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General introduction (En)

In the family of water-soluble associating polymers, amphiphilic systems composed
of polar and non-polar units, which are soluble and non-soluble in water, respectively,
exhibit original rheological properties in aqueous solution. These properties lead to
numerous industrial applications in particular in pharmacy, food, cosmetic, paints, oil
recovery, where peculiar properties such as thickening, gelling or viscoelastic
properties that can be modulated with temperature or the presence of additives (salt,
surfactant), are desired. The viscosity character of the aqueous solutions of such
polymers is mainly due to inter-chain associations between hydrophobic groups

leading to physical cross-linkages between polymer chains.

In the general context of using water-soluble polymers for various applications
ranging from oil recovery to drug delivery, we focused on the synthesis of
hydrophobically modified neutral or charged polysaccharides. These glucidic
polymers, derived from living organisms - in other words plants, animals or bacteria,
are candidates of choice for the development of a "green chemistry”. Besides being
renewable, they are generally biocompatible and biodegradable and, can also exhibit a
biological activity which can be advantageously used for biomedical applications.
This 1is typically the case of hyaluronic acid, a negatively charged linear

polysaccharide which is ubiquitous in the body.

The main goal of this thesis was thus to synthesize new amphiphilic systems based on
neutral polysaccharides (guar, hydroxyethyl guar) or charged polysaccharides
(hyaluronic acid), based on the grafting of hydrophobic groups along the
polysaccharidic chain in easy handling conditions. The synthesis strategy we
proposed relies on etherification reactions in alkaline media of the polysaccharides

from commercial and non-commercial hydrophobic glycidyl ethers (epoxides).



This work was performed in the team "Structure and Modification of
Polysaccharides” in the Centre de Recherches sur les Macromolécules Végétales
(CERMAV-CNRS, Grenoble) and the “Function Polymer Lab” (Sichuan University),
in the framework of a co-supervision convention between the Joseph Fourier

University of Grenoble and the University of Sichuan.

The first chapter of this manuscript consists in a bibliographic review on
hydrophobically modified neutral or charged polysaccharides and, the study of their

thickening properties in aqueous media.

The chapter 2 is devoted to the grafting of various hydrophobic groups on guar,
hydroxyethyl guar as well as hydroxyethyl cellulose, used in order to compare the
efficiency of reactions involved as a function of the polysaccharide backbone. The
reactions, based on the opening of hydrophobic epoxides in alkaline media by the
alcoholate functions of polysaccharides, are conducted by varying some experimental
parameters (solvent, alkylating (arylating) agent/polysaccharide molar ratio...) in
order to modulate the hydrophobic/hydrophilic balance of the final products. The
analysis of their behavior in aqueous solution by viscosity measurements is also

presented.

Finally, chapter 3 presents the synthesis and characterization of new amphiphilic
derivatives of hyaluronic acid resulting from the grafting of Brij®56 groups. Original
properties in aqueous media observed from these conjugates, which contrast with
previous results obtained from alkylated derivatives of hyaluronic acid in the team

"Structure and Modification of Polysaccharides”, are discussed.
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Introduction générale (Fr)

Dans la famille des polymeéres associatifs hydrosolubles, les systéemes amphiphiles
composés d’unités polaires et apolaires, respectivement solubles et insolubles dans
I’eau, présentent en milieu aqueux des propriétés rhéologiques originales. Ces
propriétés sont a I’origine de nombreuses applications industrielles notamment en
pharmacie, agro-alimentaire, cosmétique, peinture et pétrole, ou des propriétés
particuliéres comme un effet épaississant, gélifiant ou viscoélastique modulables en
fonction de la température et de la présence d’additifs (sels ou tensioactifs) sont
recherchées. L’origine des propriétés viscosifiantes des solutions aqueuses est liée
principalement aux associations interchaines des groupements hydrophobes

conduisant a une réticulation physique et réversible du milieu.

Dans une problématique générale d’utilisation de polymeres hydrosolubles pour
diverses applications allant de la récupération assistée des hydrocarbures a Ia
délivrance de principes actifs, notre intérét s’est porté sur la synthése de dérivés
hydrophobiquement modifiés de polysaccharides neutres ou chargés. Ces polymeres
glucidiques, d’origine végétale, animale ou bactérienne, sont des candidats de choix
pour le développement d’une chimie dite "verte”. En plus d’étre issus de ressources
renouvelables, ils sont en général biodégradables et biocompatibles et peuvent
¢galement montrer une activité biologique pouvant étre avantageusement mise a profit
pour des applications biomédicales. C’est le cas notamment de I’acide hyaluronique,

polysaccharide chargé négativement, omniprésent dans le corps.

Cette these avait ainsi pour principal objectif de synthétiser de nouveaux systémes
amphiphiles a base de polysaccharides neutres (guar, hydroxyéthyl guar) ou chargés
(acide hyaluronique), par greffage de groupements hydrophobes le long de la chaine
polysaccharidique dans des conditions simples a mettre en oeuvre. La stratégie de

synthése proposée repose sur des réactions d’éthérification en milieu basique des
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polysaccharides a partir d’éthers de glycidyle (époxydes) hydrophobes commerciaux

et non commerciaux.

Ce travail a été effectué au sein de I’équipe "Structure et Modification des
Polysaccharides” du Centre de Recherches sur les Macromolécules Végétales
(CERMAV-CNRS, Grenoble) et de I’équipe “Function Polymer Lab” (Université de
Sichuan), dans le cadre d’une convention de co-tutelle entre I’Université Joseph

Fourier de Grenoble et I’Université de Chengdu.

Le premier chapitre de ce manuscrit consiste en une mise au point bibliographique sur
la synthese de dérivés hydrophobiquement modifiés de polysaccharides neutres ou

chargés et I’étude de leur propriétés €paississantes en milieu aqueux.

Le chapitre 2 est consacré au greffage de groupements hydrophobes varié€s sur le guar,
I’hydroxyéthyl guar ainsi que 1’hydroxyéthyl cellulose, utilisée afin de comparer
I’efficacité des réactions mises en ceuvre en fonction du squelette polysaccharidique.
Les réactions, reposant toutes sur I’ouverture d’époxydes hydrophobes en milieu
basique par les fonctions alcoolate des polysaccharides, sont menées en faisant varier
certaines parametres expérimentaux (solvant, rapport molaire
greffon/polysacccharide...) afin de moduler la balance hydrophobe/hydrophile des
produits finaux. L’analyse de leur comportement en milieu aqueux par des mesures de

viscosité est également présenté.

