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Foreword 
 The ACS Symposium Series was first published in 1974 to provide a 

mechanism for publishing symposia quickly in book form.  The purpose of the 
series is to publish timely, comprehensive books developed from the ACS 
sponsored symposia based on current scientific research.  Occasionally, books 
are developed from symposia sponsored by other organizations when the topic is 
of keen interest to the chemistry audience. 

  
Before agreeing to publish a book, the proposed table of contents is 

reviewed for appropriate and comprehensive coverage and for interest to the 
audience.  Some papers may be excluded to better focus the book; others may be 
added to provide comprehensiveness.  When appropriate, overview or 
introductory chapters are added.  Drafts of chapters are peer-reviewed prior to 
final acceptance or rejection, and manuscripts are prepared in camera-ready 
format. 

  
As a rule, only original research papers and original review papers are 

included in the volumes.  Verbatim reproductions of previous published papers 
are not accepted.  

ACS Books Department 
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Preface 

This book is based on a symposium entitled Model Cellulosic Surfaces, 
which was held by the Cellulose and Renewable Materials Division of the 
American Chemical Society (ACS) on March 25–26, 2007 in Chicago, IL 
during the 233rd ACS National Meeting. The symposium comprised 22 oral 
presentations on the preparation, properties, and applications of model 
cellulosic surfaces. 

Cellulose, the main structural component of plant cell walls, has been 
used by humans as flax, hemp, and cotton fibers since prehistoric times. 
Today, cellulose, in the form of cotton and bleached wood pulp, forms the 
basis for a large number of products routinely used in our daily lives, 
including paper; cotton, rayon, and cellulose acetate textiles; cigarette filters; 
cellophane film for food and decorative packaging; solid pharmaceutical 
formulations containing cellulose-based excipients and coatings; cotton 
wound dressings; regenerated cellulose household and medical sponges; and 
regenerated cellulose and cellulose acetate membranes, to name a few. Many 
applications of cellulose and chemical cellulose derivatives, such as esters 
and ethers, involve contact of the material with a liquid phase that contains 
dissolved or dispersed matter. Examples of such situations include the 
processes of papermaking and recycling, the dyeing and laundering of 
cellulose-based textiles, the use of cellulosic membranes and cotton gauze in 
hemodialysis and wound healing, respectively, and the enzymatic 
conversion of lignocellulosic biomass to ethanol. For most of these 
applications, detailed knowledge of the interactions of the cellulosic material 
with the dissolved or dispersed matter and the factors that govern these 
interactions is desirable, yet often difficult to acquire, in large part because 
of the complexity of the material’s surface with respect to composition and 
morphology. Smooth model surfaces for cellulosic materials offer the 
possibility to study the interactions in a simplified environment. Literature 
reports involving model cellulosic surfaces date back to the 1930s. However, 
recent technological advances in thin film preparation and characterization 
methods have spurred rapid growth of research in this area, making a 
symposium on this topic timely. 

The book contains twelve chapters, grouped by topic into Introduction 
(Chapter 1), Cellulose Surfaces (Chapter 2–8), and Cellulosic Surfaces 
(Chapters 9–12). The first four chapters and Chapter 12 are original reviews 
on different aspects of model cellulosic surfaces. The remaining chapters are 
original reports of research data. Chapter 1 is a comprehensive review of the 
early and recent literature on model cellulosic surfaces, including both 
model surfaces of cellulose and cellulose derivatives. Chapter 2 provides a 
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detailed overview of the methods of preparation of model surfaces of 
cellulose, with an emphasis on the challenges involved. Chapter 3 reviews 
the literature on model cellulose I surfaces, a special case of model cellulose 
surfaces with a native cellulose morphology. Chapter 4 is a review of the 
literature on polyelectrolyte multilayer films containing cellulose derivatives 
or cellulose nanocrystals, and films that use cellulose fibers as substrates. 
Chapter 5 presents two methods for achieving preferred orientation of 
cellulose whiskers in thin cellulose whisker films. Chapter 6 describes the 
application of multiple incident media ellipsometry for measuring 
simultaneously the refractive index and film thickness of thin cellulose 
films. Chapter 7 reports the use of inkjet technology for the deposition of 
cellulose nanocrystals onto flat substrates. Chapter 8 describes the properties 
of hydroxypropyl xylan and its adsorption behavior on model cellulose 
surfaces and hydroxyl- and methyl-terminated self assembled monolayers. 
Chapter 9 discusses several chemical modification strategies for 
polysaccharides that induce self-assembly behavior of the polysaccharide on 
gold and other surfaces. Chapter 10 presents a study on the properties of 
model cellulose ester surfaces. Chapter 11 demonstrates the potential of 
oxidized cellulose as a substrate for the environmental remediation of heavy 
metals in groundwater. And Chapter 12 reviews the surface properties of 
cellulose, cellulose ethers, and cellulose esters, with a focus on the surface 
free energy, the Lewis acid–base properties, and the Hamaker constant. 

The book is targeted at industrial scientists and engineers in the pulp and 
paper, textile, food, pharmaceutical, and bioethanol industries, among 
others, as well as academic scientists and engineers, and graduate students 
who are engaged in research involving cellulose and cellulosic interfaces. 
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Chapter 1 

Model Cellulosic Surfaces: History and Recent 
Advances 
Maren Roman 

Macromolecules and Interfaces Institute and Department of Wood Science 
and Forest Products, Virginia Polytechnic Institute and State University, 

Blacksburg, VA 24061 

Many applications of native cellulose, regenerated cellulose, 
and chemical cellulose derivatives, such as esters and ethers, 
involve contact of the material with a liquid phase that 
contains dissolved or dispersed matter. For most of these 
applications, detailed knowledge of the interactions of the 
cellulosic material with the dissolved or dispersed matter and 
the factors that govern these interactions is desirable, yet often 
difficult to acquire, in large part because of the complexity of 
the material’s surface with respect to composition and 
morphology. Smooth model surfaces for cellulosic materials 
offer the possibility to study the interactions in a simplified 
environment and have been used for a number of years. This 
literature review aims to provide an overview of the initial and 
most recent developments in the preparation and use of model 
cellulosic surfaces. 

Introduction 

Cellulose is the main structural component of plant cell walls and, as such, 
the most abundant polymer on earth. It has been estimated that nature produces 
~180 billion tons of cellulose annually (1). Humans have used cellulose in the 
form of flax, hemp, and cotton fibers since prehistoric times. Today, cotton and 
bleached wood pulp, a fibrous mass of more or less pure cellulose produced 
from tree trunks, form the basis for a large number of products routinely used in 
our daily lives, including cotton, rayon, and cellulose acetate (CA) textiles, a 
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variety of paper products, CA cigarette filters, cellophane wrapping materials 
(clear films), solid pharmaceutical formulations (drug tablets), cotton wound 
dressings, household and medical sponges, and CA- and regenerated-cellulose 
membranes, to name a few. Many applications of native cellulose, regenerated 
cellulose, and chemical cellulose derivatives, such as esters and ethers, involve 
contact of the material with a liquid phase that contains dissolved or dispersed 
matter. Examples of such situations include the processes of papermaking and 
recycling, the dyeing and laundering of cellulose-based textiles, the use of 
cellulosic membranes and cotton gauze in hemodialysis and wound healing, 
respectively, and the enzymatic conversion of lignocellulosic biomass to 
ethanol. For most of these applications, detailed knowledge of the interactions of 
the cellulosic material with the dissolved or dispersed matter and the factors that 
govern these interactions is desirable, yet often difficult to acquire, in large part 
because of the complexity of the material’s surface with respect to composition 
and morphology. Smooth model surfaces for cellulosic materials offer the 
possibility to study the interactions in a simplified environment and have been 
used for a number of years. This literature review aims to provide an overview 
of the initial and most recent developments in the preparation and use of model 
cellulosic surfaces. For the purpose of this review, model cellulosic surfaces are 
defined as more or less thin, free standing or supported films of cellulose or a 
cellulose derivative prepared or used for surface property or interaction studies. 

History of Cellulose and Cellulose Derivatives 

The Molecular Structure of Cellulose 

Cellulose was discovered in 1838 by Anselme Payen, a Parisian professor 
of industrial and agricultural chemistry at the École centrale des arts et 
manufactures, who observed that the composition of non-lignified plant matter 
(on average 44% carbon, 6% hydrogen, and 50% oxygen) differed significantly 
from that of lignified plant matter, specifically oak and beech wood (54% 
carbon, 6% hydrogen, and 40% oxygen) (2). To further analyze this difference, 
he studied the partial digestion of ground oak and beech wood by concentrated 
nitric acid (3). The chemical composition of the residue (43.85% carbon, 5.86% 
hydrogen, and 50.28% oxygen), led him to conclude that lignified plant matter 
was composed of two different materials, one of which had the molecular 
formula of a carbohydrate and the same composition as starch and the other one 
had a lower oxygen content. The starch-resembling substance, which seemed to 
consist solely of glucose residues and be present universally in both lignified 
and non-lignified plant cells, he called cellulose (4). 

Many years later, in 1921, another critical piece of the puzzle of the 
molecular structure of cellulose was put in place by Karrer and Widmer, who, 
based on results from acetolysis studies on cotton, cellobiose, and octacetyl-
cellobiose, proposed that cellulose was composed to at least 50% of cellobiose 
(5, 6). 
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A chain-like molecular structure comprised of covalently linked 
anhydroglucose units (AGUs) was first postulated by Sponsler and Dore in 1926 
based on x-ray crystallography data of ramie cellulose (7, 8). However, the 
cellulose model of Sponsler and Dore predicted the AGUs to be linked (1→1) 
and (4→4). The correct type of linkage, (1→4), of AGUs in cellulose was 
proposed two years later independently by Freudenberg and Braun (9), and 
Haworth (10). Haworth’s structure for cellulose took into account the findings of 
Sponsler and Dore of a six-atom ring form for the AGU. Haworth also supported 
the notion of a β-linkage between the AGUs, as opposed to the α-linkage found 
in starch (11). It is now known that cellulose is a linear polysaccharide of 
(1→4)-linked β-D-glucopyranose units as shown in Figure 1. The cellobiose 
unit is commonly accepted as the repeat unit, based on the dimension in chain 
direction of the crystal lattice unit cell. 

 
Figure 1. Molecular structure of cellulose 

In the late 1920s, the number of AGUs that constituted one cellulose 
molecule, i.e. the degree of polymerization, DP, or n in Figure 1, was still a 
much debated topic. It was commonly believed that cellulose consisted of low-
molecular-weight chains, which aggregated and formed micelles, similar to 
those found in soap solutions. The radical idea of macromolecules that were 
comprised of several hundreds of covalently linked smaller units was still 
widely rejected and it was not until the early 1930s that the macromolecular 
nature of cellulose could be proven beyond doubt. The micellar theory for 
cellulose was refuted by Staudinger and Schweitzer through viscosity 
measurements on dilute solutions of cellulose in Schweitzer’s reagent, which 
showed that the viscosity of the solutions was independent of temperature (12). 
In the same report, the authors described molecular weight measurements on a 
number of different cellulose materials. A calibration curve for the specific 
viscosity–molecular weight relationship had been established with partially 
depolymerized cellulose samples, whose molecular weight had been determined 
by end-group analysis. The highest molecular weight, corresponding to a DP of 
1200, was observed for gently purified cotton. However, the authors noted that 
the DP of native cellulose was probably higher because Schweitzer’s reagent, 
which was used as the solvent in the viscosity measurements, was known to 
slowly degrade cellulose in solution. Nevertheless, the enormous size of 
cellulose molecules had successfully been demonstrated at that point. It is now 
known that the DP of native cellulose can be as high as 27,000 in certain algae 
(13). A more detailed history of cellulose research can be found in ref 14. 
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History of Cellulose Esters 

The three hydroxyl groups of the AGU interact with those of neighboring 
AGUs in the same or an adjacent cellulose molecule via hydrogen bonding. The 
extensive intra- and intermolecular hydrogen bonding and related molecular 
rigidity renders native cellulose highly crystalline, insoluble in common 
solvents, and unmeltable, i.e., its melting temperature lies above its 
decomposition temperature. The unprocessable nature of cellulose motivated 
scientists early on to study ways to chemically alter the material. In 1833, long 
before the chemical structure of cellulose was known, Henri Braconnot, a 
French chemist and pharmacist, discovered that saw dust, linen, and cotton wool 
reacted with nitric acid to form a highly inflammable compound which he called 
xyloïdine (15). The reaction was refined in 1846 by Christian Friedrich 
Schönbein, a German chemist, who found that a mixture of nitric and sulfuric 
acid was more effective in nitrating cotton fibers than nitric acid alone (16). The 
discovery of readily soluble nitric esters of cellulose shortly after the industrial 
revolution and the mechanization of spinning and weaving in the cotton fiber 
industry, was the stepping stone for several new industries, including the 
guncotton industry (explosives and propellants based on highly nitrated 
cellulose, practically insoluble in ether-alcohol), the collodion industry 
(photographic film and topical pharmaceutical formulations prepared from 
solutions of less highly nitrated cellulose in an ether/ethyl alcohol solvent 
system), the celluloid industry (moldable plastics based on camphor-containing 
cellulose nitrates (CNs)), and the pyroxylin industry (lacquers, waterproofing 
solutions, imitation leather, and artificial silk filaments prepared from CN 
solutions in amyl acetate or commercial wood alcohol). 

The value and variety of commercial products that could be developed from 
CN impelled scientists to investigate the synthesis of other cellulose esters. The 
possibility of obtaining information about the molecular structure of cellulose, 
of which only the chemical formula (C6H10O5) was known at that time, was 
another important reason for studying other chemical derivatives. The cellulose 
ester that received the most attention, after CN, was CA (Figure 2). The 
development of CA was spurred by governmental regulations issued after a 
series of fires in early movie theaters, stipulating the use of non-flammable 
cinematographic film materials. Like CN, CA per se was unmoldable but could 
be made plastic by the addition of camphor and other organic chemicals. Thus, 
at the beginning of the 20th century, it was possible to produce CA-based 
materials that combined incombustibility, plasticity, and solubility in 
inexpensive organic solvents. Yet, the higher cost of the materials used to 
produce CA, as compared to those used in the production of CN, restricted the 
use of CA to applications where the superior properties of CA justified the 
higher production costs. Other organic cellulose esters, such as cellulose 
propionate, cellulose butyrate, and mixed esters, were investigated as well. A 
very detailed account of the early history of cellulose esters can be found in a 
two-volume compendium on the nitrocellulose industry by Edward C. Warden, 
published in 1911, and a ten-volume book on the technology of cellulose esters 
by the same author, published in 1921, both available online (17, 18). 
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Though in many of its early applications as a moldable plastic, CA has been 
replaced with less expensive petroleum-based thermoplastics, it is still widely 
used in textiles, cigarette filters, certain injection-molded objects, display 
packaging and extruded plastic films, dialysis membranes, sheeting, lacquers, 
protective coatings, and protective films in liquid crystal displays. Other organic 
cellulose esters, in particular the mixed esters cellulose acetate propionate (CAP, 
Figure 2) and cellulose acetate butyrate (CAB, Figure 2) have since their first 
appearance in the patent literature in 1899 (19) found widespread application in 
sheeting, molding plastics, film products, lacquer coatings, and melt dip 
coatings. The recent advances in cellulose ester performance and application 
have been reviewed by Edgar et al. (20). 

 
Figure 2. Molecular structures of selected cellulose derivatives, mentioned in 

the text (The asterisk indicates where the substituent connects.) 

History of Regenerated Cellulose 

Some applications of CN, in particular those of CN silk in textiles, involved 
a denitration step, converting the CN back to cellulose, to reduce the 
flammability of the final product. At the end of the 19th and beginning of the 
20th century, several competing technologies existed for the production of 
regenerated cellulose fibers, some of which are still in use today (21). The so-
called cuprammonium silk was produced by dissolving cellulose in an ammonia-
containing solution of Cu(OH)2, CuCO3, or CuCl2, and spinning filaments from 
the cuprammonium solution of cellulose into a water bath, containing sulfuric 
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acid for the neutralization of ammonia and regeneration of cellulose. Viscose silk 
was produced by treating alkali cellulose, formed upon swelling of cellulose in 
strong NaOH solutions (17–19%), with CS2, resulting in the formation of a 
soluble cellulose xanthate (Figure 2). A solution of the xanthate in dilute NaOH 
was extruded into an aqueous coagulation bath containing (NH4)2SO4 and then 
run through dilute H2SO4 for the regeneration of cellulose. Today, regenerated 
cellulose prepared by essentially the same process finds application as clear, 
readily biodegradable films in food and decorative packaging (cellophane), as 
semipermeable membranes in dialysis, including hemodialysis, and as versatile 
fibers in woven textiles (rayon). 

Like the cellulose esters, regenerated cellulose has been replaced in some of 
its earlier applications by less expensive, or better performing petroleum-based 
polymers. Increasingly stringent environmental legislation requiring the 
recovery of CS2 and the malodorous breakdown product H2S in the viscose 
process imposed additional limitations on the competitiveness of regenerated 
cellulose. More environmentally benign than the viscose process, the lyocell 
process, developed in the 1980s, offers an improved cost–performance ratio and 
thus promises to be more competitive (22). In the lyocell process, shredded 
wood pulp is mixed with a 76–78% aqueous solution of N-methyl morpholine 
N-oxide (NMMO) and subsequently heated under vacuum to reduce the water 
content, resulting in complete dissolution of the pulp. The viscous solution is 
then extruded through an air gap into a spin bath containing dilute NMMO 
solution and washed with hot demineralized water in a series of wash baths. The 
relatively high cost of the solvent is partially offset by a greater than 99% 
recovery rate, which together with recycling of the process water minimizes the 
environmental impact of the lyocell process. 

Given the dwindling petroleum resources coupled with rising worldwide 
demands, and the related emphasis on the sustainability of our economy, 
cellulose-based materials may experience a come-back into the markets of 
petroleum-based polymers on the basis of the renewable nature of their starting 
materials (cotton and wood pulp) and the more or less retained biodegradability. 

History of Cellulose Ethers 

Ethers of cellulose were first synthesized by Wilhelm Suida in 1905 in 
search of a method to enhance the retention of dyestuffs by cellulose-based 
textile fibers (23). Suida’s research was followed by the studies of Dreyfus, 
Lilienfeld, and Denham and Woodhouse in the 1910s (18), which led to the 
commercialization of cellulose ethers in the 1920s. The first cellulose ether to 
gain commercial importance was carboxymethyl cellulose (CMC, Figure 2). 
Methyl cellulose (MC, Figure 2) and hydroxyethyl cellulose (HEC, Figure 2) 
became economically relevant ten years later. These three cellulose ethers, 
CMC, MC, and HEC, still dominate the market today together with a series of 
mixed ethers, such as hydroxyalkyl methyl celluloses. Most cellulose ethers are 
water soluble, which forms the basis for the majority of their applications. They 
are primarily used to control the rheology of water-based formulations. Other 
functions include retention of water, stabilization of colloidal suspensions, 
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enhancement of film formation, lubrication, and gelation (24). Cellulose ethers 
are safe for oral consumption and topical application and, as a result, are widely 
used in food products, cosmetics, personal care products, and pharmaceutical 
formulations. In addition, they are used in oil recovery, adhesives, coatings, 
printing, ceramics, textiles, building materials, paper, and agriculture. 

Early Model Surfaces 

Studies involving model cellulosic surfaces, as defined here, date back to 
the 1930s. As a reference point, Irving Langmuir’s work on the chemical forces 
in solids, liquids, and surface films, for which he received the Nobel Prize in 
Chemistry in 1932, was performed in the period 1916–1943. Using Langmuir’s 
method of ref 25 for the determination of contact angles of liquids in air against 
solid surfaces, Sheppard and Newsome, in 1935, measured the work of adhesion 
of water to model surfaces of a homologous series of cellulose triesters, from the 
acetate to the myristate (26). The authors prepared thin films of the cellulose 
triesters on glass plates by solvent casting from chloroform solutions. The 
contact angles in air of large drops of water of “at least 1.5 cm in diameter” 
deposited onto the cellulose triester films were calculated from the height of the 
drop, measured with a spherometer. The authors found that the work of adhesion 
decreased steadily with the length of the hydrocarbon chain of the substituent, 
ultimately approaching that of paraffin. 

A similar study by Bartell and Ray in 1952 compared the contact angles, 
measured by three different methods, of water and different organic liquids in 
air against various commercial and non-commercial cellulose esters and EC 
(27). In the vertical rod method, a drawn fiber of the polymer, rod or plate 
coated with the polymer, or a free-standing film of the polymer were partially, 
vertically immersed in the liquid. The contact angle was measured from a 
magnified silhouette of the liquid–solid interface, projected onto a screen or 
photographic plate. In the tilting plate method, a coated plate or rod was 
partially immersed in the liquid and tilted until the liquid–air interface on one 
side of the rod or plate remained horizontal up to the liquid–air–solid contact 
line. The contact angle in these experiments was given by the angle of tilt of the 
rod or plate. In the controlled-drop-volume method, a refined form of the sessile 
drop method, the contact angle of a drop of liquid deposited with a fine-tipped 
pipette onto a flat polymer film, free standing or supported, was measured by 
either erecting a tangent upon the enlarged image of the drop or by calculations 
involving drop shape factors. 

As opposed to the earlier study by Sheppard and Newsome, the study by 
Bartell and Ray took into account the hysteresis effect, i.e. the difference 
between the contact angle of an advancing drop of liquid and that of a receding 
one. The authors confirmed the findings of Sheppard and Newsome of a 
systematic increase in hydrophobic character with the length of the hydrocarbon 
chain of the substituents. Furthermore, they observed an increase in hydrophobic 
character in CA with increasing degree of acetylation, i.e. average number of 
acetyl groups per AGU, and little influence of the DP. The vertical rod method 
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and the sessile drop method were found to be superior to the tilting plate 
method, because they allowed enclosure of the system to prevent evaporation. 

A subsequent report by the same authors (28), using the same three 
analytical methods and cellulose derivatives, focused on the interfacial contact 
angles in solid–water–organic liquid systems and proposed a theoretical 
approach for calculating the interfacial contact angle in solid–liquid–liquid 
systems from the advancing and receding contact angles of each of the liquids in 
air. 

Early Studies on Cellophane Surfaces 

Because of the inherent insolubility of cellulose, model cellulose surfaces 
could not be prepared in the same, easy way as model surfaces of soluble 
cellulose derivatives. Early studies involving model cellulose surfaces relied on 
commercially available films of regenerated cellulose (cellophane). The studies 
by McLaren et al. (29–35), dating back to 1947, on adhesion of high polymers to 
cellulose will only be discussed briefly as they lie at the edge of the scope of this 
review. In these studies, two strips of cellophane were coated with a polymer, 
including different petroleum-based polymers and cellulose derivatives, and 
fused together for a certain amount of time at elevated temperature and under 
pressure. The shear strength at breakage, determined with a tensile tester, was 
used as a measure for the strength of adhesion and the results for polymers with 
different compositions, molecular weights, and tack temperatures, were 
discussed in terms of the heat of adsorption and the energy of cohesion. 

The 1950s brought about significant advances in surface chemistry through 
the work of William A. Zisman and coworkers on the wetting of high- and low-
energy surfaces (36), for which Zisman received the Kendall Award of the 
American Chemical Society in 1963. He showed that for many polymer 
surfaces, linear relationships hold between the cosines of the contact angles, θ, 
and the surface tensions of the respective liquids, allowing reliable predictions 
as to the wettability of a polymer by a liquid of known surface tension. Zisman 
further introduced the concept of critical surface tension of wetting (of the 
solid), which is the surface tension of the liquid at which wetting of the solid by 
the liquid can be expected. The critical surface tension of wetting is determined 
from a Zisman plot, i.e. a plot of cosθ versus the surface tension of the test 
liquids, by extrapolating the regression line to cosθ = 1 (θ = 0). 

Zisman’s approach to characterizing wettability was first applied to model 
cellulose surfaces by Ray et al. in 1958 (37). The authors used the sessile-drop 
method in combination with free standing cellophane films and the vertical-rod 
method for raw and α-cellulose cotton as well as rayon fibers. The study 
confirmed the linear relationship, observed for petroleum-based polymers by 
Zisman et al., for regenerated cellulose and the liquids water, tetrabromoethane, 
and methylene iodide. The critical surface tension of wetting of cellophane 
surfaces was found to be 44 mN/m. 

V. R. Gray, in 1962, reported a study on the wettability of wood in which he 
also measured the advancing and receding contact angles of extracted 
cellophane films (38). For those films, he obtained a critical surface tension of 
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wetting of 45 mN/m, in close agreement with the results of Ray et al. (37). Gray 
proposed the concepts of surface tension for optimum wetting and surface 
tension for optimum adhesion, for which the values for cellophane were 64.8 
and 64.9 mN/m, respectively. 

The commercial availability of transmission electron microscopes and the 
development of surface replica methods in the 1940s set the stage for surface 
morphology studies. Jayme and Balser, in 1964, obtained the first micro-scale 
images of self- and machine-cast cellophane surfaces and found that machine-
cast cellophane films exhibited striations in the machine direction whereas self-
cast films showed no marked orientation (39–41). 

Early Studies on Self-Cast Cellulose Films 

The first study using self-cast model cellulose surfaces was an extensive 
study by Karl Borgin, entitled “The Properties and the Nature of the Surface of 
Cellulose” and reported in a series of papers between 1959 and 1962 (42–45). 
Borgin evaluated three preparation methods, namely regeneration of cellulose 
films cast from cellulose solutions in a cuprammonium solvent system, 
regeneration of cellulose films cast from cellulose xanthate solutions, and 
saponification of CA films by alkali. He observed no difference in the 
appearance of the films prepared by different methods and from different 
cellulose starting materials, and chose the cuprammonium method for his study 
as the easiest and most convenient one. He used both the sessile-drop or 
controlled-drop-volume method in combination with films cast onto glass slides 
and the vertical-rod method with films cast onto glass rods and observed no 
difference between the results from the two methods. 

Borgin found that the contact angle of water in air against a cellulose 
surface depended on the water content of the substrate, the relative humidity at 
which the film was equilibrated and the measurement performed, the 
temperature, and the contact time. Based on contact angle measurements at 
different relative humidities and substrate water contents, he proposed a 
hydration model for cellulose in which cellulose with a water content below 
12% contained only tightly bound water that did not alter the surface properties. 
Any water in excess of 12% was present as free water, the first layer of which 
had the greatest effect on the surface properties and contact angle. This theory of 
Borgin was supported by the results of a separate study by P. H. Hermans, who 
determined by x-ray diffraction that regenerated cellulose fibers contained 
12.1% chemically bound water (46). 

Contact angle measurements in air with different organic liquids and in 
cellulose–water–hydrocarbon systems showed that the interfacial affinity 
between cellulose and water was much higher than between cellulose and 
hydrocarbons and that water was able to displace a hydrocarbon from the 
surface of cellulose but not the opposite (44). Surface-active agents were shown 
to increase the surface wetting power of water with respect to cellulose but to 
reduce its capillary wetting power. 

Borgin’s studies included contact angle measurements of water in air 
against several cellulose ethers and esters (45). He pointed out that cellulose 
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behaved oppositely to what was expected with respect to solubility in that the 
solubility of cellulose seemed to increase with decreasing hydrophilicity brought 
about by hydroxyl substitution. He speculated correctly that the methyl and ethyl 
groups did not cause water solubility directly but that they prevented the mutual 
attraction between the cellulose hydroxyl groups, thus making them more 
accessible to the water molecules. 

Advances in surface chemistry in the early 1960s, based on the work of 
Girifalco and Good (47, 48) and Fowkes (49, 50), allowed a more detailed 
interpretation of solid–liquid contact angles. Girifalco and Good, in 1957, 
hypothesized that the free energy of adhesion at the interface between a solid 
and a liquid (or between two immiscible liquids) is equal to the geometric mean 
of the free energies of cohesion of the individual phases multiplied by a 
parameter Φ (47). For two-phase systems of the “regular” (Φ = 1) and “pseudo-
regular” (Φ ≈ 1) type, this ‘geometric mean’ combining rule fairly accurately 
predicted the interfacial tension from the surface tensions of the individual 
phases. A few years later, in 1964, Fowkes proposed that the surface tension of a 
liquid (or the surface energy of a solid) can be considered the sum of 
contributions resulting from different intermolecular forces, such as London 
dispersion forces, metallic bonds, and hydrogen bonds (49). For the special case 
that the interacting forces are entirely dispersion forces, e.g. two-phase systems 
involving hydrocarbons, he developed an equation that related the interfacial 
tension to the surface tensions of the individual phases. Like Girifalco and 
Good, Fowkes used the geometric mean for the interfacial attraction term. 
Fowkes’s theory allowed the determination of the London dispersion force 
contribution to the surface free energy of a solid and, by subtracting the surface 
free energy due to London dispersion forces from the total surface free energy, 
the determination of the excess energy due to polar interactions. 

Fowkes’s approach to interpreting contact angle data was first applied to 
model cellulose surfaces by Luner and Sandell in 1968 (51, 52). To evaluate the 
effect of film preparation, the authors used four different methods for preparing 
regenerated cellulose films, namely a two-bath viscose casting method, a one-
bath viscose casting method, a dry viscose casting method, and saponification of 
solvent-cast CA films. In addition, the effect of stretching of the films, to 
introduce a preferred orientation, was investigated. Contact angles of various 
liquids against these surfaces were determined by the sessile drop method. The 
critical surface tension of wetting of the model cellulose surfaces, determined by 
the Zisman-plot method, ranged from 35.6 to 49.0 Nm/m and depended on the 
cellulose starting material and the method of film preparation. The values for the 
London dispersion force contribution to the surface free energy of the cellulose 
films ranged from 39 to 51 mN/m and the excess energy due to polar 
interactions was 57, 38, and 30% of the total surface energy, for the liquids 
water, glycerol, and formamide, respectively. 
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The 1970s 

Surface chemistry in the 1970s was influenced by the theories of Owens 
and Wendt (53), Kaelble (54), Wu (55), and Neumann et al. (56). The theories 
of Owens and Wendt, and Kaelble, generally combined into what is known as 
the geometric mean approximation, treat interactions as due only to dispersion 
forces and polar interactions and predict both through geometric mean 
equations. Wu’s theory, referred to as the harmonic mean approximation, 
proposed the use of the harmonic mean instead of the geometric mean for 
deducing the polar and dispersive force contributions to the surface free energy. 
A detailed review of these and the above mentioned theories of the wetting of 
low-energy surfaces can be found in ref 48. An extensive compilation of 
literature values for the surface parameters of cellulose and cellulose derivatives, 
defined by the above mentioned and more recent theories, is given in Chapter 12 
of this volume, “Surface Properties of Cellulose and Cellulose Derivatives: A 
Review”. 

The theory of Owens and Wendt was first applied to cellophane surfaces by 
Philip F. Brown in his Ph.D. research at the Institute of Paper Chemistry in 
Appleton, Wisconsin (57, 58). The research objective was to determine the 
effect of treatment in a corona discharge on the surface free energy and its polar 
and non-polar components of cellulose and relate the changes in surface free 
energy to the bond strength between cellulose surfaces. The morphology of the 
untreated and treated cellophane surfaces was studied by transmission electron 
microscopy of surface replicas. Furthermore, the surface roughness and 
conformability, and the effect of humidity on these properties, were measured 
with a modified version of the Chapman smoothness tester. The contact angles 
of water, methylene iodide, and tetrabromoethane against untreated and treated 
cellophane surfaces were measured by the sessile drop method. Brown found 
that treatment of cellulose in a corona discharge, causing oxidation of the 
cellulose surface, resulted in an increase in the surface free energy, due to an 
increase in polarity accompanied by a small decrease in the magnitude of 
dispersion forces. The increase in polarity was considered the reason for the 
observed increase in water-induced bond strength between two treated 
cellophane films. 

A few years later at the same institution, students James L. Ferris and 
Ronald E. Swanson used self-cast cellulose films in their Ph.D. research related 
to paper sizing (59, 60). The dissertation of Ferris studied the effect of stearic 
acid, adsorbed from the vapor phase, on the wettability of cellulose surfaces. 
Swanson’s dissertation was a continuation of this work and focused on 
fractional surface coverage and the effect of fatty-acid chain length and 
branching. Both students used the two-bath viscose method of Luner and 
Sandell (52) to prepare the model cellulose surfaces and the sessile drop method 
for contact angle measurements. The morphology of the surfaces was 
determined by transmission electron microscopy of surface replicas. The contact 
angle data were analyzed according to the Owens–Wendt theory and both 
students observed a decrease in the surface free energy of cellulose with 
increasing amount of adsorbed fatty acid, primarily due to a decrease in the 
polar contribution. 
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With the goal to characterize wood fibers from a fundamental surface 
chemical point of view, Lee and Luner, in 1972, determined the surface 
properties of lignin, cellulose, and CA surfaces from contact angle 
measurements in air using the theories of Zisman, Fowkes, and Owens and 
Wendt (61). In addition, they used a theory by Tamai et al. (62), which extended 
Fowkes’s theory to solid–liquid–liquid systems.  

The 1980s and Early 1990s 

Matsunada and Ikada, in 1981, evaluated the two-liquid (solid–liquid–
liquid) approach for the determination of London dispersion force contributions 
to the surface free energy and of non-dispersive interactions of hydrophilic 
polymers, including cellulose (extracted cellophane films) (63). The authors 
considered the two-liquid approach superior to the water-in-air approach for 
hydrophilic surfaces because the contact angles were stable with respect to time 
and equilibria were reached instantaneously. Furthermore, the measurements 
were not affected by air humidity because the films were completely immersed 
in a hydrophobic liquid. Their results confirmed that the geometric mean 
approximation accurately described the dispersion force interactions but was 
inaccurate with respect to interactions due to other forces. Non-dispersive 
interactions were more accurately described by a then recent theory of Fowkes 
(64), which considered interactions to be dominated by dispersion forces and 
acid–base interactions. 

In the same year, Katz and Gray used inverse gas chromatography to 
measure the London dispersion force contribution to the surface free energy of 
cellophane (65–67). Vapor phase adsorption was considered superior to contact 
angle measurements for the determination of surface free energy components 
because it avoided the complications related to film swelling and contact angle 
hysteresis, arising from surface roughness, heterogeneity, and porosity. The 
authors derived an equation that related the work of adhesion according to 
Fowkes (49, 68) for a hydrocarbon and a second phase with the adsorption free 
energy for alkanes per mole of methylene groups. Using the incremental free 
energy of adsorption, determined experimentally using the n-alkanes heptane to 
decane, the authors estimated the London dispersion force component of the 
cellophane surface free energy to be ~46 mN/m and ~42 mN/m for the 
geometric mean and arithmetic mean approximation, respectively. The London 
dispersion force component was found to decrease slightly with increasing 
relative humidity. 

In a study in 1983, Edward Sacher investigated the question whether 
“standard” surface free energy values might exist (69). He used Kaelble’s 
graphical method to interpret contact angle data from a variety of test liquids on 
different polymer surfaces, including a commercial cellophane sample. His 
values for the dispersive and polar components of the surface free energy of 
cellulose of 20.2 mN/m and 33.7 mN/m are not reliable, however, because he 
apparently did not extract any plasticizers, e.g. glycerol, which might have been 
present in the cellulose films, prior to the measurements. Furthermore, he 
reported “substrate cockling” for the contact angle measurements with water. 
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In order to gain a better understanding of detergency phenomena, Saito and 
Yabe studied the surface free energies of CAs of different degree of substitution, 
i.e. different average number of substituents per AGU (70). The authors 
hypothesized that if the details of the three interfacial systems involved in the 
removal of soil from substrates (soil/substrate, soil/liquid, and substrate/liquid) 
were known, the work of adhesion at the soil/substrate/liquid interface could be 
estimated. CA films of four different degrees of acetylation between 38.4 and 
43.8% were cast from solution onto glass slides. Extracted commercial 
cellophane films were used for a degree of acetylation of 0%. The data from 
sessile drop contact angle measurements with various liquids were analyzed 
according to the geometric and harmonic mean approximations. The authors 
found that the dispersion force component increased and the polar force 
component decreased with increasing degree of acetylation and that the trend 
was more pronounced for the geometric mean approximation than the harmonic 
mean approximation. 

Toussaint and Luner, in 1988, evaluated various theories, including the 
Zisman critical surface tension of wetting, the geometric mean approximation, 
the harmonic mean approximation, and a theory derived by David and Misra 
(71), based on a two-liquid approach using water and n-octane, which happen to 
have equal dispersion force contributions to the surface tension, for the 
determination of surface properties of cellulose, CA, and cellulose surfaces 
modified with alkyl ketene dimer (AKD), prepared from a mixture of stearic 
acid (55%) and palmitic acid (45%) (72). Model CA surfaces were prepared by 
casting films from CA solutions in acetone onto glass slides. Model cellulose 
surfaces were obtained by regeneration from CA films with sodium methoxide 
in methanol. Cellulose surfaces were treated with AKD solutions in toluene at 
different concentrations, followed by oven heating, during which AKD reacted 
with the cellulose surface. The critical surface tension of wetting was found to 
decrease with increasing amount of AKD. Similarly, the total surface free 
energy was found to decrease with increasing amount of AKD, due to a decrease 
in the polar component. The values for the dispersive and polar components of 
the surface free energy obtained by the geometric and harmonic mean 
approximations, as well as those obtained in air and immersed in hydrocarbons 
were found to be in good agreement. 

In a subsequent study (73), the authors measured the contact angles of 
hydrocarbons against the same model surfaces immersed in water or ethylene 
glycol to compare the surface properties of the dry and fully hydrated state. The 
dispersive components of the surface free energy were found to be equal for 
different AKD contents as well as hydration states and only when the proportion 
of the dispersive component relative to the total surface free energy was 
considered was an increase with AKD content for the dry state apparent. For the 
hydrated state, dispersion forces accounted for ~50% of the work of adhesion, 
regardless of the AKD content. The extent of non-dispersive interactions was 
found to decrease with AKD content and the effect was more pronounced in the 
dry state than in the hydrated state, which was attributed to conformational 
differences in the AKD chains when immersed in octane or water. The authors 
further interpreted their results according to a then recent theory by van Oss, 
Good, and Chaudhury (74), now commonly referred to as Lifshitz–van der 
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Waals/acid–base (LW/AB) approach, which allows the determination of the 
electron-acceptor and electron-donor contributions to the surface free energy. 
The obtained values showed that the percentage of the surface free energy due to 
acid–base interactions decreased with increasing AKD content and that it was 
much lower than the percentage of the work of adhesion due to dispersive 
interactions. 

To enhance our understanding of the relationship between the physico-
chemical properties and blood compatibility of cellulose-based dialysis 
membranes, Kamusewitz et al. conducted contact angle and contact-angle 
hysteresis measurements on pristine and surface-modified regenerated-cellulose 
dialysis membranes (75). The solid–vapor interfacial tension values, calculated 
using the geometric mean approximation, indicated that the surface of the water-
swollen, pristine cellulose membrane was morphologically smooth and covered 
by a closed water film. The surface of the surface-modified membrane, at which 
some of the cellulose hydroxyl groups had been masked by copolymer grafts, 
exhibited areas with significantly lower interfacial tension. 

The Era of Modern Thin Film Techniques 

Two independent developments set the stage for a new era of model 
cellulosic surfaces. One was in the 1980s the successful application of the 
Langmuir–Blodgett (LB) technique (76) to polymeric systems, i.e. the 
successful transfer of polymer monolayers at the air–water interface onto solid 
substrates (77, 78). The second one was the development of spin coating 
technology for high-throughput coating of silicon wafers with thin photoresist 
films in the electronics industry. Furthermore, technological advances in surface 
and thin film characterization methods significantly facilitated or enabled 
quantitative measurements of properties including thickness, refractive index, 
surface roughness, surface forces, and adsorption. Techniques such as 
ellipsometry, reflectometry, atomic force microscopy (AFM), colloidal probe 
microscopy, and quartz crystal microgravimetry, are now routinely used in 
studies involving model cellulosic surfaces. A journal article providing a tabular 
overview of the preparation and characterization methods applied to model 
cellulosic surfaces is in preparation by the author of this review. 

Overview of Film Preparation Techniques 

The techniques that have been used for the preparation of cellulosic thin 
films can be categorized into dip coating, solvent casting, LB deposition, and 
spin coating. 

Dip coating involves dipping a substrate into a solution of the coating 
material and allowing the solvent to evaporate. The thickness of the film is 
primarily controlled by the concentration and viscosity of the solution. A few 
studies have used a process of dipping the substrate into a solution of the coating 
material, allowing the coating material to adsorb onto the substrate, driven by 
intermolecular forces, and rinsing off the excess material and solvent in a 
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subsequent step before drying. This adsorption-based procedure will be 
considered a dip coating method in this review. 

By some definitions, solvent casting is the same as dip coating. However, 
here solvent casting will be defined as a method in which a solution of the 
coating substance is spread or deposited onto a flat solid substrate or measured 
into a mold, followed by controlled evaporation of the solvent. The thickness of 
the film is controlled by the concentration of the solution and the thickness of 
the liquid film before evaporation of the solvent. 

The LB technique involves depositing the coating material into a monolayer 
on the surface of an aqueous phase, compressing the monolayer to a desired 
surface pressure, and then transferring the monolayer onto a solid substrate by 
moving a vertically oriented substrate through the air–liquid interface. By 
repeating the transfer step, thicker films can be created in monolayer increments. 
A variation of the LB technique is the Langmuir–Schaefer technique in which 
the substrate is lowered with a horizontal orientation onto the air–liquid 
interface (79). In this review, these two methods will not be distinguished and 
will both be denoted as LB technique. 

In spin coating, a small, fixed volume of a solution of the coating material is 
deposited into the center of a flat substrate, which is then accelerated to a 
rotational speed of a few thousand revolutions per minute. The rotation of the 
substrate causes the solution to spread out more or less evenly, after which the 
solvent evaporates leaving a thin, relatively smooth film. The thickness of the 
film is controlled by a complex combination of factors including the 
concentration of the solution, the spinning velocity of the substrate, which 
affects the evaporation rate of the solvent, and the viscosity of the solution, 
which for polymers depends on the molar mass and its distribution (80). 

The early studies, described in the preceding section, were based primarily 
on the dip coating method. Since the early 1990s, LB deposition and spin 
coating have become the most widely used preparation techniques for cellulosic 
thin films. The advantages and disadvantages of each method are listed in 
Table 1. A more detailed review of the preparation methods for model cellulose 
surfaces is given by Kontturi and Österberg in Chapter 2 of this volume, 
“Cellulose Model Films: Challenges in Preparation”. 
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Model Cellulosic Surfaces in the Era of Modern Thin Film Techniques 

This review covers both model surfaces for cellulose and model surfaces for 
cellulose derivatives. Since cellulose derivatives are usually soluble in common 
solvents, the preparation of cellulose-derivative model surfaces is 
straightforward. 

With respect to model surfaces for cellulose, two types of model surfaces 
can be distinguished. The first type, which here will be called regenerated-
cellulose model surfaces, are prepared either from a cellulose solution in a 
suitable solvent system or by converting a thin film of a cellulose derivative 
through a chemical reaction into a cellulose film. In either case, the native 
cellulose morphology is lost in the process and the thin cellulose film will have a 
non-native morphology. Model surfaces prepared from commercial regenerated-
cellulose products, such as cellophane film or dialysis membranes, will be 
considered under the heading of regenerated-cellulose model surfaces. The 
second type, which here will be called native-cellulose model surfaces, are 
prepared from aqueous colloidal suspensions of nanoscale cellulose fibrils or 
fragments thereof. The morphology of these films more closely resembles that 
of native cellulose. 

Cellulose-Derivative Model Surfaces 

The new era of model cellulosic surfaces began with the application of the 
LB technique to cellulose derivatives. Literature reports involving LB films of 
cellulose derivatives are numerous and their objectives can be broadly divided 
into five thematic areas: 

 
(I) elucidation of the molecular arrangement in the films (e.g. 81–97); 
(II) determination of the bulk properties of the films (e.g. 98–101); 
(III) incorporation of chromophores into the films (e.g. 102–114); 
(IV) (bio)technological applications of the films (e.g. 115–137); and 
(V) the fabrication of supramolecular constructs (e.g. 138, 139). 
 
Despite the large number of studies involving cellulose-derivative LB films, 

only very few studies reported the use of these films as model surfaces as 
defined here. Instead, most cellulose-derivative model surfaces of this new era 
have been prepared by spin coating. However, a few studies have used dip 
coating or have employed commercially available films. The recent studies 
involving cellulose-derivative model surfaces are briefly described below. 

Diamantoglou et al. studied the effect of the substituent type and degree of 
substitution on the blood compatibility of solvent-cast cellulosic surfaces from 
various cellulose esters, ethers, and carbamates (140–145). The blood 
compatibility was evaluated in terms of complement activation (C5a), number of 
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platelets in the supernatant, and thrombin, measured as a complex with 
antithrombin III (TAT). 

Rankl et al., in an effort to further our understanding of the relationship 
between the properties of a surface and its interaction with biological molecules, 
measured the contact angles of a number of different probe liquids on LB-films 
of cellulose derivatives that are commonly used in biological assays, such as 
trimethylsilyl cellulose (TMSC, Figure 2), aminopropyl TMSC, and cinnamate 
TMSC, and calculated the surface free energy parameters of these cellulose 
ethers by the geometric mean approximation and the LW/AB approach (146). 

Oh and Luner determined the surface free energy parameters of EC films 
prepared by dip coating, using contact angle measurements in combination with 
the LW/AB approach (147). In a subsequent study (148), using the same 
methods, Luner and Oh determined the surface free energy parameters of spin-
coated films of hydroxypropylmethyl cellulose (HPMC), MC, hydroxypropyl 
cellulose, and HEC and compared the obtained values with those from EC and 
cellulose, determined in previous studies (73, 147). 

Lua et al. studied the surface structure of spin-coated films of EC, HPMC, 
and EC/HPMC blends by optical microscopy, AFM, Raman mapping, and 
Raman spectroscopy (149). 

Micic et al. used commercial CA replicating sheets as a model surface for 
cellulose in a study of the self-assembly of a lignin model compound on 
cellulose surfaces by environmental scanning electron microscopy (150). 

Using a quartz crystal microbalance, Gotoh studied the detergency of a 
model aqueous detergent solution with respect to arachidic acid LB-layers on 
spin-coated CA films (151), and, in a subsequent study (152), the adsorption of 
polyethylene and nylon-12 microspheres onto these films in order to gain a 
better understanding of the redeposition of particulate soils in the detergent 
process. 

Castro et al. studied the adsorption of concanavalin A, a mannose and 
glucose specific lectin, onto spin-coated CMC films (153). The analytical 
techniques that were used in this study, and which are common to the studies 
described below from the same laboratory, were ellipsometry, contact angle 
measurements, and AFM. Kosaka et al. prepared model surfaces from a series of 
cellulose esters using adsorption-based dip coating as well as spin coating and 
studied the effect of annealing on film morphology as well as the adsorption of 
bovine serum albumin and lipase onto the films (154); immobilization of lipase 
on the films (155); surface properties and dewetting of the films (156); and the 
Hamaker constants of the cellulose esters (Chapter 10 of this volume). Also 
from the same laboratory, Amim et al. studied the preparation of model surfaces 
of CA, CAP, CAB, and CMCAB by spin coating from acetone and ethyl acetate 
solutions (157). In a subsequent study, Amim et al. studied the effect of the 
solvent on the surface parameters, according to the geometric and harmonic 
mean approximations, and dewetting of annealed CAP and CAB films, prepared 
by adsorption-based dip coating (158). In addition to ellipsometry, contact angle 
measurements, and AFM, in this latest study sum frequency generation 
spectroscopy was used to obtain information on the interfacial molecular 
orientation. 
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A number of groups studied the surface forces of model surfaces made from 
HEC derivatives, such as ethyl HEC (EHEC) (159–165), non-ionic and cationic 
HEC derivatives (166, 167), hydrophobically modified EHEC (HM-EHEC) 
(168), and a cationic HM-HEC derivative (169), as well as the effect of the 
anionic surfactant sodium dodecyl sulfate on these forces (162, 166, 168, 169) 
by surface force apparatus. The model surfaces were generally prepared by 
adsorption of the cellulose derivative from solution onto mica substrates. 

Pincet et al. used the surface force apparatus to study the forces between a 
model CA surface and a ribonuclease A- or human serum albumin-layer 
adsorbed onto a mica substrate in an effort to elucidate the phenomenon of flux 
decline in membrane filtrations of protein solutions (170). The model CA 
surfaces were prepared by dipping a mica substrate into a CA solution in 
acetone. 

Regenerated-Cellulose Model Surfaces 

The literature on model cellulose surfaces, both native and regenerated, has 
recently been reviewed in great detail by Kontturi et al. (171), and will here 
therefore only be summarized. 

Spin coating was first applied to regenerated-cellulose model surfaces by 
Neuman et al., who spin coated solutions of cellulose in trifluoroacetic acid onto 
mica substrates (172). Concurrently, Schaub et al. investigated the use of the LB 
technique to deposit mono- and multilayers of TMSC onto various substrates. 
By subsequently cleaving off the trimethylsilyl groups in humid HCl vapor, the 
cellulose molecular structure could be regenerated, yielding very smooth 
cellulose films. The thickness of these films was directly proportional to the 
number of monolayers (173, 174). The elegance of the method by Schaub et al. 
has motivated numerous studies involving model cellulose surfaces prepared in 
this manner. In fact, to this day, all studies involving model cellulose surfaces 
prepared by the LB technique, which are about 50% of all studies involving 
regenerated-cellulose model surfaces, follow the protocol by Schaub et al., with 
minor modifications in regard to solvent and concentration of the spreading 
solution, film pressure, or type of substrate. 

Since the report by Schaub et al., several groups have studied in detail the 
properties of model cellulose surfaces prepared by the LB technique (174, 175). 
Furthermore, LB model cellulose surfaces have been used to: 

 
(I) determine the Hamaker constant of cellulose (176); 
(II) measure the surface and friction forces of cellulose (177–183); 
(III) understand moisture-related swelling (175, 177–180, 184); 
(IV) measure the work of adhesion with respect to poly(dimethylsiloxane) 

(PDMS) caps (185); 
(V) measure the surface adsorption of dye molecules (174), 

polyelectrolytes (175, 186, 187), carboxymethylated cellulose 
nanofibrils (188), xylan (189), water-soluble xylan derivatives (190), 
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a model carbohydrate–lignin copolymer complex (191), cationic 
starch (192), and cationic surfactants (193); and recently 

(VI) study the build-up of polyelectrolyte multilayers (194) 
 
The spin coating method by Neuman et al. has received less attention than 

the LB method by Schaub et al. However, in 2000, Geffroy et al. reported a 
combined approach that used TMSC solutions and spin coating to prepare model 
cellulose surfaces on silicon wafers (195). This method was subsequently 
optimized by Kontturi et al. (196, 197) and has since become a popular method. 

In a recent study, Rossetti et al. elucidated and compared the nanoscale 
structures of TMSC-based model cellulose surfaces prepared by the LB 
technique and by spin coating (198). The authors used non-contact AFM (NC-
AFM) and grazing incidence small-angle x-ray scattering (GI-SAXS) to 
measure the characteristic in-plane length scales, as well as x-ray specular 
reflectometry to obtain information in the direction normal to the surface. The 
two preparation methods were found to yield identical root-mean-square surface 
roughness values (0.7–0.8 nm), which were independent of the scan area, 
indicating a smooth and uniform topography. Both methods produced similar 
characteristic in-plane length scales of 32 nm and 50 nm for NC-AFM and GI-
SAXS, respectively, which were attributed to the formation of bundles of 
cellulose molecules during cellulose regeneration. X-ray reflectometry revealed 
for both methods the absence of periodic structures in the z-direction but a 
slightly lower density for the spin coated model surface. Swelling experiments 
showed that significant swelling of the model surfaces occurred only at relative 
humidities above 97% and that, especially in the thicker films, swelling was 
accompanied by an out-of-plane rearrangement of the cellulose bundles. In 
summary, both methods seemed to produce equivalent model surfaces in terms 
of surface roughness and characteristic in-plane scale, but spin coating appeared 
to yield a slightly less compact structure in the z-direction. 

As an alternative to the TMSC-based spin coating method, methods that 
involve direct dissolution of cellulose in either NMMO diluted with dimethyl 
sulfoxide (DMSO) (199–201) or dimethyl acetamide (DMAc) combined with 
lithium chloride (202, 203) have been developed and are becoming more 
popular. 

Spin-coated cellulose films are often anchored to the substrate by 
physisorption to a thin polymer coating on the substrate. In 2005, Freudenberg et 
al. introduced a method for covalent attachment of the cellulose film to the 
substrate (204). The method uses maleic anhydride copolymers that are 
covalently attached to aminosilane-modified glass or silicon oxide surfaces. 
Covalent bonding of the spin-coated cellulose film to the copolymer layer is 
achieved by reacting the cellulose hydroxyl groups with the maleic anhydride 
groups of the anchoring layer. 

The applications of spin-coated regenerated-cellulose model surfaces are 
similar to those prepared by the LB technique. Namely, spin-coated regenerated-
cellulose model surfaces have been used to: 
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(I) determine the Hamaker constant of cellulose (205); 
(II) measure the surface forces of cellulose (172, 206–211); 
(III) understand moisture-related swelling (184, 199, 202, 212, 213); 
(IV) measure the work of adhesion with respect to PDMS caps (214) and 

ink varnish-coated PDMS caps (215)  
(V) measure the surface adsorption of polyelectrolytes (195, 211, 216), 

surfactants (217, 218), water-soluble xylan derivatives (Chapter 8 of 
this volume), and cationic nanosized latex particles (219); and 

(VI) study the surface adsorption of cellulolytic enzymes and enzymatic 
degradation of cellulose (202, 203, 220–224). 

 
Furthermore, Klash et al. have recently used a spin-coated model cellulose 

surface derived from a cellulose solution in DMAc/LiCl as a reference in a study 
on the use of chemical force microscopy for mapping of the chemical 
components on the surfaces of untreated and pulped wood fibers (225). 

In another recent study, Notley et al. used model cellulose surfaces, 
prepared by spin coating of a cellulose solution in NMMO/DMSO, to study, by 
colloidal probe microscopy, the adhesion between cellulose surfaces with 
adsorbed layers of phenylboronic acid-derivatized polyvinylamine (226). 

Despite these advances in the preparation of model cellulose surfaces, a few 
recent studies have still employed conventional solvent casting or have used 
commercially available regenerated cellulose materials, specifically cellulose 
dialysis membranes, as model cellulose surfaces: James E. Bradbury used 
cellulose dialysis membranes in his Ph.D. research on vapor phase adsorption of 
thermal AKD decomposition products onto cellulose, aiming to explain AKD 
sizing reversion (227). Garnier et al. used model cellulose surfaces, prepared by 
transesterification of dip coated cellulose acetate films with sodium methoxide, 
to study the wetting of cellulose by molten AKD wax (228). Using surfaces 
prepared in the same manner, Dickson et al. studied the hydrophobization of 
cellulose by alkenyl succinic anhydride (229). Yang et al. used cellulose dialysis 
membranes as a model paper surface in a study of the effects of lignin and 
extractives on the effectiveness of fluorochemicals to reduce wetting by oils and 
hydrophobic liquids (230). Many more studies from the same laboratory involve 
the use of cellulose membranes as model paper surfaces (231–240). However, 
since these studies focus on wet delamination strengths they lie outside the 
scope of this review. Zauscher and Klingenberg used cellulose dialysis 
membranes to study normal and friction forces between cellulose surfaces (241–
243). Nigmatullin et al. prepared model cellulose surfaces by solvent casting a 
CA solution onto a porous polypropylene substrate followed by alkaline 
saponification and used these surfaces to study the interactions between two 
cellulose surfaces in the presence of cellulose binding domains (244). Linder 
and Gatenholm used commercial cellophane films and cellulose dialysis 
membranes in a study of the effect of cellulose substrate morphology on xylan 
deposition during autoclaving (245). And Sudeep Vaswani used cellulose 
dialysis membranes in his Ph.D. research on the surface modification of paper 
by plasma enhanced chemical vapor deposition of fluorocarbon precursors 
(246). 
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Some studies, on the other hand, have focused on the surface properties of 
regenerated-cellulose and cellulose-derivative membranes for their application 
in hemodialysis (247–254). These studies are part of a larger effort to correlate 
the physico-chemical surface properties of biomedical polymers with their blood 
compatibility and plasma protein adsorption behavior. Specifically, streaming 
potential measurements (247–250) and contact angle measurements (248, 251) 
have been used to determine the interfacial charge and surface energy of 
cellulosic membranes, respectively, and in situ attenuated total internal 
reflectance Fourier transform infrared spectroscopy has been used to monitor the 
adsorption of proteins (252, 253) and surfactants (254) onto cellulosic 
membranes. A survey of the physico-chemical techniques applied to the 
characterization of biomedical polymers is given in ref 255. 

A study that deserves a more detailed discussion is that published by 
Yamane et al. in 2006 (256). These authors prepared regenerated-cellulose 
model surfaces with different degrees of crystallinity and crystal lattice 
orientations to study the effect of these two parameters on the wettability of 
cellulose by water. The authors found a direct correlation between the 
orientation of the crystal lattice in the films and the wettability of the films. The 
contact angles were lowest when the crystal lattice orientation exposed the 
equatorial hydroxyl groups. A crystal lattice orientation that exposed the axial 
hydrogen atoms was expected to show very high contact angles, which was 
confirmed by a low surface energy value in computer simulations. Furthermore, 
high degrees of crystallinity were correlated with low contact angles. The 
authors concluded that the wettability of cellulose was governed primarily by its 
crystalline properties. 

A separate body of literature, which partially overlaps with the one 
reviewed here, is based on the use of colloidal regenerated-cellulose spheres as 
model cellulose surfaces (177, 181–183, 185, 189, 208–211, 226, 241–244, 
257–275). The cellulose spheres are used as probes in surface or friction force 
measurements by colloidal probe microscopy. In a colloidal probe force 
measurement, a cellulose sphere is attached with an adhesive to the end of an 
AFM cantilever and then either lowered toward and subsequently retracted or 
moved across an opposing planar or curved surface for normal surface force or 
lateral friction force determination, respectively. Only those colloidal probe 
microscopy studies that involve planar model cellulose surfaces have been 
included in this review. 

