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Comb-like ionic complexes of biopolyacids and alkyltrimethylphosphonium soaps

SUMMARY

This project is addressed to the study of comb-like polyelectrolyte-surfactant
ionic complexes. This type of systems is currently object of intensive research in our
group due to their fascinating features. They are able to be self-assembled in well-
ordered nanostructures that can be exploited for building barrier films and core-shell
nanoparticles with singular properties as biomaterials.

The synthesis and characterization of a series of alkyltrimethylphosphonium
bromides (nATMP-Br) with the alkyl chain containing even numbers n of carbon atoms
from 12 to 22 was first performed. The structural and thermal analysis of these novel
surfactants were carried out and results were critically compared with those reported
for the well-known alkyltrimethylammonium surfactants. The preparation of the ionic
complexes was then undertaken by simple mixing stoichiometric quantities of the
respective polyacid and surfactant solutions at the suitable temperature according to
the surfactant used. The naturally-occurring poly (y-glutamic acid) and hyaluronic acid
were the polyelectrolytes of choice to be ionically coupled with the phosphonium
surfactants. The structure and thermal properties of the complexes were examined by
NMR and X-ray diffraction spectroscopies, calorimetry and optical microscopy. Results
were interpreted on the basis of data available for similar alkyltrimethylammonium
complexes previously reported, and they allow to preliminary concluding that an
amphiphilic layered structure is also adopted for these new bio-based comb-like

polymer-phosphonium surfactant ionic complexes.

SUMMARY
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1. Surfactants

Surfactants are molecules made of at least two counterparts differing in polarity and
with opposite affinity for water which are called the hydrophilic and hydrophobic
counterparts, respectively. The hydrophilic part is often called the head-group and the
hydrophobic part is called the tail group. Amphiphile is sometimes used as a
synonymous of surfactant. This word is derived from the Greek word amphi, meaning

both. Furthermore, surfactants are also known as tensioactive agents.

The hydrophilic and hydrophobic parts make the surfactant surface active in the
sense that it tends to be located at interfaces between polar and non-polar media, so
that the hydrophilic part is solvated in the polar medium and the hydrophobic part in the

non-polar medium. In fact, the word “surfactant” is an abbreviation for surface active

@

Hydrophilic Hydrophobic tail
head group

agent.

Figure I.1. Schematic illustration of a surfactant.

Surfactants absorption is caused in order to lower the free energy of the interface.
So, surfactants reduce the surface tension of water, being the surface tension of water
the interfacial free energy per unit area of boundary between water and the air above it.
Surfactants are able to be absorbed in five types of interfaces, namely: solid-vapour,
solid-liquid, solid-solid, liquid-vapour and liquid-liquid. The degree of surfactant
concentration at an interface depends on the surfactant structure and also on the
chemical nature of the two phases that meet at the interface. Therefore, there is not an
universally good surfactant, suitable for all uses.'There is a limit to the surface and
interfacial tension lowering effect by the surfactant. This limit is usually reached when

micelles start to form in bulk solution.

1.1 Classification and structure of surfactants
Surfactants are usually classified according to the nature of their head-groups;

thus, there are different types of surfactants:

Anionic surfactants. They have negatively charged head-groups. The cationic

counterion is usually an alkaline metal or ammonium group. (e.g. salts of fatty acids).

I.INTRODUCTION
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Cationic surfactants. They have positively charged head-groups. The anionic

counterion is generally an halide. (e.g. alkylamines or quaternary ammonium salts).

Zwitterionic surfactants. They are neutral molecules that are both, positively and
negatively charged (usually depending on pH). (e.g. amino acids, betaines and

phospholipid derived surfactants).

Nonionic surfactants. Their head-groups carry no charge and they do not suffer

dissociation in water. (e.g. polyethylene oxide based surfactants).

A fundamental property of surfactants is their ability to form aggregates when
mixed with water. The most common aggregates are micelles. At a given temperature
they start to form at a certain concentration called the critical micelle concentration
(cmc). The cmc is dependent on the surfactant structure. Below their cmc surfactants
are dissolved in water as monomers in the solution. In the micellar aggregates the
surfactant tail-groups will constitute the liquid-like hydrophobic interior phase while the
head-groups form an outer hydrophilic layer in contact with the aqueous phase that
prevents the interaction of the hydrophobic tails part with water. The micelles consist of
a 50-150 surfactant molecules that self-assemble in a shape that is actually determined
by on the v/v ratio of the head-group to tail-group. Israelachvili et al.® defined the

“packing parameter” p in their micelle theory as the expression:

_V
P=u

According to this expression, the micellar shape depends on different factors: the
volume occupied in the micellar core by hydrophobic groups (V), the length of

hydrophobic tails (I) and the optimal head-group area (a). Therefore, it will be formed

different micelle structures according to the packing parameter value. (Table I.1).

Table I.1. Micelle structures depending on the packing parameter.

Packing parameter Micelle shape Picture
<1/3 Spherical A
=1 Lamellar B
>1 Inverse Cc
1/3<p<1/2 Cylindrical D

I.INTRODUCTION
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Figure 1.2. Micelle structures.

Not only the size or length of hydrophobic tails influence on the geometry of the
micellar shape, but also the surfactant concentration, temperature and additives.® The
temperature is clearly one of the most influential in surfactant self-assembly. Therefore,
there is a dramatic temperature-dependent solubility. While the solubility is usually poor
at low temperatures, it increases by orders of magnitude in a relatively narrow
temperature range. The temperature for the onset of the increase of solubility is called
Krafft temperature. This temperature is strongly dependent on the alkyl chain length,
the head-group and the counterion. Thus, Krafft temperature increases as the alkyl
length increases and with salt addition. Another factor is the number of micelles in
aqueous phase. When the number of micelles is high enough, they begin to pack
together in a higher structural level. These structures have molecular order
characteristic of crystals. However, they are not crystals because their molecular
mobility is preserved. Consequently, they are called liquid-crystals. Furthermore, these
structures have a specific geometric arrangement depending on the shape of individual
micelles. Hence the spherical micelles give rise to cubic liquid crystals, the cylindrical
micelles pack together into hexagonal liquid crystals, and the lamellar micelles form
lamellar liquid crystals. (Figure 1.3).

LYOTROPIC LIQUID AND LIQUID CRYSTALLINE PHASES

Drug or So|/|'|bilizer/Drug »n
’ B Microemulsion 50
L3 Phase £ N »
/‘\ "/ . Reversed Hexagonal
P /,- -

Reversed Micellar

o
adidnbdin s

Lamellar

Particle Sciences

Figure 1.3. Liquid crystal structures of surfactants.
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The concentration also plays an important role in the structural morphology of
surfactants. While surfactants at low concentration have a good solubility, at high
concentration high temperatures are required to achieve their dissolution. Between
these concentrations liquid-crystals would be present, where the phases move from
hexagonal structure to continuous cubic structures and further to lamellar assembly, as

the concentration increases.

1.2 Alkyltrimethylphosphonium surfactants

Tetraalkylphosphonium surfactants are still a relatively unexplored field. However,
they have recently become the focus of a good number of investigations because they
offer superior properties when they are compared with tetraalkylammonium surfactants.
Some of these properties are: their higher thermal stability,* antibacterial activity,’
phase transfer  capability’ and electrostatic  properties. Furthermore,
tetraalkylphosphonium salts are generally less dense than water, which can be
beneficial in processes that involve decanting steps.

Although using phosphonium salts presents several advantages, they are relatively
expensive and they require cautious laboratory techniques due to alkylphosphines are
often pyrophoric. These are common reasons for using the ammonium over the
phosphonium functionality. Applications of tetraalkylphosphonium surfactants

investigated in recent years include their use as extraction,” solvents,®"°

12-14

electrochemical media,"* phase transfer catalysts, exfoliation agents for

15-17

montmorillonite clays and other smart materials applications.