Enfin, le chapitre 3 présente la synthése et la caractérisation de nouveaux dérivés
amphiphiles de I’acide hyaluronique résultant du greffage de groupements BrijS6®.
Des propriétés originales en milieu aqueux observées a partir de ces conjugués,
contrastant avec des résultats antérieurs obtenus a partir de dérivés alkylés de I’acide
hyaluronique au sein de I’équipe "Structure et Modification des Polysaccharides”,

sont discutées.
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CHAPTER 1. Hydrophobically modified polysaccharides-bibliography review

Résumeé (Fr)

Ce chapitre, situant le travail dans son contexte bibliographique, s'organise en deux
volets. Les différentes approches proposées dans la littérature pour la synthése de
polysaccharides hydrophobiquement modifiés sont tout d'abord présentées. Elles
reposent sur des réactions d’étherification, d’estérification ou de couplage
amine-acide a partir de réactifs alkylés ou arylés variés. Celles-ci ont été appliquées
principalement a des polysaccharides neutres courants (cellulose, amidon, dextranes,
guar) ou chargés (acide hyaluronique) afin de leur conférer des propriétés
¢paississantes. Celles-ci font 1’objet de la seconde partie de ce chapitre qui fait le
point sur les principales études rhéologiques effectuées a partir de dérivés
hydrophobiquement modifiés de la cellulose, de I’amidon, de dextranes, du et de

’acide hyaluronique.



Summary (En)

This chapter, situating the work in context bibliography, organized into two main
parts. The different approaches proposed in the literature for the synthesis of
hydrophobically modified polysaccharide by grafting hydrophobic alkyl chain on the
natural polysaccharide are presented. They are based on the use of various functional
groups as interlinkage for the preparation of hydrophobically modified polysaccharide.
These reaction conditions and the degree of substitution of hydrophobic alkyl chain
are categorized and compared by etherification, esterification, arylation or amine-acid
coupling reactions. The literature shows a wide variety of polysaccharides used for
the synthesis of hydrophobically modified polysaccharide. These polysaccharides
come from animals or plants and vary in molecular weight between 25 000 and

1,450,000.

After hydrophobically modified, these amphiphilic polysaccharides that associate in
solution are often efficient rheology modifiers. These are the subject of another part of
this chapter. As used as thickener, their solution properties have been largely
examined on different hydrophobic substituent, on different molar substitution levels,
on the effects of operating parameters and so on. Particular attention is paid to

cellulose, starch, dextran, guar and hyaluronic acid.



CHAPTER 1. Hydrophobically modified polysaccharides-bibliography review

1.1 Introduction

Hydrophobically modified water soluble polymers that associate in solution via
physical interactions are often efficient rheology modifiers. These “associating
systems” are used as thickening agents in many fields of applications such as paints,
cosmetics, foods, oil recovery.' * The hydrophobic associations can be intramolecular
and/or intermolecular leading to aggregating structures and/or three-dimensional
networks. Thus very viscous solutions, physical gels exhibiting a shear thinning

behavior or, micellar aggregates, can be obtained.

Natural polysaccharides have been widely used as the hydrophilic backbone of the
hydrophobically modified amphiphilic macromolecule. They can have the properties
of synthetic counterparts as well as being intrinsically biodegradable, abundant in
nature, renewable, nontoxic, and relatively cheap.”® Their characteristics at the
structural level are associated with their hydrogen-bonding ability, side-group

reactivity, which can be modified covalently or by ionic bonds.’

The first part of this chapter describes the strategies for the synthesis of
hydrophobically modified natural polysaccharides, including etherification reaction
using halogenated or epoxide derivatives, ester formation and alkylation using
isocyanate derivatives. The conditions of the currently investigated reactions of these
synthetic routes and the grafting efficiency are reviewed. This allows one to clarify
the advantage and disadvantage of each synthesis strategy and different reaction

parameters.

Next, we focus on the rheological properties of the modified polysaccharides in

aqueous solution. Their thickening properties are compared.



1.2 Strategy to synthesis hydrophobically modified polysaccharide

1.2.1 Introduction

Polysaccharides used for the development of “associating systems” come from
various origins.® Polysaccharides which are extracted from plant include cellulose,
guar, starch and xylan (Figure 1.1). Figure 1.2 shows the chemical structure of
polysaccharides extracted from bacterial sources (dextran, xanthan and hyaluronic
acid), from animals (chitin and hyaluronic acid) and from fungi (pullulan and

chitosan).
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The solubility of these polysaccharides is different depending on different origins, as
listed in Table 1.1. Some polysaccharides are insoluble in water (e.g. cellulose and
chitin) or not very soluble (e.g. amylose and xylan), therefore, these polysaccharides
have to be modified in order to be dissolved in water; moreover, the solubility of the
hydrophobically modified polysaccharide with long alkyl chains can be increased by
its derivatization with short chain. Most well known derivatives of these
polysaccharides are cellulose ethers (methyl-, hydroxyethyl-, hydroxypropyl-,
carboxymethyl-cellulose etc.), starch derivatives (hydroxyethyl-, hydroxypropyl-,
carboxymethyl-starch, degraded starch, cationic starch, esterified starch etc.) and guar
derivatives (hydroxyethyl-, hydroxypropyl-, carboxymethyl-guar, depolymerized guar,

cationic guar, etc.).

Table 1.1: Solubility of polysaccharides in dimethylsulfoxide (DMSO),

dimethylformamide (DMF) and water. *’

Solubility in different solvent

Polysaccharide
DMF DMSO H,O
Cellulose _ + (TBAF) _
Guar x + (TBAOH) T
Dextran . 0 a
+ (LiCl) + (40 °C) +
Hyaluronic acid X + (NaOH) +
StaI‘Ch _ + (80 OC) _b
Amylopectin ) + (80 °C) +
Alginate ) ) i
Chitin ) ) )
Chitosan




Inulin + + +

Xylan + (LiCl) + - (NaOH)
Xanthan } ; +
+. Soluble.
-. Insoluble.

(). Soluble under the additional condition.
x. No date
a. The crystalline form is insoluble.

b. Amylose is water soluble at 70 °C.

To handle the incompatibility of the hydrophilic polysaccharide and the hydrophobic
reagents, the reactions carried out in both homogeneous media and heterogeneous
media were extensively studied. Most of the related literatures of synthesis strategies

and procedures are patents.

As shown by Scheme 1.1, several typical alkylating agents can be used to prepare
hydrophobically modified polysaccharides. These include alkyl halides (such as
chlorides or bromides), alkyl or aryl epoxides, acyl halides, anhydrides or isocyanates,
which can be reacted with the free hydroxyl groups of the polysaccharide.®'® Alkyl
amines have also been used to prepare hydrophobically modified derivatives of

polysaccharides possessing carboxyl groups along the chain.

10
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Scheme 1.1: Strategy to synthesize hydrophobically modified polysaccharide
derivatives by reacting polysaccharides with hydrophobic reagents containing long

hydrocarbon chains. '’

In this chapter, the reaction conditions and results of these strategies will be

summarized and represented into four types:

1) Etherification reaction using halogenated derivatives (Scheme 1.1.a).
2) Etherification reaction using epoxide derivatives (Scheme 1.1.b and c).

3) Ester formation (Scheme 1.1.d and e).

11



4) Alkylation using isocyanate derivatives (Scheme 1.1.f).

1.2.2 Etherification using halogenated derivatives

The more common strategy to graft long alkyl chains on polysaccharides is
etherification. This reaction provides easy access to a variety of bio-based materials
with valuable properties, the etherifying reagents are usually more easily handled than
the reagents employed for modification via the ester or urethane linkages and the

resulting ether linkage is usually more resistant to further reactions.'"'?

