector, 

q. 

Neutron Scattering   

Small-angle neutron scattering measurements were conducted at the High Flux 

Isotope Reactor (HFIR) facility at Oak Ridge National Laboratories (ORNL) on the CG-2 

instrument, or at the National Institute for Science and Technology (NIST) on the NG7 

30 m instrument.
68

 At ORNL, neutrons with wavelengths of 12 Å and 4.7 Å were used for 
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sample-to-detector distances (SDD) of 18.5 m and 9 m, respectively. Cold solutions of 

HPMC in D2O were filtered through a 0.45 μm filter into quartz sample cells with a 2 

mm path length and held at 5 °C overnight prior to data collection. Samples were 

incrementally heated and equilibrated at each discrete temperature for 4‒250 minutes 

prior to data collection. Data was collected every 5‒10 °C with collection times of 3‒90 

minutes at each temperature until sufficient detector counts were obtained.  

At NIST, 8.09 Å neutrons were used for SDD = 15.3 m, 4 m and 1 m. Cold 

solutions of HPMC in D2O were injected into demountable titanium cells with a 2 mm 

path length and held at 5 °C overnight prior to data collection. Temperature control on 

heating and cooling was obtained using a silicon oil circulator (Huber) to ±0.2 °C. 

Samples were equilibrated at each temperature for 4‒60 minutes. Collection times ranged 

from 5‒10 minutes at each temperature until sufficient detector counts were obtained. 

The data were corrected for background, detector response and scattering from the 

empty sample cell. The 2D data were averaged radially using the ORNL or NIST SANS 

reduction macros for WaveMetrics IgorPro software to obtain I(q) vs q.
69

 To correct for 

incoherent scattering in each data set, data at high q (0.15‒0.30 Å‒1
) were plotted as q

4
I  

vs. q
4
, and the slopes of the resulting lines were subtracted from each point in the original 

I(q) vs. q data set.  

Cryogenic Electron Transmission Microscopy 

All cryo-TEM images were obtained by colleagues Peter Schmidt or Dr. Joseph 

Lott, and the data obtained are crucial in the analysis of scattering data and the 

interpretation of fibril structure for both MC and HPMC materials. Briefly, aqueous 

solutions were annealed at the desired temperature, and an aliquot was pipetted onto a 

lacey, carbon-coated copper TEM support grid contained in a temperature and humidity 

controlled FEI Vitrobot Mark III. Blotting parameters varied from sample to sample. The 

grid was plunged into liquid ethane for vitrification and stored under liquid nitrogen until 
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imaging using a FEI Tecnai G2 Spirit BioTWIN equipped with an Eagle 4 megapixel 

CCD camera.  
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Chapter 3 Phase Behavior of HPMC-375 Solutions 

 

It is known that aqueous solutions of hydroxypropyl methylcellulose undergo 

thermoreversible liquid-liquid phase separation upon heating, though to date there has not 

been a consensus in the literature as to the mechanism by which the phase transition 

occurs. This chapter focuses on the elucidation of the phase separation mechanism using 

turbidimetry, rheology and scattering techniques.  

Phase Separation Mechanisms 

A generic temperature-composition phase diagram for a binary mixture exhibiting 

lower critical solution temperature (LCST) phase behavior was given in Figure 1.2. At 

temperatures below the LCST, the two components of a mixture are miscible at every 

composition. Above the binodal phase separation occurs, and the mechanism is 

qualitatively different in the unstable and metastable regions. Separation of amorphous 

polymer solutions may occur through the spinodal decomposition or nucleation and 

growth mechanisms for liquid-liquid systems as described below. A third mechanism, 

viscoelastic phase separation (VPS), intermediate between liquid-liquid and solid-liquid 

phase separation,n is also described. 

Spinodal Decomposition 

Spinodal decomposition is a spontaneous process by which a homogenous 

solution separates into solute-rich and solute-poor domains with distinct compositions 

and properties. It occurs when the concentration and temperature of the system lie in the 

unstable region of the phase diagram. The phase separation transpires homogeneously 

throughout the sample (rather than at distinct nucleation points), yielding a uniform, 



22 

 

initially bicontinuous microstructure. It does not depend upon the thermal history of the 

mixture. The theory and early work describing the spinodal decomposition of binary 

metal alloys was done by Cahn and Hilliard,
70,71 

and has since been applied to a wide 

variety of polymer systems including poly(2,6-dimethyl-1,4-phenylene ether) (PPO) in  

caprolactam,
72

 as well as polymers that exhibit thermoreversible gelation including 

atactic polystyrene in cyclohexanol
73

 and aqueous gelatin,
74

 among many others.
 

Nucleation and Growth 

  The region of the temperature-composition phase diagram between the binodal 

and spinodal curves is stable to small concentration fluctuations, but unstable to large 

fluctuations. These large fluctuations become nuclei, and once they have reached a 

critical size, they spontaneously increase in radius until they form droplets with 

composition similar to the new phase. The droplets will merge until two macroscopic 

phases develop, with a sharp interface between them. Adding an interface to a 

homogeneous solution is energetically unfavorable, so the radius of fluctuations must 

reach a critical size before growth will occur. Nucleation and growth is dependent upon 

the thermal path taken by a sample. 

Viscoelastic Phase Separation  

Viscoelastic phase separation (VPS), described by Tanaka,
75 , 76

 is observed in 

polymer solutions that cannot be described by either classical liquid-liquid or solid-liquid 

phase separation models. In addition to balancing the interfacial tension and diffusion of 

components between phases, this model considers a balance of the elastic mechanical 

forces present in mixtures of faster and slower moving components, such as polymer 

solutions. This dynamic asymmetry between components is crucial for VPS, which is 

“characterized by a crossover between the characteristic deformation rate induced by 

phase separation itself and the characteristic rheological relaxation rate of the phase rich 

in the slow component.”
77

 Phase separation by VPS creates a transient network composed 
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of the slow-moving component. It has been invoked as the cause of both gelation and 

LCST phase separation of MC.
13,42,78

 

 

Perspectives on the Phase Separation of Cellulose Ethers from 

Literature 

In aqueous solutions of partially hydrophobic solutes, water molecules often form 

cage-like solvent shell structures around hydrophobic regions of the solute. This polymer-

solvent association is entropically unfavored, and as temperature is increased, the 

contribution of the unfavorable entropy term to the total free energy of mixing increases 

(Equation 1.1). The water structure dissociates, increasing entropy and allowing 

interaction of the hydrophobic groups. Aggregation of the partially dehydrated 

hydrophobic substituents into a polymer-rich phase causes a decrease in the free energy 

of the solution and is therefore entropy-driven.
79,80

 It has been proposed that the aqueous 

solution behavior of cellulose ethers occurs with the same driving forces.
47

 Sarkar further 

argued that this entropy-driven aggregation upon heating of aqueous cellulose ether 

solutions corresponds to spinodal decomposition.
42

 

Methylcellulose 

It has been previously shown by Arvidson et al. that the gel point and phase 

separation of aqueous MC solutions varies with heating rate, while the melting of the gel 

on cooling is rate independent.
32

 The hysteresis in modulus and in cloud point 

measurements also gives strong evidence of a nucleation and growth mechanism for the 

phase-separation induced gelation of MC. 
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Hydroxypropyl methylcellulose 

Kita et al. examined the phase separation of aqueous HPMC (Mw = 100 kg/mol, 

DS = 0.9 MS = 0.2 – 0.4) just above the cloud point curve by quenching solutions to 

several depths and monitoring by time-resolved light scattering. They concluded that the 

phase separation initially occurs by spinodal decomposition as seen in binary liquids, but 

is then ‘pinned’ due to the gelation of the HPMC chains. When a sample is held at the 

apparent spinodal temperature, bright-ring scattering is observed, indicating that opacity 

originates from spinodal decomposition.
81

  

Fairclough et al. demonstrated using optical microscopy that upon heating a 2 wt 

% aqueous solution of HPMC (Mw = 323 kg/mol, DS = 1.9, MS = 0.25) from the well-

dissolved state at room temperature, the sample passes through a weak bicontinuous state 

with domain sizes on the order of 3 μm, into a macroporous state consisting of additional, 

discrete polymer-poor regions  > 3 μm in size, suspended in the bicontinuous matrix. On 

cooling, the macropores decrease in quantity as the sample passes back through the 

bicontinuous state and back to a well-dissolved solution. Hysteresis in the phase state by 

microscopy aligns with hysteresis in rheological temperature ramps conducted at the 

same heating and cooling rates. They conclude that the macroporous structure forms as 

the result of viscoelastic phase separation linked to double phase separation. Liquid – 

liquid phase separation occurs by spinodal decomposition, but the development of 

structure is hindered by a mechanical elastic force from chain collapse leading to VPS. 

The macroporous phase is caused by a decrease in the volume of the polymer–rich 

phase.
82

  

Ibbett examined the mobility of the backbone and substituents in high temperature 

MC, HPC and HMPC materials using 
13

C nuclear magnetic resonance (NMR) 

spectroscopy, with high mobility corresponding to high intensity of the peaks 

corresponding to backbone and substituent carbon atoms. Immobilization of substituents 
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and backbone was observed in aqueous MC at high temperatures, while in HPC, mobile 

substituents radiate from a semi-flexible backbone. Peaks in HPMC maintain constant 

intensity at ambient temperature and 90 °C; however the peak corresponding to C1 splits 

into two peaks, one sharp and one broad, at 90 °C. From this, Ibbett proposes that HPMC 

forms a structure with highly methylated backbone blocks forming interchain crosslinks 

and highly hydroxypropylated blocks forming helices.
53

 There is a lack of consistency 

from the few published reports describing HPMC phase separation, with no consensus 

regarding the mechanism by which it occurs. 

Experimental Results and Discussion 

Effect of Concentration on Phase Transition Temperature 

The temperature at which the phase transition occurs for several concentrations of 

aqueous HPMC-375 was characterized using optical transmittance measurements made 

as a function of temperature on heating at 1 °C/min and cooling at an uncontrolled rate of 

approximately 0.4 °C/min (Figure 3.1a). At low temperatures, single-phase solutions are 

optically clear with 100% transmittance. Upon heating, a sharp drop in transmittance 

occurs near 55 °C, indicative of liquid-liquid phase separation. The complete transition 

from optical clarity to opacity occurs over a 3 – 5 °C range. The solutions rapidly return 

to optical clarity near 50 °C when cooled, with the transition occurring over a slightly 

larger temperature range of 5 – 7 °C. Definitions of the phase transition temperature vary 

in the cellulose ether literature, ranging from the temperature at which transmittance is 

50%
,83

 to 85%.
32,42

 In this work, it is defined as the temperature at which the 

transmittance falls below 85%, as this is consistent with our previously published work 

on MC.
32

 The phase transition temperature exhibits weak concentration dependence, with 

an increase in the transition temperature corresponding to a decrease in concentration. 

Slight concentration dependence is also observed in the return of solutions to optical 

clarity on cooling, with the less concentrated solution remixing at a higher temperature. It 
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should be noted that the 2 – 3 °C difference in the transitions between concentrations is 

not an artifact from the uncontrolled cooling rate in this experiment, as the transition is 

rate-independent, as discussed later. 

Mitchell and coworkers reported a similar slight concentration dependence in the 

temperature corresponding to 50% transmittance for aqueous HPMC-375 concentrations 

ranging from 0.5 to 2 wt%, though the heating rate used in those experiments was not 

specified (see Figure 3.1b).
58 

The temperatures they reported are slightly higher than 

those given here, which is expected due to the lower percent transmission reported. 

Fairclough reported turbidity data for 2.0 wt% HPMC-375 upon heating at 1 °C/min, with 

the resulting 85% transmission temperature occurring about 2 °C higher than the value 

reported here.
51

 Sarkar and Walker reported turbidity data for 0.5 wt% HPMC-375 at a 

heating rate of 0.5 °C/min with the cloud point at 50% transmittance occurring at 57.0 ± 

0.2 °C.
83

 

The phase transition can also be monitored via oscillatory shear rheology. It is 

expected that the solution modulus will decrease during a liquid – liquid phase 

separation, whether by spinodal decomposition or nucleation and growth, as polymer 

diffuses out of the bulk of the solution into a non-percolating phase. In VPS, the modulus 

is not expected to drop as rapidly, and may increase due to networking of the minority 

phase.
84
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The complex, elastic, and viscous moduli (G*, G’ and G”) collected as a function 

of temperature upon heating and cooling aqueous HPMC-375 at a ramp rate of 1 °C/min 

are given in Figure 3.3. Experiments were conducted at 5% strain and 1 rad/s for 

concentrations of 0.3 to 3.0 wt%. At lower concentrations, the modulus is not high 

enough to be measured accurately. Upon heating to temperatures up to 55 °C, the moduli 

decrease gradually, as expected for liquids on heating. At 55 °C, there is a precipitous 

drop in moduli, indicative of phase separation. At T > 55 °C, the two-phase system is no 

longer in equilibrium. A minimum occurs between 60 °C and 70 °C with variation in 

location and depth even between trials of the same sample (see Figure 3.2 for an 

example). The minimum is followed by an increase in moduli, with G’ increasing at a 

greater rate than G” due to network formation. At 90 °C, the samples are opaque, weak 

gels with G* approximately ten times higher than at room temperature. Upon cooling, the 

Figure 3.1. a) Percent transmittance of 637 nm light as a function of temperature of aqueous 

HPMC-375 solutions upon heating at a 1 °C/min rate (closed symbols) and cooling at an 

uncontrolled rate of ≈ 0.4 °C/min in the vicinity of the transition (open symbols). 

Transmittance data is normalized for each concentration to the highest transmittance in the 

respective data set. b) Cloud point temperature as a function of concentration for aqueous  

HPMC-375 upon heating at a 1 °C/min heating rate from experiment (green) and as reported by 

Fairclough (red),
51

 with cloud point defined as the temperature at which 85% transmittance 

occurs, and the cloud point temperature defined as 50% transmittance reported at an unknown 

heating rate by Mitchell (black)
58

 and at 0.5 C/min by Sarkar (blue).
83
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moduli gradually decrease at rates slower than the corresponding increase on heating. A 

minimum in G” is observed near 55 °C, which is followed by a local maximum in G” at 

45 – 48 °C for concentrations above 0.3 wt% and in G’ at 48 – 50 °C for concentrations 

0.5 – 1.5 wt %, which roughly correspond to the temperature at which solutions begin to 

return to optical clarity. G’ and G* cooling curves on cooling superpose with the heating 

curves by 20 °C, while G” does not decrease to the initial values for concentrations of 1.0 

wt% and below when cooled to 10 °C. 

The complex modulus plummets at 55 °C on heating, independent of 

concentration in the range of 0.3 – 3.0 wt %. Similar trends are seen in the storage and 

loss moduli. This behavior is consistent with either spinodal decomposition or nucleation 

and growth phase separation mechanisms. One possible explanation for the maximum in 

modulus on cooling is that as high molecular weight polymer chains return to the 

permeating phase during remixing, they begin to contribute to the modulus of the bulk 

solution. 

 

 

 

Figure 3.2. Complex modulus as a function of temperature of heating at 1 °C/minute rate for 3 

separate preparations of 1 wt% aqueous HPMC-375 using the same protocol. Measurements were 

strain-controlled at 5% strain with a frequency of 1 rad/s. 
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Effect of Molecular Weight on Phase Transition Temperature 

Turbidimetry and small-angle oscillatory shear experiments were used to examine 

the effect of HPMC Mw on the phase transition temperature. Results are given in Figure 

3.4. The shortest, HPMC-70, becomes turbid at the highest temperature, 64 °C, followed 

by the longest, HPMC-400, at 58 °C and then the intermediate, HPMC-375, at 56 °C. The 

complex modulus drops at 57 °C for HPMC-400 and at 55 °C for HPMC-375, consistent 

with the transmittance results. This molecular weight dependence upon the phase 

transition temperature is consistent with spinodal decomposition, as seen in the phase 

behavior of PVME and PS,
85

 though it does not preclude nucleation and growth. 