Most attention in the literature has been given to the tetradecyltrihnexylphosphonium

18-20

halide surfactants as they are commercially available within a range of different

anions, and also relatively cheap. Furthermore, there are several publications dealing

with alkyltrioctylphosphonium chorides,*

one of them, the tetraoctylphosphonium
bromide (CYPHOS |IL 166), is also commercially available. Reports of
alkyltributylphosphonium halides date back the 1980s, when Knifton published the use

of some molten tetrabutylphosphonium bromide salts ?**

which granted him several
patents.”®** Then, alkyltributylphosphonium halides were applied in the late 80s as
bioacides® or as compounds with microbiological activity.*® Despite the impact of
Knifton’s studies, it was not until 1990 when tributylphosphine was started to be
produced at large scale. Since then, not only tetrabutylphosphonium chlorides and
bromides have become available on a multi-ton commercial scale, but many other

alkylphosphonium compounds have been prepared. As a result, a large number of
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compounds resulting from combining phosphonium cations with different four
substituents and different anions may be designed. The majority of these
tetraalkylphosphonium salts are available in Cytec Industries Inc.'®

However, there are very few studies of the thermal and physicochemical properties
of tetraalkylphosphonium surfactants bearing different substituents. As a detailed
systematic  evaluation of the basic physicochemical properties  of
tetraalkylphosphonium surfactants is necessary for future applications of these
compounds, we have undertaken in this project the synthesis of a novel series of
tetraalkylphosphonium surfactants and the study of their structure and basic properties.
The surfactants of choice are alkyltrimethylphosphonium bromides (nATMP-Br), which
are represented in Scheme 1.1. Specifically, the series includes the nATMP-Br with the
linear alkyl group being dodecyl, tetradecyl, hexadecyl, octadecyl, eicosyl and docosyl
(n =12, 14, 16, 18, 20 and 22, respectively).

12ATMP-Br

opr 14ATMP-Br

16ATMP-Br

/\/\/\/\/\/\/\/\/\@) / 18ATMP-Br

AN SN S S 7 20ATMP-Br

| 22ATMP-Br
Scheme 1.1. Alkytrimethylphosphonium bromides (nATMP-Br).

2. Polyelectrolyte-surfactant complexes

The binding processes based on electrostatic interactions, hydrogen bond
formation or charge transfer are those leading to the spontaneous formation of ordered
structures. The wide variety of polyelectrolytes and tensioactives and the simple
methodology for the synthesis of these stoichiometric complexes are clearly
advantages that have recently motivated a high interest in this area.®

I.INTRODUCTION
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2.1 Structure of polyelectrolyte-surfactant complexes

Comb-like ionic complexes consisting of cationic tensioactives and oppositely
charged polyelectrolytes are of prime interest due to different facts. On the one hand,
spontaneous binding processes allow obtaining thermodynamically stable structures.
Hence they are interesting to form supramolecular assemblies. Furthermore, no
covalent interactions offer several advantages such as simple preparative
procedures, fast reactions®” and the resulting structures have tunable properties
depending on medium changes. These complexes are generated spontaneously when
the tensioactive and the polyelectrolyte are mixed in an aqueous solution. In this
process, the counter ion of the polyelectrolyte is replaced by the surfactant ion so a
neutral ion pair is formed. The strong electrostatic attraction in this association process
makes binding extremely favorable. Moreover, the possibility of obtaining differently
organized supramolecular structures by changing the binding process affords plenty of
possibilities in the properties manipulation at the molecular scale, which is particularly
important for the development of novel multifunctional materials. These complexes will
be more or less stoichiometric depending mainly on the polymer to surfactant ratio
used. Complexes are usually obtained by mixing the two components, the surfactant
and the polyelectrolyte, in non-stoichiometric or stoichiometric quantities which results

in the formation of a soluble or non-soluble complex, respectively.

Non-stoichiometric complexes containing an excess of polyelectrolyte are water
soluble because uncoupled polyelectrolyte segments tend to surround the hydrophobic
surfactant aggregate. These clusters are really interesting because they are able to
solubilize hydrophobic organic molecules in water allowing several technological
applications.*® Furthermore; non-stoichiometric complexes have a great interest in
gene therapy where DNA chains need to be compacted to be transferred into cells. In
this sense, non-stoichiometric complexation of nucleic acids with cationic surfactants is

a convenient approach.®® *°

Stoichiometric complexes are not soluble in water but in common organic solvents.
These complexes present well defined self-assembled structures in both, in solution
and in the solid state. In these complexes two fascinating facts are combined. On the
one hand, surfactants are able to become structured and even able to crystallize. On
the other hand, the polymers become suitable for being processed and to display
mechanical properties. Furthermore, these systems have the ability to form different

liquid-crystal phases such us lamellar, ** columnar discotic “ or cylinders.*

I.INTRODUCTION
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The type of mesophase structure is determined by the surfactant, whereas the
polyelectrolite mainly plays a framework role although with significant effect on the
structure due to its charge density.** However, it is the polyelectrolyte which has the

major influence on the mechanical properties of the complex. *

Lamellar Cylinder Columnar discotic

Figure 1.4. lllustration of some mesophases of polyelectrolyte-surfactant complexes.

The surfactant-polyelectrolyte complexes show mechanical, electrical or optical
behavior suitable for the development of new materials with unusual properties which is
an issue of increasing interest. Thus, they have an exceptional potential as molecular
composites with thermochromic properties and no lineal electro-optic or separation
membranes in biomedicine.”® Particularly noteworthy is the case in which the two
components of the complex have a natural origin and are biocompatible and
bioassimilable. These complexes are highly promising as biomaterials for drug-

delivery, either as simple drug carriers or even as targeting systems with an active role.

2.2 Poly(y-glutamic acid) complexes
Poly (y-glutamic acid) (PGGA) is a naturally occurring polyelectrolyte which has the

chemical structure of nylon 4 with a carboxylic group substituted in C4 (Scheme 1.2).

H
N

COOH
Scheme 1.2. Chemical structure of PGGA.

In spite of the interesting properties of PGGA, such as non-toxicity and water
affinity, the production and spreading of this polyacid is severely limited mainly due to
its poor stability in humid environments and its incapacity for being processed. For this
reason, diverse chemical modifications of PGGA have been explored with the purpose
of increasing the potential industrial applications of its derivatives. One interesting
modification of PGGA that has been object of much attention in recent years is ionic

coupling with organic cations, mostly alkylammonium salts.

I.INTRODUCTION
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2.2.1. Poly(yglutamic) acid

Poly (y-glutamic acid) (PGGA) is a water-soluble, biodegradable, and edible
biopolymer produced by diverse Bacillus subtilis. Currently, it is the focus of plenty
studies due to the potential properties that offers this biopolymer.

PGGA is a nylon 4 with a COOH group attached to the carbon 4. Usually, it is
called poly (y-glutamic acid) indicating that the peptide bond occurs between the amine
group and the COOH in the y position. The IUPAC nomenclature of this substance is
Poly [imino[1-(2carboxy-ethyl)-2-oxo0-1,2-ethanediyl]]. It is isomer of the poly (o-
glutamic acid) which is one of the most interesting poly (a-aminoacids) due to its

structure and biochemistry incidence.

H O H (0]
COOH
COOH
Poly(y-glutamic acid)  Poly(a-glutamic acid)
(PGGA) (PAGA)

Scheme 1.3. The PGGA and its isomer PAGA.

a) Biosynthesis and synthesis

PGGA was first discovered in 1935 by Ivanovics and Bruckner®’ as a capsule of
Bacillus anthracis which was released into the medium on autoclaving, or on aging and
autolysis of the cells. It was considered as a toxic polymer until it was discovered by
Fuiji*® in a Japanese traditional food called “natto” (fermented soybeans), which is a
mixture of poly (glutamic acid) and fructan produced by Bacillus natto. This food is very
beneficial because it increases the uptake in the small intestine of those physiological
active substances, like vitamins, carotenoids or polyphenols eventually present in the
digesting mass.*

Because of PGGA is a water-soluble, biodegradable, and edible biopolymer has
become the focus of several researches. Therefore, PGGA could have potential
applications in the industry of food, cosmetics or medicine. Consequently, several

researchers have studied the production of PGGA.* 2

Most of PGGA biosynthethic processes are carried out in aerobic conditions.
Therefore, it has been shown that the presence of oxygen influences favorably in the

production. Replacing aerobic conditions by nitrifying conditions means an economic
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saving that has impulse the production of PGGA in these conditions. With the
denitrification bacteria (B. licheniformis A35) and a M medium of cultive it was achieved
a yield of 8.1 g/L.>® The product obtained has got no polysacharides and the D/L ratio
in the final polymer was highly affected by the Mn content. Thus, as the highest Mn
concentration was, more increased the D-glutamic acid proportion. According to the
production of PGGA at big scale, the most updated studies have achieved a PGGA
concentration of 35 g/L with a production rate of 1g/L-h. These results were obtained
when a cultive of B.locheniformis was used.>* These results have been achieved after

plenty of studies over years. >’

According to the biosynthetic mechanism, the most consistent is that proposed by
Kunioka.®® The mechanism, which is illustrate in scheme 1.4, is based on the L-
glutamic acid that is generated in the tricarboxylic acid cycle (TCA cycle). This
mechanism incorporate the pyruvic cycle proposed by Thorne et al.*® in 1954 and
explain polysaccharides formation from glucose. In brief, a partial stereochemical
inversion leading to D-glutamic acid takes place by the action of pyruvic/ketoglucaric
acid with the interactive concourse of the pair D/L-alanine. Polymerization of the
glutamic acid D/L-enantiomeric mixtures finally occurs by the action of PGGA

polymerase.