Etherification of polysaccharides via irreversible nucleophilic substitution using
aliphatic halides is shown in Figure 1.3. Generally, the polysaccharide is first mixed
with strong alkali, e.g., aqueous sodium hydroxide under a nitrogen atmosphere,
subsequently, this alkali polysaccharide is reacted with etherifying agent (alkyl

halide), to form alkyl ethers.

HO HO OH Alkali, e.g. NaOH HO O;Na* O Na'
OH OH O'Na" OH
Polysaccharide R-X

R is long alkyl chain, X is halide

HO OR OR
OR OH

Hydrophobically modified polysaccharide

Figurel.3: Etherification reaction of polysaccharides with alkyl halide, represented

here as R-X, in which R is long alkyl chain, X is halide.

This strategy has been applied on various polysaccharides including cellulose and

12
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derivatives (hydroxyethyl cellulose (HEC), carboxymethyl -cellulose (CMC),
hydroxypropyl cellulose (HPC)) as summarized in Table 1.2, hydroxybutyl guar and,
hyaluronic acid. As the alkyl halide agent (R-X) listed in Table 1.2, R is a long alkyl
chain containing from 8 to 22 carbon atoms (Cs-Cj;). Alkyl iodides are excellent
alkylating agents, but expensive, therefore the preferred alkylating reagents are alkyl

chlorides or bromides.

The reaction conditions are similar to those usually used with short alkyl halides
except the solvent. In the case of reactions with short chain (C;-Cs) alkyl halides,
water is used as the solvent . In contrast, reactions with long alkyl halides require
the use of an organic solvent such as isopropanol (IPA), fert-butyl alcohol (TBA),
acetone, N, N-dimethylacetamide (DMAc) or dimethylsulfoxide (DMSO) (Table 1.2)
because of their insolubility in water. These reactions are thus generally performed
under heterogeneous conditions as the polysaccharide is suspended in the organic
solvent '*. In some cases, for instance, reactions No. 2, 5, 7 and 8, a small amount of
water (10~50%, v/v) is added to the organic solvent, allowing the polysaccharide to
swell but not to dissolve. This can provide higher reaction efficiency. However,
excess of water can result in difficulty of post-treatment of product during purification

and recovery.

The pH of the reaction medium must be higher than 11, and is generally adjusted to
13 using strong alkali, such as lithium hydroxide (LiOH), sodium hydroxide (NaOH)
or potassium hydroxide (KOH). However, if DMAC is used as a solvent, the addition
of an extra base is not required, as can be seen from reactions No. 3, 4 and 6. The use
of NaH in DMSO appeared to be more efficient than that of NaOH in the same
solvent, but the NaH-DMSO system seems to cause more depolymerisation than
NaOH-DMSO . In some cases, a phase transfer agent such as tetramethylammonium

chloride (TMAC) is used in combination with the base (reaction No. 2).

13



From the examples given in Table 1.2, the reactions are generally performed between
70-105 °C for short time (1-8 hours). The alkylation reactions carried out at low
temperature (RT) need longer times (24-92 hours) '*. As an example, in the case of the
reaction of cellulose with octyl bromide at 22 °C, there was no significant substitution
after 3 hours, but the degree of substitution (DS) of octyl chain reached 0.11 after 25
hours. With octadecyl bromide, the DS reached 0.10 after 26 hours, and 0.30 after 72
h'.

The degree of substitution (DS) of polysaccharides with long chain is often lower than
5%, as higher DS lead to problems of water insolubility of the final polysaccharide
derivatives. The DS is determined by '"H RMN in CDCL'®, DMSO-dé6'” or D,O'®".

Table 1.2: Etherification of polysaccharides using alkyl halides.

Reaction condition:
Alkyl halide

. solvent,
Polysaccharide .
No. (R-X, R is long alkyl alkali, DS (%) Ref.
substrate
chain, X is Cl or Br) temperature,
time
DMSO,
NaOH or NaH¥*, 6
1 Cellulose CH;(CH,),,CH,Br, n=6~16 22 °C 11~30*
15~92 h
50 % (wt) tert-butyl
alcohol/ water,
2 eME CH;(CH,), CH,Br, n=20 LiOH or NaOH 0.09~2.7 3
3 2)n 2bBr, n= _ .09~2.
(DS=0.55~1.0) (pH=11.4~14),
with or without TMAC
90°C,3h
DMAc,
3 HEC (MS=1.8)  CHj3(CH,),CHCH(CH,);Cl RT, 1.4 6
24 h
CH;(CHy)n Br, n=7, 8, 12
DMAc,
or 16
4 HEC(MS=2.9~4) RT, 0.17~2 20
(two or more mixed alkyl 24h
halides used at the same)
88% (wt) IPA/water,
NaOH (, pH=13), 1
5 HEC (MS=1.8) CH;(CH,),CH,C1, n=16 80 °C
8h

14
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DMAc,
6 HPC(MS=4) CH;(CH,),CH,Cl, n=16 RT, 1.5 6
24 h
Water/ tert-butanol/
CMHEC acetone,
7  (CMMS=0~1.0,  CH;(CH,),CH,Br, n=14 NaOH(pH=14), 0.1~4 2
95°C
HEMS=2.7 ’
) 2.5h
IPA/water
Hydroxybutyl KOH(, pH=13.5), 12,23
8 CH;(CH,),CH,Br, n=14 20°C 0.5~10 ’
guar )
1~3 hours
9  Hyaluronicacid n-alkanoyl halide (C,~C;5) ~ non-aqueous solvent - 24

1.2.3 Etherification using epoxide derivatives

Epoxide derivatives are the most important intermediates used for the synthesis of
hydrophobically modified polysaccharides via ether linkage (Scheme 1.1.b and c).
Two kinds of epoxide derivatives have been investigated: alkyl epoxide and alkyl
glycidyl ether (2-alkyloxymethyloxiranes) (Figure 1.4). The “alkyl epoxide” or “alkyl
glycidyl ether” are abbreviated to “R-epoxide” or “R-glycidyl ether”, in which R
could be not only long alkyl chain (ii) but also phenyl (i), or poly(ethylene oxide)
alkyl chain (iii), or poly(ethylene oxide) phenyl alkyl chain (iv).

15



o )
/N %O\R

alkyl epoxide alkyl glycidyl ether
(R-epoxide) (R-glycidyl ether)
1 2
_ CHj o CHy
CeHe (CH2)n1CHg (CH2CH0)m(CH2)n.1CH3
phenyl long alkyl chain poly(ethylene oxide) alkyl chain
o) (i) (i)
O
or m n-1

(CH,CH50),,CeHe(CH5).1CH3
poly(ethylene oxide) phenyl alkyl chain
(iv)
Figure 1.4: Two kinds of epoxide derivatives used to prepare hydrophobically
modified polysaccharides: alkyl epoxide (R-epoxide) and alkyl glycidyl ether
(R-glycidyl ether).

The epoxide derivatives (i) and (ii) is commercially available while (iii) and (iv) need
to be synthesized via the reaction of alcohols with epichlorohydrin. Typically, the
hydroxyl group of the alcohol is reacted with NaH in DMF and epichlorohydrin is
then added ».