Figure 3.3. a) Complex modulus, b) storage modulus and c) loss modulus as a function of 

temperature on heating (closed symbols) and cooling (open symbols) at a 1 °C/min rate for 

several concentrations of aqueous HPMC-375. Measurements were strain-controlled at 5% strain 

with a frequency of 1 rad/s. 
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Due to the heterogeneous nature of the industrial synthesis of these materials, the 

DS and MS values differ slightly between samples along with the Mw and the substitution 

blockiness along the backbone. HPMC-375 and HPMC-400 are similar in size with large 

size dispersities, so it is possible that the difference in the phase transition temperature of 

these materials is due, at least in part, to one or more variables in addition to Mw. A wider 

range of materials with better controlled properties is needed to fully characterize the Mw 

dependence of the phase transition temperature. 

Interestingly, HPMC-70 does not demonstrate the drop in modulus that has been 

attributed to phase separation, but rather increases in modulus at 44 °C well before 

becoming turbid at 64 °C. This behavior is similar to some MC materials and will be 

discussed in more detail in Chapter 5. 

Effect of Heating Rate on Phase Transition Temperature 

Characterization of the dependence of the phase transition in HPMC-375 on the 

heating rate can be used to determine whether the separation mechanism is spinodal 

Figure 3.4. a) Complex modulus and b) percent transmittance of 637 nm light as a function of 

temperature upon heating (closed symbols) and cooling (open symbols) of 1 wt% solutions of 

aqueous HPMC solutions with similar substitution patterns and different Mw. Rheological 

measurements were strain-controlled at 5% strain with a frequency of 1 rad/s and heating and 

cooling rates of 1 °C/min. Ramp rates for turbidity measurements were controlled at 1°C/min on 

heating and uncontrolled at approximately 0.4 °C/min on cooling. 
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decomposition, which is path independent, or nucleation and growth, which depends 

upon the thermal and mechanical history of the sample. From cloud point measurements, 

the temperature at which aqueous HPMC-375 solutions become turbid depends slightly 

upon the heating rate, with a 4 °C higher onset temperature for a sample heated at 3 

°C/min than at 0.5 °C/min (Figure 3.5). The samples in these experiments were contained 

in ampoules having an outer diameter of 10 mm, with heat applied externally, and 

without stirring of the samples during heating such that there exists a temperature 

gradient within each sample. The variation in sample temperature is higher for the faster 

heating rates, and it is likely that the differences in the cloud point temperature are due to 

inconsistencies between the theoretical set temperature and the actual temperature of the 

entire sample rather than due to true rate dependence arising from nucleation and growth. 

On cooling, the temperature at which samples return to optical clarity is 

independent of the ramp rate. It should be noted that the optical setup used to conduct 

these experiments does not allow for active controlled cooling, so for experiments run 

with high ramp rates, the heating and cooling rates are not equivalent (Figure 3.6). Low 

cooling rates were used to gain as much control over the rate as possible. 

 

 

  

Figure 3.5. Percent of 637 nm light transmitted through a) 3.0 wt% HPMC-375 aqueous solutions 

on heating and b) 1.0 wt% HPMC-375 solutions on cooling at controlled temperature ramp rates. 
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The effect of heating and cooling rate on the phase transition temperature was 

also examined using oscillatory shear rheology. Figure 3.7 gives the complex modulus as 

a function of temperature on heating and cooling for four different ramp rates. Upon 

heating, the temperature at which the modulus drops appears to be only slightly 

dependent upon the ramp rate, with transition for the highest rate observed at 56.5 °C, 

only 3°C higher than the transition for an order of magnitude slower rate. However, the 

modulus at the lowest temperatures should superpose independent of rate, indicating that 

the temperature read by the instrument at the larger ramp rates is higher than the actual 

temperature of the sample. Shifting the entire curve to the left until the lowest 

temperature data superposes gives a phase transition temperature that is independent of 

ramp rate. On cooling, the modulus of each sample shows a minimum at intermediate 

temperature, followed by a local maximum at slightly lower temperature before finally 

increasing to close the hysteresis loop. There is no trend in the locations or sizes of local 

maxima or minima with the cooling rate. As the sample is out of equilibrium in this 

region, this behavior is expected. Both turbidity and rheological measurements show the 

Figure 3.6. Temperature as a function of cumulative time for consecutive heating and cooling 

cycles programmed at theoretical 1 °C/min (red) and 2 °C/min (blue) ramp rates. Data is given in 

black showing slopes that deviate from ideal linearity on cooling. 
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phase transition to be independent of the thermal history of the sample, suggestive of 

spinodal decomposition. 

 

  

Reversibility and Repeatability of the Phase Transition 

Hysteresis 

HPMC-375 solutions demonstrate hysteresis in rheology and transmission 

experiments (Figure 3.1 and Figure 3.3). That is, the modulus and transmittance decrease 

at a particular temperature on heating, and on cooling, a lower temperature is reached 

before the corresponding increase occurs. This phenomenon is not unique to either 

spinodal decomposition or nucleation and growth phase transition mechanisms, but rather 

phase remixing is likely hindered due to the solution viscosity and the aggregation of 

polymer chains into higher–order structures at elevated temperature (see Chapter 4). 

Transition Repeatability 

For a spinodal decomposition mechanism which is independent of the thermal 

history of the sample, it is expected that repeated heating and cooling will not change the 

Figure 3.7. Complex modulus as a function of temperature for 2 wt% aqueous HPMC-375 upon 

a) heating and b) cooling at 4 different ramp rates. Measurements were strain-controlled at 5% 

strain with a frequency of 1 rad/s. 
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phase transition temperature, whereas repeated transition into and out of the unstable 

region of the phase diagram could affect a nucleation and growth process. The 

temperature at which the complex shear modulus decreases was measured for 2 wt% 

solutions of HPMC-375 subjected to three repeated thermal cycles at a 1 °C/min rate. The 

maximum temperature in cycles 1 and 2 was 58 °C, below the minimum in modulus. The 

third cycle was heated to a maximum of 65 °C, after the modulus has increased (Figure 

3.9). Whether heated above or below the minimum in modulus on heating, the phase 

transition temperature remains consistent. A wider hysteresis gap is present on the 

cooling cycle following the higher maximum temperature, which can be explained by the 

additional time necessary for the melting or remixing of higher–order structures that form 

at elevated temperature. Measurements of optical transmission and modulus were also 

collected for 1 wt% samples thermally cycled four times with a temperature range of 10 – 

90 °C (Figure 3.8). The range of G’ and G” achieved decreases with each cycle. In the 

first cycle, the minimum G” is approximately two orders of magnitude lower than the 

highest G”, while in the fourth cycle, the spread is over a single order of magnitude. The 

temperature at which the modulus drops rapidly on heating is the same for each sample. 

This difference is not an artifact from solvent evaporation, as silicone oil was floated on 

top of the sample. These data also superpose for each cycle, indicative of a spinodal 

decomposition phase separation mechanism.  

The phase transition temperature is independent of concentration and heating and 

cooling rate as seen in rheology and turbidity experiments, indicative of spinodal 

decomposition. The results obtained from repeated cycling of solutions into and out of 

the two-phase region support this, demonstrating no dependence of the transition 

temperature upon the thermal history of the sample. The morphology of the solution state 

as a function of temperature was examined using scattering techniques to verify these 

results. 
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Figure 3.8. a) Optical transmittance of 637 nm light, b) complex modulus, c) loss modulus, and 

d) storage modulus as a function of temperature upon repeated heating and cooling of a 1 wt% 

aqueous solution of HPMC-375 at 1 °C/min, 5% strain and 1 rad/sec.  
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Indications of Phase Separation by Scattering  

At Temperatures < LCST 

Static Light Scattering 

Analysis of HPMC-375 solutions was conducted using both static and dynamic 

light scattering (SLS, DLS). Zimm analysis of SLS data can be used to determine Mw, Rg, 

and the second virial coefficient, A2, for samples with a Guinier regime in the q-range of 

the instrument (qRg < 1). A positive A2 describes a sample dissolved in a good solvent 

such that solvent-polymer interactions are favorable. A negative A2 indicates a poor 

solvent in which polymer-polymer and solvent-solvent interactions are preferred. The 

theta condition, in which solvent-polymer, solvent-solvent and polymer-polymer 

interactions are balanced, occurs when A2 is zero. It is expected that for an LCST system, 

phase separation will occur when A2 is negative, as has been reported by our group for 

aqueous methylcellulose systems.
86

 

 

Figure 3.9. Reversibility of phase separation of 2 wt% aqueous HPMC-375 on thermal cycling 

with a maximum temperature below (cycles 1 and 2, black and red), and above (cycle 3, blue) the 

minimum in modulus. Measurements were strain-controlled at 5% strain with a frequency of 1 

rad/s and a 1 °C/min temperature ramp rate. 
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The Zimm equation is given by    
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Equation 3.1 

in which c is solution concentration, Rθ is the Rayleigh ratio or the excess scattered 

intensity per scattering volume normalized to the incident intensity, and the scattering 

wavevector is q=4πsin(θ/2)/λ. The optical constant, K, is given by 
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Equation 3.2 

where n is the index of refraction of the sample, δn/δc is the refractive index increment of 

the sample and λ0 is the wavelength of the incident radiation. For polymers with 

sufficiently high Mw, it is often appropriate to modify the Zimm analysis to minimize the 

contribution of the third virial coefficient, A3, by relating it to A2 using the parameter α3 

(Equation 3.3) and assuming that its contribution is negligible.  
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Equation 3.3 

This method, proposed by Berry,
65

 yields the Berry-modified Zimm equations for the 

zero-concentration and the zero-scattering angle extrapolations as described by  
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Equation 3.5 

Representative Berry-modified Zimm plots for aqueous solutions of HPMC-375 

at temperatures below the phase transition temperature are given in Figure 3.10, and the 

extracted A2, Rg and Mw for a series of samples collected as a function of temperature are 

given in Figure 3.11. The refractive index increment for HPMC-375 in water was 

measured to be 0.138 ± 0.0021 mL/g, which is consistent with published values.
87,88,89

 At 
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temperatures greater than 53 °C, scattering patterns deviated from Guinier behavior and 

Zimm analysis was not possible, as seen in Figure 3.12. 

 

  

 

Figure 3.10. Berry-modified Zimm plots for aqueous solutions of HPMC-375 annealed at a) 25 

°C and b) 45 °C. Black data points give the zero-angle and zero-concentration extrapolations. 

Figure 3.11. a) Mw b) Rg and c) A2 of aqueous HPMC-375 solutions as a function of annealing 

temperature. Parameters were calculated from Berry-modified Zimm plots of separate solutions 

that were rapidly heated from 4 °C and annealed for 10–30 minutes. 
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The Rg is constant from room temperature up to 52 °C with an average value of 54 

±3 nm. The average Mw across temperatures obtained from SLS is 370 kg/mol, which 

corresponds perfectly with size-exclusion chromatography data (Mw = 370 kg/mol with Ð 

= 3.6).
90

 A2 decreases very slightly with increasing temperature, but remains positive, 

indicative of a good solvent system. 

 

 

 

Dynamic Light Scattering 

DLS measurements were made on 0.07 wt% HPMC-375 solutions at 25 °C and 

50 °C for the purpose of determining the conformation of HPMC chains in solution 

below the phase transition. Whereas SLS can reveal Mw, A2, and Rg, DLS gives 

information about the hydrodynamic radius, Rh, and the distribution of Rh. The 

hydrodynamic radius gives the radius of a hard sphere that has the same diffusion 

coefficient as measured for a system, whether or not the particles in that system are 

spherical, as described by the Stokes-Einstein equation, 

Figure 3.12. Representative scattering data for aqueous HPMC-375 solutions annealed at 

temperatures greater than 53 °C, plotted on Berry-modified Zimm axes. This data is unsuitable for 

zero-angle or zero-concentration extrapolations. 
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Equation 3.6 

in which k is the Boltzmann constant, T is temperature, η is the solution viscosity and D 

is the measured diffusion constant. The ratio ρ = Rg / Rh is sensitive to particle shape, 

with ρ = 0.775 corresponding to a hard sphere, ρ = 1.5 corresponding to a Gaussian coil, 

and ρ > 1.5 describing extended or rod-like particles. 

In DLS, fluctuations in the scattered light intensity as a function of time are used 

to generate a second-order intensity autocorrelation function given by 
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Equation 3.7 

where q is the scattering wavevector, τ is the delay time and I is the intensity. The Siegert 

relation relates g
2
(τ) with the first-order electric field autocorrelation function, g

1
(τ)  

according to  

2
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Equation 3.8 

in which β is an instrument-specific parameter accounting for geometry, coherence, and 

laser beam alignment.  

Often, g
(1)

( τ) for monomodal, narrow distribution samples can be described by a 

simple exponential, e
–Γt

, in which Γ is the decay rate or the inverse correlation time. For 

systems with a monomodal decay rate distribution that cannot be described by a single 

exponential, a cumulant expansion may work well,
91

 and is described by  
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Equation 3.9 

The first cumulant, μ1, gives the mean decay rate,  , the second cumulant describes the 

width of the decay rate distribution, and the third cumulant describes the asymmetry of 

the distribution. This fitting method is only valid if the quality factor, μ2/(μ1)
2
, is less than 

about 0.4.  
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A double exponential function works well for describing systems with two decay 

distributions for which Γ2/ Γ1 > 3. It is given in    Equation 3.10, in which f is the 

fractional amplitude. 

For translational diffusion, the decay rate is given by 

m
2 Dq

1





 
Equation 3.11 

where Dm is the mutual diffusion coefficient. The decay rate, therefore, is lower at small 

angles. Although the diffusion coefficient is angle independent, measurements should be 

conducted at multiple angles to reduce systematic errors. 

Representative cumulant and double exponential fits to the normalized first order 

autocorrelation function for a 0.07 wt% aqueous solution of HPMC-375 at a 90° angle 

and annealed at 25 °C are given in Figure 3.13, along with the residuals of the fits and the 

fitting parameters. Calculated Rh values from fitting of each model to samples annealed at 

25 and 50 °C collected at 5 angles are given in Table 3.1 and Table 3.2. 
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          Equation 3.10 
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The dispersities in the decay rate distributions obtained from the cumulant fitting 

to these data are greater than 0.5, indicating that cumulant fitting is not reliable for this 

data set, likely due to a multimodal or very broad distribution of particle sizes. This is 

reasonable as the polydispersity of the molecular weight distribution for this sample is 

quite high at 3.6. 

  

Figure 3.13. Normalized electric field autocorrelation (left side) and residuals (right side) as a 

function of decay time for fitting of the a) cumulant expansion and b) double exponential 

functions to DLS data for a 0.07 wt% solution of  HPMC-375 collected at a 90° angle and 25 °C. 

Red lines are best-fits of each model to the data (black points). 
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Table 3.1. Dispersity, apparent diffusion coefficient and hydrodynamic radius obtained from 

cumulant fitting of SLS intensity of HPMC-375 solutions annealed at 25, 40, and 50 °C, collected 

at 5 angles. 

Temperature (    Angle (   Γ (s
–1

)
 

μ2/(μ1)
2
 Dapp × 10

-11
 

(m
2
/s) 

Rh (nm) 

50 60 8907 0.66 1.7 14 

 75 6851 0.61 1.6 16 

 90 5110 0.60 1.5 17 

 105 2174 0.56 0.85 29 

 120 5776 1.02 3.3 7.3 

40 60 1753 0.42 1.0 24 

 75 2818 0.47 1.1 22 

 90 4050 0.49 1.2 21 

 105 5402 0.48 1.24 20 

 120 6784 0.49 1.3 19 

25 60 1303 0.60 0.76 32 

 75 2130 0.68 0.83 29 

 90 3206 0.74 0.93 26 

 105 4168 0.70 0.96 26 

 120 5336 0.70 1.0 24 
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Table 3.2. Mean decay rates, apparent diffusion constants and hydrodynamic radii obtained from 

double exponential fitting of the autocorrelation function from DLS of HPMC-375 solutions 

annealed at 25, 40, and 50 °C, collected at 5 angles. 

