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Cellulose-based superhydrophobic surfaces

1. Introduction

1.1. Structure and reactivity of cellulose

Cellulose is the most abundant polymer in nature. It is a linear and fairly rigid
homopolymer consisting of D-anhydroglucopyranose unit (AGU). A deep
understanding of the structural properties of cellulose requires studying the effect of
different substituents on the physical and chemical properties of cellulose and its
derivatives. Anselm Payen was the first to find the chemical composition of
cellulose, which is presented by the elemental formula (CgH100s)r>. In the late 1920,
Haworth proposed a chain-like macromolecular structure after Hermann Staudinger
proved the highly polymerized nature of cellulose. The repeat unit consists of two
AGU rings ((CeH100s)n; n= 10000 to 15000, where n depends on the cellulose source
material) that are linked together through a p-(1—4) glycosidic bond. Figure 1 shows
the B-(1—4 linkage) glycosidic bond formed between the C1 of one glucose ring and
the C4 of the connecting ring. The n shows the number of AGU units linked together
and it is commonly known as the “degree of polymerization” (DP). In solid state,
AGU has three hydroxyl (OH) groups at the C-2, C-3 and C-6 positions. The
terminal groups at the either end of the cellulose are different from each other. The
C-1 hydroxyl at one end of the molecule is a hemiacetal group with reducing activity
and creates from the formation of the pyranose ring via an intramolecular hemiacetal
reaction. In contrast, the C-4 hydroxyl group at the other end of the molecule is an
alcoholic hydroxyl group and denotes the non-reducing end® (Figure 1). These
hydroxyl groups, one primary and two secondary, can be substituted with different
functional groups by esterification, etherification, fluorination, silylation, amination,
carbanilation or grafting the polymer of cellulose surface. It is known from infrared
spectroscopy (IR), X-ray crystallography and nuclear magnetic resonance (NMR)
that the AGU ring exists in the pyranose ring conformation and that this adopts the
*C,-chair formation which constitutes the lowest energy conformation for D-

glucopyranose’.



Figure 1. Molecular structure of cellulose representing the repeating unit that shows reducing (right)
and non-reducing (left) end-group and also S-(1—4 linkage).

There are two possibilities for the hydroxyl groups in the cellulose molecule to form
hydrogen bond. The interaction between hydroxyl groups in the same molecule
creates intramolecular hydrogen bonding but when the interaction is between two
hydroxyl groups in neighboring cellulose molecules, then it forms intermolecular
hydrogen bonding. The two intramolecular hydrogen bonds are formed between the
hydroxyl groups on C-3 and the endocyclic oxygen (O5) and between the C2-OH
and the C6-OH groups. Intramolecular hydrogen bond is the main cause of the high
stiffness and rigidity of the cellulose molecule that gives cellulose high viscosity in
solution, its high tendency to crystallize, and its ability to form fibrillar strands. The
intermolecular hydrogen bonds are made from the bonds between the C3-OH and
C6-OH (Figure 2).

Figure 2. Cellulose structures showing the intramolecular hydrogen bonding between C2-OH and C6-
OH (i), and C3-OH with endocyclic oxygen (ii); and the intermolecular hydrogen bonding between
C3-OH and C6-OH (iii) (supramolecular structure)®.
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Cellulose is insoluble in common organic solvents and in water®. This is due to the
both extensive intra- and intermolecular hydrogen bonding and also hydrophobic
interactions. The axial direction of the AGU ring is hydrophobic since the hydrogen
atoms of carbon-hydrogen bonds are located on the axial position of ring®. Breaking
the hydrogen bonding network increases the solubility of cellulose in polar and non-

polar solvents.

The properties of cellulose depend on its molecular, supramolecular and

morphological structure.
1.2. Supramolecular structure of cellulose

Cellulose chains have the tendency to aggregate and form a parallel arrangement of
crystallites and crystallite strands. The ability of hydroxyl groups of cellulose to form
secondary valence bonds with one other is the main reason for strong tendency of

cellulose to organize in parallel arrays of crystallites'®.

Nishikawa and Ono discovered the supramolecular structure of cellulose by studying
the well-defined X-ray diffraction patterns. This led to the conclusion that individual
cellulose molecules tend to arrange themselves in a highly organized way leading to
a “paracrystalline” state. Based on “micellar structure” concept, Naegeli and
Schwenderner proposed in 1865 that the natural reticulum substrates, such as
cellulose which built from particles of colloidal dimensions. These colloidal particles
are called “micelles” and they are held together by glue-like materials. Based on
these assumptions and theories of Staudinger on the macromolecular structure,
scientist developed the “fringe-micellar” structure concept (Figure 3A). According to
this structure model, polymer chain alignment form crystalline domains (“micelles”
or “crystallites”). The supramolecular structure consists of two regions: low order
“amorphous” and highly order “crystalline”™*. The crystallites are embedded in an

amorphous matrix due to the two phase network.



Figure 3. a) Fringe-micellar model and b) micellar structure model mixed with amorphous material®.

According to the Figure 3B, the latticework represents the highly ordered crystalline
region, while the residual part represents the low ordered amorphous regions. The
degree of crystallinity can be measured by different X-ray techniques such as powder

X-ray diffraction (XRD), and other means such as solid state NMR spectroscopy.

There are several polymorphs of crystalline cellulose (I, Il, I1I, V). Each has been
broadly studied. Cellulose I is the crystalline cellulose that is naturally produced by
a variety of organism like plants, algae, bacteria, etc. and it is sometimes referred to
as “natural” cellulose. Its structure is thermodynamically metastable and can be
converted to the cellulose Il or II*2 The cellulose Il crystal structure is the
thermodynamically most stable one and can be produced by two processes of
regeneration (solubilization and recrystallization) and mercerization (aqueous sodium
hydroxide treatments)'®. Crystalline cellulose | is a mixture of two polymorphs,
comprising a triclinic (Ia) and a monoclinic (I) structure, which are shown in Figure
4. Since there is a difference between Io and If unit-cell parameters, small shift in
the cellulose chains in one arrangement along the chain axis can be seen (Figure 4a).
Three lattice planes with approximate d- spacings of 0.39 nm, 0.53 nm, and 0.61 nm
are shared and correspond to Ia lattice planes (110);, (010);, and (100);, and I lattice
planes (200)n,. (110)m, and (1710)y, respectively. There is a relative displacement of
c/4 between each subsequent hydrogen-bonded plane for Ia, while for Ip the
displacement alternates between +c/4 and — c/4. For both Io and I unit cells the
cellulose chains are arranged in a “parallel up” configuration in which all the
cellulose chains are arranged such that the 1—4 link points in the positive c-axis
direction of their respective crystalline unit. In contrast, “antiparallel” describes
alternating stacking of the cellulose chains in the 1—4 link directionality between
different hydrogen bonding planes.
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Figure 4. Schematic of the unit cells for cellulose la (triclinic, dashed line) and 15 (monoclinic, solid
line). (a) projection along the chain direction with the la and 15 unit cells superimposed on the
cellulose | crystal lattice™* showing the parallelogram shape of both unit cells when looking down the
c-axis. The corresponding lattice planes for 1, 2, and 3, are (110)t, (010)t, and (100)t for la and
(200)m, (110)m, and (1 70)m for Ip. (b) relative configuration of la with respect to 13 unit cell*®, and
the displacement of the hydrogen bonding sheets for gg) la of +c/4, and for (d) 155 alternating +c/4 and
—c/4™.

1.2.1. Morphological structure of cellulose

The morphological structure of cellulose contains a well-organized architecture of
fibrillar elements. Information on cellulose morphology is acquired mainly by
electron microscopic techniques (scanning and transmission electron microscopy),
but also light microscopy exclusively employed in the first part of this century, is still
a necessary tool in the investigation of the gross morphology. An elementary fibril is
the smallest morphological unit with variable size depending on the source of
cellulose. A uniform and a non-uniform elementary fibril have 3.5 and 3-20 nm in
diameter, respectively. The microfibril is the lowest well-defined morphological
entity, although it consists of non-uniform subunits. The microfibrils aggregate to
larger morphological entities with diameters in the range 10-50 nm, and significantly
depending on the cellulose origin. The length of the microfibrils can reach

micrometers.

Micro- and macrofibrils contain units of the cellulose fiber cell-wall architecture.
This cell-wall morphology is characterized by layers differing in fibril texture, as
shown schematically in Figure 5 for a cotton fiber and a delignified spruce pulp fiber.
Despite the different origin and function of these fiber cells, some general similarities
of morphological architecture can be recognized. Both fibers consist of different
layers with the fibril position giving different densities and textures. In the outer
layer, the so-called primary wall (P) fibrils of about 10 nm in diameter are positioned



crosswise to a layer of about 50 nm thickness. This crosswise positioning possibly
impedes a swelling of the inner secondary wall. The secondary wall (S) consists of
two layers Sl and S2. The thickness of the Sl layer is, in the case of cotton, about 100
nm, in the case of a spruce pulp fiber, about 300 nm. The fibrils are aligned parallel
and densely packed in a flat helix, the direction of which may be opposite in
subsequent Sl layers. The Sl layer can strongly impede swelling of the S2 layer
beneath it, the thickness of which amounts to several um and thus contains most of
the cellulose mass. The fibrils are well aligned in a helix. In the cotton fiber, a
layered structure of S2 exists due to density fluctuations during growth, with an
average distance of 100-200 nm, which becomes visible after suitable swelling
treatment. The inner layer closest to the fiber lumen, i.e. the tertiary layer (T) in the
case of wood fibers and the S3 layer in the case of cotton, is comparably thin and has

the fibrils aligned in a flat helix™.