The ring opening of epoxides requires a catalyst in order to achieve nucleophilic
addition. Generally, the polysaccharide is first mixed with alkali base, such as NaOH,
KOH, NaH, or tetrabutylammonium hydroxide (TBAOH), under a nitrogen
atmosphere, and the etherifying agent (alkyl epoxide or alkyl glycidyl ether) is

subsequently added to the reaction medium to form alkyl ethers (Figure 1.5).
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HO OH Alkali, e.g. NaOH HO O Na*

Ve Ve it i RNa’a’a

OH OH O'Na" OH

Polysaccharide

A—R %O\R

R-epoxide .
R-glycidyl ether

R
o’ |

HO R R HO r o
Y Lo Lo
g 0
HO_ ). - HO o)
o) OH O OH
OH
kr OH ‘\Q

(o]
R |
R

Figurel.S: Etherification reaction of polysaccharides with alkyl epoxide (R-epoxide)

and alkyl glycidyl ether (R-glycidyl ether).

Similar to alkylation reactions with alkyl halides, the ring opening of epoxides by
polysaccharides can be performed under homogeneous or heterogeneous conditions.
The etherification of polysaccharides in different reaction conditions are summarized
in Table 1.3. This table was arranged according to the different sorts of
polysaccharide substrates used: cellulose and its derivatives (reactions No. 1-5), guar
and its derivatives (reactions No. 6), dextran and its derivatives (reactions No. 7-9),

starch (reactions No. 11) and hyaluronic acid (reactions No. 12-13).

Table 1.3: Etherification of polysaccharides using aliphatic or aromatic epoxide

derivatives.

17



Reaction condition*:

Polysacch. .
No. Epoxide derivatives solvent, alkali, DS (%) Ref.
substrate temperature, time
MeC
(MS=1.8)
or CH; (CH,),.1 epoxide,
50~90% IPA,
HPC n=8~24
NaOH (pH=13 or 14), 6172126
1 (MS=3.5) or 0.25~2.9 S
75~80 °C,
or CH; (CHy),.1 glycidyl ether,
2~8 h
MeHPC n=8~18
(MMS=1.3,
HPMS=0.2)
50~88% IPA,
CH;(CH,),.1(O CH,CH,),,
HEC NaOH (pH=13), )
2 glycidyl ether, n=8~18, 0.32~2
(MS=1.8~2.5) 80 °C,
m=9~20
2~8 h
CH; (CH,),.1 epoxide, n=16
90% TBA,
or
HEC NaOH (pH=13.5), 25
(CuHap41)x(CsHg)(OCH,CH,) 0.25~1
(MS=3.5~4.5) 75~90 °C,
m glycidyl ether, n=9 or 12,
4.5~12h
x=1 or 2, m=0-100
CH; (CHy),.; epoxide, n=18
or 42~50% TBA,
CH; (CHy),. glycidyl ether, LiOH or NaOH
n=12 (pH=12.2~14),
CMC 15
4 or with or without 0.014~5.6
(DS=0.55~0.9)
CH;(CH,)o(OC,Hzp)m TMAC,
glycidyl ether or epoxide, 75~90 °C,
n=1-30, p=2-4, m=0-20 e.g.: 3~4h
Brij 76" or Brij 30"
DMSO,
HEC CH; (CHy),.-epoxide, potassmr.n
tert-butoxide 3.5~5.8 6
(MS=2.5) n=10~24 80 °C,
6h,

18



CHAPTER 1. Hydrophobically modified polysaccharides-bibliography review

HPG (MS=0.7,
1,1.20r1.3)

CH; (CH,),.1 epoxide, n=12,
14, 18 or 24~28
CH; (CHy),. glycidyl ether,
n=18 or 22

50~100% IPA,
NaOH (pH=13.3~14),
or KOH, 0.04~1
60~80 °C,

1.5~6h

29-32

7  Dextran (T40)

Phenyl glycidyl ether

water,
NaOH (pH=14),
RT/50°C/75°C,
48 h~96 h

6~31

5,33-36

8  Dextran (T40)

Phenyl glycidyl ether

0.25-3,
DMSO
TBAOH, 17~250

RT,

96 h, (dialysis)

9  Dextran (T40)

CH; (CH,),.1 epoxide, n=10

DMSO,
TBAOH,
50 °C,
96 h

164

36

Hydroxypropyl
10
dextran

CH; (CH,),.1 epoxide
n=11~18

DCM
BF;,
RT,

20 minute

37

11 HA

CH; (CHy),. glycidyl ether,
n=4, 6,8, 12 or 14

DMSO/water = 1/1,
NaOH (pH=9.0-10.0),
30 °C,

11

overnight

38

Amylose or
starch or

degraded

12

starch

CH; (CHyp),.; epoxide, n=6
or 12

DMSO,
NaH,
30~230
RT,

6~286 h

39

13 Potato starch

CH; (CHy),,.1(OC,Hy)r
glycidyl ether, n=12, m=10
or 12

80% IPA,
NaOH (pH=13),
80 °C,
8h

0.50r0.7

* For avoiding oxidative degradation, in all the reactions listed, the oxygen is expediently removed

from the reaction mixture by evacuation and flushing with nitrogen.
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In the heterogeneous conditions, the etherification is carried out in an alcohol/water

mixtures (reactions No. 1-4, 6 and 13), in the presence of NaOH or KOH.

In the alcohol/water mixtures, the concentration of the alcohol is from 50% to 100%
(v/v), and generally about 90%. Such concentrations are suitable for swelling and
suspending the polysaccharide powder and dissolving the long chain alkyl epoxide
derivatives and base at the same time. By using this type of solvent, the long chain
alkyl epoxide derivatives can be reacted with the polysaccharide so that the alkylation

6,15,17,21,26,27,30-32,40,41 . .
””” " The alcohol-based reaction media have

reaction can take place.
notable advantages. They are relatively low cost, non-toxic and the modified

polysaccharide can be easily isolated by filtration.

Besides using NaOH (or LiOH, pH=12.2~14), phase transfer catalysts (TMAC), were

used in the heterogeneous reactions (reaction No. 4).

The heterogeneous reactions are performed at temperatures ranging from 55 °C to 90
°C for 1.5 ~ 16 h. The preferred conditions in most of the reactions are 80 °C for about
8 h. After the reaction, the DS of the alkylated polysaccharides are not more than 1%;
higher DS generally lead to water-insoluble polysaccharide derivatives. In
homogeneous conditions, the polysaccharide is generally solubilized in DMSO

(reactions No. 5, 8, 9 and 12).

Potassium tert-butoxide, tetrabutylammonium hydroxide (TBAOH) or NaH are used
as a basic catalyst (reactions as examples No. 5, 8, 9 and 12). In DMSO, they have
special virtues. For potassium tert-butoxide, DMSO interacts with the potassium
center, enhancing the basicity of the butoxide. TBAOH is more soluble in organic
solvents relative to more conventional inorganic bases. NaH is insoluble in organic
solvents, all reactions involving NaH occur at the surface of the solid, and NaH is

propitious to keep the anhydrous conditions.
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Theoretically, the homogeneous procedure is expected to provide higher reaction
efficiency and higher DS than the heterogeneous one. Moreover, it is assumed to
favor a random distribution of alkyl groups along the polysaccharide chain as the
polysaccharide and alkylating agent are soluble in the same reaction medium. In these
conditions, the modified polysaccharide is isolated at the end of the reaction by

precipitation or by dialysis and freeze-drying.