 

Temperature 

(    

Angle 

(   

Γ1 

(s
–1

) 

Γ2 

(s
–1

) 

Dapp,1  

× 10
-11

 

(m
2
/s) 

Dapp,1  

× 10
-11

 

(m
2
/s) 

Rh,1 

(nm) 

Rh,2 

(nm) 

50 60 3009 14760 1.7 8.6 14 2.9 

 75 1426 5243 0.56 2.0 43 11 

 90 3138 12549 0.91 3.6 27 6.7 

 105 4094 16025 0.94 3.7 26 6.6 

 120 5198 23615 1.0 4.6 24 5.7 

40 60 1078 2947 0.62 1.7 39 14 

 75 1817 5635 0.71 6.2 35 11 

 90 7816 2526 0.73 2.3 34 11 

 105 3253 10162 0.75 2.3 33 10 

 120 4013 12458 0.78 2.4 32 10 

25 60 843 3388 0.49 1.9 50 12 

 75 1301 5915 0.51 2.3 48 11 

 90 1867 9550 0.54 2.8 45 8.7 

 105 2432 11316 0.56 2.6 44 9.4 

 120 3010 14772 0.58 2.9 42 8.6 
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 Double exponential fitting to the 25 °C data gives two populations with Rh values 

of 45 ± 3 nm and 10 ± 1.5 nm. It is possible that HPMC chains adopt a rod-like 

conformation in solution rather than spherical or coil conformations with the smaller size 

domain corresponding to internal modes of diffusion. Combined with the average Rg of 

54 ± 3 nm obtained from SLS (Figure 3.11) however, ρ = 1.2 ± 0.2, indicating that the 

polymer exists in a denser state between a hard sphere and Gaussian coil rather than a 

more extended conformation. 

 At the higher temperature, the Rh values obtained for the lowest two angles with 

double exponential fitting are in disagreement with those seen at higher angles, though 

the resulting average Rh values, 27 ± 10 nm and 6.5 ± 2.9 nm, are similar whether or not 

the lower angles are included. Assuming that this model accurately describes the system, 

the Rh of the particles decreases with increasing temperature while the Rg remains 

constant, indicating a decrease in particle density upon heating (ρ ≈ 2.0 at 50 °C). Though 

Γ2/ Γ1 > 3, it is possible that the system is multimodal or highly disperse and may not be 

accurately described by a double exponential. 

LaPlace inversion has the ability to describe systems having broad, multimodal 

distributions by extracting the decay rate distribution from the first autocorrelation 

function, 






0

)1( de)(G)(g          Equation 3.12 

This method can yield an infinite number of non-unique distributions that describe the 

data. It is also sensitive to small amounts of noise, and is biased toward narrow, broad 

peaks, so careful interpretation of data is crucial and should be supported by other 

techniques. The Regularized Positive Exponential Sum (REPES) program was used to 

treat DLS autocorrelation functions obtained for 0.07 wt% aqueous HPMC-375 at 25 and 

50 °C at 5 scattering angles between 60° and 120°.66
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Bodvik et al. reported ρ = 2.6 at room temperature that drops below 2 above the 

phase transition temperature for a HPMC material having DS = 1.8, and MS = 0.13.
52

 

This result suggests that HPMC chains have rod-like morphologies below the phase 

transition temperature that increase in density as the temperature increases in this range. 

The accuracy of this result is questionable however, due to several errors in experimental 

design. Zimm analysis was used to extract Mw and Rg from SLS data obtained at a single 

concentration, and the reported Mw of 70 kg/mol does not match the value of ≈ 300 

kg/mol that is expected based on the known viscosity of the commercial material.
92

 DLS 

was conducted single scattering angle and the method of DLS analysis to determine Rh 

was not specified. 

Small-Angle Neutron Scattering 

SANS intensity as a function of scattering vector for a 1.0 wt% HPMC-375 

solution in D2O at temperatures 40 – 50 °C are given in Figure 3.15. From SLS, the 

second virial coefficient for HPMC-375 in water is positive for temperatures below 53 °C 

(Figure 3.11), indicating that the polymer is well-dissolved. Thus, several models for 

dissolved polymer were used to describe the SANS data and are described below. The 

Figure 3.14. Distribution of decay rates as a function of Rh from REPES analysis of correlation 

functions obtained for 0.07 wt% HPMC-375 at 25 °C (left) and 50 °C (right) at a 90° angle. 
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best fits of each of the models to the data at 45 °C along with the fit residuals are given in 

Figure 3.15, and the fitting parameters are given in Table 3.3. 

The polydisperse Gaussian coil model (PGC) describes a form factor for 

scattering from a polymer in a theta solvent with a Schulz-Zimm distribution of 

molecular weights and is given by 
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    Equation 3.13 

where A is a scaling factor, x is equal to Rg
2
q

2
 and the polydispersity, U, is Mw/Mn – 1. 

Mw/Mn was held constant at 3.6 during the fitting based on GPC data received from Dow 

Chemical Company.
90

 

The Debye model describes the form factor for a linear polymer in a dilute, theta 

solvent and is given by 

    
bkg

x

xe
vZ

x
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2

2 1
2      Equation 3.14 

where ϕ is the polymer volume fraction, Δρ is the scattering contrast, Z is the number of 

monomers per chain and vm is monomer volume.
93

 These parameters are known for 

HPMC-375 to be 0.01, 5.14×10
–6

 Å
 –2

, 1592 and 257 Å
3
 respectively, and are held 

constant during the fitting. 

Chatterjee and coworkers describe the behavior of low-temperature 

methylcellulose solutions using an empirical model that incorporates a power-law term to 

describe data at low-q, an Ornstein-Zernike term (OZ) that describes higher-q data, and a 

background term as shown in Equation 3.15.
78
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Equation 3.15 
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I(0) describes the structure factor at zero-scattering-vector, and ξ is the concentration 

fluctuation length. Previous work in our group has found that this model is a good fit for 

semi-dilute methylcellulose solutions below the gelation temperature, independent of 

molecular weight.
94

 

The Rg of 56 nm obtained for the Debye fit matches nicely with the value of 54 

nm obtained from SLS (Figure 3.11), but the residuals are high at low-q due to the poor 

quality of the fit in that range. Adjusting the scaling factor results in a better fit to the data 

(not shown), but as A is determined by the known values ϕ, Δρ, Z and vm, there is no 

justified reason to change it. It is likely that the poor fit is because the Debye model 

describes a polymer in a theta solvent, and water is a good solvent for HPMC-375 at this 

temperature rather than a theta solvent since A2 > 0.  

The best-fit of the PGC model to the 45 °C data gives a Rg of 32 ± 1 nm which is 

significantly lower than expected based on SLS. As this model describes a polymer in a 

theta solvent, it was expected that it would describe the data well. The residuals of the fit 

are slightly high at the lowest q values, though this is not a concern as the error in the 

data in this range is also high. The cause of the discrepancy in Rg between the SLS Zimm 

analysis and PGC modeling of SANS data may be due to differences in sample 

concentration (0.05 wt % versus 1.0 wt %), or anneal time (10 – 60 minutes for both), or 

that the system is not well-described by the PGC model.  
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Figure 3.15. Best fit of the a) Polydisperse Gaussian Coil, b) Debye, and c) Chatterjee models to 

the 45 °C data. Fit residuals are given on the right-hand side, and fitting parameters are given in 

Table 3.3 and Table 3.4. 
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Model Scale, A (cm
-1

) Rg (nm) Mw/Mn bkg (cm
-1

) 

Polydisperse 

Gaussian Coil 
2.7 ± 0.1 32 ± 1 3.6* 0.0036 ± 0.0004 

Debye 10.8* 56.1 ± 0.1 n/a 0.01 ± 0.01 

 

 

a (cm
-1

) m I(0) (cm
-1

) ξ (nm) bkg (cm
-1

) 

0.016 ± 0.009 0.72 ± 0.1 3.5 × 10
8
 ±1.2 × 10

7
 18 ± 5 -0.0048 ± 0.0015 

 

  

The quality of the fits to the PGC and Chatterjee models are similar, based on the 

residuals. As the Chatterjee model is empirical and does not give physical information 

about the polymer, the primary reason for including it here is to demonstrate that the 

previously reported model for MC may also be applied to HPMC solutions at 

temperatures below the cloud point. Though HPMC does not demonstrate the same 

increase in slope at low-q that prompted the use of the power-law term in the Chatterjee 

model, the data can still be described using the empirical model. 

 

 

Table 3.3. Parameters obtained for the fitting of the PGC and Debye models for polymer chains 

in solution to SANS data obtained at 45 °C. Asterisk denotes a parameter that was held constant 

during fitting. 

 

Table 3.4. Parameters obtained in the fitting of the Chatterjee model to SANS data obtained at 45 

°C. 
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Small-Angle X-ray Scattering 

Small angle x-ray scattering intensity as a function of scattering vector was 

obtained for three different concentrations of aqueous HPMC-375 at several different 

temperatures when heated at a 1 °C/min rate (Figure 3.16). For the 0.3 wt % sample up to 

50 °C, and  the 1 wt% sample up to 55 °C, the SAXS patterns show Guinier-like behavior 

with a low-q plateau  in good agreement with the SANS data (Figure 3.15). The drop in 

intensity at low-q is an artifact due to the low scattering signal of the sample compared 

with the water.  

  

 

 

Figure 3.16. Small-angle x-ray scattered intensity as a function of scattering vector for a) 0.3 wt 

%, b) 1.0 wt%, and c) 3.0 wt% aqueous HPMC-375 upon heating at a 1 °C/min rate. Background 

scattering from water and quartz have been subtracted.  

A) B) 

C) 
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background. The exact slopes at low-q are unreliable, but may be compared relative to 

one another. 

Bodvik and coworkers reported SAXS intensity at q = 0.01 – 0.3 Å for 1 wt% 

aqueous solutions of HPMC materials with slightly lower hydroxypropyl substitution (DS 

= 1.8 and MS = 0.13). In that report, I ~ q
–1

. As such, Bodvik suggested that HPMC has a 

rod-like conformation in solution at these temperatures and concentrations. Extending the 

scattering to lower q, as is done in this report, reveals a plateau in intensity that 

corresponds to a size regime of 50 – 100 nm, not seen in Bodvik’s work. Additionally, 

extension of the q-range reveals an upturn in the intensity of the 0.3 wt% solution at 55 

°C at low-q that is not seen at higher concentrations or lower temperatures. This upturn is 

possibly due to aggregation into larger polymer-rich domains, though it is unclear why 

this was only observed at the lower concentration. Phase separation, as characterized by 

rheology, is concentration independent (Figure 3.3) while the onset of turbidity occurs 3 

°C higher for the lower concentration than for the higher concentration under the same 

conditions (Figure 3.1).  

The scattered intensity from the 3.0 wt% solution shows the same q
–1

 scaling at 

high-q that was observed by Bodvik, but rather than leveling into a plateau at low-q, it 

continues proportional to q
–2

, which may be due to coiled polymer in solution. The 

Guinier approximation requires scatterers to be dilute, so does not apply to the 3.0 wt% 

sample for which the concentration is 23 times greater than the chain overlap 

concentration. 

At Temperatures > LCST 

Small-Angle Neutron Scattering 

At temperatures of 55 °C and higher, an increase in neutron scattering at low-q is 

observed, consistent with Porod scattering from the presence of micron or larger-sized 
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species. This temperature corresponds with the onset of optical turbidity and a rapid 

decrease in the solution modulus, which are consistent with phase separation into 

polymer-rich and polymer-poor domains. 

The Debye, Anderson and Brumberger model (DAB) for a randomly distributed 

two-phase system was used to describe phase separation.
95

 The model assumes smooth, 

sharp interfaces between phases and can be written as  

 22

32

1

8

)q(

)(
),q(I PR







        Equation 3.16 

where q is the scattering vector, ξ is the correlation length or the distance between phases, 

Δρ is the difference in scattering length density (SLD) between phases, and ϕR and ϕP are 

the volume fractions of the polymer-rich and polymer-poor phases, respectively. The 

SLD of each phase is dictated by the phase composition, which cannot be determined a 

priori for this system. In the initial fittings, phase composition and volume fractions were 

incorporated into a scaling term that was fit to the data, which can be seen in Figure 3.17. 

The input value for the correlation length was 3 μm, guided by optical microscopy 

images of 2 wt% HPMC-375 at 90 °C taken by Fairclough et al.
82

  

As seen in Figure 3.17, the DAB model alone does not fit the data at 55 °C in the 

intermediate and high-q range, likely due to remaining polymer dissolved in the polymer-

poor phase that has not migrated into the polymer-rich phase. Thus, a linear combination 

of the PGC and DAB models was used to account for both dissolved chains in solution 

and the two-phase system as given by Equation 3.17. 
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The contribution of each term to the model is incorporated into scaling factors A and B. 

The composition and volume fraction of each phase are unknown, and also contribute to 

B. The best-fit to the data of the combination model and the contribution of each term are 

given in Figure 3.17. 

  

 

Scale, A 

(cm
-1

) 

Rg 

(nm) 
Mw/Mn 

Scale, B 

(cm
-1

) 

ξ 

(nm) 

Bkg 

(cm
-1

) 

3.08 ± 0.01 32* 3.6* 4.51 × 10
-5

 ± 2 × 10
-7

 30000* 0.0018 ± 0.0003 

 

Solution Stability  

The long-term stability of aqueous solutions of HPMC-375 was investigated by 

annealing samples at both 25 °C and 35 °C for several weeks and monitoring for changes 

in particle size using SLS (Figure 3.18). At early times, the scattering data can be fit to 

Figure 3.17. a) SANS scattering intensity versus scattering vector, q, for a 1 wt% solution of 

HPMC-375in D2O at 55 °C for which incoherent scattering background has been removed. b) 

Residuals for the PGC_DAB fitting to the 55°C data. 

Table 3.5. Fitting parameters for the PCG_DAB two-phase system model fit to the data given in 

Figure 3.17. The asterisk indicates parameters that were held constant during the fitting. 
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the Guinier function, I(q) ~ exp(–q
2
Rg

2
/3), indicating that the HPMC is well-dissolved 

with an average Rg of 49 ± 2 nm. As time increases, the scattered intensity increases until 

the data departs from the Guinier regime, indicating that the HPMC aggregates into larger 

particles (>1 μm). Particles are visible in the vial within three weeks. Precipitation of 

HPMC at this temperature is particularly interesting as the A2 > 0 up to 50 °C and it is 

expected that the coils would remain well-dissolved.  

 

 

 

 

 

Figure 3.18. a) Scattered light intensity from a 0.0371 wt% solution of HPMC-375 as a function 

of scattering vector, q, that has been held at 35 °C for 30 minutes, 11, days, 21 days or 25 days. 

The black line is a Guinier fit to the 30 minute data. b) Scattered intensity versus time in days for 

four discrete q-values.  
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To eliminate bacterial or other biological growth as a contributor to the increase 

in low-q scattering, 100 μL of 0.4 wt% HPMC-375 solutions either freshly prepared or 

annealed at 50 °C for 7 or 14 days were introduced to separate sterile, antibiotic free agar 

plates and incubated at 37 °C for one week. No growth was observed on these plates, or 

on negative controls (fresh Milli-Q filtered water, Milli-Q filtered water annealed at 50 

°C for 14 days) but was observed on a positive control (agar plate swabbed with 

fingertip). Autoclave sterilization of sample vials did not change experimental results, 

and use of the autoclave on samples was not attempted due to their thermal sensitivity. 

It may also be possible that the increase in low-q scattering is due to dust on the walls of 

the sample vial that is gradually introduced to the solution with time as the heated liquid 

evaporates, condenses and flows back into the bulk solution. This is unlikely as vials and 

vial caps were washed at least four times with filtered, deionized water prior to 

introduction of the filtered samples. 

Conclusions  

The behavior of aqueous HPMC solutions was examined using DLS, SLS, SAXS, 

SANS, small-angle oscillatory shear rheology and optical turbidimetry experiments at 

Figure 3.19. Scattered x-ray intensity for a 1.0 wt% HPMC-375 solution as a function of the 

scattering vector upon heating to a) 50 °C or b) 57 °C and annealing for up to 60 minutes. 

Scattering background from water and quartz has been subtracted. 
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temperatures above and below the phase transition. Light scattering results indicate that 

HPMC chains exist in a coil–like state in solution at low temperatures. Increasing the 

temperature has no effect on Rg, but increases Rh. From this result, HPMC chains may 

decrease in density and extend into a rod–like conformation as the phase transition is 

approached. Interestingly, the second virial coefficient of aqueous HPMC remains 

positive until the rapid onset of turbidity at 55 °C, contrary to the behavior of MC at the 

same concentrations and temperatures. Light scattering cannot be used reliably above the 

phase transition temperature due to optical turbidity, so SANS and SAXS from solutions 

at elevated temperatures are described in Chapter 4. 