Native-Cellulose Model Surfaces 

The literature on native-cellulose model surfaces has been reviewed in 
detail by Cranston and Gray in Chapter 3 of this volume, “Model Cellulose I 
Surfaces: A Review”. Therefore, only a few selected studies will be outlined 
here. 

One of the first studies involving a native-cellulose model surface was that 
reported by Linder et al. in 2003, investigating the deposition of xylan from 
alkaline solution onto cellulose substrates at elevated temperatures (276). The 
authors used purified bacterial cellulose pellicles as model pulp fiber substrates 
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and studied the mechanism by which deposits of alkali-extracted birch xylan 
form on these model surfaces under “pulping-like” conditions. The proposed 
mechanism involved the aggregation of xylan molecules during autoclaving, as 
a result of a reduction in glucuronic acid content, followed by adsorption of the 
xylan aggregates onto the cellulose surface. 

Around the same time, Edgar and Gray reported the preparation of native-
cellulose model surfaces from aqueous suspensions of cellulose nanocrystals 
(277). Cellulose nanocrystals are short, rod-like fragments of native cellulose 
microfibrils, generally obtained by acid hydrolysis of a purified cellulose 
starting material (278, 279). Edgar and Gray tested several film preparation 
methods and found that the bottom sides of free-standing cellulose nanocrystal 
films, prepared by solvent casting in polystyrene Petri dishes, presented very 
smooth surfaces. For applications in aqueous media, the films had to undergo a 
mild thermal treatment to prevent disintegration of the film upon submersion. 
The authors also studied model surfaces prepared by spin coating of cellulose 
nanocrystal suspensions onto glass and mica substrates and observed that the 
resulting surfaces were slightly rougher than those prepared by the solvent-
casting method and that these surfaces showed radial, shear-induced alignment 
of the nanocrystals. 

The preparation of native-cellulose model surfaces by spin coating of 
cellulose nanocrystal suspensions was further studied by Lefebvre and Gray 
(280). In this study, the authors optimized the preparation conditions for spin 
coating of thin films of cellulose nanocrystals onto silicon wafers and used these 
films to investigate the surface forces before and after deposition of a 
polyelectrolyte layer or multilayer by AFM deflection–distance measurements. 

Stiernstedt et al. (183) used similarly prepared films to study the effect of 
cellulose morphology on the surface and friction forces of cellulose films. The 
normal surface forces and lateral friction forces of four different types of model 
cellulose surfaces were measured by colloidal probe microscopy, using a 
regenerated cellulose sphere as the colloidal probe. The friction coefficient was 
highest when the opposing surface was that of another colloidal cellulose sphere 
and lowest for the native-cellulose model surface, in direct correlation with the 
surface roughness values. The friction forces were significantly reduced in the 
presence of xyloglucan. Regarding the normal surface forces, all four surfaces 
exhibited long-range double layer interactions, indicative of a permanent surface 
charge. The measured surface potentials, ranges of steric repulsion, and 
adhesion values did not differ significantly for the four cellulose surfaces. 

Notley et al. (208) took a similar approach, also involving colloidal probe 
microscopy, to study the effect of cellulose morphology on the normal forces of 
cellulose surfaces. The authors compared model cellulose surfaces with three 
different morphologies, namely amorphous, semicrystalline with a (native) 
cellulose I crystal structure, and semicrystalline with a (non-native) cellulose II 
crystal structure. The authors observed three very distinct force profiles: the 
profile of the amorphous cellulose surface was dominated by steric repulsion 
forces, a result of significant film swelling, whereas that of the cellulose I 
surface was dominated by long-range repulsive double-layer interactions. The 
profile of the cellulose II surface was most sensitive to the surrounding pH and 
was dominated by attractive van der Waals forces at low pH values and by 
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repulsive double-layer forces at higher pH values. The long-range repulsive 
double-layer forces of the cellulose I surface were attributed to negatively 
charged sulfate groups on the surface of the cellulose nanocrystals, introduced 
during the preparation by sulfuric acid hydrolysis. This report therefore indicates 
a serious drawback of native-cellulose model surfaces prepared from sulfuric-
acid hydrolyzed cellulose nanocrystals: the surfaces display highly acidic groups 
not present in native cellulose. A possible solution to this problem could be the 
use of hydrochloric-acid hydrolyzed cellulose nanocrystals. However, model 
surfaces prepared from such nanocrystals are less smooth than those prepared 
from sulfuric-acid hydrolyzed cellulose nanocrystals (Figure 3), due to a less 
uniform particle size distribution. 

 

 
Figure 3. AFM amplitude images (2 μm × 2 μm) of model cellulose surfaces 

from cellulose nanocrystals prepared with (A) sulfuric acid (64 wt %, 10 mL/g 
pulp, 45 °C, 45 min) and (B) hydrochloric acid (4 N, 30 mL/g pulp, 80 °C, 

225 min). The root-mean-square roughness is 2.1 nm for A and 6.2 nm for B. 

In a subsequent study (214), the authors compared the adhesion properties 
of these three model surfaces at two different relative humidities with respect to 
PDMS caps. The adhesion properties were measured with a microadhesion 
measurement apparatus and analyzed according to the Johnson-Kendall-Roberts 
theory. The authors found the work of adhesion from loading to be similar for 
all three surfaces. Contact angle measurements with water and methylene iodide 
and interpretation of the data according to the LW/AB approach revealed that 
the adhesive interactions were dominated by dispersion forces. The magnitude 
of the adhesion hysteresis was significantly smaller for the cellulose I surface 
than for the other two surfaces, which was attributed to the reduced ability of 
this surface to rearrange its chemical groups. The magnitude of the adhesion 
hysteresis was found to increase with increasing relative humidity in accordance 
with an increase in molecular mobility. 

A different approach to the preparation of native-cellulose model surfaces 
was taken by Habibi et al. in 2007 (ref 281 and Chapter 5 of this volume). The 
authors studied the use of the LB technique to transfer monolayers of cellulose 
nanocrystals onto silicon wafer substrates. The formation of cellulose 
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nanocrystal monolayers at the air–water interface of an LB trough was achieved 
with the help of a cationic amphiphile, which was believed to draw the 
nanocrystals from the subphase to the surface through ionic interactions. The 
amphiphile was later removed from the transferred LB film by chloroform 
treatment. Because this preparation method relies on the presence of negatively 
charged groups on the surface of the nanocrystals, these model surfaces will 
have the same drawback as those prepared by spin-coating of sulfuric-acid 
hydrolyzed cellulose nanocrystals. Though the authors claimed to have removed 
the sulfate groups from the film surface through treatment with 1% NaOH, they 
did not provide evidence for the successful removal. Such treatment might 
merely convert the acid form of the sulfate to the sodium form but not cleave the 
sulfate ester bonds. Nevertheless, LB films of cellulose nanocrystals may have 
some merit based on the high degree of alignment of the rod-like nanoparticles 
in these films. In a subsequent study, Habibi et al. demonstrated that highly 
oriented cellulose nanocrystal films could also be prepared by solvent casting in 
an electric field (ref 282 and Chapter 5). 

Ahola et al. investigated the preparation of native-cellulose model surfaces 
from suspensions of cellulose nanofibrils as opposed to nanocrystals (283). The 
nanofibrils were prepared by mechanical disintegration of bleached sulfite pulp 
with a high-pressure fluidizer and two different pretreatments, producing a low-
charge type and a partially-carboxymethylated type. Model surfaces from these 
two types of cellulose nanofibrils were obtained by spin coating aqueous 
suspensions onto silica substrates. The resulting films were very thin (4–6 nm), 
relatively smooth, and the nanofibrils appeared to be randomly oriented in the 
AFM pictures presented. The model films were used to study film swelling and 
surface interactions in water in the absence and presence of electrolytes.  

Recent Advances 

The recent advances in the area of model cellulosic surfaces can be 
thematically divided into: 

(I) advances in analytical techniques applied to model cellulosic surfaces, 
(II) advances in the preparation of smooth model cellulosic surfaces, and 
(III) advances towards more complex model surfaces 

Advances in Analytical Techniques Applied to Model Cellulosic Surfaces 

The most common methods used to characterize model cellulosic surfaces 
are AFM, for measuring surface roughness and film thickness, ellipsometry, for 
measuring film thickness, and x-ray photoelectron spectroscopy, for determining 
the chemical composition. The surface forces of model cellulosic surfaces are 
frequently studied by surface force apparatus, colloidal probe microscopy, or 
force–distance measurements with an atomic force microscope. Adsorption 
studies usually employ a quartz crystal microbalance with or without dissipation 
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monitoring. Several new developments in the area of analytical techniques 
applied to model cellulosic surfaces are outlined below. 

Ellipsometry is an optical technique that measures the changes in the state 
of polarization of light upon reflection from a film-covered surface. Karabiyik et 
al., in Chapter 6 of this volume, have used a variation of ellipsometry, namely 
multiple incident media (MIM) ellipsometry, to measure simultaneously the 
thickness and refractive index of model cellulose surfaces. MIM ellipsometry 
involves measuring the ellipticity at Brewster’s angle in two different inert, 
ambient media. By assuming that the thickness of the film is the same in both 
media, the dielectric constant of the film and subsequently the thickness and 
refractive index can be calculated from the ellipticity data in the two media. The 
advantage of this method is that it does not require prior knowledge or modeling 
of the film’s refractive index. The authors compared the values obtained for thin 
LB- and spin-coated films of TMSC and regenerated cellulose, as well as spin-
coated films of cellulose nanocrystals. The refractive indices for the three types 
of films were 1.46 ± 0.01, 1.51 ± 0.01, and 1.51 ± 0.01, respectively. The 
refractive index and thickness values were in quantitative agreement with values 
obtained by spectroscopic ellipsometry and multiple angle of incidence 
ellipsometry. 

Thickness measurements of supported thin films by reflectometry are based 
on interference effects of radiation reflected at the air–film and film–substrate 
interfaces. Cranston and Gray developed a method, based on angle-dependent 
optical reflectometry, to quantify the thickness uniformity and birefringence of 
cellulose nanocrystal-containing polyelectrolyte multilayer films (284). 
Although the films that were used in this study are not model cellulose surfaces 
as defined here, the study is included in this discussion based on its close 
relation and relevance to the field. The method developed by the authors 
involves measuring the angle dependence of the film’s reflectivity at four 
different set-ups: the reflectivity as a function of incident angle is measured 
twice in the center and twice at the edge of the spin-coated film; at each 
location, the reflectivity as a function of incident angle is measured in two 
orthogonal directions, i.e. the planes of the incident angles are orthogonal in the 
two measurements. The local film thickness and refractive index are obtained by 
fitting the reflectivity curves from the four set-ups to a two-layer model. The 
local film birefringence, arising from shear-induced alignment of the rod-like 
cellulose nanocrystals during spin coating, is calculated using the refractive 
indices from the two orthogonal measurements. The thickness values obtained 
by the new method agreed well with those from AFM scratch-height analysis, 
ellipsometry, and wavelength-dependent reflectometry. The difference between 
center and edge thickness increased with the number of bilayers, but the center-
to-edge thickness ratio stayed roughly the same. The local birefringence was 
zero in the center of the film and as high as 0.065 at the edge, indicating a very 
high degree of alignment of the crystals. Besides allowing the determination of 
local birefringence, the new method was considered an easier and more 
convenient technique for quantifying thickness uniformity than AFM scratch-
height analysis. 

Kaya et al., in Chapter 8 of this volume, have reported the use of surface 
plasmon resonance (SPR) spectroscopy to measure adsorption of hydroxypropyl 
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xylan onto model cellulose surfaces. The application of SPR spectroscopy to 
model cellulose surfaces is not new. In 1996, Buchholz et al. demonstrated the 
utility of SPR spectroscopy in quantifying adsorption of dyes and 
polyelectrolytes on regenerated-cellulose model surfaces (174). However, 
because this first report did not provide any details on the analytical technique 
and because SPR spectroscopy has not yet found broad application in the area of 
model cellulosic surfaces, the study of Kaya et al. and two preceding studies 
from the same laboratory (190, 191), which had been omitted from the previous 
literature review (171), will be included in this discussion. 

In SPR spectroscopy, light in the near infrared region is reflected off of a 
metal surface, generally gold. Changes in the resonance angle, which is the 
incident angle at which the reflected light intensity is a minimum, correlate with 
refractive index changes in the vicinity of the metal surface. Adsorption of 
molecules onto the metal surface or onto a thin film covering the metal surface, 
resulting in local changes in the refractive index, can thus be monitored through 
changes in the resonance angle. To study adsorption onto model cellulose 
surfaces by SPR spectroscopy, gold SPR sensor slides were coated with thin 
films of regenerated cellulose using the LB-technique. Esker et al. studied the 
adsorption of anionic, cationic, and fluorine-containing, water-soluble xylan 
derivatives onto these surfaces and found that adsorption of xylan was promoted 
by cationic and fluorine-containing substituents (190). Gradwell et al. 
investigated the adsorption of a pullulan abietate, mimicking a lignin–
carbohydrate complex, onto these surfaces and observed significant, 
spontaneous, and apparently irreversible adsorption (191). Surface modification 
of cellulose fibers by irreversible adsorption was suggested as a biomimetic 
approach to strengthening the filler–matrix interface in wood–plastic 
composites. Kaya et al. compared the adsorption of hydroxypropyl xylan onto 
these surfaces with that observed on hydroxyl-terminated and methyl-terminated 
self-assembled monolayers (SAMs) (Chapter 8). The authors observed 
submonolayer coverage on the regenerated cellulose and hydroxyl-terminated 
SAM but monolayer coverage on the methyl-terminated SAM. The preference 
for the methyl-terminated SAM was interpreted as an indication that hydrogen-
bonding interactions did not play a significant role in hydroxypropyl xylan 
adsorption onto these solid substrates. 

Schaffner et al. used evanescent wave video microscopy (EWVM) to study 
the adsorption of anionic, carboxyl-functionalized polystyrene latex spheres in 
the presence of a cationic surfactant onto regenerated-cellulose model surfaces 
(285). The technique is similar to SPR spectroscopy in that it is sensitive to 
changes near a solid surface due to a radiation-induced field that decays rapidly 
away from the interface. In EWVM, a laser beam is directed through a prism 
onto a glass slide. As long as the angle of incidence of that laser beam is larger 
than the angle of total internal reflection, an evanescent wave occurs on the 
opposite side of the glass, the intensity of which decays exponentially with 
distance. Because of the limited range of the evanescent wave, only objects in 
the vicinity of the glass surface are illuminated. The decay profile of the 
evanescent wave can be controlled by the angle of incidence of the laser beam. 
Schaffner et al. deposited a regenerated-cellulose layer on the evanescent-wave 
side of the glass slide, which functioned as the top wall of a parallel-plate flow 
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cell with laminar shear flow, perpendicular to the cellulose surface. Adsorption 
of latex spheres from the flowing stream onto the cellulose surface was indicated 
by fluorescence emission by the particles, which was recorded through the 
optical path of an inverted optical microscopy with a CCD camera. The method 
was sensitive enough to detect absorption and desorption of individual particles 
(~ 230 nm in diameter) and to allow particle counting in the observation area. 
The rate of adsorption and final surface coverage were found to depend on the 
ratio of latex particle and surfactant concentrations. 

Advances in the Preparation of Smooth Model Cellulosic Surfaces 

The discovery of several new solvent systems for cellulose, namely 
precooled aqueous solutions of NaOH/thiourea (286), NaOH/urea (287, 288), 
and LiOH/urea (289), motivated the development of a new preparation method 
for model cellulose surfaces. Yan et al. dissolved microcrystalline cellulose and 
cellulose isolated from wheat straw in aqueous solutions of 6 wt % NaOH and 
5 wt % thiourea and spin coated the solutions onto polyacrylamide-coated mica 
substrates (290). The authors found that the wheat-straw cellulose gave 
smoother model surfaces than the microcrystalline cellulose. A concentration of 
0.3% wheat-straw cellulose in the spin-coating solution resulted in cellulose 
films with a height of ~5 nm and a root-mean-square surface roughness of ~2 
nm. 

An entirely new type of model cellulose surfaces was recently developed by 
Yokota et al. (291). The authors exploited the chemical difference of the 
reducing end of the cellulose chain relative to the remaining hydroxyl groups 
and reacted the aldehyde group with thiosemicarbazide. As intended, the 
resulting cellulose thiosemicarbazone spontaneously chemisorbed from NMMO 
solution onto gold-coated silicon wafers. Electron diffraction patterns of the 
cellulosic SAMs, after removal of any physisorbed molecules through several 
washing steps, showed reflections of a native-cellulose crystal structure. This 
new approach has the potential to provide very smooth model surfaces with a 
native cellulose morphology and without the drawbacks of a negative surface 
charge. 

Advances Towards More Complex Model Surfaces 

Precise control of the nanostructure, with respect to composition and 
morphology, of potentially multi-component thin films would enable us to 
fabricate more complex model surfaces that more closely resemble the original, 
for example the surface of a lignocellulosic fiber. 

One of the earliest studies, reporting the preparation of microstructured 
cellulose films, is that by Wiegand et al., published in 1997 (292). The authors 
used the LB technique to generated thin films of thexyldimethylsilyl-cellulose 
cinnamate on hydrophobized cover slips. The films were covered with electron 
microscopy grids and irradiated for 1–5 min with UV light of > 200 nm, leading 
to cross-linking of the film through photocycloaddition reaction between the 
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cinnamoyl groups. Next, the non-exposed (non-cross-linked) domains were 
removed with chloroform, leaving a negative pattern on the cover slip. Finally, 
the silyl groups were removed by repeated exposure to concentrated HCl vapor, 
each time followed by immersion of the film in chloroform. A positive pattern 
was obtained by cross-linking the entire film and then irradiating the cross-
linked film through the mask with UV light in the 200–300 nm region, resulting 
in photooxidative decomposition in the UV-exposed domains and the formation 
of low-molecular-weight fragments. Removal of the decomposed material with 
chloroform, followed by the removal of the silyl groups with HCl vapor resulted 
in a positive pattern of cross-linked cellulose cinnamate. The use of an 
additional photocrosslinkable polymer, based on polyglutamate and containing 
hydrophobic side chains, gave the authors additional control over the 
microstructure of the resulting film. A similar approach to microstructured 
cellulose films was taken by Rehfeldt and Tanaka in 2003 (184). These authors 
exposed thin cellulose films, regenerated from LB-deposited or spin-coated 
TMSC films, on silicon wafers through a Cu electron microscopy grids to deep 
UV light ( λ < 220 nm). Both groups focused on the use of the created cellulosic 
micropatterns in biotechnological applications (292, 293). 

In 2004, two groups reported independently the preparation of cellulosic 
films with breath figure patterns (294, 295). The term “breath figure” denotes 
the pattern that is formed when water vapor condenses on a cold surface (296). 
The breath figure method for the creation of porous films relies on the 
condensation of water vapor on the surface of an evaporating polymer solution. 
Provided that the solvent is water-immiscible and that the polymer has 
amphiphilic properties, the condensed water droplets arrange into a hexagonal 
lattice in the liquid polymer film and, upon evaporation of the solvent, result in a 
porous film with honeycomb structure. Park and Kim studied the formation of 
breath figure patterns in CAB films, prepared by solvent casting or spin coating 
in a humid environment, and by spin coating in a dry environment from polymer 
solutions containing water-miscible solvents and a small amount of water (294). 
The authors found that spin casting from a two-component solvent system gave 
similar patterns as the other two, more tedious methods. Kasai and Kondo 
studied the preparation of honeycomb-patterned cellulose films from an 
emulsion of water in a chloroform solution of CA (295). Films were solvent cast 
onto glass slides and dried slowly at 100% relative humidity. The formed 
honeycomb-patterned CA films were subsequently deacetylated by immersing 
the films into ammonium hydroxide solution. The pore size of the films could be 
controlled by varying the time between forming the emulsion and casting the 
film. 

Kontturi et al., in a study published in 2005, exploited the phase separation 
of binary polymer blends to prepare homogenous cellulose films with uniform, 
protruding features. The authors spin coated mixtures of TMSC and polystyrene 
(PS), co-dissolved in toluene, onto silicon wafers. The obtained TMSC/PS blend 
films were uniform in height. However, conversion of the TMSC to cellulose, 
through exposure to HCl vapor, caused concave features corresponding to the 
cellulose domains. Subsequent removal of the PS with toluene turned the 
concave features into protruding ones by decreasing the average height of the 
film. Further investigation of the films revealed that the areas from which the PS 
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was removed still had a thin cellulose layer, indicating the coverage of the 
silicon wafer by cellulose was continuous. This polymer blend-based method by 
Kontturi et al. is a promising approach as it offers a certain degree of control 
over both the morphology and the composition of multicomponent films. 

Another study, published in the same year by the same laboratory, 
introduced a method for the preparation of “open” regenerated-cellulose films 
(297). “Open films” are discontinuous films that provide incomplete coverage of 
the substrate. The open cellulose films, which could be described as a collection 
of individual, elongated cellulose patches protruding from the flat silicon 
substrate, were prepared by spin coating a dilute (20 mg/L) solution of TMSC in 
toluene onto untreated silicon wafers and subsequent regeneration of cellulose 
by vapor phase acid hydrolysis. In addition to the preparation of the films, the 
authors studied the behavior of these films upon wetting and subsequent drying. 
In a subsequent study, Kontturi et al. introduced the preparation of open native-
cellulose films from dilute aqueous suspensions of cellulose nanocrystals (298). 
Three different substrates were tested, namely silicon wafers with a native oxide 
layer, silicon wafers with a surface layer of titanium dioxide, and regenerated-
cellulose-coated silicon wafers. The most uniform open films, i.e. distributions 
of cellulose nanocrystals, were obtained on the titania substrate, due to attractive 
electrostatic interactions between the positively charged substrate and negatively 
charged particles. The deposition of open cellulose films onto closed films of 
different morphology or chemical nature represents another promising tool for 
the preparation of advanced model surfaces with controlled microstructure. 

A very different approach to microstructured cellulose films has been 
reported by Roman and Navarro in Chapter 7 of this volume, “Deposition of 
Cellulose Nanocrystals by Inkjet Printing”. The authors explored the use of 
inkjet technology for the deposition of cellulose nanocrystals onto flat 
substrates. A conventional drop-on-demand inkjet printer with piezoelectric 
print heads was modified to accommodate microscope slides as printing 
substrates. The printing solutions, aqueous cellulose nanocrystal suspensions of 
different concentration and a 0.05% chitosan solution in 0.1 N hydrochloric 
acid, were filled into refillable, spongeless cartridges. The printing of thin, 
continuous films and continuous micropatterns, such as square grid patterns, was 
found to be complicated by two processes: (1) dewetting of the glass substrate 
and (2) the coffee-drop-effect, resulting in transport of the nanoparticles to the 
edges of the droplets. Several solutions were proposed, including modification 
of the substrate’s surface chemistry to promote wetting and electrostatic 
interactions with the negatively charged cellulose nanocrystals. Co-deposition of 
cellulose nanocrystals and chitosan from separate cartridges resulted in the 
formation of a uniform layer, in contrast to deposition of the individual 
components, which resulted in contact-line deposits for the cellulose 
nanocrystals and a network of ridges for the chitosan solution. Despite the initial 
difficulties related to poor substrate wetting and undesirable mass transport in 
the drying deposits, inkjet technology holds great promise for micropatterning 
and co-deposition of cellulose nanocrystals onto flat substrates based on the 
numerous ways by which the physico-chemical properties of the substrate’s 
surface can be adjusted. 
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Whereas the above methods focus mainly on advanced morphologies, 
advances with respect to the composition of model cellulosic surfaces have also 
been made. The basis for these advances is a method that dates back to 1966 
(299) and that allows the fabrication of well-defined, composite, multi-layered 
films on solid substrates by consecutive adsorption of oppositely charged 
species. Since this first report of the layer-by-layer (LbL) assembly method, 
which involved oppositely charged colloidal particles, the method has been 
adapted to the use of other materials, including synthetic polymers, proteins, 
enzymes, lipids, organic and inorganic nanoparticles, and stacks of dye 
molecules, to name a few. Furthermore, the method has been extended to non-
ionic interactions, such as hydrogen bonding, charge transfer interactions, stereo 
complex formation, metal–ligand coordination, π–π interactions, and even 
specific biological substrate–ligand interactions, as well as to deposition 
methods other than solution-based adsorption, such as spin coating, spraying, 
and photolithograph (300). A review of the recent literature on LbL assembly is 
given in ref 300. 

The potential of the LbL assembly method to provide advanced, composite 
model surfaces for the study of cellulose-based systems has recently been 
recognized and several groups have studied the preparation of multilayered films 
involving either cellulose nanocrystals or water-soluble, charged cellulose 
derivatives, such as CMC. The literature on cellulose-containing multilayered 
films has been reviewed by Cranston and Gray in Chapter 4 of this volume, 
“Polyelectrolyte Multilayer Films Containing Cellulose: A Review”. Whereas 
most of the studies to date have relied on ionically driven adsorption from 
solution, LbL-assembled composite model surfaces for natural systems, such as 
lignocellulosic fibers, will have to be based primarily on non-ionic interactions, 
such as hydrogen bonding and van der Waals forces. The following section 
summarizes two related, recent articles on cellulose nanocrystal-containing 
multilayered films, reporting, for the first time, the use of neutron reflectometry 
for the characterization of cellulose-containing LbL-assembled films and the 
preparation of non-ionic films consisting of alternating layers of cellulose and 
xyloglucan, representing advanced model surfaces for primary plant cell walls. 

The first of these two studies involved thin films consisting of alternating 
layers of cellulose nanocrystals and poly(allylamine hydrochloride) and focused 
on the use of neutron reflectometry and AFM to elucidate the fine structure of 
the films (301). The authors found that the cellulose nanocrystal layers consisted 
of two layers of which the bottom layer had a higher packing density (50%) than 
the top layer (25%). Furthermore, the thickness of the films was found to 
increase linearly with the number of bilayers and the film surface was found to 
become increasingly rough. In the second study, the authors used the LbL 
assembly method to deposit alternating layers of cellulose nanocrystals and 
xyloglucan onto negatively charged silicon wafers that were covered with very 
thin polyelectrolyte-based multilayered primers (302). The authors characterized 
the non-ionic cellulose–xyloglucan films using the same two methods as in the 
previous study and found that the cellulose nanocrystal layers in this multilayer 
system were monolayers with a packing density of 40–45% and that the 
xyloglucan layers were very thin (a few nanometers). As in the previous case, 
the film thickness was found to increase linearly with the number of bilayers but 
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the surface roughness was found to stay constant and to be fairly low (3.5 nm). 
The structural differences between the two multilayered films were attributed to 
the absence of an entropic gain related to the release of counterions for the non-
ionic system. 

Perspectives 

Model cellulosic surfaces have come a long way from the first solvent-cast 
cellulose ester surfaces for the determination of the work of adhesion with 
respect to water to the molecularly smooth, micropatterned, or multilayered 
surfaces of today used for in-situ monitoring of molecular adsorption and 
enzymatic degradation events. Model surfaces of cellulose esters and ethers are 
readily prepared by dip coating, solvent casting, or spin coating solutions of the 
cellulose derivative in common solvents. For model surfaces of cellulose, 
several different preparation methods are available, each having advantages and 
disadvantages. Future advances in the area of model cellulosic surfaces are 
likely to include the development of new characterization techniques and the 
refinement of existing ones, and the development of new preparation methods 
that provide better control of the morphology and composition of the model 
surface. 
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Chapter 2 

Cellulose Model Films: Challenges in 
Preparation 

Eero Kontturi and Monika Österberg 

Laboratory of Forest Products Chemistry, Helsinki University of 
Technology, P.O. Box 6300, FIN-02015 TKK, Finland 

The peculiar supramolecular architecture of cellulose, 
responsible for its poor solubility, provides challenges when 
devising preparation methods for cellulose model films 
because ultrathin film deposition usually requires dissolving 
the material first. The poor solubility of cellulose is 
encountered in three different model film preparation 
methods: (i) the use of cellulose solvents, (ii) the use of 
colloidal dispersion of cellulose nanostructures, and (iii) 
preparation of a dissolving derivative that can be regenerated 
to cellulose after film deposition. A comprehensive literature 
review on all present methods for cellulose model film 
preparation is given in this chapter. 

Introduction 

Model films are used to track down changes in chemistry and morphology 
of complex materials as well as monitoring the physicochemical interactions 
within complicated systems. A suspension of pulp fibers in papermaking, for 
example, is a highly complex system of a multitude of various components. 
Moreover, each wood fiber has a distinct morphology and it is, therefore, hard to 
draw a morphologically representative fiber sample. If one is able to take the 
main component of pulp fibers, cellulose, and reduce its morphology to a 
smooth film, fundamental research becomes easier and less ambiguous. 

Since model films are morphologically well-defined, ultrathin films of 
chemically pure materials, cellulose is not the most straightforward substance 
for model film preparation. Especially in its native form, cellulose possesses an 
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exceptional supramolecular architecture (1, 2). The supramolecular character is 
the reason for the poor solubility of cellulose and solubility, in turn, is an 
essential factor in preparation of model films. In general, the main requirement 
for film preparation from any material is to dissolve the material and cast the 
film from solution by removing the solvent or regenerating the material in one 
way or another. To tackle the difficult solubility of cellulose, researchers have 
devised methods that can be roughly divided into three major categories: (i) face 
the difficulty and use direct cellulose solvents, which may seem rather “exotic” 
to many scientists, (ii) prepare a dispersion of cellulose nanomaterials (e.g., 
cellulose nanocrystals), and (iii) prepare a dissolving derivative which can be 
regenerated to cellulose after film deposition. This chapter is a literature review 
which consists of a short section on the required instrumentation, and a lengthier 
passage on these three main categories of preparation methods. The subject 
partially overlaps with our recent coverage on model films of cellulose and their 
applications (3), but this chapter does not intend to repeat that text. We intend to 
give a comprehensive and up-to-date review on the current status of the 
preparation of cellulose model films.  

Instrumentation 

The thickness of model films is usually in the ultrathin regime (<100 nm), 
which already poses experimental challenges for film deposition. There are two 
established instrumentation methods, with which smooth cellulose model 
surfaces have successfully been prepared: Langmuir–Blodgett (LB) deposition 
and spin coating. In the following, a short overview of both techniques is 
presented. 

Langmuir–Blodgett Deposition 

The preparation of an LB film involves the following stages (Figure 1). 
First, the film-forming compound is dissolved in a suitable solvent. The solution 
is then spread on a clean water surface in a Langmuir trough and the solvent is 
allowed to evaporate. After that, the surface area of the film is compressed, 
using one or two barriers, until the desired surface pressure is reached. 
Deposition of the film onto the substrate is carried out by moving the substrate 
through the water surface, either upwards or downwards, while keeping the 
surface pressure constant. If only one monolayer is desired, the substrate (if 
hydrophilic) is immersed into the water prior to spreading the monolayer and 
then one monolayer is deposited upon lifting the substrate through the air–water 
interface. By re-immersing the substrate through the monolayer, a second layer 
can be deposited. In this way, LB multilayers can be formed. This technique is 
named after Irving Langmuir and Katherine Blodgett. In 1920, Langmuir 
published the first paper on monolayer deposition (4), and in 1934, Blodgett 
extended this technique to multilayer deposition (5, 6). 

Commonly, the substrate is dipped vertically and one monolayer is 
transferred onto the substrate every time the substrate passes the air–water 
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interface, both on lowering and lifting the substrate (Figure 1a). Sometimes it is 
desired that only one side of the substrate is covered with the film, hence 
another dipping procedure was developed. In this approach, the substrate is 
dipped horizontally (Figure 1b). The substrate is brought horizontally into 
contact with the monolayer on the water surface. Upon withdrawing, two layers 
are deposited onto the substrate (7). 

 

  

 

 

(a)

(b)

 Figure 1. Langmuir–Blodgett deposition. The dissolved film-forming compound 
is spread on a water surface in a Langmuir trough and the solvent is allowed to 

evaporate. The surface area of the film is then compressed until the desired 
surface pressure is reached. Deposition of the film on the substrate is carried 

out by moving the substrate through the air–water interface, keeping the surface 
pressure constant. The substrate may be dipped vertically (a) 

 or horizontally (b). 

Spin Coating 

Spin coating is, in short, a method to create films of dissolved substances by 
removing the solvent with the aid of high speed spinning. It has been widely 
used for thin film deposition since the 1950s, and the equipment is ubiquitous in 
laboratories of physical, inorganic, organic, and polymer chemistry worldwide, 
not to mention its wide-spread applications in the advanced electronics industry 
(8, 9). The setup for spin coating is depicted in Figure 2. A substrate is attached, 
often by a means of a suction pump, to a chuck that is spun at a desired rate. 
Spinning velocity, acceleration, and time of spinning are the adjustable 
parameters related to the equipment. Concentration of the coating solution and 
choice of solvent, on the other hand, are parameters related to sample 
preparation. 

D
ow

nl
oa

de
d 

by
 C

O
L

U
M

B
IA

 U
N

IV
 o

n 
Ju

ne
 2

6,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 D
ec

em
be

r 
20

, 2
00

9 
| d

oi
: 1

0.
10

21
/b

k-
20

09
-1

01
9.

ch
00

2

In Model Cellulosic Surfaces; Roman, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2010. 



60 

ω

evaporation
substrate

liquid film,
becoming solid

fluid flowfluid flow

 
Figure 2. Schematic representation of a spin coating setup. The substrate is 

attached to a chuck that is spun at a desired rate (normally 1000–6000 rpm). 
The excess solvent from the initial spin-up stage is collected on the side 

(exhaust). 

There are several theoretical surveys of spin coating (10–12). The 
consensus of these studies is that, after thinning of the spin-induced film starts, 
there are two stages: first, when the liquid film is thick (several micrometers), 
fluid flow dominates the thinning, but later, when the film is much thinner and 
the viscosity higher, fluid flow becomes very slow and film thinning occurs 
because of evaporation. This transition from flow-control to evaporation-control 
is abrupt. Initially, with thicker films, the film becomes non-uniform because of 
the greater velocity and, thus, greater shear rate near the edge of the film. When 
the film has thinned enough, however, the shear rate becomes low enough 
throughout the whole film so that the coating solution can behave as a 
Newtonian fluid. For Newtonian fluids, the film thickness is uniform, according 
to Emslie et al. (10). 

Although equations exist to calculate the thickness of the resulting spin 
coated film (9, 12), they are rarely used in practice. The unpredictable nature of, 
for instance, polymer solutions advocates the experimental method. For a 
particular film thickness, the experimentalist prepares a set of samples with 
parameters of concentration, spinning speed, and different solvents, and 
extrapolates the desired thickness (and smoothness) from the results. 

Preparation Methods 

Be it LB deposition or spin coating, both techniques involve dissolving the 
coating material before its deposition on the substrate. This requirement exposes 
the seminal difficulty in preparation of cellulose model surfaces: its insolubility 
in common solvents. Solvents for cellulose are somewhat exotic and not 
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straightforward to use concerning thin film deposition. Nonetheless, some of the 
solvents for cellulose have been successfully exploited in the preparation of 
model surfaces. A means to circumvent the cumbersome cellulose solvents is to 
utilize a dispersion of cellulose nanocrystals or synthesize a readily soluble 
derivative of cellulose that can later be transformed back to cellulose after film 
deposition. In the following, all three methods will receive a separate treatise. 
An additional section is devoted to so-called open films, an emerging subject in 
polymer science but poorly explored with cellulose surfaces. 

Deposition of Dissolved Cellulose 

The solvents for cellulose, used in model surface preparation, include 
tri(ethylenediamine) cadmium hydroxide (Cadoxen), lithium chloride containing 
dimethylacetamide (DMAc/LiCl), and N-methylmorpholine-N-oxide (NMMO). 
Cadoxen was successfully applied to create monolayers of cellulose on water in 
the first paper on cellulose model surfaces in 1967 (13). The concept of a liquid 
substrate is unique in the literature concerning cellulose model surfaces, and it is 
probably something modern surface chemists should look into when generating 
yet another method of preparing or applying cellulose films. Model surfaces cast 
directly from solution surfaced again in 1993 in a paper by Neuman et al. (14) 
who used trifluoroacetic acid (TFA) as a solvent to prepare spin cast films on 
mica. TFA, however, has a problem of reacting with cellulose, which violates 
the purity of the model substance (15). If efforts of casting thick films by 
evaporation from NMMO (16) or by coagulation from sodium hydroxide/urea 
solution (17) are omitted, the first model film to be directly cast from dissolved 
cellulose and having been adequately characterized was described by Wågberg 
and co-workers in 2002 (18). Their spin coated films (20–270 nm thick) from 
NMMO, containing small amounts of dimethyl sulfoxide, were deposited onto 
SiO2 wafers with glyoxalated polyacrylamide as an anchoring polymer to 
improve the adhesion between the substrate and the coating. The films were 
characterized by atomic force microscopy (AFM), X-ray photoelectron 
spectroscopy (XPS), and size exclusion chromatography. The method was 
further optimized in a sequel paper in which the effect of numerous parameters 
of spin coating on film roughness and thickness were investigated (19). 
Unsurprisingly, the concentration of the spin coating solution predominantly 
determined film thickness but no single factor was found to be associated with 
surface roughness. The authors’ speculation on the crystalline state of the coated 
cellulose, however, was slightly dubious: the authors’ conclusion was that the 
cellulose films spin coated from NMMO had a similar crystallinity to Lyocell 
fibers (mixture of cellulose II and amorphous) since Lyocell is prepared by re-
crystallization of cellulose from NMMO solution under high shear (19). 
However, the presented evidence was too indirect for more than speculation. 
The presence of the substrate and the geometrical constraints, for instance, may 
affect crystallization of cellulose in a thin film. Recent analysis by AFM phase 
imaging (20) points out that a cellulose II/amorphous character of such films is 
plausible, but hard evidence is nonetheless missing. Perhaps techniques like 
grazing incidence diffraction could elucidate the crystallinity of thin cellulose 
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films. Furthermore, cellulose films spin coated from NMMO solution received 
attention in a recent paper by Yokota et al. who studied the effect of anchoring 
polymer on the morphological orientation of the films (21). Overall, the method 
presented in refs 18 and 19 is one of the best to prepare cellulose model 
surfaces. The films are smooth and well defined both chemically and physically 
and their applicability to, for example, surface force and adhesion studies is well 
established (22–24). A slight deficiency lies in the reproducibility of the method: 
the ranges of film thickness are rather large, such as 20–40 nm or 50–60 nm, but 
this is probably due to the rather high roughness of the films (18). An AFM 
image of cellulose spin coated from NMMO is presented in Figure 3a. 

When exposed to, for instance, aqueous media or heat, it is important that 
the cellulose films do not detach from the substrate. As in refs 17 and 18, an 
“anchor” is often used between the substrate and the coating to enhance the 
physisorption of the coating to the carrier surface. A more efficient means of 
irreversible attachment was introduced recently by Freudenberg et al. who 
suggested covalent bonding of cellulose to the substrate to prevent detachment 
of the film in subsequent treatments (25). They utilized the known reaction (26) 
of cellulose with graft copolymers of polypropylene and maleic anhydride to 
chemisorb cellulose, and eventually came up with 20–300 nm thick layers of 
cellulose with a thin covalently bonded layer between the film and the substrate. 
The initial deposition was done by spin coating. These films might prove 
necessary for studies in which cellulose model surfaces are subjected to harsher 
conditions, such as the elevated pressure and temperature ranges of pulping or 
pulp bleaching. 

An interesting method for preparing crystalline cellulose films from 
solution was recently introduced by Yokota et al. (27). The authors prepared an 
end-functionalized cellulose derivative by selectively modifying the reducing 
end of dissolved cellulose by thiosemicarbazide (TSC) in NMMO solution. 
When a gold substrate was exposed to this NMMO solution, the TSC end of the 
TSC-cellulose attached covalently to the gold. As the cellulose chains were 
forced to a parallel alignment by the attachment from their functionalized 
reducing ends, electron diffraction analysis of the resulting film showed that 
crystallization to cellulose I type crystallinity had taken place. Cellulose II is the 
crystalline form that normally forms when cellulose is precipitated from solution 
(28). However, cellulose II possesses the thermodynamically more favorable 
anti-parallel chain alignment (28) which is not possible when the chains are 
forced to a parallel alignment by end-grafting them to the substrate, as in the 
work by Yokota et al. (27). This study is not only groundbreaking by 
introducing a method to regenerate a cellulose I structure; it is also the first 
proper surface of crystalline native cellulose I with high chemical purity. 

Although one of the most common contemporary laboratory solvents for 
cellulose, DMAc/LiCl appears to be a particularly difficult solvent for the 
preparation of model surfaces because of the high boiling point of DMAc and 
the large amount of lithium chloride in the mixture. DMAc/LiCl has 
nevertheless been exploited as a spin coating solvent for cellulose films (29). 
Elevated temperature (100 °C) was necessary during spin coating and lithium 
chloride had to be removed by rinsing with water after spin coating. The 
resulting films were relatively pure according to the XPS data, but 
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morphologically rather rough with a root mean square roughness of almost 5 nm 
for 28 nm thick films (z-scale variation of ca. 20 nm). Although the films were 
rough, their suitability for studies on enzyme adsorption and activity was 
demonstrated in the paper (29). 

A more detailed survey on spin coating cellulose films from DMAc/LiCl 
was conducted recently by Sczech and Riegler (30). By optimizing the spin 
coating parameters, they managed to reduce the roughness variation down to 
only a few nanometers with very thin (<10 nm) films. This roughness variation 
is actually comparable to the smoothest cellulose films, prepared by 
regeneration of a hydrophobic cellulose derivative (31, 32). Moreover, the study 
presents extensive characterization by X-ray reflectivity, ellipsometry, FTIR 
spectroscopy, AFM, and contact angle measurements (30). The applicability of 
the films was demonstrated by studying polyelectrolyte adsorption and 
subsequent adhesion properties. An AFM image of a cellulose film prepared 
according to ref 30 is presented in Figure 3b. 

Ordinary dialysis membranes from regenerated cellulose were used after 
thorough washing as model surfaces for surface force studies (33, 34). The 
problem with these surfaces is that they are rather rough and, according to the 
authors’ experiences, the roughness varies throughout the film. To our 
knowledge, cellulose membranes have not been utilized as model surfaces since. 

(a) spin coated from NMMO (b) Spin coated from DMAc/LiCl

 
Figure 3. AFM images of model cellulose films: (a) 1×1 µm2 image of a film 
spin coated from NMMO solution (Reproduced from ref 22. Copyright 2004 
American Chemical Society), (b) 5×5 µm2 image of a film spin coated from 

DMAc/LiCl solution, prepared  according to ref 30. 

Deposition of Dispersed Nanocellulose 

Spin coating is, in fact, also applicable to colloidal suspensions, not only 
molecularly dissolved systems (9). The group of Gray and co-workers took 
advantage of this and spin coated colloidal (or “nanocrystal”) water suspensions 
of nanocrystalline cellulose (NCC) on mica substrates (35). NCC is prepared 
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from native cellulose samples by hydrolyzing the amorphous cellulose regions 
using concentrated acid solutions (36). The resulting structure is NCC, often 
also called nanorods, consisting of crystallites of cellulose I with dimensions of 
ca. (3–20) × (100–2000) nm, depending on the cellulose source. If the NCC is 
hydrolyzed using sulfuric acid, a sulfate ester is introduced to approximately 
every tenth anhydroglucose unit on the surface of the crystallites. The 
electrostatic repulsion of the anionic sulfate groups on the surface yields a stable 
aqueous suspension of NCC. Spin coating NCC suspensions has recently been 
further refined, using silicon wafers as substrates, yielding films smooth enough 
for surface force studies (37). Although films from NCC have been 
characterized by XPS (35), X-ray diffraction (XRD) (35), and AFM (35, 37), 
they unfortunately lack thickness analysis. On the other hand, the determination 
of crystallinity was much more reliable in the case of NCC than with the alleged 
films of cellulose II (18): XRD was performed for the film, not the starting 
material. Besides, spin coating is very unlikely to affect the crystallinity since 
NCC is a colloidal suspension and it is not re-crystallized in the process. 

The nanocrystal suspensions from NCC have also been exploited in a study 
which applies layer-by-layer (LbL) assembly to prepare nanostructured 
composites of NCC and poly(dimethyldiallylammonium chloride) (38). LbL 
assembly overcomes the problem of poor matrix connectivity of NCC with the 
host polymers. The authors elaborate that immobilizing NCC inside a polymer 
matrix opens a new route for nanoscale organization of the material which has 
potential for new developments. 

A more detailed study on LbL deposition of NCC was performed recently 
by Cranston and Gray (39, 40). The LbL assembly was achieved by both 
conventional means and spin coating, and the obtained films were characterized 
by AFM, optical microscopy, and ellipsometry. In addition, the deficiencies of 
ellipsometry for characterizing the thickness of NCC films were discussed. 

Recently, also LB deposition of NCC has been achieved. Habibi et al. took 
advantage of a complex formation between NCC and an amphiphilic molecule, 
dioctadecyldimethylammonium (DODA), on the air–water interface of an NCC 
dispersion (41). First, the authors characterized Langmuir layers (i.e., 
monolayers on water) of the NCC–DODA complex by tensiometry, 
ellipsometry, and Brewster angle microscopy. After transferring the NCC–
DODA complex by LB deposition onto a silicon substrate, the resulting films 
were washed with chloroform and sodium hydroxide solution, thus removing 
DODA and leaving NCC intact, as demonstrated by XPS analysis. 

Overall, from the point of view of model films, all NCC films presented in 
the literature so far possess a fundamental disadvantage: the sulfate groups on 
the crystallite surface, introduced by sulfuric acid hydrolysis when preparing the 
NCC suspension (36). Although NCC films are genuinely of the native cellulose 
I structure, the sulfate groups on the surface result in a polyelectrolyte like 
nature (23) that is certainly not an intrinsic physicochemical feature of pure 
cellulose I. It may be possible to remove the sulfate groups after NCC film 
deposition, but such work has not been reported to date. Furthermore, it is 
feasible to prepare NCC by, for instance, hydrolysis with hydrochloric acid, 
which does not introduce sulfate groups on the NCC surface. However, NCC 
prepared by hydrochloric acid hydrolysis has not been utilized in model film 
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preparation—probably because the lack of anionic sulfate groups and, thus, lack 
of electrostatic repulsion between the crystallites results in poor dispersion of 
such NCC. Spin coating a suspension that has a tendency to flocculate can be a 
tedious task. According to our experience, homogeneity, i.e., full coverage over 
the substrate and proper smoothness of the films is difficult to achieve by spin 
coating poorly dispersed NCC. 

Whatever the hindrances for NCC usage as model films may be, the sulfate 
groups are surely not an obstacle to utilize NCC films in materials science and 
technology where various functionalized biological structures are in high 
demand at the moment. 

Besides the efforts to prepare films from NCC, Ahola et al. recently utilized 
nanofibrillar cellulose (NFC), prepared by mechanical treatment of chemical 
pulp fibers (42), for model film preparation (43). NFC consists of bundles of 
native cellulose microfibrils with dimensions of 5–10 nm in width and several 
micrometers in length. The films were prepared by spin coating onto pretreated 
silica substrates. The advantage of NFC model films is the close resemblance of 
NFC to cellulose in its native form. In the same paper, the authors demonstrated 
the applicability of NFC films for swelling and surface force studies. 

Deposition of Cellulose Derivatives and Subsequent Conversion to Cellulose 

Partial substitution of the hydroxyl groups of cellulose leads to cellulose 
derivatives that often dissolve in common solvents. To generalize, a charged 
substituent, such as a sulfate group, yields water soluble derivatives whereas an 
organosoluble derivative is achieved with a hydrophobic substituent, a silyl 
ether, for instance. Cellulose derivatization has received extensive reviews, e.g. 
in ref 44. 

If a model surface is cast using a cellulose derivative, the reversibility of the 
initial reaction is important, i.e. converting the derivative back to cellulose must 
be relatively effortless. An early paper explains the use of cellulose 
xanthogenate and cellulose acetate to cast thick films on glass plates (45). The 
films were regenerated to cellulose by sulfuric acid and methanol, respectively. 
Unfortunately, the characterization was poor and the authors lacked modern 
morphological characterization methods like AFM. 

Trimethylsilyl cellulose (TMSC) has been used as a model cellulose surface 
medium since the early 1990s. TMSC is a hydrophobic derivative, soluble in 
common non-polar solvents, such as chloroform or toluene (46, 47). Schaub et 
al. used TMSC to prepare well characterized cellulose films in a seminal 
publication in the field of cellulose model surfaces (48). Their method 
introduced ultrathin cellulose films of <10 nm thickness on silicon wafers, glass 
slides, and gold surfaces. The elegance of the technique lies in the vapor phase 
transition of TMSC to cellulose after LB deposition of TMSC (Figure 4). 
Exposure to a liquid substance is detrimental to the smooth morphology created 
by LB deposition. Therefore, the easy acid hydrolysis of TMS groups, carried 
out in the vapor phase, is ideal. The films were credibly characterized by IR-
spectroscopy and X-ray reflectivity (48). A follow-up publication covered more 
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elaborate characterization (surface plasmon resonance spectroscopy) and 
explored the influence of varying LB parameters on film thickness (49). 

OO
O

OH
OH

OH

*

n
 OO

O

(CH3)3SiO
OSi(CH3)3

OSi(CH3)3

*

n
 

HCl

 
Figure 4. Hydrolysis of TMSC to cellulose. The bulky, “hairy-rod” TMSC 

structure is compressed to a compact, tightly hydrogen bonded structure of a 
cellulose network by the removal of TMS groups. 

LB deposition of TMSC and the subsequent hydrolysis to cellulose were 
further refined by Holmberg et al. (32). TMSC was cast onto a mica substrate, 
hydrophobized by a surfactant mixture, and the subsequent hydrolysis to 
cellulose took place in 10% hydrochloric acid for 1 minute. The characterization 
of these films is extensive: XPS, ellipsometry, surface force measurements, 
contact angle measurements, and AFM were applied. Furthermore, some 
fundamental issues were investigated, such as the swelling of the films in a 
humid atmosphere. The layer thickness of cellulose was determined as 0.5 nm in 
dry air. Figure 5a shows an AFM image of LB-deposited TMSC that has been 
subsequently converted back to cellulose by hydrochloric acid hydrolysis. 

The aforementioned publications (32, 48, 49) established LB deposition of 
TMSC as a viable and reproducible method for preparing smooth, ultra-thin 
films of cellulose by hydrolyzing the TMSC. The thickness of the films could be 
varied between ca. 5 and 50 nm. The pivotal issues were that hydrolysis of 
TMSC to cellulose is complete and that the morphology remains smooth after 
hydrolysis. (In fact, the roughness variation was smaller in the resulting 
cellulose films than in the corresponding TMSC films because of the bulkiness 
of the TMSC groups and the tightly bound hydrogen bonding network of 
cellulose.). The suitability of LB-deposited cellulose films for, e.g., surface force 
studies has been demonstrated in several occasions (50–52). Moreover, 
Tammelin et al. recently revisited LB deposition of TMSC and updated its use 
also for horizontal dipping in order to have cellulose films for quartz crystal 
microbalance studies (53). 

Despite the fundamental work (32, 48, 49), model surfaces of cellulose have 
started to attract more interest only during the present decade. Geffroy et al. 
were the first to apply spin coating with TMSC and succeeding hydrolysis, but 
the characterization of the films was minimal (54). In 2003, Rehfeldt and 
Tanaka published a study comparing LB deposition and spin coating of TMSC 
and its hydrolysis (55). However, the work focused on examining hydration 
forces (swelling) of the films in humid atmosphere and, consequently, was not 
methodology oriented. Spin coating received more attention in a survey by 
Kontturi et al. (31, 56) of spin coating TMSC onto untreated silicon and gold 
substrates. The research included characterization by XPS, IR spectroscopy, 
ellipsometry, and AFM, confirming the purity of the coated cellulose and 
smoothness of the morphology. An AFM image of a spin coated TMSC film 
subsequently hydrolyzed to cellulose is depicted in Figure 5b. The advantages of 
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this method are fast preparation and high degree of reproducibility. On the other 
hand, smooth films (<10% roughness/thickness) are only produced with <20 nm 
film thickness, whereas in LB deposition the smoothness is independent of the 
number of monolayers as long as the film has full coverage over the substrate 
(49). In any case, the influence of spin coating parameters—solution 
concentration, spinning speed, choice of solvent—on the resulting cellulose film 
is covered extensively (31, 56). The hydrolysis of TMSC to cellulose has been 
shown to proceed from the film surface to the film–substrate interface by a 
comparison of IR and XPS data (31). Furthermore, both Rehfeldt (55) and 
Kontturi (31) point out that the transformation of the TMSC film to a cellulose 
film results in a ca. 60% contraction in thickness with <20 nm thick films. LB 
films of the same thickness, in contrast, contract 50% or less (32, 49, 55). Thus, 
in the ultra-thin region, LB deposition appears to be able to cast more compact 
layers than spin coating. 

(a) LB-deposited

z-scale: 3 nm

(b) spin coated

z-scale: 3.5 nm
 

Figure 5. 1×1 µm2 AFM images of cellulose films: (a) LB-deposited TMSC film 
that has subsequently been hydrolyzed to cellulose as described in ref 32; (b) 

spin coated TMSC film which has subsequently been hydrolyzed to 
cellulose as described in ref 31. 

Open Films of Cellulose 

All cellulose surfaces covered in this review so far have been so-called 
closed films, i.e. the coating substance (cellulose) uniformly and completely 
covers the substrate. If the concentration of the solution, from which the films 
are cast, is decreased substantially, there is not enough matter to cover the 
substrate totally. In this case, an open film occurs. Open films may consist of 
aggregates (“islands”) on a flat substrate (57) or—as is often the case with 
polymers—of evenly spread individual molecules (58). The latter type is often 
used to study polymer molecules by AFM. Applications of open films of 
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individual polymer molecules and AFM include determining the molecular 
weight distribution (59), visualizing conformation and structural diversity (60), 
measuring elasticity (61), and visualizing conformational transitions (62). Open 
films are also an indispensable tool in modern supramolecular chemistry (63). 

By refining the well understood spin coating method (31) through a simple 
decrease in concentration, open films of cellulose on silicon were achieved (64). 
These open films consisted of nanosized cellulose domains that were ca. 50–200 
nm long, 20 nm wide, and only 1 nm high (Figure 6a). The reproducibility of the 
open films was confirmed by quantifying the volume of the cellulose domains in 
AFM images. The size of these domains suggests that they are conglomerates of 
a few tens of individual cellulose chains and clearly not individual molecules. 
As the cellulose domains are conspicuous, yet very small, they provide a novel 
medium for interpreting supramolecular changes in cellulose networks at the 
nanoscale. The applicability of these open films of nanosized cellulose was 
demonstrated by exploring the supramolecular chemistry of cellulose by AFM 
upon wetting by water and drying (64). 

The previously discussed paper by Rehfeldt and Tanaka also briefly 
introduces a method to prepare open cellulose films by micropatterning with UV 
photolithography (55). A grid was placed on the closed cellulose film, 
regenerated from TMSC, and the film was subsequently illuminated with a 
mercury lamp, ablating the exposed cellulose but leaving the cellulose 
underneath the grid intact. The result was a 40 nm wide grid of cellulose with 60 
nm rectangles of silica in between. These films were revisited in a follow-up 
paper which introduced an additional method to prepare open films of cellulose: 
stamping protein barriers of bovine serum albumin labeled with fluorescein 
isothiocyanate onto closed cellulose films (65). 

Another paper on open films of cellulose describes the preparation of 
micrometer sized cellulose islands of ca. 10–15 nm in height on top of a thin 
layer (3–5 nm) of cellulose (Figure 6b) (66). The films were achieved by 
exploiting the phase separation of blends of incompatible polymers in thin films 
(67, 68), in this case polystyrene and TMSC. Hydrolysis transformed the TMSC 
to completely hydrophilic cellulose, after which the polystyrene could be 
washed away with a hydrophobic solvent. These surfaces overcome a certain 
limitation of organic model surfaces on inorganic substrates, namely that the 
model substance is vastly different—physically and chemically—from the 
substrate. For instance, large differences in Young’s modulus and thermal 
expansion coefficient can lead to rupture and delamination upon harsh 
treatments (69). 

A recent survey on the arrangement of submonolayers of NCC on various 
substrates included open films of NCC on silica, titania, and amorphous 
cellulose regenerated from TMSC (70). The NCCs on amorphous cellulose 
(Figure 6c) were the first surfaces to contain conspicuous domains of crystalline 
and amorphous cellulose but the NCCs suffered from the aforementioned 
problem of sulfate groups on their surface, as discussed earlier. However, films 
containing both crystalline and amorphous cellulose in domains, whose 
quantities can be characterized, will probably be important in the future, 
especially in studies on enzymatic adsorption and activity where crystallinity is 
a central issue. 

D
ow

nl
oa

de
d 

by
 C

O
L

U
M

B
IA

 U
N

IV
 o

n 
Ju

ne
 2

6,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 D
ec

em
be

r 
20

, 2
00

9 
| d

oi
: 1

0.
10

21
/b

k-
20

09
-1

01
9.

ch
00

2

In Model Cellulosic Surfaces; Roman, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2010. 



69 

Recently, Yokota et al. managed to prepare open films of single cellulose 
molecules on a pyrolytic graphite surface (71). The deposition was achieved by 
drop casting with fast (<1 s) evaporation from a dilute cellulose solution of 
aqueous cupri-ethylenediamine. AFM imaging of single cellulose molecules 
revealed conformational details about the polysaccharide’s alignment on the 
substrate. The strong tendency of individual cellulose chains to aggregate 
probably prevents the use of these films in aqueous solutions but they may have 
potential in, for instance, studies of photodegradation where one could visualize 
chain scission and/or end-wise degradation on a truly molecular level. 

Although the previously discussed films of nanofibrillar cellulose (NFC) 
exhibit full coverage over the substrate (43) and, thus, are not open films by 
definition, the NFC units within the films do possess conspicuous morphology. 
Therefore, we can foresee the use of NFC model films also in various 
morphological studies. 