The higher efficiency of the homogeneous procedure was confirmed by Durand et.
al* In the case of dextran modified by phenyl glycidyl ether (PGE) at room
temperature for several hours, at a given amount of PGE, the DS obtained is much
higher with the homogeneous procedure than with the heterogeneous one. This can be
explained by a partial hydrolysis of the epoxide when using the heterogeneous
procedure. Around 70% of the added PGE is grafted onto dextran at the end of the
reaction with the homogeneous procedure, while it is only 10% with the

42
heterogeneous procedure.

However, the use of such strong base often causes partial degradation of the
polysaccharide, thereby causing the formation of polysaccharide derivatives having
molar masses lower than desired. Comparing with the heterogeneous conditions,
DMSO is more expensive than the alcohol solvent, the reaction needs anhydrous
conditions and the treatment for recovering the polysaccharide is more complicated.

These disadvantages limit the industrialization of this strategy.

There are still other types of solvent used individually, for example, a mixture of
DMSO and water was used to modify hyaluronic acid (HA) with alkyl glycidyl ethers
(reaction No. 11). Effect of concentration of DMSO in reaction mixture on product
features (for decyl derivative) showed that increasing amount of DMSO from 20 % to

90 % resulted in increase of DS from 17 % to 78 % but slight decrease of Mw.
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1.2.4 Esterification using hydrophobic carboxylic acid derivatives or

alkyl halides

Esterification reactions have also been used to prepare alkyl derivatives of
polysaccharides. These consist in reacting either a neutral polysaccharide with an acyl
anhydride (Figure 1.6 (i)) or an acyl halide (Figure 1.6 (ii)) or, an acid
polysaccharide (i.e. hyaluronic acid) with an alkyl halide (Figure 1.7). In all cases,
the reactions are performed in an organic solvent such as DMSO or DMF. Therefore,
in order to make the acid polysaccharide soluble in DMSO or DMF, it is preliminary
transformed into the tetrabutylammonium (TBA) salt to shield highly anionic
carboxylic acid groups and to disrupt inter/intramolecular hydrogen bonds (Figure
1.7). The esterification of polysaccharides in different reaction conditions are

summarized in Tables 1.4, ranged by different esterifying reagents used.

OH

o

OH OH

OH

Polysaccharide
o
0 R)kO)LR ) R)kCI
0 R
Y
0

o __R

Y

HO O
R = aromatic or aliphatic group

@) OH
A

(0]
Hydrophobically modified polysaccharide

Figurel.6: Esterification of neutral polysaccharides with hydrophobic carboxylic acid

derivatives with (i) acyl anhydride or (ii) acyl halide.
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OH
R-I/R-Br
_—
NH /|, DMSO
o)
CHs

OH Ho

OH
0
(/OHO o
o o NH /
, o=
R CHj

R' = ONa or R with R = alkyl (aryl) residue

Figurel.7: Esterification of acid polysaccharides (i.e. hyaluronic acid) with alkyl

(aryl) halides.
Table 1.4: Esterification of polysaccharides.
. . Reaction condition:
Polysaccharide  Esterifying reagent .
No. . Medium, Catalyst, DS (%) Ref.
substrate (Figure 1.8 and 1.9) ]
Temperature, Time
o DMSO, DMAP with
carboxylic acid ) 5
1 Starch ] or without NaHCO;, 140~260
anhydride 15-23 or 24
30 °C, 1h
carboxylic acid pyridine, without or 326
~6 or
2 Inulin anhydride 15-23 or with* DMAP, 40 or 4
40~230*
24* 60 °C,24h
Soybean fatty acid DMF/pyridine,
3 a-cellulose Y ] Y Pyt 80-270 4
chloride 90°C, 24 h
formamide or NMP
Carboxylic acid or DMSO, sodium 16
4 Dextran ) 10~40
chloride 25-27 bicarbonate, 45 °C,
48 h
Water, NaOH, with
) or without pyridine/ e
5 Starch Stearoyl chloride 28 10-29
or TEA or DIEA,
RT, 1h
Firstly to form a
. tetrabutylammonium
Carboxymethyl  Alkyl bromide (Cs, Co
salt of CMP, then "
6 pullulan or C12) or/and ] 2.8~48
react with alkyl
(CMP) C6H5(CH2)3BI‘

bromide, DMSO, 40

°C, overnight
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Firstly to form a

tetrabutylammonium
- HA Alkyl bromide (Ci2 salt of HA, then 18 18,19, 49
or Cis) react with alkyl
halide, DMSO, RT,
24 h
carboxylic acid: Py/TsCI=3,
8 Cellulose CH;(CH,),CH,COOH, DMAC/LIiCl, 50~65  280~290 30
n=9,11,15,17 °C,24h
Octenylsuccinic
anhydride or Water, NaOH 51
9 Starch (Potato) . o 0.5-2.3
Dodecenylsuccinic (Ph=8.5),25°C, 4 h
anhydride

--. no data.

Esterification with an acid anhydride in the presence of a tertiary base, commonly

> has been applied to prepare alkyl derivatives of neutral

pyridine (Py) °
polysaccharides (reaction No. 1 and 2). As can be seen from reaction No. 2, pyridine
has been used as the slurry medium. Long-chain fatty acid cellulose esters from
soybean fatty acids can be obtained applying the DMF/Py mixture (reaction No. 3). It
should be noticed that the utilization of an excess of base diminishes the DS values >°.
Another tool to increase the reactivity of this acylation system is the addition of

54

4-dimethylaminopyridine (DMAP), a useful nucleophilic catalyst for highly

functionalizing polysaccharide .

For the introduction of more complex carboxylic acid moieties, i.e. fatty acid or
aromatic moieties, anhydrides are not reactive enough. In these cases, acid chlorides
in combination with a base are applied (reactions No. 3 and 4). The esterification of
polysaccharide with acyl chlorides is combined with less side reactions if conducted
in DMF, N-Methyl-2-pyrrolidone (NMP) or N, N-dimethylacetamide (DMAc) instead
of in DMSO. LiCl is added when cellulose is used (reaction No. 8) in order to make

the homogeneous esterification into an efficient synthesis which allows excellent

24



CHAPTER 1. Hydrophobically modified polysaccharides-bibliography review

control of the DS in the range from 1 to 3 **°*. Although DMAGc/LiCl is among the
best studied solvents because it dissolves a wide variety of polysaccharides including
cellulose and does not cause degradation, it is not known how DMACc/LiCl dissolves

polysaccharides.

Despite the fact that water is commonly not an appropriate medium for esterification
reactions, a number of polysaccharide esters may be obtained in this solvent, owing as
it provides an economical and easy method. Acylation in aqueous media with

aromatic acid chlorides (reaction No. 5), e.g. benzoyl chloride **

or acyl imidazolides,
can be carried out well ®°. Esters of other aliphatic acids are prepared in a similar

manner using the appropriate anhydride ' (reaction No. 9).