Phase Separation Mechanism 

The phase transition temperature of aqueous HPMC-375 characterized by 

turbidimetry and rheology is independent of concentration (Figure 3.1 and Figure 3.3), 

heating rate (Figure 3.5 and 3.9), and the number of thermal cycles (Figure.8), suggesting 

that phase separation occurs via a spinodal decomposition mechanism. Molecular weight 

independence is also observed. The conformation of chains at temperatures approaching 

the transition, as well as the driving force for the transition, are still unknown. 

Future Work 

HPMC chain conformation at temperatures approaching the phase transition 

should be characterized further by expanding upon the complementary DLS and SLS 

experiments described here. Only a single concentration of HPMC was examined using 

DLS at three temperatures, so there is need for verification and repeatability of this data. 

Additionally, the samples likely have high size dispersities, so the double exponential 

fitting of DLS data may need to be replaced by analysis using LaPlace inversion. Zimm 

analysis of SANS or SAXS data may be used to determine the second virial coefficient at 

temperatures near the phase transition. It is expected that a negative value will be 

observed as partitioning between phases occurs. 
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Controlled synthesis or size-based separation of industrially synthesized HPMC 

materials into samples having low molecular weight dispersity and comparable DS and 

MS values would allow for the individual contribution of each variable to be elucidated.  
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Chapter 4 Fibril Formation in HPMC-375 Solutions 

Literature Perspectives on Fibrils 

Native cellulose is a polysaccharide with a rod-like, stiff morphology due to 

intramolecular hydrogen bonds between backbone hydroxyl groups. Intermolecular 

hydrogen bonds allow cellulose chains to form bundles which can associate into 

crystalline or amorphous structures, depending on the arrangement of hydrogen bonds 

between bundled chains. These intermolecular bonds lead to crystallinity and insolubility 

in water. Native cellulose is known to form microfibrils and microfibrillar bands with 

size-scales on the order of 10 – 30 nm and 100 nm, respectively.
96 , 97

 Chemical 

modification of the hydroxyl groups interrupts hydrogen bonding and produces useful 

cellulose derivatives including methylcellulose (MC) and hydroxypropyl methylcellulose 

(HPMC) with improved solubility in water and organic solvents. Cellulose ethers (CEs) 

are used broadly in industrial and consumer applications, namely as food additives, 

pharmaceutical excipients and as components of building materials, ceramics, and 

personal care products, yet the structures formed in aqueous CEs are not well studied.  

Fibrils in cellulose ethers  

Aqueous solutions of MC and HPMC form fibrillar networks upon heating, as 

first demonstrated by Bodvik and coworkers using cryogenic transmission electron 

microscopy (cryo-TEM).
54

 MC fibrils having ≈ 500 nm lengths and ≈20 nm widths with 

persistence lengths on the order of 300 nm were observed in 0.1 wt% solutions at 45 °C. 

The single image given for HPMC under the same conditions shows round particles that 

are possibly due to polymer aggregates, but may also be spherical frost which is a 

common artifact from sample preparation. At 2.0 wt% and 65 °C, the published 

micrograph shows straight, thread-like structures with micron-sized lengths and widths of 

≈ 20 nm, attributed to fibrils. The presence of aggregates and the temperature of their 
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appearance were confirmed by an increase in x-ray and light scattering intensities as a 

function of increasing temperature. These are the only known published cryo-TEM 

images of aqueous HPMC at high temperature, and the fibril conformation and 

composition have not yet been described. 

 The fibrillar structure of aqueous MC (DS ≈ 1.8) gels at high temperature was 

characterized by Lott et al. using SANS, USANS and cryo-TEM.
 109,110

 Fibrils were 

found to have uniform diameters of 14 ± 1 nm and contain 40% polymer by volume by 

fitting SANS traces with a model for semi-flexible cylinders with disperse radii. Cryo-

TEM images show diameters of 15 ± 2 nm. Fibril dimensions and composition were 

independent of concentration and Mw. Fibrils persist on cooling, as seen in cryo-TEM 

images, consistent with thermal hysteresis observed in rheology. Huang and Ginzburg 

suggest that MC fibrils are composed of stacked polymer rings that form due to hydrogen 

bonding between MC and water, and they used course-grained molecular simulations 

guided by atomistic molecular dynamic simulations to observe the conformational change 

of MC chains into rings.
98,99

 

Previous work characterizing the presence of fibrils in aqueous cellulose ethers 

and their conformation and composition has focused primarily on methylcellulose, with 

very little expansion into the vast library of available cellulose ethers. This work focuses 

on providing clear evidence for the formation of fibrils in HPMC-375, and on 

characterization of conformation and composition of those fibrils using cryo-TEM, 

SAXS, SANS and light-scattering techniques. 

Experimental Evidence for Fibrils in Aqueous HPMC-375 

Cryo-TEM  

Aqueous solutions of HPMC-375 were annealed at discrete temperatures above 

the phase transition temperature for 30 minutes, and aliquots were applied to lacey-
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carbon TEM support grids, blotted, and flash-vitrified in liquid ethane. Grids were stored 

in liquid nitrogen until cryo-TEM images were collected. Micrographs of 0.3 wt% 

samples annealed at 57 °C, 70 °C and 90 °C are given in Figure 4.1, Figure 5.8 and Figure 

4.3, respectively. Additionally, a 0.1 wt% sample was vitrified from 60 °C after heating at 

a 1 °C/min rate (Figure 4.4). Microscopy data were collected by Peter Schmidt and Joe 

Lott. 

At 57 °C, images show a mixture of globular particles with disperse radii of 27 ± 

14 nm, along with slightly elongated particles that may be aggregates of multiple smaller 

particles. This solution is turbid at 57 °C, and has separated into polymer-rich and a 

polymer-poor phases with size domains of ~ 3 μm (see Chapter 3). These domains are too 

large to be visible in these micrographs, and are not apparent in images obtained at lower 

magnification levels. Fibrils are not visible in any images, and are not expected as 

rheological moduli have not increased at this temperature. The globular particles in 

Figure 4.1a are likely polymer aggregates. The circular particles in Figure 4.1b are more 

consistent in size and shape than those in Figure 4.1a, and are likely hexagonal ice (an 

artifact from sample preparation) rather than polymer. The thread-like structure visible in 

the bottom, right-hand corner is frozen ethane, and is an artifact not unique to these 

samples.  These two images were taken from the same sample grid, although due to 

sample inhomogeneities and blotting parameters, inconsistencies throughout a grid are to 

be expected.
100
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Figure 4.1. Cryo-TEM images of 0.3 wt% aqueous HPMC-375 annealed at 57 °C for 30 minutes 

and then flash-vitrified in liquid ethane. Scale bars equal 500 nm.  

At 70 °C (Figure 4.2), fibrils with radii of 18 ± 5 nm and disperse lengths of 190 ± 

100 nm can be seen. Also visible along the lacey carbon support grid are larger, globular 

regions with sizes ranging from 100–500 nm. It is not surprising that larger structures are 

segregated along the grid as the sample film is thicker at the edge of holes in the grid and 

thinner in the center.
101

 It is possible that these regions are the polymer-rich domains that 

cause sample turbidity, though inhomogeneities from phase separation are expected to be 

on a micron-sized scale as they cause optical turbidity. The short fibrils observed here are 

inconsistent with those published for 2.0 wt% HPMC vitrified from 65 °C, which are 

straight and > 1 μm in length.
54

  

When annealed at temperatures greater than 70 °C, transfer of heated samples to 

support grids was difficult due to high solution viscosity. At 90 °C, samples are turbid, 

and those with concentrations of 0.3 wt% and above are weak gels. The pipette used to 

remove a sample aliquot for blotting, vitrification and imaging may selectively uptake 

polymer-rich or polymer-poor fractions of the sample. Hence, these images are 

descriptive of a small fraction of the sample, and do not necessarily represent the 

structures throughout the bulk of the sample. The best images obtained from annealing a 

500 nm 

 
b 

500 nm 

a 
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0.3 wt% solution at 90 °C are given in Figure 4.3. Images a and b show circular particles 

with consistent radii of 48 ± 12 nm and 62 ± 9 nm, respectively, which are attributed to 

hexagonal ice.
102

 Images c and d show mixtures of round particles with longer, thinner 

particles and aggregates with varied morphologies. Images e and f exhibit dendrite-like 

crystals. The pale circles in the carbon support grid in image e are due to beam damage. 

 

 

 

 

  

Figure 4.2. Cryo-TEM images of 0.3 wt% aqueous HPMC-375 annealed at 70 °C for 30 minutes 

and then flash-vitrified in liquid ethane. Scale bars equal 500 nm.  
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Figure 4.3. Cryo-TEM images of 0.3 wt% aqueous HPMC-375 annealed at 90 °C for 30 minutes.  
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To enable direct comparison between cryo-TEM and heating-rate controlled 

rheology, turbidity and SAXS experiments, cryo-TEM images were obtained from 0.1 

wt% aqueous HPMC-375 flash-vitrified from 60 °C after heating from 25 °C at 1 °C/min 

(Figure 4.4). The images contain a smattering of crystals with approximate lengths of 100 

nm, which are characteristic of cubic ice that forms when vitreous ice is warmed above 

136 K.
103

 The presence of fibrils or other aggregates on this size-scale cannot be 

confirmed from these images. Electron diffraction may be used in future experiments to 

distinguish between cubic and vitreous ice and crystals of other types.  

 

  

Figure 4.4. Cryo-TEM images from 0.1 wt% aqueous HPMC-375 flash-vitrified from 60 °C after 

heating at 1 °C/min.  

Rheology 

The elastic and viscous moduli of 2 wt% HPMC-375 as a function of temperature 

upon heating and cooling at 1 °C/min are shown in Figure 4.5. At room temperature, 

solutions are clear and colorless with G” > G’. Upon heating, both moduli drop 

drastically at 55 °C due to partitioning of polymer chains into polymer-rich domains 

suspended in a sample-permeating, polymer-poor matrix. Further heating results in a 

rapid increase in G’ followed by an approximate gel point when G’=G” at 65 °C and then 

500 nm 500 nm 

b a 
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an increase in G” at 70 °C. The increase in moduli is indicative of fibrils that form a loose 

network at 90 °C. Hysteresis is evident upon cooling with G” and G’ returning to the 

paths taken on heating at 32 °C and 15 °C, respectively.    

 

X-ray Scattering 

Small-angle, mid-angle and wide-angle x-ray scattering data were obtained 

simultaneously for 0.3, 1.0 and 3.0 wt% aqueous solutions of HPMC-375 heated in 

quartz capillaries at a 1 °C/min rate. SAXS intensities, radially averaged and corrected for 

scattering due to quartz and water backgrounds, are given as a function of q on the left 

side of Figure 4.8. WAXS and MAXS intensities are displayed on the right side of Figure 

4.8, with the black curve showing the background signal for water obtained at 40 °C. To 

aid in visualization of the differences in the shapes of the curves at each temperature, the 

WAXS and MAXS data from the 3.0 wt% sample were vertically shifted and are 

displayed in Figure 4.7. The background scattering from water and quartz are given for 

small, mid and wide angles in Figure 4.6. 

Figure 4.5. Elastic (black) and viscous (red) moduli of 2 wt% aqueous HPMC-375 as a function 

of temperature upon heating (closed symbols) and cooling (open symbols) at 1 °C/min. 
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Figure 4.6. SAXS (left) and WAXS and MAXS (right) intensities from water in a quartz 

capillary at several discrete temperatures.  

Figure 4.7. WAXS and MAXS intensities as a function of q obtained for 3.0 wt% HPMC-375 at 

discrete temperatures upon heating at 1 °C/min. Intensities have been vertically shifted. 
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Figure 4.8. Small-angle x-ray scattered intensity (left) and mid- and wide-angle scattered 

intensity (right) as a function of scattering vector for a) 0.3 wt %, b) 1.0 wt%, and c) 3.0 wt% 

HPMC-375 at several temperatures upon heating at a 1 °C/min rate. Background scattering from 

water and quartz have been subtracted from the SAXS intensities. Water backgrounds for WAXS 

and MAXS at 40 °C are given by black data points and have not been subtracted from the data.  
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For the lowest two concentrations at temperatures of 45 °C and below, SAXS 

intensities display a negative slope at the lowest q values, due to the low signal compared 

with the background, while positive slopes are observed for temperatures above 50 °C. 

Low-q intensity increases with temperature for all concentrations, regardless of slope. 

The SAXS intensity of the 0.3 wt% sample at T ≥ 50 °C displays a plateau in the q-range 

of 0.003 – 0.004 Å
–1 

that is not seen at higher concentrations. The SAXS intensities of the 

1.0 and 3.0 wt% samples exhibit a plateau-like change in slope near 0.009 Å
–1 

when T ≥ 

65 °C, with the overall intensity and sharpness of the break increasing with temperature. 

This is due to the form factor from fibrils, as will be discussed later. There is a second 

break in slope near 0.003 Å
–1 

with a higher slope occurring at lower q-values, which is 

attributed to the form factor resulting from the interface between micron-sized polymer-

rich and polymer-poor domains formed during liquid-liquid phase separation.  

Bodvik reported SAXS data (0.01 ≤ q ≤ 0.35 Å) for 1 wt% aqueous solutions of 

commercial HPMCs F4M (DS = 1.8 and MS = 0.13) and K15M (DS = 1.4 and MS = 

0.21) upon heating and cooling at an uncontrolled rate (approximately 0.2 °C/min).
54

At 

25 °C and 35 °C, the scattering intensity scales as q
–1

, and as temperature is increased to 

65 °C, 75 °C and 95 °C, the intensity at low q increases. This is in good agreement with 

the data given here for HPMC-375 (Figure 4.8), though Bodvik’s data does not extend to 

low enough q for the plateaus at 0.009 and 0.003 Å to be observed. 

Water scatters significantly in WAXS causing intense, broad peaks at 2.0 and 2.8 

Å
–1

 that slightly broaden with increasing temperature (Figure 4.6). MAXS and WAXS 

intensities from 0.3 wt% HPMC-375 do not deviate significantly from the water 

background. The higher concentrations result in intensities slightly higher than the 

background, though no obvious peaks resulting from structure in HPMC-375 are present 

(Figure 4.7). The MAXS intensity at intermediate q (0.6 – 0.9 Å
–1

) increases slightly as 

temperature increases for 1.0 and 3.0 wt% HPMC-375, though there are no distinct peaks 
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that may be attributed to structures present in the sample. The q-range of the WAXS and 

MAXS detectors overlaps from 0.67 – 0.85 Å
–1

, which is the reason for the discontinuity 

in the curves in this range. 

Aqueous solutions of 1.0 wt% HPMC-375 were also isothermally annealed at 

discrete temperatures for an hour with SAXS measurements taken periodically during the 

annealing. Curves are shown in Figure 4.9. At T ≤ 55 °C, SAXS curves at all anneal 

times plateau at low-q, as expected for dissolved polymers in solution. Within 2 minutes 

of annealing at 57 °C, an upturn is observed in the slope when 0.003 ≤ q ≤ 0.02, with two 

slight plateaus occurring in this range. There is little change in curve shape as the sample 

is annealed for longer time periods. Data obtained at 60 °C is similar to that taken at 57 

°C. When the temperature is increased to 70 °C and to 90 °C, the negative slope at low-q 

increases. The intensity at the lowest q is an order of magnitude higher than at 60 °C. The 

plateau in the steep sloped region becomes more prominent and shifts in location.  