CHCO0H H
| IS
HO—C—COo0H
I CoGH
R PGA
TCA cycle e
Citricacid
a-Ketoglutaric acid » L-Glutamic acid D-Glutamic acid
RELoglUtAricacia =~ Glutamic acid
COCOOH
HaN——CHEOOH HaM——CHEOOH
CHzCOCOOH
CHy
CHa SHe Pyruvic acid
CHCOOH
CHCOMNH; CHECOOH

L—Glutamine L—Glutamiec acid

U a-Ketoglutaric acid

-
! L-Alanine ) D-Alanine
Ammonium sulfate —— NHz COOH

HyN——CH

CHy

Scheme I.4. Biochemical mechanism of PGGA production by Bacillus subtitlis.*®
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The chemical synthesis of PGGA from glutamic acid is also feasible but through a
so complex procedure that the method is not suitable for its production at industrial
scale. For instance, Bruckner synthesis® was based on the polycondensation of
glutamic acid with protected a-carboxyl groups and activated y-carboxyl groups.
However, glutamic acid derivatives tend predominantly to cyclize into pyroglutamate by
intramolecular condensation; thus the use of y-glutamyl-glutamic acid dimers is

required in order to avoid undesirable cyclization (Scheme L.5).

COOR COOR  COOR COOR
.~
HzN/k/\COOG* > HzN)\/\H/l\/\COOG N
0 ol

ROOC
Scheme I.5. Chemical synthesis of PGGA.

On the other hand, Sanda et al.’° have developed a new route to obtain the
polymer that includes a previous transesterification followed by hydrogenation.
Nevertheless, in these last years new biosynthetic procedures have been studied, such

as the enzymatic synthesis using poly (y-glutamate) synthetase.®* ®

b) Polyglutamic acid: structure and properties

PGGA is a polyamide which has a carboxyl group on the C4 of the principal chain.
This means, this is a quiral carbon. So, there are available two different enantiomers:
D-PGGA and L-PGGA. Usually biosynthetic PGGA contains a mix of both enantiomers.
The D/L monomer ratio depends on the organism and the conditions employed in the
process but it normally oscillates between 1/1 and 2/1. Enantiomerically pure D and L
homopolymers are obtained from B. anthracis and Natrialbaa egyptiaca,

respectively.®**

PGGA is a polymer with a complex solubility. It is a polyelectrolyte with pKa= 2.27
so it will be ionized or not depending on the pH. As a result, pH is a critical factor for
the solubility and structure of the PGGA. At low pH values, PGGA is protonated and
the polymer adopts a structure of a-helix. The protonated form is soluble in organic
solvents such as DMSO (dimethylsulfoxide),®* HMPA (hexamethylenphosphoramide),®
or warm DMF (dimethylformamide) and NMP (N-methylpyrrolidone).®” When the pH is
higher, around 5.1, the PGGA is in ionized form. At this pH PGGA adopts the random
coil arrangement. This PGGA is soluble in water but non-soluble in MeOH, EtOH or
DMSO.

I.INTRODUCTION
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H 5,5 <‘ g?
O p

PGGA-H PGGA-
H (@] H (@]
%NM {/NM
COOH COO@

Figure 1.5. PGGA structure depending on pH values.

PGGA is optically active and its specific rotation depends on the D/L ratio and has
a T4 around 50 °C. Regarding the thermal stability of PGGA, Kubota et al.®® reported
that PGGA experiments a loss of weight of around 10% at 236 °C and that this polymer
is stable to heating up to 210 °C, where melting and decomposition happen at same
time. The mechanism of the thermal degradation of PGGA was proposed by Portilla-

|69

Arias et al.” It was proposed to consist of an unzipping mechanism with generation of

pyroglutamic acid (Scheme 1.6).

Z I
o
X
Ob
(@]
o
O +
X
3
('I):
(@)
P

O COOR

Scheme I.6. Thermal degradation mechanism of PGGA.

c) Applications of poly(glutamic acid)

PGGA is a potential candidate for replacing the actual flocculants in the market
such as polyacrimalides and polyacrilic acids which degrade slowly in water releasing
toxic substances. This is possible due to the solubility of PGGA in water and the
possibility of interacting with cations, which is an important property of PGGA.
Therefore, this property makes PGGA a suitable polymer for waste water treatment
since both, inorganic and organic suspensions, can be removed by flocculation and

coagulation.”

Furthermore, PGGA is interesting for applications in agriculture and, taking into
account its biocompatibility, in cosmetics or dermatology.” These applications require
hydrogels. Thus, PGGA is able to these applications due to the high density of
hydrogen bonds in the structure of PGGA.
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Another interesting outcome of this polymer is in the food field, not only as
thickener or bun preservatives, but also as forming part of the food diet since it is easily
biodegraded into the proteinogenic glutamic acid, which safety for our daily lifes.

Eventually, the most promising application of PGGA is in biomedical field due to
PGGA is a biodegradable, edible, and non-toxic towards human and environment.
Hence it has been suggested to be a good candidate for curable biological adhesive’

and as drug, vaccine or gene carriers.”

2.2.2. Poly(yglutamic acid)-alkyltrimethylammonium surfactant complexes
(nATMA-PGGA)
During the past decade, a deep research about complexes had been carried out.
Among them, stoichiometric complexes study had been mainly focused on two polymer
families: conventional synthetic charged polymers, such as modified polystyrene” or

poly (acrylic acid), *® and bio-polyelectrolytes, such as polypeptides.

In this project we will focus on the complexes with polypeptides which have been
studied in the last years. Thus, the preparation and structural characterization of
different complexes have been reported by Ponomarenko et al.** " : poly(a,L-glutamic
acid) dodecyl- and cetyl-trimethylammonium and poly(L-lysine)/ dodecyl sulfate anions.

It was found that both complexes displayed a similar behavior.

The complexes (NATMA-a,L-PGGA) described by Ponomarenko were obtained as
precipitates when dodecyl, hexadecyl and octadecyl-trimethylammonium and PGGA
were mixed in equal quantities. It was shown that the polypeptide in these complexes
adopts the a-helical conformation, and that the long alkyl chains of the surfactant are
able to crystallize separately in a hexagonal lattice inducing the formation of liquid-

36

crystal phases, ® whereas the shorter ones (below 16 carbon atoms) remain in a

disordered state.

NATMA.poly(y,D-glutamic) acid or nATMA-poly(y,DL-glutamic) acid complexes were

prepared by Pérez-Camero et al.”® ™

the Chemical Engineering Department of the ETSEIB (UPC). | —CH
nM12n+1

I 80

and Garcia-Alvarez et al.*° two decades ago in

n=12,14,16,18,20,22

COO
i/(/\ﬂ/} g N(CHe-Cobams — 3 i A/ﬂ + NaBr

Scheme 1.7. Formation of the ionic NATMA-PGGA complexes.
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All these stoichiometric or quasi-stoichiometric complexes are obtained by
precipitation when aqueous solutions of Na-PGGA and alkyltrimethylammonium
bromides are mixed. Moreover, it was found that all complexes adopt the layered
biphasic structure typical of comb-like polypeptides, which is schematically depicted in

Figure I.6. *’é _D_g

Figure 1.6. Lamellar biphasic structure characteristic of comb-like ionic complexes of PGGA.®

Moreover, it was ascertained by X-ray diffraction measurements that the chains are
alternating with the crystalline surfactant which is partially crystallized in a pseudo-
hexagonal lattice. The window spacing of the layered ranged between 3.0 and 4.5 nm

depending on the length of the alkyl chain.