Figure 5. Scheme of the 'morphological architecture' of a cotton fiber (A) and a delignified spruce
wood fiber (B); C-cuticle (rich in pectins and waxes), L-lumen, ML-middle lamella (mainly lignin), P-
primary wall, R-reversal of the fibril spiral, Si-secondary wall (‘winding layer'), S2-secondary wall
(main body), T-tertiary wall, W-wart layer™.

For the determination of the dimension of fibrous cellulose substrates there are three
methods available: 1) heterogeneous hydrolytic degradation, 2) electron microscope
imaging, and 3) X-ray wide and small angle diffraction. In the current study we did
X-ray diffraction measurement in order to investigate the crystalline structure of the

synthesized fluorinated cellulose ester.



1.3. Isolation of cellulose particles

The isolation process of cellulose from cellulose source materials comprises two
stages. The first stage is purification and homogenization pretreatment of the source
material. The specific treatment depends on the cellulose source material (like wood,
plants, tunicate, algal, and bacterial cellulose source) and to a lesser degree on the
desired morphology of the starting cellulose particle for the second stage
treatments'’. The second step constitutes the separation of these “purified” cellulose
material into microfibrillar and/or crystalline components. Isolation of cellulose can
be achieved by different measures such as mechanical treatment, acid hydrolysis,
and enzymatic hydrolysis'®. These methods can be carried out separately, however in
practice these methods are used in sequence for obtaining the desired morphology.

Acid hydrolysis method is for extracting the crystalline particles from the cellulose
material sources.

This process removes the amorphous regions within the cellulose microfibrils.
Typically, sulfuric acid is used since it introduces a negative charge onto the surface
of particles through sulfation, leading to more stable suspensions but other acids like
hydrochloric and maleic acid can also be used. If hydrolysis is carried out using
hydrochloric acid instead of sulfuric acid, the cellulose whisker dispersion becomes
more unstable and there is a tendency to jellify, which is not desirable for most end
applications™. Finally, the mixture has to be separated by centrifugation or filtration
and washing/rising step by dialysis against deionized water to remove the remaining
acid or neutralized salt.

In our study cellulose nanocrystals (CNCs) were prepared by the sulfuric acid
hydrolysis, which introduces sulfate groups on the crystallite surface. Charged
sulfate groups enable stable dispersions due to electrostatic repulsion, suppressing
the inherent tendency of aggregation®.
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1.4. Cellulose based materials

Here, the main cellulose-based materials based on different cellulose sources and
also various cellulose extraction methods are briefly described. The most abundant
cellulose-based material is wood and to a lesser extent annual plants*®. These
individual wood or plant cells that are 10’s of micron in diameter and millimeters in
length. They have a high percentage of cellulose and relatively low crystallinity (43—
65%). Microcrystalline cellulose (MCC) is prepared by acid hydrolysis of
hemicellulose-lean pulp (dissolving pulp), back-neutralization with alkali and then
spray-coating. The resulting particles are approximately 10-50 um in diameter.
Usually the MCC aggregates are broken to smaller rode-like particles with 1-10 um
in length for the use in composites. Another type of the cellulose particle is
Microfibrillated cellulose (MFC) which is produced by mechanical treatment of
wood and plant fiber pulps. Their dimensions in width and length are 10—100 nm and
0.5-10 pum, respectively. Nevertheless, they have a high aspect ratio and contain both
amorphous and crystalline regions™. The dimensions of nanofibrillated cellulose
(NFC) are smaller as compared to MFC, comprising a typical width and length of 4—
20 nm and 500-2000 nm, respectively. The differentiation of NFC from MFC is
based on the fibrillation process that produces finer particle diameter. Typical
dimensions of CNCs prepared from filter paper are in the range of 5-8 nm in
diameter and 50 to 500 nm in length. The rod-like or whisker shaped particles of

CNCs contain a high aspect ratio and are highly crystalline (54-88%)".

Insufficient hydrolysis process leads to modify cellulose morphology since the
amorphous region is not completely remove. However, acid hydrolysis can be
improved by increasing the reaction time or increase the acidity, which results in
more pronocunced depolymerization of the crystalline cellulose, thereby reducing the
size of the particles. The largest aspect ratio of the CNC is Tunicate cellulose
nanocrystals, which have height of almost 8 nm, a width of 20 nm, and a length of
1004000 nm. Algae cellulose and bacterial cellulose particles are other types of
cellulose particles which are extracted from the wall of various algae and bacteria,

respectively.
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2. Strategies of cellulose surface modification

The cellulose modification relies on surface functionality of hydroxyl groups. CNCs
displays to main drawbacks. The first one is the high number of hydroxyl groups,
which lead to strong hydrogen interactions between two nanocrystals and producing
the gel-like structure. The second drawback is the high hydrophilicity of this
material, which limits its uses in several applications such as in paper coating
(increase of dewatering effect) or composites (tendency to form agglomerates in
petro-chemical polymers). The most feasible solution to this is chemical surface
modification to reduce the number of hydroxyl interactions and also to increase the
compatibility with several matrices. Generally, the chemical modification of CNCs
can be classified into two distinct groups: (1) Physical interaction or adsorption of
molecules or macromolecules onto their surface, and (2) Chemical approach to
achieve covalent bonds between cellulose substrate and the grafting agents.

The aim of this chapter is to briefly highlight some of the chemical pretreatment
methods to prepare the CNCs and the functionalization of this material via the
absorption and the chemical modification. The chemical pretreatment methods are
used to introduce stable negative or positive electrostatic charges on the CNCs
surface to obtain better dispersion. Finally, among of the chemical derivatization

methods, acylation of cellulose at heterogeneous condition will be shortly discussed.

2.1. Functionalization via CNC synthesis

The surface chemistry of cellulose nanoparticles is primarily controlled by the
extraction procedure used to prepare these nanoparticles from the native cellulosic
substrates. Therefore this modification method is provided by the most common
extraction methods, which CNCs represent one of two chemistries at the surface
(Figure 6). As an example the CNCs can contain acid content at their surface.
Cellulose sulfation can be carried out by sulfuric acid treatment when it forms sulfate
ester on the CNCs surface. The sulfate content provides a high charge on the surface
of the cellulose that leads to a stabilized nanocellulose dispersion. This method has
been used for enriching sulfate groups on the crystal surface. Other less used

methods have been presented as well, such as phosphoric acid and hydrobromic acid.
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Fischer-Speier esterification is another method to obtain acetylated surface.
Fibrillated CNC types are derived from different methods for surface modification
and they show different surface chemistry. TEMPO-mediated oxidation is another
common method. In this method uses the 2,2,6,6-Tetramethylpiperidine 1-oxyl
(TEMPO) radical as a catalyst with a primary oxidant such as hypochlorite to
selectively oxidize primary alcohol groups in the cellulose. In fact primary alcohol

group of nanofibrillated cellulose oxidized into the carboxylic acid.

0 o )
Y Y Y SO SOH SO

[0} (o] o} o ? o] (8}
Il
g ‘@H ﬂy —————
OH OH OH ClO- O ) OH oH oH

Figure 6. Specific surface chemistries provided by the most common extraction methods of cellulose
nanoparticles: sulfuric acid treatment provides sulfate esters (top right), hydrochloric acid treatment
provides hydroxyl (bottom right), acetic acid provides acetyl (top left), TEMPO mediated hypochlorite
treatment provides carboxylic acid (bottom left)**.

2.2. Functionalization via adsorption

The second modification procedure involves the adsorption of molecules from a gas,
liquid, or dissolved solid to the surface of particles. Noncovalent surface
modifications of CNCs are made via adsorption of surfactants. Using surfactants is
useful to stabilize nanoparticles in nonpolar solvents. This approach has been
introduced by Heux et al., who used surfactants consisting of the mono- and di-esters
of phosphoric acid bearing alkylphenol tails. An anionic surfactant was also
investigated by Bondeson et al. to enhance the dispersion of CNCs in poly (lactic
acid) (PLA). Kim et al. 2! and Rojas et al.?? used nonionic surfactant to disperse the
CNCs in polystyrene-based composite fibers. A cationic  surfactant
dioctadecyldimethylammonium bromide was used to prepare a cellulose—surfactant
complex that allowed transfer of the nanocrystal from the aqueous suspension to the

hydrophobic solid substrate. Another common method via adsorptive modification is
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the electrostatic adsorption of macromolecules, which should bear both hydrophobic
and hydrophilic moieties. This method is borrowed from the manufacture paper as it
has long been known that cellulose is weakly charged and polyelectrolytes have been
used as dry and wet strength additives, anti-static, and other uses. Functionalization
via non-covalent interaction, where surfactants or polyelectrolytes are absorbed on
the surface, can be often applied for improving the nanocellulose dispersibility or to

control the assembly of individual fibrils into layered structures.