A curious offshoot within cellulose films is the method by Kasai et al. to 
prepare honeycomb-patterned cellulose films (72). The application uses the 
recently discovered self-organization of a hexagonal array of micropores by 
casting a polymer emulsion of water in oil onto a substrate (73). The authors 
cast films from cellulose triacetate, dissolved in chloroform, in a water 
suspension, and convert the acetate back to cellulose with aqueous ammonium 
hydroxide after deposition. The resulting film is honeycomb shaped cellulose on 
a layer of cellulose. The pore size of the honeycombs can be altered between 1 
and 100 μm. The width of the features was around 10 μm and the height ca. 1–3 
μm, which makes traditional AFM imaging difficult. The IR data illustrates 
convincingly that deacetylation was complete and that the films were thus pure 
cellulose. 
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Summary and Conclusion 

The modern methodology of preparing cellulose model surfaces was 
initiated by Schaub et al. in their paper about LB deposition of TMSC and its 
subsequent complete hydrolysis to cellulose in vapor phase acidic conditions 
(48). The method was further refined by Buchholz et al. (49) and Holmberg et 
al. (32). The extensive characterization of these LB films in various conditions 
established LB deposition via TMSC as a reliable and adjustable technique 
already in the 1990s. LB deposition has recently been established also for 
cellulose nanocrystals (41). 

The other route to cellulose films has been developed during the present 
decade with the use of spin coating. Gunnars et al. demonstrated how ultrathin 
cellulose films may be spin coated directly from NMMO solution (18, 19). 
Kontturi et al. explored the possibilities of spin coating TMSC and hydrolyzing 
it to cellulose (31, 56), precisely as with the LB films (32, 48, 49) but in a more 
simplified procedure. Meanwhile, Gray and co-workers focused on spin coating 
a cellulose nanocrystal suspension, resulting in a smooth film of native 
crystalline cellulose I (with sulfate groups on the surface) (35, 37). 

The advantage of the LB-technique over spin coating is its controlled 
adjustability. Thickness of the films may be controlled by deposition of one 
monolayer at a time while the roughness of the films remains constant. Spin 
coating, on the other hand, provides a faster method. The reproducibility of the 
films is also reliable with spin coating but there is certain robustness within the 
control parameters. For instance, a 20 nm thick film may be reproduced by spin 
coating with as high a degree of smoothness as with LB deposition, but this is 
not necessarily the case for a 50 nm film (31). Moreover, LB deposition and spin 
coating are not the only methods for successful cellulose model film preparation. 
A fine example is the recent study by Yokota et al. who demonstrated how 
crystalline films of native cellulose I can be generated by grafting end-
functionalized dissolved cellulose onto gold substrates (27). 

The newly introduced open films of cellulose have potential for a more 
morphologically oriented interpretation (55, 64, 66, 71, 72). Films consisting of 
conspicuous cellulose domains of defined size and shape—or, indeed, individual 
cellulose chains—are set to be important tools for tracking the behavior of 
cellulose in diverse conditions that resemble natural or industrial conditions. The 
hitherto dominant smooth films are excellent for adsorption or surface force 
studies since they simplify the porous morphology of cellulosic fibers to the 
extreme. In fact, when totally smooth, the model surfaces reduce the 
morphology parameter to non-existence. The deliberately “rough” films, 
however, with defined cellulose shapes may prove to be important in 
interpreting supramolecular and chemical changes in cellulosic materials during 
different reaction conditions, such as pulp bleaching, or even in simple wetting 
and drying processes (swelling/shrinking). 
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Chapter 3 

Model Cellulose I Surfaces: A Review 
Emily D. Cranston and Derek G. Gray 

Department of Chemistry, Pulp and Paper Research Centre, McGill 
University, Montréal, Québec, H3A 2A7, Canada 

Past work on model cellulose surfaces has most often used 
cellulose II or amorphous cellulose regenerated from solvents; 
natural cellulose I surfaces are generally rough and intractable. 
However, smooth cellulose I surfaces can be prepared using 
an aqueous colloidal suspension of cellulose I nanocrystals 
with suitable substrates. We review a number of ways to make 
flat, uniform films by solvent-casting, spin-coating, 
electrostatic adsorption, and Langmuir-Blodgett deposition. 
The methods to make cellulose I films with internal structure 
and surface orientation are compared and some applications of 
these model surfaces are discussed. 

Introduction 

Cellulose, a long-chain polysaccharide composed of β-1,4-linked D-glucose 
rings, is the most abundant biomacromolecule in nature (1). It is of great 
industrial importance as a renewable resource, due to its low cost and 
availability. Cellulose in plants is normally found in close association with other 
polymers such as lignin and hemicelluloses. Purification and removal of these 
components, for example by chemical pulping of wood, normally leaves a 
porous structure with a rough fibrillar surface of cellulose. For many modern 
characterization techniques (spectroscopies, force measurements, contact angle) 
smooth surfaces are needed. Model cellulose surfaces can be used to elucidate 
intermolecular forces, interactions with polymers, metals, and water, bio- and 
thermal degradation, and photochemistry. These fundamental investigations are 
significant in papermaking, textiles, and pharmaceutical industries, as well as in 
the development of new composite materials and biomass gasification. 
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Most naturally occurring cellulose is ‘cellulose I’, found as metastable 
partially-crystalline microfibrils, which make up the primary structural 
component in plant cell walls. These microfibrils are composed of a mixture of 
two different crystalline polymorphs, designated cellulose Iα and Iβ. The Iα 
crystal structure dominates in cellulose from cotton sources and has a one-chain 
triclinic unit cell (1–3). The Iβ form is defined by a two-chain monoclinic unit 
cell and interconversion between them is due to shifting of hydrogen bonded 
cellulose sheets along the chain axis (4). 

For many polymers, smooth surfaces can be prepared by solvent or melt 
casting. However, cellulose does not dissolve in common solvents, and 
decomposes before melting (1). Once dissolved, cellulose can be regenerated but 
the resulting film is either amorphous or incorporates the more 
thermodynamically stable form of cellulose II. Past work on model cellulose 
surfaces (5–13) has most often used regenerated cellulose which differs in 
crystallinity, strength, and density from the natural crystalline form. Crystallinity 
plays an important role when the interactions of cellulose in water are 
considered. For example, even though cellulose does not dissolve in water, 
amorphous cellulose swells substantially by taking water into the matrix, which 
disrupts hydrogen bonding between chains. On the other hand, highly crystalline 
cellulose I shows little tendency to swell. This review focuses on various 
methods to prepare chemically defined, reproducible, and smooth surfaces 
comprised solely of cellulose in its native crystal form. 

Nanocrystalline Cellulose as a Source of Cellulose I 

Cellulose can be hydrolyzed with sulfuric acid to give an aqueous 
suspension of cellulose I nanocrystals (14, 15). Nanocrystals can be made from 
wood pulp (16–18), cotton (19, 20), tunicate (21, 22), bacterial (23, 24) and 
algal (25, 26) sources and are stable in water due to negative surface charges 
(sulfate ester or carboxyl groups). The production of nanocrystalline cellulose 
proceeds in two steps: 1) through controlled chemical hydrolysis to destroy 
amorphous regions and thus the fibrillar structure and 2) through the use of 
mechanical energy in the form of ultrasonication to disperse the nanocrystals in 
water. Suspensions are cleaned of residual acid by extensive centrifugation, 
rinsing, and dialysis. The resultant highly crystalline, rod-like colloids are 
hydrophilic, with a surface charge ranging from 0.15 e/nm2 to 0.4 e/nm2, 
corresponding to about 1 in 10 surface glucose units that are substituted with 
sulfate esters (4). The counterions are most commonly protons or Na+ ions, with 
the latter leading to more heat stable films (27, 28). 

Cellulose nanocrystals are optically active and rod-shaped and as a result 
they possess liquid crystalline properties and form a chiral nematic phase above 
a critical concentration (18). More specifically, a spontaneous phase separation 
occurs into upper isotropic and lower anisotropic (chiral nematic) phases in the 
concentration range of 5–7% w/w for nanocrystals from cotton (20). 

Cellulose nanocrystals are referred to in the literature by various terms such 
as whiskers, needles, nanowires, monocrystals, microcrystals, crystallites, 
depending on their source, axial ratio, and application. Transmission electron 
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microscopy (TEM) and atomic force microscopy (AFM) images of cellulose 
nanocrystals from pulp and cotton, respectively, are shown in Figure 1. For the 
majority of the model cellulose surfaces presented here, cellulose nanocrystals 
are prepared from wood pulp and cotton, and have average dimensions of 5–10 
nm wide by 100–350 nm long. The exact physical dimensions and size 
heterogeneity in cellulose nanocrystals depend on several factors including the 
cellulose source, reaction time, reaction temperature, acid concentration, and 
ionic strength. Spherical cellulose nanoparticles have also been made by pre-
treating cotton with DMSO and NaOH and hydrolyzing while sonicating with 
sulfuric and hydrochloric acids. These particles are polydisperse, composed of 
cellulose I and II, and as of yet, have not been used to make solid cellulose 
materials (28–30). Cellulose nanocrystal properties from different sources and 
processes are summarized in Table I. 

Recently, microfibrillated cellulose (MFC) has been introduced as a high 
aspect ratio cellulose I alternative. The nanofibrils are prepared though a mild 
enzymatic hydrolysis (with a monocomponent endoglucanase) combined with 
mechanical shearing and high-pressure homogenization. The process is well 
controlled giving two fractions with consistent fibril diameters of 5–7 nm and 
10–20 nm. This results in a network of highly entangled, micrometer long 
cellulose I elements that form a strong gel. The method of Pääkkö et al. (31) 
differs from the usual route to MFC which gives a wide size distribution of 
cellulose particles with low crystallinity (32, 33). Spin-coated films of 
microfibrillated cellulose have been studied by colloid-probe AFM and quartz 
crystal microbalance with dissipation. MFC is promising as a reinforcing agent 
in nanocomposites but contains hemicelluloses. Solid MFC films are mesh-like 
and therefore not smooth, giving more of a model fiber surface than a model 
cellulose surface. 
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Figure 1. Cellulose nanocrystals imaged by (a) TEM (courtesy of J.-F. Revol 

and Paprican) and (b) tapping-mode AFM (height image). 
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Surface Preparation Techniques 

The film preparation methods used in the studies discussed below are 
solvent-casting, spin-coating, electrostatic adsorption, and Langmuir-Blodgett 
(LB) deposition. Solvent-casting involves choosing a suitable volatile solvent or 
suspension medium, and a suitable container or mold. The wettability of the 
container surface is an important variable; for aqueous suspensions of cellulose 
nanocrystals, the surface should be sufficiently hydrophilic to avoid beading up 
of the fluid during evaporation, but not so polar that removal of the cellulose 
film is impossible without damaging the film. During rapid evaporation, the 
equilibrium liquid crystalline structures expected at the high nanocrystal 
concentrations are often not achieved, leading to metastable film morphologies 
with surface defects and undulations that are strongly dependant on the speed of 
drying. The film thickness is often variable and while the equipment needed for 
solvent-casting is simple, films are often rough and thick (8). Spin-coating is 
used to apply uniform thin films (generally less than a few 100 nm) to flat 
surfaces. An excess amount of the solution is placed on the substrate, which is 
then rotated at high speed in order to spread the fluid. Film properties can be 
tailored by adjusting experimental parameters such as spin velocity and 
acceleration, solution concentration, and molecular weight. Optical and 
mechanical properties can therefore be easily varied by changing the film 
thickness and density. Creating thick films (necessary if freestanding films are 
desired) can take many deposition steps with spin-coating and are therefore 
easier to make using solvent-casting techniques. 

Electrostatic adsorption is commonly used to make charged monolayers (or 
multilayers) on flat substrates. The negative surface charges on cellulose 
nanocrystals makes them amenable to such preparation methods on positively 
charged surfaces. Either the substrate is dipped into a dilute aqueous suspension 
of cellulose nanocrystals or some suspension is poured onto the substrate and 
then rinsed. In addition to naturally cationic surfaces, positively charged 
substrates may be prepared by functionalization (i.e. silylation) or by adsorbing 
cationic polymers. Anchoring polymers used in cellulose film preparations have 
included chitosan (8), polyvinylamine (8, 34), glyoxalated-polyacrylamide (8), 
polyallylamine hydrochloride (22, 35, 36), polydiallyldimethlyammonium 
chloride (37, 38), and polyethlyeneimine (22). Finally, Langmuir-Blodgett films 
are made by immersing a solid substrate into a monolayer of molecules floating 
on a liquid. This results in a well-defined surface prepared at a specific surface 
pressure. The LB technique can flawlessly coat a surface with a single layer of 
particles but also can be time consuming and is very sensitive to contaminants 
(8). 
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Model Cellulose I Surfaces 

The first reported preparation of a flat model cellulose I surface used 
cellulose nanocrystals (5). A number of preparation methods were tried, and the 
films were characterized by AFM, X-ray photoelectron spectroscopy (XPS), and 
X-ray diffraction. Freestanding films were made by evaporating 5 ml of a 2% 
w/w suspension of cellulose nanocrystals in polystyrene dishes. The root mean 
square (RMS) roughness of these films determined by AFM was 1.2 nm and 1.0 
nm for cellulose from cotton and pulp sources, respectively. The surface 
originally contacting the polystyrene substrate was usually flatter than the upper 
free surface. X-ray diffraction confirmed that all of the surfaces prepared from 
cellulose nanocrystals were solely cellulose I (5). XPS indicated that the 
difference in chemical composition between the two kinds of nanocrystals was 
minimal; cellulose nanocrystals from cotton had a slightly larger O/C ratio than 
for the wood fibre nanocrystals and both types had a O/C ratio substantially 
lower than theoretically predicted (39). This is generally attributed to 
hydrocarbon impurities. Cellulose films were heat-treated to enhance stability 
and make them less susceptible to swelling and re-dispersion in water. 
Depending on the study and cellulose suspension counterions, various 
treatments were found to be effective, 105 °C overnight (5), 35 °C for 24 hours 
in vacuum (27), 90 °C for 4 hours (40), 80 °C for 15 minutes (37), with milder 
heating preferred for films made from acid-form suspensions. 

Mica was also used as a substrate for model cellulose films (5). Atomically 
flat mica is freshly cleaved before use, ensuring a clean smooth surface. It is 
however, negatively charged leading to electrostatic repulsion between the 
surface and the cellulose nanocrystals. Films prepared on mica were made by 
solvent-casting and spin-coating (2700 rpm for 60 s) 2% w/w suspensions. 
Solvent-cast films could be peeled off the substrate and the surface roughness 
was measured on the top and the bottom of the film. The top surface was slightly 
smoother than the bottom and the RMS roughness values for films from cotton 
and pulp nanocrystals were 2.3 nm and 1.5 nm, respectively. Film properties for 
these and other model cellulose I surfaces are summarized in Table II. 

Similarly, Lefebvre and Gray (37) prepared spin-coated cellulose 
nanocrystal films on silicon substrates. Nanocrystal suspensions with 
concentrations ranging from 3–11% w/w were used to create films of varying 
thickness. Although silicon wafers are atomically flat, thorough cleaning can be 
challenging. Cleaning procedures for silicon and glass are numerous (41) and 
include piranha (H2SO4 + 30% H2O2 in 3:1 ratio), Chromerge® (chromium(III) 
oxide/sulfuric acid) (42), UV-ozonator (43), HF (41), boiling chloroform, and 
ethanol (37). When exposed to air, silicon surfaces oxidize resulting in a silica 
layer which is negatively charged under most solution conditions. The average 
“native” SiO2 layer is ca. 20 Ǻ as measured by ellipsometry (35, 44). Films spin-
coated on silicon were smooth (RMS roughness 5.3 nm dry and 5.4 nm wet) and 
iridescent (37). The colors vary with film thickness and are a result of thin-film 
interference and not chiral nematic ordering (35). In these cases, the electrostatic 
repulsion between cellulose nanocrystals and silica or mica surfaces does not 
appear to be an inhibiting factor in achieving smooth uniform films but this 
electrostatic effect will be discussed further in a later section. 
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Ordered Model Cellulose I Surfaces 

It is also possible to prepare oriented films of cellulose nanocrystals due to 
their rod-like shape and liquid crystalline properties. Films with high degrees of 
crystallinity and orientation are useful for studying crystal structure (by X-ray, 
electron, and neutron diffraction) as well as various physical properties of 
cellulose. The concentration at which chiral nematic organization occurs in 
cellulose nanocrystal suspensions is dependent on nanocrystal length, size 
polydispersity, surface charge, ionic strength, and the presence of other 
macromolecules in the suspension (19, 20, 27, 35, 45–47). When preparing 
solvent-cast films, ordered polydomains grow as the water evaporates resulting 
in a solid cellulose sample with oriented regions. This is visible in polarized-
light microscopy as light and dark bands or “fingerprint textures” due to the 
helicoidal arrangement of the nanocrystals (Figure 2). However, alignment is not 
uniform over the entire film. Additionally, internal structure, such as chiral 
nematic ordering, does not always manifest itself as surface orientation of the 
nanocrystals which may be desired for surface force measurements. Complex 
microstructures, such as parabolic focal conic defect textures, have been 
observed in solvent-cast films of cellulose nanocrystals (48). Polarized-light 
microscopy shows this bulk ordering (Figure 3a), but no apparent orientation of 
the nanocrystals is seen when the top of the films are imaged by AFM (Figure 
3b, c). In fact, in this case the internal structure leads to a non-planar surface 
topology, which is undesirable for model surfaces. The concentration and 
preparation method used to make solid films must therefore be carefully chosen 
depending on the desired film properties. 

Edgar and Gray (5) observed long-range orientation induced by spin-
coating and shearing of nanocrystalline suspensions. Spin-coating on mica (5) 
and silicon (37) gave radially oriented films as determined by polarized-light 
microscopy and surface roughness was minimal (i.e. 2.6 nm). Two methods of 
shearing were compared: a concentrated drop of suspension was sheared across 
a long strip of mica and a dilute suspension was allowed to concentrate in a 
polystyrene dish and then the dish was tilted during the final drying stage. Both 
methods gave linearly aligned cellulose nanocrystal films with RMS roughness 
values of 2.4 nm. 
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Figure 2. Polarized-light microscopy image of a drying chiral nematic cellulose 
nanocrystal suspension on glass showing the characteristic fingerprint texture. 

Ordered polydomains grow as the film dries, resulting in a solid cellulose 
sample with oriented regions. 

 

 

 
Figure 3. Solvent-cast parabolic focal conic textured cellulose films imaged by 
(a) polarized-light microscopy, (b) contact-mode AFM (height image) and (c) 
contact-mode AFM (deflection image). (Adapted with permission from ref 46. 

Copyright 2005 American Chemical Society.) 
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To create freestanding films with a surprisingly high uniaxial orientation, 
Nishiyama et al. (49) first created a sheared gel. A 1% w/w cellulose nanocrystal 
suspension from the green alga Cladophora sp. (with residual sulfuric acid) was 
rotated at 500 rpm in a 50 mL glass vial for 12 hours. The silky, ordered gel was 
then rinsed with ethanol and dried under warm air and removed from the vial 
wall with forceps. The large axial ratio of these nanocrystals (40 nm × 4 μm) 
and high ionic strength made the formation of an anisotropic gel possible at low 
concentrations where spontaneous liquid crystal phase separation was not 
observable. In this case, the suspension was never chiral nematic and the 
nanocrystals were linearly aligned in the bulk and at the surface, as shown by 
scanning electron microscopy. Film orientation was quantified by X-ray and 
electron diffraction and found to be more ordered than a ramie fibre, one of the 
highest oriented samples of native cellulose known. 

Alternatively, aligned cellulose nanocrystal films can be prepared in a 
magnetic field. Sugiyama et al. (50) solvent-cast 0.18% w/w suspensions of 
tunicate cellulose nanocrystals on glass slides in a 7 T magnetic field. The 
suspension was dry within 3 hours and the films were removed from the 
substrate and examined by polarized-light microscopy, TEM and X-ray/electron 
diffraction. When a film prepared in the magnetic field was compared to one 
dried outside of the magnet, it was obvious that the effect of the magnetic field 
was to align the nanocrystals perpendicular to the field (indicating a negative 
diamagnetic anisotropy) and that the glucose monomers were oriented 
perpendicular to the film surface. It was concluded that the anisotropic magnetic 
susceptibility of the individual C–C, C–O, C–H and O–H bonds led to the 
orientation of the nanocrystals and that the surface sulfate ester groups did not 
interfere with this effect. As in the work of Nishiyama et al. (49) the films were 
linearly aligned throughout because of the long nanocrystals and low 
concentrations used. 

The effect of an induced magnetic dipole is amplified in liquid crystals. In 
the case of cellulose nanocrystal suspensions, the chiral nematic axis orients 
parallel to the field, meaning that the individual cellulose nanocrystals are 
aligned perpendicular to the field. Phases composed of species with positive 
diamagnetic anisotropy, untwist in a magnetic field, but here the ordered 
cellulose nanocrystal phase retains its chiral nematic structure, and simply 
reorients to give a more uniform planar texture. Revol et al. (51) and Edgar and 
Gray (52) made solvent-cast freestanding films by drying a biphasic suspension 
of nanocrystals in a 2.1 T and 7 T magnetic field. The films were iridescent, 
uniformly colored, and reflected one hand of circularly polarized light. The 
reflected wavelength was found to be adjustable by changing the ionic strength 
and the chiral nematic ordering was over a large surface area (>5 cm) and locked 
into the film upon drying. 
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Figure 4. AFM contact-mode image (deflection) of ordered thin films of 

cellulose nanocrystals prepared by electrostatic adsorption in 
 a 7 T magnetic field.  

This negative diamagnetic anisotropy was also used to create an ordered 
monolayer of cellulose nanocrystals (36). A concentrated suspension of 
cellulose nanocrystals from cotton (9% w/w and completely anisotropic) was 
placed into the 7 T magnetic field of an NMR spectrometer. A silicon wafer was 
rendered cationic by the adsorption of polyallylamine hydrochloride and rinsed 
thoroughly. This coated substrate was then placed in the cellulose suspension in 
the magnetic field. At long adsorption times (24 hours) a linearly ordered 
monolayer was seen by AFM (Figure 4) whereas after 30 minutes only small 
nanocrystals had adsorbed and no orientation was visible. The films were 5–10 
nm thick, relatively smooth, and retained their order after thorough rinsing. The 
long time for aligned adsorption is attributed to the twist elastic energy 
necessary for nanocrystals that are not aligned parallel to the substrate, and that 
need to twist out of the chiral nematic structure for efficient adsorption. Albeit 
slow, it is surprising nonetheless that liquid crystalline order could be transferred 
to a solid substrate though the electrostatic adsorption process by dip-coating in 
a magnetic field. 

There is a noteworthy cellulose surface preparation method that does not 
use cellulose nanocrystals and gives ordered “films” of cellulose I (25). This 
treatment was used by Sugiyama et al. (53) for detailed examination of the 
cellulose crystal structure in algal Valonia cell walls. The Valonia was pre-
treated, first by rinsing, drying, and scraping to remove non-cellulosic 
components, followed by boiling in both water and 0.1 N NaOH. The resulting 
cell wall specimen was neutralized and washed. An individual layer of 
microfibrils was delaminated using sharp needles and placed on a carbon grid 
for electron microscopy. Multiple layers of microfibrils were used for X-ray 
diffraction studies. The samples were found to be perfectly crystalline, 
composed of both the Iα and Iβ crystal structures. The molecular roughness of 
these surfaces was not indicated. 
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Monolayers and Sub-monolayers of Cellulose Nanocrystals 

Monolayers of cellulose nanocrystals on atomically flat surfaces have been 
prepared by a number of authors (36, 43, 44). Habibi et al. (44) made Langmuir-
Blodgett films of cellulose nanocrystals from ramie and tunicin on silicon 
wafers. The LB methodology was possible because they were able to make a 
stable layer of cellulose at the air–water interface by floating the nanocrystals on 
a cationic amphiphilic layer of dioctadecyldimethylammonium bromide 
(DODA). When the surface pressure exceeded 40 mN/m and the weight ratio of 
cellulose nanocrystal: DODA was above a critical value of 125 for ramie and 
250 for tunicin, the surface layer was homogeneous, stable and amenable to LB 
deposition. Various trials indicated that transfer was most efficient on the 
upward stroke at a maximum speed of 2 mm/min (44). The films were rinsed 
with chloroform and dilute NaOH to remove residual DODA and found to be 
smooth and stable in aqueous and organic solutions. XPS confirmed that the 
monolayers were relatively pure cellulose (44). The LB transfer resulted in 
preferential alignment of nanocrystals in the dipping direction and gave the 
smoothest films to date, 31 Ǻ and 18 Ǻ for tunicin and ramie, respectively. 

A recent study by Kontturi et al. (43) has looked at sub-monolayers (or 
open-films) prepared by spin-coating cellulose nanocrystals on various 
substrates. Dilute suspensions of nanocrystals from cotton were deposited on 
silica (anionic), titania (cationic), and amorphous cellulose (neutral, polymeric). 
The nanocrystals were found to aggregate on the anionic surface and disperse 
uniformly on the cationic one. The distribution of cellulose nanocrystals on the 
amorphous cellulose substrate was uniform but the deposited amount was low 
and the resultant films were rough. These cellulose-on-cellulose films present an 
interesting addition to previously prepared model cellulose surfaces: distinct 
amorphous and crystalline (cellulose I) regions are present which means one can 
measure surface forces of both segments and the interactions between them 
using only one material. Open-films of cellulose nanocrystals (prepared on 
appropriate surfaces and from different cellulose sources) are useful for 
fundamental studies as well. For example, being able to image individual 
nanocrystals by AFM can provide structural detail about the microfibrils, which 
may give insight into biosynthetic differences among the source organisms. 

In the same study, closed-film thickness was also found to be dependent on 
the substrate, where the combination of spin-coating deposition and electrostatic 
adsorption led to thicker films in the case of nanocrystals on titania (43). Surface 
coverage as a function of cellulose nanocrystal concentration is either linear 
(which is predicted by basic spin-coating theory (54)) for silica and amorphous 
cellulose substrates or resembles an adsorption isotherm in the case of titania. 
Very uniform monolayers/ultrathin films can therefore be made by spin-coating 
cellulose nanocrystals (at 4000 rpm at concentrations above 0.0125% w/w) on 
titania substrates as determined by AFM and XPS (43). Ellipsometry indicates 
that films of cellulose nanocrystals on titania are consistently 10 nm thicker than 
films prepared at identical conditions on silica and amorphous cellulose. This is 
due to the initial electrostatically adsorbed monolayer of cellulose nanocrystals 
which are ca. 10 nm in diameter; further film growth is mainly deposition due to 
solvent removal (43). Perfect monolayer films of cellulose nanocrystals would 
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be ideal for some model cellulose studies, however, with such thin films, 
substrate effects are non-negligible. 

Fundamental Studies Using Model Cellulose I Surfaces 

While surface force studies are an obvious application of smooth model 
surfaces, adsorption, swelling, adhesion, friction, and structure-determining 
experiments have also been reported. The first direct imaging of the 
crystallographic surfaces of cellulose was performed by AFM on cellulose 
nanocrystal surfaces by Baker et al. (3, 55). Their goal was to image the crystal 
structure of cellulose I and determine the location of Iα and Iβ in microfibrils. 
Cellulose nanocrystals from Valonia were solvent-cast on 
aminopropyltrioxysilanated mica for imaging under water and propanol. The 
large aspect-ratio nanocrystals provided an ideal surface to measure the structure 
and crystallographic spacings. They could image the 0.52 nm glucose sub-unit 
pitch and, by optimizing the AFM scan angle, they could see even more 
structural detail corresponding to the 1.04 nm cellobiose repeat unit which 
indicates two-fold screw symmetry. This was observed in high-resolution AFM 
because of the bulky O6 groups, which were detected topographically and would 
not have been visible on a rougher surface. Overall, the triclinic (or Iα crystal 
structure) was identified as the primary crystal form on the outer surface of the 
nanocrystals. 

Surface force measurements on cellulose films have been made using AFM 
and colloid-probe AFM (7, 9, 10, 37, 40, 56–67), the surface force apparatus 
(SFA)(11, 12) and direct adhesion measurements (34, 68). The first attempt at 
measuring interactions between cellulose and hemicelluloses used spin-coated 
regenerated cellulose surfaces and SFA (11). Film instability, roughness, and 
extended polymer chains were a few of the problems encountered. Further 
investigations using SFA on regenerated cellulose films prepared by the LB 
method were reported (12). 

Recently, many friction, force, and adhesion studies have been carried out 
on the model cellulose I surfaces described above. The model surfaces of spin-
coated cotton cellulose nanocrystals on Si/SiO2 were investigated by AFM with 
a standard silicon nitride tip (37). Polyelectrolytes were deposited on the 
cellulose nanocrystal film by spin-coating (monolayers, bilayers, or multilayers 
of polydiallyldimethyl ammonium chloride and carboxymethylcellulose). 
Cantilever deflection vs. distance curves were collected on the films and then on 
clean Si wafers to determine whether material was transferred from the surface 
to the AFM tip. No assumptions were made as to the contact point or cantilever 
spring constant. In water, deflection–distance curves indicated that the cationic 
polymer deposited on a cellulose nanocrystal film was only weakly attached and 
tended to desorb except when anchored to the nanocrystal films by the strongly 
anionic polyelectrolyte. Negatively charged carboxymethylcellulose was stable 
on the nanocrystal films in water but screening of the charge with salt appeared 
to facilitate its transfer to the tip. The multilayers were found to swell in dilute 
salt solutions, although no clear double-layer or ionic-strength effects were 
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observed (37). In general, electrostatic and steric effects were not directly 
detectable in this work. 

Stiernstedt et al. (56) used colloid-probe AFM to compare model cellulose 
surface pre-contact forces, friction, and the effect of xyloglucan adsorption. The 
colloid-probe used was a relatively non-swelling and non-deformable 
amorphous cellulose sphere made by the viscose process. Interactions were 
measured between the regenerated sphere and 1) another cellulose sphere, 2) 
regenerated cellulose films from N-methylmorpholine oxide, pre- and post-
annealing, and 3) a cellulose nanocrystal film cast from aqueous suspension. 
The nanocrystal film was found to be the smoothest with the smallest friction 
coefficient. (The friction coefficient was actually found to increase 
monotonically with surface roughness.) As expected, xyloglucan selectively 
adsorbed onto all cellulose surfaces and greatly reduced the friction coefficient. 
DLVO-type forces (mostly short-range electrosteric repulsion and long-range 
double-layer interactions), surface potential and adhesion were measured and fit 
to theory for the various model surfaces. The observed onset of steric repulsion 
for the nanocrystalline films was comparatively large at 18 nm. 

Instead of measuring pre-contact forces for suspension-cast model cellulose 
I surfaces, Notley et al. (40) examined spin-coated films of cellulose 
nanocrystals. Again, colloid-probe AFM was used to look at surfaces of varying 
crystallinity. Amorphous cellulose spheres were used to measure 1) spin-coated 
films of amorphous cellulose, 2) cellulose II, and 3) cellulose I nanocrystals. 
The study agreed with Stiernstedt et al. (56) in that the forces are dependent on 
the way the surfaces are prepared. The interactions for cellulose nanocrystal 
films were found to be monotonically repulsive over the pH and ionic strength 
range investigated. (The cellulose II and amorphous sample force profiles were 
dominated by van der Waals and steric forces, respectively.) Some swelling of 
the cellulose I film was also indicated by the decreasing surface potential that 
was measured with increasing ionic strength. Generally, the data was well 
described by DLVO theory. 

Spin-coated cellulose nanocrystals on polyvinyl amine coated silicon was 
used by Eriksson et al. (34) for adhesion studies. The contact angle of this film 
was 19.5° for water and 34° for iodide. The microadhesion measurement 
apparatus was used with polydimethylsiloxane caps and loading and unloading 
curves were fit to Johnson-Kendall-Roberts theory. The work of adhesion for 
cellulose I, II, and amorphous cellulose was found to be similar and dominated 
by dispersive interactions, however, the adhesion hysteresis was strongly 
dependent on the degree of crystallinity, with cellulose nanocrystal surfaces 
showing the least hysteresis. 

 
 
 
 

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

D
E

L
A

W
A

R
E

 M
O

R
R

IS
 L

IB
 o

n 
Ju

ne
 2

6,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 D
ec

em
be

r 
20

, 2
00

9 
| d

oi
: 1

0.
10

21
/b

k-
20

09
-1

01
9.

ch
00

3

In Model Cellulosic Surfaces; Roman, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2010. 



91 

Conclusion 

It is apparent that much progress has been made towards creating suitable 
model cellulose I surfaces. The studies outlined here focus on cellulose 
nanocrystals, not only because they are highly crystalline and in the native 
cellulose form but also because they possess desirable material properties. These 
include low density, high aspect ratio, high specific strength and modulus, as 
well as the the possibility of surface chemical modification, all of which may 
prove useful in finding applications for these cellulose I-based materials. 
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Chapter 4 

Polyelectrolyte Multilayer Films Containing 
Cellulose: A Review 

Emily D. Cranston and Derek G. Gray 

Department of Chemistry, Pulp and Paper Research Centre, McGill 
University, Montréal, Québec, H3A 2A7, Canada 

In the past decade, electrostatic layer-by-layer (LBL) self-
assembly has gained attention because it is a facile and robust 
method to prepare thin polymer films. The low-cost technique 
is ideally suited to create chemically defined, reproducible, 
and smooth films with tailor-made properties. Due to the 
industrial importance and natural abundance of cellulose, its 
incorporation into LBL films has been widespread. Here we 
review research into multilayered composite materials 
containing cellulose and cellulose derivatives with favourable 
properties including high strength, flexibility, and 
biocompatibility. Preparation and characterization of 
polyelectrolyte multilayer films containing (1) cellulose 
derivatives, (2) cellulose nanocrystals, and (3) using cellulose 
fibers as substrates are presented. The applications and 
advantages of these films and their potential as model 
cellulose surfaces are discussed. 

Introduction 

The biosynthesis of cellulose proceeds by building up glucose units into 
long crystalline microfibrils which form an organized lattice in plant cell walls. 
Algae, bacteria, and some marine animals also perform this biosynthesis, 
making cellulose the most ubiquitous natural resource in the biosphere. The 
cellulose polymer, β-1,4-linked D-glucose, is often used as a construction 
material, either as wood, natural textile fibers (cotton and flax), or in the form of 
paper and board. Furthermore, cellulose is a versatile starting material for 
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chemical modification in the extensive field of carbohydrate chemistry. 
Artificial and natural cellulose-based materials and soluble cellulose derivatives 
are used in many areas of industry and everyday life. 

In a method analogous to the biosynthesis of cellulose, which happens in 
nature in close association with hemicellulose, one can create multilayered films 
containing cellulose and other chemical components. The layer-by-layer (LBL) 
electrostatic self assembly technique is ideally suited to create chemically 
defined, reproducible, and smooth thin films with controlled internal 
architecture. These model cellulose surfaces can then be used to study cellulose 
force interactions and adsorption phenomena. This methodology presents a 
unique way to understand how cellulose and cellulose derivatives interact with 
other polymers and colloids in a stratified material. As well, industrial 
realization of cellulose products is dependent on cellulose interfacial properties 
and surface morphology, which can be systematically varied through polymer 
adsorption processes. 

The demand for films and coatings with tunable properties has lead to much 
research in the field of LBL assembly. The technique, first introduced by Decher 
(1, 2), is simple and adaptable yet has been exploited for the fabrication of 
sophisticated nanocomposites. In this method, a charged or hydrophilic substrate 
is exposed to a solution of charged polymer (polyelectrolyte) followed by 
rinsing. Polyelectrolyte adsorption is driven by electrostatics and entropy, is 
irreversible, and is self-limiting as a result of rinsing. During multilayer film 
build-up, the surface charge is reversed because the polymeric material adhering 
to the surface has more than the required number of charges needed to 
compensate the previous layer. This allows for easy adsorption of the next 
oppositely charged polyelectrolyte, leading to step-wise film growth. The 
deposition and rinsing steps can be repeated to give an arbitrary number of 
alternating polycation–polyanion layers. Although generally performed with 
linear polyelectrolytes, the procedure is suitable to a large range of poly-charged 
nano-objects with no inherent restrictions on substrate geometry (2). 

While the processing window is quite large in LBL assembly, multilayer 
films are uniform and reproducible under constant deposition conditions (3). 
The film properties can be tailored by changing the solution pH, ionic strength, 
polyelectrolyte molar mass, concentration, temperature, stirring/shear forces, 
and deposition time. Weak polyelectrolyte systems are more adaptable than 
strong systems because the polymer charge density can be controlled through 
pH and salt concentration. This in turn adjusts the layer structure and film 
swelling properties because the polyelectrolyte chain conformation is modified. 
Rinsing and drying steps (as well as ambient humidity) can also affect the film 
build-up. Films with variable thickness, density, permeability, morphology, and 
roughness are thus easily made through the appropriate choice of assembly 
parameters (2, 4). Additionally, films prepared by electrostatic multilayering are 
generally free of defects and show long-life stability and self-healing 
characteristics (5, 6). The robustness of these films is attributed to ionic-
crosslinking and extensive interpenetration of layers. 

Conventionally, LBL assembly is done by solution dipping solid substrates 
in beakers containing dilute aqueous polymer solutions, making it a low cost and 
environmentally friendly procedure. Alternatively, spin-coating, spray-coating, 
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and electrically-driven assemblies can be used to make smooth multilayer films 
which require less volume of polyelectrolyte solution and minimize the 
assembly time. Multilayer films with cellulose derivatives have also been 
prepared by Langmuir–Blodgett deposition (7–13) and solvent casting (14, 15) 
but these techniques are not strictly electrostatic assembly and will not be 
described in this review.  

The LBL methodology is a type of template-assisted or directed assembly; 
films are often prepared on flat substrates such as silicon, glass, quartz, and most 
metals, which facilitate characterization. However, colloids have also been 
coated with polyelectrolyte multilayers and in some cases the core can be 
dissolved leaving hollow microcapsules. In other studies, metal nanorods, 
inorganic fibers, polymer microspheres, enzymes, and biological cells have been 
susceptible to LBL assembly. Coating of colloidal particles is done by adding 
dilute polyelectrolyte solution to a colloidal suspension, generally under 
sonication. The coated particles are then rinsed multiple times by centrifugation 
and the process is repeated with the oppositely charged polymer. In general, any 
charged surface which can be immersed in a polyelectrolyte solution or have 
solution flowed through it to coat the interior, can be subjected to 
polyelectrolyte multilayering. 

Industrial applications of LBL films include light-emitting diodes (16), 
electrochromic devices (16), non-linear optical devices (16), antireflective 
coatings (17, 18), separation technologies (1), dielectric mirrors (19), and optical 
sensors (1, 5). The technique also presents a novel way to design 
nanocomposites where interfacial properties between the binding matrix and 
strengthening component are crucial. In biological uses, multilayer films have 
been investigated for drug-delivery systems (19), bio-fouling agents, and 
bioinert/biocompatible coatings (i.e. in contact lenses) (2).  

Understanding polyelectrolyte film assembly and properties may well lead 
to achieving desired macroscopic properties from carefully designed nano-
architectures. Secondary function is easily incorporated into films with great 
positional precision. Components in LBL films have included synthetic and bio- 
polymers, organic molecules, nanotubes, and various colloids of biological, 
metallic, and inorganic nature. Here we present an overview of polyelectrolyte 
multilayer films containing cellulose and cellulose derivatives. These films are 
currently being used as controlled drug-release systems, biofunctional coatings, 
high performance nanocomposites, renewable and non-toxic alternatives for 
pigments and antireflective coatings, and as model cellulose surfaces for 
research on cellulose surface forces and interactions. 

This review summarizes recent research in the field of polyelectrolyte 
multilayer films containing cellulose divided into three categories: 

1. Polyelectrolyte multilayer films containing cellulose derivatives 
(Figure 1a) 
2. Polyelectrolyte multilayer films containing cellulose nanocrystals 
(Figure 1b) 
3. Polyelectrolyte multilayers prepared on cellulose fiber substrates 
(Figure 1c) 
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Figure 1. Schematic representation of the build-up of LBL films divided into 3 
categories: a) polyelectrolyte multilayer films containing cellulose derivatives, 

b) polyelectrolyte multilayer films containing cellulose nanocrystals, and c) 
polyelectrolyte multilayers prepared on cellulose fiber substrates. Polycations 
are shown in black, polyanions in gray, cellulose nanocrystals are depicted as 

short straight rods. Counterions have been omitted for clarity. 

Negative substrate Place substrate in 
polycation bath & rinse 
 

Place substrate in 
polyanion bath & rinse 
 

Repeat 

Negative substrate Place substrate in 
polycation bath & rinse 
 

Place substrate in anionic 
cellulose nanocrystal 
suspension & rinse 

Repeat 

Negative cellulose fiber
 

Place fiber in 
polycation bath & rinse 
 

Place fiber in polyanion  
bath & rinse 
 

Repeat 

a) 

b) 

c) 
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Polyelectrolyte Multilayer Films Containing 
Cellulose Derivatives 

Relatively little work has been done in the field of LBL with linear 
polymers of cellulose. Solvents that dissolve pure cellulose include N-
methylmorpholine N-oxide, dimethylacetamide/LiCl, trifluoroacetic 
acid/chlorinated alkanes, ferric sodium tartrate, NH4SCN/NH3, Cadoxen, Cuam, 
Cuen, etc., which are not compatible with the aqueous multilayer assembly 
technique. As a result, there have been no multilayer films prepared with pure 
polymeric cellulose. Functionalization of cellulose at the hydroxyl groups with 
hydrophilic substituents results in derivatives with varying degrees of solubility 
in water. These include, but are not limited to, carboxymethylcellulose (CMC), 
cellulose acetate, methylcellulose, and hydroxypropylcellulose. Charged 
cellulose derivatives are amenable to the electrostatic multilayering technique; 
the sodium salt form of CMC is the most commonly used polyanion in this 
regard (20–23). LBL films containing cellulose derivatives have been prepared 
on silicon (21), gold (20), polyethyleneimine (PEI) coated SiO2 (24), cellulose 
surfaces (21, 25), β-ferric hydrous oxide particles (22), and ibuprofen 
microparticles (23). Polycations used include poly(diallyldimethylammonium 
chloride) (PDDA) (20, 21, 26), chitosan (22), PEI (20), poly(allylamine 
hydrochloride) (PAH) (27, 28), and poly(methylene-co-guanidine) (24). 

Well-controlled and characterized films of biocompatible polymers are of 
practical importance for preparing drug delivery or drug encapsulation systems. 
Polysaccharide multilayers of CMC and chitosan were found to have linear film 
build-up that was strongly dependent on the solution pH (22). Radeva et al. 
described the film growth as a series of adsorption–desorption steps attributed to 
partial desorption of chitosan due to a stripping effect by the long chain CMC. 
Polyelectrolyte complexes of CMC and chitosan were detectable in solution, 
however more chitosan was adsorbed in subsequent steps than was removed 
during desorption (22). At pH values above the pKa of CMC, bilayer thickness 
dropped substantially because of intra-chain electrostatic repulsion which lead to 
a more extended polymer conformation (fewer loops) and facilitated the 
desorption because of stronger electrostatic attraction between components. 
Overall, the bilayer thickness was easily adjusted, ranging from 3 nm to 14 nm, 
by changing the solution-dipping conditions (22). 

The same polyelectrolyte system of CMC and chitosan was used by Qiu et 
al. to coat ibuprofen microparticles with up to 5 bilayers (23). The 
microcapsules obtained were tough and homogeneous and release properties 
were studied by UV–vis spectroscopy and determined to be a function of 
microcapsule size, capsule thickness, and pH value of the dispersing bulk 
solutions. Results were compared to microcapsules of chitosan/sodium alginate 
and chitosan/dextran sulfate and indicated that this system was reliable, 
reproducible, and ideal for controlled drug-release (23). 

The potential of cellulose as functional coatings in biosensors, bioreactors, 
and biofunctional electrodes was evaluated by Anzai and coworkers (20, 27, 28). 
Gold electrodes were LBL coated with CMC and the effect of the polycation 
was examined using PAH, PEI, and PDDA. Quartz-crystal microbalance (QCM) 
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studies showed that multilayer film growth was exponential (27, 28). LBL films 
were permeable to [Fe(CN)6]3– ions, and redox reactions proceeded smoothly as 
measured by cyclic voltammetry. High charge density polyelectrolytes bound 
the most [Fe(CN)6]3– ions (20). Loading was also enhanced when the outermost 
layer was cationic and increased with film thickness but high permeability and 
smooth diffusion within the membranes were observed even with an anionic 
capping layer. Multilayers prepared without polysaccharide components were 
less permeable, and redox reactions were only detected when the outer layer was 
cationic (27). The redox potential of [Fe(CN)6]3– shifted slightly negative for 
PDDA/CMC films and positive for PEI/CMC films (20). In contrast, the 
permeability of [Ru(NH3)6]3+ cation was very limited in the LBL films 
examined (27). It was concluded that the [Fe(CN)6]3– ions were strongly 
immobilized due to electrostatic binding sites within the multilayer films, and 
that these films could be used as electrocatalysts to oxidize ascorbic acid in 
solution (20).  

Polyelectrolyte multilayer films are typically smooth and ideal for 
fundamental adsorption, adhesion, and force measurements. Muller et al. made 
anionic polyelectrolyte complexes between cellulose sulfate and sodium alginate 
which were assembled into multilayer films with poly(methylene-co-guanidine) 
as the polycation (24). The films were then employed as a model system to 
adsorb bovine serum albumin (BSA) which has a negative charge at neutral pH 
(24). Multilayer growth and protein adsorption was monitored by in situ 
attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR). 
The films were successfully assembled and the amount of BSA adsorbed was 
found to be enhanced when the cationic polymer, poly(methylene-co-guanidine), 
was the outermost layer (24).  

The effect that LBL film growth has on adhesion was studied by Rundlöf 
and Wågberg (26) with respect to papermaking, e.g. the build-up of deposits on 
processing equipment and fiber–fiber adhesion. The polyanion used was a 
complex of wood extractives referred to as “dissolved and colloidal substances” 
(DCS) in the pulping industry. The components included glyceride esters, 
terpenes, terpenoids, polysacharrides, low molecular weight lignin, lignans, and 
pectins. Film growth was monitored by stagnation point adsorption 
reflectometry (SPAR) with 10 minute deposition times for the DCS and cationic 
PDDA layers. The multilayer films were irregular with incomplete surface 
coverage as seen by scanning electron microscopy (SEM). A microadhesion 
apparatus was used to measure elastic deformation under load, and curves were 
fitted to Johnson–Kendall–Roberts theory. When PDDA was adsorbed on silica, 
the adhesion decreased by blocking the specific interactions between the 
polydimethylsiloxane cap of the device and the silica surface. However, 
depositing multiple layers of DCS and PDDA on the silica increased adhesion 
due to the build-up of a thick soft layer which led to additional energy 
dissipation upon separation. Annealing of the film at 105 °C also greatly 
decreased the adhesion (26). 

Adhesion between polyelectrolyte multilayers and silicon nitride atomic 
force microscopy (AFM) probes was also observed by Lefebvre and Gray (21). 
LBL films were prepared with 1–5 bilayers of CMC and PDDA on spin-coated 
cellulose nanocrystal substrates. CMC was found to give a compact bilayer 
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structure due to its relative stiffness. The diffusive nature of the multilayers was 
found to decrease with increasing deposition steps; repulsive forces decreased as 
measured by AFM force–distances curves. Generally, salt facilitated the 
desorption of CMC and above 0.1 M NaCl, the films were found to dissolve as 
aggregates into solution (21).  

In summary, charged cellulose derivatives are readily incorporated into 
polyelectrolyte multilayer films. Biocompatibility, film robustness, and relative 
stiffness are a few characteristics routinely seen in these films. Linear vs. 
exponential film build-up, film thickness, and porosity can be tailored by 
choosing a suitable polycation and appropriate deposition conditions. Moreover, 
the pH adjustable charge density (and thus chain configuration) as well as the 
tendency of CMC to desorb at high pH and high salt concentration, may make 
LBL films with cellulose derivatives useful in drug delivery applications. 

Polyelectrolyte Multilayer Films Containing 
Cellulose Nanocrystals 

To circumvent the problem of cellulose solubility, cellulose can be acid 
hydrolyzed to give an aqueous suspension of nanocrystals (29, 30). The rod-
shaped particles are composed of highly crystalline cellulose in its native 
“cellulose I” form. The suspensions are polydisperse and nanocrystal 
dimensions are strongly dependent on the cellulose source and hydrolysis 
conditions (31, 32). The reinforcing properties are tailorable through modifying 
the aspect ratio and the materials have been used in various polymer matrices for 
applications ranging from transportation vehicle paneling to low thickness 
polymer electrolytes in lithium batteries (33–39). For more information on 
cellulose nanocrystal preparation and properties, please see Chapter 3, Model 
Cellulose I Surfaces: A Review. In the studies discussed below, cellulose 
nanocrystals come from cotton and tunicate sources having average dimensions 
of 10 nm × 129 nm and 4 nm × many microns, respectively. The nanocrystal 
surface is charged with sulfate ester groups, a product of the sulfuric acid 
hydrolysis, making them amenable to LBL assembly. Cellulose nanocrystals are 
strong polyelectrolytes; the surface charge varies from 0.15 e/nm2 to 0.4 e/nm2 

(depending on the hydrolysis conditions) and they are fully charged at all pH 
values. (More precisely, the pKa is 1.9 implying full dissociation at regular 
solution conditions (40).) The suspension counterions can be varied but are 
normally Na+ or H+.  

LBL films have often included one or more types of spherical nanoparticles. 
Cellulose nanocrystals however, are one of few anisometric colloids which have 
been successfully incorporated into multilayer films: clay platelets, inorganic 
sheets, the tobacco mosaic virus, DNA, proteins, rod-shaped dye particles, 
nanotubes, Fe2O3, and semiconductor rods are others. Along with the low cost 
and natural origins, the mechanical properties of cellulose nanocrystals are 
impressive, including a bending strength of ~10 GPa and an elastic modulus of 
150 GPa (41), which can be attributed to the high crystallinity of cellulose 
polymer chains in the nanocrystals. 
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Recently, anionic cellulose nanocrystals have been used in LBL assembly to 
create thin films ranging in thickness from 10 nm to ~1 µm (18, 41, 42). These 
materials have been prepared on silicon wafers, glass slides and as freestanding 
films (removed from glass with HF). The film growth is dependent on the 
assembly conditions: firstly, solution-dipping versus spin-coating makes films 
with different thicknesses but the assembly pH, polycation, and counterion in 
the cellulose nanocrystal suspension also affects the final film properties.  

Cranston and Gray prepared multilayer films with PAH and Na+-form 
cellulose nanocrystals at neutral pH (42). Solution-dipped and spin-coated films 
were found to have linear growth although the solution-dipped assembly was 
believed to be diffusion (transport) limited. In the past, LBL films made with 
polyelectrolytes and colloids have often shown slow or irregular film growth (2), 
but this was not the case for multilayer films containing cellulose nanocrystals. 
Complete surface coverage was observed after 1 bilayer for spin-coating 
deposition but required 2.5 bilayers for the films made by solution-dipping. 
AFM was used to examine surface morphology (Figure 2) and no detectable 
difference was seen, based on whether cellulose nanocrystals or PAH was the 
outermost layer. Interestingly, some orientation of the cellulose nanocrystals 
was visible in the spin-coated LBL films as more layers were deposited. The 
alignment is radial and arises from viscous shear as the suspension of cellulose 
nanocrystals flows outward during spin-coating. Linear orientation of cellulose 
nanocrystals in multilayer films was also achieved by LBL solution-dipping in a 
strong magnetic field (43). 

 
Figure 2. AFM (height image) showing surface morphology of films prepared by 

LBL with cellulose nanocrystals and PAH (25 bilayers prepared  
by spin-coating). 
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Films with up to 25 bilayers, (PAH/cellulose)25, were assembled and the 
film thickness (measured by ellipsometry and optical reflectometry) is shown in 
Figure 3a. (It should be noted that the abbreviation (PAH/cellulose)n describes 
the deposition process, rather than the actual sequence of species in the film. 
Integer bilayers have cellulose as the outermost layer and half-integer bilayers 
end with PAH. Distinct layered structure is rarely seen, although is sometimes 
more evident in spin-coated films (2).) 

 

 
Figure 3. Variation in film thickness of multilayers containing nanocrystalline 

cellulose as a function of bilayer number. a) (PAH/cellulose)n films measured by 
ellipsometry (triangles) and reflectivity (circles) for solution-dipped films 

(closed symbols) and spin-coated films (open symbols). Lines are linear least-
squares fits of the data. b) (PDDA/cellulose)n films measured by ellipsometry. 

(Adapted with permission from refs 41 (a) and 42 (b). Copyright 2005 and 2006, 
respectively, American Chemical Society.) 

Strong interpenetration between layers leads to blurred boundaries, which 
was observed by SEM in both spin-coated and solution-dipped films (42). Spin-
coated films were substantially thicker, up to 7 times thicker for 
(PAH/cellulose)25 than for solution-dipped films. Spin-coated LBL films also 
displayed angle dependent colors (Figure 4) as a result of interference between 
light reflected from the air–film interface and the film–substrate interface. 
Because the film thickness was in the UV to visible range, optical reflectometry 
was used to measure thin film interference peaks (Fabry–Perot fringes). The 

a) 

b) 
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reflected light intensity is a function of the film thickness and the mean 
refractive index. This was a convenient way to determine these parameters, 
which were unreliable when obtained by ellipsometry due to the anisotropic 
nature of the cellulose nanocrystals. Reflectivity was modeled using the transfer 
matrix method (44) and the mean refractive index was determined to be 1.50 ± 
0.01 for films prepared by both methods.  

 

 
Figure 4. Digital photographs of iridescent colors seen in spin-coated LBL films 

of cellulose nanocrystals and PAH on Si.  (See color insert) 

Multilayer films of PAH and cellulose nanocrystals were found to be 
relatively smooth as determined by AFM; root-mean-square (RMS) roughness 
was always below 10 nm. The films prepared by solution-dipping show a slight 
linear increase in roughness per deposition step whereas the spin-coated films 
are more uniform (ca. 5 nm) with a negligible change upon the addition of more 
layers. As far as film stability is concerned, films prepared by both solution-
dipping and spin-coating were found to be unaffected after 5 days immersion in 
water at temperatures ranging from 10–100 °C. AFM images of the surfaces 
before and after exposure to water did not indicate any change in the surface 
morphology, roughness, or nanocrystal alignment. The studies showed enhanced 
resistance to swelling and redispersion, which is often a problem in pure 
nanocrystalline cellulose materials (45), and these results are consistent with 
previous reports on multilayer stability (46).  

Very recently, Jean et al. (47) confirmed the work of Cranston and Gray 
(42) using neutron reflectivity and AFM on PAH/cellulose nanocrystal LBL 
films. Smooth films with very few defects and linear growth were observed 
leading to an average bilayer thickness of 15 nm. The adsorption was described 
as being in two layers where the surface coverage of the bottom layer was 50% 
and the top was only 25%. Clear Bragg peaks in neutron reflectivity curves 
indicated that the films were structured from the electrostatic adsorption of 
cellulose nanocrystals and the smoothening effect of the flexible PAH. AFM 
images showed that films prepared by solution-dipping in the anisotropic phase 
of a chiral nematic suspension were aligned and that such structured materials 
are close to mimicking the organization of cellulose microfibrils in living 
organisms (47). 

In work by Podsiadlo et al., LBL films were prepared using cellulose 
nanocrystals in the acid form (H+ counterions on the sulfate ester groups) and 
the strong polycation PDDA (41). Films were solution-dipped, with rinse baths 
adjusted to pH 2–3 to be consistent with the acidic cellulose nanocrystal 
suspension pH. Films were dried with compressed air between deposition steps. 
The average thickness increment was 11 nm per bilayer, intermediate between 
the solution-dipping value of 2 nm and spin-coating value of 16 nm, observed by 
Cranston and Gray (42). This indicates that the cellulose nanocrystal adsorption 
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from solution is fast and may be due to the concentrated dipping solutions, high 
surface charge because of the acidic pH, and high ionic strength, which leads to 
less repulsion between charged species. Surface morphologies of the films, up to 
(PDDA/cellulose)10, were consistent with other cellulose nanocrystal LBL films 
and film thickness by ellipsometry is shown for comparison in Figure 3b. Film 
thickness can also be monitored by UV–vis absorbance at 360 nm when the 
films are thin enough to not show interference patterns. Podsiadlo et al. 
commented that the high density and uniformity in LBL films with cellulose 
nanocrystals was superior to similar studies with carbon nanotubes (41).  

Subsequently, antireflective coatings were prepared using cellulose 
nanocrystals from tunicate in LBL films (18). The prepared films were 
extremely porous with a mesh-like morphology as a result of the high aspect-
ratio “nanowires” of cellulose. Random orientation and overlapping of 
nanocrystals led to porosity and optical properties which varied with film 
thickness. To make an ideal homogenous antireflective coating on glass in air, 
the film thickness should be λ/4 (λ being the maximum transmittance 
wavelength) with a refractive index of ~1.22. This was achieved for films with 
cellulose nanocrystals and PEI after 12 bilayers were adsorbed. Light 
transmittance was measured as 100%, with a thickness of 85 nm and refractive 
index of 1.28. The maximum transmittance peak red-shifted as more layers were 
added due to increased film thickness and light scattering. The antireflective 
properties appear after one bilayer is deposited and increase until 20 bilayers at 
which point the porosity and transparency starts to decrease because of thickly 
stacked nanocrystals. The average bilayer increment was 7 nm which 
corresponds to two tunicate nanocrystals thick. Similar results were seen with 
PAH, PDDA, and chitosan polycations. One minute adsorption times were used 
in the dipping procedure, resulting in fast coating preparation when compared to 
10 and 25 min deposition times used in other studies (41, 42). Fast film growth 
is attributed to the factors mentioned above and the length of the tunicate 
nanocrystals. 