To reach higher degree of hydrophobic modification than via direct esterification and
avoid water-insoluble derivatives, the polysaccharide is converted into the acid form
firstly, subsequently into the tetrabutylammonium salt, and finally this salt is
converted homogeneously in DMSO with long-chain alkyl bromides (reaction No. 6

18,19,4
and 7) "9

The methods described above are well-established, reproducible tools for the
synthesis of defined polysaccharide esters of pronounced commercial importance. In
2006, Thomas Heinze et. al. have given a review of these new esterifications of
polysaccharides ®*. Still, these synthesis methods are limited for the preparation of
common aliphatic and aromatic carboxylic acid esters. To achieve acylation, a broad

variety of new synthesis paths are under investigation.

The application of a sulphonic acid chloride, especially 4-toluenesulfonyl chloride
(TsCl), for the in situ activation of carboxylic acids is an easy procedure, valuable for
the preparation of long-chain aliphatic and alicyclic esters of polysaccharides in
DMAC/LIiCl #% as shown in reaction No. 8 in Table 1.4. Application of
N,N'-dicyclohexylcarbodiimide (DCC), in the presence of DMAP, for the in situ

activation of carboxylic acids is an easy procedure. Functionalisation with bulky
25



hydrophobic carboxylic acids (such as bile acid, heptadecafluoroundecanoic acid,

adenine-9-butyric acid or thymine-1-yl butyric acid)/DCC was studied for the

synthesis of amphiphilic dextran ®. In contrast to DCC or TsCl as reagents for in situ

activation, the N, N-carbonyldiimidazole (CDI) is associated with no significant side
63

reactions °, even when DMSO is used as solvent, if the CDI is completely

transformed to the imidazolide in the first step (Scheme 1.2).

0O

[

OH

ﬁi;E- T:z> \#JﬁEOOQ +Ljﬁ>

- CO,

0O

N
+|:> N//\j :

R'O "R

Scheme 1.2: Reaction pathway leading exclusively to esterification if the

polysaccharide is treated with CDI in the first step (adapted from ).

In summary, new state-of-the-art esterifications can yield a broad spectrum of

polysaccharide derivatives, but are currently only used under lab-scale conditions.**’
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Ao
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H3C)J\O)J\CH3

0o o
Hye OJK/CHQ,

Maleic anhydride Acetic anhydride Propionic anhydride
15 16 17
i S
H3C/\)J\O)K/\CH3 H3C(HyC)sHoC™ 07 “CHy(CH,)sCHs
Butyric anhydride Caprylic anhydride
18 19
SN JEB A
H3C(H,C);H,C™ O "CH,(CH,);CH3 H3;C(H,C);H,C™ O "CH5(CH,);CHj
Capric anhydride Lauric anhydride
20 21
SN JEB A
H3C(HC)11H2C™ O° "CHy(CHp)11CHy  H3C(H2C)13HC™ "O" "CH,(CHy)13CH3
Myristic anhydride Palmitic anhydride
22 23
JEBA
H3C(H2C)1sHC™ O° "CHy(CHy)45CH3
Stearic anhydride

24

Figurel.8: Esterifying reagent: (i) Carboxylic acid anhydride.
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27 28

Figurel.9: Esterifying reagent: (i1) Carboxylic acid chloride.
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1.2.5 Alkylation (arylation) using isocyanate derivatives

46,47

Polysaccharide has been also alkylated using aromatic or aliphatic isocyanates as

shown in Figure 1.10.

R

| R

OYNH |
O. NH

. 0 hg
HO &
HWOH R-N=C=0 W
— 0 OH

OH OH
PR

Polysaccharide

R = aromatic or aliphatic group

Hydrophobically modified
polysaccharide

Figurel.10. Carbamoylation reaction of polysaccharide.

As isocyanate groups will also react spontaneously with water, the modifications of

polysaccharide by carbamoylation are usually performed in organic solvents.

Examples of hydrophobization reactions of polysaccharides using isocyanate in
organic solvents are given in Table 1.5. Additionally, the structures of some

isocyanate reagents are displayed in Figure 1.11.

Table 1.5: Synthesis of hydrophobically modified polysaccharides using isocyanate

derivatives.
Reaction condition*:
. Ratio of Isocyanate /
Polysaccharide . . Ref.
No. isocyanate reagent Polysaccharide, DS (%) :
substrate

Medium, Catalyst,

Temperature, Time
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3,5-Dimethylphenyl

3.4mol/1mol, pyridine,

68

1 Cellulose ) 340
isocyanate: 29 90~100°C, 12h
Cellulose,
Amylase, Xylan, 10~30 eq/1 eq, pyridine,
2 Y . Y Phenyl isocyanate: 30 a q Pyt >85 6
Chitosan, 80~110 C, --
Dextran, Inulin
3 Inulin Octylisocyanate: 31 0.6, DMF, 70 'C, 24 h 56 70
DS =
] different dosage, matching of
) Alkyl isocyanate . . 7
4 Inulin «© N-methylpyrrolidone or  equivalents
18 DMF, 80 °C, 24 h of isocyanate
added+10%
0.6 g/ 0.25g, methylene
Starch chloride or xylene,
5 . DBTL, at RT for 24 h - 7
. o Phenyl isocyanate: 30 ’
(containing 28% or at 80~90 °C for 75
of amylose) minutes
N-(6-isocyanotohexyl) L
0.013, DMSO, pyridine, 7
6 Pullulan cholesteryl carbamate: . 1.1
90°C,3h
32
) ) Alkyl isocyanate: 31, 1 or0.50r 0.1, DMSO, 100 or 50 or 4
7 Hyaluronic acid
33 DBTL, 65°C, 8 h 10

* All the reactions were carried out under a nitrogen atmosphere.
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H5;C NCO
NCO
@ H3C(H,C)¢H,C—N=C=0
CH;
3,5-Dimethylphenyl isocyanate Phenyl isocyanate Octylisocyanate
29 30 31
HQ
O:C:N_H2C(H2C)5_N_C_O H3C(H2C)10H2C_N:C:O
N-(6-Isocyanatohexyl) cholesteryl carbamate Dodecyl isocyanate
32 33

Figurel.11: Isocyanate reagent.

In most protocols, DMSO was used as the derivatization solvent, whatever the organic

solvent used, anhydrous conditions are required.

There are two broad categories of polyurethane catalysts, amine compounds and
organometallic complexes. The latter ones are very highly selective towards the
polysaccharide/isocyanate reaction. As shown in Table 1.5, in reaction No. 5 and 7,
isocyanate reagent were used as received in conjunction with commercial dibutyltin

dilaurate (DBTL) as catalyst.

The main disadvantage, however, is polysaccharide degradation upon carbamoylation.
Furthermore, despite the advances made in the art of alkylation using isocyanate
derivatives, many of the approaches discussed above involve the use of relatively

expensive materials which can be complicated to utilize in a commercial size facility.

From all four kinds of strategies to hydrophobically modity polysaccharide introduced
above, it could be found that most of the literatures are investigated on cellulose. Most

of the detailed synthesis methods are in patent, especially for guar, most of the
31



literatures referring to guar are patents.

1.2.6 Hydrophobization by amine-acid coupling reactions

Amine-acid coupling reactions using alkylamines or alkyl amino acids have been used

as an alternative strategy for the hydrophobization of acidic polysaccharide (Table

1.6).