2.3. Functionalization via chemical modification

The last method of surface chemical modification is via derivatization or/and
covalent attachment of molecules. Since cellulose has hydroxyl groups on its surface,
there are techniques that react with alcohols like isocyanates, epoxides, acid halides,
and acid anhydrides through chemical reactions. These reactions can be utilized to
introduce a host of alternate surface chemistries such as amine, ammonium, alkyl,
hydroxyalkyl, ester, acid, etc. Another modification resorts to TEMPO mediated
oxidation of HCI derived nanocrystals to convert primary alcohol groups to carboxyl
groups for better dispersibility. The formation of sulfate esters via the reaction of
cellulosic OH-groups with sulfation agent acid introduces negative charges to the
surface. Homogeneous sulfation of bagasse cellulose was studied in an ionic liquid 1-
butyl-3-methylimidazolium chloride ([Csmim]Cl) in order to obtain anticoagulation
active cellulose sulfates?®. Previous studies on the sulfation of cellulose have been
carried out either in a heterogeneous system starting with an activated cellulose
suspension, or a homogenous system starting with partially substituted cellulose
derivatives in an aqueous solution®. A major problem with the heterogeneous system
is the unequal accessibility between the OH groups in the amorphous regions and
those in the crystalline regions, leading to inhomogeneous substitution. In contrast,
DS values in homogeneous reactions are limited to the available hydroxyl groups at
the reaction starts with substituted derivatives. Another modification example is
polymer grafting, where a range of different polymers with various properties attach
on the surface. Surfaces can also be silylated by using chloro- and alkoxy-silanes.

There is a covalent linkage of the silanes to the cellulose surface*.

14
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Figure 7.Common modification chemistries of CN surfaces: (clockwise from top-right) sulfuric acid
treatment provides sulfate esters, carboxylic acid halides create ester linkages, acid anhydrides create
ester linkages, epoxides create ether linkages, isocyanates create urethane linkages, TEMPO
mediated hypochlorite oxidation creates carboxylic acids, halogenated acetic acids create
carboxymethyl surfaces, an chlorosilanes create an oligomeric silylated layer™.

In the present project the surface modification was achieved by esterification of
perfluoroalkyl compounds with cellulose surface molecules to obtain super-
hydrophobic nanoparticle cellulose esters. Esterification can be done under
heterogeneous or homogenous reaction conditions. Since we have long chain

aliphatic acid chloride, the synthesis was carried out under heterogeneous conditions.

2.3.1. Esterification of cellulose

As mentioned above, three hydroxyl groups in each glucose unit of the cellulose
chain molecules are able to react with inorganic and organic acids or acid chlorides
and anhydrides to form cellulose esters. Herein, | describe the heterogeneous

acylation of cellulose.
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2.3.1.1. Acylation with acid chlorides and anhydrides

The esterification can be done through homogenous reactions in ionic liquid or
heterogeneous reactions in pyridine using fatty acid chlorides as acylating agents®®.
Conventional acylation is applied for the substitution of hydroxyl groups of cellulose
with an acyl derivative. Herein, an overview on general different techniques and their

specific potential is reported.

I. Acid-catalysed heterogeneous acylation

The most common acylation of polysaccharides is conducted with carboxylic acid

anhydrides under heterogeneous conditions.

OH | | 0
o CH3)\ o)\ CH, o
- —_ > .--
HO O-.. (CH;COOH) __ O O--.
OH Catalyst \( i
c.g. HQSO4 CH’; A
0~ "CH;,

Figure 8. Conversion of cellulose with acetic anhydride/acetic acid®.

As Figure 8 shows, cellulose acetate is produced by conversion of cellulose with the
mixture of acetic acid and acetic anhydrides in the presence of sulfuric acid as a
catalyst (up to 15% wi/w). Acylation is improved via the formation of reactive mixed
anhydrides, which is known as the “impeller” method (Figure 9). The carboxylic
acids or their anhydrides are converted in situ to reactive mixtures of symmetric and
mixed anhydrides. Chloroacetyl, methoxyacetyl- and, most important, trifluoroacetyl
moieties are used as impellers?’. They lead to modify polysaccharides. However, the
behavior of impeller ester functions in the polysaccharide, i.e. trifluoroacetyl
moieties are not found. Reactivity of cellulose esters is observed to decrease in the

order acetic > propionic > butyric acid.
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Figure 9. Acylation of polysaccharides via reactive mixed anhydrides (impeller method)?.

The impeller method can be applied for the synthesis of starch acetates and cellulose
benzoates with complete functionalization. The reaction will be completed if the

polysaccharide dissolves in the reaction mixture (after about 75 min at 60 °C)%.

11. Base-catalysed heterogeneous acylation

Esterification reaction with carboxylic acid anhydrides and acidic catalysis under
acidic catalysis are associated with chain degradation. The side reaction is used to
tune the DP of the products. Tertiary bases such as pyridine and triethylamine are
commonly used to suppress the degradation. The base forms a semi-liquid mixture
with polysaccharides and functions as the acylation catalyst. The triacetate of
cellulose is obtained after long reaction times of 6 to 10 days at 60 °C. The same
process can be done for starch as well, which leads to starch triacetates however by
increased temperature to 100 °C, the reaction time can be reduced to 24 h. Another
way for increasing the reactivity is the addition of 4-Dimethylaminopyridine, which
increases the rate of the reaction by up to 10* times. The catalytic efficiency is
probably due to the stabilization of the acylpyridinium ion, which plays an important
role in the catalytic cycle. In the heterogeneous conversion of polysaccharides,
usually pyridine is widely used for the preparation of fatty acid of polysaccharides.
These esterification reactions lead to highly functionalized esters which are insoluble

in nonpolar solvents (Figure 10).
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Figure 10. Acylium salt formed from an acid chloride and the tertiary base Py?.

During the esterification procedure, the acylium salt from an acid chloride and the
tertiary base pyridine produce a product which is mostly brown because of side
reactions and production of byproducts. Such a brown product was observed in our
investigation for both esterification reactions with pyridine and different acid
chlorides of 2H,2H,3H,3H-perfluorononanoyl chloride and 2H,2H,3H,3H-
perfluoroundecanoyl chloride, respectively. These side reactions are mainly
polycondensation and the products can be purified by washing with ethanol, soxhlet
extraction with ethanol or precipitation from chloroform in ethanol. The formation of
2-methyl-3-oxo-pentanoyl groups can lead to propionylation through the mechanism

shown in Figure 11, which have low DS values™.

0 OH o°
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Figure 11. Reaction mechanism for the formation of 2-methyl-3-oxo-pentanoyl groups during the
propionylation of polysaccharides with propionyl chloride in Py,

The extent of side reactions of esterification of starch, dextran and cellulose with
acid chlorides can be reduced by carrying out the reaction in DMF or DMAs as

slurry medium or in homogeneous cellulose solution in DMACc/LICI without using
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any base. The DS value diminishes by the utilization of an excess of base, according
to the Table 1, which shows the relevant results of acylation of cellulose in pyridine
with propionyl chloride®. Another improvement method for increasing the reactivity

of acylation is using DMP to increases the reactivity of acylation systems.

Table 1. Acylation of cellulose in Py with propionyl chloride at 100 °C for 4 h (adapted from™®)

Molar ratio Product
AGU Py Propionyl DS Solubility
chloride in Cl;CHCHCI:

1 27.6 4.5 1.86 -

1 18.9 6.0 2.66 +

1 12.0 6.0 2.80 +

1 12.0 4.5 2.70 +

1 9.9 9.0 2.13 +

1 7.5 6.0 2.89 +

1 6.0 4.5 2.81 +

1 4.8 4.5 2.86 +

1 3.0 4.5 2.89 +

1 1.5 4.5 2.84 +

Acylation is best to perform in a mixture of base and a diluent. Table 2 gives an
overview of results for the cellulose propionylation with different diluents and bases,
showing that the use of pyridine in combination of 1,4-dioxane, chlorobenzene, and
toluene. In the present study the perfluorinated cellulose esters were obtained by

applying the pyridine and toluene mixture.

Table 2. Cellulose propionylation with different diluents and tertiary amine using 1.5 mol propionyl
chloride/mol AGU at 100 °C%,

Conditions Product
Medium Base Time (h) DS
Dioxane Py 4 2.81
Dioxane B-Picoline 4 2.70
Dioxane Quinoline 4 2.18
Dioxane Dimethylaniline 48 1.57
Dioxane y-Picoline 24 Negligible
Chlorobenzene Py 4 2.86
Toluene Py 4 2.30
Tetrachloroethane Py 24 2.23

Ethyl propionate Py 5 2.16
Isophorone Py 4 1.89
Ethylene formal Py 22 0.34
Propionic acid Py 5 0.20
Dibutyl ether Py 22 Negligible
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The heterogeneous acylation of cellulose is a well-established and reproducible tool
for the esterification of polysaccharides. But these synthesis methods are limited for
the preparation of common aliphatic or aromatic carboxylic acids esters. To achieve

acylation, a broad variety of new synthesis paths are under investigation.