The use of cellulose here is novel because in the past, LBL antireflective 
coatings have either used nanoporous polyelectrolyte assemblies (17) or 
spherical nanoparticles (2). This type of structure was only possible because of 
the long rigid nanocrystals, indicating that a minimum critical length is 
necessary (18). Freestanding films of PAH and tunicate cellulose nanocrystals 
were found to have tensile strengths as high as 110 MPa, Young’s modulus of 
~6 GPa, and an in-plane modulus between 20 and 30 GPa (18). 

Disadvantages of the LBL technique have also recently been addressed by 
Shim et al. These include, long adsorption times, laborious rinsing steps which 
generate large amounts of waste, and lack of lateral structure control during film 
build-up (48). To remedy these problems a “dewetting method” of LBL was 
employed for a variety of films including multilayered polyvinyl alcohol and 
cellulose nanocrystals (from tunicate) (48). The dewetting effect was achieved 
by adding dimethylformamide to the aqueous dipping solutions to produce a 
high contact angle at the solid–liquid interface. This results in self-
cleaning/rinsing and alignment of axial colloids, conserving the general 
applicability of LBL and accelerating the overall process. Concentration, 
advancing/receding angles and speed of fluid movement are key factors for 
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controlling surface morphology in dewetting LBL. The tunicate nanocrystals 
were found to preferentially align when the substrates were held vertically and 
air was blown to guide the dewetting lines (48).  

We can conclude from these studies that the LBL technique applied to 
cellulose nanocrystals and various polycations is robust and sufficient to create 
densely packed uniform films with a choice of tunable properties. Changing the 
cellulose source and hydrolysis conditions varies the aspect-ratio and 
polydispersity which can be adjusted for optimal reinforcing properties. 
Additionally, the iridescent colors can be controlled in a minimal number of 
steps when compared to linear polymer systems requiring over 1000 deposition 
steps to achieve similar optical properties (19). Orientational ordering of the 
cellulose component increases the possibility of preparing materials with 
anisotropic mechanical properties. The stability of LBL films with cellulose and 
polycations has made them amenable to further studies that are not always 
possible for films containing only cellulose nanocrystals. Quantifying cellulose 
birefringence in ordered films and measuring surface forces using colloid-probe 
atomic force microscopy are two such measurements (49). 

Polyelectrolyte Multilayers Prepared on 
Cellulose Fiber Substrates 

Polyelectrolyte adsorption on wood fibers is important in papermaking. 
Flocculating agents, which are normally polyelectrolytes, are used to retain 
fillers and fiber fragments in paper sheets (50). Fiber–fiber interactions can be 
controlled through adsorbed polymers and have a significant influence on paper 
strength. Polyelectrolytes are also added to control drainage and recover fibers 
from effluent water in the papermaking process (51). Both wet and dry adhesion 
are affected, and the LBL method shows promise as a way of improving the 
physical properties of paper (52). Factors that affect individual polymer 
adsorption on fibers include the fiber porosity, polyelectrolyte charge, molecular 
weight, and specific interactions; these factors have been looked at in detail 
elsewhere (50, 51, 53) and are not the focus of this review.  

Wågberg and coworkers have extensively studied the effect of 
polyelectrolyte multilayers on fiber–fiber bond/paper strength (52, 54–63). 
Wood fibers1 coated by LBL with PAH and poly(acrylic acid) (PAA) were 
found to have linear or exponential growth, as monitored by SPAR (54) and 
QCM with dissipation monitoring (QCM-D) (59). The fiber surface carboxyl 
groups (anionic) are fully charged above pH 7, PAA (anionic) charge increases 
between pH 3.5 and 7.5, and PAH (cationic) charge decreases with increasing 
pH. Due to this ionizability, LBL formation at pH 7.5 was linear (where all 
components were fully charged and tended to adsorb in a flat conformation), 
while at pH 5.0 the growth was described as exponential because of the less 
charged, loopy conformation of PAA (54). The multilayered fibers were made 
into hand sheets and characterized by light microscopy, mechanical testing, 
                                                           
1 Unless otherwise noted, wood fibers are dried, chlorine free (TCF) bleached, 
softwood Kraft fibers.  
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elemental analysis, light scattering, and ATR-FTIR. Film properties of 
(PAH/PAA)n were strongly dependent on the outermost polyelectrolyte layer; 
the coating was more rigid and elastic (less viscous) with a PAA cap, leading to 
smaller pull-off forces when adhesion was measured by AFM (59). Conversely, 
a softer, more water rich LBL film on wood fibers was seen when the PAA 
charge density was lowered and contributed to a stronger sheet (59). The LBL 
treatment increased hand sheet density. However, the increase in paper strength 
was attributed to three factors: (1) an increased number of fiber–fiber joints, (2) 
an increased degree of contact in the fiber–fiber joint, and (3) an increased 
covalent nature of the fiber–fiber bond (56). 

Fiber wettability was studied by coating wood fibers with up to 10 layers of 
various polymer combinations: PAH/PAA (52), polyethylene oxide (PEO)/PAA 
(52), and PDDA/polystyrene sulfonate (PSS) (55). A dynamic contact angle 
analyser was used by Lingström et al. to look at individual coated fiber 
wettability according to the Wilhelmy technique (52, 55). Wettability was pH 
dependent for PAH/PAA coatings and lowest with PAH as the outer layer. 
PEO/PAA coatings (held together by hydrogen bonds and not electrostatic 
interactions) were independent of the outer layer and had a generally higher 
wettability (lower contact angle). The PDDA/PSS films were of intermediate 
wettability as shown in Figure 5. Colloid-probe AFM also indicated a 
correlation between a higher pull-off force for coated surfaces and lower 
wettability (52). Treated fibers were made into sheets and the tensile index was 
found to be improved (and increased linearly with adsorbed amount) by 90% for 
(PEO/PAA)4.5 (52), 60–200% (depending on pH and outermost polymer) for 
(PAH/PAA)n (54) and 90% for (PDDA/PSS)5.5 (55). 

 

 
Figure 5. Advancing contact angle as a function of layer number measured on 
individual fibers treated with PAA/PEO, PAH/PAA (treated at pH 5 and pH 
7.5/3.5) and PDDA/PSS (called PDADMAC/PSS in graph). (Reprinted with 

permission from ref 52. Copyright 2007 Elsevier.) 
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Often printing grade papers contain silica, titania, clay, and other filler 
particles to adjust brightness, opaqueness, and wettability but can decrease sheet 
strength. Lu et al. found that paper brightness was enhanced without diminishing 
tensile strength when fibers were LBL coated with polyelectrolytes and 
nanoparticles (64). Deposition was controlled by LBL processing with 2–4 
bilayers of either TiO2/PSS, PDDA/SiO2 or PDDA/halloysite clay nanotubes on 
a precursor bilayer of PDDA/PSS (64). The cationic TiO2 particles were 20–80 
nm in diameter, anionic SiO2 particles were 80 ± 10 nm in diameter and slightly 
anionic clay nanotubes were 50 × 500–700 nm. All of the coatings led to linear 
film growth and complete surface coverage of the fibers was seen by 
fluorescence and scanning electron microscopy. Brightness was the most 
enhanced for (TiO2/PSS)2 where the nanoparticle loading was 1 wt% and the 
brightness was increased by 4%. The SiO2 and clay films with 2 bilayers 
reduced the brightness by 4.5% and 2.6%, respectively. When hand sheets were 
prepared with the nanoparticle coated fibers, tensile strength was claimed to 
remain close that of the control sample, but the porosity was found to increase 
by 30–50%  (64). Highly porous paper sheets have promise as controlled drug 
release reservoirs and other pharmaceutical and biomedical applications. 

Instead of making paper sheets from LBL coated fibers, sheets in the form 
of fibrous mats (16) and fabrics (65) were also subjected to multilayering 
through the dipping procedure. Polymer nanofiber mats were prepared by 
electrospinning cellulose acetate (16). Partial hydrolysis of the surface ester 
groups makes the fibers anionic and the films are insoluble in water with a high 
surface area making them ideal for LBL coating. Multilayer films of PAH/PAA 
were prepared on the fibrous mats and found to have the same surface 
morphology as uncoated sheets. However, the cellulose acetate fibers also had 
an increased surface roughness. The film composition and surface properties 
were studied by FTIR, field-emission-SEM, and AFM. The pH dependence of 
the weak polyelectrolytes resulted in thicker films being prepared at pH 7.5 (for 
PAH) and pH 3.5 (for PAA) than when both polymers were deposited at pH 5. 
This is shown in Figure 6a–c. The thicker layers at pH 7.5/3.5 are attributed to a 
thick loopy conformation of the partially ionized PAA that adsorbs in large 
amounts because of the previously deposited and highly charged PAH (16). If it 
is desired to keep the original fiber morphology then one can obviously get high 
loading and thin films by adsorbing these polyelectrolytes at pH 5. 

Functional textiles can be prepared by LBL assembly for use in protective 
clothing and selective filtration fabrics. Cellophane film and cotton fabric 
surfaces were rendered cationic by reacting with 2,3-
epoxypropyltrimethylammonium chloride in base. Multilayer build-up with 
PSS/PAH was successful as monitored by ATR-FTIR, X-ray photoelectron 
spectroscopy, and transmission electron microscopy, and gave uniform coatings 
(65). 
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Figure 6. SEM images of multilayers on fiber surfaces. Electrospun cellulose 

acetate mats (a–c, scale bar 5 µm), (a) uncoated, (b) (PAH/PAA)5 coated fibers 
at pH 5, and (c) (PAH/PAA)5 coated fibers at pH 7.5/3.5. (c). Softwood fibers 

(d–f, scale bar 20 µm, 50 µm, 50 µm, respectively), (d) (PDDA/PSS)1.5 
(PDDA/urease)3 coated fiber, (e) (PDDA/PSS)3 coated fibers with Ca2+ (no 
microparticle formation observed), and (f) (PDDA/PSS)1.5 (PDDA/urease)3 
coated fibers after biocatalysis reaction (CaCO3 microparticles are visible 

growing on the fibers.) (Reprinted with permission from refs 16 (a–c) and 66 (d–
f). Copyright 2005 Elsevier and 2007 American Chemical Society, respectively.) 

 
 
 
 
 
 
 
 
 

a) 

b) 

c) 

d)

e) 

f) 
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Two recent applications of LBL coating of cellulose fibers have resulted in 
composites with novel biological function (66) and electrical conducting 
properties (63). Xing et al. incorporated anionic enzymes, laccase, and urease 
into multilayered films on bleached Kraft softwood fibers (66). These modified 
fibers can be used to decompose urea or lignin and synthesize inorganic particles 
and polyphenols. The fibers were first coated with (PDDA/PSS)1.5 to avoid 
penetration of the enzyme into the fibers and then (PDDA/laccase)3 or 
(PDDA/urease)3 was assembled on top. Multilayer build-up was monitored by 
QCM and zeta-potential and films were found to be 15–20 nm thick. The 
enzymatic activity was monitored in the film and increased with the number of 
enzyme layers. These coatings were stable and retained 50% enzymatic activity 
after 14 days storage in water at 4 °C. The fiber–(PDDA/urease)n multilayers 
were used to grow calcium carbonate microparticles of 1–7 μm in diameter upon 
the addition of urea and CaCl2. This is practical because CaCO3 is often used to 
increase paper brightness either in the form of precipitated calcium carbonate 
(particle size: 0.1–2.5 μm) or ground calcium carbonate (particle size: 0.1–0.4 
μm) (67). The SEM images of coated fibers without enzyme and with enzyme 
after biocatalysis (i.e. with CaCO3 particles) are shown in Figure 6d–f (66). 
Figure 6 also emphasizes the differences in surface morphology and fiber size 
between electrospun cellulose acetate fibers and softwood pulp fibers; however 
both are amenable to LBL coating. 

Wistrand et al. prepared electrically conducting cellulose fibers using a 
conjugated polymer complex of poly(2,3-ethylenedioxythiophene) and PSS 
(PEDOT:PSS), LBL assembled with PAH (63). The softwood fibers were 
carboxymethylated to enhance the substrate charge and give more uniform 
films. Multilayer build-up was found to be linear and resulted in a smoother 
fiber surface after polyelectrolyte deposition. Conductivity increased 
substantially (2–3 orders of magnitude) for the first layer of PEDOT:PSS 
adsorbed but only increased slightly for the next bilayer. When PAH was the 
outermost layer, the conductivity was lower and again, fiber wettability was also 
decreased. Overall, the hand sheet conductivity and tensile index was higher for 
fibers coated with (PAH/PEDOT:PSS)n when the fibers were 
carboxymethylated. When 5 bilayers are deposited, however, the tensile index 
decreases by 25%. This suggests that creating a cellulose material with strong 
fiber contacts and high contact area is more significant than adsorbing large 
amounts of conducting polymer (63).  

Not to be overlooked is the recent use of microfibrillated cellulose (MFC) 
in polyelectrolyte multilayer films (68, 69). Nanofibrils, 5–20 nm in diameter 
and 1 µm long, are prepared though a mild enzymatic hydrolysis (with a 
monocomponent endoglucanase) combined with mechanical shearing and high-
pressure homogenization (69–71). Carboxymethylated MFC was used with PEI, 
PDDA, and PAH polycations to assemble well-defined, stable LBL films. These 
flexible cellulose I elements with crystalline and amorphous regions were 
amenable to the multilayering technique and film growth was strongly pH and 
ionic strength dependent. Under highly charged conditions, the MFC layers 
tended to be thinner (68, 69). The resultant films showed randomly oriented 
fibers with good surface coverage, smooth surfaces, and a water content of 41% 
(68).  This type of nanocellulose shows promise as a model cellulose system 
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(71, 72) but also as a reinforcing agent in nanocomposites and in the preparation 
of optical sensor materials (69). 

The LBL method has thus presented a new way of engineering fiber 
surfaces to achieve desired properties and function. Various kinds of smart paper 
and drug release reservoirs can be prepared by depositing multilayer coatings on 
fibers. Specifically, the ability of adsorbed polymers to increase wet and dry 
adhesion between fibers and improve overall paper properties are noteworthy. 
The studies of LBL on fiber surfaces have helped to show that fiber–fiber joint 
strength is dependent on both chemical properties and contact area; lower 
wettability (high contact angle) and having many bilayers with the polyanion 
component as the outermost layer, all contribute to making stronger paper. High 
loading of polymeric material can be achieved because of the increased surface 
area of both fibrous mats and individual fibers, when compared to flat 
substrates. Incorporating large amounts of polymer into these coatings not only 
improves the paper tensile index but can be particularly beneficial when the 
adsorbed polyelectrolyte has a secondary function, such as being conductive, 
biologically active or possessing sensors capabilities. 

Conclusion 

Much research has gone into preparing multilayered films containing 
polyelectrolytes and cellulose using the electrostatic layer-by-layer 
methodology. The technique generally gives rise to smooth and stable thin films, 
or uniformly coated fibers, as confirmed by various surface morphology 
measurements, elemental analyses, and spectroscopies. Contrary to other 
nanomaterial preparation methods, LBL assembly is relatively insensitive to 
defects which are quickly hidden by adding further layers. Additionally, LBL 
can be used to modify fiber surfaces to obtain special functionality without 
losing any basic structure or properties. It should be evident from the studies 
presented here that multilayered cellulose films can easily be used to tailor 
surface interactions and create novel and useful materials. 
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Villeneuve d'Ascq Cedex, France 

To understand the structure and reactivity of lignified plant 
cell walls, ordered cellulose films were developed from 
nanocrystals (whiskers) to mimic successive native cellulose 
layers in plant cell walls. The films were prepared by 
deposition of whisker suspensions in an electric field or by 
transfer of whisker monolayers onto a solid substrate by the 
Langmuir–Blodgett technique. In a controlled electric field 
(strength, frequency), completely ordered nanocrystal films 
were obtained between the electrodes. With the Langmuir–
Blodgett technique, ordered domains of several square 
millimeters in area were obtained by controlling the surface 
concentration of the whiskers. These results should allow 
defining the experimental conditions for the preparation of 
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new model systems from cellulose nanocrystal suspensions for 
the investigation of surface properties of plant cell walls. 

Introduction 

When plant cells have completed the stages of growth and expansion, their 
walls undergo significant structural and chemical modifications that impart 
functional specificity. The secondary plant cell wall is of high rigidity. It 
contains a large proportion of highly crystalline cellulose microfibrils, forming a 
compact network. These microfibrils form concentric layers, within which they 
are aligned parallel (1–3). The microfibrils are surrounded by a complex 
network made of different amorphous polymers, including hemicelluloses, 
lignins, and proteins, depending on species (4). The intricate architectures of 
plant cell walls still raise multiple questions, such as, for example, the role of 
hemicelluloses and lignins in the cohesion between the successive layers of 
cellulose. Since the role of the individual components in the structure and 
properties of plant cell walls is currently not well understood, a number of 
studies have been carried out to develop model surfaces of cellulose by spin 
coating or Langmuir–Blodgett techniques, primarily using cellulose derivatives 
(trimethylsilylcellulose) (5–7), or cellulose dissolved in N-methyl-morpholine-
N-oxide (NMMO) (8, 9) or dimethylacetamid/lithium chloride (10). The 
advantage of using dissolved cellulose is that some crystallinity (such as 
cellulose II in the NMMO case) is retained in the model films. The majority of 
these surfaces have been used to study their adhesion properties (10), the 
adsorption of polyelectrolytes and surfactants (11–13), interaction forces 
between cellulose surfaces (5, 14, 15) or between cellulose and other 
macromolecules (lignins, xylans) (5, 14–19), or their reactivity towards enzymes 
(20, 21). 

More recently, other model cellulose surfaces have been prepared from 
cellulose monocrystals (19, 22–24). These monocrystalline particles display 
interesting properties since the native crystallinity of cellulose is preserved. Spin 
coating and electrostatic layer-by-layer processing were used to obtain 
polyelectrolyte multilayer nanocomposites with enhanced mechanical, optical, 
and electrical properties. Both techniques gave rise to smooth and stable thin 
films. A radial orientation of the nanocrystals was noticed in the films formed by 
the spin coating technique (19, 24), yet areas with a parallel orientation were 
limited. Additionally, experiments have been performed to control the 
orientation of cellulose nanocrystals in colloidal suspensions. The suspensions 
were subjected to external fields, such as magnetic fields (25, 26–28), shear flow 
(29, 30), and more recently electric fields (31). Depending on the technique 
used, the orientation of the nanocrystals’ long axes was perpendicular to the 
magnetic field, parallel or perpendicular to the shear direction, depending on 
shear rate, or parallel to the electric field direction. However, these different 
techniques were carried out starting from relatively concentrated suspensions 
(> 0.5% (w/v)) and could not produce nanocrystal monolayers, even after 
drying. 
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The aim of the present paper is to describe new results on the preparation 
and characterization of ordered monolayers of ramie and tunicin cellulose 
whiskers obtained from aqueous dilute suspensions, by spreading in an electric 
field or by the Langmuir–Blodgett technique. The density of the nanocrystals in 
the monolayer was controlled by the volume concentration of the suspension 
deposited onto a silicon wafer in an electric field or by the surface pressure at 
the air–liquid interface before transfer onto the wafer by the Langmuir–Blodgett 
method. The extent of alignment of the nanocrystals in the monolayer was 
controlled by the strength and frequency of the electric field for the first method, 
and by the conditions of the transfer step for the second. The composition, 
structure (thickness, orientation), and properties of the monolayers were 
characterized by ellipsometry and atomic force microscopy (AFM). 

Experimental Section 

Preparation of Cellulose Nanocrystals from Tunicin and Ramie 

Tunicin whiskers were prepared from the tunic of Microscosmus fulcatus. 
Small fragments of the external wall of the tunicates were first treated overnight 
with a solution of KOH (5% (w/v)). The mantles were then washed and 
submitted to three successive bleaching treatments according to Wise et al. (32). 
Finally, the bleached fragments were disintegrated in water with a Waring 
blender. Ramie fibers were cut into small pieces and treated with 2% NaOH at 
80 °C for 2 h in order to remove residual additives. 

The homogeneous suspensions obtained from tunicin or purified ramie 
fibers were submitted to overnight hydrolysis (~16 h) with 65% (w/w) H2SO4 at 
room temperature under stirring. The suspensions were washed with water until 
neutrality and dialyzed against a concentrated solution of polyethylene glycol 
(35000 g/mol) in order to reduce their volume. The resulting concentrated 
suspensions of nanocrystals from tunicin and ramie were stored at 4 °C. 
Cellulose nanocrystal suspensions, with appropriate concentrations, were 
sonicated with a Branson sonifier for a few minutes before use. The average 
crystal dimensions (19 nm × 9 nm × 1000 nm for tunicin and 7 nm × 7 nm × 250 
nm for ramie) were estimated with ImageJ from TEM (or AFM) images of 
dilute nanocrystal suspensions. 

Preparation of Silicon Substrates 

Silicon wafers with (1 0 0) surface orientation and an oxide layer thickness 
of 20 Å were cut to the desired dimensions (squares of about 1–1.5 cm2) and 
cleaned with a mixture of H2SO4 and H2O2 (7/3) for 30 min at 60 °C, before 
continuous rinsing with purified water. Deposition of the electrodes, the whisker 
suspension, or the whisker monolayer was performed immediately after cleaning 
and drying of the silicon substrate. The metal electrodes were manufactured by a 
standard photolithographic technique. A photosensitive resist (AZ 1505 
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provided by Hoechst) was first spin coated onto the silicon substrate, leading to 
a homogenous polymer film of uniform thickness (~ 1 µm). This step was 
followed by thermal annealing at 110 °C for 1 min in order to remove excess 
solvent. Electrode patterns with gaps of 20 µm, 50 µm, or 100 µm were photo 
printed onto the resist by UV exposure (10 mW/cm2) for 3 s through a 
quartz/chromium shadow mask. The substrates were then dipped into a 
developer (MIF 726 provided by Hoechst) for 10–15 s, which removed the UV 
light-exposed resist. Titanium (~ 100 Å thick) and then platinum (~ 700 Å thick) 
were subsequently deposited onto the substrate by evaporation of the metal in 
ultra high vacuum. The excess metal on top of the resist was removed by 
dissolution of the polymer in acetone. This step was followed by extensive 
sonication in acetone, isopropanol, and deionized water. Finally, chemical 
modification of the surface was performed by grafting aminopropyl 
trimethoxysilane (APTMS) molecules, which promote the adhesion of cellulose 
nanocrystals. For this purpose, the substrates were subjected to oxygen plasma 
etch (100 W, 30 s, 100 mbar), leading to –OH rich surfaces, which are strongly 
reactive towards silane groups (–Si(O–CH3)3). A few milliliters of APTMS in a 
small glass flask were positioned near the silicon substrates for 2 h under a glass 
bell jar filled with dry nitrogen for gas phase transfer.  

Preparation of Cellulose Films in an Electric Field 

The experimental set up comprised an EG&G galvanostat generator (model 
5208) and an oscilloscope connected with wires and alligator clips to the 
electrodes on the substrate (Figure 1a). After connecting the substrate to the 
generator, cellulose nanocrystal suspension was carefully deposited between the 
electrodes. After a few seconds, excess suspension was removed and the surface 
dried in a stream of air. The experiments were done with voltage ranging from 
250 V/cm to 20 kV/cm at frequencies varying from 1 kHz to 2 MHz.  

Preparation of Cellulose Films by the Langmuir–Blodgett Technique 

Stable layers of whiskers, formed at the air–liquid interface in the presence 
of a cationic amphiphilic molecule (dioctadecyldimethylammonium bromide, 
DODA), were transferred onto silicon wafers by the Langmuir–Blodgett 
procedure (Figure 1b). The pressure–area isotherms of the Langmuir films were 
determined with a Langmuir–Blodgett trough (KSV Technology, minitrough 
75 × 330 mm equipped with a Wilhelmy-type film balance). One drop (20 μL) 
of a DODA chloroform solution (1 mg/mL) was spread with a microsyringe on 
the surface of an aqueous cellulose nanocrystal suspension. The concentration 
increase of molecules at the air–liquid interface was evidenced by the increase in 
surface pressure during the compression of the film. Transfer of the nanocrystal 
monolayer onto a silicon substrate was performed by vertical deposition at 
controlled speed. The silicon substrate, in a vertical orientation, was moved 
downward and then upward through the air–liquid interface. The nanocrystal 
monolayer adhered to the silicon substrate during the upward stroke. The 
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transferred layer was washed with chloroform and dilute NaOH in order to 
remove adsorbed DODA on the whisker film surface. 

 

∼∼

A B

∼∼∼∼

A B

 
Figure 1. Diagram showing the experimental set up for whisker deposition onto 
a silicon wafer in an electric field (A) or by the Langmuir–Blodgett method (B). 

Characterization of Cellulose Films 

Optical Characterization 

A Uvisel (Horiba-Jobin Yvon, Longjumeau, France) spectroscopic phase 
modulated ellipsometer was used to measure the thickness of the transferred 
layer using an angle of incidence of 70°. The diameter of the light beam was set 
to 1 mm. The two experimental ellipsometric angles Ψ and Δ are linked to the 
two reflectivity coefficients rp and rs in the directions parallel and perpendicular 
to the incident plane, respectively, by (33): 

 ( ) )iexp(tan
s

p ΔΨ=
r
r

 [1] 

The ellipticity coefficient,⎯ρB, measured in Brewster conditions, is defined 
by: 
 ( ) ( )ΔΨ= sintanBρ  [2] 

The Brewster angle, θB, is given by tan(θB) = n2/n0, where n0 and n2 are the 
refractive indexes of the upper phase (air) and lower phase (water), respectively. 
When an adsorption layer begins to form, according to the Drude equation, the 
ellipticity coefficient is proportional to the layer thickness, h, and increases with 
the difference (n1–n2), where n1 is the refractive index of this layer (34): 

 ( )( )
2
1

2
2

2
1

2
1

B
1
n

nnnhρ −−∝  [3] 
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The experimental Ψ and Δ spectra were collected in a wavelength range of 
1.5–5 eV (240–820 nm) every 0.02 eV. The indexes and thicknesses of the 
cellulose films were calculated by fitting the experimental spectra to theoretical 
models using a Cauchy dispersion model for the experiments at the air–water 
interface and the Lorentz oscillator dispersion model (35) for the experiments on 
solid substrates (by the least-square fitting procedure). Brewster angle 
microscopy (BAM) was performed on the aqueous substrate (θB ≈ 53°12) to 
visualize the morphology of the adsorption layer in situ at the micrometer scale 
without optical probe and before the dipping step of the Langmuir–Blodgett 
procedure. The ellipticity coefficient at the Brewster angle,⎯ρB (eq 2), is linked 
to the reflectivity coefficients according to the relation:  
 Bsp i ρrr =  [4] 

Since the reflectance, R (= Ir/I0), of the interface is proportional to⎯ρB
2 with 

Ir and I0 being the reflected and incident intensities, respectively, the uncovered 
substrate appears dark (rp ≈ 0) whereas all areas covered by adsorption layers 
appear more or less bright (rp ≠ 0). 

Tensiometry Measurements 

Rheological properties of DODA–cellulose mixed layers at the liquid–air 
interface were determined with a dynamic drop tensiometer (Teclis-IT Concept, 
Longessaigne, France). The surface tension was calculated through shape 
analysis of an air bubble formed at the tip of a stainless steel needle dipped into 
water. The needle was attached to a syringe whose plunger was precisely 
controlled by a micrometer screw driven by an electric motor. The bubble was 
illuminated by a beam of parallel light and the image was recorded by a CCD 
camera and digitized. The interfacial tension, γ, of the air–liquid interface was 
determined by analyzing the profile of the bubble according to the Laplace 
equation (36). The surface pressure, π, is as usual the difference between the 
surface tension of the pure solvent, γ0 = 72.6 mN/m, and that of the interface 
with surface active molecules, γ. The surface modulus, ε, is defined as the ratio 
between the variation of the surface pressure, dπ, and the relative change of the 
surface area, dA/A = dln(A) (eq 5) (37).  

 
)ln(d

d
)ln(d

d
A
π

A
γε −==  [5] 

ε was determined during sinusoïdal fluctuations of the area of the bubble at 
a chosen amplitude (less than 15% of the mean area (38)) and a frequency of 
0.1 Hz. A Fourier transform of the data was performed and only the first 
harmonic was retained. The DODA layer at the surface of the air bubble was 
formed before injection of the whisker suspension into the aqueous substrate. 
The amount of DODA and the bulk concentration of whiskers were selected to 
give surface pressures close to those used in the Langmuir–Blodgett technique. 
All measurements were done in an air-conditioned room at 20 ± 1°C. 
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Atomic Force Microscopy 

AFM imaging was performed using a Nanoscope IIIa atomic force 
microscope from Digital Instruments (Santa Barbara, CA). The AFM was placed 
on an active vibration isolation table so that eventual external vibrations did not 
affect the imaging process. A scanner, calibrated following the standard 
procedures provided by Digital Instruments, with a maximum scan area of 
120 μm2 was used. Experiments were made at constant room temperature 
around 20 °C. The samples were mounted onto stainless steel disks using sticky 
tape. Imaging was done in tapping mode. Commercial 225 μm long cantilevers 
from Veeco Instruments (France) with a resonant frequency around 190 kHz 
were used. Scanning rates of 1 Hz or 0.5 Hz depending on the image size and a 
resolution of 512 × 512 data points were used. During the scans, proportional 
and integral gains were increased to values just below those at which the 
feedback started to oscillate. Images were processed only by flattening to 
remove background slopes. A free software was used to analyze the image.  

Results and Discussion 

This section discusses the effects of (1) the AC electric field and (2) the 
Langmuir–Blodgett procedure on the formation of ordered cellulose nanocrystal 
films. Nanocrystals with high and low aspect ratio (tunicin and ramie whiskers, 
respectively) were studied to test whether the aspect ratio influences the degree 
of alignment of these nanoparticles in the films. 

Whisker Orientation by Electric Field 

Orientation of the tunicin and ramie nanocrystals in the electric field was 
achieved by depositing drops of dilute whisker suspensions (0.05% (w/v)) into a 
gap of 10–100 µm in width between two electrodes. The amplitude and 
frequency of the AC electric field were varied from 250 V/cm to 20 kV/cm and 
from 1 kHz to 2 MHz, respectively. The dry tunicin film prepared at 20 kV/cm 
and 1 MHz was analyzed by AFM (Figure 2a). Whiskers deposited directly onto 
the electrodes were randomly oriented. Between the two electrodes, two patterns 
were visible. On the film surface, several randomly oriented whiskers could be 
seen. Below the film surface, however, a high degree of orientation of the 
nanocrystals along the direction of the field was visible when a gap of 10 µm 
was used. An analysis of the film topography in the direction perpendicular to 
the electric field showed surface elevations between 10 and 30 nm (Figure 2b). 
The same analysis performed in the direction of the electric field exhibited a 
smoother profile with most surface elevations between 10 and 20 nm. 
Considering the width of the tunicin whiskers, which is close to 10 nm, these 
height profiles are consistent with the occurrence of a single layer of whiskers 
on the silicon substrate and with some whiskers forming a second discontinuous 
layer. Some whiskers may also lie on top of whiskers of the second layer, 
generating a third layer, and so on. The difference between the height profiles 
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perpendicular and parallel to the electric field is strongly consistent with the 
occurrence of an ordered whisker film on the silicon substrate. When the electric 
field was much lower (1 kV/cm), whisker alignment was not evident in AFM 
images or from a comparison of height profiles parallel and perpendicular to the 
electric field (Figure 2c). Parallel organization of whiskers in the film takes 
place during the few seconds after the drop has been deposited into the gap and 
before the excess liquid is removed and the film dried in a stream of air. The 
number of randomly oriented nanocrystals on the surface of the aligned film 
seemed to depend on the time it took to remove the excess suspension after the 
drop had been deposited. For ramie whiskers, alignment was observed at a field 
strength of 5 kV/cm (Figure 2d). The difference in the patterns formed by 
tunicin and ramie whiskers (Figures 2a and 2d) is probably related to the 
difference in aspect ratio (~ 70 for tunicin and ~ 35 for ramie whiskers). 

For large gaps, when the field was lowered, the thickness of the films did 
not change. However, preferred orientation of the whiskers in the direction of 
the electric field was only observed in the vicinity of the electrodes but not in 
the center of the gap (Figure 3). For fields of approximately 500 V/cm, preferred 
orientation of the whiskers was no longer noticed. A lack of whisker alignment 
was also caused by a shift in frequency of the electric field. Whisker alignment 
was incomplete for frequencies smaller than 1 kHz or larger than 2 MHz. The 
degree of orientation of tunicin whiskers was calculated from AFM analysis 
over the entire width of the gap by visual determination of the boundary 
between the area of aligned whiskers and that of randomly oriented ones. 
Alignment of the tunicin cellulose nanocrystals with the electric field direction 
was strong and maximal above 2 kV/cm in the frequency range 105–106 Hz. 

In conclusion, alignment of cellulose nanocrystals in an electric field is an 
efficient and quick method. Under certain conditions (voltage, frequency), an 
alternating electric field induces perfect orientation of the rods parallel to the 
external field. This process is linked to the permittivity (or dielectric constant) of 
cellulose nanocrystals (39), and consequently to their polarizability in aqueous 
solution. The alignment process is governed by the induced dipole moment of 
the suspension and the applied electric field. Nevertheless, our results seem to 
indicate that obtaining extensive, highly ordered nanocrystal monolayers (> 100 
µm2) would require the use of high electric fields. Moreover, the thickness of the 
whisker film in the gap is not uniform. As a consequence, it is presently difficult 
to obtain an authentic whisker “monolayer”. In addition, the area between the 
electrodes is presently limited to a strip of a few tens of micrometers in width. 
The small width of the gap is an important limitation for the analysis of the 
surface properties of these cellulose films. 
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Figure 2. AFM images of electric field-ordered cellulose nanocrystal films of 

tunicin (2a, 2b, and 2c) and ramie (2d). The electric field strengths were 
respectively 20, 10, and 1 kV/cm for tunicin and 5 kV/cm for ramie. The 

frequencies were 1 MHz for (2a), 2 MHz for (2b) and (2c), and 100 kHz for (2d) 
with a gap width of 10, 20, and 100 µm, respectively, for tunicin, and 20 µm for 
ramie, at a concentration of 0.05% (w/v). The arrow indicates the direction of 

the electric field in the gap (G) between the electrodes (E). The topography 
(area of 340 µm2) and the profile analysis were made from image (2b and 2c). 
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Whisker Orientation by the Langmuir–Blodgett Technique 

Cellulose Whisker Films at the Air–Liquid Interface 

A previous and preliminary study showed that in the presence of DODA 
cellulose whiskers form stable layers at the air–liquid interface (40). The 
compression isotherm of DODA on water exhibits three regions: a liquid 
expanded (LE) phase followed by a liquid condensed (LC) one, and a collapse at 
50 mN/m (Figure 4a), as described elsewhere (41). When cellulose whiskers 
from tunicin or ramie were present in the subphase before DODA deposition, at 
a nanocrystals/DODA weight ratio of 250, the surface pressure isotherm was 
significantly modified (Figure 4a). At an area below 80 Å2/molecule and a 
surface pressure above 25 mN/m, the isotherm of the DODA–whisker mixture 
diverged from that of pure DODA. The most significant difference between pure 
DODA and the DODA–whisker mixed layer was the evolution of the surface 
pressure in the region of the LC phase. The collapse of the layer at the end of the 
LC region was not clearly apparent by surface pressure measurements in the 
case of the mixture. These differences clearly point to the formation of a mixed 
DODA–whisker layer. 

In order to get information on the structure of the layers, the formation of 
the film was followed by ellipsometry (Figure 4b). In the case of pure DODA, 
just after deposition at a surface concentration of about 0.8 mg/m2, the ellipticity 
was –1 × 10-3. After compression to a molecular area of 40 Å2/molecule, the 
ellipticity of –6 × 10–3 corresponded to a DODA surface concentration of 
~ 2.7 mg/m2. The refractive index and the thickness of the layer at a surface 
pressure of 50 mN/m were estimated to 1.473 and 19 ± 1 Å, respectively (Table 
I). In the case of a mixed layer, the absolute ellipticity values were much higher 
than those for pure DODA and increased from 1 × 10-2 to 3 × 10-2 during 
compression of the film (Figure 4b). 

The three regions, observed on the surface pressure isotherm, could be 
tentatively distinguished in the ellipticity curve in the same range of molecular 
area. Moreover, in the LC phase, between 40 and 80 Å2/molecule, the ellipticity 
signal fluctuated strongly most likely due to the formation of two-dimensional 
domains in the mixed layer. Using BAM, the surface morphology was found to 
change drastically when DODA was spread on the aqueous solution containing 
cellulose nanocrystals (Figure 4c). The mobility of the dark dot domains in the 
mixed layer was significantly reduced when the surface pressure was larger than 
30 mN/m and consequently when the molecular area was lower than 80 
Å2/molecule. In the LC phase region, at a surface pressure of 50 mN/m, the 
refractive index of the mixed layer was estimated by ellipsometry to 1.512 ± 
0.003 for tunicin and 1.506 ± 0.004 for ramie, assuming a thickness layer of 110 
Å and 90 Å, respectively (Table I). These values for the refractive index are 
consistent with a layer structure including a DODA layer and a single layer of 
nanocrystals (19). The film remained very thin and transparent during 
compression. Interference peaks due to the birefringent nature of the crystals 
were not detected by ellipsometry at the air–liquid interface with a beam size of 
1 mm2.  
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Figure 4. Isotherms of surface pressure, π (A), and ellipticity,⎯ρ B (B), during 

the compression of pure DODA on water (○) and on tunicin cellulose 
nanocrystal suspension (●). The weight ratio of cellulose whiskers to DODA is 

250. Brewster angle microscopy images of the surfaces at the end of each 
isotherm: pure DODA (C1) and mixed (C2) layers. 
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a The weight ratio of nanocrystals to DODA was 250. Data in brackets were obtained 
after chloroform and NaOH washing. Data represent mean values of five transfer 
repetitions. n1 and h are the refractive index and the thickness of the layer, respectively. 
n2 is the refractive index of the substrate. 
b Refractive indexes were deduced from ellipsometry spectra at 50 mN/m of DODA and 
DODA–cellulose nanocrystals. The fixed layer thicknesses in the model were chosen to 
be equal to those of a pure DODA and cellulose whisker layer (90 and 70 Å for tunicin 
and ramie whiskers, respectively). 
 

Surface dilational properties of the mixed layer were measured by dynamic 
bubble tensiometry during adsorption of the nanocrystals on the DODA layer at 
the air–liquid interface (Figure 5) in the surface pressure range 7 to 50 mN/m. 
The variations of the dilational modulus, ε, seemed to occur in two regimes in 
the surface pressure ranges of the LE and LC phases apparent in the Langmuir 
trough experiments. Upon compression of the film, ε increased from 40 mN/m 
to 60 mN/m during the LE phase (7 mN/m < π < 25 mN/m) and then from 60 to 
150 mN/m during the LC phase (25 mN/m < π < 37 mN/m). In these two 
regimes, the imaginary part, ε”, corresponding to the viscosity of the layer, 
remained close to zero, indicating that the mixed layer was mostly elastic. 
Beyond 37 mN/m, the bubble of the tensiometer became rigid and deformed, 
and was no longer suitable for surface tension and surface modulus calculations. 
The data fluctuation above 37 mN/m corresponds to a gel-like collapsed layer, 
to which the tensiometric technique is not applicable. These dilational rheology 
data obtained at experimental conditions different from those of the Langmuir 
trough are consistent with the occurrence of several phases in the layer and point 
to the fact that at large enough surface pressure, the layer is probably gel-like 
instead of liquid. 

In conclusion, it can be stated that cellulose nanocrystals can adsorb from 
the bulk beneath the DODA layer formed at the air–liquid interface. The elastic 
fluid layer obtained at moderate surface pressure becomes more compact and 
gel-like at 50 mN/m on compression.  

Table I : Refractive indexes (at 589 nm) deduced from ellipsometry spectra 
of DODA–cellulose nanocrystal mixed layers before and after transfer onto 

silicon wafersa 

Air–liquid interface  Air–silicon interface Sample n1 n2 h n1 n2 h 
DODA 1.473 1.333 19.5± 1 1.469 3.967 12 ± 1 

Tunicin  1.512 
±0.003 

1.341 
±0.002 110b 1.502 ± 0.013 

(1.500 ± 0.002) 3.967 108 ± 2 
(95 ± 2) 

Ramie  1.506 
±0.004 

1.341 
±0.002 90b 1.513 ± 0.005 

(1.513 ± 0.005) 3.967 65 ± 1 
(59 ± 2) 

 

D
ow

nl
oa

de
d 

by
 D

U
K

E
 U

N
IV

 o
n 

Ju
ne

 2
6,

 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 D

ec
em

be
r 

20
, 2

00
9 

| d
oi

: 1
0.

10
21

/b
k-

20
09

-1
01

9.
ch

00
5

In Model Cellulosic Surfaces; Roman, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2010. 



128 

0

50

100

150

200

5 10 15 20 25 30 35 40 45

ε (mN/m)

π (mN/m)

gel like

elastic layer

Liquid-Expanded

Liquid-
Condensed

 
Figure 5. Relationship between the dilational modulus, ε, and the surface 

pressure, π of the mixed DODA–whisker layer. The dilational modulus and the 
surface pressure were recorded simultaneously during the adsorption of the 

nanocrystals on the DODA layer at the air–liquid interface. Several 
concentrations of DODA and nanocrystals were used to measure ε across the 

entire surface pressure range. 

Cellulose Whisker Langmuir–Blodgett Films on Silicon Substrates 

DODA–cellulose films, formed at the air–liquid interface, were transferred 
onto silicon wafers by a vertical transfer method. The conditions maintained 
were a weight ratio of 250 both for ramie and tunicin, a surface pressure of 
50 mN/m, and a dipping speed of 2 mm/min. After transfer, the films were 
washed successively with chloroform and a 1% NaOH solution. The thickness 
of the transferred films was evaluated by spectroscopic ellipsometry using a one 
layer model for the transferred film (Table I). By fitting the theoretical laws for 
ellipsometry spectra to the experimental data using the Lorentz oscillator 
dispersion model, it was found that the thickness of the pure DODA layer on the 
silicon wafer surface, which was covered by a 20 Å SiO2 layer, was 12 Å. The 
thickness of the DODA–cellulose nanocrystal layer was found to be 65 ± 1 Å for 
ramie and 108 ± 2 Å for tunicin, and was comparable to their average section 
size, respectively. After washing with chloroform, the thickness was unchanged. 
After washing with chloroform and NaOH, the thickness of the nanocrystal layer 
was 59 ± 2 Å for ramie and 95 ± 2 Å for tunicin, respectively. Thus, the DODA 
molecules covered the nanocrystals with a layer of 9 ± 4 Å thickness and could 
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only be removed from the nanocrystal layer by the combined treatments: alkali 
and chloroform. This thickness seems in reasonably good agreement with the 
12 ± 1 Å measured on silicon wafer. 

Morphology of Langmuir–Blodgett Whisker Films 

AFM images of the films transferred onto freshly cleaned silicon wafers 
(total surface coverage: 1 cm2) were obtained for DODA alone as well as for the 
DODA–cellulose nanocrystal layers of tunicin and ramie. The pure DODA layer 
(Figure 6a) had a smooth wavy morphology. This wavy pattern corresponds to 
the BAM image showing brighter domains (Figure 4c-1). It may be 
characteristic for DODA molecules that are not in an organized state even at 
high surface pressure (42). The wavy morphology of the pure DODA layer was 
very different from that of the DODA–cellulose nanocrystal layers (Figures 6b 
and c). Moreover, after washing with chloroform and NaOH, no difference was 
apparent between the unwashed and the washed nanocrystal layers (compare 
Figure 6 with Figures 7 and 8) although a significant difference of ellipsometry 
thickness was observed (Table I). Height scans of the AFM images gave mean 
values of the thickness which were close to the values obtained by ellipsometry. 
These scans also showed that some holes occurred and that these holes were 
more numerous in the case of tunicin and when the transfer surface pressure was 
smaller than 50 mN/m or at the beginning of the transfer (Figure 7a). The depth 
of these holes was practically equal to the layer thickness determined by 
ellipsometry (10 nm for tunicin and 7 nm for ramie) (Figures 7 and 8). Further 
away from the wafer surface, several peaks were noticed in the height scans with 
a maximal height very close to double the layer thickness, indicating that in 
these regions two whiskers were stacked. Higher peaks were not observed. On 
average, the surface roughness calculated from AFM images was estimated at 
5.8 and 2.9 nm for tunicin and ramie, respectively. These results indicate that the 
cellulose nanocrystal films were relatively smooth but not completely flat. It can 
be concluded from these data, combined with the thickness evaluation by 
ellipsometry, that the films, after washing, consisted primarily of a monolayer of 
nanocrystals. D
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Figure 7. AFM images of the upper (A) and lower (B) end of a tunicin whisker 
film on a silicon substrate after washing. 
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Whisker Orientation in Langmuir–Blodgett Films 

AFM analysis of the transferred films showed that the cellulose 
nanocrystals were more or less oriented. In the case of tunicin, bundles of 
parallel whiskers were observed at the upper end of the transferred film. Their 
orientation was random with respect to the transfer direction. At the lower end 
of the transferred film, a higher degree of orientation was noticed with parallel 
whiskers covering areas larger than 1 mm2 (Figure 7). The ramie layers 
exhibited uniform behavior over the whole wafer with domains of mostly 
parallel whiskers spanning areas of about 1 µm2 (Figure 8). With ramie and 
tunicin, such domains were observed in a quite reproducible way. However, a 
depolarization factor due to the birefringent nature of the crystals in the layer 
was not detected by ellipsometry on silicon wafers with a beam size of 1 mm2. 
Nevertheless, this pattern of oriented nanocrystals may result from 1) micro-
areas covered by parallel whiskers at the air–liquid interface before transfer to 
the wafer or 2) from an orientation mechanism linked to the transfer process. 
The first case should reflect a quasi-crystalline phase behavior of the whiskers at 
the fluid interface occurring in the LC state of the layer. In that case, the 
crystalline domains should have a random orientation and a random distribution 
throughout the interface plane. The pattern of these domains should be tunable 
by thermodynamic parameters. In the second case, the orientation should be 
tuned by the transfer parameters. Since some ordered micro-domains were 
observed randomly, the phase explanation cannot be ruled out completely. 
However, in the case of tunicin, the frequent occurrence of ordered domains at 
the lower end of the transferred film suggests that flow of the mixed layer or the 
sub phase may influence whisker orientation during the transfer process. 
Moreover, the axis of the whiskers in the domains was frequently observed to be 
45° with respect to the dipping direction, a fact which may point to an effect of 
the transfer process on the orientation. Whatever the case, the same kind of 
organization has been observed in Langmuir–Blodgett films of rod-like particles 
or polymers such as DNA (43, 44), polyglutamate (45–47), polysiloxane (48, 
49), alkylated cellulose (50), and discotic crystals (51). In some instances, the 
organization of the films occurred during the compression process on the 
subphase (52). In other cases, it was attributed to the deposition process of 
monolayers (53–56). As discussed in a previous report, cellulose nanocrystals 
can display spontaneously ordered liquid crystalline phases (nematic and chiral 
nematic) in aqueous suspension when the concentration reaches a critical value 
(57). This critical concentration might have been reached in the mixed film at 
the upper boundary of the LC phase, allowing the formation of ordered two-
dimensional domains. 
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Figure 8. AFM images of the upper (I) and lower (II) end of a ramie cellulose 

nanocrystal film on a silicon substrate after washing. 

 

Conclusions 

From these two experimental ways to prepare model cellulose surfaces, it 
can be concluded that the alignment of contiguous nanocrystals in homogeneous 
layers is possible in an electric field. This procedure seems to be an efficient, 
quick, and inexpensive method compared to the Langmuir–Blodgett technique. 
Nevertheless, the quality of the alignment decreases when the width of the gap is 
too large (> 50 µm), and when the field and the frequency are too low 
(< 2 kV/cm and < 1 kHz, respectively). With the Langmuir–Blodgett method, it 
is possible to control the compactness of the monolayer before transfer onto 
silicon wafers and consequently the homogeneity of the monolayer films. 
However, an overall orientation of whiskers in the layer is not achieved and the 
ordered micro-domains are oriented randomly. Nevertheless, the partly ordered 
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Langmuir–Blodgett films or the limited ordered areas in the electrode gap are 
positive experimental starting points for the preparation of structured cellulosic 
surfaces including other plant cell wall polymers such as hemicelluloses and 
lignins.  
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Chapter 6 

Optical Characterization of Cellulose Films via 
Multiple Incident Media Ellipsometry 

Ufuk Karabiyik1,3, Min Mao1,3, Maren Roman2,3, Thomas Jaworek4, 
Gerhard Wegner4, and Alan R. Esker1,3,* 

1Department of Chemistry, 2Department of Wood Science and Forest 
Products, and the 3Macromolecules and Interfaces Institute, Virginia 

Polytechnic Institute and State University, Blacksburg VA 24061 
4Max-Planck-Institute for Polymer Research, Ackermannweg 10, 55128 

Mainz, Germany 

Ellipsometry measures the relative intensity and the phase 
shift between the parallel and perpendicular components of 
polarized light reflecting from a surface. Single wavelength 
ellipsometry measurements at Brewster’s angle provide a 
powerful technique for characterizing ultrathin polymeric 
films. In this study multiple incident media ellipsometry is 
utilized to simultaneously obtain the refractive indices and 
thicknesses of thin films of trimethylsilylcellulose (TMSC), 
regenerated cellulose, and cellulose nanocrystals. Experiments 
were conducted in air and water for TMSC, and in air and 
hexane for regenerated cellulose and cellulose nanocrystals. 
The refractive indices of TMSC, regenerated cellulose, and 
cellulose nanocrystals are found to be 1.46 ± 0.01, 1.51 ± 0.01, 
and 1.51 ± 0.01, respectively. 

Introduction 

Model cellulose surfaces are important for elucidating how cellulose, 
hemicellulose, and lignin self-assemble to form the hierarchical structure of cell 
walls (1–4). Likewise, model surfaces provide model substrates for studying the 
enzymatic degradation of lignocellulosic materials (5, 6). On the other hand, the 
swelling behavior of cellulose surfaces in aqueous media attracts great attention 
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from both fundamental and applied sciences in terms of performance and 
potential applications of cellulose based materials in the paper and textile 
industries (7, 8, 9). It is clear that in such applications where the cellulose is in 
contact with a liquid medium, techniques that are applicable for in situ 
characterization are desirable. In addition, prior to further surface treatment and 
subsequent surface analysis, it is important to characterize and explore initial 
surface characteristics, e.g. film thickness and refractive index. Many techniques 
have been developed that can be used to measure the thicknesses and refractive 
indices of thin films, such as refractometry (10), waveguide prism couplers (11), 
surface plasmon resonance spectroscopy (12, 13), polarizing interference 
microscopy (14), variable-angle single wavelength ellipsometry (15, 16), and 
spectroscopic ellipsometry (17). Of these, ellipsometry as a rapid, non-contact, 
and non-destructive method is ideal for measuring thickness and refractive index 
in nanoscale coatings through changes in polarization upon the reflection of 
light from the surface. In addition, the simultaneous determination of film 
thickness and refractive index is possible trough multiple incident media (MIM) 
ellipsometry (18, 19). 

Thickness determinations via ellipsometry are complicated by the need to 
know the film’s optical properties. Refractive index and thickness are correlated 
parameters in ellipsometry, hence, it is not possible to uniquely obtain both 
parameters through a single measurement at a constant wavelength for thin films 
(20). Spectroscopic ellipsometers overcome this problem by conducting 
measurements at multiple wavelengths. However, the refractive index of the 
film needs to be optically modeled as a function of wavelength. As a 
consequence, some prior knowledge of the refractive index of the film at some 
point in the sampled wavelength window is usually desired. Another 
complication is that the bulk refractive indices may not be applicable for thin 
films with thicknesses <5 nm (21). In order to avoid these problems for single 
wavelength instruments MIM ellipsometry can be utilized. This technique has 
previously been applied to silicon surfaces with an oxide layer (22), self-
assembled monolayers on silicon substrates (19, 23, 24), and water adsorbed on 
chromium slides (25). MIM ellipsometry requires two ambient media whose 
refractive indices are different from each other. Additionally, the ambient media 
should be chemically and physically inert to the surface. Moreover, the liquid 
sample cell should be compatible with a variable angle ellipsometry setup. The 
most common cell design reported in the literature has a trapezoidal shape that 
allows the incident and reflected light to enter and leave the sample cell at 
normal incidence thereby avoiding changes in the polarization state of the light. 
Another cell design is a hollow prism (25). In this study, a cylindrical quartz 
sample cell, schematically shown in Figure 1, has been used with a phase 
modulated ellipsometer to conduct MIM ellipsometry measurements on 
cellulose based films. This cylindrical cell design does not require a fixed 
incident angle, therefore, it is easy to scan Brewster’s angle.  
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 Figure 1. Schematic representation of the multiple incident media (MIM) 

ellipsometry sample cell. 

The focus of this chapter is the use of MIM ellipsometry to probe the 
optical properties of model cellulose surfaces. Cellulose is a naturally abundant 
polymer in the cell walls of plants and is widely used in the wood, paper, and 
textile industries. One of the greatest complications associated with obtaining 
model cellulose surfaces is that cellulose is insoluble in most common organic 
solvents. Recently, there have been efforts to directly prepare model cellulose 
surfaces (26–29). However, issues with uniformity and surface roughness for 
these approaches can complicate detailed optical characterization of the 
resulting films. Therefore, instead of using cellulose directly, more readily 
soluble cellulose derivatives have been used for the preparation of some model 
surfaces in this study. Trimethylsilylcellulose (TMSC) has been deposited onto 
substrates by the Langmuir–Blodgett (LB) technique (30) and spin coating (31). 
The resulting TMSC films are easily converted back into cellulose via vapor 
phase HCl hydrolysis (31). As a basis for comparison, model cellulose surfaces 
are also obtained by spin coating aqueous cellulose nanocrystal suspensions 
(32). TMSC LB-films are ideal for testing the MIM ellipsometry technique 
because quantitative LB-transfer by Y-type deposition yields films whose 
thicknesses linearly increase as a function of the number of layers (30, 33–38). 
Hence, results for TMSC LB-films help to validate subsequent MIM 
ellipsometry studies on spin-coated TMSC, regenerated cellulose, and cellulose 
nanocrystal films.  

Experimental 

Materials 

The synthesis and the preparation of TMSC and cellulose nanocrystals are 
provided elsewhere (20, 39). The TMSC used in this study had a degree of 
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substitution of DS = 2.01, and a polystyrene equivalent number average molar 
mass of Mn = 44,000 g·mol–1. Chloroform (HPLC grade, EMD Chemicals) was 
used to prepare ~0.5 mg·g–1 TMSC solutions for LB-deposition. In order to 
obtain complete dissolution, the samples were prepared and stored for 24 h at 
room temperature in sealed vials to avoid the evaporation of chloroform. Spin-
coated films of TMSC and cellulose nanocrystals were prepared from different 
weight percent concentration solutions in toluene (HPLC grade, EMD 
Chemicals) or dispersions in water (18.2 MΩ·cm, Millipore, MilliQ Gradient A-
10, <10 ppb organic impurities), respectively. The water used in all steps of the 
experiments was ultrapure water. In addition, hexane (HPLC grade, EMD 
Chemicals) was used as the second ambient medium for regenerated cellulose 
and cellulose nanocrystal films. The chemicals used for substrate cleaning: H2O2 
(30% by volume), H2SO4 (conc.), and NH4OH (28% by volume), were 
purchased from EM Science, VWR International, and Fisher Scientific, 
respectively. 4” silicon wafers (100) were purchased from Waferworld, Inc.  

Film Preparation 

Silicon wafers were used for both LB and spin-coated films. Substrates for 
spin coating were cut into ~15 x 15 mm2 pieces. LB-films were prepared from 
40 x 40 mm2 substrates. All substrates were cleaned in a 5:1:1 (by volume) 
boiling mixture of H2O:H2O2:NH4OH for 1 h. After the substrates were rinsed 
with Millipore water and dried with nitrogen, the substrates were placed in a 7:3 
(by volume) mixture of H2SO4:H2O2 for 3 h. The substrates were then rinsed 
with copious amounts of water and dried with nitrogen. At this point, the surface 
is a hydrophilic silica surface that can be used to create spin-coated films of 
cellulose nanocrystals. In order to obtain a hydrophobic silicon surface, 
substrates were dipped into buffered HF solutions (J. T. Baker) for 5 min 
followed by a short dip into a buffered NH4F (J. T. Baker) solution. Both LB 
and spin-coated films of TMSC were prepared on hydrophobic silicon surfaces. 
LB-films were prepared on a standard LB-trough (KSV 2000, KSV Instruments, 
Inc.) resting on a floating table inside a Plexiglas box. The temperature of the 
subphase (Millipore water) was maintained at 22.5 °C by a water circulation 
bath. Surface pressure, Π, was monitored via the Wilhelmy plate technique. The 
trough was filled with Millipore water and the TMSC spreading solution was 
spread to Π = 8 to 12 mN·m–1; i.e. below the transfer and collapse pressures to 
avoid multilayer formation. After allowing ~20 min for the spreading solvent to 
evaporate, the TMSC was compressed to a constant transfer Π below the 
collapse Π. The transfer Π = 25 mN·m–1 was approached with a compression 
rate of 10 mm·min–1 and the maximum forward and reverse barrier speeds were 
10 mm·min–1. The dipping rates of the substrate for both up- and down-strokes 
were set to 10 mm·min–1. Transfer proceeded by Y-type deposition to prepare 
multilayer films of TMSC. Following deposition, LB-films were cut into ~15 x 
15 mm2 pieces for ellipsometry measurements. Spin-coated films of TMSC were 
prepared from solutions of varying wt % TMSC in toluene and were spun onto 
hydrophobic silicon wafers at 2000 rpm for 60 s. In contrast, spin-coated films 
of cellulose nanocrystals were prepared from dispersions of varying wt % 
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cellulose nanocrystals in water and were spun onto hydrophilic silicon wafers at 
2000 rpm for 60 s. 