Crystallization of hydrocarbon tails takes place for alkyl chains containing at least
18 carbon atoms for both b and D,L-PGGA enantiomorphs. Thus, the DSC analysis of
the shortest alkyl chains did not show any thermic transition from 0 °C to degradation
temperature. Conversely, a well-defined pick between 50 and 80 °C, depending on the
alkyl chain length, appeared in the thermograms of NnATMA-PGGA with n=18, 20 and
22. This is the melting temperature of the crystallized paraffin phase.

More recently Portilla-Arias et al.®* have described nATMA-PMLA complexes made
of poly (L-malic acid) and the same surfactants; these complexes display almost

exactly the same structure and properties than those made of PGGA.

Tolentino et al.®®* have recently described the first comblike ionic system entirely
made of biobased components. These complexes, nACh-PGGA, were made from
PGGA and alkanoylcholines (nACh) derived from fatty acids. Alkanoylcholines have
been proved to be hydrolyzed by butyrylcholine esterase producing common
components of human metabolisms and they are therefore considered to be less toxic

than alkyltrimethyl ammonium compounds.*®

O
N,

\ /\/O
—N n=12,14,16,18

COOe
fNHW
o

Scheme 1.8. Chemical structure of NnACh-PGGA.
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These systems were motivated by both structural and functional reasons. On the
one hand, they are able to adopt a lamellar structure similar to that typical of the
NATMP-PGGA complexes although slight differences in the crystallization of the
paraffinic phases produce slight differences in the thermal properties of the complexes.
Such differences are caused by the presence of the relatively flexible
ethylenoxycarbonyl group which allows a higher mobility of the alkyl chain favoring its
crystallization. Furthermore, these compounds are antimicrobial agents and have
proven to display therapeutic activity in the treatment of the Alzheimer disease® and
certain gastro-intestinal disorders. ® The extremely easy of preparation of the
nNACh-PGGA complexes combined with their unique biocharacteristics and their
amphiphilic nanostructure made these compounds outstanding candidates for building

bioactive materials of potential utility in diverse biomedical applications.

2.3 Hyaluronic acid complexes

Hyaluronic acid (HyalA) is a carbohydrate, more specifically a polysaccharide
belonging to the glycosaminoglycans group (GAG). It is a linear polyanion, with a
repeating disaccharide structure [(1—3)-B- D-N-acetylglucosamine (GIcNAc) and
(1—4)-B- p-glucuronic acid (GIcA) which can be several thousands of sugar units long.

OH
HOOC
0 0
+8o 0 O
OH NH "
D-glucuronic acid Oﬂ\

GIcA
(GleA) D-N-acetylglucosamine

(GIcNAC)

Scheme 1.9. Chemical structure of hyaluronic acid.

This polysaccharide suffers rapid enzymatic degradation due to its sensitivity to
hyaluronidase.®*Some chemical modifications of hyaluronic acid have been performed
to get new derivatives that broaden its range of applications. It can be stabilized by
crosslinking or by chemical modifications. In this project we will focus on the
modification of HyalA by forming ionic complexes with n-alkyltrimethylphosphonium

salts.
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2.3.1. Hyaluronic acid

a) Hyaluronic acid: Origin and biosynthesis

In 1934, Karl Meyer and his colleague John Palmer isolated a new substance from
the vitreous body of cows’ eyes. They found that the substance contained two sugar
molecules, one of which was uronic acid. Therefore, they proposed the name
“hyaluronic acid”. The popular name is derived from “hyalos”, which is the Greek word
for glass + uronic acid.®” HyalA was first used commercially in 1942 when Endre
Balazs®® applied for a patent to use it as a substitute for egg white in bakery products.
The first medical application of HyalA for humans was as a vitreous
substitution/replacement during eye surgery in the late 1950s. The used HyalA was
initially isolated from human umbilical cord, and shortly thereafter from rooster combs
in a highly purified and high molecular weight form.®’The structure of the disaccharide
is energetically very stable. Moreover, this structure is conserved throughout all
mammals, suggesting that HyalA is a biomolecule of considerable importance.®® In the
body, HyalA occurs in the salt form, hyaluronate, and is found in high concentrations in
several soft connective tissues, including skin, umbilical cord, synovial fluid, and
vitreous humor. Significant amounts of HyalA are also found in lung, kidney, brain, and

muscle tissues.

Thus, HyalA has been successfully produced on an industrial scale using several

bacteria of the Streptococcus. % **

Nowadays, microbial production by fermentation is gathering strength for
commercial production, especially in pharmaceutical field, since these preparations will
avoid the allergy responses usually provoked by products coming from animal

sources. %%

b) Hyaluronic acid: structure and properties

The structure of hyaluronic acid, as previously mentioned, consists of an
alternating disaccharide repeat of D-glucuronic acid and D-N-acetylglucosamine, and
are linked together through alternating beta-1,4 and beta-1,3 glycosidic bonds (see
scheme 1.9). Both sugars are spatially related to glucose which in the beta
configuration allows all of its bulky groups (the hydroxyls, the carboxylate moiety and
the anomeric carbon on the adjacent sugar) to be in sterically favorable equatorial posi-
tions while all of the small hydrogen atoms occupy the less sterically favourable axial
positions. When not bound to other molecules, it binds to water giving it to it a stiff
viscous quality. Thus, in a physiological solution, the backbone of a HyalA molecule

assumes a stiffened helical configuration, which can be attributed to hydrogen bonding

I.INTRODUCTION
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between the hydroxyl groups along the chain. Therefore, the axial hydrogen atoms
form a non-polar, relatively hydrophobic face creating a twisting ribbon structure. As a
result, a coil structure is formed that traps approximately one thousand times its weight
in water.” Thus, in the solid state HyalA is a flaky substance but its aqueous solutions
show high viscosity and elasticity.

Solutions of HyalA display very unusual rheological properties and are exceedingly
lubricious and very hydrophilic. Therefore, the HyalA chain takes up the form of an
expanded, random coil. At low concentrations these chains entangle with each other,
which may contribute to the unusual rheological properties displayed by this
biopolymer; when concentration is increased, an enhancement of the viscoelasticity
behavior is observed for hyaluronan solutions. An 1% aqueous solution of HyalA still
retains its characteristic viscosity and elasticity, a property that makes it an interesting

biomaterial.®®

The pKa of this polysaccharide is around 3.0. Thus, changes in the pH will provide
different ionization grades which will affect rheological properties due to chain

interactions will be altered.®’

c) Applications of -hyaluronic acid.

The distinguishing properties of HyalA such as biocompatibility, non-
immunogenicity, biodegradability, viscoelasticity and hydrophilicity have made that this
polysaccharide has highly used in skin-care products as an excellent moisturizer and
biomedical fields. Therefore, its function in the body is, amongst other things, to bind

water and to lubricate movable parts of the body, such as joints and muscles.

The unique viscoelastic nature of HyalA along with its biocompatibility and non-
immunogenicity has led to its use in a number of clinical applications, including the

supplementation of joint fluid in arthritis,***%

as a surgical aid in eye surgery, and to
facilitate the healing and regeneration of surgical wounds. More recently, HyalA has
been investigated as a drug delivery agent for various administration routes, including
ophthalmic, nasal, pulmonary, parenteral and topical.'® As other polysaccharides,
HyalA is a suitable component for drug delivery systems both as an inert matrix or by

HyalA-drug covalently or ionically attached conjugates.'% %

In those biomedical applications HyalA is used alone, in combination with other
polymers or slightly crosslinked to avoid it’s enzymatic degradation and because of
crosslinking reduces its solubility giving not only more durable materials but also better

mechanical effects, which are appropriate for filling tissue engineering applications.
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2.3.2. Hyaluronic acid-alkyltrimethylammonium surfactant complexes
(nATMA-HyalA)
In these last years it has been revealed that coupling of polyelectrolytes with ionic
surfactants is a convenient method for the preparation of ionic complexes with

remarkable structure and properties.**’’

Specifically, coupling polyacids with
alkylammonium surfactants bearing long alkyl chains which are known to lead to
amphiphilic comb-like systems displaying a layered biphasic structure, (Figure 1.6).
Moreover, it was reported by Portilla-Arias, Garcia-Alvarez, Martinez de llarduya,

Holler and Mufioz-Guerra 8 108-110

, that these systems are able to lodge agents with
chemical or biomedical activity. In this sense, the preparation, structure and thermal
behavior of complexes made of hyaluronic acid with alkyltrimethylammonium
surfactants, abbreviated as nATMA-HyalA, with alkyl chains containing 18, 20 and 22
carbon atoms (Scheme 1.10) have been recently reported.’®” The purpose of this
coupling was on the one hand broaden the HyalA potential as biomaterial, and to
appraise how the alternating ionic structure of Hyal may affect the formation of these

comb-like ionic complexes.