Table 1.6: Hydrophobically modification of polysaccharides using amine derivatives.

Reaction condition*:

PS (Polysaccharide L . DS  Ref
No. Halogenated derivatives Medium, Catalyst, :
substrate) . (%)
Temperature, Time
Carboxymethyl guar or
ymeny e . DMSO, 90~95°C,  |83-4] 1
1 Carboxymethyl Polyoxyalkyleneamines 9448 1
hydroxypropyl guar
2 High-methoxyl citrus Long alkyl chain amine DMF, RT, 90 minutes 11 26
pectin (DM=78) (C12,Cl16 or C18)
3 Carboxymethyl pullulans Hexadecylamine DMSO, DCC, RT, 48 13t 7
acid (DS=0.76 to 0.84) h 6.8
. . DMF, NMM and 78
Sodium dextran succinate )
4 Dodecylamine EtOCOCI, or TEA 10 79
(DS=1.04)
and PTSA,10°C,3 h
HA tetrabutylammonium DMSO,
5 salt Hexadecylamine methanesulfonic acid 2.4 80

and CDI, 42 °C, 16 h

It consisted of the nucleophilic displacement of some of the polysaccharide’s methyl

esters by a given long chain alkylamine without coupling reagent (reaction No. 1 and

2). Synthesis of guar polyoxyalkylamine derivatives (reaction No. 1) is depicted and

the structures of several polyoxyalkyleneamines are given below (Scheme 1.3) 7.
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HO HO Esterification
CICH,COOH o ——
e H, DMS
8] HO
NaOH, 70C C oy ©
HO 0 a
HOH,C HOH,C
3 % I o
OH Son,— >0 e OH \C”z/é“N 0
Q o) H &L CHy dy
HO
Alkoxyamme HO
H o
HOH,C HOH,C
Polyoxyalkyleneamines Ratio Approximate
Name Structure PO/EO (y/x)  Moal. Wt.
XTI-505 (M-600) CH3—{OCH,—CH?},—[OCH,—CH(CH*)],—NH, 971 600
Jeffamine M-715 CH, [OCH, CH?, [OCH, CH(CHY], NI, 211 715
XTJ-506 (M-1000) CHy [OCH; CH?J, [OCH, CH(CHY)], NH, 3/19 1000
Surfonamine L-300 CH;—{OCH,—CH?] —[OCH;—CH(CH*)],—NH; 8/58 3000
Surfonamine MNPA- CoH |g—CgH—O—[CHLCH(CH, ], > s—OCH,CH(CH,)—NTT, — 1004
1000 (B10G)
Surfonamine ML-300  CHL(CH,) ,OCIH,CH(CH,) OCH,CH(CH,) NI, — 328

(B30)

Scheme 1.3: Synthesis of guar gum polyoxyalkylamine derivatives. Guar was first
reacted with sodium chloroacetate in presence of NaOH to obtain sodium
carboxymethyl guar (NaCMG). NaCMG then reacted with dimethyl sulfate (DMS) to
obtain methyl carboxymethyl guar (MCMGQG). At last, polyoxyalkyleneamine (see the

table) was added to react for 24-48 hours at 90-95° C to obtain ”°

N,N'-Dicyclohexylcarbodiimide (DCC), 1,1'-Carbonyldiimidazole (CDI) compound
with methanesulfonic acid, N-methylmorpholine (NMM) compound with
isobutylchloroformate ~ (EtOCOCI), triethylamine (TEA) compound with
p-toluenesulfonic acid (PTSA) are used as catalyst for the coupling of amino acids for

peptide synthesis (reaction No. 3, 4 and 5).
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Hydrophobically modified polysaccharide by amine derivatives could reach a rather
high hydrophobic modification ratio, and the product possess some outstanding
rheology behaves. However, these reactions need multiple steps and additional

81-84

purification measures since the selectivity can be problematic . Moreover, these

modification steps were slightly degrading towards the polysaccharidic backbone.

In order to avoid the problems with solvent removal, our group proposed an alkylation
procedure for HA having the advantage of producing selectively modified HA in
aqueous solution under mild conditions. This was based on the selective
functionalization of HA by reactive dihydrazide groups *>*® followed by the coupling

with an aldehydic alkyl chain using reductive amination conditions (Fig. 1.12).

OH HO OH HO
+ ADH —»
H,O pH 4.75

R =ONa or
HNHNOC. -~ -~
CONHNH,
e
m .
H,O/EtOH pH 5.1 Reducing agent

4 oH How

5 R=ONaor HNHNOC\/\/\CONHNHR'

with R'= H or w\

m
Figure 1.12: Synthesis of alkylamino hydrazide HA derivatives. HA is first modified

by hydrazide groups based on its coupling reaction with adipic acid dihydrazide

(ADH) using 1-ethyl-3-[3-(dimethylamino)propyl] carbodiimide (EDC). The resulting
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HA derivative is then reacted with aldehydic alkyl chains (m = 4, 6, 8) under

reductive amination conditions.
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1.3 Associating properties in aqueous solution

As mentioned in the literatures ®**"*° hydrophobically modified polysaccharides
that associate in solution are often efficient rheology modifiers. Despite the fact that
the substitution degree of hydrophobic groups is low, aqueous solutions of the
modified polysaccharide derivatives usually exhibit interesting rheological behaviors
such as a much stronger viscosity enhancement with increasing polysaccharide
concentration as compared with the corresponding system with the unmodified parent

polysaccharide.

As used as thickener, their solution properties have been largely examined on

91

different hydrophobic substituent, on different molar substitution levels ~', on the

: 2
effects of operating parameters and so on .

It should be noted that for a given polymer concentration radical changes in inter- and
intramolecular associations may be observed by modifying the nature of the
hydrophobic group or the molar mass of the polysaccharide. Moreover, the strength of
the associations can be also modulated by adding cosolute molecules such as
surfactants or cyclodextrins to the polymer solution. In aqueous mixtures of a
hydrophobically modified polysaccharide and a surfactant, the association strength
can be increased or weakened depending on the level of surfactant addition *'. The
addition of cyclodextrin molecules to the polymer solution provides decoupling of
hydrophobic interactions via inclusion complex formation with the polymer
hydrophobic moieties, and this leads to a dramatic reduction of the viscoelastic
response *'. Since this subject has been developed in a recent article, this section will
focus on the behavior in aqueous solution of hydrophobically modified derivatives of

neutral and charged polysaccharides alone, 1.e. cellulose, starch, dextran, guar and

HA.

1. Cellulose
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Cellulose derivative is the mostly important bio-thickener and have been widely used.
Landoll (1980) first disclosed that hydrophobically modified nonionic low molecular
weight cellulose containing large hydrophobic groups, were capable of producing
viscous aqueous solutions °. The viscosity of the modified cellulose solution can be

influenced by several parameters as discussed below.