Similar experiments were conducted using 0.3 wt% HPMC-375 (Figure 4.10), 

which is of particular interest because cryo-TEM images were obtained of this 

concentration after isothermal annealing so data from these SAXS experiments and cryo-

TEM images may be compared directly. At 50 °C, intensity plateaus at low-q. An upturn 

in the low-q (0.002 – 0.003 Å
–1

) slope appears at 55 °C. The q-range of the upturned 

slope in the 0.3 wt% sample is much narrower than for the analogous 1.0 wt% sample, 

and occurs at a lower temperature (Figure 4.9b, c). The q-range with a steep slope 

expands to higher q as the temperature continues to increase, and two distinct plateaus 

appear in the  same region for the up to 70 °C. At 90 °C, the plateaus have smoothed and 

shifted along the curve. At all temperatures, with the exception of 70 °C, the scattering 

pattern does not change significantly between 2 minutes and 60 minutes of annealing. 
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Figure 4.9. SAXS intensity as a function of q for several discrete time points collected during the 

isothermal annealing of 1.0 wt% HPMC-375 at a) 50 °C, b) 55 °C, c) 57 °C, d) 60 °C, e) 70 °C, 

and f) 90 °C. 
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Figure 4.10. SAXS intensity as a function of q for several discrete time points collected during 

the isothermal annealing of 0.3 wt% HPMC-375 at a) 50 °C, b) 55 °C, c) 57 °C, d) 60 °C, e) 70 

°C, and f) 90 °C. 
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Several samples of HPMC-375 of 0.03 wt% were annealed at 35 °C for 30 

minutes, 30 days, 37 days and 55 days to monitor whether fibrils would form below the 

phase transition temperature of 55 °C. Low concentrations were used for these 

experiments so that the samples could also be monitored using light-scattering. After a 

month of annealing, these samples are optically clear, colorless liquids with a small 

number of white, ~1 mm-long, thread-like particles suspended in the liquid. The SAXS 

data from these samples are given in Figure 4.11 along with the scattering of water at 35 

°C and the scattering of the 30 minute sample that was rapidly heated to and annealed at 

90 °C for 5 minutes. All curves demonstrate a low-q (0.002 ≤ q ≤ 0.01) power-law slope 

of about –3 with few other features. It is likely that the scarce threads were not in the 

beam path to contribute to the signal. Additionally, the size-scale on which the threads 

display order may be too large to be in the q-range of this experiment. 

 

 

 

 

Figure 4.11. SAXS intensity as a function of q from 0.03 wt% aqueous HPMC-375 annealed at 

35 °C for 30 minutes through 55 days, along with the scattering from water at 35 °C (black) and 

from 0.03 wt% HPMC-375 annealed at 90 °C for 5 minutes (purple).  
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Neutron Scattering 

Small-angle neutron scattered intensity was collected as a function of q for a 1.0 

wt% aqueous solution of HPMC-375 at several temperatures upon heating at an 

uncontrolled, low rate. Data were collected every 5‒10 °C for 3‒90 minutes until 

sufficient signal was obtained, and are displayed in Figure 4.12. Incoherent scattering has 

been removed. SANS data was collected at ORNL or NIST by Joe Lott and John 

McAllister. 

 

 

At T ≤ 45 °C, SANS curves plateau at low-q, as expected for polymer chains in 

solution. Intensity increases slightly at temperature increases in this region. When the 

temperature is increased to 55 °C, intensity increases at low-q as q decreases. This is due 

to scattering from the polymer-rich and polymer-poor domains resulting from the liquid-

liquid phase separation that occurs in aqueous HPMC-375 at 55°C on heating (see 

Chapter 3). As the temperature increases further, the slope at low-q remains constant, 

though the intensity increases with temperature. The intensity at intermediate-q (0.006-

Figure 4.12. Small-angle neutron scattered intensity versus scattering vector, q, of a 1.0 wt% 

aqueous solution of HPMC-375 at several temperatures upon heating at an uncontrolled rate. Data 

was collected every 5‒10 °C for 3‒90 minutes until sufficient signal was obtained. Incoherent 

scattering has been removed.  
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0.04 Å
–1

) also increases with temperature, resulting in a concave-down break in slope 

near 0.015 Å
–1 

and a concave-up break in slope near 0.006 Å
–1

 when the sample reaches 

90 °C. This shoulder that appears at intermediate-q is due to the presence of fibrils, and 

can be fit to a model describing flexible cylinders as described below. 

Fibril Characterization 

Cryo-TEM 

The dimensions of fibrils seen in cryo-TEM images were determined using 

ImageJ software. To calculate the diameter of a fibril, a line was drawn perpendicular to 

the length of a fibril in the image, and the pixel grayscale along the line was plotted as a 

function of distance in pixels (Figure 4.13a). This resulted in a peak with the maximum in 

the peak representing the center of the fibril (Figure 4.13b). The number of pixels taken 

at the full width of the peak determined at half of the maximum height (FWHM) was 

compared with the number of pixels in the scale bar to calculate the fibril diameter. Fibril 

length was determined by tracing the length of each fibril as closely as possible and 

calculating the length of the traced line using the segmented line selection tool in ImageJ 

(Figure 4.13a). Measurements were repeated for at least 30 fibrils in each image and the 

values were averaged to give a radius of 18 ± 5 nm and length of 190 ± 100 nm for 0.3 

wt% HPMC-375 annealed at 70 °C for 30 minutes.  
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Description of Scattering Models 

The intensity of scattering in SANS and SAXS measurements is proportional to 

the microscopic differential scattering cross-section, dσ(q)/dΩ, which is the number of 

scattered neutrons (or X-rays or photons) per time, relative to the incident flux, per unit 

angle at q per unit volume of sample. For a mono-disperse collection of particles, it can 

be described by 

)q(S)q(PVn
d

)q(d 22



        Equation 4.1 

in which n is the particle number density, Δρ is the difference in the scattering length 

densities of the particles and the solvent, V is the particle volume, P(q) is the particle 

form factor and S(q) is the structure factor.
104,105

 For sufficiently dilute solutions, S(q) = 

1, and the structure factor does not contribute to the scattering. For randomly-oriented 

particles, theoretical form factors for anisotropic scatterers must be averaged over all 

possible orientations.  

 

Figure 4.13. Cryo-TEM image of fibrils in 0.3 wt% HPMC-375 annealed at 70 °C for 30 minutes 

(a). The red line is drawn perpendicular to the length of the fibril, and the grayscale intensity of 

each pixel along the line is plotted as a function of distance in nm to yield (b). The FWHM 

distance is used to calculate the fibril diameter. 
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Spheres and spheroids 

For homogenous spheres with radius R, the form factor, P(q) = [F(q)]
2
, where 

F(q) is the amplitude of the form factor and equal to
106
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       Equation 4.2 

The sphere model can be fit to experimental data using the radius as a single parameter.  

For a spheroid-shaped particle with an aspect ratio, k, greater than 1.01 or smaller than 

0.99, qR from Equation 4.2 can be replaced by 

where θ is the angle between the major axis and q. The spheroid form factor for 

randomly-oriented scatterers is then obtained by integrating the square of the amplitude 

over cos(θ) = 0 to 1. The fit of this model is optimized by varying both k and R. 

Cylinders 

The form factor amplitude describing a uniform cylinder of radius R, and length 

L, oriented at an angle θ from q is given by 
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where J1 is the first Bessel function.
107

 The form factor for a randomly oriented cylinder 

is given by integrating [F(q, θ)]
2
 over cos(θ) = –1 to 1. Optimization parameters in the 

fitting of the cylinder model are L and R.  

Pedersen and Schurtenberger developed a SANS model to describe flexible 

cylinders with polydisperse radii (FCPR)
108

 which has previously been used by our group 

to describe MC fibrils.
109,110

 The form factor, P(q,R) is the scattering function for the 

circular cross-section of the cylinders having polydisperse radii, described by 

  )(kRq)R,q(F 22 cos11       Equation 4.3 
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)R,q(P        Equation 4.5 

in which R is the radius of the cross-section and J1 is the first Bessel function.
107

 The 

structure factor, S(q,L,b) is the scattering function for a single semiflexible chain 

considering excluded volume effects that depends upon the cylinder contour length, L, 

and Kuhn length, b. More detail regarding the structure and form factors for flexible 

cylinders using Pederson and Schurtenburger’s model can be found in our previous 

publication, as well as in Appendix 1.
109,111 

A similar model uses a Schulz distribution to 

account for polydispersity in contour length for flexible cylinders with polydisperse 

lengths (FCPL). 

Consideration of phase separation 

HPMC-375 undergoes liquid-liquid phase separation prior to the formation of 

fibrils, and the scattering resulting from the two domains must be considered in modeling 

the scattering behavior above the phase transition temperature. The Debye-Anderson-

Brumberger (DAB) model, which describes a randomly distributed two-phase system 

with sharp interfaces (Equation 3.16), was used in conjunction with the FCPR model for 

fibrils with the initial assumption that both models contribute equally to the output. The 

summed model, FCPR-DAB, is described as 

 22
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 Equation 4.6 

in which ϕf is the volume fraction of fibrils in the sample, Δρf is the difference in SLD 

between the fibrils and the background, ξ is the correlation length or the distance between 

the polymer-rich and polymer-poor domains, ΔρR is the difference in scattering length 

density (SLD) between phases, and ϕrich and ϕpoor are the volume fractions of the 

polymer-rich and polymer-poor phases, respectively. 
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In SANS modeling, the number of scattering nuclei per cm
3
, N, of the material 

can be used to define a macroscopic scattering cross section as Σ = Nσ. SANS data can 

then be corrected for background and incoherent scattering to give an absolute 

macroscopic cross section scale that is independent of instrumental conditions and 

sample volume: dΣ/ dΩ = N dσ/dΩ. This SAXS data set was not scaled absolutely. Fitting 

parameters “Scale A” and Scale B” are used to account for volume fractions, contrast 

factors and the fraction of intensity attributed to fibrils (FB) and polymer-rich regimes 

(PR) according to  

SAXS Modeling of Fibrils 

SAXS traces of HPMC-375 at T ≥ 57 °C (Figure 4.9) show a large, negative slope 

at low q, with one or two oscillations at intermediate q, suggestive of a form factor from 

spherical particles. The spheroid model was fit to the data using input aspect ratios of 1, 

describing spherical particles, and 10, describing elongated ellipsoids with aspect ratios 

equal to those of the fibrils observed in cryo-TEM. Best fits of these models to SAXS 

data for 0.3 wt% samples annealed at 60 °C for 60 minutes and 1.0 wt% samples 

annealed 90 °C for 60 minutes are given in Figure 4.14 with fitting parameters in Table 

4.1. The quality of the model fitting was determined using the normalized residual, which 

is equal to the difference between the data and the model, normalized to the error in the 

model fit. For both sets of experimental conditions, the fits using each aspect ratio are 

similar and approximate the data well when q < 0.01. For the sample annealed at 60 °C, 

the best fit was obtained for particles having a mean radius of 140 ± 25 nm with the 

aspect ratio having little effect on the quality of the fit. Micrographs at 57 °C show 

globular particles with disperse radii of 27 ± 14 nm though by 60 °C, it is expected that 

the onset of fibril formation has occurred based on the increase in modulus at 60 °C in 

A = ϕf  FB         Equation 4.7 

B = 8π (ΔρR)
2 
ϕrich ϕpoor PR       Equation 4.8 
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rheology temperature ramps. The output of the spheroid model for 27 nm spheres with a 

14 nm size distribution is overlaid with the SAXS trace taken at 60 °C in Figure 4.15 to 

show the poor quality of the fit of this model. For the sample annealed at 90 °C, the best 

fit was obtained for ellipsoid particles with R = 74 ± 18 nm and k = 8.3. Although 

micrographs have not been obtained at such a high temperature, it is expected that fibrils 

are present with lengths of at least 100 nm.  

 

  

  

Figure 4.14. Best fit of spheroid model to SAXS data for 0.3 wt% aqueous HPMC-375 annealed 

at a) 60 °C for 60 minutes, and b) 90 °C for 60 minutes. Normalized fitting residuals are given on 

the right. The parameters resulting from the best-fit for each condition are given in Table 4.1. 
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Table 4.1. Fitting parameters from the best-fits of the spheroid model to SAXS data for 

aqueous HPMC-375 under various annealing conditions (see Figure 4.14 for fits). 

 

Sample Condition Aspect ratio, 

k 

Mean radius 

(Å
–1

) 

Width of size 

distribution (Å
–1

) 

Scale  

0.3 wt%, 60 °C, 60 min 10 

1.1 

1409 

1433 

393 

498 

2.1×10
–4 

1.7×10
–4

 

 

1.0 wt%, 90 °C, 60 min 8.3 

0.91 

738 

877 

176 

345 

0.0042 

0.0039 

 

 

 

 Fitting of the cylinder model to the same SAXS data is given in Figure 4.16 with 

fitting parameters described in Table 4.2. The cylinder length does not significantly affect 

the output of the model in the range of 500 – 50000 Å
–1

, causing only very slight 

variation in the slopes at the lowest q values. Consequently, it was held at 2000 Å
–1

 to be 

consistent with the average length of fibrils seen in cryo-TEM images. Variation of the 

radius causes a shift in the q-range in which inflection points occur, but does not account 

 

Figure 4.15. SAXS data for 0.3 wt% aqueous HPMC-375 annealed at 60 °C for 60 minutes 

(black points) and the output of spheroid model using k = 1, R = 25 nm, radius distribution =14 

nm and best-fit scaling factor of 4.3×10
–5

 (red line). 
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for the upturn in slope that is seen at low-q or the multiple plateaus that are seen under 

several experimental conditions. Increasing the width of the distribution of radius 

smoothes the curve, but the location of oscillations that appear when the distribution is 

narrow do not align with the plateaus in the data. The ‘scale’ parameter, accounting for n, 

Δρ and V, shifts the model along the y-axis without changing the shape of the curve, and 

does not contribute to the fitting of the curve to the oscillations in the data. Based on 

cryo-TEM images, it is expected that the distribution in radius is low while there is a 

greater amount of variation in cylinder length. This model also assumes rigid rods and a 

dilute system in which the structure factor does not contribute to the scattering. 

  

  

Figure 4.16. Cylinder model compared with SAXS data for a) 0.3 wt% aqueous HPMC-375 

annealed at 60 °C for 60 minutes, and b) 1.0 wt% annealed at 90 °C for 60 minutes. Normalized 

fitting residuals are given on the right. The parameters resulting from the best-fit for each 

condition are given in Table 4.2. 
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Table 4.2. Fitting parameters from the best-fits to the cylinder model of SAXS data for aqueous 

HPMC-375 under various annealing conditions (see Figure 4.16 for fits). 

Sample Condition Cylinder 

Length (Å
–1

) 

Mean radius 

(Å
–1

) 

Width of radius 

distribution (Å
–1

) 

Scale 

0.3 wt%, 60 °C, 60 min 2000 90 60 7.9×10
–5

 

1.0 wt%, 90 °C, 60 min 2000 90 30 9.2×10
–4

 
 

SANS Modeling of Fibrils 

Flexible cylinders with polydisperse radii 

The effect of each fitting parameter upon the output of the FCPR model is given 

in Figure 4.18 along with the SANS data for 1.0 wt% HPMC-375 annealed at 80 °C. Data 

at q < 0.004 Å was not considered in the fitting, as the high slope at low q is due to 

aggregation from phase separation rather than fibrils. The contour length does not 

significantly affect the model output for q > 0.006 Å and was held constant at 200 nm for 

all fittings based upon microscopy images obtained at 70 °C. The effect of Kuhn length is 

negligible for values ≥ 15 nm, and though an accurate Kuhn length is difficult to 

determine from the micrographs, it is > 15 nm in this instance. The radius and dispersity 

in the radius of the fibril cross-section strongly affect the intensity of the model output at 

q < 0.01 Å, as well as the location of the break in slope at intermediate q. The best-fit to 

the data is when R = 9 nm, consistent with fibrils from cryo-TEM images, and dispersity 

0.3.  

Consideration of phase separation 

HPMC-375 undergoes liquid-liquid phase separation followed by the formation of 

fibrils at higher temperatures. Thus, solutions at 80 °C may contain three components: a 
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polymer-rich phase, a polymer-poor phase, and fibrils. Figure 4.17 depicts possible 

compositions of the three-component system. In the simplest scenario, 100% of the 

polymer has partitioned into fibrils, the polymer-poor phase is pure solvent (D2O) and 

there is not a polymer-rich phase (Figure 4.17a). It is likely however, that some polymer 

chains are not incorporated into fibrils but remain in polymer-rich domains that also 

contain fibrils (Figure 4.17b). The scattering contrasts in this case are between fibrils and 

the polymer-rich domain and between the polymer-rich domain and the pure solvent. 

Some polymer may remain in the polymer-poor phase even at temperatures well above 

the phase transition temperature (Figure 4.17c), in which case, the scattering contrasts are 

between fibrils and the polymer-rich phase, and between the polymer-rich and polymer-

poor domains.  