Once we were able to obtain fluorinated cellulose esters, the nanoprecipitation
technique was done in order to create the nanospherical fluorinated cellulose esters.
Inspired by natural superhydrophobic surfaces, the micro- and nano-structured
surfaces are a crucial factor for constructing artificial superhydrophobic surfaces.
Despite, the micro- nanostructured surface can influence on the movement of the
water droplet. In fact the hydrophobicity character depends on the surface roughness

that is created by micro- and nano-scale hierarchy®.
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3. Superhydrophobicity from cellulosic materials

3.1. Superhydrophobic cellulose nanocrystals

Superhydrophobic surfaces create a contact angle of water that is larger than 150°
and water droplet can roll off the surface easily when the surface is tilted up slightly.
One of the excellent examples of superhydrophobic surface in nature is the lotus leaf.
In fact, this lotus leaf consists of micro- and nano-scale papillae that are coated on a
hydrophobic wax. Such a micro- nanostructured surface can influence the movement
of the water droplet®. This result from the natural superhydrophobic surfaces found
out a way for constructing the artificial hydrophobic and superhyrophobic surfaces
similar to the surface of the lotus leaves. Superhydrophobic surfaces are particularly
interesting due to the great variety of potential application such as self-cleaning, the
packaging industry, coating industry, medical device, and microfluidic device. A
number of chemical surfaces treatments have been investigated such as the silylation
or fluorination of both synthetic polymers and inorganic compounds,

respectively?®%+3°.

Generally, both the surface chemistry and the surface roughness affect
hydrophobicity and the interplay between these properties have been the subject of
active research during the last decades. Techniques to endow the surface with nano-
scale roughness, such as etching and lithography, sol-gel processing and electro
spinning have been implemented while the surface chemistry has been modified by
using strategies involving physical and chemical adsorption. A distinctive feature is
the fact that substrates based on non-renewable materials, including minerals and
synthetic polymers, are being substituted as platforms to develop superhydrophobic
surfaces. However, efforts to induce hydrophobicity in bio-based materials, including
cellulose, are growing and are being reported more often. Many developments to
obtain superhydrophobic surfaces based on cellulose have been reported in recent

years, for example in cotton fabrics and paperboard®.

As mentioned at introduction part, cellulose is an abundant, inexpensive,

biodegradable and renewable biopolymer which contains very good mechanical
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properties. There are different techniques for modifying cellulose into hydrophobic
derivatives like etherification®’, fluorination®, silyation®* or grafting by using
polymers®®. Obviously, hydrophobic properties of products depend on the initial
material chemical properties. Usually from these methods the modified cellulose
derivatives are not so hydrophobic and they still absorb water. Esterification of
cellulose with long chain fatty acid esters helps to introduce more hydrophobic
properties of modified cellulose**2.

Generally, the modification of polysaccharides with hydrophobic functional groups
has been carried out with acetyl, propyl and cholesteryl groups*®. However, we have
used long chain fluorinated fatty acids in order to gain more hydrophobic cellulose
ester as our final target. Due to the abundance of OH groups in cellulose, chemicals
with low surface energy, such as fluorine containing substitutes can be easily
introduced by esterification with acids or anhydrides®. The modified cellulose esters
have been utilized for paper coating in order to introduce superhydrophobic or/and

very hydrophobic properties.

Scanning electron microscopy (SEM), transmission electron microscopy (TEM) and
atomic force microscopy (AFM) are some of the tools that have enabled the
observation of nano-scale features on the surfaces and to unveil some of the secrets
behind superhydrophobic development. The combination of low surface energy and

nanoroughness are effective in attainment of superhydrophobicity.

The approaches used in recent years toward superhydrophobicity of cellulosic
materials can be classified into two categories, based on the generation of roughness:
(1) Roughness offered by coating cellulosic substrates, which include: a) Chemical
grafting to modify the surface chemistry and surface morphology of cellulosic
fiber/surface simultaneously. b) Sol-gel processes to render cellulose fiber/surface
with porous outer-layer and to reduce surface energy by post-treatment or by mixing
precursors with low surface energy side chains. ¢) Nanoparticle deposition, for
example by using metal, metal oxide, mineral and polymers that modify the
morphology of the cellulosic fiber/surface, followed by surface energy reduction by
post-treatment. d) Chemical vapor deposition. (2) Roughness offered by regeneration

or fragmentation of cellulosic materials, which among others include: e)
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Electrospinning and elecrospraying f) Use of nanocellulose (cellulose nanocrystals

and nanofibrillated cellulose). g) Use of cellulose composites®.

The stable suspension of cellulose ester nanoparticles in water was implemented via
nanoprecipitation technique. After esterification of cellulose, nanoparticles of
cellulose ester were obtained through nanoprecipitation technique in aqueous
suspension**. Nanoprecipitation technique is a facile, mild, and low energy input
process for the preparation of polymeric nanoparticles. This technique is also known
as solvent diffusion, solvent shifting, and diafiltration method.

Nanoparticle formation via this technique results from a dilution of the solute
molecules in a non-solvent, causing the nucleation of very small aggregates of solute
molecules which is followed by aggregation of these nuclei (nucleation-aggregation
mechanism). This nanoprecipitation technique starts with aggregation process and
stops when colloidal stability is reached®. In fact there are two different
nanoprecipitation techniques, the dropping and the dialysis methods. In this study the
dropping technique was applied. The advantage of the dialysis technique is the
complete exchange of the polymer solvent against the non-solvent. However, this
method is relatively time-consuming, and may not be suitable for less stable particle
system. The dropwise addition of the polymer solution to the non-solvent is usually
applied when the system contains a volatile solvent, because it is easy to evaporate
and eventually leads to pure nanoparticle suspensions. The type of solvent and non-
solvent, the quality of solvent (pH, salt concentration), and the polymer

concentration have a crucial effect on the final nanoparticle suspension®®.

In this study, the very hydrophobic and superhydrophobic coating of paper surface
was carried out by using solutions of cellulose 2H,2H,3H,3H-perfluorononanoic

ester and cellulose 2H,2H,3H,3H-perfluoroundecanoic ester, respectively.

3.2. Paper coating

The coating method can be classified into three different methods such as dip
coating, spin coating, and spray coating. We have changed the hydrophilic properties

of paper into superhydrophobic properties by spin coating the surface with a
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suspension of nanofluorinated cellulose esters. The superhydrophobic surface shows
a water contact angle larger than 150°. Recently, many techniques have been
developed for the fabrication of superhydrophobic paper surface, e.g. via plasma
enhanced etching and deposition*’, wax mixture coating®, by spraying silica
nanoparticles onto the paper*®, with multi-layer deposition which follows by a simple
electroless galvanic deposition method™, and also surface coating using multiple dip
coating with alkyl ketone dimer®', spraying with rapid expansion of supercritical CO;
with alkylketene dimmers (AKD)>?, and ink-jet printing®. In addition to these
methods, the spin coating of nanostructured fluorinated cellulose esters is a fast and
simple method meanwhile after coating there is no need for further modification of

the paper surface.

Paper is one of various materials that are used very often in our daily life. Paper has
recently attracted significant attention due to several unique inherent properties, such
as high flexibility, high strength, biodegradability and renewability®*. In recent years
there is an increasing demand for hydrophobic/superhydrophobic papers, since they
can use for a range of area stretching from food packaging to inkjet printing. In fact,
having self-cleaning and thermal resistance properties of this superhydrophobic
surface leads to the wide range of the various applications. Generally, studies on
superhydrophobic paper are limited since the methods are too tedious. However,
simple coating of paper surface by nanostructured fluorinated cellulose esters leaded

to superhydrophobic paper surfaces.
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4. Results and discussion

In this chapter, the results achieved in this study will be discussed in detail: first, the
esterification of CNCs, which was needed to acquire superhydrophobic cellulose
ester modified fluorinated cellulose ester. Then, our study focuses on the synthetic
methods used and on the investigations regarding the properties of those obtained

nanospherical fluorinated cellulose esters that were coated on the paper's surface.

4.1. Synthesis of 2H,2H,3H,3H-perfluorononanoyl chloride and cellulose
2H,2H,3H,3H-perfluorononanyl ester

As noted, cellulose esterification with acid chloride in the presence of pyridine
results in high yields of products. Therefore, the synthesis of the 2H,2H,3H,3H-
perfluorononanoyl chloride from the 2H,2H,3H,3H-perfluorononanic acid with
thionyl chloride as a solvent was necessary to synthesize the cellulose 2H,2H,3H,3H-
perfluorononanyl ester. Figures 12 and 13 present the conversion of the
2H,2H,3H,3H-perfluorononanic acid into the 2H,2H,3H,3H-perfluorononanoyl
chloride. According to Figure 13, two triplet '"H NMR peaks at ~ 3.26 and 2.85 ppm
show the presence of hydrogen atoms that are adjacent to the carbonyl of acyl
chloride. More details regarding the synthesis can be found in the experimental part

of this paper on page 36.
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Figure 12. *H NMR spectra of the 2H,2H,3H,3H-perfluorononanoic acid in CDCl,
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Figure 13. *H NMR spectra of the 2H,2H,3H,3H-perfluorononanoyl chloride in CDCl,

26



Once the 2H,2H,3H,3H-perfluorononanoyl chloride was successfully synthesized,
the esterification reaction of CNCs with this 2H,2H,3H,3H-perfluorononanoyl
chloride was carried out in the presence of pyridine and toluene (The details of the
synthesis are explained in the experimental section of this chapter). Therefore,
cellulose 2H,2H,3H,3H-perfluorononanyl esters are compounds consisting of

cellulose chains and 2H,2H,3H,3H-perfluorononanyl groups.
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Figure 14. Schematic representation of the synthesis of cellulose 2H,2H,3H,3H-perfluorononanyl

ester.