Multiple Incident Media (MIM) Ellipsometry 

MIM ellipsometry measurements were carried out with a phase modulated 
ellipsometer (Beaglehole Instruments, Wellington, New Zealand) at a 
wavelength of 632.8 nm (HeNe laser) at Brewster’s angle. The sample cell is 
depicted in Figure 1. Measurements of the ellipticity, ρ, in air were performed at 
several different positions in order to confirm the uniformity and the quality of 
the films through the quartz cell (∆ρ < 1%). Measurements with water and 
hexane as the ambient media were performed in the same quartz cell. The design 
of the quartz cell allows us to fill the sample cell with liquid after completing the 
air measurements without removing the substrate, thereby allowing 
measurements on the same position of the wafer. The fundamental equation for 
the reflection coefficient in ellipsometry is (23, 40) 

 )iexp(tan)Im(i)Re(
s

p ΔΨ=+== rr
r
r

r  (1) 

where rp and rs are the reflection coefficients for p and s polarized light, 
respectively, and Ψ and Δ are the ellipsometric parameters. At Brewster’s angle, 
Re(r) = 0, which is equivalent to Δ = 90°. Under these conditions, eq 1 
simplifies to an equation for the ellipticity (41) 

 Ψ==== tan)Im(i
s

p r
r
r

rρ  (2) 

For the case where the film thickness, D, is much smaller than the 
wavelength of light, λ, the ellipticity can be expressed as a power series in terms 
of (D/λ). The first term of this power series provides Drude’s equation (42, 43): 

 ∫
−−

−
+π=

D
z

ε
εεεε

εε
εε

λ
ρ

0

21

21

1/2
21 d))((

)(
)(

 (3) 

where ε is the dielectric constant at position z in the film, ε1 is the dielectric 
constant of the ambient medium, and ε2 is the dielectric constant of the substrate. 
For the case of homogenous ultrathin films with negligible surface roughnesses, 
ε is constant and eq 3 becomes 

 D
ε

εεεε
εε
εε

λ
ρ ))((

)(
)(π 21

21

1/2
21 −−

−
+=  (4) 

As Mao et al. (24) noted, measurements with two different ambient media, 
A and B (denoted as superscripts in eqs 5 and 6), allow one to eliminate D by 
taking the ratio: 
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which leads to an analytical expression for ε: 
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Once ε is known, D can be obtained from eq 4 for either ambient medium. 
Error estimates on D and the refractive index, n = ε1/2, for MIM ellipsometry 
measurements are obtained as ± one standard deviation via a propagation of 
error calculation starting from eqs 4 and 6. 

Multiple Angle of Incidence (MAOI) Ellipsometry Measurements 

MAOI ellipsometry measurements were carried out with a phase modulated 
ellipsometer (Beaglehole Instruments, Wellington, New Zealand) at a 
wavelength of 632.8 nm (HeNe laser). 

Spectroscopic Ellipsometry (SE) Measurements 

SE measurements were carried out with a phase modulated ellipsometer 
(Beaglehole Instruments, Wellington, New Zealand) at a 60° angle of incidence 
and a wavelength range of 230 nm to 800 nm (halogen and deuterium lamp). X 
and Y data measured with a phase modulated system can be converted to the 
traditional parameters Ψ and Δ using eqs 7 through 10: 

 X
YX

YXr 22

2211)Re(
+

−−±=  (7) 

 Y
YX

YXr 22

2211)Im(
+

−−±=  (8) 

 22 )Im()Re(tan rr +=Ψ  (9) 
 )Re(/)Im(tan rr=Δ  (10) 

In most practical cases the values of Re(r) and Im(r) are small enough to 
use the negative root in the conversion equations (eqs 7 and 8). Nonetheless, 
TFCompanionTM software enables direct analysis of X and Y data without 
conversion to obtain thickness and refractive index values. The most commonly 
used electronic model to analyze ellipsometry data is the Harmonic Oscillator 
Approximation (HOA) (44). Here, the results utilize the Critical Point Exciton 
(CPE) material approximation (45), an extension to the HOA model commonly 
used for polymeric systems. The generalized expression for the line shape in the 
CPE model is: 

 1
c

i

1
term )(eUV)( −φ Γ+−−= ∑ j

N
j EEAEε

j

j  (11) 

where, ε(E) is the dielectric constant, and the UVterm is a constant that represents 
the UV peaks, Aj is the amplitude, Ec is the critical point energy, Γj is the line 
broadening, and φj is the phase of the jth transition. In eq 11, N is the number of 
critical points and determines the number of parameters. For our studies N = 1 
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was sufficient to obtain realistic optical constant dispersions for the cellulose 
derivatives. 

Results and Discussion 

MIM Ellipsometry for TMSC LB-Films 

Figure 2 shows ellipticity, ρ, as a function of the number of LB-layers for 
data obtained in air (n2 = 1, ε2 = n2

2 = 1) and water (n2 = 1.333, ε2 = n2
2 = 1.777). 

A linear relationship between ρ and the number of TMSC LB-layers is observed 
for both data sets. Here it should be noted that LB-deposition allows precise 
control over the film thickness by varying the number of deposited layers. 
Furthermore, Figure 2 indicates that film thicknesses are in a regime where eq 4 
should be valid for analyzing the data. Analysis of the MIM ellipsometry data in 
Figure 2 can proceed in two ways: Approach 1 – The refractive index and 
thickness of each film can be determined according to eqs 6 and 4; and 
Approach 2 – The slope of each curve in Figure 2 can be used to obtain ρair/layer 
and ρwater/layer, thereby allowing one to deduce the refractive index and 
thickness per layer, d, through eqs 6 and 4, respectively. The total thickness of 
the film, D, is then calculated from eq 4 using n derived from the slopes and ρ 
data measured in air or water. In this study ρ data measured in air was used to 
compute D. 

0.20

0.15

0.10

0.05

ρ

25201510

Number of LB-Layers

Air

Water

 
Figure 2. Ellipticity vs. the number of layers in TMSC LB-films measured in air 

(□) and water (○) at a wavelength of 632 nm. 

Approach 1 

Table 1 contains thickness and refractive index values for each film 
obtained from measurements in air and water utilizing eqs 4 and 6 by 
Approach 1. Table 1 shows that n values are independent of the number of 
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layers transferred, with an average value of n = 1.46 ± 0.01. The refractive index 
value obtained by Approach 1 is in agreement with a previous study of TMSC (n 
= 1.44 ± 0.01) by Holmberg et al. (33).  

Approach 2 

The slopes of ρair/layer = (9.20 ± 0.04) × 10–3 and ρwater/layer = (3.1 ± 0.1) × 
10–3 in Figure 2 yield d = 0.95 ± 0.01 nm and n = 1.46 ± 0.01 utilizing eqs 4 and 
6, respectively. The monolayer thickness obtained via Approach 2 is in 
agreement with the published values for TMSC LB-films (35). Utilizing the n 
value obtained from Approach 2 and ρ values obtained from measurements in 
air, it is possible to calculate D for each film. These values are also summarized 
in Table 1. The conclusion is clear, so long as Drude’s equation is valid, the 
MIM ellipsometry results provide unambiguous values of refractive index and 
film thickness that agree well with the literature when a nonswelling nonsolvent 
is used.  

Table 1. MIM ellipsometry analysis of TMSC LB-filmsa 

D/nm nb #of 
Layers Approach 1 Approach 2c  

 4 5.2 ± 0.2 5.3 ± 0.2 1.47 ± 0.01 
 6 6.9 ± 0.1 6.8 ± 0.2 1.46 ± 0.01 
 8 9.4 ± 0.3 9.1 ± 0.1 1.45 ± 0.02 
 10 11.7 ± 0.1 11.2 ± 0.4 1.46 ± 0.01 
 12 13.8 ± 0.8 13.4 ± 0.3 1.46 ± 0.02 
 14 14.9 ± 0.3 14.8 ± 0.2 1.47 ± 0.01 
 16 17.2 ± 0.2 17.4 ± 0.1 1.47 ± 0.01 
 18 18.7 ± 0.2 19.1 ± 0.1 1.46 ± 0.01 
 20 20.2 ± 0.3 20.6 ± 0.2 1.46 ± 0.02 
 22 22.7 ± 0.5 23.0 ± 0.3 1.46 ± 0.01 
 24 24.2 ± 0.4 24.8 ± 0.3 1.46 ± 0.01 

   Average 1.46 ± 0.01 
   Approach 2 1.46 ± 0.01 

aOne standard deviation error bars 
bUtilizing Approach 1 
cρ data measured in air  

MIM Ellipsometry Studies for Spin-coated TMSC Films 

After obtaining a value of n = 1.46 ± 0.01 from MIM ellipsometry 
measurements on LB-films of TMSC via the slope-based Approach 2, the data 
analysis procedure now could be applied to spin-coated systems of TMSC. 
Figure 3a has ρ plotted as a function of the spin-coating solution concentration 
(wt % TMSC in toluene) for measurements in air and water. As expected for a 
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spin-coated film, the plot of ρ vs. the wt % concentration of the TMSC spin-
coating solution is essentially linear, but more scattered than the LB-films. This 
result is not surprising since the preparation of the spin-coated films does not 
allow one to control film thickness as well as the LB-technique. However, 
Approach 1 can be used to deduce the refractive index and thickness of each 
film through eqs 6 and 4, respectively. The results for D and n are summarized 
in Table 2, and the ellipticity values from Figure 3a are now plotted against D in 
Figure 3b. 
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0.25
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0.10
ρ

28242016

D/nm

Water

Air(b)

 
Figure 3. (a) Ellipticity vs. wt % concentration of the TMSC spin-coating 

solution. (b) Ellipticity vs. film thickness obtained from MIM ellipsometry data 
utilizing Approach 1 for spin-coated TMSC films in (a). Symbols correspond to 

measurements in air (□) and water (○) at a wavelength of 632 nm. 

Table 2. Thickness and refractive index values for spin-coated TMSC filmsa 

Concentration of spin-
coating solution/wt % D/nmb nb 

0.5 15.3 ± 0.2 1.46 ± 0.01 
0.6 18.7 ± 0.1 1.46 ± 0.01 
0.7 20.5 ± 0.3 1.47 ± 0.01 
0.8 22.4 ± 0.2 1.46 ± 0.01 
0.9 25.3 ± 0.2 1.46 ± 0.01 
1.0 29.4 ± 0.2 1.46 ± 0.01 

  Average 1.46 ± 0.01 
  Approach 2 1.45 ± 0.01 

aOne standard deviation error bars 
bUtilizing Approach 1 
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Figure 3b shows a nearly linear relationship between ρ and D as expected 
from eq 3. Next the data in Figure 3b are fit with a linear relationship to obtain 
ρair/nm = (9.64 ± 0.08) × 10–3 nm–1 and ρwater/nm = (3.1 ± 0.3) × 10–3 nm–1. From 
the values of ρair/nm and ρwater/nm it is now possible to deduce n = 1.45 ± 0.01 
from eq 6 for spin-coated TMSC films via Approach 2. This value is in excellent 
agreement with the value of n = 1.46 ± 0.01 obtained from TMSC LB-films by 
Approach 2 and the literature value of n = 1.44 ± 0.01 (33). Therefore, we can 
conclude that MIM ellipsometry can also be applied to spin-coated films. 

MIM Ellipsometry Studies for Cellulose Films Regenerated from TMSC 
Films 

Next, the MIM ellipsometry method is applied to regenerated cellulose 
films derived from the LB and spin-coated TMSC films of the previous sections. 
Here, hexane (n2 = 1.375, ε2 = n2

2 = 1.890) serves as a nonswelling nonsolvent. 
Analogous plots to Figure 3a and 3b in air and hexane are provided as Figure 4a 
through 4d for regenerated cellulose films. The refractive index and thickness 
results are summarized in Tables 3 and 4 for LB and spin-coated films, 
respectively. Here it should be noted that upon acid catalyzed hydrolysis of 
TMSC the thickness values decrease by ~56%. The refractive index value for 
regenerated cellulose is found to be n = 1.51 ± 0.01. In addition, the “monolayer 
thickness” reduces from 0.95 ± 0.01 nm for TMSC to 0.38 ± 0.01 nm for the 
regenerated cellulose. These results agree well with previously reported values 
for monolayer thicknesses for TMSC and regenerated cellulose (35). The 
refractive index of the thin film changes from 1.46 ± 0.01 for TMSC to 1.51 ± 
0.01 for the regenerated cellulose films. The measurements reveal no significant 
difference between the refractive indices of the cellulose obtained from the LB 
or spin-coated TMSC films. The refractive index value reported for cotton 
cellulose ranges from 1.53 to 1.58 and is anisotropic (values perpendicular vs. 
parallel to the cellulose backbone) (46). However the lower refractive index 
value (n = 1.51 ± 0.01) obtained via MIM ellipsometry for regenerated cellulose 
is consistent with the previously reported value (n = 1.49 ± 0.02) from 
ellipsometry studies (33). 
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Figure 4. (a) Ellipticity vs. number of LB-layers in the precursor TMSC film and 

(b) ellipticity vs. film thickness obtained from MIM ellipsometry data utilizing 
Approach 1 for cellulose films regenerated from TMSC LB-films. (c) Ellipticity 
vs. wt % concentration of TMSC in the spin-coating solution and (d) ellipticity 
vs. film thickness for MIM ellipsometry data utilizing Approach 1 for cellulose 

films regenerated from spin-coated TMSC films. Symbols correspond to 
measurements in air (□) and hexane (○) at a wavelength of 632 nm. 
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Table 3. Thickness and refractive index values for cellulose films 
regenerated from TMSC LB-filmsa 

D/nm nb #of 
Layers Approach 1 Approach 2c  

 4 2.9 ± 0.1 3.1 ± 0.2 1.54 ± 0.01 
 6 3.8 ± 0.3 3.6 ± 0.5 1.52 ± 0.01 
 8 4.3 ± 0.4 4.1 ± 0.2 1.52 ± 0.01 
 10 5.1 ± 0.2 5.2 ± 0.3 1.51 ± 0.01 
 12 6.1 ± 0.2 6.4 ± 0.2 1.52 ± 0.01 
 14 6.8 ± 0.2 6.2 ± 0.1 1.52 ± 0.01 
 16 7.4 ± 0.2 7.1 ± 0.4 1.52 ± 0.01 
 18 8.0 ± 0.1 8.1 ± 0.1 1.52 ± 0.01 
 20 9.0 ± 0.1 9.2 ± 0.2 1.51 ± 0.01 
 22 9.6 ± 0.2 9.8 ± 0.2 1.52 ± 0.01 
 24 10.6 ± 0.2 10.8 ± 0.3 1.51 ± 0.01 
   Average 1.52 ± 0.01 
   Approach 2 1.51 ± 0.01 

aOne standard deviation error bars 
bUtilizing Approach 1 
cρ data measured in air 

Table 4. Thickness and refractive index values for cellulose films 
regenerated from spin-coated TMSC filmsa 

Concentration of spin-
coating solution/wt % D/nmb nb 

0.5 7.0 ± 0.1 1.50 ± 0.01 
0.6 8.0 ± 0.8 1.51 ± 0.01 
0.7 9.1 ± 0.3 1.51 ± 0.01 
0.8 10.0 ± 0.1 1.50 ± 0.01 
0.9 11.3 ± 0.4 1.52 ± 0.01 
1.0 12.2 ± 0.3 1.53 ± 0.02 

  Average 1.51 ± 0.01 
  Approach 2 1.51 ± 0.01 

aOne standard deviation error bars 
bUtilizing Approach 1 
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MIM Ellipsometry Studies of Cellulose Nanocrystal Films 

The MIM ellipsometry method is also applicable to cellulose nanocrystal 
thin films by making measurements in air and hexane. Plots analogous to Figure 
3a and b in air and hexane are provided as Figure 5a and b for thin films of 
cellulose nanocrystals. The refractive index and thickness results for cellulose 
nanocrystals are summarized in Table 5. MIM ellipsometry yields refractive 
index values for the cellulose nanocrystals that are the same as cellulose films 
regenerated from TMSC within experimental error. These results suggest that 
the regenerated cellulose and cellulose nanocrystal films have similar degrees of 
crystallinity. 

0.16

0.14

0.12

0.10

0.08

0.06

0.04

ρ

1.00.90.80.70.60.5

wt% Cellulose Nanocrystals

Water

Air(a) 0.16

0.14

0.12

0.10

0.08

0.06

0.04

ρ

141210

D/nm

Water

Air(b)

 
Figure 5. (a) Ellipticity vs. wt % concentration of cellulose nanocrystals in spin-

coating dispersions and (b) ellipticity vs. film thickness obtained from MIM 
ellipsometry data utilizing Approach 1 for spin-coated cellulose nanocrystal 
films. Symbols correspond to measurements in air (□) and hexane (○) at a 

wavelength of 632 nm. 

Cellulose crystals show birefringence with refractive index values along the 
direction parallel to the cellulose backbone (n׀׀) being higher than those 
perpendicular to the cellulose backbone (n⊥) (47) and similar behavior is 
expected for cellulose nanocrystals (48). However, due to the nature of MIM 
ellipsometry and the TFCompanionTM software used in this study, estimates of 
refractive index anisotropy are not possible. Nonetheless, MIM ellipsometry 
results for cellulose nanocrystals are close to the smaller refractive index 
reported for n⊥ (46–49). 
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Table 5. Thickness and refractive index values for spin-coated films of 
cellulose nanocrystalsa 

Concentration of spin-
coating dispersion/wt 

% 
D/nmb nb 

0.5  8.7 ± 0.1 1.52 ± 0.01 
0.6  10.5 ± 0.1 1.51 ± 0.01 
0.7  12.2 ± 0.3 1.51 ± 0.01 
0.8  13.7 ± 0.1 1.51 ± 0.01 
0.9  15.0 ± 0.2 1.51 ± 0.01 
1.0  15.9 ± 0.2 1.52 ± 0.01 

  Average 1.51 ± 0.01 
  Approach 2 1.51 ± 0.01 

aOne standard deviation error bars 
bUtilizing Approach 1 

MIM Ellipsometry versus SE and MAOI Ellipsometry Measurements 

Direct attempts to simultaneously determine the thickness and refractive 
index values for the TMSC thin films used in this study via SE or MAOI 
ellipsometry measurements yield estimates with extremely large errors 
(representative data are provided in Table 6). The data in Table 6 represent the 
use of the TFCompanionTM algorithm without any attempts to constrain D or n. 
A better approach is to prepare thicker TMSC and regenerated cellulose films 
and use SE and MAOI ellipsometry to determine the film thickness and 
refractive index. Once n is known, it serves as a fixed parameter for determining 
D for the thinner films. Therefore, a thicker spin-coated film of TMSC was 
prepared and measured, and the same film was used to form a regenerated 
cellulose film. For SE, it is necessary to model ε(λ). In this study, the CPE 
material approximation is used (eq 11). CPE parameters for TMSC and cellulose 
are provided in Table 7. The thicknesses and refractive index values for the thick 
films are summarized in Table 8. As seen in Table 8, there is an ~62% reduction 
in the thickness after cellulose is regenerated from TMSC. The refractive index 
values as a function of wavelength are also provided through Figure 6 and its 
legend. Using these fixed refractive index values, the thicknesses of the thin 
films are obtained from SE and MAOI ellipsometry measurements and 
summarized in Table 9. It is important to note that there are no significant 
differences for n between the three ellipsometric methods (MIM, MAOI, and 
SE). Furthermore, D values for thin films deduced from SE and MAOI methods 
after n is fixed, yield D values that agree with the MIM ellipsometry 
measurements within experimental error. 
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Table 6. Attempts to simultaneously determine the thickness and refractive 
index values for representative thin TMSC LB-films without any 

constraints on their valuesa 

D/nm 
# of Layers 

SE MAOI 
nb 

 4 16.0 ± 55.3 14.8 ± 89.1 1.05 ± 2.01 
 24 47.3 ± 25.1 25.8 ± 11.3 1.22 ± 1.01 
aOne standard deviation error bars 
bMAOI ellipsometry at λ = 632.8 nm 

Table 7. CPE parameters for TMSC and regenerated cellulose  

 UVterm Aj Ecj Γj φj 
TMSC 1.89 –0.74 7.1 –0.038 9.3 
Regenerated Cellulose 2.12 –0.86 7.4 0.97 3.0 

Table 8. Thickness and refractive index values for a thick spin-coated film 
of TMSC and the corresponding regenerated cellulose filma 

D/nm  SE MAOI nb 

TMSC 228.8 ± 4.1 226.6 ± 1.1 1.45 ± 0.01 
Cellulose 86.3 ± 3.6 85.4 ± 0.7 1.52 ± 0.01 

aOne standard deviation error bars 
bMAOI ellipsometry at λ = 632.8 nm 
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Wavelength/nm
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 TMSC

 
 

Figure 6. Refractive index of regenerated cellulose and TMSC films as a 
function of wavelength obtained via SE ellipsometry. CPE fitting parameters are 
summarized in Table 7. Emprical relationships for n as a function of wavelength 

via the Cauchy equations (solid lines) are provided for regenerated cellulose 
and TMSC as nCellulose(λ) = 1.4953 + 7628.8/λ2 − 3.5445⋅108/λ4 + 8.3012⋅1012/λ6 

and nTMSC(λ) = 1.436 + 4155.3/λ2 − 1.1466⋅108/λ4 + 9.712⋅1012/λ6, respectively. 
Deviations between the emprical Cauchy equations and the n values obtained 

from SE ellipsometry are <0.001 for 230 nm < λ < 800 nm. 
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Table 9. Thicknesses of TMSC LB-films obtained from SE and MAOI 
ellipsometry measurements utilizing the optical constants in Table 7 

compared to MIM ellipsometry resultsa 

 D/nm  
# of Layers 

MIMb SE MAOI 
 4 5.2 ± 0.2 5.5 ± 1.3 5.1 ± 1.1 
 6 6.9 ± 0.1 6.4 ± 2.4 6.0 ± 0.3 
 8 9.4 ± 0.3 9.0 ± 1.8 9.8 ± 0.5 
 10 11.7 ± 0.1 10.9 ± 1.6 11.4 ± 1.2 
 12 13.8 ± 0.8 14.6 ± 2.8 13.6 ± 0.4 
 14 14.9 ± 0.3 15.6 ± 2.3 14.0 ± 0.8 
 16 17.2 ± 0.2 17.9 ± 1.7 18.3 ± 0.6 
 18 18.7 ± 0.2 19.3 ± 3.1 19.4 ± 0.4 
 20 20.2 ± 0.3 21.1 ± 1.3 20.1 ± 0.9 
 22 22.7 ± 0.5 23.2 ± 3.2 22.9 ± 1.2 
 24 24.2 ± 0.4 25.8 ± 2.3 25.8 ± 0.3 

aOne standard deviation error bars 
bUtilizing Approach 1 

Conclusion 

Multiple incident media ellipsometry provides a rapid (<5 min for a single 
film) and unambiguous method for obtaining both film thicknesses and 
refractive indices of ultrathin films of TMSC, regenerated cellulose, and 
cellulose nanocrystals. Thickness and refractive index values obtained via the 
MIM ellipsometry method are in excellent agreement with literature values. 
Moreover, the MIM ellipsometry results are in quantitative agreement with more 
traditional ellipsometric techniques (SE and MAOI ellipsometry) within 
experimental error. Furthermore, it is observed that the value of n = 1.51 ± 0.01 
for regenerated cellulose and cellulose nanocrystals via MIM ellipsometry is 
lower than the parallel component and is consistent with the perpendicular 
component of the anisotropic refractive index reported for cellulose systems. 
The fact that there is no difference in n between the regenerated TMSC and 
cellulose nanocrytal films may indicate that they have similar degrees of 
crystallinity. 
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Chapter 7 

Deposition of Cellulose Nanocrystals by Inkjet 
Printing 

Maren Roman and Fernando Navarro 

Macromolecules and Interfaces Institute and Department of Wood Science 
and Forest Products, Virginia Polytechnic Institute and State University, 

Blacksburg, VA 24061 

The present study investigates the use of inkjet technology for 
the deposition of cellulose nanocrystals onto flat substrates. 
Aqueous suspensions of cellulose nanocrystals were printed 
onto glass substrates using a commercial, piezoelectric, drop-
on-demand inkjet printer. Poor wetting of the glass substrates 
impeded the generation of continuous films. However, 
printing of microdot arrays yielded regular microscale arrays 
of nanocrystal deposits. Radial, outwards capillary flow in the 
drying droplets led to ring formation but could be suppressed 
by altering the surface chemistry of the glass substrate. Co-
deposition of a cellulose nanocrystal suspension and a 
chitosan solution produced uniform, two-component deposits. 

Introduction 

A number of techniques have been studied for the deposition of cellulose 
nanocrystals from aqueous suspensions onto flat substrates, including spin 
coating (1–5), layer-by-layer deposition (6–10), and Langmuir Blodgett 
deposition (11). These methods, generally, yield continuous films with a 
thickness below 100 nm. Spin coating can also generate regular, discontinuous 
or submonolayer films of cellulose nanocrystals (4, 5), useful for analyzing the 
average size and size distribution of cellulose nanocrystals, for example. 

The present study investigates the use of inkjet technology as a novel, 
alternative deposition method for cellulose nanocrystals. In recent years, inkjet 
printing has generated considerable interest as a deposition method for polymer 
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solutions and colloidal suspensions of ceramic, metal, and polymer particles due 
to its low cost, ease of controllability, versatility, contact free nature, and 
potential for high throughput (12). It has been explored as a tool to fabricate 
organic and inorganic electronic devices, 3D ceramic structures, and bio-
microarrays, among others (13–17). With respect to the deposition methods 
mentioned above, inkjet printing provides additional possibilities, including 
patterning and simultaneous co-deposition of different materials. Yet, despite its 
high promise as a technique for depositing and patterning functional materials in 
the liquid phase onto a substrate, the phenomena associated with inkjet printing 
of colloidal systems remain incompletely understood. 

The objectives for the present study were (1) to test whether inkjet printing 
could be used to generate cellulose nanocrystal films, micropatterns, and multi-
component layers on flat substrates, and (2) to determine which experimental 
factors govern the deposition process. 

Materials and Methods 

Cellulose Nanocrystal Preparation 

Cellulose nanocrystals were prepared by sulfuric acid hydrolysis of 
dissolving-grade softwood sulfite pulp. Lapsheets of the pulp (Temalfa 93A-A), 
kindly provided by Tembec, Inc., were cut into small pieces of 1 cm by 1 cm 
and milled in a Wiley mill (Thomas Wiley Mini-Mill) to pass a 60 mesh screen. 
The milled pulp was hydrolyzed under stirring with 60 wt % sulfuric acid (10 
ml/g cellulose) at 50 °C for 60 min. The hydrolysis was stopped by diluting the 
reaction mixture 10-fold with deionized water (Millipore Direct-Q 5, 18.2 
MΩ·cm). The nanocrystals were collected and washed once with deionized 
water by centrifugation for 10 min at 25 °C and 4550 G (Thermo IEC Centra-
GP8R) and then dialyzed (Spectra/Por 4 dialysis tubing) against deionized water 
until the pH of fresh dialysis medium stayed constant over time. The nanocrystal 
suspension was sonicated (Sonics & Materials Model VC-505) for 10 min at 
200 W under ice-bath cooling and filtered through a 0.45 μm polyvinylidene 
fluoride (PVDF) syringe filter (Millipore) to remove any aggregates present. An 
AFM image of the obtained cellulose nanocrystals is shown in Figure 1. 
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Figure 1. AFM amplitude image of cellulose nanocrystals 

Preparation of Chitosan Solution 

A 0.05% chitosan solution was prepared by dissolving low molecular 
weight chitosan (Sigma-Aldrich) over night under stirring in 0.1 N hydrochloric 
acid (Certified, Fisher Chemical, 0.0995-0.1005 N). The solution was 
consecutively filtered through 541 Whatman filter paper, a 0.45 μm PVDF 
syringe filter, and a 0.2 μm PVDF syringe filter (Millipore). 

Substrate Cleaning Procedure 

Conventional 3 x 1 in. glass microscope slides were used as substrates. The 
glass slides were used as received, after removing any loose particles with a 
pressurized gas cleaner (Clean Jet 100 Dust Remover), or cleaned using one of 
the following three methods: 

Soap Cleaning Procedure 

A 4 wt % solution of Alconox in deionized water was degassed for 30 min 
at 45 °C in an ultrasonic bath (Branson 3510 Ultrasonic Cleaner) and then 
poured into a glass staining dish loaded with microscope slides. The staining 
dish was placed into the ultrasonic bath and subjected to ultrasound for 10 min 
at 45 °C. Next, the soap solution in the staining dish was replaced with 
deionized water and the ultrasound treatment was repeated. The slides were 
washed twice more with deionized water and an ultrasound treatment of 5 and 2 
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min, respectively. Finally, the slides were dried in a stream of nitrogen and 
stored in a slide storage box. 

Aqua Regia Cleaning Procedure 

A 3:1 mixture by volume of hydrochloric acid (NF/FCC, Fisher Chemical, 
36.5-38%) and nitric acid (NF, Fisher Chemical, 69-70%) was poured into a 
glass staining dish loaded with microscope slides. The staining dish was covered 
and left undisturbed for 30 min. Then, the acid mixture was replaced with 
deionized water and the slides were washed three times as described above. 
Finally, the slides were dried in a stream of nitrogen and stored in a slide storage 
box. 

Organic Solvent Cleaning Procedure 

Four microscope slides at a time were carefully placed with minimal contact 
into the extraction tube of a Soxhlet apparatus. A 1:1 mixture by volume of 
ethanol (ACS, Acros Organics, 99.5%) and chloroform (Reagent ACS, Acros 
Organics, 99.8%) was brought to a boil in the still pot. After four reflux cycles, 
the glass slides were placed into a glass staining dish and rinsed three times with 
deionized water in an ultrasonic bath as described above. Finally, the slides were 
dried in a stream of nitrogen and stored in a slide storage box. 

Inkjet Printing 

Inkjet printing was done with an Epson Stylus Photo R800 piezoelectric 
drop-on-demand inkjet printer (Figure 2) using the CD tray and refillable, clear, 
spongeless MIS cartridges (MIS Associates) (Figure 3). To ensure contact free 
movement of the substrate during printing, several paper feed rollers had been 
removed from the printer. Commercial inkjet printers generally mix inks from 
several cartridges to obtain the desired color. Unintentional mixing was avoided 
by using the CMYK (cyan, magenta, yellow, black) color space with the ICC 
(International Color Consortium) color profile and color enhancement options 
turned off in the Corel Draw (version 12.0) and printer software. 

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

G
U

E
L

PH
 L

IB
R

A
R

Y
 o

n 
Ju

ne
 2

6,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 D
ec

em
be

r 
20

, 2
00

9 
| d

oi
: 1

0.
10

21
/b

k-
20

09
-1

01
9.

ch
00

7

In Model Cellulosic Surfaces; Roman, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2010. 



161 

 
Figure 2. Epson Stylus Photo R800 piezoelectric drop-on-demand inkjet printer 

with refillable cartridges, CD tray, and cardboard substrate mount  

 
Figure 3. Refillable inkjet cartridge 
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Polarized Light Microscopy 

For polarized light microscopy, a Zeiss Axioskop 40 A POL was used. 
Images were recorded with a Canon EOS 20D digital single-lens reflex camera 
(8.2 megapixels) mounted onto the microscope. 

Atomic Force Microscopy 

Atomic force microscopy (AFM) was performed with an Asylum Research 
MFP-3D mounted onto an Olympus IX 71 inverted fluorescence microscope. 
Samples were scanned in intermittent contact mode in air with Olympus OMCL-
AC160TS tips (nominal tip radius: <10 nm). 

Results and Discussion 

Inkjet printing of functional materials offers many interesting opportunities. 
The following sections present our initial results on the fabrication of cellulose 
nanocrystal micropatterns and the preparation of cellulose nanocrystal multi-
component layers by inkjet co-deposition. Further provided is a discussion of the 
fundamental phenomenon of cellulose nanocrystal transport in drying droplets. 

Micropatterning of Cellulose Nanocrystals 

Poor wetting of glass substrates by cellulose nanocrystal suspensions was 
found to prevent inkjet deposition of thin, continuous films of cellulose 
nanocrystals onto glass substrates. Inkjet printed liquid films, initially covering 
large areas or continuous lines, retracted rapidly into droplets of various sizes 
before drying. Thus, inkjet fabrication of cellulose nanocrystal thin films and 
continuous micropatterns, such as square grid patterns, on glass substrates 
requires the use of wetting agents or adhesion layers on the substrate. However, 
the fabrication of microdot patterns should be possible. Figure 4 shows the 
deposit pattern obtained by printing a 0.76 wt % cellulose nanocrystal 
suspension into a regular array of dots with diameters of 70 μm and a spacing of 
280 μm onto an untreated glass slide. A regular array of ring-like deposits of 68–
74 μm in diameter can be observed. The formation of ring-like deposits, as 
opposed to evenly filled circles, is a result of the so-called “coffee drop effect”, 
a common phenomenon observed when drops containing dispersed solids 
evaporate on a solid substrate (18, 19). The formation of contact line deposits 
from inkjet printed cellulose nanocrystal droplets is discussed in the next 
section. 
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Figure 4. Cellulose micropattern on glass obtained by printing a 0.76 wt % 

cellulose nanocrystal suspension into a square array of dots. Scale bar: 300 μm 

Particle Transport in Drying Cellulose Nanocrystal Droplets 

The drying of a droplet on a solid surface can proceed by one of two 
mechanisms: (i) the droplet can maintain its shape (constant contact angle) and 
decrease in size or (ii) the droplet can maintain its diameter and decrease in 
height. The former case is less likely as it requires the contact line, that is the 
line between wet and dry substrate, to move freely across the surface. More 
often, the contact line of a drying droplet is pinned to its initial position as a 
result of surface roughness or chemical heterogeneities. In order for a droplet to 
maintain its diameter during drying, the edge of the droplet has to be constantly 
replenished with liquid from the center, that is, a drying droplet with a pinned 
contact line experiences a type of capillary flow from the center of the droplet to 
its edge upon evaporation of the liquid. The resulting outward flow carries any 
dispersed material to the edge of the drop, leading to dense deposits along its 
perimeter. The phenomenon of ring stain formation from drying droplets is 
called “coffee drop effect” in reference to the well known appearance of dried 
coffee drops. “Self pinning” is the reinforcement of contact line pinning through 
particle deposition at the edge of the droplet upon evaporation of the liquid, 
making translocation of the contact line progressively less likely. 

Contact line deposits were observed with inkjet droplets of cellulose 
nanocrystal suspensions under most conditions. Figure 5 shows a 3D AFM 
image of a cellulose nanocrystal ring deposit, similar to the deposits shown in 
Figure 4, formed by an individual inkjet droplet of a 0.76 wt % suspension. 
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Figure 5. 3D AFM height image of a dried inkjet droplet from a 0.76 wt % 
suspension of cellulose nanocrystals on a glass substrate, scan size: 80 μm 

To determine the factors governing the formation of contact line deposits, 
glass substrates with different surface energies were prepared using three 
different cleaning methods, described in the methods section. The surface 
energies, determined by contact angle measurements using the method by van 
Oss and Giese (20), were 59.6 mJ/m2 for the soap-cleaned substrate, 52.9 mJ/m2 
for the aqua regia-cleaned one, and 46.1 mJ/m2 for the organic solvent-cleaned 
one. Figures 6–8 show AFM images and line scans of deposits from individual 
inkjet droplets of a 1 wt % cellulose nanocrystal suspension on a soap, aqua 
regia, and organic solvent-cleaned glass substrate, respectively. The deposits on 
the soap and organic solvent-cleaned substrates showed distinct contact line 
deposits, whereas the deposit on the aqua regia-cleaned substrate was nearly 
uniform in thickness along the diameter of the deposit. 

The fact that the magnitude of the coffee drop effect showed no apparent 
correlation with the surface energy of the substrate suggested that other factors 
were involved. The observed difference in behavior might be due to different 
electrostatic interactions between the glass substrate and the nanocrystals. 
Quartz is known to undergo protonation and deprotonation in acidic and basic 
media, respectively (21). Glass substrates cleaned with aqua regia, therefore, 
might have positively charged silanol groups (~SiOH2

+) on the surface, whereas 
those cleaned with soap might have negatively charged groups (~SiO–). 
Cellulose nanocrystals produced with sulfuric acid are negatively charged in 
aqueous media due to dissociated sulfate groups on their surface (22, 23). Thus, 
an aqua regia-cleaned glass substrate might exert attractive electrostatic forces 
on cellulose nanocrystals whereas a soap-cleaned one might exert repulsive 
forces. An organic solvent-cleaned glass substrate would be expected to have 
minimal surface charge and thus minimal electrostatic interactions with the 
nanocrystals. 
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Multi-Component Films by Co-Deposition 

The ability to simultaneously print from different cartridges allows the 
fabrication of multi-component films by co-deposition. We have explored this 
possibility by co-depositing a 0.29 wt % cellulose nanocrystal suspension and a 
0.05 wt % chitosan solution. Figure 9 shows the interior of a dried droplet of the 
chitosan solution printed onto an aqua regia-cleaned glass slide. A network of 
ridges could be observed. When the cellulose nanocrystal suspension and 
chitosan solution were co-deposited at a ratio of 40:60, instead of individual 
ridges, uniform coverage with a root mean square surface roughness of 12 nm 
was obtained. The coffee drop effect, observed in droplets of a 0.29 wt % 
cellulose nanocrystal suspension on aqua regia-cleaned glass substrates, was 
entirely suppressed. The absence of ridges and ring formation suggests that the 
negatively charged cellulose nanocrystals and positively charged chitosan 
molecules interact rapidly upon mixing on the substrate, possibly forming an 
extended network that is held together by electrostatic forces and withstands the 
radial capillary flow in the droplet upon drying. 
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Figure 6. Dried inkjet droplet obtained by printing a 1 wt% cellulose 

nanocrystal suspension onto a soap-cleaned glass substrate. Top: AFM height 
image, Bottom: Line scan indicated in the height images 
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Figure 7. Dried inkjet droplet obtained by printing a 1 wt% cellulose 

nanocrystal suspension onto an aqua regia-cleaned glass substrate. Top: AFM 
height image, Bottom: Line scan indicated in the height images 
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Figure 8. Dried inkjet droplet obtained by printing a 1 wt% cellulose 

nanocrystal suspension onto a solvent-cleaned glass substrate. Top: AFM height 
image, Bottom: Line scan indicated in the height images 
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Figure 9. 3D AFM height image of chitosan printed onto an aqua regia-cleaned 

glass substrate from a 0.05 wt % solution in 0.1 N HCl, scan size: 5 μm 

 
Figure 10. 3D AFM height image of a mixed cellulose chitosan film obtained by 
printing a 0.29 wt % cellulose nanocrystal suspension and a 0.05 wt % chitosan 

solution in 0.1 N HCl at a 40:60 ratio, scan size: 5 μm 
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Conclusions 

Our results confirm that inkjet printing holds great promise for 
micropatterning and co-deposition of cellulose nanocrystals onto flat substrates. 
Direct printing of thin films and continuous micropatterns of cellulose 
nanocrystals onto glass substrates requires the use of wetting agents or adhesion 
on the substrate to improve wetting. The formation of contact line deposits can 
be suppressed through attractive electrostatic interactions between the 
nanocrystals and the substrate. 
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Chapter 8 

Hydroxypropyl Xylan Self-Assembly at 
Air/Water and Water/Cellulose Interfaces 

Abdulaziz Kaya1, Daniel A. Drazenovich1, Wolfgang G. Glasser2, 
Thomas Heinze3, and Alan R. Esker1,* 

1Department of Chemistry and the Macromolecules and Interfaces 
Institute, and 2Department of Wood Science and Forest Products, Virginia 

Polytechnic Institute and State University, Blacksburg, VA 24061 
3Center of Excellence for Polysaccharide Research, Friedrich Schiller 

University of Jena, Humboldtstraße 10, Jena, 07743 Germany 

Hydroxypropylation of polysaccharides is one strategy for 
enhancing aqueous solubility. The degree of hydroxypropyl 
substitution can be controlled through the pH of the 
hydroxypropylation reaction. Surface tension measurements of 
aqueous solutions of hydroxypropyl xylan (HPX), synthesized 
from barley husk xylans, by the Wilhelmy plate technique 
show that surface tension changes (∆γ = γwater – γHPX(aq)) 
increase and critical aggregation concentrations generally 
decrease with increasing degree of substitution. Hence, even 
though hydroxypropyl substitution is necessary to induce 
aqueous solubility, excessive hydroxypropylation promotes 
aggregation in water. While surface tension studies reveal 
HPX affinity for the air/water interface, surface plasmon 
resonance spectroscopy studies indicate that HPXs do not 
adsorb significantly onto model regenerated cellulose surfaces 
(submonolayer coverage). Likewise, the HPXs do not show 
significant adsorption onto hydroxyl-terminated self-
assembled monolayers of 11-mercapto-1-undecanol (SAM-
OH). In contrast, HPX does adsorb (~monolayer coverage) 
onto methyl-terminated self-assembled monolayers of 
1-dodecanethiol (SAM-CH3). These results show 
hydroxypropylation is a sound approach for creating soluble 
xylan derivatives, suitable for further chemical modification. 
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Introduction 

Cellulose is one of the most important natural polymers and is used 
extensively in the textile and paper industries (1). In nature, cellulose is located 
in the core of plant cell walls (2) and is associated with hemicellulose and lignin 
in a hierarchial (composite) superstructure (3). Hemicelluloses, which serve as a 
matrix for the cellulose superstructure, are lower molar mass polysaccharides 
containing short side chains (4). These polysaccharides consist of various five 
(D-xylose, L-arabinose) and six carbon (D-glucose, D-galactose, D-mannose 
etc.) sugars (5). Xylans are the most common hemicelluloses and are considered 
to be the second most abundant biopolymer in land plants (6). Structurally, 
xylans are a class of heteropolysaccharides consisting of poly(anhydroxylose) 
with varying degrees of 4-O methyl glucuronic acid, acetyl groups, and 
anhydroarabinose substituents depending on the source and isolation procedures 
used to obtain the xylan (7). During the past several years, the need for effective 
biomass utilization has renewed interest in the exploitation of xylans as sources 
of biopolymers. This interest is aided by the fact that xylans are readily available 
as organic wastes from renewable forest and agricultural residues, such as wood 
meal and shavings, stems, stalks, hulls, cobs, and husks (8). Even though the 
isolation of xylans from biomass is relatively easy, the potential application of 
xylans has not yet been completely realized (8–11). Possible reasons for the lack 
of xylan utilization as a material stream include a shortage of high molar mass 
xylans on an industrial scale (9), heterogeneity of xylan structures within even a 
single plant (8), and the partial degradation of hemicelluloses during pulping 
processes (12). 

Another complication hindering widespread use of xylans is that they are 
usually difficult to dissolve in aqueous media and aprotic solvents even when 
they are isolated by aqueous extraction. Hence, investigations of xylan solution 
properties and molecular weight determinations are difficult (13). The 
substitution of a xylan’s hydroxyl groups by alkoxy or acetoxy groups enhances 
solubility in water and/or organic solvents (11). Therefore, chemical 
modification of xylans provides one avenue to make soluble xylans for 
molecular weight determinations and producing materials with interesting 
physical properties (11, 14–18). Glaudemans and Timmel prepared xylan acetate 
that was completely soluble in chloroform and chloroform–ethanol mixtures. 
These polymers had a degree of polymerization of ~200 (14). In addition to 
xylan acetates, other esters of xylans, such as benzoate, caprate, laurate, 
myristate, and palmitate have been synthesized (15). In another study, xylans 
fully substituted with carbamate groups showed thermoplastic behavior at high 
temperatures (16). Likewise, Jain et al. prepared water-soluble hydroxypropyl 
xylans and acetoxypropyl xylans that showed thermoplastic behavior and 
solubility in most organic solvents (11). Trimethylammonium-2-hydroxypropyl 
xylan prepared from beechwood and corn cob xylan show promise for 
papermaking additives by improving the strength of bleached hardwood kraft 
pulp and unbleached thermomechanical pulp, and by increasing the retention of 
fiber fines (17, 18). 

The enhancement of pulp properties by some xylan derivatives provides 
strong incentive for studying xylan self-assembly onto model cellulose and 
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cellulose fiber surfaces. Mora et al. investigated xylan retention on cellulose 
fibers and concluded that the driving force for xylan aggregate sorption and 
retention on cellulose fibers was hydrogen bonding between cellulose fibers and 
the xylans (19). Henrikkson et al. also invoked hydrogen bonding along with 
changes in colloidal stability to explain the adsorption behavior of autoclaved 
xylans onto cellulose fibers at elevated temperatures under alkaline conditions 
(20). In another study, it was observed that commercial birch xylan adsorbed 
slowly and irreversibly onto model cellulose surfaces at pH 10 (21). However, it 
was argued that the driving force for adsorption was a combination of weak van 
der Waals’ attractions and an entropically favorable release of solvent molecules 
when the polymer chains adsorbed. Recently, Esker et al. have shown that 
cationic and hydrophobic modification of xylan enhances xylan adsorption onto 
regenerated cellulose films prepared by the Langmuir–Blodgett technique (22). 
This result demonstrates that the hydrophobic forces and electrostatic 
interactions also influence xylan self-assembly onto cellulose surfaces. 

In this study, the adsorption of hydroxypropyl xylans (HPXs) onto model 
surfaces is studied as a function of the degree of hydroxypropyl (HP) 
substitution (DS). The source of the “parent” xylans for the HPX derivatives is 
barley husks (Hordeum spp.) (11). HPX self-assembly at the air/water interface 
is probed through the Wilhelmy plate technique, whereas surface plasmon 
resonance (SPR) spectroscopy studies allow quantification of HPX adsorption 
onto regenerated cellulose, and self-assembled monolayers (SAMs) of 11-
mercaptoundecanol (SAM-OH) and 1-dodecanethiol (SAM-CH3) on gold 
substrates. These studies provide insight into molecular factors influencing HPX 
self-assembly at surfaces and potential use of further-derivatized water-soluble 
HPX derivatives to modify surfaces and interfaces. 

Experimental 

Materials 

Ultrapure water was used in all experiments (Millipore, Milli-Q Gradient A-
10, 18.2 MΩ·cm, <5 ppb organic impurities) to make HPX solutions. 
Trimethylsilyl cellulose (DS 2.71) was synthesized as described previously (23). 
11-mercapto-1-undecanol (SAM-OH) and 1-dodecanethiol (SAM-CH3) were 
purchased from Aldrich. Details of the HPX synthesis are provided elsewhere 
(11). In this study, HPX derivatives are named according to the pH of the 
aqueous solution used for the hydroxypropylation of xylan. HPX120, HPX125, 
HPX127, and HPX130 correspond to pH = 12.0, 12.5, 12.7, and 13.0, 
respectively. In general, the DS increases with pH (11). 
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Acetylation of HPX 

In order to determine the DS, HPX was acetylated with acetic anhydride 
following the method of Carson and Maclay with minor modification (24). HPX 
(0.5 g) was dissolved in 10 mL of dry formamide (Riedel-de Haёn) at 45–50 °C 
with vigorous stirring for 30 min. Next, 5 mL of pyridine (Alfa Aesar) was 
added at 45–50 °C and the mixture was allowed to stir for 30 min. Afterwards, 
the reaction mixture was cooled to 30 °C, and 5 mL of acetic anhydride (Fluka) 
was added. Following overnight stirring, the reaction mixture was precipitated in 
200 mL of a cold aqueous 2 wt % HCl solution. Finally, the precipitated solids 
were filtered and rinsed with copious amounts of cold aqueous 0.5 wt % HCl 
solution and cold Millipore water. The resulting product was dried overnight at 
35 °C under vacuum. 

NMR Spectroscopy 

For 1H NMR analysis, 3–5 mg of acetylated HPX was dissolved in 5 mL of 
CDCl3. 1H NMR spectra were obtained on a 400 MHz Varian Inova 
spectrometer. 

Surface Tension Measurements 

The surface tension of aqueous HPX solutions was determined by the 
Wilhemy plate method using a paper plate attached to a Cahn 2000 
electrobalance. A fixed amount of 20 mL of water was placed in a specially 
designed glass jar that consisted of an inner cup containing the solution and an 
outer jacket containing 20.0 °C water flowing from a thermostated circulating 
bath. Next, HPX stock solution (~150 mg·L–1) was added to the pure water 
incrementally with a digital variable volume pipettor to vary the HPX solution 
concentration. The sample cell was inside a Plexiglass box to prevent water 
evaporation and maintain a constant relative humidity (~73%). 

Refractive Index Increment Measurements 

The refractive index increments (dn/dc) of HPX solutions were determined 
by using a Wyatt Optilab rEX differential refractometer. The experiments were 
carried out at λ = 690 nm and at 20.0 °C over the concentration range of 0–150 
mg·L–1. The instrument’s software was used to calculate dn/dc for each polymer 
in water. 
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Model Cellulose Film Preparation 

Smooth, uniform films of regenerated cellulose were prepared on 12.0 mm 
× 12.0 mm × 0.9 mm sensor slides using trimethylsilylcellulose (TMSC). Sensor 
slides consisted of a glass slide covered with 20 Å of chromium and 480 Å of 
gold. Sensor slides were obtained by first depositing the chromium and then 
gold onto precleaned soda lime float glass (Specialty Glass Products, Inc.) at 3 × 
10–6 torr using an electron beam evaporator system (Thermionic Vacuum 
Products). Spin coating was used to prepare TMSC surfaces. Each sensor slide 
was cleaned by immersion in a 7:3 by volume solution of sulfuric acid:hydrogen 
peroxide (piranha solution) for 1 h and rinsed exhaustively with Millipore water 
prior to spin coating. TMSC was spin coated onto cleaned sensor slides with a 
spinning speed of 4000 rpm from 10 g·L–1 TMSC solutions in toluene (25). 
Trimethylsilyl groups of TMSC were cleaved by exposing the gold slide to the 
vapor of an aqueous 10 wt % HCl solution for 2 min. This process yields a 
regenerated cellulose surface (26). 

Self-Assembled Monolayer (SAM) Preparation 

The sensor slides underwent the same cleaning procedure described for 
model cellulose surface film preparation. Once dry, a sensor slide was placed in 
a 1 mM solution of the appropriate SAM-forming molecule (1-mercapto-1-
undecanol or 1-dodecanethiol) in absolute ethanol for at least 24 h (27). Once 
the SAM sensor was needed, the slide was removed from the 1 mM ethanolic 
solution, rinsed with absolute ethanol to remove excess SAM-forming 
molecules, and dried with nitrogen. Finally, the SAM sensor slide was washed 
with Millipore water and dried with nitrogen. 

Surface Plasmon Resonance (SPR) Spectroscopy 

 HPX adsorption onto regenerated cellulose and SAM surfaces was 
investigated by SPR spectroscopy. After preparing the desired film (cellulose or 
SAM) on the sensor slide, the slide was refractive index-matched to the prism of 
a Reichert SR 7000 surface plasmon resonance refractometer using immersion 
oil (nD = 1.5150). This system used a laser diode with an emission wavelength 
of 780 nm. The flow cell body was equipped with a Viton gasket (Dupont Dow 
Elastomers, LLC) and was mounted on top of the sensor slide. Solutions were 
pumped into the flow cell at a flow rate of 0.25 mL·min–1 via Teflon tubing 
connected to a cartridge pump (Masterflex) at 20.0 °C. The pump was linked to 
a switch valve that made it possible to switch between the HPX solutions and 
buffer without introducing bubbles into the system. For SPR experiments, 
polymer stock solutions were prepared by dissolving the polymer in Millipore 
water to ~150 mg·L–1. From stock solutions, HPX solutions were prepared by 
dilution with Millipore water and were degassed before SPR experiments. Prior 
to data acquisition, the cellulose surface was allowed to reach equilibrium 
swelling by flowing only Millipore water through the system. Once a stable 
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baseline was established, HPX solutions were pumped into the flow cell. Each 
solution was allowed to flow until a new baseline was achieved before switching 
to water via a solvent selection valve. The process of acquiring data 
systematically is depicted in Figure 1. Once a new baseline was achieved by 
flowing water through the flow cell, a solution with the next higher 
concentration was allowed to flow over the sensor. This process was repeated in 
succession from the lowest to the highest concentration. Each SPR experiment 
was run three times for a given HPX and surface. 

 
 WaterAdsorbateWater

)(Δθsp °

Time

maxθΔ

bulkrev θθ Δ+Δ  

irrθΔ

WaterAdsorbateWater

)(Δθsp °

Time

maxθΔ

bulkrev θθ Δ+Δ  

irrθΔ

 
Figure 1. Schematic representation of raw SPR data for the case in which water 

is used to establish a baseline value of Δθsp. A solution containing adsorbate 
produces a maximum change in Δθsp (Δθmax). Water eliminates the bulk 

contribution (Δθbulk) and removes reversibly bound adsorbate (Δθrev) to yield 
irreversibly bound adsorbate (Δθirr). 

Analysis of SPR Data 

SPR is commonly used in the fields of chemistry and biochemistry to 
characterize biological surfaces and monitor binding events (28, 29). Although 
there are many types of SPR sensing systems, most use gold-coated sensors in a 
Kretchman prism configuration. SPR sensing systems detect refractive index 
changes in the vicinity of the gold surface by monitoring changes in the 
resonance angle (θsp), the incident angle at which the reflected light intensity is a 
minimum (30). Because the SPR system can monitor the change in the refractive 
index of the medium within ~200 nm of the surface, it is sensitive to adsorbed 
molecules as well as the surrounding medium. This latter effect (bulk effect) 
produces a displacement in θsp with respect to increasing analyte concentration. 
Figure 1 shows a schematic depiction for the adsorption of analyte to the sensing 
surface and the desorption of the analyte from the sensing surface by washing 
with water. Here, the maximum increase in resonance angle (Δθmax) corresponds 
to the observed Δθsp caused by reversible adsorption (Δθrev), irreversible 
adsorption (Δθirr), and the bulk effect (Δθbulk). The decrease in Δθsp after 
subsequently flowing water over the surface corresponds to the desorption of 
some analyte molecules and the elimination of the bulk effect (31). 
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Δθmax and Δθirr values are retrieved for each solution concentration as 
depicted in Figure 1. Next, eqs 1 and 2 are used to obtain the change in the 
resonant angle associated with adsorption (θa) by subtracting the contribution of 
bulk refractive index changes in the dielectric medium:  

 
c
θ

cθθ
d

d
ΔΔ sp

maxa ⋅−=  (1)  

 
c
n

n
θ

c
θ

d
d

d
d

d
d spsp ⋅=  (2) 

where c is the concentration, dn/dc is the refractive index increment of the 
adsorbate solution, and dθsp/dn = 61.5° is an instrument specific parameter 
obtained by calibrating the instrument with ethylene glycol standards. Δθa is 
used to calculate the surface excess (Г) for each concentration by using the de 
Feijter equation (32): 

 
cn
nn

Lθ
θ

cn
nnL

/dd
)(

/dd
Δ

/dd
)( Γ faf −=−=  (3) 

where, nf is the refractive index of the film, which is assumed to be 1.45, and n ≈ 
1.32823 is the refractive index of the solvent (water) (33). The other constant in 
eq 3 is dθ/dL which can be determined by Fresnel calculations. Theoretical 
Fresnel calculations are carried out by using a computer simulation program 
written in Mathlab. The values of n and the thickness of the six layers used in 
the Fresnel calculations are summarized in Table 1. For model cellulose and 
SAM surfaces, dθ/dL is equal to (4.2 ± 0.2) × 10–3 deg·Å–1 and (3.9 ± 0.2) × 10–3 
deg·Å–1, respectively. The SAM value is in excellent agreement with the value 
of 4 × 10–3 deg·Å–1 previously reported by Tulpar et al. (34). 
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Table 1. Thicknesses and refractive indices of different layers used to 
determine dθ/dLa 

Layer Thickness 
Å 

Refractive 
Index 

n 

Absorption 
Coefficient 

κ 

L1 Sapphire prism 5×106 1.76074 (35) 0 

L2 Chromium 20 4.1106 (36) 4.3492 (36) 

L3 Gold 480 0.174 (36) 4.86 (36) 

L4 Cellulose or 
SAM 

195 (25) 
16 (37) 

1.44 (38) 
1.45 (37) 

0 
0 

L5 HPX Variable 1.45b 0 

L6 Water 500 1.32813 (33) 0 
aNumbers in parentheses correspond to references 
bAssumed to be 1.45 for an organic medium 

Results and Discussion 

HPX Characterization 

In addition to the properties of the HPX samples reported elsewhere (11), 
the DSs of the specific HPX samples used in this study were deduced from 1H 
NMR studies by preparing chloroform-soluble acetoxypropyl xylan (APX) 
derivatives. Figure 2 shows 1H NMR spectra of the four APX derivatives. The 
DSs for the HPX derivatives were determined by assuming that there were only 
two available hydroxyl groups for derivatization in each xylose unit. 
Furthermore, assuming complete acetylation and the addition of only a single 
HP unit at any given xylose hydroxyl group yields 

 ( )
( ) 2

ppm 2.0at peak  CH  acetyl  theof Integral
ppm 1.2 at peak  CH  HP  theof IntegralDS

3

3 ×
≈−

≈−=
δ
δ  

DS values are summarized in Table 2. The data are consistent with the 
general trend of DS increasing with the pH of the hydroxypropylation reaction. 
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Figure 2. 1H NMR spectra of acetylated HPX derivatives. Spectra A–D 

correspond to acetylated versions of HPX120, HPX125, HPX127, and HPX130, 
respectively. 