R=-C1gH37, -CagHa1, -C22Has

o0®
cao
- O [ CHOH
H
O, o
OH O

NHAc
Scheme I. 10. Chemical structure of NATMA-HyalA.

The complexes were prepared following a similar methodology initially reported by
Ponomarenko et al.*® and later applied by us with some minor modifications to the
preparation of other complexes. %' Moreover, these complexes had similar
properties than previous complexes. Thus, they were non-water soluble but they
dissolved in organic solvents and are stable to heating up to above 200 °C. In addition,
these complexes also self-organized in a biphasic layered structure characteristic of
comb-like amphiphilic systems with the polyacid and the alkyl side chains phases
alternating periodically with a repeating distance of ~4.5 nm. They displayed melting of
the paraffinic phase in the 50-70 °C range without appreciable changes in the layered
spacing. However, the degree of order attained by the alkyl chains in these complexes

was significantly lower than usually found in other similar comb-like ionic complexes.
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1. Materials

The sodium salt of poly (y-glutamic acid) (Na-PGGA) sample used in this work was
kindly supplied by Dr. Kubota of Meiji. Co. (Japan). It was obtained by biosynthesis and
has a molecular weight of = 300,000 Da and a D:L enantiomeric composition of 59:41.
1-bromododecane (97%), 1-bromohexadecane (97%), 1-bromooctadecane (96%), 1-
bromoeicosane (98%), 1-bromodocosane (96%), trimethylphosphine solution in toluene
(1M) were supplied from Sigma-Aldrich and 1-bromotetradecane (97%) from Merck.
They all were used as received. Chloroform, hexane, toluene and acetone were

supplied from Panreac and used without further purification.

2. Synthesis of alkyltrimethylphosphonium bromides

The synthesis of the alkyltrimethylphosphonium surfactants (nATMP-Br) was
carried out as reported elsewhere.®® Thus, 5 mL of a 1.0 M solution of
trimethylphosphine (TMP) in toluene (5 mol) was slowly added to 1-bromoalkane (5.5
mol) preheated at 120 °C and under nitrogen. Then, the mixture was heated in a
silicone oil bath between 130-145 °C and maintained under stirring for a period of 12 to
20 h depending on the bromoalkane used. After the reaction was completed a white
precipitate was formed, which was collected by filtration. In order to remove the slight
excess of 1l-bromoalkane, the precipitate was repeatedly washed with toluene and
dried under vacuum for 48h. Their chemical structure is represented in scheme Ill.1,
which was ascertained by 'H and **C NMR, FT-IR and elemental analysis. &, (300.1
MHz; CDCl;) 4.47 (2H, m, RCH,P"), 2.25 and 2.20 (9H, d, P"(CH,)3), 1.5 (2H, m,
RCH,CH,P™),1.26 (nH, m, CH3-(CH,),-CH, CH,P"), 0.89-0.88 (3H, t, CH3-(CH,),-P"), 8¢
(75.5 MHz; CDCl3) 31.9 (CH3-CH»-CHy-(CHy)-P?), 29.5-29.0 (CH3-CH,-CH,-(CH,),-P™),
24.2-24.1 (RCH, CH,CH,P"), 23.5 (RCH, CH,P"), 22.7 (CH3CH,-(CH,),-P"), 21.8 and
21.7 (RCH,P"), 14.1 (CH3-(CH,),-P"), 9.4 and 8.6 (RP*(CHz)s3 ).

3. Synthesis of complexes

Complexes of alkyltrimethylphosphonium surfactants with both Poly (y-glutamic
acid) (nATMP-PGGA) and hyaluronic acid (nATMP-HyalA) were prepared following
the methodology described by Ponomarenko et al.*® for the synthesis of complexes of

alkyltrimethylammonium surfactants with poly(a,L-glutamic acid).
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In brief, 100 mL of an aqueous 0.01 M solution of the nATMP surfactant of choice
was added to the same volume of a 0.01 M Na-PGGA solution in water under stirring,
and the mixture was left to rest at the suitable temperature. This temperature
oscillated between 25 and 60 °C depending on the length of the alkyl chain so higher
temperatures are required as the alkyl length increases. A white precipitate appeared
after several hours of standing, which was isolated by filtration or centrifugation,
washed several times with water, and dried under vacuum for at least 48 h.

4. Methods

FT-IR spectra were recorded on a FT-IR Perkin Elmer Frontier spectrophotometer
provided with a universal ATR sampling accessory from solid samples and within the
4000-600 cm-1 interval. Four scans were accumulated for each spectrum which was
registered with a resolution of 0.5.1H and 13C NMR spectra were recorded on a Bruker
AMX-300 NMR instrument and using TMS as reference. The spectra were registered at
300.1 MHz for 1H-NMR and 75.5 MHz for 13C-NMR MHz and samples were dissolved

in chloroform.

Elemental analyses were carried out at the Servei de Microanalisi at IQAC
(Barcelona). The tests were made in a Flash 1112 elemental microanalizer (A5) which
was calibrated with several standards of known composition. The determination of C
and H was made by the dynamic flash combustion method using He as portador gas.
Results were given in weight/weight percentage and in duplicates.

Krafft temperatures were estimated visually. Samples were prepared as follows: 1%
mixtures of NATMP-Br in water were heated until dissolution and then cooled down to
room temperature and kept in a refrigerator at 5 °C for 24 hours. The cooled samples
were then introduced in a water bath provided with a magnetic stirring and heated up in
steps of 1 °C every 15 min. The temperature at which turbidity disappeared was taken

as the approximate Krafft temperature.

Thermogravimetric analyses were performed under an inert atmosphere with a
Perkin-Elmer TGA6 thermobalance at heating rates of 10 °C min-1. Calorimetric
measurements were performed with a Perkin-Elmer Pyris DSC instrument calibrated
with indium and zinc. Sample weights of about 2-5 mg were used to obtain heating-
cooling cycles at heating and cooling rates of 10 °C min-1 within the temperature range

of -30 °C to 290 °C and under a nitrogen atmosphere.
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Optical microscopy was carried out on an Olympus BX51 polarizing microscope
equipped with a digital camera and a Linkam THMS-600 hot stage provided with a
nitrogen gas circulating system to avoid contact with air humidity. Samples for
observation were prepared by casting from 1% (w/v) chloroform solutions on a
microscope glass cover slide and then covered with another slide.

X-ray diffractograms (XRD) were obtained in two specialized centers. Firstly, in the
University of Sevilla, specifically in the department of Organic and Pharmaceutical
Chemistry where XRD were obtained following a repetitive protocol which consisted on
several heating-cooling cycles where samples were heated and cooled at heating and
cooling rates of 10 °C min™® within the temperature range of 25 °C to 280 °C.
Diffractograms were registered at the selected temperatures using a diffractometer with
a monochromatized of Cu(a) radiation (A= 1.544390). The reflections collected were
those appearing in the range 1° < 6 < 15° Secondly, in the University of Barcelona,
where the XRD were registered at room temperature using two types of samples: that
coming from the synthesis, which are white powders, and others which had been

previously heated up to 290 °C and cooled again to room temperature.
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1. Alkyltrimethylphosphonium salts (nATMP-Br)

1.1 Synthesis of alkyltrimethylphosphonium salts

The nATMP-Br surfactants, (Scheme IIl.1), were prepared by a nucleophilic
substitution reaction of the appropriate 1-bromoalkane with trimethylphosphine (TMP).
As TMP is highly inflammable it was supplied in 50% (v/v) toluene solution to reduce
handling risks. Furthermore, manipulation of TMP must be conducted under an inert
atmosphere to avoid its oxidation. The temperature and reaction time depended on the
number of carbon atoms (n) of the bromoalkane so the longer the alkyl chain length,
the higher the temperature or the longer the reaction time required for completion.
Yields oscillated between 70 and 90% and all of the nATMP-Br salts were recovered as
white powders. They all were soluble in a variety of organic solvents such as
chloroform and methanol, and also in water at temperatures 20-60 °C depending on

the value of n. Main synthesis data of these compounds are given in Table Ill.1.