After synthesizing the cellulose esters, they were characterized by FT-IR and solid
state NMR spectroscopy. Based on this analysis, the presence of both ester-
functional groups is obviously recognizable. The signal at 1753 and 1750 cm™ in

Figure 15, is related to the C=0 stretching vibrations of ester bonds, respectively.
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Figure 15. a) FT-IR spectrum (4000-500 cm™) of cellulose nanocrystal (black) and cellulose

2H,2H,3H,3H-perfluorononanyl ester (red). b) FT-IR spectrum (4000-500 cm™) of cellulose (black)
and cellulose 2H,2H,3H,3H-perfluoroundecanoy! ester (red).
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IR vmaxcm™ 735.40m (C-C rocking vibration), 1142.54s (C-O-C), 1427.54 (CH,CO),
1233.43s (CF,), 1317.73s, 702.57m (CF3), 1750.86s (C=0), 3339.85m (OH).

4.2. Synthesis of cellulose 2H,2H,3H,3H-perfluoroundecanoyl ester

The synthesis of modified cellulose esters was attempted by esterification of CNCs
by means of 2H,2H,3H,3H-perfluoroundecanoyl chloride. CNCs have a high aspect
ratio (3-5 nm wide and 50-500 nm in length), and as a result, they exhibit more
reactivity. As expected, the degree of substitution with sulfate groups increases with
increasing hydrolysis time. These sulfate groups are charged and it leads to create a
more stable suspension in various organic solvents such as pyridine and toluene. The
three hydroxyl groups in each glucose unit of the cellulose chain are able to react
with inorganic and organic acids or their anhydrides and chlorides to form esters.
During the reaction with inorganic acids the polar OH-groups are substituted by
nucleophilic groups in a strong acid environment. All reaction steps are reversible
and equilibrium conditions have been attained. However, esterification can be
promoted with water-binding catalysts, such as concentrated sulfuric acid,
phosphorous acid, phosphorus or acetic anhydride. The focus of our study was to
prepare cellulose esters by the addition of acid chlorides in the presence of a base,
rather than acid catalysts. Since the level of the base diminished during the reaction,

the esterification is most likely a base-catalyzed process.

The CNC substrates were esterified with 2H,2H,3H,3H-perfluoroundecanoyl
chloride in the presence of pyridine and toluene. The molar ratio of 2H,2H,3H,3H-
perfluorononanoyl chloride per anhydroglucose unit of cellulose was 1.5. As Figure
16 shows, the cellulose 2H,2H,3H,3H-perfluoroundecanoyl ester compound consist
of cellulose chains and 2H,2H,3H,3H-perfluoroundecanoy! groups.

CH,CH,(CF,),CF;
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Figure 16. Scheme of Scheme of the synthesis of a 2H,2H,3H,3H-perfluoroundecanoyl cellulose

ester.
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IR spectroscopy of cellulose 2H,2H,3H,3H-perfluoroundecanoyl ester shows the
characteristic signal at 1753 cm™, which is characteristic for the carbonyl of an ester
group (C=0 stretch).

IR vmax cM™657.62 (C-C rocking vibrations), 1146.19s (C-O-C), 1200.13s (CF.),
703.915-1334.39s (CF3), 1428.84 (CH,CO) 1753.36 (C=0), 3339.06m (OH).

The esterification of CNCs was attempted with two different acid chlorides:
2H,2H,3H,3H-perfluorononanoyl chloride and the 2H,2H,3H,3H-
perfluoronodecanoy! chloride. Their only difference is the chain length and thus the
number of fluoro functional groups. However, based on the characterization
techniques applied, no significant difference in the hydrophobic properties of the
resulting cellulose esters was detected. In fact, the higher DS value, influenced to
achieve more hydrophobic cellulose ester and breaking the hydrogen bonding
network, which leads to enhance the solubility of modified cellulose esters into
different non-polar solvents. Moreover, tuning the perfluorinated acyl chloride
concentration and amount of the pyridine has a significant effect on the DS value.
Cellulose esters were also characterized by solid-state *C NMR spectroscopy
(Figure 17). The set of spectra includes resonance peaks in the range of 55 to 110
ppm, corresponding to the cellulose carbon atoms. The cellulose ester samples reveal
additional resonances, one near 173 ppm, characteristic for the ester group, and
others in the range 20 to 35 ppm, characteristic for the carbons from the aliphatic
chains of the 2H,2H,3H,3H-perfluoroundecanoyl chloride and the 2H,2H,3H,3H-
perfluorononanoyl chloride. Figure 17 shows a pronounced peak at 92 ppm, part of
the C-4 resonance and characteristic for the crystalline structure of cellulose, while
the broader peak of C4, near 85 ppm was attributed to the amorphous part of the
cellulose 2H,2H,3H,3H-perfluorononanyl ester.

The resonance of the carbonyl group of cellulose 2H,2H,3H,3H-perfluorononanyl
ester is sharper than cellulose 2H,2H,3H,3H-perfluoroundecanoyl ester. Therefore it
may be assumed that the cellulose 2H,2H,3H,3H-perfluorononanyl ester has a higher
DS than the 2H,2H,3H,3H-perfluoroundecanoyl ester. *C NMR (8 kHz) & 27.33
(CH,CH3(CF,)sCF3); & 67.58 (Ceei-6); 6 73.65-76.93 (Ceei-2,3,5, Cester-2,3,5); &
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9087 (Cce||'4), 8 106.42'10802 (Cce”'l, Cester'l); 8 173.28 (C=O). The hlgher
solubility in tetrahydrofuran (THF) also indicates a higher DS value of the former.
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Figure 17. Solid-state *C NMR spectra of CNCs (a), cellulose 2H,2H,3H,3H-perfluoroundecanoyl
ester (b), and cellulose 2H,2H,3H,3H-perfluorononanyl ester (c).

In order to determine how the crystalline structure in CNCs was changed during the
esterification and nanoprecipitation, XRD measurements were utilized. Figures 18
and 19 depict the X-ray diffraction patterns of CNCs, cellulose esters, and
nanostructured cellulose esters. The reduced intensity of the peak at the 002 plane
demonstrates the reduction of crystalline-ordered scattering units resulting from a
significant destruction of the crystalline structure. There is also an increased intensity
in the amorphous region of cellulose esters at around 18°, which is attributed to the
less ordered region of cellulose chains®®. The X-ray diffraction peaks of
nanostructure cellulose esters acquire broader at lower angles. These peaks may
come from a smaller size of cellulose crystallites. However, it has to be considered
that an amorphous region of disordered cellulose esters or an amorphous ester can
appear at angles around 18°-20°%, Nevertheless, cellulose 2H,2H,3H,3H-
perfluorononanyl ester clearly indicates an amorphous structure by the absence and
strong reduction of all peaks corresponding to planes (101), (101), and 002.

However, there is more evidence that C4 peaks of solid-state **C NMR are related to
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the interior crystalline cellulose structure but the C4" peak relates to the amorphous

structure.
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Figure 18. XRD of CNCs (black peak), Figure 19. XRD of CNCs (black peak), NPs
cellulose 2H,2H,3H,3H perfluorononanyl of cellulose 2H,2H,3H,3H-perfluorononanyl
ester (red peak) and cellulose ester (red peak) and  cellulose
2H,2H,3H,3H-perfluoroundecanoyl 2H,2H,3H,3H-perfluoroundecanoyl  ester
ester (green peak). (green peak) after nanoprecipitation

dropping technique.

The sharp peak that is located at 28° in Figure 19 is related to the Si substrate®. The
crystalline size value was calculated using the well-known Scherrer formula® :

D= kA
~ PBcosO

Where, k is the Scherrer constant (0.9), A is the wavelength of the X-ray (A=0.154
nm), B is FWHM (full width at half maximum) of the (002) peak, and 6 is the
diffraction angle of the (002) plane. The dimension of crystallites from the X-ray

data obtained from the fitted spectra is shown in Figure 20.

31



a V
P1 P2
\ P4
L
0 15 30 45 60
20
P3
b '
P2
Pl‘ Pf
10 15 20 25 30 35 40
20
P1
c {
)
f p3
|

Figure 20. Resolution of X-ray diffraction curves of CNCs (a), cellulose 2H,2H,3H,3H-
perfluorononanyl ester (b) and cellulose 2H,2H,3H,3H-perfluoroundecanoyl ester (c).

According to Figure 20, the diffraction pattern of cellulose esters is similar compared
with the diffraction patterns measured from CNCs. These results come from
changing the crystallite dimension (Table 3). The four peaks in the XRD spectra (P1,
P2, P3, and P4) represent the latice planes of (1°10), (110), (200), and (004),
respectively. The 26 value of all the diffraction peaks are listed in Table 4.
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Table 3. 26 values of reflections of XRD patterns.

20 value (°)
Reflection Cellulose Cellulose
CNC | Perfluoroundecanoyl ester | Perfluorononany! ester
P1 14.90 14.66 16.99
P2 16.75 16.64 2284
P3 22.90 22.79 38.17
P4 34.55 34.44 -

Table 4. Crystalline size calculated from XRD patterns.