In addition to 1H NMR, one additional bulk solution characterization 
technique was carried out on the HPX derivatives. Differential refractometer 
studies were performed in water to determine the refractive index increment 
(dn/dc) at a wavelength of 690 nm. These values, necessary for analyzing SPR 
results, are also summarized in Table 2. As seen in the table, dn/dc in water is 
independent of DS. Additionally, the values are assumed to be relatively 
independent of wavelength between 690 nm and 780 nm, the wavelength for 
SPR experiments. 
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Table 2. Selected properties of HPX derivatives 

HPX 
Acronym HP DSa 

dn/dcb 

mL·g–1 
CAC 

mg·L–1 
∆γmax 

mN·m–1 
Γmax

c 

μmol·m–2 

HPX120 0.37 0.128 ± 0.001 ~ 90 ~3 ~ 0.8 

HPX125 0.88 0.128 ± 0.001 ~ 8 ~9 ~ 1.5 

HPX127 1.69 0.128 ± 0.001 ~ 20 ~19 ~ 11 

HPX130 1.54 0.125 ± 0.002 ~ 4 ~18 ~ 6 
aDS from 1H NMR of acetylated HPXs 
bWater at 20.0 °C and a wavelength of 690 nm 
cFrom eq 4 

Surface Tension Studies of Aqueous HPX Solutions 

Gibbs derived an expression for the surface excess of a solute at constant 
temperature and pressure at an air/liquid interface (39): 

 
T,pT,p c

γ
RTa

γ
RT

⎟
⎠
⎞

⎜
⎝
⎛

∂
∂−≈⎟

⎠
⎞

⎜
⎝
⎛

∂
∂−=

ln
1

ln
1Γ  (4) 

where R is the gas constant, γ is the surface tension, and a and c are the activity 
and concentration of the solute in solution, respectively. Hence, Γ at the 
air/water interface can be estimated from measurements of γ as a function of c. 
Additionally, γ–c plots which show drops in γ and a concentration invariant γ at 
high c can be used to estimate critical micelle concentrations (CMCs) of 
surfactants. Estimates of the CMC are generally made by extrapolating the 
sharply decreasing γ region and plateau regions to a common intercept as done 
in Figures 3 and 4. The sharpness of the transition increases with aggregation 
number. For random coil polymers, aggregation numbers are small (as small as 
1–2 polymer chains) and aggregates are irregularly shaped leading to broad 
transitions. As a consequence, the concentration of the transition is more 
appropriately termed a critical aggregation concentration (CAC). 
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Figure 3. γ–c curves for HPX derivatives at the air/water interface at T = 

20.0 °C. Graphs A and B correspond to HPX120 and HPX125, respectively. The 
solid lines provide estimates of the CAC. The insets provide estimates of Г–c 

deduced from eq 4. 
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Figure 4. γ–c curves for HPX derivatives at the air/water interface at T = 

20.0 °C. Graphs A and B correspond to HPX127 and HPX130, respectively. The 
solid lines provide estimates of the CAC. The insets provide estimates of Г–c 

deduced from eq 4. 

Several points in Figures 3 and 4 are worth noting. First, HPX with the 
lowest DS (HPX120) has the highest CAC, ~90 mg·L–1, and the smallest overall 
change in surface tension, ∆γ ≈ 2.9 mN·m–1. As DS increases, there is a shift to 
smaller CAC values, and ∆γ increases with DS. These values are summarized in 
Table 2. Similar estimates of the CAC are obtained for plots of γ vs. ln c. 
Second, Γ calculated from eq 4 (insets of Figures 3 and 4) increases with DS. 
Maximum values (Γmax) are also provided in Table 2. 

On the basis of the data in Figures 3 and 4, it can be concluded that even 
though hydroxypropylation enhances polysaccharide aqueous solubility and 
dispersion by breaking up hydrogen bonding, the HP groups enhance the 
amphiphilic character of the xylan. Similar behavior is seen in hydroxypropyl 
cellulose (HPC) where ∆γ ≈ 28 mN·m–1 (40). The principle differences between 
xylan and cellulose are two vs. three hydroxyl groups available for 
hydroxypropylation, respectively, and a more rigid backbone structure for 
cellulose. It is also interesting to consider the observed behavior for the HPX 
derivatives relative to ethylene oxide–propylene oxide copolymers. Block 
copolymers (Pluronics) show that propylene oxide units enhance the 
hydrophobic character of the copolymer. These surfactants show increasing ∆γ 
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and decreasing CACs with increasing propylene oxide content (41–43), 
ultimately leading to water insoluble surfactants (41). Similar effects are 
believed to be the cause for the enhancement of HPX surface activity at the 
air/water interface with increasing DS. As we will show shortly, HPX 
derivatives have stronger affinity for model hydrophobic surfaces than for 
cellulose and other hydrophilic model surfaces. 

Adsorption onto Regenerated Cellulose and SAM-OH Surfaces 

Figure 5 shows representative SPR raw data for HPX adsorption onto model 
cellulose surfaces. The maximum change in ∆θsp from all sources (reversible 
adsorption, irreversible adsorption, and the bulk effect) of ~0.003°−0.005° and 
the contribution arising solely from irreversible adsorption of ~0.002°−0.003° is 
small. A better way to verify this interpretation is to use eqs 1–3 to produce 
adsorption isotherms (Figure 6 for reversible and irreversible adsorption). The y-
axis for Figure 6 is chosen to be 0 to 0.9 mg·m–2 for the sake of subsequent 
comparisons of HPX adsorption onto cellulose and SAM-OH surfaces with HPX 
adsorption onto SAM-CH3 surfaces. Additionally, two dotted horizontal lines 
have been added as an estimate of Γ for a flat monolayer (Γmono) of the HPX 
derivatives with the lowest and highest DS. These estimates assume that the 
cross-sectional area of the xylose unit is comparable to the cross-sectional area 
for a cellulose unit, ~60 Å2 (44). The lower dotted line represents Γmono for DS 
~0.37 and the upper dotted line represents Γmono for DS ~1.69. In order to better 
see the trends with respect to DS, insets are provided. Figure 6 clearly indicates 
that HPX has the same affinity for the cellulose and SAM-OH surfaces, the 
affinity is insensitive to DS, and HPX adsorbs at submonolayer coverage. The 
relatively weak adsorption to these hydrophilic surfaces suggests hydrogen 
bonding interactions are insufficient to promote HPX adsorption from aqueous 
solution. Moreover, the amphiphilicity observed at the air/water interface for 
HPX derivatives, where air can be regarded as hydrophobic, clearly did not 
provide predictive insight into HPX adsorption onto hydrophilic surfaces. In the 
next section, HPX adsorption onto hydrophobic surfaces is considered. 
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Figure 5. Representative SPR data for HPX adsorption onto cellulose 

regenerated from spin-coated TMSC films at 20.0 °C. Graphs A–D correspond 
to HPX120, HPX125, HPX127, and HPX130, respectively. Solution 

concentrations in mg·L–1 correspond to the numbers on A–D. Water is flowed 
through the SPR instrument before and after each new adsorbate solution 

leading to the observed saw-tooth pattern. 
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Figure 6. HPX adsorption isotherms (reversible and irreversible) on (A) 

regenerated cellulose, and (B) SAM-OH at 20.0 °C. Symbols correspond to 
HPX120 (circles), HPX125 (inverted triangles), HPX127 (squares), and 

HPX130 (triangles) with one standard deviation error bars. Dotted lines on the 
main graph correspond to estimates of monolayer coverage for the lowest 

(bottom line) and highest (top line) DS HPX samples. 

Adsorption onto SAM-CH3 Surfaces 

Figure 7 shows representative SPR data for HPX adsorption onto SAM-CH3 
surfaces. Comparing these curves with Figure 5, there is at least a 10-fold 
increase in ∆θsp for both total angle change (reversible adsorption, irreversible 
adsorption, and the bulk effect) and irreversible HPX adsorption onto cellulose 
and SAM-OH surfaces. Following the procedure outlined in eqs 1–3, the data in 
Figure 7 is converted into adsorption isotherms (Figure 8) for total (Figure 8A, 
reversible and irreversible) and irreversible adsorption (Figure 8B). More than 
90% of the total adsorbed amount comes from irreversible adsorption. Figure 8 
also contains dotted horizontal lines corresponding to Γ values for a flat HPX 
monolayer of DS ~0.37 (bottom dotted line) and DS ~1.69 (top dotted line). As 
one can see, HPX adsorption is consistent with an adsorbed monolayer on the 
SAM-CH3 surface. It is also worth noting that there may be a slight (though 
statistically insignificant for this study) tendency for HPX adsorption on SAM-
CH3 surfaces to increase with decreasing DS. If this trend is real, it would be 
consistent with poorer HPX solubility for low DS HPX promoting deposition 
onto hydrophobic surfaces. 
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Figure 7. Representative SPR data for HPX adsorption onto SAM-CH3 surfaces 

at 20.0 °C. Graphs A–D correspond to HPX120, HPX125, HPX127, and 
HPX130, respectively. Solution concentrations in mg·L–1 correspond to the 

numbers on A–D. Water is flowed through the SPR instrument before and after 
each new adsorbate solution leading to the observed saw-tooth pattern. 

 

 

 

D
ow

nl
oa

de
d 

by
 C

O
R

N
E

L
L

 U
N

IV
 o

n 
Ju

ne
 2

6,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 D
ec

em
be

r 
20

, 2
00

9 
| d

oi
: 1

0.
10

21
/b

k-
20

09
-1

01
9.

ch
00

8

In Model Cellulosic Surfaces; Roman, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2010. 



189 

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0

Γ/
m

g•
m

-2

150100500

Concentration /mg•L
-1

B
0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0

Γ/
m

g
•

m
-2

150100500

Concentration /mg•L
-1

A 0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0

Γ/
m

g•
m

-2

150100500

Concentration /mg•L
-1

B
0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0

Γ/
m

g
•

m
-2

150100500

Concentration /mg•L
-1

A

 
Figure 8. HPX adsorption isotherms on SAM-CH3 surfaces at 20.0 °C. Graph A 

corresponds to total adsorption (reversible and irreversible) whereas B 
corresponds to irreversible adsorption. The symbols correspond to HPX120 

(circles), HPX125 (inverted triangles), HPX127 (squares), and HPX130 
(triangles) with one standard deviation error bars. The dotted horizontal lines 

correspond to estimates of monolayer coverage for the lowest (bottom line) and 
highest (top line) DS HPX derivatives. 

Conclusions 

Water-soluble HPX derivatives are amphiphilic and exhibit increasing 
affinity for the air/water interface with increasing DS. This behavior is in stark 
contrast to hydrophilic cellulose and SAM-OH surfaces, where HPX adsorbs at 
submonolayer coverage. Hence, even though hydroxypropylation yields water-
soluble polysaccharides, the derivatives are not necessarily strongly hydrophilic. 
This interpretation is supported by the observation of HPX adsorption onto 
hydrophobic SAM-CH3 surfaces at essentially monolayer coverage. 
Collectively, these studies show that hydroxypropylation is a good strategy for 
making soluble hemicellulose derivatives that could be further derivatized to 
produce surface modifying agents. 
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Chapter 9 

Polysaccharide Derivatives for the 
Modification of Surfaces by Self-Assembly 
Thomas Heinze, Stephanie Hornig, Nico Michaelis, and Katrin 

Schwikal 

Centre of Excellence for Polysaccharide Research, Friedrich Schiller 
University of Jena, Humboldtstraße 10, D-07743 Jena, Germany 

Typical reaction pathways for the synthesis of self-assembling 
polysaccharides (dextran, cellulose, and xylan) are discussed. 
Dextran- and cellulose derivatives with different sulfur-
containing functional groups (thiol-, thioester- and thioether 
moieties) possess a remarkable ability to self-assemble on 
gold surfaces. Aminocellulose derivatives, obtained by 
nucleophilic substitution of cellulose-p-toluenesulfonic acid 
ester with di- and oligoamines, are able to form monolayers on 
various substrates. The NH2 moieties of these biocompatible 
aminocellulose surfaces can be used to immobilize enzymes 
while maintaining enzyme activity. A novel approach to 
aminocellulose through introduction of polyamidoamine-
based dendrons by the copper-catalyzed Huisgen reaction of 
azido cellulose with dendrons possessing ethynyl moieties is 
described. Furthermore, the preparation of cationic xylan 
derivatives and their adsorption behavior on cellulose and two 
types of self-assembled monolayers is reviewed. Xylan layers 
on various pulp fibers were found to enhance paper strength. 

Introduction 

Polysaccharides are the most important renewable terrestrial resource and, 
after chemical modification by etherification or esterification, are used in many 
different application fields (1). Cellulose esters and ethers are commercially 
produced in large quantities. The chemical modification of polysaccharides is 
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one of the most important processing methods available and enables us to take 
full advantage of this fascinating biopolymer resource. Polysaccharides that are 
synthesized by bacteria, such as dextran, offer additional opportunities because 
their structure and possibly even shape may be controlled during biosynthesis 
(2). Structures and processes that rely upon self-assembly are ubiquitous in 
polysaccharide systems. In fact, they are the basis for the amazing functions and 
properties of this class of biopolymers in nature. In addition to their inherent 
ability to form supramolecular structures, the possibility to introduce smart 
functional groups into their molecular structure that allow controlling and 
directing their self-assembly behavior opens new avenues to readily-obtainable 
advanced materials. Controlled nano- and micro structuring of polysaccharide 
derivatives by self-assembly can be achieved by combining the naturally 
occurring molecular structures with functional groups that impart the desired 
interactions between the semi-synthetic polysaccharide derivatives and synthetic 
polymers or inorganic materials (including noble metals, glass etc.). 

This chapter aims to detail several synthetic approaches, including a few of 
our own, to synthesizing self-assembling polysaccharide derivatives. 

Polysaccharide Derivatives for the Modification of Gold 
Surfaces 

Polymer coatings can be used to protect materials against environmental 
influences or to enhance the biocompatibility of materials for use in, e.g., tissue 
engineering or bioanalytical devices. Advantages of surface modification with 
polysaccharides include the accessibility of numerous reactive groups (in 
particular hydroxyl moieties), which can be functionalized to fit the desired 
application, and the compatibility of many polysaccharides with living systems. 
Molecules containing thiol- or disulfide groups are known to spontaneously 
adsorb from solution onto the surfaces of certain metals, such as gold, and to 
self-assemble into densely packed monolayers via formation of an adsorbate–
substrate sulfur–metal bond (3). Mainly two methods have been used to coat 
gold surfaces with polysaccharides, in particular with cellulose and dextran: 

1. Functionalization of polysaccharides with sulfur-
containing groups 

2. Use of low-molecular-weight self-assembled monolayers 
(SAMs) as a linker between the substrate and the 
polysaccharide 

In the case of cellulose, the introduction of sulfur-containing groups is the 
preferred method for modifying gold substrates whereas for dextran both 
methods have been used. The first method has the advantage that it requires a 
less extensive preparation procedure and that chemisorption occurs at multiple 
positions throughout the same molecule yielding more stable monolayers 
compared to those of low-molecular-weight substances (4). 
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Cellulose Derivatives for the Modification of Gold Surfaces 

Sulfur-containing functional groups, capable of chemisorption onto gold, 
can be introduced into polysaccharide molecules by functionalization with thiol-
, thioester-, or thioether moieties. One possible approach is nucleophilic 
substitution (SN) of chlorine in chlorine-containing cellulose esters, carbonates, 
and isocyanates with sodium thiosulfate (Figure 1) (5). The reaction products are 
soluble in water. The displacement of chlorine with thiosulfate is almost 
quantitative yielding degrees of substitution (DS) between 0.8 and 1.8. 

 
Figure 1. Synthesis of cellulose thiosulfate derivatives 

Another option is the addition of thiosulfate to C–C double bonds. 6-O-
(2”,3”-bis(thiosulfato)propyloxy-2’-hydroxypropyl) cellulose was synthesized 
by addition of potassium tetrathionate to 6-O-(3’-allyloxy-2’-hydroxypropyl) 
cellulose, which had been prepared before by reacting cellulose with allyl 
glycidyl ether in aqueous NaOH (Figure 2, route A) (4). The thiosulfate 
derivatives adsorbed from aqueous solutions onto gold surfaces, forming dense 
monolayers with a mean thickness of about 4 nm. The homolytic cleavage of the 
substituents’ S–S bond proceeds via direct oxidative addition to gold. 
Adsorption experiments with fibrinogen and bovine serum albumin provided 
evidence for non-specific surface–protein interactions, after coating of the gold 
surface. However, in water, the thiosulfate derivatives tended to precipitate after 
some time. To improve the water solubility, carboxymethyl cellulose was 
reacted with allyl glycidyl ether and tetrathionate in the same way as described 
above, yielding a DS of 0.1 with respect to the bisthiosulfate groups (6). The DS 
could be increased to 0.17 by using a two step procedure with bromine addition 
to the allyl moiety and subsequent reaction with thiosulfate. The same reaction 
sequence in water gave 6-O-(2”-hydroxy-3”-thiosulfatopropyloxy-2’-
hydroxypropyl)-carboxymethyl cellulose with a DS of 0.15 as shown in Figure 
2, route B. Surface plasmon resonance (SPR) spectroscopy experiments revealed 
a decrease in monolayer thickness with increasing thiosulfate content, 
attributable to the increase in the number of binding sides per molecule available 
for chemisorption onto gold. The thickness of the layers was in the range of 1.3–
2.4 nm. 
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Introduction of sulfur atoms into the polymer backbone was also achieved 
by SN reaction of 6-O-tosyl cellulose with sodium methyl mercaptide, leading to 
a 6-thiomethyl-6-deoxy cellulose derivative with a DS of 0.65 (Figure 3, route 
B). Subsequent reaction with sodium chloroacetate gave a water soluble 
thiomethyl carboxymethyl cellulose suitable for SAM formation on gold 
surfaces. Despite the comparatively high DS, the derivatives showed a lower 
affinity toward the gold surface than the cellulose thiosulfates, as determined by 
SPR spectroscopy. The resulting film exhibited a thickness of 1.2 nm. Tosyl 
cellulose also reacts with sodium thiosulfate yielding 6-thiosulfate-6-deoxy 
cellulose (Figure 3, route A) (5). 

The presence of carboxyl groups is not only advantageous for the aqueous 
solubility of a molecule but also for the nature of its chemical reactions. Biotin 
was immobilized via a linker using N,N’-dicyclohexyl carbodiimide as coupling 
agent (7). 6-Thiomethyl-6-deoxy carboxymethyl cellulose gave a biotin 
conjugate bearing 0.3 biotin molecules per anhydroglucose unit whereas the 
conversion with the bisthiosulfate derivative gave a DS of 0.08. The biotin 
conjugates formed SAMs that had the ability to irreversibly bind the receptor 
protein streptavidin. 

D
ow

nl
oa

de
d 

by
 C

O
R

N
E

L
L

 U
N

IV
 o

n 
Ju

ne
 2

6,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 D
ec

em
be

r 
20

, 2
00

9 
| d

oi
: 1

0.
10

21
/b

k-
20

09
-1

01
9.

ch
00

9

In Model Cellulosic Surfaces; Roman, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2010. 



199 

RO
OR

O

OR

O

RO

OR

O

O

O

HO O

+ K2S4O6

RO

OR

O

O

O

HO O

S

S SO3

O3S

2 K

A

RO

OR

O

O

O

HO O

HO

Br

+ Br2/H2O

+ Na2S2O3

B

 Na

RO

OR

O

O

O

HO O

HO

S SO3

R = H or CH2COONa

O

O
+ 60°C, 3d, 

NaOH/H2O

95°C, 2d, 
H2O

95°C, 4d, 
H2O

 
Figure 2. Synthesis of 6-O-(2”,3”-bis(thiosulfato)propyloxy-2’-hydroxypropyl) 

cellulose (route A) and 6-O-(2”-hydroxy-3”-thiosulfatopropyloxy-2’-
hydroxypropyl)-carboxymethyl cellulose (route B) 
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Figure 3. Synthesis of 6-thiosulfate-6-deoxy cellulose (route A) and 6-

thiomethyl-6-deoxy carboxymethyl cellulose (route B) from 6-O-tosyl cellulose 

A simpler and more efficient method for introducing sulfur-containing 
groups into polysaccharides is esterification with sulfur-containing carboxylic 
acids. By using sulfur-containing carboxylic acids and in situ activating agents, 
highly substituted cellulose esters can be obtained in a one-step synthesis. The 
antioxidant α-lipoic acid, a biologically active compound, can be covalently 
bound to cellulose using different methods of in situ activation of the carboxylic 
acid (8). The reaction proceeds homogeneously in N,N-dimethylacetamide 
(DMA)/LiCl with N,N’-carbonyldiimidazole (CDI) or p-toluenesulfonyl 
chloride (TosCl) as activating agents (Figure 4). Using this reaction, DS values 
in the range of 0.11–1.45 are accessible, but only the less substituted derivatives 
(up to DS 0.18) are soluble in organic solvents. The disulfide function stays 
intact under the mild reaction conditions as confirmed by IR and NMR 
spectroscopy. Adsorption studies from dimethyl sulfoxide (DMSO) solutions 
show the formation of monolayers with a thickness of 2.9–4.9 nm, as 
determined by SPR spectroscopy. 
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Figure 4. Reaction of cellulose with α-lipoic acid, in situ activated by N,N’-

carbonyldiimidazole (CDI) or p-toluenesulfonyl chloride (TosCl) 

Methyl cellulose is of considerable technological interest because of its 
reversible gelation behavior in aqueous solution around a specific lower critical 
solution temperature (LCST). Physical immobilization of methyl cellulose on a 
surface gives thermoreversible films, which exhibit thermally responsive 
wetting characteristics (9). The introduction of sulfur-containing groups into 
methyl cellulose for the immobilization on gold has been achieved by 
conversion of the reducing end groups with thiosemicarbazole (Figure 5). 
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Figure 5. Selective modification of the reducing end group of methyl cellulose 

with thiosemicarbazide 

The sulfur-modified methyl cellulose chains self-assembled into layers with 
a thickness of 15 nm. The water contact angle was found to increase above a 
temperature of 65 °C and decrease again below this LCST. The addition of 
sodium chloride resulted in depression of the LCST down to 30 °C, depending 
on salt concentration. The modified surfaces might be of interest for artificial 
scaffolds in tissue engineering. 
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Dextran Derivatives for the Modification of Gold Surfaces 

One of the first commercial applications of dextran-functionalized gold 
surfaces has been in SPR sensors that interrogate biomolecular interactions. The 
immobilization of one interacting partner on the sensor surface and the 
controlled introduction of the other partner via a flow system allows the kinetic 
analysis of antigen–antibody, receptor–ligand, and DNA–protein interactions 
(10). The interactions are manifested in changes in the SPR angle, which is 
sensitive to the refractive index near the metal surface. Coating of the surface 
with the hydrophilic biopolymer dextran reduces non-specific protein adsorption 
(11, 12). Furthermore, introduction of functional groups, like carboxyl moieties, 
can enhance the antibody immobilization capacity. Several techniques are used 
to bind dextran covalently onto gold surfaces either via low-molecular-weight 
SAMs or through sulfur-containing substituents. 

The first commercialized bioanalytical system using dextran-functionalized 
gold surfaces is based on the SAM of 16-mercapto-hexadecan-1-ol (13). The 
SAM’s hydroxyl groups are reacted with epichlorohydrin to introduce epoxy 
moieties that are subsequently reacted with dextran (Figure 6). Further treatment 
with bromoacetic acid yields carboxymethyl dextran. Covalent attachment of 
ligands is achieved by subsequent activation of the carboxyl groups with N-
ethyl-N’-dimethylaminopropyl-carbodiimide (EDC) and N-hydroxy-succinimide 
(NHS). Besides for sensing of biomolecular interactions, a carboxylated dextran 
surface can further be functionalized with photochromic molecules, such as 
ethylester dihydroindolizine (DHI) (14). The ethylester DHI dextran derivative 
was found to enhance SPR signals upon photochromic switching (14). 

A potential drawback for bioanalytical applications are the non-specific 
interactions that proteins with a low isoelectric point may have with the 
negatively charged carboxymethyl dextran surface. To overcome this problem, a 
neutral dextran matrix has been developed using 16-mercaptohexadecanoic acid 
for monolayer formation on the gold surface (Figure 7) (15). After reacting the 
surface carboxyl groups with hydrazine, dialdehyde dextran, which had been 
prepared by periodate oxidation with NaIO4, was immobilized and subsequently 
reacted with the amino functions of proteins. 
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Figure 6. Functionalization of gold surfaces with carboxymethyl dextran via 
hydroxyl alkanethiol monolayers 

An elegant but very time consuming multiple-step procedure for the 
modification of gold with dextran for SPR analysis is employed in the 
fabrication of β-cyclodextrin sensor chips (16). To produce these sensors, 
monolayers of 11-mercaptundecanoic acid are reacted with amino β-
cyclodextrin (β-CD-NH2) after activation of the carboxyl groups with NHS 
(Figure 8). The formation of inclusion complexes of the grafted β-cyclodextrin 
with the adamantoyl moieties of carboxymethyl adamantoyl dextran (AD-CM-
dextran), prepared by reaction of dextran with chloroacetic acid and subsequent 
esterification with 1-adamantanecarbonyl chloride, leads to a dextran surface 
layer for protein immobilization. 
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Figure 7. Functionalization of gold surfaces with aldehyde dextran via 

carboxyalkanethiol monolayers 
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Figure 8. Schematic presentation of dextran grafting via complexation of amino 
β-cyclodextrin (β-CD-NH2) with carboxymethyl adamantoyl dextran (AD-CM-

dextran) 

Functionalization of dextran with thiol groups that chemisorb onto gold 
surfaces is less complex and does not require multiple reaction steps. Because of 
its many hydroxyl groups, dextran is an excellent starting polymer for various 
reactions leading to thiolated dextran derivatives. 2-Mercaptocarbamoyl dextran 
can be prepared by reaction with 4-nitrophenylchloroformate and subsequent 
conversion with cystamine (Figure 9) (17). The resulting disulfide dextran can 
be reduced with sodium borohydride, yielding thiol dextran with a DS of up to 
0.12. Atomic force microscopy (AFM) and SPR studies of the modified gold 
surfaces, which were prepared by self-assembly of thiolated dextran in aqueous 
solution, revealed that the surface coverage increased with increasing DS of 
thiol moieties. The increase of the molecular weight of dextran caused the 
reverse effect. 
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Figure 9. Preparation of 2-mercaptocarbamoyl dextran 

A high density of thiol functions in the dextran molecule can be achieved 
by, e.g., reacting dialdehyde dextran with cystamine (similar to the above 
mentioned method) or by aminating dialdehyde dextran with ammonium 
chloride/sodium cyanoborohydride and converting the reaction product with 
2-iminothiolane (Figure 10) (18). Unfortunately, the adsorption behavior of 
these derivatives, having a DS of up to 0.95, on gold has not been studied, yet. 

O

HO
HO

OH

O

O

O

O

O

HO

+ NH4Cl
   NaBH2CN

H2N
HO

HO
HO

OH

O

O

O

O

O

S NH2

Cl+

HN
HO

HO
HO

OH

O

O

O

O

NH2
HS

O

Cl  
Figure 10. Preparation of thiolated dextran via aldehyde dextran 

As in the case of cellulose, a simpler and more efficient strategy for 
introducing sulfur atoms into dextran is esterification with sulfur-containing 
carboxylic acids. Using thiophene carboxylic acids with different spacer lengths 
between the thiophene and carboxyl moiety and different ring positions for the 
sulfur atom, and in situ activation of these carboxylic acids with CDI (19), a 
range of thiophene carboxylic acid esters have been synthesized with DS values 
between 1.14 and 1.59 (Figure 11) (20). By the same method, an α-lipoic acid 
ester of dextran with a DS of 0.44 has been obtained. The one-step 
functionalization of dextran with sulfur-containing carboxylic acids, activated in 
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situ with CDI, yields high DS values. The self-assembly behavior of these 
dextran derivatives on gold surfaces is currently under investigation. 

O

    HO

HO
HO

O

S
S

COOH

80°C, 24h,
DMSO

+ CDI
S

COOHn

S
COOH

+
O

    RO

RO
RO

O

n = 0 or 1 or 3 R = H or oror
S

S

O

S

O

n
S

O  
Figure 11. Reaction of dextran with sulfur-containing carboxylic acids in situ 

activated with N,N’-carbonyldiimidazole (CDI) 

Besides the coating of planar gold surfaces with application in SPR 
analysis, the surface modification of gold nanoparticles with dextran plays an 
increasing role in optical sensing techniques. Gold nanoparticles have strong 
adsorption bands due to the excitation of plasmons by the incident light (21). 
Since the shift and intensity of the absorption bands depend on the local 
dielectric constant of the surrounding media and the size of the nanoparticles or 
aggregates, gold nanoparticles provide a basis for a simple and sensitive 
biosensor (22). As in the case of planar gold surfaces, the dextran coating 
prevents non-specific interactions of the gold nanoparticles with proteins and 
enables the immobilization of biomolecules on the surface of the nanoparticles. 
Biospecific interactions can thus be monitored as a function of particle 
concentration and time (23). Figure 12 shows schematically the coupling of 2-
(2-aminoethoxy)ethanol to a carboxyl-terminated SAM on a gold nanoparticle 
and subsequent reaction with epichlorohydrin for coupling of dextran. The 
immobilization of biomolecules can be achieved by carboxymethylation of the 
dextran layer with bromoacetic acid and reaction with amino functions via 
carbodiimide chemistry. 

Attached to an amino-functionalized glass surface, dextran-modified gold 
nanoparticles are able to aggregate and disaggregate in response to their 
environment (24). The state of dispersion of the nanoparticles can be deduced 
from the color of the colloid, which changes from red, for discrete particles in an 
aqueous environment, to bluish-purple for aggregated particles in non-polar 
media. 

An interesting approach for glucose sensing using the aggregation 
phenomenon are dextran-coated gold nanoparticles functionalized with 
concanavalin A (Con A). Con A is a lectin that binds glucose by means of 
molecular recognition. Interaction of Con A on the surface of the initially 
aggregated nanoparticles with glucose in the analyte solution causes the 
aggregates to dissociate into single nanoparticles, which is detectable by a 
change in the absorption spectrum (25). 

D
ow

nl
oa

de
d 

by
 C

O
R

N
E

L
L

 U
N

IV
 o

n 
Ju

ne
 2

6,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 D
ec

em
be

r 
20

, 2
00

9 
| d

oi
: 1

0.
10

21
/b

k-
20

09
-1

01
9.

ch
00

9

In Model Cellulosic Surfaces; Roman, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2010. 



207 

An alternative approach for the preparation of dextran-coated gold particles 
for optical analysis is the use of amino dextran as reducing and protective agent 
(26). Amino dextran is directly added to an aqueous solution of HAuCl4. The 
size of the formed nanoparticles can be tuned by changing the ratio of amino 
dextran to gold salt. Coating of gold nanoparticles with dextran prevents their 
aggregation. 

 
Figure 12. Reaction scheme for the preparation of dextran-coated gold 

nanoparticles 
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Aminocellulose Derivatives for the Generation of Biofunctional 
Surfaces 

Very interesting cellulose materials that show self-assembly are accessible 
by SN reaction of cellulose derivatives containing good leaving groups. Self-
assembly of aminocellulose derivatives on suitable substrates provides an easy 
route to nanoscale biofunctional surfaces. 

Synthesis of Aminocellulose Derivatives 

Starting with the p-toluenesulfonic acid ester of cellulose (tosyl cellulose), a 
variety of novel and unconventional cellulosics have been synthesized as 
summarized in refs 27 and 28. It is important to note that not only 
monofunctional nucleophiles like halides, azides, thiosulfates, and 
triethylamines but also di- and multifunctional amines may undergo SN reactions 
leading to soluble products. Therefore, with di- and oligoamines, cross-linking 
does not occur if optimized conditions are applied. The conversion should be 
carried out with a substantial excess of the amine to prevent cross-linking. 
Moreover, the displacement of tosylate occurs via a SN2 mechanism. As a 
consequence, the conversion is largely limited to the primary tosylate at position 
6, while the tosylates at the secondary positions are not reactive. The remaining 
tosyl moieties may be used to control properties like solubility (Figure 13) (29, 
30). 

 
Figure 13. Typical examples for nucleophilic displacement reactions of cellulose 

tosylate 

The 6-deoxy-6-amino(ammonium) cellulose derivatives formed are usually 
simply called aminocellulose (derivatives). By varying the spacer (X) between 
the nitrogen and substituents (S) at positions 2 and/or 3, aminocellulose 
derivatives with a wide variety of structural features and different solubilities 
may be obtained (Figure 14). 
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Figure 14. Schematic representation of aminocellulose structure, X=alkylene, 
aryl, or oligoamine spacer, S=ester groups, e.g., benzoate, carbanilate, and/or 

tosylate 

The amine functions may be reacted with a variety of electrophiles 
including isocyanates, isothiocyanates, thioesters, and activated carboxylic 
acids, and are useful anchor groups for the covalent immobilization of 
biomolecules, e.g. oxidoreductase enzymes. Thus, a very broad range of 
chemical structures is readily obtainable. The aminocelluloses show film-
forming properties, and it is possible to produce uniform films on glass surfaces 
with a layer thickness of approximately 100–200 nm (31). 

Typical structures of aminocellulose derivatives that are soluble in water or 
DMA, depending on the substituent at positions 2 and 3, are summarized in 
Table I. Aminocellulose derivatives with remaining tosylate groups are water 
soluble whereas additional carbanilate or benzoate groups may impart solubility 
in DMA and DMSO. 

The derivatives may form hydrogen bonds leading to a cross-linked 
structure. Hence, insolubility may occur during storage even at room 
temperature. This slow process obviously depends on the chain length (spacer 
effect) of the aminocellulose residues. Solubility persists for a long time in the 
case of aminocelluloses with short alkylene chains based on 1,2-
ethylenediamine (EDA) and 1,4-butylenediamine, with additional carbanilate 
moieties at positions 2 and 3. These aminocelluloses are still soluble in DMA 
after 6 months of storage (31). 
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Table I. Examples of soluble aminocellulose with di- and oligoamine 
residues at C6 and solubilizing groups at positions 2 and 3 

Substituents at C6 Substituents at positions 2 and 3a Reference 
Tosylate 30–33 

 Acetate, benzoate, carbanilate 31, 32 

 

Tosylate, acetate, benzoate, 
carbanilate 31, 32 

 
Tosylate, methoxy, carbanilate 31, 34, 35 

 

Tosylate, carbanilate 31, 35–37 

 
Tosylate, carbanilate 38 

 

Tosylate 37, 39 

a Remaining number of tosylate moieties depending on DSTos of starting material 

Application of Aminocellulose Derivatives 

By reason of attractive interactions, aminocellulose derivatives self-
assemble from dilute solutions (0.05–0.5%) onto many different materials (37). 
To generate aminocellulose-modified surfaces, techniques like spin-coating, dip-
coating, air-brushing, and microcontact printing (µCP) can be used. Thus 
prepared aminocellulose layers, with thicknesses in the range of 1–4 nm, were 
unaffected by treatment with solvents or ultrasound. Potential substrates for 
these layers must have specific favorable electronic surface properties, such as 
those imparted by oxygen or hydroxyl functions. Substrates lacking these 
electronic properties should be subjected to oxygen or hydroxyl generating 
procedures, like O2-plasma treatment, prior to layer deposition. Accordingly, 
glass, metal, metal oxides, polysaccharides, polysiloxanes, synthetic polymers, 
textiles, and other materials can serve as substrates (40). The surface 
characteristics of aminocellulose-modified substrates, determined according to 
application-relevant criteria, are presented in Table II. 
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A typical topographical profile of EDA-aminocellulose-modified gold is 

shown in Figure 15a. The observed thickness agrees well with the calculated 
monolayer thickness of approximately 1 nm. For comparison, Figure 15b shows 
the much smoother surface of an unmodified Au/111/surface. The monolayer 
thickness depends on the nature of the di- or oligoamine residues at C6. Long 
spacer lengths result in comparatively thick layers (37). 

Different substances can be stamped onto surfaces by means of µCP. A very 
finely structured coating is formed, with thicknesses well below one micrometer. 
The µCP stamp, consisting of poly(dimethyl siloxane), is moistened with a 
reagent solution. Figure 16a shows an AFM image of a lateral structural pattern 
of dipropylenetriamine cellulose on a Si/SiO2 substrate surface. The measured 
thickness of approximately 2 nm is comparable to the thickness of a monolayer. 
The structured surface was treated with a monodisperse Au colloid (particle size 
of 20 nm) resulting in the adherence of Au nanoparticles to the aminocellulose 
surface (Figure 16b). 

Aminocellulose films with free NH2 groups can be used as support matrices 
for enzyme immobilization. Enzyme coupling can be achieved in two steps as 
schematically shown in Figure 17: 

1. Activation of the support film 

2. Covalent enzyme coupling 

Table II. Characterization techniques and results for aminocellulose-
modified substrates. 

Property Analysis Method Range of Values 
Layer thickness Ellipsometry, AFM 0.8–3.8 nm 
Hydrophilicity/hydrophobicity Water contact angle Θ 50–90° 
RMS roughness of surfaceb AFM 0.3–2.0 nm 
NH2 concentration Chemicala 0.3–3.0 nmol/cm2 
aDetermined by reaction with 4,4´-dimethoxytrityl chloride (41) or picric acid (42), 
followed by UV spectroscopy 
bRMS = root mean square 
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Figure 15. AFM image of a) 6-deoxy-6-ethylendiamino cellulose-modified 

Au/111/surface and b) an unmodified Au/111/surface (Reprinted with 
permission from ref 37. Copyright 2007 Elsevier B.V.) 

Coupling agents such as glutaraldehyde, benzoquinone, L-ascorbic acid, and 
1,3-benzenedisulfonyl chloride have proved to be efficient for enzyme coupling. 
Coupling studies have been carried out with oxidoreductase enzymes (glucose 
oxidase, GOD, lactate oxidase, LOD, and horseradish peroxidase, HRP). For 
immobilized GOD, enzyme activities per area of up to 100 mU/cm2 could be 
determined (35). 

A novel type of aminocellulose has been synthesized by the conversion of 
6-azido-6-deoxy cellulose with polyamidoamine-based dendrons possessing an 
ethynyl moiety via the copper-catalyzed Huisgen reaction under mild conditions 
(Figure 18) (43). The novel cellulose derivatives possess a regioselective 
functionalization pattern due to the chemoselective reaction of the azide 
moieties. In addition, modification of the remaining hydroxyl groups can be 
readily achieved. Carboxymethylation, e.g., can be carried out both with the 
6-azido-6-deoxy cellulose and the dendronized cellulose derivative due to the 
fact that both moieties (azide and 1,2,3-triazole) are stable under alkaline 
conditions. Thus, these novel dendronized derivatives will be included in studies 
of the self-assembly properties of aminocelluloses. 
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Figure 16. AFM image of (a) a lateral structural pattern of 6-deoxy-6-

dipropylenetriamino cellulose on Si/SiO2 (n) obtained by µCP and (b) the same 
pattern with adhered 20 nm Au nanoparticles (Adapted with permission from ref 

37. Copyright 2007 Elsevier B.V.) 

 
Figure 17. Covalent enzyme coupling on an aminocellulose-modified surface 
(Reproduced with permission from ref 31. Copyright 2003 Kluwer Academic 

Publishers) 
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Figure 18. Typical structure and the corresponding 13C-NMR spectrum of an 
aminocellulose obtained by the Huisgen reaction of 6-deoxy-6-azidocellulose 

with polyamidoamine dendron (remaining OH groups are partially 
carboxymethylated)  

Self-Assembly of Xylan Derivatives on Cellulose Surfaces 

Cellulose and xylan are closely associated in the submicron structure of 
plant cell walls. Consequently, for technologies such as pulping and paper 
making, it is very important to understand xylan–cellulose interactions. 
Furthermore, new self-assembled nanoscale materials, such as biocompatible 
nanocomposites, are currently the focus of much research and development. It 
has been recognized that mimicking the natural interactions of biopolymers may 
yield synthetic materials with promising properties. The design of chemically 
modified xylans that are able to adsorb onto and self-assemble with cellulose is 
a prerequisite to getting exceptional, tunable surface functionalities, like 
improved mechanical, chemical, and thermal stability, selective interaction 
properties, or a controlled release of active substances. 

Depending on the source, various xylan types are known. Xylans of higher 
plants possess a β-(1→4)-linked xylopyranose backbone, usually substituted 
with sugar units, mainly 4-O-methyl-α-D-glucopyranosyl uronic acid and α-L-
arabinofuranosyl units. Naturally occurring xylan contains in addition O-acetyl 
groups located at some of the hydroxyl groups in the xylan backbone (44). 

In recent years, the detailed structure of xylans has been investigated using 
various analytical tools (45, 46). Sugar composition, degree of polymerization, 
and crystallization behavior, among other properties, are known. Thus, 
sufficiently well defined starting materials for a controlled chemical 
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modification and evaluation of the specific characteristics are available, 
although there is still no commercial process to obtain high molar mass xylan in 
large quantities. 

Synthesis of Xylan Derivatives 

Introduction of cationic functionalities yields polymers that show self-
assembly on cellulose. Despite xylan’s solubility in water, its electrostatic 
interactions with the weakly charged cellulose surfaces play an important role in 
this context (47). With regard to specific functionalized surfaces, antimicrobial 
activity against certain bacteria, depending on the DS and type of xylan, is a 
matter of interest as well (48). 

2-Hydroxypropyltrimethylammonium (HPMA) xylan derivatives prepared 
from xylans were shown to improve the paper-making properties and act as 
flocculants for pulp fibers at very low concentration (~0.25%), presumably 
because of adsorption onto cellulose fibers (49, 50). Chemical modification of 
xylan, leading to functional derivatives, is discussed in several reviews (51, 52). 
Laboratory scale syntheses to introduce cationic groups is usually carried out by 
etherification of xylan by a limited number of reagents including 3-chloro-2-
hydroxypropyltrimethylammonium chloride (CHPTA) or 2,3-epoxypropyltri-
methylammonium chloride (EPTA, Figure 19). The majority of investigations 
were directed towards the reaction of xylan-rich waste materials, such as hard 
wood saw dust, corn cobs, and sugar cane bagasse, with CHPTA (53, 54). 

To get well-defined products, the cationization of xylans, isolated from 
beech wood, corn cobs, rye bran, and viscose spent liquor, was investigated. The 
results indicated that the molar degree of substitution (MS) depended on both 
the molar ratios of CHPTAC/xylan and NaOH/CHPTAC, as well as on the type 
of xylan used. 

The functionalization pattern within the cationized xylans (MS values from 
0.25 to 0.98) was characterized by 13C-NMR spectroscopy (55). 
Monosubstitution at position 2 of the xylose units was found to occur at low 
MS. The regioselectivity was lost at high MS. Highly functionalized samples of 
a MS of up to 1.64 were obtained by conversion of xylan with EPTA in 
moderately concentrated aqueous NaOH and 1,2-dimethoxyethane as slurry 
medium. Reaction of 4-O-methylglucuronoxylan, isolated from birch wood, 
with the appropriate molar ratio of EPTA yielded products with a zwitterionic 
character caused by a 4-O-methylglucuronic acid content of 9.8% (determined 
by alkalimetric titration, Figure 20) (56). 
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Figure 19. Synthesis of xylan 2-hydroxypropyltrimethylammonium (HPMA) 

derivatives 
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Figure 20. Schematic representation of the zwitterionic 
2-hydroxypropyltrimethylammonium-4-O-methylglucuronoxylan (HPMAGX) 

The total surface charge of the derivatives was measured by polyelectrolyte 
titration with poly(styrene sulfonate) or poly(diallyldimethylammonium 
chloride) (complex formation) (50). 2-Hydroxypropyltrimethylammonium-4-O-
methyl-glucuronoxylan (HPMAGX) samples had different charge densities 
depending on MS, ranging from 0.06 to 0.19. The net charge of HPMAGX with 
a MS of 0.06 at pH 6–10 was negative, whereas the net charges of higher 
substituted derivatives were positive, having a significant influence on the 
electrostatic interactions of the polymer (Figure 21). 
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Figure 21. Net charge of 2-hydroxypropyltrimethylammonium-4-O-

methylglucuronoxylan (HPMAGX) with different molar degrees of substitution 
(MS) in comparison to the 4-O-methylglucuronoxylan from birch wood at 

different pH-values 

Adsorption of Xylan Derivatives onto Cellulose Surfaces 

Adsorption of HPMAGX onto model cellulose surfaces has been studied by 
SPR spectroscopy (57). In that study, the required model cellulose surfaces on 
gold SPR slides were prepared by spin coating of trimethylsilylcellulose and 
subsequent regeneration of cellulose through exposure to humid HCl vapor (58, 
59). Smooth model cellulose surfaces enable the study of interactions 
independently of other parameters, such as surface roughness and porosity. 
Adsorption of the HPMAGX on the cellulose surface was detected by changes 
in the SPR angle, which is sensitive to the refractive index near the metal 
surface. The surface concentration of the adsorbed species can be acquired from 
the experimental data using the de-Feijter equation (60). 

The amount of HPMAGX that adsorbed onto the model cellulose surface 
was small. Maximum adsorption was observed for a MS of 0.1 (Figure 22). For 
comparison, adsorption onto gold surfaces coated with a neutral, hydrophilic 
SAM of 11-mercapto-1-undecanol (hydroxyl-terminated) or an anionic, 
electrophilic SAM of 11-mercapto-1-undecanoic acid (carboxyl-terminated) was 
studied (61). The fact that only small amounts of HPMAGX adsorbed onto 
cellulose and the OH-terminated SAM suggests that hydrogen bonding plays 
only a minor role in the adsorption process. In contrast, the fact that larger 
amounts adsorbed onto the COO--terminated SAM suggests that electrostatic 
forces may be important. 
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Figure 22. SPR angle (ΔΘ) versus concentration of 2-hydroxypropyltri-
methylammonium-4-O-methylglucuronoxylans (HPMAGX) with different molar 
degrees of substitution (MS) and 4-O-methylglucuronoxylan (from birch wood), 

for comparison 

The low degree of adsorption observed for HPMAGX with a MS of 0.06 
can be explained by its negative net charge (see above) and resulting 
unfavorable electrostatic interactions with the surface. We observed a peak in 
adsorption at a MS of 0.10, and then a decline at higher MS. The observed 
decline at higher MS can be explained by the fact that at higher MS values 
(>0.10) intramolecular electrostatic interactions cause a more extended 
conformation, reducing the amount that adsorbs. The SPR results were in 
accordance with an observed increase in paper strength upon adsorption of 
HPMAGX onto spruce sulfite pulp and birch kraft pulp fibers. The highest paper 
strength was observed for a MS of 0.10. 
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Chapter 10 

Thermodynamics of Cellulose Ester Surfaces 
Priscila M. Kosaka, Jorge A. Junior, Rafael S. N. Saito, and Denise 

F. S. Petri* 

Departamento de Química Fundamental, Instituto de Química, 
Universidade de São Paulo, Av. Prof. Lineu Prestes 748, 05508-900 São 

Paulo, SP, Brazil 

The surface properties of cellulose ester films were 
determined by means of contact angle measurements and 
atomic force microscopy. Films of cellulose acetate, cellulose 
acetate propionate, cellulose acetate butyrate, carboxymethyl 
cellulose acetate butyrate, and cellulose acetate phthalate were 
obtained by adsorption or spin coating onto silicon wafers. 
The surface energy of the films was indirectly determined by 
contact angle measurements using drops of water, formamide, 
and diiodomethane. The surface energy decreased as the size 
of alkyl ester group or degree of esterification increased, 
because van der Waals interactions became weaker. Hamaker 
constant values were calculated for the cellulose ester films, 
which allow predicting film stability. 

Introduction 

Thin polymer films have found application in the microelectronics industry, 
development of sensors, packaging industry, and in the academic field. 
However, the stability and adhesion of polymer thin layers on solid substrates 
depend on the surface energy of the polymer and the interfacial tension between 
the solid surface and the polymer. Cellulose esters have been widely employed 
as binders, additives, film formers, or modifiers in automotive, wood, plastic, 
and leather coatings applications (1, 2). Cellulose acetate (CA), cellulose acetate 
propionate (CAP), cellulose acetate butyrate (CAB), and 
carboxymethylcellulose acetate butyrate (CMCAB) are extensively used in the 
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coatings industry because they reduce dry time, improve flow and leveling, 
control viscosity and gloss, are stable carriers for metallic pigments, improve 
UV stability, and reduce plasticizer migration, among other reasons (1). More 
recently, cellulose esters have also found application in pharmaceutical 
formulations (3). Thin films of CA, CAP, and CAB also proved to be efficient 
substrates for selective adsorption of proteins (4) and for the successful 
immobilization of lipases (5). Cellulose acetate phthalate (CAPh) is often used 
as enteric coating because it resists the acidic conditions of the stomach, 
preserving the drug, but upon reaching the basic conditions of the intestine, 
releases the drug successfully. There are excellent reports in the literature on the 
surface properties of thin films of cellulose (6–10). Nevertheless, there is scarce 
information on the surface properties of cellulose esters. In this work, the 
surface energy of CA, CAP, CAB, CMCAB, and CAPh films was indirectly 
determined by contact angle measurements using conventional test liquids. 
Moreover, film stability was predicted on the basis of thermodynamic 
parameters. 

Background 

Film Stability 

A thin film that is forced to cover a solid substrate can be stable and 
preserve its initial shape, or it can be unstable and, under equilibrium conditions, 
break up and form drops. This phenomenon is called dewetting. Dewetting is 
driven by the balance of the capillary forces acting at the three-phase contact 
line (substrate, liquid, and air), as shown in Figure 1. The balance between the 
liquid–air, liquid–substrate, and substrate–air interfacial tensions determines the 
capillary force and is related to the contact angle θ (Figure 1), which represents 
the state of the solid–liquid–vapor system with the lowest Gibbs energy. Under 
equilibrium conditions, Young (11) has shown that 
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Figure 1. Schematic representation of a liquid drop on a solid surface in 

equilibrium with vapor. γS is the surface energy of the solid, γSL is the interfacial 
tension between the solid and the liquid, and γLV is the surface energy of the 

liquid. Equilibrium is characterized by the three surface tension forces acting at 
the liquid–solid–vapor contact line. 

 θγγγ  cosLVSLS +=  (1) 

where γS is the surface energy of the solid, γSL is the interfacial tension between 
the solid and the liquid, and γLV is the surface tension of the liquid. Eq 1 was 
developed for the case of an ideal surface, which is defined as a smooth, rigid, 
chemically homogeneous, insoluble, and non-reactive surface (12, 13). 

If the interfacial tension between the solid and the liquid is higher than the 
surface energy of the solid, dewetting occurs, because it is energetically more 
favorable to remove the liquid from the substrate than to keep it spread on the 
substrate. Dewetting phenomena have been extensively explored, over the last 
decade, by G. Reiter (14–21), who has studied the behavior of ultrathin films of 
synthetic polymers, such as polystyrene or poly(dimethylsiloxane), on silicon 
wafers, above their glass transition temperature, Tg. Above Tg, mobility of 
polymer chains is very high and polymers can be viewed as viscous liquids. 
Dewetting is characterized by the retraction of the polymer film into the rims of 
newly formed holes, their growth and coalescence, ultimately leading to a set of 
droplets on the substrate (14). A schematic representation (Figure 2) of the 
shape of the rim during the early stages of dewetting of thin polymer films on 
non-adsorbing substrates was shown by Reiter and coworkers (21). Dewetting 
can begin via two main mechanisms: (i) nucleation, which can be started by 
defects, such as dust particles, or thermal inhomogeneities or (ii) spinodal 
decomposition, for which van der Waals forces are relevant and the process of 
which is sensitive to film thickness (14, 22). 

 
Figure 2. Schematic representation of rim shapes during the early stages of 

dewetting, as proposed by Reiter and coworkers (21). 

Rim formation Mature rim Flat film 

γLV 

Liquid 

Vapor 

θ γSL γS 

Solid
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It is possible to predict whether dewetting will take place if polymer and 
substrate surface energies are known. From the surface energy of the solid, it is 
possible to infer the Hamaker constant, A, which is related to the van der Waals 
interactions between two molecules and material density (15, 23). The 
difference between the Hamaker constant values for the polymer/polymer 
attraction, Apoly/poly, and polymer/substrate interaction, Apoly/substrate, yields the 
effective Hamaker constant, Aeff: 

 AAA poly/polyratepoly/substeff −=  (2) 

If Aeff is negative, fluctuations in film thickness are expected, and after a 
characteristic time, the film will rupture (15, 18, 24). A positive value for Aeff 
indicates long range apolar van der Waals repulsion, which promotes film 
stability and wetting (25). 

The Hamaker constant is also proportional to the work, w, required for 
separating surface 1 from surface 2 to an infinite distance, D, (26) 

 2
12

12 D
Aw
π

=  (3) 

In the case of a homogeneous medium, the work of cohesion is given by  

 S2γw =  (4) 

where γS is the surface energy of the medium. 
By combining eqs 3 and 4, one obtains 

 2
12

S π24 D
A

γ =  (5) 

In the case of polymer/polymer attraction, eq 5 becomes 

 2
Spoly/poly 24 DγA π=  (6) 

where D is typically 1.6 Å (12, 27). 
In the Lifshitz–van der Waals theory, solids are treated as continuous 

materials with bulk properties, such as dieletric permittivity, ε, and refractive 
index, n. The Hamaker constant for a material 1 interacting with a material 2 
across a medium 3, none of them being a conductor, can be calculated  
with (12, 28):  
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 (7) 

where k is the Boltzmann constant, T is temperature, h is the Planck constant, 
and v is the mean ionization frequency of the material (typically ~3 × 1015 Hz) 
(12, 29). The first term represents the Keesom–Debey energy and plays an 
important role for forces in water, since water molecules have a strong dipole 
moment. Generally, however, the second term dominates. 

In this work, T was set to 298.15 K and media 1, 2, and 3 correspond to 
silicon dioxide (upper native layer of a silicon wafer) (ε1 = 3.82 and n1 = 1.46) 

(12), cellulose ester (ε2 = 6.00 and n2 = 1.48) (30), and air (ε3 = 1.005 and n3 = 
1.00), respectively. One should note that the ε value used for the cellulose esters 
(ε2) is the literature value for cellulose (30). 

Determination of the Surface Energy of Polymers 

The measurement of contact angle is well established, very useful, and 
probably the most common technique for the characterization of solid surfaces. 
One of the important applications of contact angle measurements is the 
assessment of surface tension of a solid surface, γS (12, 13). 

The work of adhesion at the solid–liquid interface, WSL, was described by 
Dupré (13, 26): 

 γγγW SLLVSSL −+=  (8) 

By combining eqs 1 and 8, one obtains 

 ( ) Wθγ SLLV  cos1 =+  (9) 

Fowkes proposed that the surface energy, γ, of a material is the sum of the 
dispersive, γd, polar, γp, and induction, γi, component (13, 26): 

 ipdtotal γγγγ ++=  (10) 

Good, Girifalco, and Fowkes’ equation (26) expresses the contribution of 
different types of intermolecular interactions to the work of adhesion as 

 ( ) ( ) ( )γγγγγγW i
LV

i
S

p
LV

p
S

d
LV

d
SSL 222 ++=  (11) 
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Generally, the induction component is negligible so that the surface tension 
of a material can be considered as the sum of the dispersive and the polar 
component (13, 26). By combining eqs 9 and 11, one obtains the geometric 
mean equation (26, 31–34): 

 ( ) ( ) ( ) ⎥⎦
⎤

⎢⎣
⎡ +=+

2/1p
LV

p
S

2/1d
LV

d
SLV 2 cos1 γγγγθγ  (12) 

Another approximation of Young’s equation is based on the harmonic-mean 
combining rule of surface tension components (26, 31–34): 

 ( )
⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛

+
+

+
=+

γγ
γγ

γγ
γγ

θγ p
LV

p
S

p
LV

p
S

d
LV

d
S

d
LV

d
S

LV 4 cos1  (13) 

If contact angle measurements are performed with drops of at least two 
liquids of known γd

LV
 and γp

LV
 on a polymer surface, it is possible to calculate γd

S
 

and γp
S
 for the polymer surface (26, 31–34). There is no argument to state if the 

mean geometric or the harmonic approximation is the best method to determine 
γS of polymers. Nevertheless, Wu (31, 32) has shown that for low surface energy 
polymers the harmonic model describes interactions between test liquids and a 
polymer surface better than the mean geometric approximation. In this work, 
surface energy of cellulose esters were calculated with the harmonic model 
using water, formamide, and diiodomethane as test liquids. One should note that 
the cellulose esters investigated are not soluble or swellable in the test liquids 
chosen. 

Materials  

Silicon wafers (100), purchased from Silicon Quest (California, USA), with 
a native oxide layer approximately 2 nm thick, were used as substrates. They 
were cut into small pieces of 1 cm × 1 cm, rinsed in a standard manner (35), 
dried under a stream of nitrogen, and characterized prior to use. CA, CAP, 
CAB-1.7, CAB-2.5, CMCAB, and CAPh (powders free of plasticizer) were 
kindly supplied by Eastman Chemical Co., Brazil. The chemical structures of 
the substrate and cellulose esters are schematically represented in Figure 3. 
Sample codes and characteristics are shown in Table I. 
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Figure 3. Schematic representation of the chemical structures of (a) the 

substrate, (b) the cellulose ester, where R refers to the acyl groups, i.e. COCH3, 
COC2H5, and COC3H7 for CA, CAP, and CAB, respectively. Acetate groups are 

also present in CAP and CAB. In the case of CMCAB, R refers to COC3H7 
and/or CH2COOH and in the case of CAPh, R refers to COCH3 and/or 

COC6H5COOH. 

Cellulose esters must be kept in a closed container. Mixing cellulose esters 
in a nonpolar hydrocarbon solvent, such as toluene or xylene, may result in the 
buildup of static electricity, which can cause a flash fire or an explosion. 
Information about the physical characteristics and toxicity of the cellulose esters 
are presented in Table II. 
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Analytical grade ethyl acetate was used to prepare the cellulose ester 
solutions at a polymer concentration of 5, 10 and 20 mg/mL. Only for the 
preparation of CAPh solutions at 10 mg/mL, a mixture of isopropanol and ethyl 
acetate in the volume ratio of 1:1 was used, since it provided better solubility 
than pure ethyl acetate. Diiodomethane, formamide, and water were used as test 
liquids for contact angle measurements. Containers used to store the solvents 
must be tightly closed and kept in a cool and ventilated place. Physical 
characteristics and main hazards of the solvents are described in Table III. 