B

i
o
@ cH,
n-1 ’\CH3
n=12,14.16,18,20,22 CHs3

Scheme Ill.1. Chemical structure of nATMP-Br.

Table Ill.1. Synthesis data of NATMP-Br surfactants.
n t (h) T (°C) Yield (%)

Elemental analysis®

C (%) H (%)
12 16 134 70 (§§I§§> &8:28)
14 17 136 80 (gg:gg) (1106-79%
16 18 138 85 (?3%.%%) (ﬂ:gg)
18 20 140 70 (21132) (ﬂéé)
20 22 145 80 (23%) (ﬁﬁgg)
22 24 150 0 (gjigtl)) éi%

% In brackets, values calculated for the observed compositions

1.2 Chemical Characterization
The chemical composition and purity of nATMP-Br were ascertained by elemental

analysis and their chemical constitution by both FTIR and NMR spectroscopies.
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Elemental analysis obtained by combustion essays for carbon and hydrogen
were in satisfactory agreement with the calculated values (see table 11l.1). The FT-
IR spectra recorded from the whole series of nATMP-Br are compared in Figure
lll.1b. The bands appearing on these spectra can be grouped into two categories:
those arising from the trimethylphosphonium cation head-group which has
characteristic bands at 970 cm™ and 712 cm™, and those attributed to the alky! tail
appearing around 2920 cm™, 2850 cm™ and 1470 cm™. The 970 cm™ band has
been attributed to either phenyl phosphorus or activated phenyl vibrations.**# 3
However, this band is present in spectra of both phenyl phosphonium and
tetraalkylphosphonium salts, but this band is quite limited since its intensity is
highly variable. The band at 712 cm™ is another band characteristic of
phosphonium salts. For carrying out a comparative evaluation of the nATMP-Br
spectra the 970 cm™ band was taken as reference due to it is not overlapped with
any band related to the 1-bromoalkane spectrum (Figure Ill.1a) Thus, the intensity
of this band was fixed and compared with the intensity showed by the band at
2890 cm™, which is characteristic of methylene stretching. As expected, the longer
the alkyl chain length, the more intense are the observed methylene bands.

a)
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'_
=
60 722 g5
304
4000 3500 3000 2500 2000 1500 1000
cm
VTN 2T
b) e A T
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Figure lll.1. a) FTIR of 1bromooctadecane b) FTIR of NnATMP-Br surfactants.
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The NMR results were consistent with FT-IR data and ascertained the chemical
structure of the nATMP-Br surfactants. A detailed assignment of the peaks is given in
the experimental section. The *H and *C NMR spectra of 18ATMP-Br are depicted in
Figure 111.2 for illustrative purposes. The spectra of all other salts are provided in the
Supplementary Information section (SI).

’ P(CHy); |Gy
Br
LANS

b) :4-15
P(CH3)3
16 CC 18
C3 2
- J__ ”]ﬁl l J J
S e eSS

ppm
Fiqure 111.2. a) "HNMR and b) **C NMR spectra of nATMP-Br recorded at 25 °C.

1.3 Solubility and thermal stability

The Krafft temperatures (Tk) Values were determined only for the nATMP-Br with
n = 18, 20 and 22 since salts with n <18 are soluble in water at room temperature. The
Tkt Values obtained for nATMP-Br are compared in Table IIl.2 where it is observed
that they steadily increase with the value of n. When these Krafft temperatures are

compared with those reported for nATMA-Br''®

we can see that significantly lower
values are displayed by the phosphonium salts according to the higher water solubility

observed for these compounds.
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The thermal stability of nATMP-Br surfactants was evaluated by TGA. The TGA
curves obtained by heating the samples from room temperature up to 600 °C under an
inert atmosphere are depicted in Figure 111.3. Decomposition was found to start around
370-400°C with onset temperatures decreasing slightly with the length of the alkyl
chain. Therefore, it is demonstrated that nATMP-Br surfactants thermal stability is
higher than those of nATMA.Br surfactants.’™

100 4 — 12ATMP-Br|
—— 14ATMP-Br,
— 16ATMP-Br
—— 18ATMP-Br
——— 20ATMP-Br
—— 22ATMP-Br

50

W (%)

T T T T T T T T T T T 1
0 100 200 300 400 500 600
T(°C)
Figure 111.3. TGA traces of NnATMP-Br recorded under an inert atmosphere.

It was explored if the surfactants were thermally stable at 290 °C, which is the
selected temperature to record DSC traces. For that, the percentage of lost weight was
measured when the samples were heated at 290 °C for 3 h. The results were favorable
due to the percentage of weight holds over the time (Fig. Ill.4a). Furthermore, TGA
derivative curves (Figure lll.4b) revealed that the decomposition process proceeded
through an one-step mechanism in one-step which has the maximum decomposition
rate temperature located within the 435-450 °C interval. After heating most of the
samples had no residues left, with some irrelevant exceptions due to some of them had
between 1-4 %. Moreover, it was observed a slightly deformation at high temperatures
which may be it is consequence of a second decomposition process. Provided that it
cannot be explain, we assume that the decomposition is through one-step. The onset
and maximum decomposition rate temperatures as well as the remaining weight

percentages for every nATMP-Br surfactants are listed in Table III.2.
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Figure l11.4. a) Isotherm trace at 290 °C of the 18ATMP-Br salt, b) TGA trace of 18ATMP-Br salt and its

derivative curve.

1.4 Thermal transitions
The DSC study has been confined within temperatures well below the onset

decomposition temperature. Thus, DSC traces were recorded within the interval going
from -30 °C to 290 °C applying several heating-cooling cycles. They are depicted in
Figure 1II.5 for the whole series of NnATMP-Br and the temperatures and enthalpies

recorded at the first heating and cooling and the second heating are listed in Table IIl.2.
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Figure 1l1.5. DSC traces of nATMP-Br at successive heating-cooling cycles over the -30 °C to 290 °C
interval.

While only two transition temperatures are observed for 12ATMP:-Br and
14ATMP-Br, there are three for the others. This means that surfactants, with n = 12
and 14 should display three thermal phases whereas four phases should be expected
forn =16, 18, 20 and 22.
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Specifically, the first phase (Phase I) appears at low temperatures, the second
phase (Phase lIl) in the intermediate region and the third and fourth phases (Phases Il
and IV) at high temperatures. Thus, for surfactants with n<16 the third phase,
correspond to the isotropic liquid whereas in the others it is the fourth phase. In either
case, all the surfactants exhibit a variety of thermal transitions and present
endothermal peaks at heating as well as their respective exothermal peaks at cooling,
which means that all of them take place reversibly. Nevertheless, it is invariably
observed that exothermal peaks appear at slightly lower temperatures than their
respective endothermal ones. The magnitude of the supercooling is indicative of the

nature of the involved transition.

Tabla lll.2. Thermal properties of NATMP-Br surfactants.

n TGA? DSC”

Trrafft Ta ™Tqg W

°C)  (°C) (°C) (%) T (°C) and 4H (kCal-mol™) (in parenthesis)

1% Heating Cooling 2" Heating
11 i v 7] i IVl I 1/ NV
12 <25 444 449 35 65.9 214.8 - 40.2 211.6 - 59.1 214.4 -
©3) (2.9) (-3.9) (2.7) 6.1) (2.9)
14 <25 387 455 0 748 225.2 i 58.8 217.6 i 72.7 225.3
(10.1) (2.7) (-3.0) (-2.7) (55) (2.6)

16 <25 398 443 0 844 227.4 2414 682 227.7 240 753 227.8 241.6
(11.8) (25) (0.4) (-41) (22) (-04) (46) (26) (0.4

18 35 397 443 12 89 2273 260 759 2196 2582 837 227 260.1
(145) (2.4) (0.4) (5.4) (27) (-04) (5.6) (24) (0.4

20 45 367 442 0 911 2234 2631 80.0 2169 2635 87.44 2244 268.4
(16.5) (2.4) (0.4) (-7.2) (27) (-04) (6.7) (25) (0.4)

22 55 367 438 0 985 2253 2707 89.6 217.9 2707 96.0 224.6 270.7
(17.1) (4) (0.4) (-73) (22) (03) (7.2) (2.3) (0.3)

*Thermal stability of nATMP-Br surfactants being Tqthe onset decomposition temperature calculated by measuring the
5% loss of weight, "&T 4 the maximum rate decomposition temperature for each decomposition step and W the
remaining weights after the respective decomposition stages.