Samples dog2 (NM)
CNC 5.84
Cellulose
Perfluoroundecanoy! ester 7.18
Cellulose Perfluorononanyl ester 5.6

It is well known that the crystallinity of cellulose can be measured by means of solid-
state **C NMR, XRD, etc. Solid state **C NMR considers contributions from both
crystalline and non-crystalline cellulose regions, resulting in relative values, while
the XRD approach gives more detailed data on crystalline and non-crystalline the
fractions of cellulose. It was shown that the crystal structure of CNC’s was altered by
both esterification and nanoprecipitation treatments. Two different nanoparticle
preparations methods: dropping and dialysis techniques can be applied to
manufacture the nanoparticles, as is shown in Figure 21°°. In this study
nanoprecipitation was a suitable technique to construct a stable nanospherical

fluorinated cellulose ester suspension.

At AT
¢ [~

Figure 21. Nanoprecipitation methods applying dialysis in a membrane (A)

and dropping technique (B), respectively™.
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Since the total amount of the cellulose esters is distributed homogenously throughout
the solution during nanoprecipitation, the particles are inclined to form a spherical
shape. Nanoprecipitation is interesting for preparing colloids for stabilizing
pigments®, and for industrially important components in paints, lacquers, and other

coatings®.

Strong hydrogen bonding network and the hydrophobic interaction of CNCs prevent
dissolution into the most common organic solvents. However, the solubility of CNCs
can be improved by surface functionalization. For example, the solubility of
perfluorinated cellulose esters in THF was increased by progressive derivatization. In
fact, the substitution of the hydroxyl groups, e.g. by acyl chlorides, leads to the
breakage of the hydrogen bond network of cellulose and therefore enhances the
solubility in organic solvents. Increasing solubility of cellulose esters and providing a
stable suspension of nanostructured cellulose esters, are crucial factors in order to

obtain more uniform coatings on different surfaces.

The solubility of cellulose esters was tested in different non-polar solvents. Actually,
the solubility depends on the DS and the chain length of the acyl chlorides®. Both
fluorinated cellulose esters are mostly insoluble in non-polar solvents (such as
hexane, pentane, benzene, and toluene). However, in this study, THF created a more
transparent suspension of perfluorinated cellulose esters with less aggregation
compared to the other solvents. Cellulose esters formed a stable suspension in THF,
which could be successfully used as the initial formulation for the nanoprecipitation

into deionized water.

The nanostructured fluorinated cellulose esters were analyzed for size and shape by
scanning electron microscopy (SEM) and dynamic light scattering (DLS). Figure 22
shows nanospheres of 2H,2H,3H,3H-perfluorononanyl ester and 2H,2H,3H,3H-

perfluoroundecanoyl ester at different concentrations, respectively.
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Figure 22. SEM images of NPs from 2H,2H,3H,3H-perfluorononanyl ester (a, b) and 2H,2H,3H,3H
perfluoroundecanoyl ester (c, d) from various concentrations: 1 mg/ml (a and b), 0.1 mg/ml (c) and
10 mg/ml (d).

Since cellulose esters suspended in THF do not interact with water, the formation of
nanoparticles is based on the aggregation of cellulose ester chains during the
diffusion of drops of cellulose suspension into deionized water. During this fast
process, there is a large contact area between the drops of cellulose ester suspension
and water which promotes the mixing of THF and therefore the aggregation of
cellulose ester chains*. After the removing of THF, cellulose esters start shrinking,

and eventually, nanostructured fluorinated cellulose esters can be formed.

Nanostructured 2H,2H,3H,3H-perfluoroundecanoyl ester resulting from the
nanoprecipitation dropping technique had an average diameter of 180+0.4 nm with a
polydispersity index of 0.309 (Figure 23). The DLS measurements were repeated

three times; that result from each measurement are presented in Table 5.
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Figur 23. Size distribution of cellulose ester nanoparticles (a) and autocorrelation curve of DLS
measurements (b).

Table 5. measurements of 2H,2H,3H,3H-perfluoroundecanoyl ester nanoparticles.

Run Z-Average (d, innm) | Polydispersity index
1 186.1 0.317
2 184.0 0.326
3 180.4 0.309

The difference between average diameters obtained from SEM and DLS is related to
different techniques at each measurement. In the DLS measurement, the fluorinated
cellulose ester nanoparticles may be slightly swollen in deionized water. That it
shows larger hydrodynamic diameter. On the contrary, samples were dried for SEM

measurement.

In this study different surfaces such as glass, and different types of hydrophilic and
hydrophobic papers were coated. We were successful in fabricating a
superhydrophobic surface only on a normal hydrophilic paper surface. According to
Figure 24, the contact angles of coated paper are higher than 160°, while the surface
contact angle measurement of uncoated paper was impossible since the water
droplets quickly penetrate the paper after only a few minutes. We also tried to obtain

a more homogeneous coating by utilizing a more dilute nanoparticle suspension.
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Figure 24. Photos of static contact angle measurement on paper surface which were coated by
2H,2H,3H,3H-perfluorononanyl ester (a) and 2H,2H,3H,3H-perfluoroundecanoyl ester (b).

Geissler et al. constructed nanostructured stearoyl cellulose ester**, which was used
for coating paper®® and glass surfaces®®. They have shown that that the initial
concentration of cellulose ester suspension at nanoprecipitation techniques has a
significant effect on the size of the obtained nanoparticle**. However, in our work,
we only could obtain a superhydrophobic surface on a paper surface where the static
CA is larger than 160°. Both perfluorinated acyl chlorides that have been utilized
create very hydrophobic cellulose esters. As Table 6 shows, the water contact angle
critically depends on the initial concentration of cellulose esters. In this study, the
contact angles of water droplets on the paper surface are comparable to the paper

surfaces coated with cellulose stearoyl ester.

Table 6. Water contact angles of superhydrophobic paper stripes that have been dip-coated with CSE
solution with different concentrations and spray-coated using cellulose stearoyl ester (CSE)®.

Dip-coated using CSE | Water contact angles (°) after
solution of 15s 30s 180s

1 1mg/ml 147.9 146.6 143.6

2 5mg/ml 151 152.4 151.6

3 10 mg/ml 151.2 154.4 152.6

The minimum concentration of fluorinated cellulose ester suspension that created a
paper’s superhydrophobic surface was 5 mg/ml. Here the water droplet contact angle
was around 160°. As was mentioned previously, the solubility of modified cellulose

esters in organic solvents such as THF was increased with increasing degree of
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substitution. It has to be considered that, in the current study, we obtained a very
hydrophobic paper surface while the molar ratios of 2H,2H,3H,3H-
perfluoroundecanoyl chloride and 2H,2H,3H,3H-perfluorononanoyl chloride to an
anhydroglucose unit of cellulose were only 1.5 and 3, respectively. However,
Geissler et al. have used higher ratio of stearoyl acid chloride in order to obtain a
superhydrophobic glass and paper surface (The molar ratios of stearoyl acid chloride
per mol of anhydroglucose units of cellulose is 6)%. Obviously, the
superhydrophobicity can be improved at a higher DS of cellulose esters. The DS of
cellulose esters is greatly influenced by the ratio of acyl chloride-to-cellulose
hydroxyl groups, the reaction temperature, the reaction time, and also the volume

ratios of pyridine/toluene that are utilized.
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5. Conclusion

In recent years, there is an increasing demand for special papers including
hydrophobic/superhydrophobic papers, since they have various applications like food
packaging, paper based sensors, and protection of valuable old documents, etc.
Research on superhydrophobic surface especially on paper is fairly a new area, and
only very limited scientific publications are available in the literature.
Superhydrophobicity has been achieved on paper surface via different techniques
such as plasma enhanced etching, chemical vapor deposition of composites of silica
and polymers, etc. Among these available techniques, cellulose functionalization like
esterification method is very facile, time saving and they can be carried out without

special equipment.

The main findings of this work can be divided into two parts. First, we achieved the
superhydrophobic fluorinated cellulose esters by the esterification of CNCs.
Secondly, spin coating was applied to translate superhydrophobic properties of the
modified cellulose to the surfaces of several substrates. The modification efficiency
was proved by spectrometric analysis and the examination of dispersion properties.
We demonstrated that the fluorinated cellulose ester with a higher DS, indicated by
3C NMR and IR spectroscopy, provides a more transparent suspension in THF. In
fact, the solubility of fluorinated cellulose esters was enhanced in comparison with
unmodified CNCs. However, XRD and *C NMR analyses showed that the
morphology and structure can be changed by both esterification and
nanoprecipitation techniques. Both the long and perfluorated alkyl chains had a
significant effect on gaining thermal resistance and very hydrophobic nanostructured
cellulose esters. Paper with super-hydrophobic surface properties may be used in
packaging materials, textiles, outdoor clothing, and microfluidic devices. In the
future, it would be highly interesting to find a way, such as optimization of DS, to
achieve a more stable and uniform superhydrophobic surface on various substrates

such as glass, textiles, etc.
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6. Experimental

This chapter gives a short description of material and methods used in this thesis. All
reagents of  cellulose  nanocrystals  (CNCs), 4,4,5,5,6,6,7,7,8,8,9,9,9-
tridecafluorononanoic acid, thionyl chloride, and
4,455,6,6,7,7,8,8,9,9,10,10,11,11,11-heptadecafluoroundecanoyl chloride,  were
utilized as received (Sigma-Aldrich) without further purification. The used CNCs,
were extracted from one of the most popular, accessible, and reproducible cotton

filter paper.