 

 

Figure 4.17. Possible fractionation patterns for HPMC in a three-component system containing 

polymer-rich (light gray) and polymer-poor (white) phases and fibrils (dark gray). Free polymer 

chains are represented in black. Polymer may be present in a) fibrils only, b) the polymer-rich 

domain and fibrils, or c) all three components. Scheme is not drawn to scale. 
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Neutron contrast factors and the volume fractions of each component are 

multiplicative factors in the model, so at least one of them must be known and held 

constant during fitting. Neutron contrast factors are given by the square of the difference 

between the SLDs of each component according to [b1/V1 – b2/V2]
2
, where b is the 

scattering length for each component and V is the corresponding molar volume. In the 

simplest, two-component system, assuming fibrils are 100% HPMC and solvent is 100% 

Figure 4.18. Effect of fitting parameters contour length, Kuhn length, radius, and dispersity of 

radius upon the output of the FCPR model. Data for 1.0 wt% HPMC-375 annealed at 80 °C is 

given (black) for comparison. Model parameters are the same as those given in Table 4.3 except 

for the varied parameter in each case. 
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D2O, the contrast factor can be calculated. In the more complicated three-component 

systems, the volume fractions of each component are unknown as are the SLDs of each, 

so the contrast factors cannot be calculated accurately. To estimate a reasonable SLD for 

fibrils, it was assumed that the fibrils formed by HPMC-375 contain 40% HPMC and 

60% water, as is the case for methylcellulose.
94

 The polymer-rich phase was assumed to 

be 30% HPMC rather than pure D2O based on cryo-TEM images of HPMC-320 in which 

there is a small level of contrast between the fibrils and the polymer-rich region. This is a 

questionable assumption as that image is of a sample at a lower concentration and 

temperature with different DS, MS, and Mw, so the composition of each component likely 

differs. Additionally, contrast in electron microscopy is expected to be different from 

contrast in neutron scattering. The SLD and volume fractions shift the output of the 

FCPR-DAB model along the y-axis, but do not affect the overall shape of the curve, so 

accurate estimates are not required to determine an accurate radius and size distribution. 

SANS data for 1 wt% HPMC-375 at 80 °C was fit using the summed FCPR-DAB 

model using the parameters from the best-fit to the FCPR model at q >0.004 Å as input 

into the combined model. Results are shown in Figure 4.20 with fitting parameters in 

Table 4.3. The model fits the data over the entire q-range, describing a system in which 

micron-sized polymer-poor and polymer-rich regions coexist with fibrils of diameter 18 ± 

2 nm. These fitting results are consistent with the fibril diameter seen in cryo-TEM 

images and with an optically turbid gel.  

Flexible cylinders with polydisperse lengths 

From cryo-TEM images, the measured fibril diameter is uniform at 18 ± 5 nm 

while the average length varies widely at 190 ± 100 nm. A SANS model to describe 

flexible cylinders with polydisperse lengths (FCPL) was used in place of the FCPR 

component of Equation 4.6 to describe 1.0 wt% HPMC-375 80 °C data.
111

 This model 

accounts for polydispersity of the contour length using a Schulz distribution. The effect 
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of each fitting parameter upon the output of the FCPL-DAB model is given in Figure 

4.19 along with the SANS data for 1.0 wt% HPMC-375 annealed at 80 °C. The contour 

length and polydispersity do not affect the model output significantly when contour 

length ≥ 100 nm. Increasing Kuhn length from 5 to 100 nm shifts the location of the 

shoulder at intermediate q to slightly lower intensity and q range. The radius affects the 

location of the shoulder slightly, and shifts high-q oscillations significantly. These 

oscillations are not present in the data. The best-fit of the FCPL-DAB model is given in 

Figure 4.20 with fitting parameters described in Table 4.4. The FCPR-DAB model gives 

a more accurate fit over a greater q-range than the FCPL-DAB model. 
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Figure 4.19. Effect of fitting parameters a) contour length, b) dispersity of contour length, c) 

Kuhn length, and d) radius, upon the output of the FCPR model. Data for 1.0 wt% HPMC-375 

annealed at 80 °C is given (black) for comparison. Model parameters are the same as those given 

in Table 4.4 except for the varied parameter in each case. 
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Fitting Parameter  Fitting Value 

A 0.04  

Contour Length (Å)  2000* 

Kuhn Length (Å)  160 

R, radius (Å)  90  

Dispersity of radius  0.3  

ρfib, SLD fibril (Å-2
) 4.279×10

-6
 * 

ρsolv, SLD solvent (Å -2
) 4.793×10

-6
 * 

B  0.0015  

ξ, Correlation Length  (Å)  25000  

bkgd  0.005  

Figure 4.20. Fits of the a) FCPR-DAB model and the b) FCPL-DAB model to SANS traces of 

1.0 wt% aqueous HPMC-375 annealed at 80 °C (points). Incoherent scattering has been removed. 

b) Fit residuals. The fitting parameters are given in Table 4.3 and Table 4.4. 

Table 4.3. Parameters for the best fit of the FCPR-DAB model given in Equation 4.6 to SANS 

data for 1.0 wt% HPMC-375 solution annealed at 80 °C. Data is given in Figure 4.20. Asterisk 

indicates values that were held constant during fitting. 
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Fitting Parameter  Fitting Value 

A  0.04  

Contour Length (Å)  2000* 

Dispersity of Contour Length 0.1 

Kuhn Length (Å)  160 

Radius (Å)  90  

ρf , SLD fibrils (Å-2
) 4.279×10

-6
 * 

ρf , SLD solvent (Å -2
) 4.793×10

-6
 * 

B  0.0015  

ξ, Correlation Length  (Å)  25000  

bkgd  0.005  

 

Fibril Composition from SANS 

Using the FCPR model, the scattered intensity from fibrils scales with the volume 

fraction of fibrils and the scattering contrast according to  

If it is assumed that the solvent is pure water, that all polymer is incorporated into fibrils 

and that fibrils contain only polymer, then the volume fraction and scattering length 

density of fibrils is equal to that of pure polymer, and the theoretical scaling factor can be 

calculated for each sample. If fibrils contain both polymer and solvent however, the 

Table 4.4. Parameters for the best fit of SANS data for 1.0 wt% HPMC-375 solution annealed at 

80 °C data to the FCPL-DAB model. Data is given in Figure 4.20. Asterisk indicates values that 

were held constant during fitting. 

I(q)fib ~ ϕfib (ρfib – ρsolv)
 2
                         Equation 4.9 
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scattered intensity will be less, and the volume fraction of the fibril will depend upon the 

fraction of the fibril that is composed of polymer, x, according to 

Similarly, the scattering length density of the fibril will be volume-weighted average of 

the SLDs of each component according to  

The ratio of the best-fit of the FCPR model to the theoretical scaling factor 

assuming fibrils are pure polymer allows for the calculation of the polymer content of 

fibrils. This method has been previously used by our group to demonstrate that fibrils in 

MC gels contain 40 ± 5% polymer.
109

 Figure 4.21 gives the best-fit of the FCPR model to 

the SANS data for HPMC-375 annealed at 80 °C, as well as the theoretical intensity 

calculated for fibrils composed of pure polymer. The FCPR best-fit was calculated by 

varying the fibril volume fraction and SLD, along with the radius, dispersity of radii and 

Kuhn length, which were guided by cryo-TEM images. To calculate the theoretical curve, 

parameters were held constant at the best-fit values, with the fibril volume fraction and 

SLD fixed at values corresponding to a fibril composition of 100% HPMC-375. The 

average ratio of the theoretical curve to the best fit to the data gives a fibril composition 

of 10% polymer. This model depends upon the assumptions that the solvent is pure water, 

and that all of the polymer has been partitioned into fibrils, as is the case with high 

temperature MC gels.  

 

 

 ϕfib = ϕpoly/x             Equation 4.10 

ρfib= xρpoly + (1-x) ρsolv            Equation 4.11 
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The scattering length densities of the polymer-rich domain, ρrich, and fibrils, ρfib, become 

volume-weighted sums of the SLDs of the polymer and solvent according to 

ρrich = yρpoly +  ρsolv(1- y)           Equation 4.12 

ρfib = xρpoly +  ρsolv(1- x)        Equation 4.13 

in which y is the fraction of the polymer-rich phase that is polymer, x is the fraction of a 

fibril that is polymer, ρpoly is the SLD of pure polymer, and ρsolv is the SLD of the pure 

solvent. The contribution of the interface between the polymer-rich and polymer-poor 

domains to the scattering intensity is not considered here because the larger size of the 

polymer-rich domains results in scattering at a lower q-range than that from fibrils. The 

scattered intensity scales according to  

In this scenario, the volume fractions and composition of both the fibril and the polymer-

rich phase are unknown, and cannot be elucidated using a ratio between the experimental 

data and a theoretical curve. If the composition of the polymer-rich phase could be 

determined at a temperature above the phase transition but below fibril formation, it 

could be used as an estimate in this equation to solve for the fibril composition assuming 

that the composition of the polymer-rich phase remains constant through the process of 

Figure 4.21. SANS data for 1.0 wt% HPMC-375 annealed at 80 °C (points) fit with the FCPR 

model (solid line). The dashed line gives the theoretical scattering from HPMC fibrils having φpoly 

= 1. The ratio of these curves gives a fibril composition of 10% HPMC. 

I(q)fib ~ ϕfib * {[ xρpoly +  ρsolv(1- x)] – [yρpoly +  ρsolv(1- y)]}
2  

  
  

               Equation 4.14 
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fibril growth. This assumption is unlikely to be true as the polymer moves from the 

liquid-phase into fibrils.  

Discussion of Fibril Size and Composition 

Cryo-TEM images of HPMC-375 at 70 °C show short fibrils with 18 ± 5 nm 

diameters and disperse lengths of 190 ± 100 nm. These are supported by the fitting of 

SANS data to a model describing flexible chains with disperse diameters of ≈ 18 nm, 

contour lengths of ≈ 200 nm, and Kuhn lengths of ≈ 20 nm. If all polymer chains are 

incorporated into fibrils that are dispersed in pure D2O, fibrils are composed of 

approximately 10 % polymer and 90% water. 

Fibril Melting on Cooling 

Neutron Scattering 

SANS data were obtained for a 2.0 wt% aqueous sample of HPMC-375 at 25 °C 

with total anneal times ranging from 5 to 120 minutes. Samples were then heated and 

annealed at 50 °C for 5 – 65 minutes and at 90 °C for 5 – 65 minutes. Upon cooling, data 

were collected at 50 °C and 40 °C with anneal times of 5 – 65 minutes each. SANS 

intensity is given as a function of scattering vector for these samples upon heating and 

cooling in Figure 4.22 along with the scattering from water at room temperature. Upon 

heating, there is little difference between the scattering data obtained at 25 and 50 °C, 

which is as expected since phase separation and fibril formation does not occur until ≥ 55 

°C for this sample. At 90 °C, the plateau in the intensity at q = 0.01 Å is present from the 

fibril form factor along with an upturn in slope at low q from micron-sized polymer-rich 

domains. At 50 °C on cooling, the fibril form factor is still present, though the intensity is 

lower than at 90 °C. This hysteresis is consistent with that seen for heating and cooling 

cycles in rheology experiments (Figure 4.5). The intensity decreases again on cooling to 

40 °C, and the fibril plateau is no longer distinguishable. The data at 90 °C and at 50 °C 
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on cooling were fit using the FCPR-DAB model with fitting parameters given in Table 

4.5. At both temperatures, the data fits to a form factor for flexible fibrils having 18 nm 

radii, and 200 nm contour lengths. The drop in intensity from 90 to 50 °C is caused by 

decreases in the scaling factors for both the FCPR and DAB contributors. If the 

compositions and SLDs of each component remain constant on cooling, the contribution 

from fibrils to the model output is ≈ 20 times greater than that from the micron-sized 

domains. It is likely that the composition of fibrils remains constant while their number 

decreases upon cooling, though it is possible that the composition changes as fibrils melt. 

As macroscopic phases remix, both the composition and volume fraction of the polymer-

rich phase are expected to change. There are too many variables in the dynamic three-

component system to confirm this hypothesis from these data alone. 

 

 

 

  

 

Figure 4.22. SANS intensity as a function of scattering vector for 2.0 wt% HPMC-375 upon 

heating (a) and cooling (b). Scattering from water and 2.0 wt% HPMC-375 annealed at 25 °C 

upon heating are given by the open and solid black symbols, respectively. The solid black line in 

(a) is the best fit of the FCPR-DAB model to the 90 °C data with a fibril radius of 9 nm. 
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Fitting Parameter  90 °C on heating 50 °C on cooling 

A 0.05  0.02 

Contour Length (Å)  2000* 2000* 

Kuhn Length (Å)  160 160 

R, radius (Å)  90  90  

Dispersity of radius  0.3  0.3  

ρfib, SLD fibril (Å-2
) 4.279×10

-6
 * 4.279×10

-6
 * 

ρsolv, SLD solvent (Å -2
) 4.793×10

-6
 * 4.793×10

-6
 * 

B  0.003   5×10
-5

 

ξ, Correlation Length  (Å)  25000  25000  

bkgd  0.005  0.005  

 

Conclusions 

Aqueous HPMC-375 forms short fibrils with 18 ± 5 nm diameter, disperse lengths 

of 190 ± 100 nm and Kuhn length of ≈ 20 nm at temperatures from 70 °C to 90 °C and 

concentrations of 0.3 wt% to 2.0 wt%, as shown by cryo-TEM and the fitting of SANS 

data to a model describing flexible chains with disperse radii. Fibril composition is 

estimated to be 10% polymer and 90% water using SANS modeling, given the 

simplifying assumption that all polymer partitions into fibrils. More reliable 

characterization of fibril composition using SANS requires knowledge of the composition 

or volume fraction of polymer-rich domains resulting from phase separation and or the 

volume fraction of fibrils.  

 

Table 4.5. Parameters for the best fit of the FCPR-DAB model given in Equation 4.6 to SANS 

data for a 2.0 wt% HPMC-375 solution annealed at 90 °C on heating and at 50 °C on cooling. 

Data is given in Figure 4.22. Asterisk indicates values that were held constant during fitting. 
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Future work 

Reliable calculations of fibril compositions remain a challenge. Isolation of fibrils 

from polymer-rich domains in SANS experiments would allow for the calculation of the 

SLD. This could be attempted by cooling solutions below the phase remixing temperature 

but remaining above the fibril melting temperature defined by the closing of the 

hysteresis loop in rheology experiments. Alternatively, simulations could be used to 

estimate the fibril structure and composition as done for MC materials. This would allow 

for calculation of a reasonable fibril SLD and composition of the polymer-rich phase 

using this SANS data.  

The arrangement of individual polymer chains within fibrils is still unknown. It 

has been predicted that MC fibrils are torroidal structures or stacked, fused rings having 

an aqueous core, though this has not been confirmed experimentally. X-ray diffraction 

from fibrils could be used to determine the length scales within fibrils. Anisotropic 

scattering in SAXS may also be useful if fibrils could be aligned in the beam using a flow 

cell. Electron diffraction in cryo-TEM may also be useful.  