® Thermal transitions study through some heating-cooling cycles being I, Il, lll and IV the phase L 11,1l and 1V, respectively.
The transition temperatures (°C) and in parenthesis their enthalpies (kCal-mol™®).

The plot of transition temperatures against n is shown in Figure Ill.6a revealing that
a linear trend is followed for all nATMP:Br although noteworthy differences are
observed among them. Regarding the I/l transition that takes place at the lowest
temperature (in blue color) it can be observed that temperatures increase with a similar
slope for the whole series. The supercooling associate to this transition is noticeable
especially in the first heating where it varies between 2 and 10 °C. The II/lll transition

observed at temperatures slightly above 200 °C (in pink color) occurs essentially at the
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same temperature along the whole series and displays a moderate supercooling of
about 1 °C. The transition taking place at the highest temperature (lll/IV transition) (in
green color) is only observed for nATMP-Br with n>14 and it is distinguished that both,
the exotherm and endotherm processes, are practically coincident. This means that the
supercooling required for reversing this transition is practically negligible. For n<14 this
transition is not appreciate due to some possible reasons. First, these surfactants have
only three mesophases, so they only exhibit two temperature transitions. Alternatively
the tendency of the T vs. n plot seems to indicate that this transition may overlap with

the II/Ill transition due to both peaks should appear at the same region.

All in all, from the features commented, while the I/ll transition implies a slight
supercooling that produce a material whose heating peak, thus the second heating,
appears at about 2-10 °C lower than in the first heating. However, the 1l/lll and III/IV
transitions are well reproduced in the second heating traces appearing at the same
temperature and intensity. This means that an effective nucleation takes place in the
recovery of these phases. Therefore, it can be suggested that the I/l transition must
involve a crystal melting process, where take place a slightly supercooling due to the
nucleation process is slow; whereas the Il/1ll and Ill/1V transitions must correspond to a
transition between two mesophases which belong to liquid crystal phases. To study in
detail the thermal transitions the plot of enthalpies and entropies involve in the

transitions have been represented against n in figure I11.6b and c.

Values of the enthalpy and entropy involved in the transitions are plot against n in
Figures 111.6b and I11.6¢, respectively. Due to enthalpy and entropy values are directly
related we will study them together. Thus, the tendencies observed are: on the one
hand, the values associated to the I/l transition increase slightly linearly with the length
of the chain with a noticeable slope which is a clear indication that the alkyl chain takes
active part in the molecular rearrangement. Furthermore, the values associated to this
transition in the first heating takes values between 14-41 kJ mol™* higher than in the
second heating. This means that the phase adopted by the surfactant coming from
solution is more ordered than the phase formed upon cooling from the melt. Therefore,
two phases (tentatively called phases la and I can be assumed to exist in nATMP-Br
at room temperature since the longer is the chain the larger is the enthalpy difference
between the phases la and IB. It can be inferred that the methylene contribution to the
stability of Phase lo is greater than in Phase I3, and therefore a more efficiently packed

structure should be expected to occur in Phase lo.
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This behavior is similar to that described for the nACh-I soaps in which a well-
ordered in the three dimensions structure was proven to exist in Phase la.'® On the
other hand, the enthalpy and entropy values of the Il/lll and IlI/IV transitions appear to
be practically independent of n. These results are consistent with the similar values
found along the series for Il/lll and III/IV transitions enthalpies and entropies values.
Furthermore, it is suggested that the alkanoyl chain must not participate actively in the

molecular rearrangement involved in these transitions.
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Figure lIl.6. Phase transition temperatures a), enthalpies b), and entropies c) of nATMP-Br
surfactants as a function of n. In b) the negative H registered at cooling are represented in
positive values for a closer comparison with the H registered at heating.
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The thermal transitions characterized by DSC have also been studied by polarizing
optical microscopy at both heating and cooling. According to DSC results, 122ATMP-Br
and 14ATMP-Br show under the polarizing microscope three clear different textures at
both increasing and decreasing temperatures within the 20-300 °C range
corresponding to the three phases described above. lllustrative pictures are shown in
Figure 111.7 for 12ATMP-Br. Phase la is shown at 25 °C by the original. As it has been
mentioned before, a high crystallinity is adopted by this phase as it is revealed by the
uniform color and high birefringence displayed in the picture. At temperature of 150 °C,
the texture shown is characteristic of a smectic crystal-liquid phase (Phase II), which is
the structure, reasonably expected to be adopted upon heating Phase I. The smectic
texture is much better revealed at cooling probably due to the more favorable mobility
of the molecules when come from higher temperatures. At temperatures above 210 °C
a black picture is obtained corresponding to the isotropic phase (Phase IIl). After
cooling down to room temperature a high birefringent texture is recovered but clearly
less ordered than that observed in the unheated sample. This would correspond
hypothetically to Phase IB. X-ray diffraction data will be later presented in support of the

occurrence of these optically detected phases.

12ATMP-Br(220°C)

12ATMP-Br(210°C)

Figure I11.7. Micrographs recorded by POM from 12ATMP-Br at the indicated temperatures.
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Furthermore, four different phases can be distinguished under the polarizing
microscope for surfactants with n = 16,18, 20 and 22 at both increasing and decreasing
temperatures within the 20-300 °C range, which correspond with the DSC results. A
selection of pictures taken from 20ATMP-Br is shown in figure III.8 to illustrate the
texture changes occurring in the surfactants with n>14. Phase la is shown at 25 °C,
which corresponds to the texture before heating and displays a high birefringence due
to its high crystallinity. Similarly to the 12ATMP-Br, at temperature of 150 °C, the
texture shown is characteristic of a smectic crystal-liquid phase (Phase II), which is
also much better appreciate at cooling. However, in this case an additional phase is
obtained above 210 °C. This phase (Phase lll) is very similar to that observed at 150
°C but with a lower birefringence due to its lower crystallinity. Probably, differences
between these two phases (Phase Il and Phase lll) concern the order degree of the
ionic layer, which is crystallized at 150 °C but disordered at 210 °C. At temperatures
above 250 °C a black picture is obtained corresponding to the isotropic phase (Phase
IV). As occurs in 12ATMP-Br, after cooling down to room temperature a high
birefringent texture is recovered but clearly less ordered than that observed in the
unheated sample (Phase la). Therefore, this phase correspond to Phase IB, which is

less crystalline than Phase la.

20ATMP-Br(259C) 'éd&ﬁmg,israsooq 20ATMP-Br(250°C
§ % -. ! ‘ﬂ N \

\

20ATMP-Br(270°

20ATMP:Br(150° » ZQATMP-Br(ZSOO

Y s 28

=23

Figure 111.8. Micrographs recorded by POM from 20ATMP-Br at the indicated temperatures.
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1.5 X-ray diffractograms

The SAXS and WAXS profiles from 20ATMP-Br are compared in Fig.lll.9 and the
most characteristic spacings of the pattern are listed in table 111.3. As mentioned, the
XRD profiles obtain in the University of Barcelona, were registered at room
temperature using two types of 20ATMP-Br samples: that coming from the synthesis,
which are white powders, and other which had been previously heated up to 290 °C
and cooled again to room temperature. Thus, two facts were ascertained by the results
obtained. On the one hand, the 20ATMP-Br crystallizes when it is cooling from the
molten. Moreover, it was found that this crystalline structure generated is different than

the initial.

20ATMPBr after having been heated at 290C

LNWUWWW\WM

20ATMPBr initial

T T T T T T T T
0 10 20 30 40
20

Figure 111.9. XRD profile of 20ATMP-Br obtained in the University of Barcelona after having
been heated at 290 °C and before heating (initial).