6.1. Synthesis of 2H,2H,3H,3H-perfluorononanoyl chloride

Excess freshly SOCI, (7 ml) was added to 2H,2H,3H,3H-perfluorononanoic acid (3
g, 7.65 mmol) and it was stirred under an atmosphere of N, for 12h to vyield
2H,2H,3H,3H-perfluorononanoyl chloride (2.60g, yield 87%) as yellow oil. The
excess thionyl chloride removed under vacuum and dried toluene was added to the
oil. This was stirred for 15 min and then the solvent was removed by vacuum to

produce yellow oil.

socl,
CF3(CF2)sCH,CH,COOH » CF3(CF,)sCH,CH,COCI

All spectra recorded on a Bruker (*H 400 MHz, *C 100 MHz) spectrometer.
According to Figure 13, two triplet peaks at ~ 3.5 and 2.85 ppm show the presence of
hydrogen atoms that are adjacent to the carbonyl of acyl chloride. *H NMR (CDCls,
400 mHz) § 2.56 (t, CH,CFy, 2H); & 2.85 (t, *Jun = 8 Hz, CH,CH,COCI); & 3.26 (t,
%Jun = 8 Hz, CH,COCI, 2H).

6.2. Synthesis of cellulose 2H,2H,3H,3H-perfluorononanyl ester

200 mg freeze-dried CNCs were dispersed in 10 ml pyridine. Then, the cellulose
suspension was heated up to 80 °C and 1.5 g 2H,2H,3H,3H-perfluorononanoyl
chloride (3.65 mmol) was dissolved in 10 ml toluene and was dropped into the hot
cellulose suspension, while it was under nitrogen atmosphere. After 24 h stirring at

80 °C, the reaction mixture was poured into 100 ml toluene. The precipitate was
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purified by centrifugation, purified through repeated dispersion in dichloromethane
and precipitate in ethanol. The dried products under vacuum were characterized by
FT-IR (Figure 14) and solid state *C NMR spectroscopy (Figurel7). Fourier
transform-infrared (FT-IR) spectra were recorded on a Nicolet Magna 750
instrument. IR vmax cm™ 735.40m (C-C rocking vibration), 1142.54s (C-O-C),
1427.54 (CH,CO), 1233.43s (CF;), 1317.73s, 702.57m (CF3), 1750.86s (C=0),
3339.85m (OH).

6.3. Synthesis of cellulose 2H,2H,3H,3H-perfluoroundecanoyl ester

80 mg freeze-dried CNCs were dispersed into 10 ml pyridine. Then, the cellulose
suspension was heated up to 80 °C and 1 g 2H,2H,3H,3H-perfluoroundecanoyl
chloride (1.96 mmol) was dissolved in 10 ml toluene and were dropped into the hot
cellulose suspension, while it was under nitrogen atmosphere. After 24 h stirring at
80 °C, the reaction mixture was poured into 100 ml toluene. The precipitate was
purified by centrifugation, purified through repeated dispersion in dichloromethane
and precipitate in ethanol. Finally, product was dried under vacuum. IR vpax CM°
1657.62 (C-C rocking vibrations), 1146.19s (C-O-C), 1200.13s (CF,), 703.91s-
1334.39s (CF3), 1428.84 (CH,CO) 1753.36 (C=0), 3339.06m (OH). **C NMR (8
KHz) 6 27,33 (CH,CH(CF;)sCF3); 8 67.58 (Ceen-6); 6 73.65-76.93 (Ceen-2,3,5, Cester-
2,3,5); 8 90.87 (Cee-4); 8 106.42-108.02 (Ceeni-1, Cester-1); 8 173.28 (C=0).

6.4. Nanoprecipitation of modified cellulose

Nanoparticles of the modified cellulose were prepared via the dropping
nanoprecipitation technique. Before the nanoprecipitation, modified cellulose was
dissolved in THF at different concentrations: 0.1 mg/ml, 1 mg/ml and 10 mg/ml. The
solution was filtered through a filter paper with the pore size of 1 um in a Buchner
funnel under vacuum®. After filtration, 10 ml of solution was precipitated drop by
drop into 250 ml deionized water at room temperature (RT). Then, the white
suspension was stirred for a 30 min. After that the suspension was heated up to 75 °C
for 30 min in order to remove THF. According to Figure 25 after removing THF,

cellulose esters start shrinking and forming nanospherical structure.
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Figure 25. Nanoprecipitation of cellulose ester solution. Green curve: cellulose ester chains and blue
dots: THF molecules.

Scanning Electron Microscopy. Studies were performed with a Zeiss Sigma VP
Field Emission Scanning Electron Microscope (FE-SEM) operated at 1 kV.

The procedure of sample preparation for SEM measurement: 1 mg/mL of cellulose
2H,2H,3H,3H-perfluorononanyl ester at THF was prepared and the 10 mL of
suspension was precipitated drop by drop into the 250 mL of deionized water.
Whereas, the initial concentration of cellulose 2H,2H,3H,3H-perfluorononanyl ester
at THF was 0.1 mg/mL and 10 mL of suspension was precipitated drop by drop into
250 mL deionized water. The 600 pL of each samples into deionized water were
separately dropped into mica substrate. After drying the samples, they were coated
with a thin AU layer for 40 seconds.

X-ray diffraction. XRD analysis of the samples was carried out using PANalytical
X'Pert Pro MPD Alpha-1, Cu K-alfal radiation. The spectra collected in a 20 range
of 2-70°. According to Figures 18 and 19 cellulose 2H,2H,3H,3H-perfluorononanyl
ester mostly lost their crystal structure (red peak), but cellulose 2H,2H,3H,3H-

perfluoroundecanoyl ester maintain crystal structure (green peak).

Dynamic Light scattering. Nanostructured fluorinated cellulose esters in deionized
water measured on Nanosizer (Malvern Instrument Ltd., U.K.) after filter with pore

size of 1 um. 1 mL filtered solution was used for the measurement.

6.5. Preparation of superhydrophobic films

Superhydrophobic surfaces were prepared via dissolving modified cellulose in THF
at concentration of 5 mg/mL (Figure 24a) and 25 mg/mL (Figure 24b) and then
precipitated into 5 ml and 0.2 ml ethanol, respectively at room temperature. Then
spin-coating on the paper surface was carried out. After coating, the paper surface
was dried at 50 °C and spin coating was repeated.
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Dynamics of coupled chemical systems

Abstract

The dynamics of oscillation in chemical reactions as a research field has grown
dramatically over the past 50 years and produced thousands of studies on about 70
known chemical oscillators. Oscillating chemical reactions find many applications in
physics, biology, physiology, geology, and medicine®. The dynamics of the
bromate-sulfite-ferrocyanide (BSF) reaction is studied in a well-mixed open
chemical reactor, called a continuous stirred tank reactor (CSTR). A CSTR system
can be used to investigate the dynamics of out-of-equilibrium chemical processes,
such as oscillation, bistability, and chaos®. This BSF reaction exhibits periodic
oscillation as a function of [H], called pH oscillation. The reaction was carried out
at 25°C, and the flow rate was 1 and 2 mL/min. The pH oscillation occurs only in a
specific range of flow rates. Here, we show regular pH oscillation in a BSF system
by utilizing different concentrations under a nitrogen atmosphere. Such a pH
oscillator system can be coupled or probed with pH-sensitive systems, and it helps to

understand new mechanisms may arise by periodic behavior®.
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1. Introduction

A chemical oscillation is a complex mixture of reacting chemical compounds, of
which the properties of one or more compounds vary periodically in time. Essentially
chemical oscillations have been present as long as life itself. Every living system
contains chemical oscillators such as heartbeat and brain waves®® exhibit rhythmical
oscillation. There is a large number of oscillating reactions such as Bray-Liebhafsky
(H20,-103™ system), Briggs-Rauscher, CIMA (chlorite-iodide-malonic acid) and the
Belousov-Zhabotinskii (BZ)%. In this project an artificial oscillation system that we
have chosen is bromate-sulfite-ferrocyanide (BSF) system which contains pH

oscillation®’.

The chemical oscillation reactions never pass through its equilibrium point. Instead,
it is a far from equilibrium phenomenon. The best way to study the non-linear
chemical dynamics phenomena is working in an open system (can change matter
or/and energy with its surroundings). The open system is far from equilibrium and
they could exhibit spontaneous self-organization by dissipating energy with
surroundings to compensate for the entropy decreases in the system. A closed system

must reach equilibrium and so can exhibit only transitory oscillation®.