It has been proposed that hydrophobic interactions between substituents is the 

driving force for aggregation of cellulose ethers. SANS and cryo-TEM measurements on 

a series of cellulose ethers with varying hydrophobicity could be used to confirm the 

presence of fibrils in other CE solutions, and characterize the kinetics of fibril growth and 

fibril stability based upon functionality.  
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Chapter 5 Effect of Substitution Pattern on Phase 

Behavior and Fibril Formation in Cellulose Ethers 

 

Introduction 

Cellulose Ethers 

Native cellulose consists of anhydroglucose units (AGUs, Figure 5.1) covalently 

bound by β(1→4) glucosidic linkages. The intermolecular hydrogen bonds between the 

three hydroxyl substituents on the backbone unit impart strength to plant cells, but also 

cause water insolubility in cellulose thereby limiting its use. Treatment with a caustic 

disrupts these bonds and allows for substitution of the hydrogens with alkyl substituents 

to give cellulose ethers (CEs). The average number of hydrophobic units per AGU is 

given by the degree of substitution, DS, which can range from 0 for an unsubstituted 

AGU to 3 for a fully substituted AGU. Substitution by hydrophilic groups is given by the 

molar substitution, MS, and can exceed 3 as the hydroxyl moiety on hydrophilic 

substituents can be further etherified into longer side chains. Substitution heterogeneity is 

introduced due to the difference in local acidities of the hydroxyl groups. The most 

reactive in alkali conditions is the hydroxyl group on C2 as it is the most acidic. OH-3 

participates in intramolecular hydrogen bonding in crystalline cellulose, so it 

demonstrates the lowest reactivity. Thus, 2-O- substitution is favored over 6-O- and 3-O-

substitution.
9,10,11

 Additionally, there may be regions of the cellulose backbone that retain 

the native crystal structure and are therefore less substituted, leading to blockiness of the 

substitution along the cellulose backbone. The distribution of substituents along the CE 

backbone is known to affect solution behavior, biodegradability and the rate of drug 

release when used as a tablet matrix.
12

 Commercially prepared cellulose ethers are 
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heterogeneous in structure with wide variation in molar mass and substituent distribution, 

and work has been done to synthesize and characterize homogeneous cellulose ethers 

including methylcellulose
14,15,16,17

 and hydroxypropyl methylcellulose.
12,18

 

 

 

 

This chapter focuses on varying the DS and MS using methyl and hydroxypropyl 

substituents, respectively, and monitoring the effect of the substituents upon the 

thermoresponsive behavior in aqueous solutions. The materials investigated here were 

generously donated by Dow Chemical Company and are named according to their DS, 

MS and Mw as HPDSMMSC-Mw (see Table 2.1 and Table 2.2 for material properties). 

Effect of Substitution on Turbidity of Cellulose Ethers 

Viridien found that phase separation monitored via optical transmittance occurred 

at higher temperatures for higher Mw and higher DS HPMC materials and the 

transmittance dropped at a slower rate for materials with higher heterogeneity of 

substitution along the backbone.
12 

These experiments were conducted in phosphate buffer 

for a very narrow range of materials (90 ≤ Mw ≤ 140 kg/mol, 1.45 ≤ DS ≤ 1.54 and 0.17 ≤ 

DS ≤ 0.29), and did not investigate the relative hydrophobicity of substituents. Mitchell 

also found the cloud points of aqueous solutions of commercially available HPMC 

materials to occur at higher temperatures and steeper rates than for MC.
58

  

Mitchell and coworkers examined the cloud point of aqueous MC and HPMC solutions 

for materials similar to MC300, E375, F320 and K310 at four concentrations ranging 

from 0.5 – 2 wt%, and saw a slight decrease in the 50% transmission temperature with 

Figure 5.1. Scheme of anhydroglucose unit with carbons numbered in red. 
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increasing concentration across substitution patterns. The change in cloud point with 

concentration was similar for the HPMC materials, but steeper for MC, which they claim 

implies that it precipitates more easily than HPMC. The cloud points were similar for 

E4M and F4M while K4M turbidity occurred about 15 °C higher than the other HPMCs 

across concentrations.
58 

As E4M and F4M have similar DS and Mw to A4M, the presence 

of the hydrophilic hydroxypropyl functionality in HPMC increases the cloud point. K4M, 

has a similar MS and Mw to E4M and F4M, but has a smaller DS, so it appears that the 

higher the ratio of DS/MS, the lower the cloud point. Mitchell concludes that as the A4M 

shows the steepest concentration dependence, the methoxy substitution has a greater 

affect on the cloud point than the hydroxypropyl substitution. A greater proportion of the 

hydrophilic hydroxypropyl functionality over the hydrophobic functionality increases the 

relative hydrophilicity of the cellulose ether, thereby increasing the rate of hydration and 

the quality of water as a solvent.  

Aggregation in Aqueous Cellulose Ethers 

An increase in Mw due to aggregation causes scattered light intensity to increase, 

assuming the scattering contrast remains constant. Bodvik monitored the scattered 

intensity of 0.02 wt% MC, HPMC and EHEC at 2θ = 90° as a function of time as 

temperature was increased at a rate of 2 °C/hr to characterize aggregation. MC and 

HPMC having similar DS and Mw were found to aggregate at similar temperatures, 

though only a single DS and Mw were studied. The rate of aggregation is higher for 

HPMC and even higher for EHEC. From this result, it appears that increasing the 

hydrophilicity of substituents increases the rate of aggregation.
52

 Cryogenic transmission 

electron microscopy (cryo-TEM) was used to show that MC and HPMC form fibrillar 

networks upon heating which lead to an increase in solution viscosity.
37

 The network 

formed by MC is denser in MC than in HPMC, leading to higher solution viscosity. The 

aggregation of HPMC into fibrils occurs at a higher temperature and higher concentration 
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than MC. Shielding of hydrophobic methoxy groups from the aqueous solvent is 

suggested as the driving force for fibril formation, which is consistent with NMR 

measurements showing immobilization of methoxy groups upon heating.
53

 The bulky, 

hydrophilic hydroxypropyl substituents on HPMC are more mobile by NMR, and more 

exposed to aqueous solvent. Thus, rearrangement of aggregates into fibrils is easier than 

for MC. EHEC, with bulky oligo (ethyleneoxide) substituents, does not form fibrils.  

Thermoreversible Gelation and Fibrillar Networks 

Thermoreversible gelation has been observed in CEs for decades, although there 

has been controversy regarding the mechanism and driving force for 

gelation.
41,42,43,44,45,46,53 

Haque and Morris proposed that polymer chains aggregate into 

bundles due to interactions between unsubstituted regions of the cellulose backbone and 

hydrophobic interactions in highly substituted regions
47,48

while Kita proposed that 

HPMC solutions undergo spinodal decomposition that is spontaneously pinned or gelled 

due to the slow diffusion of large chains between phases.
33

 Light scattering and rheology 

was used by Shahin to argue that HPMC forms both a permanent network at high 

temperature that is unaffected by phase separation, and an interpenetrating transient 

network at low temperature due to “reversible crosslinking of the chains.”
50

 This work 

aims to demonstrate that fibrils form in MC and some HPMC materials primarily using 

cryo-TEM and SANS along with describing the rheology and turbidity data in light of 

fibrils, as well as to investigate the effect that the CE substitution has upon fibrils.  

Phase Behavior 

Turbidity 

The phase transition temperature was characterized for 1 wt% aqueous solutions 

of two series of HPMC materials with Mw of ≈ 350 and 100 kg/mol with varied DS and 

MS values. Optical transmittance measurements were made as a function of temperature 
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on heating at 1 °C/min and cooling at an uncontrolled rate of approximately 0.4 °C/min 

(Figure 5.2). At low temperatures, single-phase solutions are optically clear with 100% 

transmittance. Upon heating, a sharp drop in transmittance occurs indicative of liquid-

liquid phase separation. The complete transition from optical clarity to opacity occurs 

over a 3 – 5 °C range near 50 °C for materials with DS ≥ 1.8, while the transition is 

broader and requires a higher temperature of 70 °C to achieve 85% transmittance for the 

lower DS material. The solutions with DS ≥ 1.8 rapidly return to optical clarity near 50 °C 

when cooled, with the transition occurring over a slightly larger temperature range of 5 – 

7 °C. The low DS material also demonstrates hysteresis on cooling with the return to 86% 

transmittance occurring at 50 °C, though requiring a wider temperature range to make the 

full transition. There does not appear to be a dependence upon Mw in this range. Lower 

DS and MS correspond to a higher transition temperature, results which align with those 

reported by Mitchell.
58
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Rheology 

Liquid-liquid phase transitions can be monitored via oscillatory shear rheology as 

the solution modulus will decrease during the transition from a homogeneous solution to 

a multi-phase system because polymer diffuses out of the bulk of the solution into a non-

percolating phase. Storage and loss moduli of aqueous HPMC and M2C-300 solutions 

were obtained upon heating and cooling at 1 °C/min at using an AR-G2 rheometer with 

couette geometry. Measurements were strain-controlled at 5% strain and a frequency of 

1.0 rad/sec. The complex moduli are given in Figure 5.3 for 0.7 wt% M2C-300 and 0.3 

and 1.0 wt% HPMC solutions. The modulus of the M2C-300 solution decreases very 

slightly upon heating until 62 °C, whereupon it increases by three orders of magnitude 

Figure 5.2. Percent transmittance as a function of temperature upon heating at 1 °C/min (left, 

solid symbols) and cooling (right, open symbols) at an uncontrolled rate of ≈ 0.4 °C/min of 1 wt% 

aqueous solutions.  
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over a 10 °C range. The HPMC materials behave similarly at low temperature, as 

expected from liquids. At the lower concentration, the modulus of HP03M2C-375 reaches 

a minimum near 60 °C before increasing for a slight net decrease in modulus by 80 °C. 

The modulus of HP01M1.3C-400 increases gradually starting near 45 °C while for 

HP02M1.4C-300 it increases near 25 °C with both systems resulting in a high-temperature 

modulus slightly larger than the initial, room temperature modulus. HP02M1.6C-320 has a 

modulus below the detectable limit at low temperatures and increases gradually before 

reaching the same endpoint. Increasing the concentration of this material increases the 

low temperature modulus to the detectable regime. Solutions of 1.0 wt% HP03M2C-375 

(green) and HP02M1.6C-320 (blue) exhibit a drop in modulus at 55 °C and 62 °C, 

respectively, which is attributed to partitioning of the polymer between polymer-rich 

domains and a percolating polymer-poor domain. The subsequent increase in modulus is 

attributed to the formation of fibrils.  

 

  

 

Figure 5.3.Complex modulus as a function of temperature upon heating of 0.7 wt% MC (open 

symbols) and a) 0.3 wt% and b) 1.0 wt% HPMC (filled symbols) solutions at 1 °C/min, 1 rad/sec 

and 5% strain. 
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These materials do form fibrils in solution at 0.3 wt% as seen in cryo-TEM 

images, and for HP01M1.3C-400 (black), fibrils appear to form a percolating network 

through the sample. Rheology data obtained at higher concentrations is expected to align 

with that obtained for M2C-300. Substitution of a single HPO unit per 10 AGUs on the 

backbone drastically decreases the modulus of these solutions, even in solutions which 

are known to find fibrils.  

Fibril Structure 

Cryo-TEM 

Aqueous solutions of MC and HPMC materials were annealed at discrete 

temperatures for a controlled amount of time, applied to lacey-carbon TEM support grids, 

blotted and flash-vitrified in liquid ethane. Micrographs are given below for 0.2 wt% M2-

C-320 (A4M) annealed at 60 °C for 30 minutes Figure 5.4, 0.2 wt% HP02M2C-320  

annealed at 90 °C for 40 minutes (Figure 5.6), 0.2 wt% HP02M1.4C-300 annealed at 90 °C 

for 50 minutes (Figure 5.7), and 0.3 wt% HP03M2C-375 (Figure 5.8), HP01M1.6C-700 

(Figure 5.9), HP01M1.3C-700 (Figure 5.5), and HP01M1.3C-400 (Figure 5.10), each 

annealed at 70 °C for 30 minutes. 

HP02M2C-320 images show round aggregates with average radii of 300 ± 100 nm. 

Structures are darker in the center than on the edges. Small fibril-like protrusions radiate 

the edge of aggregates, with an average width of 16 ± 2 nm. Similar aggregates are 

visible in micrographs of HP02M1.4C-300, though their shapes are less-well defined, more 

prevalent and tend to merge together into larger, loose clusters. They have average 

diameters of 270 ± 25 nm. The protruding fibrils have a greater contrast against the 

aggregates, and have average diameters of 13 ± 4 nm.  
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Figure 5.4. Cryo-TEM image of 0.2 wt% aqueous M2C-320 annealed at 60 °C for 30 minutes and 

then flash-vitrified in liquid ethane. Scale bar equals 500 nm. 

 

  

Figure 5.5. Cryo-TEM images of 0.3 wt% aqueous HP01M1.3C-700 annealed at 70 °C for 30 

minutes and then flash-vitrified in liquid ethane. 

  

500 nm 500 nm 
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Figure 5.6. Cryo-TEM images of 0.2 wt% aqueous HP02M2C-320 annealed at 90 °C for 40 

minutes and then flash-vitrified in liquid ethane. 

500 nm 500 nm 

200 nm 100 nm 

1 μm 500 nm 



107 

 

  

  

  

Figure 5.7. Cryo-TEM images of 0.2 wt% aqueous HP02M1.4C-300 annealed at 90 °C for 50 

minutes and then flash-vitrified in liquid ethane.  

500 nm 

200 nm 100 nm 

500 nm 

1 μm 500 nm 
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Figure 5.8. Cryo-TEM images of 0.3 wt% aqueous HP03M2C-375 annealed at 70 °C for 30 

minutes and then flash-vitrified in liquid ethane. Scale bars equal 500 nm.  
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Figure 5.9. Cryo-TEM images of 0.3 wt% aqueous HP01M1.6C-700 annealed at 70 °C for 30 

minutes and then flash-vitrified in liquid ethane. 

Flexible fibrils having average diameters of 21 ± 4 nm, contour lengths ranging 

from 400 nm to > 1.2 μm and Kuhn lengths of ≈ 600 nm are visible in micrographs of 0.3 

wt% HP01M1.3C-700 annealed at 70 °C for 30 minutes (Figure 5.5). Fibrils appear to 

contain 3-way and 4-way junctions, and a tilt series could be used in future experiments 

to verify that these apparent junctions are not due separate, overlapping fibrils. Darker 

globular aggregates with diameters of 30 ± 6 nm are attributed to hexagonal ice. 

500 nm 200 nm 

500 nm 500 nm 
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Figure 5.10. Cryo-TEM images of 0.3 wt% aqueous HP01M1.3C-400 annealed at 70 °C for 30 

minutes and then flash-vitrified in liquid ethane. 

Micrographs of 0.3 wt% HP01M1.6C-700 annealed at 70 °C for 30 minutes show 

flexible fibrils having average diameters of 19 ± 6 nm, contour lengths ranging from 150 

nm to > 1 μm and Kuhn lengths of ≈ 200 nm. Fibrils appear to contain 3-way and 4-way 

junctions. Regions of lower contrast, or discontinuities, appear along the path of fibrils. 

Overlapping with fibrils are larger round, fuzzy regions with radii ranging from 150 to 

1 μm 500 nm 

500 nm 200 nm 
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400 nm that tend to aggregate. The bright circles present in the carbon support grid in 

Figure 5.9 are the result of beam damage. 

Fibrils several microns long having average diameters of 18 ± 3 nm and Kuhn 

lengths of ≈ 200 nm form a sample-spanning network as seen in micrographs of 0.3 wt% 

HP01M1.3C-400 annealed at 70 °C for 30 minutes (Figure 5.10). Fibrils appear to contain 

3-way and 4-way junctions. 

SANS 

Neutron scattering experiments were conducted by Drs. Joe Lott and John 

McAllister at NIST or ORNL. Aqueous HPMC solutions were filtered through a 0.45 μm 

filter into 4 or 5 nm quartz sample cells and equilibrated at 5 °C overnight to allow 

bubbles to settle. Cells were placed in a temperature-controlled block and held at each 

temperature until sufficient scattered intensity was obtained, approximately 5 – 90 

minutes, before increasing to the next temperature. Due to the variable acquisition time 

required to obtain sufficient intensity, the length of time annealed at each temperature 

varied. Therefore the heating rate is inconsistent between samples, and between 

temperatures within a particular sample. Scattered intensity was corrected for 

background, empty cell scattering and detector response, and radially averaged. 

Incoherent scattering was removed by subtracting the slopes of q
4
I versus q

4
 plots for 

high q data (0.15 < q < 0.3 Å
–1

) from each data point. Corrected intensity is given as a 

function of q for 1 wt% aqueous HPMC solutions annealed at a range of temperatures as 

described below. 

The effect of degree of MeO and HPO substitution on the tendency of a material 

to form fibrils was analyzed for materials of similar size with Mw of approximately 700, 

400, 250 and 150 kg/mol. SANS traces are given in Figure 5.11. Scattering from fibrils 

results in concave down curves with a break in slope in the intermediate-q range near 
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0.01 Å. For all molecular weights, fibrils were observed in materials with 1.3 ≤ DS ≤ 2 

and MS < 0.9, and were inhibited in materials with MS ≥ 0.9. (Figure 5.12). 