Table III. Solvent propertiesa 

 
Diiodomethane Ethyl  

Acetate Formamide Isopropanol 

Physical form Liquid Liquid Liquid Liquid 

Density at 25 °C 
(g/mL) 3.325 0.902 1.134 0.785 

Melting point (°C) 5–8 –84 2–3 –89 

Boiling point (°C) 67–69 76.5–77.5 210 82 

Main hazards Irritant 
Highly 

flammable 
and irritant 

Toxic 
Highly 

flammable 
and irritant 

aData provided by Sigma-Aldrich 

Methods 

Film Preparation 

Two experimental strategies were followed to produce cellulose ester films. 
In the first, CA, CAP, and CAPh ultrathin films were obtained by adsorption. In 
the second, CAP, CAB-1.7, CAB-2.5, and CMCAB thin films were prepared by 
spin coating. The adsorption method consisted of immersing silicon wafers into 
solutions of CA (5 mg/mL), CAP (5 mg/mL), or CAPh (10 mg/mL) at 
(24 ± 1) °C. After 21 hours, the wafers were removed from the polymer 
solutions, washed with pure solvent, and dried under a stream of nitrogen. After 
that, CA and CAP films were annealed for 4 hours, and CAPh films for 
24 hours, under reduced pressure (60 mmHg) at 170 °C. CAP, CAB-1.7, and 
CAB-2.5 films were spin coated from solutions at 20 mg/mL and CMCAB films 
from solutions at 10 mg/mL onto bare silicon wafers. Spin coating was 
performed by means of a Headway PWM32-PS-R790 spinner (Garland, USA), 
operating at 3000 rpm for 30 s, (24 ± 1) °C, and (50 ± 5)% of relative humidity. 
CAP, CAB-1.7, and CAB-2.5 films were annealed for 15 hours under reduced 
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pressure (60 mmHg) at 170 °C, and CMCAB films were annealed for 15 hours 
under reduced pressure (60 mmHg) at 150 °C. 

Ellipsometry 

Ellipsometric measurements were performed in air using a vertical 
computer-controlled DRE-EL02 ellipsometer (Ratzeburg, Germany). The angle 
of incidence was set at 70.0° and the wavelength, λ, of the He–Ne laser was 
632.8 nm. For data interpretation, a multilayer model composed of the substrate, 
the unknown layer, and the surrounding medium were used. The thickness, dx, 
and refractive index, nx, of the unknown layer were calculated from the 
ellipsometric angles, Δ and Ψ, using the fundamental ellipsometric equation and 
iterative calculations with Jones matrices (36): 

 ),,,(tane xxsp
i φλdnfRR ==Ψ⋅Δ  (14) 

where Rp and Rs are the overall reflection coefficients for the parallel and 
perpendicular waves. They are functions of the angle of incidence, φ, the 
wavelength, λ, of the radiation, and of the refractive index and thickness of each 
layer of the model, nx

 and dx, respectively. 
From the ellipsometric angles, Δ and Ψ, and a multilayer model composed 

of silicon, silicon dioxide, polysaccharide layer, and air, it is possible to 
determine only the thickness of the polysaccharide layer, dpoly. The thickness of 
the silicon dioxide layers was determined in air, assuming a refractive index of 
3.88 – 0.018i and infinite thickness for silicon (32). The refractive index for the 
surrounding medium (air) was taken as 1.00. Because the native silicon dioxide 
layer is very thin, its refractive index was taken as 1.462 (37) and only the 
thickness was calculated. The mean thickness of the native silicon dioxide layer 
was (2.5 ± 0.2) nm. After determining the thickness of the silicon dioxide layer, 
films of cellulose esters were deposited onto the wafers and the mean thickness 
of adsorbed polysaccharide layers was determined in air by means of 
ellipsometry, considering the nominal refractive index indicated in Table I.  

Contact Angle Measurements 

Contact angle measurements were performed at (24 ± 1) °C in a home-built 
apparatus (13). Advancing contact angles were measured using sessile drops of 
8 μL, whereas drops of 4 μL were used to measure receding contact angles. 
Contact angle hysteresis was calculated from the difference between advancing 
and receding contact angles of water drops. In order to determine the surface 
energy of the polymers (γS), advancing contact angle measurements were 
performed with diiodomethane (>99.5%, purely dispersive nature), water, and 
formamide (>99%, polar liquid). The surface energy parameters for the different 
test liquids are presented in Table IV. In order to use Young's equation (eq 1) 
without correction for roughness and chemical heterogeneity (13, 38), only very 
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smooth and homogeneous films were chosen for the determination of γS. At least 
three films of the same sample were analyzed before and after annealing. 

Table IV. Surface tension values for the different test liquids that were used 
for the determination of the surface energy of cellulose estersa 

Test liquids  γLV
 (mJ/m2) γd

LV
 (mJ/m2) γp

LV
 (mJ/m2) 

Water 72.8 21.8 51.0 
Formamide 58.0 39.0 19.0 
Diiodomethane 50.8 50.8 0 
aData taken from ref 33 

Atomic Force Microscopy (AFM)  

AFM measurements were performed with a PICO SPM-LE (Molecular 
Imaging) microscope in intermittent contact mode in air at room temperature, 
using silicon cantilevers with a resonance frequency close to 300 kHz. Areas of 
5 μm × 5 μm and 1 μm × 1 μm were scanned with a resolution of 512 × 512 
pixels. Image processing and the determination of the root mean square (rms) 
roughness were performed using the Pico Scan software. At least two films of 
the same composition were analyzed in different areas of the surface before and 
after annealing.  

Results 

In order to determine the surface energy of CA, CAP, CAB-1.7, CAB-2.5, 
CMCAB, and CAPh, flat and homogeneous films were chosen (Figure 4). The 
mean roughness values varied from (0.3 ± 0.1) nm to (0.5 ± 0.1) nm, as shown 
in Figure 4. The corresponding mean film thickness values are given in the 
figure caption. Chemical heterogeneity was analyzed by means of contact angle 
hysteresis, which was typically in the range of 5–8°. Moreover, contact angle 
measurements were performed in triplicate. The mean values of advancing or 
receding contact angles presented maximal standard deviations of 3°. D
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Figure 4. AFM images of 5 μm × 5 μm, obtained for (a) CA film (d = 5.7 ± 0.9 

nm), (b) CAP film prepared by adsorption (d = 1.3 ± 0.3 nm), (c) CAP film  
prepared by spin coating (d = 118 ± 10 nm), (d) CAB-1.7 film (d = 124 ± 12 

nm), (e) CAB-2.5 film (d = 135 ± 11 nm) , (f) CMCAB film (d = 56 ± 1 nm), and 
(g) CAPh film (d = 1.7 ± 0.2 nm), with their respective rms roughness values. 
Films prepared by adsorption were annealed for 4 hours at 170 °C and those 
prepared by spin coating were annealed for 15 hours at 170 °C. CAPh films 
were annealed for 24 hours at 170 °C. d stands for ellipsometric thickness. 
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Advancing contact angles, θ, were measured for 8 μL drops of water, 
formamide, and diiodomethane (CH2I2) on CA, CAP, CAB-1.7, CAB-2.5, 
CMCAB, and CAPh films. The polar and dispersive contributions to the surface 
tension of each pure liquid are shown in Table IV. First, θ values were 
determined for drops of diiodomethane deposited onto the cellulose ester films. 
The obtained data are presented in Table V. Since diiodomethane offers only 
dispersive interactions, all terms in eq 13 related to the polar components were 
neglected, leaving only the dispersive contributions. Thus, the dispersive 
components of the surface energy (γd) were calculated for each cellulose ester 
(Table V). Once the γd values had been determined, advancing contact angles 
were measured for 8 μL drops of water and formamide and substituted in eq 13 
in order to calculate the polar components of the surface energy (γp). The sum of 
γd and γp gives the total surface energy (γtotal), as proposed by Fowkes (13, 26) in 
eq 10. 

Cellulose esters yielded γtotal values in the following sequence CA > CAPh 
> CAP > CMCAB > CAB-1.7 > CAB-2.5, as presented in Table V. Comparing 
CA, CAP, and CAB, γtotal values decreased as the size of alkyl ester group 
increased, indicating that intermolecular forces became weaker in the presence 
of longer alkyl group. The effect of the alkyl ester group on γtotal was also 
evidenced when comparing the values obtained for CAB-1.7 and CAB-2.5. One 
notices that upon increasing DSBu from 1.7 to 2.5, γtotal decreased from (50.7 ± 
0.5) mJ/m² to (46.6 ± 0.3) mJ/m². The presence of carboxylic acid groups in 
CAPh promotes intra and intermolecular hydrogen bonding, causing a high γtotal 
value. In comparison to CAB, CMCAB gave a higher γtotal value. This might 
also be attributed to the presence of carboxylic acid groups in CMCAB chains, 
which increases intermolecular forces. The method of film preparation also 
influenced γtotal values. CAP films prepared through adsorption under 
equilibrium conditions gave γtotal = (58.7 ± 0.6) mJ/m², while the γtotal value 
obtained for spin-coated annealed CAP films amounted to (56.5 ± 0.5) mJ/m². 
This discrepancy might be attributed to different molecular orientations caused 
by the film preparation method, even when experimental conditions are assumed 
as equilibrium conditions. In the case of the adsorption method, the adsorbed 
layers are very thin (1.3 ± 0.3 nm) and the substrate might influence molecular 
orientation of polymeric chains, whereas in the case of spin-coated films, which 
are thicker (118 ± 10 nm), the substrate is too far away to cause any preferential 
molecular orientation. 

As expected, the contribution of γp to γtotal decreased with increasing alkyl 
group length in the order CA < CAPh < CAP < CMCAB < CAB-1.7 < CAB-
2.5. On the other hand, the contribution of γd to γtotal was the largest (~67%), 
regardless of cellulose ester type. With γd = 44.0 mJ/m², the dispersive 
component also predominates the total surface energy of cellulose of γtotal = 54.4 
mJ/m², as determined by contact angle measurements (39). Similar γd values for 
cellulose were also found by inverse gas chromatography (40, 41). 

When comparing the γd values presented in Table V, one observes the 
sequence CAPh > CA > CAP > CMCAB > CAB-1.7 > CAB-2.5. This trend is 
in accordance with the results of Glasser and Garnier, who observed that 
attaching alkyl or fluorine groups to the cellulose surface reduced the γd value by 
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as much as 50% (41). γd values are very important because they are used in eq 6 
for the calculation of the Hamaker constant Apoly/poly. 

The values of γd, γp, and γtotal, presented in Table V, were calculated with the 
harmonic mean equation (eq 13). However, γd, γp, and γtotal were also calculated 
with the geometric mean equation (eq 12). Both equations yielded very similar 
γd, γp, and γtotal values (maximum deviation of 1 mJ/m²), indicating that for the 
calculation of surface energy of these commercial cellulose esters both equations 
can be equally applied. In contrast, for polystyrene (31, 32, 34) or polypropylene 
(34), surface energy values calculated by the geometric mean equation were up 
to 7 mJ/m² higher than those calculated by harmonic mean equation.  

As stated in eq 2, polymer film stability can be predicted when Apoly/substrate 
and Apoly/poly are known. Apoly/poly is intimately related to the van der Waals 
interaction potential between two macroscopic bodies at the intervening 
medium. Apoly/poly was calculated for each cellulose ester by substituting γd values 
in eq 6. Since Apoly/poly is proportional to γd, the cellulose esters yielded Apoly/poly 
values in the following sequence CAPh > CA > CAP > CAB-1.7 > CAB-2.5 > 
CMCAB, as shown in Table V. The Apoly/poly values obtained for CAPh and CA 
were similar to that determined for cellulose (8.4 × 10–20 J) (6). It means that 
CAPh or CA chains are more tightly bound to each other than CAP, CMCAB, or 
CAB chains, or in other words CAPh and CA present the strongest cohesion 
among the cellulose ester samples studied here. Consequently, another important 
conclusion is that upon increasing the size of the alkyl ester group or degree of 
substitution, van der Waals interactions become weaker.  

Apoly/substrate calculated using eq 7 amounted to 7.2 × 10–20 J, which was lower 
than the Apoly/poly values calculated for CAPh, CA, CAP and CAB-1.7 (Table V). 
Since Apoly/substrate < Apoly/poly, dewetting is expected for these cellulose ester films. 
In fact, after annealing for up to 60 hours these films presented rim formation, 
film retraction, and substrate exposition, which are typical features of the 
dewetting process. Figure 5 shows typical topographic AFM images observed 
for the dewetting process of CA films. Only for CAB-2.5 and CMCAB films, 
dewetting was not observed, because in these cases Apoly/substrate > Apoly/poly. Since 
van der Waals forces seem to be relevant for cellulose ester film stability, the 
dewetting observed here was probably caused by spinodal decomposition due to 
thermal fluctuations (14, 22). 
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Figure 5. AFM images of 1 μm × 1 μm, showing the dewetting process in CA 

films. (a) CA without thermal treatment, (b) CA film after 15 hours of annealing, 
and (c) CA film after 60 hours of annealing. 

Conclusions 

The present work describes an experimental approach to the determination 
and calculation of surface energies of commercial cellulose ester films using 
contact angle measurements with three different test liquids and the Young’s 
equation, valid for “ideal” surfaces. Although cellulose ester films are “real” 
surfaces with some roughness and chemical heterogeneity, the present study 
yields important information about the surface energy and Hamaker constant for 
a series of cellulose esters, which control surface and interface properties. 
Moreover, it has been shown that the molecular characteristics of cellulose 
esters exert considerable influence on their surface properties. The most 
important effects can be summarized as follows: (i) the surface energy (γtotal) 
decreased as the size of alkyl ester group increased; (ii) increasing the DSBu 
from 1.7 to 2.5, decreased γtotal by four units; (iii) upon increasing the size of the 
alkyl ester group or degree of substitution, van der Waals interactions become 
weaker; (iv) the molecular orientation in thin films might be influenced by the 
film preparation method, even when the experimental conditions are assumed as 
equilibrium conditions and (v) the presence of phthalyl and acetyl groups as 
substituents increased the cohesion forces among the cellulose ester chains. 
Considering the wide range of applications for thin films of cellulose esters,  
determination of their surface energy is highly relevant and indispensable for 
predicting film stability, since in most cases uniform thickness and durability are 
essential. 

  

Flat film Rim formation 
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Chapter 11 

Electrospun and Oxidized Cellulosic Materials 
for Environmental Remediation of Heavy 

Metals in Groundwater 
Dong Han1, Gary P. Halada1,*, Brian Spalding2 and Scott C. Brooks2 

1Department of Materials Science and Engineering and Center for 
Environmental Molecular Science, Stony Brook University, Stony Brook, 

NY 11794 
2Environmental Sciences Division, Oak Ridge National Laboratory, Oak 

Ridge, TN 37831 

This chapter focuses on the use of modified cellulosic 
materials in the field of environmental remediation. Two 
different chemical methods were involved in fabricating 
oxidized cellulose (OC), which has shown promise as a metal 
ion chelator in environmental applications. Electrospinning 
was utilized to introduce a more porous structure into an 
oxidized cellulose matrix. FTIR and Raman spectroscopy 
were used to study both the formation of OC and its surface 
complexation with metal ions. IR and Raman spectroscopic 
data demonstrate the formation of characteristic carboxylic 
groups in the structure of the final products and the successful 
formation of OC–metal complexes. Subsequent field tests at 
the Field Research Site at Oak Ridge National Laboratory 
confirmed the value of OC for sorption of both U and Th ions. 

Introduction 

The history of the use of cellulose from numerous sources for various 
applications including as an energy source, and for clothing and building 
materials, can be traced back thousands of years. However, it was not until 1838 
that its molecular formula was first analyzed by the French chemist A. Payen, 
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and shortly afterwards the term “cellulose” was coined to describe this essential 
constituent in plants (1). It is the unique molecular structure of cellulose, a 1,4-
β-D-linked polyanhydro glucopyranose, illustrated in Figure 1, as well as its 
status as the most abundant organic material on our planet, that have drawn great 
attention from scientists and engineers involved in the investigation of the 
properties of cellulose and research on reformulating manufacturing processes to 
respond to a growing number of applications (2).  

The molecular length of cellulose can vary from 1,000–15,000 monomers 
depending upon different origins and degree of degradation. Cellulose can be 
obtained copiously from a vast array of sources such as wood, cotton, and 
grasses. Several methods can be used to oxidize or degrade cellulose, including 
hydrolysis with acids, thermolysis, and alkaline degradation. Cellulose viscose, 
cellulose acetate, cellulose nitrate, and cellulose propionate are some examples 
of cellulose degradation products generated through industrial manufacturing 
(2). Another important class of cellulose degradation products is oxidized 
cellulose (OC). OC has a functional carboxyl group, as illustrated in Figure 2, 
which is often a key factor for its usefulness in medical and related areas (3). 

The process of extracting uranium (U) ore from the Earth’s crust and 
subsequent treatments including milling and chemical processing for both fuel 
production and military uses yield large amounts of residues in both solid and 
liquid forms, containing various hazardous heavy metal ions, both non-
radioactive and radioactive, such as U, Th, Sr, Ra and Rn. These contaminants, 
if not treated properly and in a timely fashion, result in air, soil, and both surface 
and ground water contamination (4). Hence, great attention has been paid to 
development of effective, inexpensive, and efficient methods for stabilizing and 
remediating hazardous heavy metal ions. A number of novel techniques for U 
remediation, such as combined chemical and biological treatment, have been 
proposed and tested, amongst which techniques that avoid or minimize the 
production of secondary contaminants have been more appealing and 
environmentally compatible (4). Implementation of a permeable reaction barrier 
containing specially designed fillers, such as zero-valent iron (Fe0), in a flow 
path of a contaminated plume, has also been used (5-9). Polymeric fibers with 
functional groups that can chelate contaminant metal ions leading to 
stabilization have never been satisfactorily researched, let alone widely used; 
nevertheless, it is the chemical structure of certain organic macromolecules, 

suggest 

 
Figure 1. Molecular structure of cellulose (n = degree of polymerization). 
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Figure 2. Molecular structure of OC. 

Electrospinning, using electrostatic repulsion between surface charges, is a 
simple and efficient technique for producing three-dimensional, non-woven, and 
porous polymeric fibrous mats. A typical electrospinning setup, illustrated 
schematically in Figure 3, generally consists of a high voltage power supply 
(commonly up to 30 kV) with two electrodes, a metering pump serving as the 
feeding control, a metallic needle connected to a syringe which contains the 
polymer solution or melt, and a collector, usually a metal screen. The 
mechanism of electrospinning and the influential parameters determining the 
morphology of electrospun fibers have been well explained elsewhere (10). 

 
Figure 3. Schematic illustration of electropsinning setup. 1: high voltage power 

supply; 2: collector; 3: stand; 4: metering pump; 5: syringe with a metallic 
needle; 6: electrodes. 

In this work, OC was produced through two reported methods (3, 11), both 
of which involved the treatment of cellulose with of HNO3/H3PO4–NaNO2. 
Electrospinning was used to introduce a more porous structure to the matrix 
whose larger surface area may be beneficial when the area of the contact surface 
between the matrix and metal ions is crucial. The resulting carboxyl groups of 
both non-electrospun OC and electrospun OC (E-OC) were postulated to act as 
the binding sites for heavy metal ions, U6+, Ce3+, and Eu3+. Ce and Eu were 
chosen as analogs for trivalent transuranic metals, such as Pu3+. 

such as OC, that suggest their possible use in barriers and other in situ and ex 
situ remediation technologies. 
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Experimental 

Materials 

Cellulose (fibrous, medium) and cellulose acetate (CA) (39.8 wt % acetyl, 
average Mn ≈ 30,000 g/mol by GPC) were purchased from Sigma-Aldrich Co. 
and used without further purification. Acetone (A.C.S. reagent, 99.7% by GC, 
corrected for water) and nitric acid (HNO3) (A.C.S. reagent, 69.0–70%) were 
purchased from J. T. Baker. Sodium nitrite (NaNO2) (99.999%), potassium 
hydroxide (KOH) (KOH content ≥ 85%, K2CO3 content ≤ 2.0%) and phosphoric 
acid (H3PO4) (85 wt % in H2O) were also purchased from Sigma-Aldrich Co.  
Deionized (DI) water (> 1 MΩ) was used in all cases. 

Preparation of OC 

Cellulose (5 g) was added to 70 mL of a solution of a mixture of nitric acid 
and phosphoric acid (2/1 v/v), followed by adding 1.0 g of sodium nitrite. The 
reaction was allowed to proceed for 48 hours at 25 °C/room temperature. Then, 
the reaction was terminated by adding water, and the diluted solution was 
filtered to obtain the white solid which was continually washed until a pH of 4 
was reached. The solid was then washed by acetone and dried in air. 

Electrospinning of CA and Preparation of E-OC 

A 17 wt % CA solution was prepared at room temperature in an 
acetone/water solvent (85/15 v/v). The CA solution was then used as a feed 
stock for electrospinning to fabricate a polymeric CA mat. The CA mat was 
swollen in a solution of acetone and water (1/1 v/v) and was then soaked for 
1 hour in a KOH/ethanol solution (0.5 N KOH/12.5 mL ethanol) to deacetylate 
the swollen mat at room temperature. The mat was then treated with 
HNO3/H3PO4–NaNO2 and the reaction was allowed to proceed for 48 hours at 
25 °C/room temperature, followed by a pH 4 water rinse and final acetone wash. 
The resultant was filtered and dried in air. The details of the oxidation reaction, 
including the reaction sequence and mechanism, have been explained elsewhere 
(3, 11).  

Synthesis of Sorbed Complexes 

Solutions (10 mM) of UO2(NO3)2, CeCl3, and EuCl3 were prepared by 
mixing the metal compounds with DI water at room temperature. OC and E-OC 
were placed into these solutions and allowed to react for 12 hours. Then OC–
metal complexes were removed from the solutions followed by a water rinse and 
drying in air. The pH of the reaction environments was controlled at 3.8 to 
mimic the actual groundwater environment in a known U contaminant plume at 
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Oak Ridge National Laboratory, where field experiments were subsequently 
conducted. 

Scanning Electron Microscopy (SEM) 

The morphologies of the original electrospun CA mat, the deacetylated CA 
mat, E-OC, OC, and the final polymer associated with heavy metal ions were 
examined using a LEO 1550 SEM. 

FTIR Spectroscopy 

A Nicolet model 560 FTIR spectrometer was used to obtain spectra from 
4000 to 500 cm–1. Data resolution was set to 4 cm–1 and summed over 256 scans 
to improve the signal-to-noise ratio. A MCT/A detector was used.  

Raman Spectroscopy 

A Nicolet model Almega dispersive Raman spectrometer with a 785 nm 
laser was used to obtain spectra from 3446 to 111 cm–1. The final spectra for 
each sample were the result of 128 scans accumulation at high resolution. High 
resolution scans were collected using a laser intensity of 100%. The estimated 
resolution was 4.8–8.9 cm–1 (Tests were conducted in order to study whether the 
laser would damage the OC samples. Two spectra were taken consecutively in 
the same spot of the OC samples. From a comparison of the two spectra, it was 
concluded that no obvious change in the samples occurred during laser exposure 
at 100% power). 

Results and Discussion 

OC and E-OC Morphology 

Figure 4 shows the SEM images of the original electrospun CA mat (a), the 
deacetylated CA mat (b), E-OC (c), and OC (d), respectively. Three dimensional 
non-woven fibrous structures can be observed in the SEM images. No 
significant changes occurred to the morphology of the polymeric mat after 
deacetylation treatment, although a generally more convoluted structure has 
emerged. The 48 hour reaction with HNO3/H3PO4–NaNO2 caused the structure 
of the polymeric mat to change dramatically. A large number of segregated 
fibers can be seen in the SEM image; this phenomenon is uniform throughout 
the whole structure of the material. It has been reported that nitrogen oxides may 
be the oxidants during the oxidation process initiated by HNO3 (11). The 
oxidation reaction is likely initiated by removing an H atom from cellulose by 
NO2 and NO, which are the final products formed from the mixture of 
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HNO3/H3PO4–NaNO2. The cellulosic mat undergoes a series of reactions during 
chemical treatment and eventually forms oxidized cellulose by hydrolysis (11). 
Comparing this to the structure of E-OC (c), it can be concluded that the 
morphology of OC (d) has a much less porous structure than E-OC, effectively 
demonstrating the enhancement in surface area due to electrospinning. 

 

   
 (a) (b) 
 

   
 (c) (d) 
 

Figure 4. SEM images of (a) the electrospun CA mat, (b) the deacetylated CA 
mat,  (c) E-OC, and (d) OC. 

Morphology of E-OC–Metal Complexes 

The morphologies of E-OC–U, E-OC–Ce, and E-OC–Eu complexes were 
also examined by SEM, shown in Figure 5, and EDAX. The structure of E-OC 
has changed after it was exposed to the three different metal ion solutions at 
acidic condition (pH 3.8). The fibrous structure has degraded, as can be clearly 
observed in the SEM images, and partly dissolved and aggregated particles are 
present. EDAX confirms the existence of the three metals adherent to their 
respective E-OC matrices. 
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Figure 5. SEM images of (a) the E-OC–U complex, (b) the E-OC–Ce complex, 
and (c) the E-OC–Eu complex. 

 

a 

b 

c 
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Spectroscopic Analysis of Reaction Intermediates and Products  

The E-OC preparation reactions were analyzed by both FTIR and Raman 
spectroscopy. FTIR favors detection of anti-symmetric vibrational modes, while 
Raman favors identification of symmetric vibrations of chemical bonds. Hence, 
the experimental results can be more accurately analyzed by applying both 
techniques. Figure 6 shows the FTIR spectra of the original electrospun CA mat 
(a), the deacetylated CA mat (b), and E-OC (c), respectively. The signature 
component of CA is the acetate group (CH3COO−), which is comprised of a 
carbonyl group C=O (IR bands at 1740–1745 cm–1) (12), an alkane group C–H 
(in acetates –O–CO–CH3, IR symmetric deformation vibration at 1390–1340 
cm–1) (13), and an acetyl group C–O–C (in acetates CH3COOR, IR bands at 
1265–1205 cm–1) (13). The characteristic peaks attributed to the vibrations of 
the acetate group of the CA mat at 1740 cm–1 (C=O bond), 1366 cm–1 (C–C 
bond), and 1213 cm–1 (C–O–C bond) are clearly illustrated in Figure 6 (a). The 
C=O absorption peak disappeared after deacetylation by KOH, which is 
demonstrated in Figure 6 (b). However, the absorption peak for the carbonyl 
vibration was detected again at 1727 cm–1 after acid oxidation. Generally, the 
C=O stretching vibration for carboxylic acids yields a band with a greater IR 
intensity than that for ketones or aldehydes. In both solid and liquid phases, the 
C=O group absorbs in the region of 1740–1700 cm–1, but its stretching vibration 
of saturated aliphatic carboxylic acids may also be found in the region of 1785–
1685 cm–1 (13).  

Figure 7 shows the Raman spectra of the original electrospun CA mat (a), 
the deacetylated CA mat (b), and E-OC (c), respectively. The peak which 
appears at 1745 cm–1 in the spectrum of CA can be assigned to the ketone C=O 
stretching vibration from the branched chain of CA, which is the signature 
component of the structure. Two peaks appear at 1377 and 1437 cm–1; the 
former Raman band can be assigned to the C–H deformation vibration while the 
latter one may be attributed to the alkane C–H deformation vibration. The band 
due to the C–O–C glycosidic linkage symmetric stretching vibration occurs at 
1128 cm–1 and the Raman band for the C–O–C asymmetric stretching vibration 
appears at 1085 cm–1 (12). The same phenomenon as was observed in FTIR was 
detected again by Raman; the carbonyl peak at 1745 cm–1 disappeared after 
KOH treatment and re-appeared at 1736 cm–1 after oxidation. Instead of the 
acetate group in the branch, the aliphatic alcohol group (–CH2–OH) dominates 
the molecular branched chain after deacetylation. Bands for this functional 
group are due to O–H stretching and bending vibrations, and C–O stretching 
vibrations are generally observed. The O–H stretching band in Raman spectra is 
generally weak compared to the medium-to-strong band in IR spectra. The 
typical absorption region for the C–O group is 1200–1000 cm–1 due to its 

vibration 
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Figure 6. FTIR spectra of (a) the original electrospun CA mat, (b) the 

deacetylated CA mat, and (c) E-OC. 

 
Figure 7. Raman spectra of (a) the original electrospun CA mat, (b) the 

deacetylated CA mat, and (c) E-OC. 

stretching vibration. However, hydrogen bonding results in a slight decrease in 
the frequency of this band. Therefore, for saturated primary alcohols, the region 
is 1090–1000 cm–1; for secondary alcohols, the region is 1125–1085 cm–1; and 
for tertiary alcohols, the region is 1205–1125 cm–1 (13). It is worthy to note that 
both unsaturation and chain branching tend to decrease the frequency of the C–
O stretching vibration. Primary and secondary alcohols, both of which occur in 
deacetylated CA, have a strong Raman band at 900–800 cm–1 due to a C–C–O 
stretching vibration (13).  
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By comparing both IR and Raman spectra of OC and E-OC (Figure 8 and 
9), it is confirmed that OC possesses the same characteristic functional groups as 
E-OC, although the positions of peaks are slightly different, which may be partly 
due to their different methods of formation. 

 

 
Figure 8. FTIR spectra of (a) OC and (b) E-OC. 

 
Figure 9. Raman spectra of (a) OC and (b) E-OC. 
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Spectroscopic Analysis of OC and E-OC–Metal Complexes 

At pH 3.8, uranyl nitric 10 mM solution shows a transparent light yellow 
color. No precipitate forms after adding E-OC. A very strong band typically 
occurs in the region 1695–1540 cm–1 for carboxylic acid salts due to the 
asymmetric stretching vibration of COO–, and a broad band of medium intensity 
appears in the range 1440–1335 cm–1 due to the symmetric stretching vibration 
of the same group (13). Figure 10 shows the infrared spectrum of E-OC–U 
complexes at pH 3.8 before (b) and after (c) DI water rinse, together with the 
original E-OC spectrum (a). A new absorption band, which occurs at 924 cm–1, 
can be assigned to the asymmetric stretching vibration of UO2

2+. The intensity of 
this band decreases after the water rinse, which can be taken as evidence that 
some amount of UO2

2+ was in fact physically or weakly bond to E-OC. The 
intensity of the absorption band at 1727 cm–1 (C=O stretching vibrations of the 
carboxylic group) decreased since a portion of COOH groups were converted to 
COO– during the complexation process (14). The broad peak at 1599 cm–1 may 
be assigned to the formation of COO––UO2

2+ groups. 

 
Figure 10. IR spectra of (a) E-OC, (b) the E-OC–U complex without water 

rinse, and (c) the E-OC–U complex after water rinse. 

Figure 11 shows the Raman spectra of the E-OC–U complex and E-OC. 
The band at 862 cm–1 is attributed to the symmetrical stretching vibration of 
UO2

2+ (15). The lack of intensity at 853 cm–1 (15) suggests that little or no 
uranyl hydrolysis species (UO2)2(OH)2

2+ was formed during the complexation 
process as would be expected at pH 3.8. The vanishing of the peak from the 
C=O group at 1736 cm–1 reinforces the conclusion that the complexation process 
causes conversion of carboxylic groups to COO––metal complex; because most 
of COOH groups were converted to COO–, the few remaining COOH groups 
could not be detected by Raman. 
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Figure 11. Raman spectra of (a) E-OC and (b) the E-OC–U complex at pH 3. 

 
Figure 12. IR spectra of (a) the E-OC–Ce complex, (b) the E-OC–Eu complex,  

(c) the OC–Ce complex, and (d) the OC–Eu complex. 

Similar phenomena took place during the formation of E-OC–Ce and E-
OC–Eu complexes (Figure 12). In both cases, formation of peaks associated 
with a COO––metal ion complex were noted (1588 cm–1 and 1597  cm–1 for 
E-OC–Ce and E-OC–Eu, respectively), retained following a water rinse. The 
spectra for OC–Ce and OC–Eu showed similar evidence of COO––metal 
complexation, though the features were less distinct. This may be due to 
instrument and sample configuration factors, resulting in overall more IR 
sorption by the sample. 
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Ongoing Field Experiments 

Figure 13 shows the results of x-ray fluorescence measurements from 
ongoing field experiments on adsorption capabilities of OC and E-OC for metal 
ions at the Department of Energy’s Oak Ridge Field Research Center (ORFRC). 
Permeable environmental leaching capsules were molded from polyacrylamide 
gels to encapsulate two types of OC and were immersed in the contaminated 
wells, FW106 and SS5, to allow interaction between matrices and contaminant 
metals, such as U and Th, to take place. Preliminary data show that OC and 
E-OC adsorbed a considerably larger amount of U and Th than equal weights of 
their counterparts (cellulose, CA, electrospun CA, and neat polymers, which are 
the encapsulation materials by themselves) in a given time. 

After approximately 1300 hours of deployment, samples were transferred to 
a non-contaminated well to test for leaching of complexed metal ions. It is of 
interest to note that while sorption of U was more rapid, retention of Th was 
greater over time. Also, an equal mass of E-OC sorbed over three times more U 
ions than non-electrospun OC. Encapsulated OC and E-OC samples are 
currently being analyzed spectroscopically to further characterize sorption and 
retention of both U and Th by OC. 

Conclusions 

OC and E-OC were successfully fabricated through the reported methods. 
IR and Raman spectroscopic data demonstrate the formation of characteristic 
carboxylic groups, which possess the chemical ability to chelate certain types of 
metal ions in the structure of the final products. Both laboratory and field 
experiment data suggest the potential possibility of the use of OC and E-OC as 
permeable reaction barrier fillers or ex situ sorbents for metal contaminated 
groundwater treatment. The results presented demonstrate the need to further 
investigate the efficiency of these model cellulosic materials for adsorbing 
metals and also the impact of environmental factors, such as pH, which may 
affect their performance. 
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Figure 13. Field data for adsorption capabilities of selected matrices 

for metal ions. 
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Chapter 12 

Surface Properties of Cellulose and Cellulose 
Derivatives: A Review 

Qing Shen 

State Key Laboratory for Modification of Chemical Fibers and Polymers 
and Department of Polymer Materials and Engineering, Donghua 

University, 2999 Renming Road, N, 201600 Songjiang, Shanghai, China 

The rapidly increasing interdisciplinary research on cellulose 
and cellulose derivatives, as well as the broad use of these 
materials, makes a basic understanding of their properties 
important. The surface properties of cellulose and cellulose 
derivatives play an important role in numerous applications. 
This review compiles the surface properties data reported in 
the literature on cellulose and its main derivatives, cellulose 
ethers and cellulose esters, with a focus on the surface free 
energy, the Lewis acid–base properties, and the Hamaker 
constant. Because Lewis acid–base interactions can be 
described using a variety of theories and/or scales, a 
comparison of surface properties data obtained using different 
acid–base scales is made and discussed. The influence of the 
main structural properties of cellulose and cellulose 
derivatives, such as the degree of polymerization, the 
crystallinity index, and the degree of substitution, on the 
surface properties of the materials is also is discussed. 

Introduction 

Cellulose is the most abundant natural polymer, and has been used by 
mankind for centuries. It is the main structural component of plant cell walls, as 
has been shown by the removal of lignin and extractives from plant tissue. 
Cellulose is a semicrystalline linear polysaccharide of β-1,4-linked 
D-glucopyranose (1–3). In its native form, it typically has a degree of 
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polymerization, DP, between 10,000 and 15,000 glucose residues, depending on 
its origin. Cellulose occurs as a partly crystalline, partly amorphous material, 
and the degree of crystallinity has been found to depend on the cellulose source; 
for example, cotton has a high degree of crystallinity, whereas wood has a lower 
one (4). Cellulose can be derived from plant or bacterial sources. The best 
known example of a bacterial source is Acetobacter xylinum, which produces 
extracellular cellulose as a small pellicle extending from its cell (4). 

Cellulose has been widely studied, and consequently our understanding of 
its nature and behavior is considerable. Moreover, many of the basic principles 
of polymer chemistry and physics were worked out in the course of investigating 
cellulose, and these studies have led to an understanding of the behavior of other 
natural and synthetic polymers (5). 

Because cellulose and its derivatives have been broadly applied in various 
areas, e.g., liquid penetration, diffusion, adsorption, coatings, foods, paper-
making, and chemical engineering (6–7), and because many of these 
applications rely on the interfacial behavior of cellulose, an understanding of the 
surface properties of cellulose is important. 

In this review, we aim to summarize the information reported in the 
literature on the Hamaker constant, surface free energy, and Lewis acid–base 
properties of cellulose and its main derivatives, i.e., cellulose ethers and 
cellulose esters. Since various measurement methods are available for 
determining or estimating the surface properties data with respect to different 
acid–base theories and scales (8–9), a comparison of the data obtained on the 
basis of different theories and scales is presented. 

Methods for Evaluating the Surface Properties of Cellulose 
and Cellulose Derivatives 

Methods for Evaluating the Hamaker Constant 

The Hamaker constant is an important parameter in surface chemistry 
because it strongly depends on the interactions between materials. Among the 
many kinds of interactions between surfaces, such as double layer, structural, 
steric, depletion, hydration, and hydrophobic interactions, there is the ubiquitous 
van der Waals interaction, the magnitude of which varies with the system being 
studied. The Hamaker constant represents a conventional and convenient way of 
assessing the magnitude of the van der Waals interaction. It is self-evident that 
accurate estimates of the Hamaker constant are necessary for a quantitative 
understanding of the effect of interparticle forces on various phenomena 
involving cellulose. 

The van der Waals force has an electrodynamic origin, as it arises from the 
interactions between atomic or molecular oscillating or rotating electrical 
dipoles within the interacting media (10). Hamaker (11) calculated the distance 
dependence of the interaction free energy of macroscopic bodies of different 
geometries by performing a pair-wise summation over all the atoms in the 
bodies. This relationship is given by 
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 2vdw
π12 L
AE =  (1) 

where Evdw represents the van der Waals interaction per unit area between two 
parallel surfaces, A is the Hamaker constant, and L is the distance between the 
parallel surfaces. 

As seen in eq 1, there is a direct proportionality between the magnitude of 
the van der Waals interaction and the Hamaker constant. Moreover, the 
Hamaker constant has been found to depend on the dielectric properties of the 
two materials and the intervening media. In the original treatment, also called 
the microscopic approach, the Hamaker constant was calculated from the 
polarizabilities and number densities of the atoms in the two interacting bodies 
(11). 

An alternative, more rigorous approach was proposed by Lifshitz (12), in 
which each body was treated as a continuum with certain dielectric properties. 
According to Lifshitz, the van der Waals interaction is the result of fluctuations 
in the electromagnetic field between two macroscopic bodies, modified by the 
separating media, where the interaction can be referred to as standing waves that 
occur only at two specific frequencies (10). This means that the van der Waals 
interaction associated with the Hamaker constant can be estimated from the 
frequency-dependent dielectric properties of the interacting materials and 
intervening medium, as well as the geometry of the bodies. However, it is to be 
noted that the accuracy of the estimated Hamaker constant is directly related to 
the precision and accuracy of the dielectric spectra and the mathematical 
representation deduced from the dielectric data (13–14). 

Leong and Ong introduced a method for determining the Hamaker constant 
of solid materials by measuring the critical zeta potential, ζcrit, i.e. the zeta 
potential of a colloidal dispersion at the pH-induced transition from a 
flocculated to a dispersed state (15). The method is based on the linear 
relationship between the yield stress of the dispersion and the square of the zeta 
potential. At that pH at which the yield stress of the dispersion becomes zero, 
i.e. at the flocculated–dispersed state transition, the relationship between the 
Hamaker constant of the particles in the dispersion, A, and ζcrit is 

 
CD

Aζ
0

crit 12
=  (2) 

where D0 is the minimum surface separation distance between the interacting 
particles in the flocculated state and C is determined from 

 )e1ln(π2 0DC κε −−=  (3) 

where ε is the permittivity of water and κ is the Debye–Hückel parameter or the 
inverse of the double layer thickness. 

It should be noted that the method of Leong and Ong (15) requires the 
colloidal sample to undergo a flocculated–dispersed state transition. Obviously, 
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this method cannot be applied to solid materials that interact with and/or 
dissolve in water. 

Among others, Hough and White (13) introduced a simplified method to 
estimate the Hamaker constant through determination of the dielectric data and 
spectra parameter in the infrared and ultraviolet frequency range. These authors 
also collected important results for different materials, and indicated a relation 
(eq 4) between the Hamaker constant and the contact angle, which greatly 
benefited subsequent scholars: 

 1
2

cos
LAL

SAL −=
A
Aθ  (4) 

where θ is the contact angle of the liquid against the solid, ASAL is the Hamaker 
constant, in air, of the solid, and ALAL is the Hamaker constant, in air, of the 
liquid. 

A calculation of the Hamaker constant for cellulose was reported in 1987 by 
Winter using frequency-dependent dielectric data (16). Winter estimated the 
Hamaker constant for cellulose interacting across air and water media to be 
about 10×10–20 J and 3×10–21 J, respectively. 

Since that time, the Hamaker constant for cellulose has been reestimated by 
Evans and Luner (17), Drummond and Chan (18), and Holmberg et al. (19), 
using the Lifshitz theory and the simplified expression of Tabor, Winterton, and 
Israelachvili (20), and by Bergström et al. (10), using the spectroscopic 
ellipsometry method. According to Bergström et al. (10), the infrared 
contribution to the Hamaker constant of cellulose has a minor influence on 
interactions across a vacuum or air. More recently, the Hamaker constant of 
cellulose has been studied by Notley at al. using atomic force microscopy (21). 

Methods for Evaluating the Surface Free Energy 

The solid surface free energy is a parameter of both theoretical and practical 
importance in the field of surface chemistry. It is a key parameter for 
understanding and predicting solid surface phenomena, including cohesion, 
adsorption, wetting, adhesion, and interfacial bonding. 

The increasing importance of surface free energy in many scientific and 
technological realms has led to an ever-growing concern about the precise 
quantification of this parameter. As a consequence, many limitations and 
imperfections of current models for surface energy evaluation have been 
identified, prolonging the quest for the best way to obtain data. The most 
debated problem pertaining to the estimation of solid surface energy is finding 
an accurate method for its determination. 

It is notable that data on the surface free energy of cellulose have been 
frequently reported in the literature, mainly determined by contact angle 
measurements and inverse gas chromatography. The data from contact angle 
measurements are obviously based on different theories and/or methods. In this 
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paper, five commonly used methods for the determination of the surface energy 
by contact angle measurements are reviewed and compared. 

Theories and Methods Based on Contact Angle Measurements 

The surface free energy of cellulose is frequently determined by contact 
angle measurements in combination with several theories or methods, e.g., the 
Zisman method (22), the equation of state (23), the geometric mean method 
(24), the harmonic mean method (25), and the Lewis acid–base approach (26–
28). 

The Zisman Method 
Zisman is regarded as a trailblazer in this field, because he developed a 

fundamental method (22) to quantify the critical surface energy, γc. He found 
that a linear relationship existed between the cosine of the contact angle, θ, of 
solid–liquid pairs and the liquid surface tension, γL, of the form 

 )(1cos SL γγ −−= b  (5) 

where γS is the surface energy of the solid and b is the slope of the linear 
regression. 

Based on eq 5, if a plot of the experimentally determined cosθ values for 
different liquids versus the surface tensions of the liquids, γL, yields a straight 
line, the critical surface tension, γc, can be obtained by extrapolating the 
regression line to cosθ = 1 (θ = 0), i.e. the point of complete wetting of the solid 
surface by an ideal liquid. The corresponding value of liquid surface tension at 
this point (cosθ = 1) is defined as the critical surface tension, i.e. the critical 
surface energy, γc. The pioneering work of Zisman gave rise to two primary 
schools of thought: (1) the equation of state approach, and (2) the surface energy 
component approach, which includes the geometric mean method, harmonic 
mean method, and acid–base approach (27). 

The Equation of State Method 
It has been suggested by Neumann et al. (23) that the surface energy of a 

solid can be determined using the contact angle of a single liquid. The 
mathematical equation, corresponding to this theory, is known as the equation of 
state: 

 ( )2
SLe2 SLSLSL

γγβγγγγγ −−⋅−+=  (6) 

 
where γSL is the interfacial tension between the solid and the liquid and β is an 
empirical constant with an average value of 0.0001057 (m2mJ–1)2. Inserting this 
equation into Young’s equation, 

θ

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

D
E

L
A

W
A

R
E

 M
O

R
R

IS
 L

IB
 o

n 
Ju

ne
 2

6,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 D
ec

em
be

r 
20

, 2
00

9 
| d

oi
: 1

0.
10

21
/b

k-
20

09
-1

01
9.

ch
01

2

In Model Cellulosic Surfaces; Roman, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2010. 



264 

 θγγγ cosLSLS ⋅+=  (7) 

yields 

 ( ) ( )2
SLe2cos1 SLL

γγβγγγθ −−⋅=+  (8) 

from which the surface energy of the solid can be quantified. With regard to the 
equation-of-state method, it is important to note that the Lewis acid–base 
interactions, including hydrogen bonding, seem to be ignored by eq 8 (27). 

The Geometric Mean Method 
The geometric mean method (24) is sometimes referred to as the Owens, 

Wendt, Rabel, and Kaelble method in relation to the two liquids approach (27). 
According to these authors, the surface energy consists of separate dispersive 
and polar parts, given by eqs 9-1 and 9-2: 

 P
L

D
LL γγγ +=  (9-1) 

 P
S

D
SS γγγ +=  (9-2) 

where γ is the surface energy of a certain phase, the subscripts L and S refer to a 
liquid and a solid, respectively, and the superscripts D and P refer to the 
dispersive and polar fraction, respectively. 

The interfacial energy between a solid and a liquid, γSL, is expressed as: 

 ⎟
⎠
⎞⎜

⎝
⎛ ⋅+⋅−+= P

L
P
S

D
L

D
SLSSL 2 γγγγγγγ  (10) 

By combining eq 9 with Young’s equation (eq 7), we can eliminate γSL from 
eq 10 to yield eq 11: 

 ( ) ⎟
⎠
⎞⎜

⎝
⎛ ⋅+⋅=+ P

L
P
S

D
L

D
SL 2cos1 γγγγγθ  (11) 

Thus, by inserting into eq 11 data from measurements of contact angles on 
the sample surface using two liquids with known polar and dispersive 
components, two simultaneous equations evolve whose solution yields the solid 
surface energy, γS. 

In addition to this mathematical solution, Rabel (27) proposed a graphical 
solution that relies on linear regression and uses the equation 

 
( ) D

SD
L

P
LP

SD
L

L

2

cos1 γ
γ
γγ

γ

γθ
+⋅=

+
 (12) 
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In this method, ( )
D
L

L

2

cos1

γ

γθ+  is plotted against D
L

P
L

γ
γ  to form a straight line 

from which P
Sγ  and D

Sγ  are identified as the slope and intercept, 
respectively. Thus, the solid surface energy and its two components can be 
obtained. 

The Harmonic Mean Method 
In the harmonic mean method, Wu (25) proposed the same separation of 

surface energy components as in the two liquids approach. The distinction of 
this method lies in its mathematical approach toward calculating the mean of the 
surface energies. Wu uses the harmonic mean to describe the interfacial energy: 

 ⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

+
⋅

+
+
⋅

−+= P
L

P
S

P
L

P
S

D
L

D
S

D
L

D
S

LSSL 4
γγ
γγ

γγ
γγγγγ  (13) 

In conjunction with Young’s equation (eq 7), eq 13 produces the final 
equation (eq 14), which can be used to obtain the surface energy of a solid in the 
same way as the geometric mean method . 

 ( ) ⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

+
⋅

+
+
⋅

=+ P
L

P
S

P
L

P
S

D
L

D
S

D
L

D
S

L 4cos1
γγ
γγ

γγ
γγγθ  (14) 

Like the geometric mean method, the harmonic mean method requires a 
minimum of two probe liquids for performing the calculation of solid surface 
energy. At least one of the test liquids should have a positive value for its polar 
component. The main difference between the geometric and harmonic mean 
methods is the applicability with respect to the magnitude of the surface energy 
of solids. Using the harmonic calculation, Wu achieves more accurate results for 
high-energy systems. The geometric mean method, on the other hand, is better 
suited for low-energy surfaces. 

The geometric and harmonic mean methods have received less attention 
than the Lewis acid–base approach, described in the following section (27). 

The Lewis Acid–Base Approach 
In this approach (26–28), the surface energy of a solid, γ, is viewed as the 

sum of the Lifshitz–van der Waals component, γLW, corresponding to the 
dispersive component, and the Lewis acid–base component, γAB, corresponding 
to the polar component: 

 ABLW γγγ +=  (15) 
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The Lewis acid–base component can be further divided into the Lewis acid 
component, γ+, and the Lewis base component, γ–, according to eq 16: 

 −+= γγγ 2AB  (16) 

The interfacial energy, γSL, in this approach is given by 

 ⎥⎦
⎤

⎢⎣
⎡

⎟
⎠
⎞⎜

⎝
⎛+⎟

⎠
⎞⎜

⎝
⎛+⎟

⎠
⎞⎜

⎝
⎛−+= +−−+

LSLS
LW
L

LW
SLSSL 2 γγγγγγγγγ  (17) 

And the equation for calculating the solid surface energy is 

 ( ) ⎥⎦
⎤

⎢⎣
⎡

⎟
⎠
⎞⎜

⎝
⎛+⎟

⎠
⎞⎜

⎝
⎛+⎟

⎠
⎞⎜

⎝
⎛=+ +−−+

LSLS
LW
L

LW
SL 2cos1 γγγγγγγθ  (18) 

By inserting values for Lγ , LW
Lγ , −

Lγ , and +
Lγ  from three calibration 

liquids, of which at least two are polar, into eq 18, the resulting solid surface 
energy is produced via the solution of three simultaneous equations. For this 
reason, the acid–base approach is also referred to as the three-liquid method. It 
has also been called the vCG approach (28), after the authors who proposed this 
method, van Oss, Chaudhury, and Good. 

Following the development of the vCG approach, Chang et al. (29–32) 
proposed another semi-empirical acid–base approach that is analogous to the 
vCG model but allows both attractive and repulsive acid–base contributions to 
the work of adhesion. Although the approach suggested by these authors has 
been adapted to the analysis of wood surfaces (29–32), Della Volpe and Siboni 
(33) have remarked that the scale of the model suffers from the same essential 
drawbacks as the vCG model. Mohammed-Ziegler and coworkers recently 
compared these two models with respect to the application to wood surfaces 
(34). These authors failed to obtain realistic results using their suggested model, 
and concluded that this model is inadequate for a detailed analysis of complex 
systems such as wood and other natural fibers (34). 

A Brief Discussion 
Initially, Zisman equated the critical surface energy to the solid surface 

energy. However, later studies showed that the critical surface energy generated 
using this method on the same solid specimens is systematically less than the 
surface energy obtained via other methods, i.e., the components approach and 
the equation-of-state approach (35–36). Thus, it is commonly accepted, and 
Zisman himself (37) has always emphasized, that the critical surface energy is 
not the surface free energy, but only an empirical parameter related closely to 
this quantity. In fact, lacking a theoretical background for molecular 
interactions, the proposed linear relationship only applies when the relationship 
between the dispersive and polar interactions of the solid sample equates to that 
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of the probe liquids. And this can only be achieved under experimental 
circumstances involving a purely dispersively interacting solid and liquid. 

It is commonly accepted that the applicability of the equation-of-state 
approach is rather limited (27, 38–39). Based on the poor agreement between 
determined values and expected values for halogenated hydrocarbon-probed 
polymer surfaces, Balkenende et al. (39) concluded that this deviation might 
derive from the specific interactions between probes and surfaces, which were 
beyond the scope of this theory, and that knowledge of γS alone was not 
sufficient to describe their results. 

Nevertheless, one cannot say either that there are no problems with the 
component approaches, especially the vCG approach. As a reliable analytical 
method of wide applicability, the vCG technique should yield data free of the 
influence of the probe triplet chosen. However, this has not always been the case 
in actual measurements. Kwok et al. (40–41) reported a strong dependency of 
the components determined with the liquid sets used for vCG measurements in 
their experiments. In fact, for all solids analyzed so far, this dependency has 
been observed in practical measurements. Della Volpe et al. (42–43) then 
proposed the use of a matrix of contact angle values measured for many test 
liquids to generate the averaged apolar and polar components of the surface free 
energy of the analyzed solid. 

In addition to this major shortcoming, other challenges to the validity of this 
method have arisen. It has been observed that all materials show overwhelming 
basicity in measurements made using this method. Negative values for square 
roots of the acid–base parameters are occasionally obtained, which lead to 
meaningless data interpretation. 

In an attempt to address these drawbacks, Della Volpe et al. (42) 
enumerated the main problems involved in the application of the vCG theory to 
the calculation of Lewis acid–base properties of polymer surfaces from contact 
angle data, and listed several factors that should be considered for obtaining 
good results.  

At almost the same time, a member of our group expressed similar concerns 
about the vCG method, and agreed that this method is unsuitable for the 
acid/base ratio of water. In a previous paper by us (28), we proposed a unified 
acid/base ratio of water, 2.42, by averaging values reported using different 
techniques and from different researchers. The ratio 2.42 can probably replace 
the previously used value of 1.0 for water in the vCG method. In this sense, the 
unified value might be a good choice for overcoming the difficulties of the van 
Oss–Chaudhury–Good combining rules. 

In defense of the multicomponent approach to surface energy calculation, 
Della Volpe et al. (44–45) further discussed its limits and possibilities, and 
presented criticisms of the equation-of-state method from both theoretical and 
experimental points of view. 

Nevertheless, no one can unequivocally claim that any one method is 
omnipotent and can analyze any surface with any probe while still yielding 
absolutely consistent results, without any shortcomings. However, the results 
obtained from different methods of surface energy calculations of solids can be 
compared with one another and utilized to improve the development of 
individual approaches. Since no one method can dominate this field, and the 
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extant methodologies may not be mutually exclusive, a multiple methodology 
will provide a “peer review” mechanism in which data from complementary 
approaches give a rather confusing, but more complete, view of the real world. 

Taking lignocelluloses as examples, Gindl et al. (35) recently compared 
these five approaches by applying them to wood surface energy evaluations. 
Their results show that the vCG approach gives data that are in good agreement 
with data obtained from the geometric mean method and, to a lesser degree, 
from the equation-of-state method. Results obtained with the harmonic mean 
and Zisman approaches, however, deviate markedly from results obtained using 
these methods. 

Theories and Methods Based on Inverse Gas Chromatography Measurements 

In addition to contact angle measurements, other methods are available for 
determining the surface free energy of solids, including inverse gas 
chromatography, IGC (46–47), adsorption gas chromatography (48–52), and  
methods based on dissolution or crystallization parameters, as reviewed by Wu 
and Nancollas (53). For fibrous materials, evaluation of surface free energy is 
based either on wettability measurements or on IGC characterization; the latter 
method seems to be widely used. 

IGC is an efficient tool that gives information on the dispersive component 
of the surface energy of solids, D

Sγ ; the acid–base properties of the surface, 
expressed as the ratio of the Gutmann donor and acceptor numbers, DN and AN, 
respectively; and the isotherm of adsorption for the powdered or fibrous 
materials. Whereas the purpose of classic gas chromatography is the separation 
of a mixture of analytes in the mobile phase, IGC is used to characterize the 
stationary phase with respect to its surface properties. 

In IGC measurements that focus on the dispersive component of the solid 
surface energy, a series of nonpolar fluids, often the alkanes, with known 
dispersive surface energy, D

Lγ , are injected into an IGC column, with the solid 
packed in advance. The retention volume, Vn, is calculated from eq 19 (54), 

 )( 0rn ttJFV −=  (19) 

where J is the James and Martin compressibility correction factor, F is the 
carrier gas flow, and tr and t0 are the retention time of the probe and of the non-
interacting standard (methane), respectively. The dispersive component of the 
solid surface free energy, D

Sγ , is calculated from eq 20 (54, 55), 

 KaNVRT += D
L

D
Sn 2ln γγ  (20) 

where R is the universal gas constant, T is absolute temperature, N is 
Avogadro’s number, a is the molecular area of the adsorbed molecule, and K is 
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the intercept of the regression line. The IGC method for calculating γSD has been 
described in detail by Garnier and Glasser (56). 

Although surface energy evaluations based on the Washburn equation and 
vCG combining rules may offer complete data, IGC is a simple and reliable tool 
independent of sample morphology. The convenience and rapidity of IGC make 
it a popular method for characterizing cellulose surfaces. Performed with 
appropriate experimental parameters, IGC analysis has proven to be a powerful 
tool for revealing the chemical changes that occur on the  surfaces of both 
cellulosic powders and fibers (57). Papirer et al. (58) examined a wide range of 
cellulose samples differing in origin and crystallinity, and concluded that the 
interpretation of results provided by IGC is anything but simple. 

From a theoretical point of view, the results obtained from IGC analysis and 
contact angle measurements are somewhat different. Ticehurst et al. (59) have 
claimed that in terms of D

Sγ , results from IGC and contact angle measurements 
cannot be identical because of differences in their theoretical approaches. In a 
recent survey regarding the surface characterization of phenol–formaldehyde–
lignin resin, Matsushita et al. (60) observed a significant discrepancy between 
the absolute values of γLW generated by these two methods.  

But in the measurement performed by Srcic et al. (57), which involved 
assessing the dispersive component of the surface free energy of some 
pharmaceutical powders, including hydroxypropyl methyl cellulose, a good 
correlation between results of the two methods was found for most samples.  

Thus, a satisfactory answer to this question would require a systematic 
study comparing data obtained from both methods. 

In fact, almost every IGC analysis performed to determine D
Sγ  is carried out 

under infinitely dilute conditions, in which minimal doses of molecular probes 
are used. Any information obtained from IGC under these conditions will 
mainly concern the most active sites of the solid surfaces, which may constitute 
only a fraction of the surface analyzed. However, although IGC cannot give a 
full view of the surface properties of solid samples, it gives crucial information 
on their trends, especially for chemically treated specimens (58, 60–62). 

By IGC measurement, two acid–base parameters, namely KA (Lewis acid) 
and KB (Lewis base), can be obtained (46–62). 

Surface Properties of Cellulose 

The Hamaker constant of cellulose has been reported in the literature by 
different research groups using various methods (10, 17–21). The data compiled 
from the literature are presented in Table 1. A comparison of the reported values 
indicates that the obtained value depends on the media and that it is lower in 
water and higher in a vacuum. It is notable that the influence of the DP of 
cellulose on this important parameter seems to have been little studied. 