Solution viscosity of hydrophobically modified (HM)-HEC was shown to increase
with the increase of degree of substitution as shown in Figure 1.13. HM-1-HEC and
HM-2-HEC are hydroxyethyl celluloses modified with glycidyl hexadecyl ether with

DS of 1% and 2 %, respectively.”

m 2wt% HEC

2 2wt % HM-1-HEC
o 2wt % HM-2-HEC
L] 5wt % dextran

o 5wt % HM-dextran

—
=
1

Viscosity (Pas)

10" 10° 10° 10° 10°

Shear rate (1/s)
Figure 1.13: Shear rate dependence of the viscosity in 1 M NaOH for 2 wt %
solutions of HEC, HM-1-HEC, and HM-2-HEC and for 5 wt % solutions of dextran

and HM-dextran. >

The viscosity-concentration relationships for cellulosic associative thickeners have
been studied a lot *>*®. Figure 1.14 a) and b) showed the steady state viscosity of
HMHEC (molar mass Mw=560000, hydrophobes=hexadecyl, DS of hydrophobes was

not given) solutions at several concentrations and temperatures. Figure 1.14 a) shows
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that viscosity increases with the concentration in all the range of shear rates, as
expected, since a higher number of micelle-like aggregates favors the formation of

bridges and enhances the network *°.

A shear-thinning behavior is observed for all cases, except at the lower concentration,
were a slight shear-thickening is observed, that is attributed to loop-to-bridge
shear-induced transitions as molecules elongate under shear '. At higher
concentrations shear-thickening is not observed probably because when micelles are
close enough the number of bridges is not limited by the distance between them and

elongation of chains does not favors the formation of new bridges **

It can be observed in Figure 1.14 b) that viscosity at low shear rates decreases with
temperature T, and tends to be independent of T at high shear rates. While at low
shear (in the Newtonian range), the association structure and, as a consequence, the
viscosity, depends on Brownian motion and, consequently, on temperature. In another
word, this effect is caused by the loss of hydration water around the polymer
molecules when the temperature increases, which leads to the decrease in viscosity.
At higher shear rates Brownian motion can be neglected in front of shear. Therefore,

viscosity tends to be independent of temperature ***%'%!.

100 1000

[HMHEC] = 1.5% » 5°C
& 11°C
0 r m 20°C
100 1 * 30°C
* 40°C
w Tr * w — Cross fitting
a o
g » 1.5% o 10
S04 b a1.25% =
m 1%
* 0.75% 1
001 + % 0.5% oy
—Cross fitting a
0.0 . . ! * 01 ! . : .
0.01 0.1 00 1000 10000 001 0.1 100 1000

1 10 1 1 10,
shear rate (s) shear rate (s™')

Figure 1.14: Steady state curves of HMHEC aqueous solutions a) at T = 20 °C and

several concentrations; b) at [HMHEC] = 1.5 % and several temperatures.”

38



CHAPTER 1. Hydrophobically modified polysaccharides-bibliography review

When salt is added to an aqueous polymer solution, the viscosity may either increase

102-1 .
02195 " A5 an example shown in

or decrease, depending on the identity of the salt
Figure 1.16, the viscosities were changed for both ethyl(hydroxyethyl) cellulose
(EHEC with DScy1=0.6-0.7) solution and HM-EHEC solution by adding salt. The
chemical structures of EHEC and HM-EHEC are shown in Figure 1.15. The viscosity
changes for the HM-EHEC solution is more pronounced than for the EHEC solution.
Upon addition of NaCl, the viscosity is increased, while a decrease is observed upon
addition of NaSCN. NaBr has an intermediate effect and the viscosity is slightly
increased. When salt with a small anion (e.g. NaCl) is added to the HM-EHEC
solution, the energy cost to break the physical bond between two hydrophobic tails is
increased due to the increased surface energy. This is expected to increase the
viscosity. While the addition of NaSCN makes the anion enriches at the surface of the
hydrophobic junction zones which is accompanied by a decreased energy cost in

breaking the hydrophobic bonds, followed by a decreased viscosity. The analogy

between surface energies and molecular association has been discussed by Nilsson et.

103-1
al. 03-105

EHEC:R=H
HM-EHEC: R = —«CH5-CHyO)y—CgHy—CgH 19

Figure 1.15: Chemical structure of EHEC and HM-EHEC.'??
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Figure 1.16: Relative viscosity of a 1 % (w/w) EHEC solution (open symbols) or a 1%
(w/w) HM-EHEC solution (filled symbols) as a function of added NaCl (o, @), NaBr
(0, m), or NaSCN (<O, 4).'”

Therefore in many reference, the addition of NaCl were studied, and it often leads to
an effective thickening, which results from the enhancement of interchain

hydrophobic aggregation '**'%.

Consistent with the postulated hydrophobic association in aqueous media, the addition

. . . o1
of organic solvents causes a decrease in the viscosity .

From the discussion above, it could be found that HMHEC were the object of most
studies as a cellulosic associative thickener, and their water solution thickening

properties with different parameters are representative.

2. Starch

No associative behavior has been observed when the backbone is formed by starch

until 2005 ', Indeed, in the United States Patent 7157573 51, Starch derivatives
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bearing alkyl chains with 4-24 carbon atoms were shown to have associative behavior
(Table 1.7). There is no detailed discussion in the patent, but it the alkyl chain length
and the degree of substitution on different types of starch (potato starch, amylopectin
potato starch or waxy maize starch) were demonstrated to strongly influence the
associative behavior of the polysaccharides. For potato octenylsuccinic ester, as the
DS increased, the viscosity increased. Moreover, for all the samples, the viscosity
increases upon heating, this was attributed to entropy driven increase in hydrophobic

bonding.

Table 1.7: Viscosities of hydrophobic starch solution with a concentration of 2 wt %

51
at 20 °C.
Brabender viscosity of the different alkylsuccinic
esters of different starch types
Brabender
viscosity
DS (BLN
imole at at
Type of starch Alkylsuccinic ester moley  20°C  30°C.
potato Octenylsuccinic 0.015 960 1640
Dodecenylsuceinic 0008 Bo0 1550
Amylopectin none none F00 960
potato
Octeny lsuccinie 0013 200 2370
0.019 2380 2830
0,023 2580 000
Dodecenylsuceinic 0005 1400 3220
Tetrapropenylsuccinic 0.016 2000 2720
Waxy maize Octenylsuccinic 0.017 1320 1520
Dodecenylsuceinic 0.005 290 564
Tetrapropenylsuccinic 0016 1210 1660
3. Dextran

The covalent fixation of phenoxy groups onto dextran leads to DexP derivatives
whose amphiphilic properties were clearly evidenced by viscosity experiments
(Figure 1.7)'°. The significant decrease of intrinsic viscosity [5] in water with

increasing contents in grafted phenoxy groups were classically interpreted in terms of
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hydrophobic interactions (intramolecular or intermolecular) between phenoxy groups,
leading to low solvated coils and shrunken conformations in dilute solution. For
dextran derivatives containing more than molar 11% phenoxy groups, the evolution of
the reduced viscosity is no longer linear over the whole concentration range. At
concentrations above 40 and 35 g/L for DexP15 (DS = 15 %) and DexP22 (DS =
22 %) solutions, respectively, the reduced viscosity deviates from a linear variation
and starts to increase sharply with polymer concentration. This slope modification is
due to the formation of aggregates with higher hydrodynamic volume probably
because of intermolecular interactions 