 

  

  

 

Figure 5.11. SANS data for 1.0 wt% aqueous solutions with varying substitution patterns of 

HPMC materials have similar molecular weights of a) 700, b) 400, c) 250 and d) 150 kg/mol. 

Samples were obtained at 80 °C or  70 °C (asterisk).   
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Cryo-TEM images of solutions containing fibrils were used to guide the fitting of 

SANS data using the FCPR-DAB model (Equation 4.6). Fibril composition was 

estimated for each HPMC material using the ratio of the best-fit of the FCPR model to 

the output of the model assuming fibrils are composed of pure polymer, as described in 

Chapter 4. SLDs for each material was estimated according to 





Mc

bcNd
SLD

i

iiav
 Equation 5.1 

where d is the bulk density of the monomer, Nav is Avogadro’s number, ci is the fraction 

of the monomer composed of atom i,  bi is the scattering length of i, and Mi is the molar 

mass of i. The bulk density of these materials was estimated to be 1.3 g/cm
3
 based on the 

published densities of several commercial HPMC materials.
62

 

  

Figure 5.12. Degrees of substitution of HPO (MS) and MeO (DS) for fibril-forming (black, 

closed) and fibril-free (red, open) materials in aqueous solution, based upon SANS data for all 

molecular weight samples. 
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Figure 5.13. SANS traces obtained at several discrete temperatures of 1.0 wt% solutions of a) 

HP01M1.3C-700, b) HP01M1.6C-700, c) HP01M1.3C-400, d) HP03M2C-375, e) HP02M2C-320, and f) 

HP02M1.4C-300. The best-fits (solid line) and output assuming fibril composition is 100% 

polymer (dashed line) of the FCPR-DAB model to high temperature data are also given, with 

fitting parameters in Table 5.1. 



 

 

1
1
5
 

 

Table 5.1. Parameters from the fitting of the FCPR-DAB model to SANS data. Fibril composition was calculated using 0.002 < q < 0.1 Å–2
. 

Asterisk denotes values held constant during fitting. Correlation length was 25000 Å in all cases. 

 

Beam 

Temperature 

(°C) 

Contour 

Length* 

(Å) 

Kuhn 

Length 

(Å) 

R* 

 (Å) 

Dispersity 

of radius 

ρfib 

(Å–2
) 

B 

(cm
–1

) 

bkgd 

(cm
–1

) 

Polymer 

content 

of fibrils 

HP01M1.3C-700 NIST 80 12000 6000 105 0.358 4.932×10
–6

 3.52×10
–5

 0.0076 10% 

HP01M1.6C-700 ORNL 90 10000 2000 90 0.54 3.386×10
–6

 2.68×10
–4

 5×10
–18

 35% 

HP01M1.3C-400 ORNL 80 20000 618 90 0.45 4.477×10
–6

 – 0.025 18% 

HP03M2C-375 ORNL 80 2000 200 90 0.25 5.100×10
–6

 0.00196 0.005 23% 

HP02M2C-320 ORNL 80 2000 200 90 0.33 4.874×10
–6

 0.00115 0.0025 18% 

HP02M1.4C-300 ORNL 80 3000 200 65 0.7 4.884×10
–6

 1.96×10
–6

 0 12% 
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The effect of the degree of MeO and HPO substitution upon the radius of fibrils 

and the percent of a fibril that is comprised of polymer based on cryo-TEM and SANS 

modeling is summarized in Figure 5.14. Fibril diameter does not depend upon MS or DS 

or the ratio of MS/DS and appears to be relatively constant at 18 ± 3 nm for all fibril-

forming materials. Interestingly, fibril diameter does not appear to correlate with fibril 

composition. 

 

 

 

The effect of Mw on fibril formation was examined for HPMC materials with 

similar substitution patterns. SANS traces obtained at 70 - 80 °C are given in Figure 5.15. 

The curves for HP01M1.3C materials with Mw between 150 and 400 kg/mol superpose 

Figure 5.14. Relationship between MS, DS and fibril composition and diameter as determined by 

cryo-TEM analysis and SANS modeling. 
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suggesting that they form fibrils with the same dimensions, compositions and 

concentrations. The slope of the curve from HP02M1.6C-250 deviates from the others in 

the Mw series, exhibiting an upturn at low-q indicative of phase separation. This is 

consistent with cryo-TEM images of 0.3 wt% solutions of this material that show micron-

sized polymer-rich regions. It is unclear why the higher Mw material does not exhibit the 

same behavior.  

  

Discussion 

 Experiments in turbidity demonstrate the phase separation requires a higher 

temperature and occurs over a broader temperature range for HPMC materials having 

lower DS values. We have shown that some, though not all, HMPC materials form fibrils, 

verifying the result published by Bodvik.
52

 Materials with a large amount of HPO 

substitution are apparently prevented from forming fibrils. As the number of hydrophilic 

moieties increases past 0.8/AGU, the driving force for fibril formation is no longer 

present. Additionally, we characterized fibril dimensions using cryo-TEM and 

composition using SANS modeling and found that both are independent of Mw. There is 

some variation in fibril radius in cryo-TEM. It was expected that the fibril diameter 

Figure 5.15. SANS data for 1.0 wt% aqueous HPMC solutions obtained at 80 °C or 70 °C 

(asterisk denotes data obtained at 70 °C). 
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would increase as the number of bulkier HPO groups increased, but there was no 

observed trend with fibril size or composition as a function of MS, DS or MS/DS .  

 

Future Work 

While fibrils and polymer-rich domains are observed in HP02M2C-320 solutions 

with concentrations of ≈2c* in cryo-TEM images, the characteristic drop in G’ and G” 

from phase separation appears in rheology only at concentrations > 4c*. Still needed are 

rheology experiments examining HP01M1.3C-700, HP01M1.3C-400 and HP01M1.6C-700 at 

higher concentrations as well as turbidity measurements to verify that these materials 

undergo LCST phase separation. HP02M1.4C-300 appears to behave similarly to MC with 

the transition from optical clarity to opacity occurring over a higher and wider range of 

temperatures than other HPMC materials, and without the drop in G’ and G” that is 

characteristic of LCST behavior in HP03M2C-375 and HP02M2C-320. SLS experiments 

could be used to determine A2 at a range of temperatures near the expected phase 

transition. This may help determine whether a second order parameter, such as the 

isotropic-nematic transition predicted in MC solutions, may be affecting the formation of 

fibrils.
55

 The Holy Grail of this project will be to observe anisotropic scattering or 

refraction of X-rays or electrons from fibrils so that the domain spacing can be used to 

determine the arrangement of polymer chains within fibrils. It is possible that this could 

be done using a flow-cell in a SAXS line, though previous attempts at flowing hot 

solutions by Peter Schmidt and myself have not resulted in anisotropic scattering. 

Perhaps the shear rate could be optimized, but another method of aligning fibrils to get 

scattering patterns is necessary. 
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Chapter 6 Concluding Remarks 

Cellulose ethers are known to reversibly form turbid gels upon heating, with the 

gel temperature, cloud point, and gel strength varying between materials with differences 

in Mw and the substitution pattern of carboxy moieties along the cellulose backbone. It 

has been shown that MC, the cellulose ether with the simplest substitution pattern, forms 

fibrils upon heating. The fibrillar network is the source of the strength of the gel. The 

onset of turbidity corresponds with fibril formation at high ramp rates, but fibrils can be 

formed without turbidity at low concentrations and anneal times. SANS modeling and 

cryo-TEM of MC solutions suggests that these 18 nm diameter fibrils are composed of an 

average volume fraction of 40% polymer.
94

  

It is evident from cryo-TEM images and SANS modeling reported in this work 

that many HPMC materials also form fibrils in aqueous solution upon heating. Fibril 

length ranges from tens of nanometers to several microns for materials having a range of 

substitution patterns, but the diameter remains relatively constant at 18 ± 3 nm for known 

fibril-forming cellulose ethers. It is also evident that many HPMC solutions undergo 

rapid liquid-liquid phase separation at temperatures below the fibril formation 

temperature. Figure 6.1 describes the state of aqueous HPMC-375 upon heating from 25 

°C to 90 °C and returning to 25 °C. At temperatures below 55 °C, the HPMC solution is 

clear and well-dissolved, with a positive second virial coefficient. At 55 °C, both G’ and 

G” plummet, accompanied by the rapid transition of the solutions from optically clear to 

opaque. At this temperature, the solution separates into polymer-rich domains (red) 

suspended in a percolating matrix of a polymer-poor phase (blue). The temperature at 

which this occurs is independent of Mw, the heating rate, and the number of thermal 

heating and cooling cycles. This is consistent with a spinodal decomposition phase 

separation mechanism. Upon heating above the phase transition temperature, cryo-TEM 

images show the appearance of fibrils, and G’ and G” increase. Both phase separation 

and fibril formation are fully reversible, with hysteresis observed in rheology, turbidity, 

SANS and SAXS measurements. 
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Figure 6.1. HPMC solution and structure behavior on heating and cooling where red indicates 

HPMC-rich regions, blue is water-rich and purple indicates a mixture of HPMC and water.  

Note: Fibrils and polymer-rich domains are not drawn to scale. 

Fibril Structure 

Prior to this work, Bodvik and coworkers published a single cryo-TEM 

micrograph of 2.0 wt% aqueous HPMC at 65 °C showing straight, thread-like structures 

with length >1 μm -sized lengths and ≈ 20 nm diameter, which they attributed to fibrils.
54

 

Their results are not consistent with the numerous images given in this work. 

Additionally, the HPMC material used by Bodvik forms a gel under the conditions 

reported, making sample preparation for cryo-TEM difficult. It is likely that the structure 

they report is an artifact from their sample preparation method rather than due to true 

HPMC fibrils.  

The conformation and composition of HPMC fibrils have yet to be experimentally 

determined. The efficacy and reliability of using SANS modeling to extract the fibril 

composition is limited due to the phase separation that occurs concurrently with fibril 

formation. Analysis using the assumptions that all polymer is localized within fibrils and 

that fibrils are suspended in pure solvent indicates that HPMC fibril composition ranges 

from 10 – 20% polymer by volume, but these assumptions ignore phase separation. There 

is more experimental work to be done to support any conclusion regarding the structure 

of HPMC fibrils. However, several possible fibril conformations are given in Figure 6.2 

and the likelihood of each is discussed below. 
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 View along fibril axis Fibril cross-section 

Hollow cylinder/ 

Torroid 
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Figure 6.2. Possible fibril configurations along the fibril axis (left) and down an axis cross-section 

(right) for a) torroid or hollow cylinder, b) well-ordered helix, c) cluster of parallel chains, and d) 

a combination structure with aligned fibrils in the core and a helix or torroid in the shell. 

Hollow Cylinder/Torroid 

Although HPMC fibrils have not been characterized, there has been some 

experimental and modeling work published for MC fibrils. Huang et al. used course-

grained (CG) simulations tuned by atomistic molecular dynamics simulations of 

heterogeneous MC to show that 600-mer chains form stable rings with outer diameter of 

14 nm and inner diameter of 7 nm, and central void fraction of ≈ 25% when heated.
57 

 

These rings may then stack and fuse to yield hollow, cylindrical structures, as 

demonstrated by similar CG studies by Ginzburg et al.
56 

This hypothesis of fibrils as 

solvent-filled cylinders with polymer-rich shells is based purely upon theoretical 

modeling, and the data described in this work suggest that it is false. The degree of 

contrast between fibrils and vitreous ice in cryo-TEM images is consistent throughout the 
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diameter of fibrils. Core-shell cylindrical micelles are expected to have a darker edge and 

lighter interior as seen in amphiphilic copolymer nanotubes.
112

 It is possible that the 

fraction of the shell composed of polymer is small enough that the contrast between the 

solvent and polymer is too small to detect with the cryo-TEM technique used in this 

work. Staining samples with RuO4 or OsO4, which show an affinity for hydroxyl and 

ether functionalities may help detect a core-shell structure in the cellulose ether/water 

system, though there is a possibility that the stain will alter fibril structure. The freeze-

fracture technique used in imaging of biological samples may be used to avoid the need 

to dry stained microscopy samples.
113,114

  

SANS data from bacterial cellulose hydrogels demonstrate a break in slope near 

0.07 Å
–1

, and are similar to that described in Chapter 4. Deuterium/hydrogen exchange 

experiments have been used to show regions having distinct neutron scattering length 

densities are present in the bacterial cellulose gels. This data has been interpreted as a 

core-shell structure in which the core is composed of impermeable cellulose crystallites 

in a network of paracrystalline cellulose and water, and the shell contains only 

paracrystalline cellulose and water.
115

 However, SANS data in this work for HPMC-375 

cannot be fit by a core-shell cylinder model at any temperature up to 90 °C. 

Helix 

Many biomolecules form ordered structures, including native cellulose,
3,4

 so it is 

reasonable to consider that modified celluloses may also self-assemble. Glucagon, a short 

peptide hormone, fibrillates at pH = 2 by association of individual molecules into 

intermediate ‘protofibrils’ having radius ≈ 16 Å and length ≈ 300 Å. Oliviera et al. used 

SAXS modeling, FTIR and circular dichroism spectroscopy to show that these 

protofibrils grow to micron lengths and assemble into triple-fibril helical fibers having 

radius ≈ 28 Å, depending upon concentration.
116
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A cryo-TEM experiment has been conducted on MC solutions (Peter Schmidt, 

unpublished results) in which a sample was rotated about an axis and images were 

collected at a series of angles. The fibril diameter remains constant at all angles, 

indicating that fibrils are cylindrical, rather than flat, tape-like structures. This is not 

surprising, as fibril diameter is relatively constant throughout each image for both MC 

and HPMC materials. Atomic force microscopy (AFM) is a useful technique for studying 

fibril formation on the nanoscale. For example, it has been used to characterize the 500 – 

1000 Å pitch of the helical twist in fully-developed glucagon fibers.
117 , 118  

A major 

limitation of AFM is that samples must be adhered to a surface and dried prior to 

imaging, a process which potentially alters fibril structure. It has been proposed that 

cellulose ether fibrils are composed of approximately 40% water by volume based on 

modeling of SANS data of MC solutions.
94

 If this is the case, fibril dimensions are likely 

to change upon drying. Nevertheless, aqueous cellulose ether solutions could be dried 

using heat and imaged using AFM. Observation of helices in the dried samples would be 

highly indicative of helices in the solution state, while lack of observation would not 

definitively prove that fibrils are not helical. Bacterial cellulose ribbons with diameters of 

20 – 60 nm have a periodic twisting present on a scale of approximately 1 μm,
119

 so it is 

possible that cellulose ether fibrils have a helical twist with a periodicity greater than the 

length of the fibrils that is difficult to observe. Circular dichroism, if properly controlled 

for temperature, may be used to determine whether there is a change in chirality of 

HPMC solutions upon heating, indicative of possible helix formation. IR may also be 

used to monitor hydrogen bonding that often contributes to the self-assembly of 

biopolymers into helices. 

Parallel Cluster 

Native cellulose arranges into complex crystalline structures in which single 

chains are extended into rod-like nanocrystals with right-handed chirality. These then 
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align into parallel crystalline microfibrils which further aggregate into crystalline 

macrofibrils.
120

 It is possible that unsubstituted regions of the cellulose ether backbone 

arrange into intermolecular crystallites. This is unlikely the sole mechanism for fibril 

formation, as fibrils have relatively uniform diameter across all concentrations, 

temperatures and anneal times. With crystallization or the parallel alignment of chains, 

there is no clear reason for an equilibrium diameter of 18 nm.  

Combination  

There are several combinations of chain arrangements of torroids, helices, and 

crystallites that may contribute to the constant fibril diameter. Small, parallel crystallites 

may form between highly unsubstituted regions of the cellulose backbone. Further 

aggregation of these crystalline regions may be fettered by the winding of chains around 

the cellulose crystals, perpendicular to the chain axis. The winding chains could be 

ordered into helices with well-defined axes, or could be disordered into a torroidal shell. 

It is also possible that individual chains form helices which can form further secondary or 

tertiary structures that are observed as 18 nm radius fibrils. Experimentally, circular 

dichroism, IR spectroscopy, anisotropic X-ray scattering, and X-ray diffraction are the 

most promising techniques for further characterizing the arrangement of cellulose ether 

chains during fibrillation. 
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Appendix 

 Mathematical summary of FCPR Model 
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