Surface free energy is another important parameter for the characterization 
of cellulose. This is because the surface free energy is known to be related to the 
Hamaker constant, and cellulose forms strong hydrogen bonds, corresponding to 
Lewis acid–base interactions (1, 2, 8, 9). In fact, in some cases the surface free 
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energy is a determining factor in the application of cellulosic materials (1, 2, 8, 
9, 63, 64). 

In early work, Luner and coworkers reported surface free energy data for 
cellulose and other lignocellulosic materials (65). They applied the theories and 
methods of Zisman, Fowkes, Tamai, and Owens to estimate the surface 
properties of lignin and cellulose and compare the results obtained from the 
different theories and methods. 

Table 1. Literature values for the Hamaker constant of cellulose 

A (10–20J) Sample 1 Sample 2 
Vacuum Water 

Refs 

Cellulose Cellulose 5.8 0.80 (10) 
Cellulose CaCO3 7.4 0.57 (10) 
Cellulose Si3N4 9.5 0.80 (10) 
Cellulose SiO2 5.9 0.35 (10) 
Cellulose Mica 7.2 0.43 (10) 
Cellulose TiO2 9.3 1.20 (10) 
Cellulose Cellulose  0.99 (17) 
Cellulose Cellulose 7.9  (18) 
Cellulose Cellulose 8.4 0.86 (19) 
Cellulose Cellulose  0.35* (21) 

*NaCl solution. 
 
Berg and his group have reported several studies on the determination of 

surface free energy of lignocellulosic materials (19, 66). These authors paid 
special attention to Lewis acid–base interactions, especially in relation to 
different theories and methods. Utilizing dynamic contact angle measurement, 
Gardner and his coworkers reported important data on the surface free energy of 
lignocelluloses (67). 

Table 2 summarizes data reported in the literature for the surface free 
energy of cellulose estimated by different methods (6, 63–85). The critical 
surface tension defined by Zisman (22) is included as a reference. 

 Data on some novel cellulose fibers, such as the Lyocell fiber, which is 
becoming increasingly important, are also included. A comparison of the data 
for different regenerated cellulose fibers is believed to facilitate the selection of 
a suitable fiber for a specific application. 

A comparison of the Lewis-base and Lewis-acid data reveals that the Lewis 
base character of cellulose is more pronounced than its Lewis acid character. It 
also should be noted that the obtained values for the surface free energy, γS, of 
cellulose vary greatly. This variation in the data can be expected, because 
cellulose is a complex natural polymer and its structure and properties are 
influenced by many factors (1–5). 
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Some of these numerous studies seem to be of special importance for 
understanding cellulose. For example, a case reported by Liu et al. (70) indicates 
that interfacial shear strength directly enhances the total surface free energy of 
cellulose in a proportional manner. In addition, we have observed that the 
surface free energy of cellulose is influenced by its DP (6). 

A plot of the surface free energy versus the DP of cellulose (Figure 1), 
based on data from the literature, suggests that the surface free energy increases 
with increasing DP. The surface free energy data reported by Persin et al. (74), 
presented in Table 2, are clearly lower than those reported by others. The 
authors attributed this discrepancy to the fact  that they prewashed the raw 
cellulose samples under alkaline conditions at 60 ºC for about 30 min before 
contact angle measurement (74). 

Recently, Ass et al. (86) found that the DP of cellulose is linearly related to 
the morphology of cellulose, i.e., the crystallinity index, as shown in Figure 2. 
This could mean that the increase in surface free energy with increasing DP is 
due to an increase in the crystallinity of cellulose. 

As one of the two main components of surface free energy, acid–base 
interactions are important. Although Table 2 shows some data on the Lewis 
acid–base parameter, i.e., data obtained by the methods of Owens, Wendt, 
Rabel, and Kaelble (24), Wu (25), and vCG (26–27), it should be noted that 
these reported values only relate to a few acid–base scales.  The Lewis acid–
base interactions can also be described by other parameters, such as the 
Reichardt’s ET(30) values; the ratio of Gutmann’s AN-acceptor number, 
representing the Lewis acid, and DN-donor number, representing the Lewis 
base; and the three parameters of Kamlet and Taft, namely α, representing the 
hydrogen-bond donating ability, β, representing the hydrogen-bond accepting 
ability, and π* representing the dipolarity/polarizability (28). 

Using the Reichardt dye as a probe in combination with the solvatochromic 
method, Spange and his coworkers reported some α, β, and π* data for cellulose 
and other biomaterials (87–91). Additionally, some data for AN, DN, KA, and 
KB, determined by IGC, have been reported elsewhere. Table 3 presents 
additional acid–base parameters for cellulose found in the literature. 

Surface Properties of Cellulose Derivatives 

The hydroxyl groups of cellulose can be partially or fully reacted with 
various chemicals to provide derivatives with useful properties. Cellulose ethers 
and cellulose esters are commercially important materials. In principle, although 
not always in current industrial practice, cellulosic polymers are renewable 
resources. 
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Figure 1. The influence of degree of polymerization, DP, on the surface free 
energy of cellulose. (Data from ref 6) 
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Figure 2. Relationship between the degree of polymerization, DP, and 
crystallinity index, IC, of cellulose. (Data from ref 86 ) 
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Table 3. Acid–base properties of cellulose in terms of different parameters 

a: extracted by methanol; NSSC: neutral sulfite semi-chemical pulp; MCC: 
microcrystalline cellulose; CTMP: chemi-thermomechanical pulp. 

Surface Properties of Cellulose Ethers 

Commercially important cellulose ethers include: 
(I) ethylcellulose, a water-insoluble commercial thermoplastic used 

in coatings, inks, binders, and controlled-release drug tablets; 
(II) hydroxypropyl cellulose; 
(III) carboxymethyl cellulose; 
(IV) hydroxypropyl methyl cellulose, E464, used as a viscosity 

modifier, gelling agent, foaming agent, and binding agent; and 
(V) hydroxyethyl methyl cellulose, used in the production of 

cellulose films. 

Samples α β π* ET(30) KA/KB AN/DN Refs 
Bleached birch pulp     0.93  (75) 
Viscose fiber      3.1 (76) 
Kraft E. regnans     0.695  (84) 
Kraft E. regnansa     13.364  (84) 
Kraft E. globules     8.462  (84) 
Kraft E. globulusa     19.8  (84) 
NSSC E. regnans     1.76  (84) 
NSSC E. regnansa     3.273  (84) 
NSSC E. globules     0.946  (84) 
NSSC E. globulusa     2.325  (84) 
Cold soda E. nitens     1.481  (84) 
Cold soda E. nitensa     2.811  (84) 
Dried cellulose 1.27 0.60 0.41 53.0   (87–91) 
Undried cellulose 0.98 0.60 0.66 51.4   (87–91) 
Micro-crystalline 1.31 0.62 0.34 55.0   (87–91) 
Bacteria cellulose 0.78 0.86 0.69 52.1   (87–91) 
α-cellulose     3.0 3.0–3.8 (92) 
Avicel      3.4–4.5 (92) 
Whatman No. 1     1.6  (92) 
MCC     6.5  (93) 
Bleached sulfite pulp     1.08–1.29 47–48 (93) 
Exploded pulp     0.2  (94) 
Kraft pulp     1.1  (94) 
Bleached softwood 
Kraft pulp     2.2–5.7  (94) 

CTMP     1.14  (95) 
Avicel     2.6  (95) 
Sigma cellulose     0.88  (95) 
Bleached pulp     1.873  (96) 
Viscose rayon     0.76  (96) 
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As a water-soluble material, cellulose ethers have been broadly studied and 
applied (7, 94, 97–100). Luner and Oh (97) determined the surface free energy 
parameters of aqueous-based cellulose ether films using the Lifshitz–van der 
Waals and Lewis acid–base approach. Because the film surfaces were sensitive 
to some of the liquid probes, these investigators estimated contact angles on the 
unperturbed surfaces from the initial advancing angle of sessile drops. The 
results showed that the cellulose ether films were predominantly electron 
donating and their Lewis acid–base surface energy components accounted for 
about 5–10% of the total surface energy. The determined values were found to 
be consistent with those of cellulose and ethylcellulose. 

Both the aqueous solubility and hydrophilicity of the polymers were 
examined and found to be consistent with the free energy terms derived from the 
surface free energy parameters. After independent calculation of the Lewis acid–
base contribution to the total effect of adhesion between the polymers and 
wetting liquids, the Lewis acid–base character of the polymers was found to be 
comparable to the surface free energy parameters experimentally obtained. 
Luner and Oh also calculated the work of adhesion of the polymers to a variety 
of surfaces, and concluded that the Lewis acid–base contributions to the surface 
free energy may enhance adhesion to cellulose ethers. 

Because the cellulose ethers probably degraded in the film preparation 
process of the above mentioned study (97), we recently used the column 
wicking technique to re-characterize the surface free energy and Lewis acid–
base properties of cellulose ethers (7). Our method was superior to that used by 
Luner and Oh (97) as it provided contact angle data while avoiding sample 
degradation. Our results showed that the Lifshitz–van der Waals component 
provided the largest contribution to the surface free energy of cellulose ethers; 
that the Lewis acid component of cellulose ethers was increased and the Lewis 
base component decreased with respect to cellulose; and that the surface free 
energy of cellulose ethers seemed to decrease with increasing viscosity, but 
seemed to be greater than that of cellulose. 

Sasa et al. (98) investigated the surface properties of cellulose ethers by 
means of IGC. They found that the dispersive components of the surface free 
energy were not significantly different but that the polar components, an 
important component of the enthalpy of adsorption, showed large differences 
between the polymers. The polarities of the different polymers studied decreased 
in the order hydroxyethyl (HEC) > hydroxypropyl methyl (HPMC) > 
hydroxypropyl (HPC) cellulose. In other words, regarding the acid–base 
numbers, HEC showed the highest polarity, followed by HPMC and HPC. Sasa 
et al. also found that the polarity of polymers correlated well with water 
adsorption on bulky polymers and with the degree of swelling of polymer 
matrices. 

The surface free energy data for different kinds of cellulose ethers are 
presented in Table 4. 
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Surface Properties of Cellulose Esters 

Of the various cellulose esters, cellulose acetate and cellulose triacetate 
have been broadly applied and studied. Xiarchos and Doulia (101) performed an 
experiment investigating the adsorption properties of cellulose acetate using 
nonionic surfactant solutions at concentrations above the critical micelle 
concentration. The study revealed that the adsorption of two types of nonionic 
surfactants, namely Tritons (alkylphenol ethoxylates) and Neodols (alcohol 
ethoxylates), on hydrophilic cellulose acetate membranes of a molecular-weight 
cutoff of 20,000 Da was determined mainly by the structure of the surfactants, 
especially the length and composition of the hydrocarbon chain.  

The more hydrophilic Triton, containing eight carbon atoms and an 
aromatic ring in the hydrocarbon chain, showed micellar adsorption, whereas 
Neodol, containing nearly ten carbon atoms in a linear hydrocarbon chain, 
adsorbed onto the hydrophobic membrane through a variety of mechanisms. 
Surfactants with intermediate hydrophilicity showed the highest adsorption. 
Compared with other cases of decreasing surfactant adsorption for the more 
hydrophilic surfactants, Neodol adsorption on the hydrophilic membrane was 
very low. This fact indicates that hydrophobic forces were gradually diminished 
in the presence of bigger ethylene oxide clusters. 

 
 
 
 
 

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

D
E

L
A

W
A

R
E

 M
O

R
R

IS
 L

IB
 o

n 
Ju

ne
 2

6,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 D
ec

em
be

r 
20

, 2
00

9 
| d

oi
: 1

0.
10

21
/b

k-
20

09
-1

01
9.

ch
01

2

In Model Cellulosic Surfaces; Roman, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2010. 



279 

Re
fs

 

(7
) 

(7
) 

( 7
) 

(7
) 

(7
) 

(9
7)

 
(9

7)
 

(9
7)

 
(9

7)
 

(9
7)

 
(9

8)
 

(9
9)

 
(9

9)
 

(1
00

) 
(1

00
) 

(1
00

) 
(1

00
) 

(1
00

) 
(1

00
) 

Te
ch

ni
qu

e 

C
W

 
C

W
 

C
W

 
C

W
 

C
W

 
SD

 
SD

 
SD

 
SD

 
SD

 
SD

 
W

P 
W

P 
SD

 
SD

 
SD

 
SD

 
SD

 
SD

 

γ S
P  

(m
J·

m
–2

) 
          

12
.3

 
39

.6
 

38
.4

2    
13

.2
7 

12
.7

3 
17

.5
5 

γ S
D
 

(m
J·

m
–2

) 
          

25
.1

 
3.

73
 

4.
05

 
   

16
.4

9 
15

.3
 

15
.0

3 

γ S
–  

(m
J·

m
–2

) 
89

.6
1 

11
3.

17
 

65
.9

9 
15

3.
24

 
26

3.
4 

27
.2

 
32

.3
 

36
.7

 
17

.2
 

40
.1

 
   

8.
68

 
14

.0
4 

18
.7

4    

γ S
+
 

(m
J·

m
–2

) 
0.

00
4 

0.
00

1 
0.

00
6 

0.
00

7 
0.

00
2 

0.
15

 
0.

21
 

0.
04

 
0.

11
 

0.
16

 
   

0.
57

 
0.

24
 

0.
75

 
   

γ S
AB

 
(m

J·
m

–2
) 

0.
63

 
0.

28
 

0.
63

 
1.

03
 

0.
67

 
4 5.
2 

2.
4 

2.
8 

5.
1    

4.
46

 
3.

7 
7.

49
 

   

γ S
LW

 
(m

J·
m

–2
) 

56
.0

7 
61

.6
2 

56
.2

8 
76

.1
4 

84
.5

2 
35

.8
 

37
.5

 
36

.3
 

40
.2

 
44

.8
 

   
29

.3
3 

31
.3

1 
28

.6
5    

γ S
 

(m
J·

m
–2 ) 

56
.7

 
61

.9
 

56
.9

1 
77

.1
7 

85
.1

9 
39

.9
 

42
.8

 
38

.7
 

43
 

49
.9

 
37

.4
 

43
.3

3 
42

.4
 

33
.7

9 
35

.0
1 

36
.1

5 
29

.7
6 

28
.0

3 
32

.5
8 

C
od

es
 

B
en

ec
el

 M
04

3 
B

en
ec

el
 M

P3
33

C
 

B
en

ec
el

 M
P8

24
 

K
lu

ce
l K

89
13

 
K

lu
ce

l K
91

13
 

M
et

ho
ce

l E
4M

 
B

en
ec

el
 M

P9
 

B
en

ec
el

 M
0 

K
lu

ce
l M

F 
N

F 
N

at
ro

so
l 2

50
 M

R
 

M
et

ho
ce

l E
4M

 
K

lu
ce

l L
F 

K
lu

ce
l L

F 
      

Ta
bl

e 
4.

 S
ur

fa
ce

 fr
ee

 e
ne

rg
y 

an
d 

re
la

te
d 

co
m

po
ne

nt
s, 
γ S

L
W

, γ
SA

B , γ
S+ , γ

S– ,γ
SD

, a
nd

 γ S
P , o

f c
el

lu
lo

se
 e

th
er

s 

Sa
m

pl
e 

M
C

 
H

PM
C

 
H

PM
C

 
H

PC
 

H
PC

 
H

PM
C

 
H

PM
C

 
M

C
 

H
PC

 
H

EC
 

H
PM

C
 

H
PM

C
a  

H
PM

C
b  

A
TM

SC
 

C
TM

SC
 

TM
SC

 
A

TM
SC

 
C

TM
SC

 
TM

SC
 

a:
 fi

lm
s p

re
pa

re
d 

fr
om

 2
%

 (w
/v

) s
ol

ut
io

ns
 in

 m
et

hy
le

ne
 c

hl
or

id
e;

 b
: f

ilm
s p

re
pa

re
d 

fr
om

 5
%

 (w
/v

) s
ol

ut
io

ns
 in

 m
et

hy
le

ne
 

ch
lo

rid
e;

 M
C

: m
et

hy
lc

el
lu

lo
se

; H
PM

C
: h

yd
ro

xy
pr

op
yl

 m
et

hy
l c

el
lu

lo
se

; H
PC

: h
yd

ro
xy

pr
op

yl
 c

el
lu

lo
se

; H
EC

: 
hy

dr
ox

ye
th

yl
ce

llu
lo

se
; A

TM
SC

: a
m

in
op

ro
py

l t
rim

et
hy

ls
ily

l c
el

lu
lo

se
; C

TM
SC

: c
in

na
m

at
e 

tri
m

et
hy

ls
ily

l c
el

lu
lo

se
; T

M
SC

: 
tri

m
et

hy
ls

ily
l c

el
lu

lo
se

; C
W

: c
ol

um
n 

w
ic

ki
ng

 te
ch

ni
qu

e;
 S

D
: s

es
si

le
 d

ro
p 

te
ch

ni
qu

e;
 W

P:
 W

ilh
el

m
y 

pl
at

e 
m

et
ho

d 

 
 
 
 

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

D
E

L
A

W
A

R
E

 M
O

R
R

IS
 L

IB
 o

n 
Ju

ne
 2

6,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 D
ec

em
be

r 
20

, 2
00

9 
| d

oi
: 1

0.
10

21
/b

k-
20

09
-1

01
9.

ch
01

2

In Model Cellulosic Surfaces; Roman, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2010. 



280 

Khokhlova et al. (102) have studied the adsorption and surface properties of 
vladipor cellulose acetate membranes (VCAM). The data show that the specific 
surface area of these VCAMs vary from 80 to 360 cm2/cm2, and the density of 
negative charges on the pore surface is 5×10–8 C/cm2. Compared with 
polysulfonamide membranes, VCAMs have far weaker hydrophobic 
interactions. Because of the acidic properties of the membrane surface, the 
adsorption of basic substances is much higher than that of acidic substances. It 
was also observed that the distribution constants for the adsorption of Acid 
Orange and cytochrome C for the polysulfonamide membranes with a pore 
diameter of 0.1 μm were 50- and 100-fold higher, respectively, than for VCAM 
membranes of the same pore diameter and specific surface area. 

The surface free energy of cellulose esters has been reported by other 
researchers. For example, Lee and Luner (65) studied cellulose acetate and 
found its surface free energy to be 40.8 mN/m. According to van Oss, Good, and 
Chaudhury (103), the surface free energy of both cellulose acetate and cellulose 
nitrate is 38 mN/m, which seems to ignore dry and wet conditions. 

The surface free energy data of cellulose esters reported in the literature are 
summarized in Table 5. As can be seen in Table 5, no data for the geometric and 
harmonic mean methods have been reported. This may be because these studies 
were performed recently, or more specifically, after the development of the vCG 
method (103). The Lewis acid–base properties of both cellulose ethers and 
esters, evaluated based on other scales (28), are summarized in Table 6. 

Conclusion 

The exploration of cellulose and its derivatives is currently flourishing. 
Here, we have reviewed the surface properties of these materials with respect to 
surface free energy, acid–base interactions, and the Hamaker constant. 

A large body of work has been reported that is based on recent 
developments in the characterization of surface properties. A comprehensive 
understanding of the surface properties of cellulosic materials is gradually being 
developed with the rapidly increasing size of the database. 

This review has emphasized techniques that are broadly applied in this 
field. We believe that improvements in characterization techniques have 
contributed greatly to the recent research boom. Recently developed methods of 
investigation may even come to dominate research trends. As the database for 
this topic becomes more complete, breakthroughs in methodologies of 
characterization are expected. 
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Table 6. Acid–base properties of cellulose derivatives in terms of different 
parameters 

Sample DS Α β π* ET(30) AN KA/ KB Refs 
MCC   6.5 (93) 
HEC   0.286 (98) 
HPMC   0.141 (98) 
HPC   0.737 (98) 
CN 2 0.83 0.30 46.9 (107) 
CMC 0.97 1.50 0.04 54.5 (107) 
CMC 0.48 1.04 0.8 0.7 55.14 45.4 (108) 
CMC 0.72 0.94 0.91 0.43 50.5 41.81 (108) 
CMC 1.05 0.35 0.85 0.71 44.71 34.45 (108) 
CMC 1.09 0.84 0.67 0.84 53.57 39.39 (108) 
CMC 1.1 0.59 0.81 1.1 52.85 32.42 (108) 
CMC 1.15 0.63 0.67 0.63 48.03 32.75 (108) 
CMC 1.3 0.63 0.81 0.7 48.82 32.75 (108) 
CMC 1.44 0.66 0.87 0.61 48.29 33.6 (108) 
CMC 1.58 0.69 0.84 0.57 48.28 34.44 (108) 
CMC 1.86 0.36 0.91 0.8 45.91 24.82 (108) 
CMC 1.96 0.43 0.91 0.69 45.71 26.81 (108) 
DCMC 0.89 0.82 0.91 0.5 49.45 38.34 (108) 
DCMC 1.73 0.78 0.85 0.55 49.32 37.02 (108) 
CT 0.38 0.78 0.79 0.57 49.64 37.52 (108) 
CT 0.46 0.85 0.83 0.77 52.9 39.58 (108) 
CT 0.89 0.81 0.76 0.81 52.82 38.52 (108) 
CT 0.93 0.81 0.86 0.85 53.36 38.69 (108) 
CT 1.54 0.53 0.76 0.96 50.39 30.44 (108) 
CT 1.59 0.74 0.57 0.87 52.43 36.42 (108) 
CT 1.12 0.75 0.64 0.82 52.05 36.77 (108) 
CT 1.68 0.61 0.47 0.83 49.99 32.42 (108) 
HEC 0.73 0.64 0.31 0.74 49.46 33.17 (108) 
HEC 1.62 0.66 0.46 0.82 50.72 34.02 (108) 
HPC 0.73 0.66 0.28 0.61 48.29 33.6 (108) 
HPC 1.54 0.68 0.41 0.93 52.21 34.87 (108) 
MC 0.90 0.63 0.56 0.68 48.56 32.75 (108) 
MC 1.75 0.54 0.41 0.61 46.37 29.86 (108) 
SEC 0.42 0.94 0.79 0.88 55.52 42.54 (108) 
SEC 0.91 0.81 0.75 1 55.01 38.95 (108) 
MHEC 1.52 0.62 0.52 0.64 47.91 32.34 (108) 
HEC   0.283 (108) 

DS: degree of substitution; MCC: microcrystalline cellulose; HEC: hydroxyethyl 
cellulose; HPMC: hydroxypropyl methyl cellulose; HPC: hydroxypropyl cellulose; CN: 
cellulose nitrate; CMC: carboxymethyl cellulose; DCMC: dicarboxymethyl cellulose; 
CT: cellulose tosylate; MC: methylcellulose; SEC: sulfoethyl cellulose; MHEC: 
methylhydroxyethyl cellulose 
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Color insert - 1 

 
 

 

 
 
 

Figure 4.4. Digital photographs of iridescent colors seen in spin-coated LBL 
films of cellulose nanocrystals and PAH on Si.  
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characteristics, 229t 
chemical structures of 

substrate and CAP, 230f 
model surface by spin 

coating, 20 
molecular structure, 7f 
physical properties and 

toxicity, 231t 
surface energy, 234, 236–

237 
Cellulose derivatives 

acid-base properties, 282t 
deposition and conversion 

to cellulose, 65–67 
model surfaces, 19–21 
native-cellulose model 

surfaces, 19, 24–27 
polyelectrolyte multilayer 

films with, 98f, 99–101 
regenerated-cellulose 

model surfaces, 19, 21–
24 

surface properties, 274, 
276–280 

Cellulose esters 
advancing contact angle 

measurements for 
ultrathin films of, 238t 

AFM (atomic force 
microscopy) of films, 
234, 235f 

AFM images showing 
dewetting process in 
cellulose acetate (CA) 
films, 239f 

applications, 223–224 
characteristics of various, 

229t 
chemical structures of 

substrate and, 230f 

contact angle 
measurements, 233–234 

determination of surface 
energy of polymers, 
227–228 

ellipsometry, 233 
film preparation, 232–233 
film stability, 224–227 
history, 6–7 
materials, 228, 230, 232 
physical properties and 

toxicity, 231t 
regeneration, 8 
rim shapes during early 

dewetting stages, 225f 
schematic of liquid drop on 

surface, 225f 
surface energy of, 234, 

236–237 
surface properties, 278, 

280, 281t 
Cellulose ethers 

history, 8–9 
surface free energy and 

components, 279t 
surface properties, 276–

277, 279t 
Cellulose fibers 

surface free energy and 
critical surface tension, 
271t, 272t, 273t 

xylan adsorption on, 175 
Cellulose fiber substrates, 

polyelectrolyte multilayers, 
98f, 106–111 

Cellulose films 
breath figure patterns, 31 
crystallinity, 61–62 
early studies on self-cast, 

11–12 
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electric field, 118, 119f 
homogeneous, with 

protruding features, 31–
32 

honeycomb-patterned, 69 
inkjet technology for 

microstructured, 32 
Langmuir–Blodgett (LB) 

technique, 118–119 
open films, 67–69 
optical characterization, 

119–120 
preparation of 

microstructured, 30–31 
spin-coated, on substrate, 

22 
tensiometry measurements, 

120 
See also Model films; 

Multiple incident media 
(MIM) ellipsometry 

Cellulose I 
AFM image of ordered 

thin films of cellulose 
nanocrystals by 
magnetic field, 87f 

atomic force microscopy 
(AFM) of nanocrystals, 
77, 78f 

cellulose crystal structure 
in algal Valonia cell 
walls, 87 

dimensions and surface 
charge from sources, 79t 

fingerprint textures in 
polarized light 
microscopy, 82, 83f 

free-standing films, 84t, 
85t, 86 

fundamental studies using 
model surfaces, 89–90 

long-range orientation, 82, 
83f 

magnetic field preparation, 
85t, 86 

microfibrillated cellulose 
(MFC) as alternative, 77 

model surfaces, 81 
monolayers and sub-

monolayers of 
nanocrystals, 88–89 

nanocrystalline cellulose as 
source, 76–77 

naturally occurring, 76 
negative diamagnetic 

anisotropy, 87 
ordered model, surfaces, 

82, 86–87 
preparation methods and 

properties, 84t, 85t 
surface preparation 

techniques, 80 
transmission electron 

microscopy (TEM) of 
nanocrystals, 77, 78f 

Cellulose II, regenerated 
cellulose, 76 

Cellulose islands on 
cellulose, open films, 68, 
70f 

Cellulose molecules, open 
films on pyrolytic graphite 
surface, 69 

Cellulose monocrystals, 
model cellulose surfaces, 
116 

Cellulose nanocrystals 
AFM (atomic force 

microscopy), 77, 78f 
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alternating, and 
xyloglucan, 33–34 

anionic, 102 
AFM amplitude image, 

159f 
dimensions and surface 

charge by source, 79t 
film preparation 

techniques, 80 
inkjet technology, 157–158 
micropatterning, 162, 163f 
model surfaces, 81 
monolayers by Langmuir–

Blodgett technique, 26–
27 

morphology of cellulose 
surfaces from, 26f 

multilayer films of 
poly(allylamine 
hydrochloride) (PAH) 
and, 104 

multiple incident media 
(MIM) ellipsometry of 
films, 149, 150t 

native-cellulose surfaces 
from, 25 

orientation, 116 
particle transport in drying, 

droplets, 163–164 
polyelectrolyte multilayer 

films with, 98f, 101–106 
preparation, 158 
preparation from tunicin 

and ramie, 117 
source of cellulose I, 76–

77 
transmission electron 

microscopy (TEM), 77, 
78f 

See also Inkjet technology; 
Ordered films of 
cellulose nanocrystals 

Cellulose nitrates 
acid-base properties, 282t 
commercial products from, 

6 
regenerated cellulose, 7 
surface free energy and 

critical surface tension, 
280, 281t 

Cellulose surfaces 
adsorption of xylan 

derivatives, 217–218 
alkyl ketene dimer (AKD), 

15 
analytical technique 

advances, 27–30 
angle-dependent optical 

reflectometry, 28 
cellulose nanocrystals 

using Langmuir–
Blodgett technique, 26–
27 

ellipsometry, 28 
evanescent wave video 

microscopy (EWVM), 
29–30 

films with breath figure 
patterns, 31 

homogeneous films with 
protruding features, 31–
32 

layer-by-layer (LbL) 
assembly method, 33–34 

microstructured film 
preparation, 30–31 

microstructured films 
using inkjet technology, 
32 
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morphology of, from 
cellulose nanocrystals, 
25–26 

open regenerated-cellulose 
films, 32 

perspectives, 34 
reflectometry, 28 
self-assembly of xylan 

derivatives, 214–218 
smooth model, 30 
surface plasmon resonance 

(SPR) spectroscopy, 28–
29 

trimethylsilyl cellulose 
(TMSC) as model, 65–
67 

Cellulose xanthate, molecular 
structure, 7f 

Cell wall, structure, 137 
Cerium (Ce) 

heavy metals, 245 
See also Oxidized 

cellulose (OC) 
Chemical modification, 

xylan, 174 
Cladophora sp. green alga, 

cellulose nanocrystal, 79t, 
86 

Closed-film thickness, films 
of cellulose nanocrystals, 
88 

Coatings, demand for tunable 
properties, 96 

Coffee drop effect, inkjet 
technology, 164, 165f 

Contact angles 
cellulose behavior, 11–12 
Fowke's approach to 

interpreting, 12 
hydrocarbons, 15 

Kaelble's graphical 
method, 14 

measurement methods, 9, 
11, 233–234 

surface energy of cellulose 
esters, 234, 236–237 

surface free energy 
theories, 263–268 

Contaminant metals. See 
Oxidized cellulose (OC) 

Controlled-drop-volume 
method, contact angles, 9, 
11 

Cotton, dimensions and 
surface charge, 79t 

Critical surface tension, 
cellulose, 271t, 272t, 273t 

Critical surface tension of 
wetting, concept, 10, 15 

Critical zeta potential, 
Hamaker constant, 261 

Crystal lattice orientation, 
regenerated-cellulose 
surfaces, 24 

Crystallinity, cellulose films, 
61–62 

Crystallinity index 
degree of polymerization 

vs., of cellulose, 274, 
275f 

 
D 
 
Deposition. See Inkjet 

technology; Langmuir–
Blodgett (LB) deposition 

Dip coating 
regenerated-cellulose 

model surfaces, 23 
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thin film technique, 16–17, 
18t 

 
E 
 
Electrically conducting 

cellulose fibers, 
polyelectrolyte multilayer 
films, 110 

Electric field 
cellulose films, 118, 119f 
whisker orientation, 121–

122, 123f 
Electrospinning 

polymeric fibrous mats, 
245 

setup, 245f 
See also Oxidized 

cellulose (OC) 
Electrostatic adsorption, 

cellulose nanocrystal films, 
80 

Ellipsometry 
cellulose esters, 233 
cellulose surfaces, 28 
films of cellulose 

nanocrystals, 88 
probing optical properties 

using MIM, 139 
schematic of multiple 

incident media (MIM), 
cell, 139f 

See also Multiple incident 
media (MIM) 
ellipsometry 

Environmental remediation. 
See Oxidized cellulose 
(OC) 

Equation of state method, 
surface free energy, 263–
264, 266–267 

Europium (Eu) 
heavy metals, 245 
See also Oxidized 

cellulose (OC) 
Evanescent wave video 

microscopy (EWVM), 
analytical technique for 
cellulose surfaces, 29–30 

 
F 
 
Feijter equation, surface 

excess, 179 
Fiber surfaces, 

polyelectrolyte multilayer 
films, 111 

Fibrous mats, multilayering 
films, 108, 109f 

Films 
demand for tunable 

properties, 96 
multi-component by inkjet 

printing, 165, 169f 
See also Model films; 

Polyelectrolyte 
multilayer films 

Film thickness 
refractive index and, by 

ellipsometry, 138 
See also Multiple incident 

media (MIM) 
ellipsometry 

Fingerprint textures, 
polarized light microscopy, 
82, 83f 

Fowke's theory 
contact angle data, 12 
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interfacial attraction, 12 
Freestanding films, solvent-

casting nanocrystals, 82, 
84t, 85t 

Functional textiles, layer-by-
layer (LbL) assembly, 108, 
109f 

 
G 
 
Geometric mean 

approximation, surface 
chemistry, 13 

Geometric mean method, 
surface free energy, 264–
265 

Gold surfaces 
cellulose derivative for 

modifying, 197–201 
dextran-coated gold 

nanoparticles, 206–207 
dextran derivatives for 

modifying, 202–207 
dextran esterification with 

sulfur-containing 
carboxylic acids, 205–
206 

functionalization of 
dextran with thiol 
groups, 204, 205f 

functionalization with 
aldehyde dextran, 202, 
204f 

methods for coating, 196 
preparation of thiolated 

dextran, 204, 205f 
schematic of dextran 

grafting, 203, 204f 
See also Polysaccharides 

for surface modification 

Graphite surface, open films 
of single cellulose 
molecules, 69 

Gray, V. R., wettability of 
wood, 10–11 

 
H 
 
Hamaker constant 

literature values for 
cellulose, 270t 

methods for evaluating, 
260–262 

Harmonic mean 
approximation, surface 
chemistry, 13 

Harmonic mean method, 
surface free energy, 265 

Heavy metals 
electrospun oxidized 

cellulose (E-OC), 245 
See also Oxidized 

cellulose (OC) 
Hemodialysis, regenerated-

cellulose membranes, 24 
History 

cellulose esters, 6–7 
cellulose ethers, 8–9 
regenerated cellulose, 7–8 

Honeycomb-pattern, 
cellulose films, 69 

Hydrocarbons, contact angles 
of, 15 

Hydroxyethyl cellulose 
(HEC) 
history, 8–9 
molecular structure, 7f 
spin-coated films, 20 
surface forces of model 

surfaces from, 21 
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Hydroxypropylcellulose, 
polyelectrolyte multilayer 
films with, 99 

Hydroxypropylmethyl 
cellulose (HPMC), spin-
coated films, 20 

Hydroxypropyl xylan (HPX) 
acetylation of, 176 
adsorption onto 

regenerated cellulose 
and self-assembled 
monolayers of 11-
mercaptoundecanol 
(SAM-OH) surfaces, 
185, 186f, 187f 

adsorption onto SAM of 1-
dodecanethiol (SAM-
CH3) surfaces, 187, 
188f, 189f 

adsorption study on model 
surfaces, 175 

characterization, 180–181, 
182t 

degree of hydroxypropyl 
substitution (DS), 180 

experimental, 175–179 
Feijter equation for surface 

excess, 179 
1H NMR spectra of 

acetylated derivatives, 
181f 

model cellulose film 
preparation, 177 

preparation of self-
assembled monolayer 
(SAM), 177 

refractive index increment 
measurement, 176 

schematic of raw SPR 
data, 178f 

SPR data analysis, 178–
179 

surface plasmon resonance 
(SPR) spectroscopy, 
177–178 

surface tension-
concentration plots, 182, 
183f, 184f 

surface tension 
measurements, 176 

surface tension of aqueous 
solutions, 182, 184–185 

thicknesses and refractive 
indices of layers, 180t 

Hysteresis effect, contact 
angle, 9 

 
I 
 
Inkjet technology 

aqua regia cleaning 
procedure, 160 

atomic force microscopy 
(AFM), 162 

cellulose nanocrystals, 
157–158 

chitosan solution 
preparation, 159 

coffee drop effect, 164, 
165 

dried inkjet droplet on 
aqua regia-cleaned 
glass, 164, 167f 

dried inkjet droplet on 
soap-cleaned glass, 164, 
166f 

dried inkjet droplet on 
solvent-cleaned glass, 
164, 168f 
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Epson Stylus Photo R800 
printer, 160, 161f 

height image by AFM of 
dried inkjet droplet, 164f 

micropatterning of 
cellulose nanocrystals, 
162, 163f 

microstructured cellulose 
films, 32 

multi-component films by 
co-deposition, 165, 169f 

organic solvent cleaning 
procedure, 160 

particle transport in drying 
cellulose nanocrystal 
droplets, 163–164 

polarized light microscopy, 
162 

preparation of cellulose 
nanocrystals, 158, 159f 

printing method, 160 
refillable cartridge, 160, 

161f 
soap cleaning procedure, 

159–160 
substrate cleaning 

procedures, 159–160 
Insolubility, cellulose, 10 
Institute of Paper Chemistry, 

cellophane surfaces, 13 
Inverse gas chromatography 

(IGC) 
cellulose ethers, 277, 279t 
surface energy, 268–269 

 
L 
 
Langmuir, Irving, Nobel 

Prize in Chemistry in 
1932, 9 

Langmuir–Blodgett (LB) 
deposition 
advantage over spin 

coating, 71 
atomic force microscopy 

(AFM) images of LB-
deposited film, 67f 

cellulose films, 118–119 
cellulose nanocrystal films, 

80, 85t 
cellulose nanocrystals 

monolayers, 26–27 
cellulose whisker films at 

air-liquid interface, 125, 
126f, 127 

cellulose whisker LB films 
on silicon substrates, 
128–129 

comparing surfaces by, and 
spin coating, 22 

model film preparation, 
58–59 

morphology of LB whisker 
films, 129, 130f 

multiple incident media 
(MIM) ellipsometry of 
TMSC films, 143–144 

nanocrystalline cellulose 
(NCC), 64–65 

regenerated-cellulose 
model surfaces, 21–22 

schematic, 59f, 119f 
thin film technique, 17, 18t 
trimethylsilyl cellulose 

(TMSC), 65–66 
whisker orientation in LB 

films, 132, 133f 
Layer-by-layer (LbL) 

assembly 
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alternating cellulose 
nanocrystals and 
xyloglucan, 33–34 

cellulose fibers, 110–111 
cellulose nanocrystals, 105 
cellulose nanocrystals in 

acid form, 104–105 
digital photographs of 

colors in spin-coated 
LbL films, 104f 

disadvantages, 105–106 
electrostatic technique, 96 
functional textiles, 108, 

110 
method, 33 
nanocrystalline cellulose 

(NCC), 64 
wood fibers, 106–107 

Lewis acid-base approach, 
surface free energy, 265–
266 

Lifshitz–van der Waal/acid-
base (LW/AB) approach 
contact angle with, 20 
contributions to surface 

free energy, 15–16 
London dispersion force, 

contributions to surface 
free energy, 14 

Lyocell process, regenerated 
cellulose, 8 

 
M 
 
Magnetic field, cellulose 

nanocrystal films, 85t, 86, 
87f 

Metals in groundwater. See 
Oxidized cellulose (OC) 

Methyl cellulose 

history, 8–9 
molecular structure, 7f 
polyelectrolyte multilayer 

films with, 99 
Methyl cellulose (MC), spin-

coated films, 20 
Mica, spin-coating 

nanocrystals on, 82, 84t 
Microfibrillated cellulose 

(MFC) 
cellulose I alternative, 77 
dimensions and surface 

charge, 79t 
polyelectrolyte multilayer 

films, 110 
Micropatterning, cellulose 

nanocrystals, 162, 163f 
Microstructured cellulose 

films 
inkjet technology, 32 
preparation, 30–31 

Model films 
cellulose derivative 

deposition and 
conversion to cellulose, 
65–67 

deposition of dispersed 
nanocellulose, 63–65 

deposition of dissolved 
cellulose, 61–63 

instrumentation, 58–60 
Langmuir–Blodgett (LB) 

deposition, 58–59 
LB technique advantages, 

71 
morphology, 57–58 
open films of cellulose, 

67–69, 70f, 71 
preparation methods, 60–

61, 71 

D
ow

nl
oa

de
d 

by
 8

9.
16

3.
34

.1
36

 o
n 

Ju
ne

 2
5,

 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 D

ec
em

be
r 

20
, 2

00
9 

| d
oi

: 1
0.

10
21

/b
k-

20
09

-1
01

9.
ix

00
2

In Model Cellulosic Surfaces; Roman, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2010. 



 

 

307 

spin coating, 59–60 
Model surfaces 

native-cellulose, 19, 24–27 
regenerated-cellulose, 19, 

21–24 
Model surfaces, early 

cellophane surfaces, 10–11 
controlled-drop-volume 

method, 9 
self-cast cellulose films, 

11–12 
surface chemistry in 1970s, 

13–14 
surface chemistry in 1980s 

and early 1990s, 14–16 
tilting plate method, 9 
vertical rod method, 9 

Molecular structure, 
cellulose, 4–5 

Monolayers, cellulose 
nanocrystals, 88–89 

Morphology 
cellulose surfaces from 

nanocrystals, 25–26 
model films, 57–58 
open films of cellulose, 71 
regenerated-cellulose 

model surfaces, 23–24 
Multilayer films. See 

Polyelectrolyte multilayer 
films 

Multiple angle of incidence 
(MAOI) ellipsometry 
Langmuir–Blodgett (LB) 

trimethylsilyl cellulose 
(TMSC) films, 151t, 
153t 

method, 142 

multiple incident media 
(MIM) ellipsometry vs., 
150, 151t, 153t 

Multiple incident media 
(MIM) ellipsometry 
cellulose nanocrystal films, 

149, 150t 
film preparation, 140–141 
method, 141–142 
multiple angle of incidence 

(MAOI) ellipsometry, 
142, 150, 151t, 153t 

regenerated cellulose films 
from trimethylsilyl 
cellulose (TMSC) films, 
146, 147f, 148t 

sample cell, 139f 
spectroscopic ellipsometry 

(SE), 142–143, 150, 
151t, 152f, 153t 

spin-coated TMSC films, 
144–146 

TFCompanion™ software, 
149, 150, 151t 

TMSC Langmuir–Blodgett 
(LB) films, 143–144 

vs. SE and MAOI 
ellipsometry 
measurements, 150, 
151t, 152f, 153t 

 
N 
 
Nanocellulose, deposition of 

dispersed, 63–65 
Nanocrystalline cellulose 

(NCC) 
deposition, 63–65 
source of cellulose I, 76–

77 
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submonolayers on 
amorphous cellulose, 68, 
70f 

Nanofibrillar cellulose 
(NFC), advantage of model 
films, 65 

Native cellulose, model 
surfaces, 19, 24–27 

Nobel Prize in Chemistry, 
Irving Langmuir, 9 

 
O 
 
Open films 

atomic force microscopy 
(AFM) images, 68, 70f 

cellulose, 67–69 
cellulose islands on 

cellulose, 68, 70f 
cellulose on untreated 

silicon, 68, 70f 
morphological orientation, 

71 
regenerated-cellulose 

films, 32 
Optical characterization, 

cellulose films, 119–120 
Optical reflectometry, 

cellulose films, 28 
Optimum adhesion, surface 

tension for, 11 
Optimum wetting, surface 

tension for, 11 
Ordered films of cellulose 

nanocrystals 
AFM (atomic force 

microscopy) of tunicin 
whisker and ramie 
nanocrystal films, 129, 
130f 

AFM images of ramie 
nanocrystal film on 
silicon substrate after 
washing, 129, 132, 133f 

AFM images of tunicin 
whisker film on silicon 
substrate after washing, 
129, 131f, 132 

atomic force microscopy 
(AFM), 121 

Brewster angle microscopy 
(BAM), 125, 126f 

cellulose whisker films at 
air-liquid interface, 125, 
127 

cellulose whisker 
Langmuir–Blodgett 
(LB) films on silicon 
substrates, 128–129 

characterization methods, 
119–120 

controlling orientation, 116 
electric field, of tunicin 

and ramie, 121–122, 
123f 

experimental, 117–121 
incomplete alignment of 

tunicin nanocrystals, 
122, 124f 

isotherms of surface 
pressure and ellipticity, 
126f 

LB setup, 119f 
morphology of LB whisker 

films, 129, 130f 
optical characterization, 

119–120 
preparation from tunicin 

and ramie, 117 

D
ow

nl
oa

de
d 

by
 8

9.
16

3.
34

.1
36

 o
n 

Ju
ne

 2
5,

 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 D

ec
em

be
r 

20
, 2

00
9 

| d
oi

: 1
0.

10
21

/b
k-

20
09

-1
01

9.
ix

00
2

In Model Cellulosic Surfaces; Roman, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2010. 



 

 

309 

preparation of cellulose 
films by LB technique, 
118–119 

preparation of cellulose 
films in electric field, 
118 

preparation of silicon 
substrates, 117–118 

refractive indexes from 
ellipsometry spectra, 
127t 

surface dilational 
properties by dynamic 
bubble tensiometry, 127, 
128f 

surfaces from cellulose 
monocrystals, 116 

tensiometry measurements, 
120 

whisker deposition setup in 
electric field, 119f 

whisker orientation by 
electric field, 121–122 

whisker orientation in LB 
films, 132 

Ordered surfaces, cellulose I, 
82, 86–87 

Orientation 
cellulose nanocrystals, 116 
open films of cellulose, 71 
See also Whisker 

orientation 
Owens–Wendt theory, 

cellophase surfaces, 13 
Oxidized cellulose (OC) 

cellulose degradation 
products, 244 

electrospun OC (E-OC), 
245 

experimental, 246–247 

Fourier transform-infrared 
(FTIR) spectroscopy, 
247 

FTIR spectra of 
electrospun cellulose 
acetate (CA) mat, 
deacetylated CA mat 
and E-OC, 250, 251f 

FTIR spectra of OC and E-
OC, 252f 

IR spectra of E-OC, E-OC-
U complexes, 253f 

IR spectra of E-OC-Ce, E-
OC-Eu, OC-Ce, and 
OC-Eu complexes, 254f 

methods for production, 
245 

molecular structure, 245f 
morphology of E-OC-

metal complexes, 248, 
249f 

morphology of OC and E-
OC, 247–248 

ongoing field experiments, 
255, 256f 

preparation of OC, 246 
preparation of E-OC, 246 
Raman spectra of 

electrospun CA mat, 
deacetylated CA mat 
and E-OC, 250, 251f 

Raman spectra of E-OC 
and E-OC-U complex, 
254f 

Raman spectra of OC and 
E-OC, 252f 

Raman spectroscopy, 247 
scanning electron 

microscopy (SEM), 247 
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SEM images of 
electrospun CA mat, 
deacetylated CA mat, E-
OC, and OC, 248f 

SEM of E-OC-U, E-OC-
Ce, and E-OC-Eu 
complexes, 249f 

spectroscopy of OC and E-
OC-metal complexes, 
253–254 

spectroscopy of reaction 
intermediates and 
products, 250–252 

synthesis of sorbed 
complexes, 246–247 

 
P 
 
Plants 

cellulose, 3, 75, 259 
secondary cell wall, 116 

Polarized light microscopy, 
fingerprint textures, 82, 83f 

Polyelectrolyte multilayer 
films 
adsorption on wood fibers, 

106–107 
categories, 97, 98f 
cellulose derivatives in, 

99–101 
cellulose fiber substrates, 

106–111 
cellulose nanocrystals in, 

101–106 
electrically conducting 

cellulose fibers, 110 
fiber surfaces, 111 
film composition and 

surface properties, 108, 
109f 

layer-by-layer (LbL) films, 
104–106 

LbL assembly for 
functional textiles, 108, 
110 

microfibrillated cellulose 
(MFC) in, 110 

poly(allylamine 
hydrochloride) (PAH) 
and cellulose 
nanocrystals, 102–104 

polymer nanofiber mats, 
108 

Polymer nanofiber mats, 
multilayering films, 108, 
109f 

Polysaccharides 
chemical modifications, 

195–196 
See also Hydroxypropyl 

xylan (HPX) 
Polysaccharides for surface 

modification 
adsorption of xylan 

derivatives on cellulose 
surfaces, 217–218 

aminocellulose by Huisgen 
reaction, 212, 214f 

aminocellulose derivatives 
generating biofunctional 
surfaces, 208–212 

applications of 
aminocellulose 
derivatives, 210–212 

atomic force microscopy 
(AFM) images of 
aminocellulose on 
Si/SiO2 and Au 
nanoparticles, 211, 213f 
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cellulose derivatives for 
gold surfaces, 197–201 

conversion of reducing end 
groups with 
thiosemicarbazole, 201 

covalent enzyme coupling 
of aminocellulose 
surface, 211, 213f 

dextran derivatives and 
gold surfaces, 202–207 

dextran reaction with 
sulfur-containing 
carboxylic acids, 205–
206 

esterification with sulfur-
containing carboxylic 
acids, 200, 201f 

gold surface 
functionalization with 
aldehyde dextran, 202, 
204f 

gold surface 
functionalization with 
carboxymethyl dextran, 
202, 203f 

gold surfaces, 196–207 
preparation of 2-

mercaptocarbamoyl 
dextran, 204, 205f 

preparation of thiolated 
dextran, 205 

schematic of dextran 
grafting, 203, 204f 

scheme for preparation of 
dextran-coated gold 
nanoparticles, 206–207 

self-assembled monolayers 
(SAMs), 196 

self-assembly of xylan 
derivatives on cellulose 
surfaces, 214–218 

sulfur atom introduction 
into polymer backbone, 
198, 200f 

sulfur-containing groups, 
196 

synthesis of 
aminocellulose 
derivatives, 208–209 

synthesis of cellulose 
thiosulfate derivatives, 
197f 

thiosulfate addition to C–C 
double bonds, 197, 199f 

xylan derivative synthesis, 
215–216, 217f 

Polystyrene (PS), 
trimethylsilyl cellulose/PS 
blend preparation, 31–32 

Printing. See Inkjet 
technology 

Pyrolytic graphite surface, 
open films of single 
cellulose molecules, 69 

 
R 
 
Ramie 

AFM (atomic force 
microscopy), 130f 

AFM of cellulose 
nanocrystal films, 132, 
133f 

dimensions and surface 
charge, 79t 

electric field-ordered 
cellulose nanocrystal 
films, 121–122, 123f 
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preparation from cellulose 
nanocrystals, 117 

refractive indexes from 
ellipsometry spectra, 
127t 

Reflectometry, cellulose 
films, 28 

Refractive indices 
increment measurement, 

176 
thickness and, by 

ellipsometry, 138 
thicknesses and, of various 

layers, 180t 
See also Hydroxypropyl 

xylan (HPX); Multiple 
incident media (MIM) 
ellipsometry 

Regenerated cellulose 
adsorption of 

hydroxypropyl xylan 
(HPX) on, 185, 186f, 
187f 

history, 7–8 
model surfaces, 19, 21–24 
multiple incident media 

(MIM) ellipsometry of 
films, 146, 147f, 148t 

open films, 32 
 
 
S 
 
Self-assembled monolayers 

(SAMs) 
adsorption of HPX on 

SAM of 1-dodecanethiol 
(SAM-CH3), 187, 188f, 
189f 

adsorption of 
hydroxypropyl xylan 
(HPX) on SAM of 11-
mercaptoundecanol 
(SAM-OH), 185, 187f 

hydroxylpropyl xylans 
(HPX), 175 

preparation, 177 
See also Hydroxypropyl 

xylan (HPX) 
Self-assembly surfaces. See 

Polysaccharides for surface 
modification 

Self-cast cellulose films, 
early studies, 11–12 

Sessile-drop method, contact 
angles, 10, 11, 13 

Silicon, spin-coating 
nanocrystals on, 82, 84t, 
85t 

Silicon substrates, 
preparation, 117–118 

Solubility, xylan, 174 
Solution dipping, 

polyelectrolyte multilayer 
films, 102–104 

Solvent casting 
cellulose nanocrystal films, 

80, 84t, 85t 
thin film technique, 17, 18t 

Solvents, deposition of 
dissolved cellulose, 61–63 

Spectroscopic ellipsometry 
(SE) 
Langmuir–Blodgett (LB) 

trimethylsilyl cellulose 
(TMSC) films, 151t, 
153t 

method, 142–143 
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multiple incident media 
(MIM) ellipsometry vs., 
150, 151t, 153t 

refractive index of 
regenerated cellulose 
and TMSC films, 150, 
152f 

Spin coating 
AFM (atomic force 

microscopy) images of 
film, 67f 

AFM of model cellulose 
films, 63f 

cellulose nanocrystal films, 
80, 81, 84t, 85t, 90 

comparing Langmuir–
Blodgett and, 22 

MIM (multiple incident 
media) ellipsometry of 
TMSC films, 144–146 

model film preparation, 
59–60 

multiple incident media 
(MIM) ellipsometry of 
cellulose nanocrystal 
films, 149, 150t 

nanocrystalline cellulose 
(NCC), 63–64 

native-cellulose surfaces, 
25 

polyelectrolyte multilayer 
films, 102–104 

regenerated-cellulose 
model surfaces, 21, 22–
23 

schematic setup, 60f 
thin film technique, 17, 18t 

Submonolayers 
cellulose nanocrystals, 88–

89 

nanocrystalline cellulose 
(NCC) on amorphous 
cellulose, 68, 70f 

Substrate morphology, 
regenerated-cellulose 
membranes, 23–24 

Substrates 
cleaning procedures, 159–

160 
See also Inkjet technology 

Surface chemistry 
advances in early 1960s, 

12 
Hamaker constant 

evaluation, 260–262 
influences in 1970s, 13–14 
setting of high- and low-

energy surfaces, 10 
studies in 1980s and early 

1990s, 14–16 
Surface excess, Feijter 

equation, 179 
Surface free energy 

cellulose, 271t, 272t, 273t 
cellulose acetate, 15 
cellulose esters, 280, 281t 
cellulose ethers, 279t 
degree of polymerization 

vs., of cellulose, 274, 
275f 

equation of state method, 
263–264, 266–267 

geometric mean method, 
264–265 

harmonic mean method, 
265 

inverse gas 
chromatography (IGC), 
268–269 
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Lewis acid-base approach, 
265–266 

Lifshitz–van der 
Waals/acid-base 
(LW/AB) approach, 15–
16 

London dispersion force 
contributions, 14 

methods for evaluating, 
262–269 

three-liquid method by van 
Oss, Chaudhury and 
Good (vCG approach), 
266, 267–268 

vapor phase adsorption, 14 
Zisman method, 263, 266 

Surface modification. See 
Polysaccharides for surface 
modification 

Surface plasmon resonance 
(SPR) spectroscopy 
adsorption of HPX on 

SAM of 1-
dodecanethiol, 187, 
188f, 189f 

analytical technique for 
cellulose surfaces, 28–
29 

data analysis, 178–179 
method, 177–178 
schematic of raw data, 

178f 
See also Hydroxypropyl 

xylan (HPX) 
Surface properties, 

regenerated-cellulose 
surfaces, 24 

Surface tension 

aqueous hydroxypropyl 
xylan (HPX) solutions, 
182, 184–185 

See also Hydroxypropyl 
xylan (HPX) 

Surface tension for optimum 
adhesion, concept, 11 

Surface tension for optimum 
wetting, concept, 11 

Suspension-cast surfaces, 
cellulose I, 90 

 
 
T 
 
Thin film techniques 

cellulose-derivative model 
surfaces, 19–21 

dip coating, 16–17, 18t 
Langmuir–Blodgett (LB) 

technique, 17, 18t 
native-cellulose model 

surfaces, 19, 24–27 
preparation overview, 16–

17, 18t 
regenerated-cellulose 

model surfaces, 19, 21–
24 

solvent casting, 17, 18t 
spin coating, 17, 18t 

Three-liquid method, van 
Oss, Chaudhury, and Good 
(vCG) method, 266, 267–
268 

Tilting plate method, contact 
angles, 9, 10 

Trimethylsilyl cellulose 
(TMSC) 
biological assays, 20 
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comparing surfaces by LB 
and spin-coating 
techniques, 22 

film preparation by 
Langmuir–Blodgett 
(LB) and spin-coating, 
140–141 

hydrolysis to cellulose, 66f 
MIM (multiple incident 

media) ellipsometry for 
regenerated cellulose 
from, 146, 147f, 148t 

MIM ellipsometry for 
spin-coated TMSC 
films, 144–146 

MIM ellipsometry for 
TMSC LB-films, 143–
144 

MIM vs. spectroscopic 
(SE) and multiple angle 
of incidence (MAOI) 
ellipsometry, 150, 151t, 
152f, 153t 

model cellulose surface, 
65–67 

molecular structure, 7f 
open cellulose films, 32 
thickness and refractive 

index of regenerated 
cellulose from, 148t, 
151t 

thickness and refractive 
index of spin-coated 
cellulose nanocrystal 
films, 150t 

thickness and refractive 
index of spin-coated 
TMSC films, 145t 

thickness and refractive 
index of TMSC LB-
films, 148t, 151t 

thickness of TMSC LB-
films by ellipsometry 
methods, 150, 153t 

TMSC/polystyrene blend 
preparation, 31–32 

Tunicin 
atomic force microscopy 

(AFM), 130f, 131f 
dimensions and surface 

charge, 79t 
electric field-ordered 

cellulose nanocrystal 
films, 121–122, 123f 

incomplete alignment of, 
cellulose nanocrystals, 
122, 124f 

preparation from cellulose 
nanocrystals, 117 

refractive indexes from 
ellipsometry spectra, 
127t 

 
U 
 
Uranium (U) 

extraction from Earth's 
core, 244 

heavy metals, 245 
See also Oxidized 

cellulose (OC) 
 
V 
 
Valonia algae 

cellulose crystal structure, 
87 

cellulose nanocrystals, 89 
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dimensions and surface 
charge, 79t 

van Oss, Chaudhury, and 
Good (vCG) approach, 
surface energy, 266, 267–
268 

Vapor phase adsorption, 
surface free energy, 14 

Vertical rod method, contact 
angles, 9, 11 

 
W 
 
Wettability 

characterizing methods, 10 
wood, 10–11 

Whisker orientation 
cellulose Langmuir–

Blodgett (LB) films on 
silicon, 128–129 

cellulose whisker films at 
air-liquid interface, 125, 
126f, 127 

LB films, 132, 133f 
morphology of LB whisker 

films, 129, 130f, 131f, 
133f 

Wood fibers 
fiber wettability, 107 
layer-by-layer assembly, 

106–107 
 
 
 
 
 
 
 
 
 

X 
 
Xylan 

adsorption of derivatives  
on cellulose surfaces, 217–

218 
chemical modification, 174 
enhancing pulp properties 

of derivatives, 174–175 
self-assembly of, 

derivatives on cellulose 
surfaces, 214–218 

synthesis of, derivatives, 
215–216, 217f 

See also Hydroxypropyl 
xylan (HPX) 

Xyloglucan, alternating 
cellulose nanocrystals and, 
33–34 

 
Z 
 
Zeta potential, Hamaker 

constant, 261 
Zisman, William A. 

critical surface tension of 
wetting, 15 

surface chemistry, 10 
Zisman method, surface free 

energy, 263, 266 
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