The open system can be created by a reactor which allows us to pump fresh reactants
continuously into the system and to pump out reached solution so as to maintain a
constant volume. Such a device is known as a continuous-flow stirred tank reactor
(CSTR). The CSTR has played a crucial role in nonlinear chemical dynamics. By
running reaction in the open system like a CSTR, it is possible to have one or more
steady states, as well as, time-dependent asymptotic states. In this part describes the
materials and methods used under the CSTR.
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1.1. Flow reactor and pumps

In the open system that created with CSTR, there is a flow in a solution at a constant
flow rate F (mLs™) and with volume V (mL). By defining the reciprocal residence

time Ko, the flow can become independent on the reactor geometry®:

Ko =FIV 1)

Ko can be seen as the average time that a molecule spends in the reactor. Note that
the fast flow rate through a large reactor is equivalent to a slow flow rate through a

small reactor. The volume is constant by removing solution continuously.

As mentioned previously, the CSTR keeps the system far from equilibrium by
pumping fresh reactant into the reactor and reactant material out of the system to
maintain constant volume. Therefore, two pumps in the CSTR are needed.

The features of CSTR are characterized by several parameters. One of them is the
concentration of the input species that fed into the reactant. Another important
parameter is rate, which is determined by the stirring rate and the geometry of the
reactor®®. The flow rate or equivalently, residence time are the parameters to realize
how the CSTR behaves.

o :i - Volume (mL) (2)

K0 Flow rate (mLs—1)

Equation 2 shows the average time that the solutions spend in the reactant. The flow

rate can be changed through the pump setup (Figure 25).

1.2. pH oscillation in Bromate-Sulfite-Ferrocyanide system

Essentially, designing a pH oscillator is based on having two main composite
pathways, the positive feedback pathway that produces H*, and a negative feedback
pathway that removes H* from the system. There are different systems that have pH
oscillation but we have chosen the BSF system (Edblom et al., 1989)%.
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Table 7. Mechanism of Bromate-Sulfite-Ferrocyanide reaction®.

Number Reaction

B1 BrO; + HSO; — HBrO,+S0,”

B2 HBrO, + Br + H" — 2HOBr

B3 HOBr + Br+ H* — Br,+ H,0

B4 Br, + H,O — HOBr + Br + H*

B5 2HBrO, — BrOs + HOBr + H*

B6 Br, + HSOy + H,0 — 2Br + SO,* + 3H"

B7 H" + SO % »HSO4

B8 HSO; — H* + SOz*

B9 BrOs + 2Fe(CN)s * + 3H" — HBrO, + 2Fe(CN)s ¥ + H,0

The Table 7 shows mechanism of the BSF system. A key element of the mechanism

is protonation and deprotonation equilibrium of sulfite-bisulfite.

In B7and B8 (reverse reaction) reactions, sulfite and bisulfite have the following

general model:

X +H — HX (i)

Where X and H represent SOs* and H*, respectively. And the reaction B1-B6 can be
summarized by two models of ii and iii:

A+HX+H->Y (i)
HX +Y — 3H (iii)

Where A is BrOs and Y represents one or more intermediates such as HBrO,, HOBr,
and Br,. The presence of H takes into account in the participation of hydrogen ion at
B7 and B8 reactions. In fact B, Q and P correspond to ferrocyanide, ferricyanide, and
bromide, respectively in models of iv and v.

Y —->P (iv)
B+H—-Q (v)

If the reaction (iv) is fast enough, the system will oscillate without step (v). And if
the constant rate of the reaction (v) is sufficiently high, the reaction step of (ii-iv) can

be merged into the single reaction step vi.

A+HX+H->nH n>2 (vi)
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The Y is eliminated as a variable.

In this condition, model behaves like a clock reaction, in certain time there is a
sudden increasing and exponential decrease in H* value. Bistability and oscillation
will be obtained under flow conditions. The model can easily be adapted to describe
a wide variety of pH oscillators, including iodate-sulfitethiourea (Rabai et al., 1987),
iodate-sulfite-thiosulfate (Rabai and Beck, 1988), periodate-thiosulfate (Rabai et al.,
1989a), periodate-hydroxylamine (Rabai and Epstein, 1989), and iodate-
hydroxylamine (Rabai and Epstein, 1990).
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2. Result and discussion

Figure 26 demonstrates the setup of the system. We have performed a BSF
oscillation reaction under the CSTR reactor. In fact, we obtained pH oscillation from
the BSF system in the CSTR condition.

PH
meter

Figure 26. Experimental setup showing the CSTR, reagent sources, and the pumps.

Regular pH oscillation depends on many factors such as the flow rate of the pump,
temperature, concentration of the reagents, volume of the main reactor, and speed of
the magnet stirrer. In addition, the oscillation period can be changed if the

concentration of the bromate solution is modified from 0.4 M to 0.8 M®*.

Epstein et al. obtained pH oscillation in a BSF system so that the oscillation period
and flow rate were 20 min and 1.45x107 S respectively. Nevertheless, we tested a
BSF system using similar conditions (such as the concentration of solutions and flow
rate of the pump), but the pH oscillation was unsuccessful. The pH oscillation was

obtained once we utilized more concentrated solutions and increased the flow rate.
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Figure 27. pH oscillation measurements in BSF system at room temperature and flow rate of a) 2
mL/min and b) 1 mL/min.

This BSF system can be combined with pH-sensitive materials such a hydrogel
polymer and Cowpea Chlorotic Mottle Virus (CCMYV) in order to study the effect of
the pH oscillation on their dynamic behavior. According to Figure 28, hydrophilic
poly(methacrylic acid)-b-poly(ethylene glycol)-b-poly(methacrylic acid) (PMAA-b-
PEG-b-PMAA) triblock copolymers have different behaviors at different pHs®®. The

pH has a significant effect on the micellization behavior of this block copolymer.

PH 74 4 S-:‘pH-:' 7.4 pH‘;S
pH-Sensitive PMAA chains Coiled PMAA core
ﬁ s Decreased pH / Reduced pH
{ ﬁ Thcreased pH LA * creased pH
AN
s Looped PEG shell or corona Large micelle aggregates

Figure 28. Represents of a pH-response triblock copolymer micelle in aqueous media with
various pH values®.

The different behaviors of the block copolymer at different pHs has been already
studied, where the block copolymer was placed at the basic, acidic, and natural
solutions separately. But we aim to combine the block copolymer with the BSF
system while the pH oscillates continuously. Such a combined system will allow us
to study the dynamic behavior of the copolymer and eventually compare it with the

non-dynamic behavior.
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We were able to obtain stable pH oscillation from the BSF system. We mentioned
that the BSF system can be combined with a wide range of pH sensitive materials in

order to study the effect of different pH on their dynamic behavior.

Coupling the pH oscillatory of a living system to other systems can create new pH
oscillator systems with complex oscillation, which can help to better understand the
mechanism and the dynamic behavior of such coupled systems. The gained
understanding here can lead to important potential applications such as artificial

70,71

muscles’®™, controlled drug delivery systems’?, and DNA-based nanodevices’®.
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3. Conclusion

In this work, we have presented the pH oscillation system that can be obtained from
a BSF system, and we studied the influence of different factors such as
concentration, flow rate, and temperature on this BSF system. Since there are already
known pH-oscillator systems such as the formaldehyde-sulfite reaction’®, methylene
Glycol-Sulfite-Gluconolactone (MGSG) reaction’, and Bromate-Sulfite-Perchloric
acid (BSH) reaction®, it should be considered that the selected pH-sensitive
materials must be compatible with all the reagents of the pH oscillation system.
There is already a BSF system that contains different ranges of pH oscillation’®, but
the BSF system that we gained was running at a different concentrations and lower
flow rates. Such a stable and regular pH oscillation system can be combined with
new pH-sensitive materials in order to study their dynamic behavior in the newly

constructed system.
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4. Experimental

All materials of potassium bromate (0.26 mol/L), sodium sulfite (0.3 mol/L),
potassium ferrocyanide (0.08 mol/L), and sulfuric acid (0.04 mol/L) were used as
received (Sigma-Aldrich) without further purification. The fresh solutions were
separately pumped into the main reactor at a flow rate of 1 and 2 mL/min at 25 °C
temperature while constant volume is 40 mL. The concentration is divided by the

number of feedstreams, assuming that all streams enter at the same rate.

The reaction runs under the nitrogen atmosphere, and the solutions must be fresh.
Rate of magnet stirring must be around 1400 rpm. We were able to obtain stable pH
oscillation around 2 hours and this oscillation can be also run even more than 2
hours. Therefore, such a stable system helps to study dynamic behavior of pH

sensitive materials during the oscillation period.

4.1. pH meter

The pH changes in the main reactor were recorded continuously by utilizing a pH
meter (JENCO MODEL 6230) held in reactor, and the pH data was recorded by a
computer. The pH has oscillation between range of 2.8 and 6.5.

4.2. Peristaltic pump-minipuls 3

In our work peristaltic pump (Figure 29), which we have used, consists of series of

rollers around the central axis. Plastic tubes are held against the rollers by clamps so

when the central axis rotates, the tubes are alternately compressed and released.
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Figure 29. A peristaltic pump

The pump is inexpensive and can pump from several reservoirs at once by four

channels device and contains wide range of flow rate from 0-30 mL/min.

The Minipuls 3 is a rugged peristaltic pump with head speeds that is adjustable from
0 to 48 rpm. This peristaltic pump was used for delivering chemical fluids in 4
channel standard flow rate. Basically, the size of all tubing must be exactly the same.
Eventually, desired flow rate can be reached by modifying flow rate of the pump
manually based on the specific size of tubing that has been chosen. There are

different types of pumps available.
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