Furthermore, it can be ascertained that it is a layered structure due to the strong
reflection appearing in the SAXS region ( Fig.lll.9 ) at a spacing of 26.0 A or 34.7 A
depending on if it is the initial sample or the sample after having been heated at 290
°C, respectively. As occurred in Ach-1'®, it is expected that this layered structure was
shared by the whole series of surfactants and that all the surfactants displayed similar
patterns in the WAXS region. In this particular case, a fair number of sharp peaks in the
6.7-3.7 A interval with the strongest one corresponding to the 3.7 A spacing was found.
According to these results, we can conclude that 20ATMP-Br has a layered structure

and its paraffinic chain is crystallized.
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Table IIl.3. The most characteris

tic spacings of the 20ATMP-Br pattern

20ATMP-Br After heating 20ATMP-Br Initial

20 d(A) 20 d(A)

2.6 34.7 3.42 26.0

5.1 17.2 6.8 13.0
13.2 8.6 13.2 6.7
12.8 6.9 14.2 6.2
17.2 5.2 18.1 4.9
20.8 4.2 20.2 4.4
235 3.7 22,5 4.0
29.8 3.0 24.2 3.7

Eventually,

it has been demonstrated that the heat treatment affects

significantly to the surfactant structure due to it changes with the temperature changes.

In these sense, in the figure 111.9 it is assessed that the phase | involves two phases:

the phase la, which is the phase adopted from the synthesis and is the most crystalline
phase, and the phase IB, which appears after having been heated at 290 °C.

Moreover, in figure I11.10, where are illustrated the XRD profiles obtain in the University

of Sevilla, the different peaks characteristic of each phase can be distinguished for

NATMP-Br samples with n = 20 and 22 along the different temperatures. As we have

mentioned, this behavior is expected to occur for the whole series of surfactants.

However, we have not yet obtained the rest of XRD from the others surfactants so it is

only a prediction.

20ATMPBr first heating

280 °C

235°C

151 °C

AN st A N A e e SN I

!

22ATMPBr first heating
280 °C
235°C
st
\
I I\
T /| « . S
y.m,,wl/ ‘u MJ‘ 158°C !
M me
1 T T T T T T T 1

Figure 111.10. XRD profiles of NATMP-Br with n=20 and 22 obtained in the University of Sevilla

for the indicated temperatures.
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2. lonic complexes of poly(y-glutamic) acid and alkyltrimethylphosphonium
surfactants (nATMP-PGGA)

2.1. Synthesis of the complexes
The nATMP-PGGA with n= 12, 14, 16, 18, 20 and 22 (Scheme 111.2), were
synthesized by mixing aqueous solutions of equimolecular amounts of Na-PGGA and
the corresponding nATMP-Br at the minimum temperature required to dissolve the
surfactant. After standing for a few hours a white precipitate appeared that was
collected by filtration and dried under vacuum for several days to render a white to pale
owder.
P H
Ay
coo®
AN
1| n=12,14,16,18,20,22
Scheme IIl.2. Chemical structure of NATMP-PGGA complexes.

O
/

The results obtained for the six complexes examined in this work are compared
in Table Il1l.4. Yields were found to oscillate between 60 and 90% being the lower yields
those of the shortest surfactants probably due to their high solubility reduce their
precipitation. Consequently, more concentration solutions have been used in order to
improve their precipitation and their yields. The solubility behavior displayed by
NATMP-PGGA was similar to that observed for other complexes of nATMA-PGGA, e.g.
they are soluble in organic solvents such as, methanol, ethanol, TFE or DMSO. A
feature worth of mention in this regard is that they appear to be readily soluble in
chloroform, whereas they cannot be dissolved by water, which is exactly the opposite
of the behavior showed by Na-PGGA.

Table Ill.4. Synthesis results of NATMP-PGGA complexes.

Reaction conditions

R(CH3)sP* Complex Conc (M) Te(°C)° Yield (%)  Composition®
-C12H2s 12ATMP-PGGA 0.075 25 58 1.03:1
-C1aH29 14ATMP-PGGA 0.05 25 68 1.11:1
-C16H33 16ATMP-PGGA 0.01 30 70 1.16:1
-C1gH37 18ATMP-PGGA 0.01 45 70 1.16:1
-CooHa1 20ATMP-PGGA 0.01 55 72 1.2:1
-C22Has 22ATMP-PGGA 0.01 65 93 131

& Concentration of the two solutions before mixing to form the complex
L Temperature selected according to the surfactant solubility in water.
¢ Ratio of ATMP to PGGA in the obtained complex.
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2.2. Chemical characterization

The composition and constitution of NATMP-PGGA complexes were assessed by
both FT-IR and 'H and **C NMR spectroscopies. FT-IR spectrum of the
18ATMP-PGGA complex is represented together with the PGGA spectrum in the
ionized form (Figure lll.11a) in order to compare them regarding the characteristic
groups of the surfactant at around 2900 cm™, 2850 cm™,1400 cm™, 970 cm™ and 712
cm™ and the characteristic bands of the polyacid (the amide stretching) at 1580 and
1530 cm™. Moreover, if the whole series of the of nATMP-PGGA complexes are
represented (figure 111.11b) it can be observed again that the longer the alkyl chain
length, the more intense are the observed methylene bands (those appearing at 2900
and 2850 cm™).

a)
1J0 -
90 - — NaPGGA
—— 18ATMP-PGGA
<
=
80 -
718
704 2900 1590

T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000

b) —_\/\ F \«‘\/\‘ /\‘ N\/ /\I M‘ Js/\‘/\(‘\

| 22ATMPBr
— ——— 20ATMP-Br
i A AT I ——— 18ATMP-Br
. “\ Y, \ / V7, | —— 16ATMP-Br

v —— 14ATMP-Br

T T 7/ T T
4000 3000 1500 1000

~rm_1

Figure lll.11. a) FTIR of 18ATMP-PGGA and PGGA and b) FTIR of the NnATMP-PGGA
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'H and *C NMR spectra of nATMP-PGGA (Figure 111.12) allow estimating the
composition of the complexes by comparing the peak area of the a-methylene proton
of PGGA (CH, & = 4.1 ppm) with that of the peak arising from inner protons of the alkyl
chain attached to the phosphonium ion (*''CH,, = 1.2-1.4 ppm, 2CH,, & = 1.5 ppm,
8CH,, & = 0.9 ppm). The results afforded by this analysis revealed that the surfactant
to the polyacid ratio increases from 1.0 to 1.3 with the length of the alkyl side group
(table 111.4).This excess of surfactant found in the longest surfactants may be cause
due to their lower solubility that makes them precipitate together with the complex

when the complex is forming. Consequently, the surfactant holds within the complex

structure.
a H O .
’ 4 *7(cH),
CO%
1 3 18 1
H3C\® CH'7
HsC Gp, - \ (CH.),
3 18
CH,

NH cH e,
e R ) "

L S A U B S = N = N U S B L S M S B U L U SUIL I S I U

(ppm )
CA-1'§
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P(CH,),
C1ﬁ
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COO CONH CH 3 C1
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Figure 11.12. a) "HNMR and b) **C NMR spectra of 18ATMP-PGGA recorded at 25 °C.
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2.3 Structural Characterization

The thermal behavior of nATMP-PGGA complexes was examined by TGA and
DSC. The TGA trace recorded from the whole series of NATMP-PGGA complexes are
qualitatively similar to those reported for NATMA-PGGA. As we can see in figure 111.13,

decomposition takes place within the temperature range of 250-350 °C.

100

50

Weight(%)

T T T T T T T T T 1
0 100 200 300 400 500

Temperature (°C)

Figure 111.13. TGA trace of 22ATMP-PGGA complex.

Furthermore, it was found that nATMP-PGGA DSC traces (figure 1l1l.14) were
similar to those shown in the nATMA.-PGGA complexes.”® ®Therefore, we can
conclude that nATMP-PGGA complexes have the DSC behavior characteristic of
comb-like polypeptides bearing flexible side chains that are able to crystallize for a
sufficient length. Thus, an endothermal peak at a temperature around 60 °C was
observed for n>18, which is perfectly reversible and largely reproducible regarding
both, position and intensity. This peak is associated to the melting of the separate

paraffinic phase, which is made of crystallized alkyl side chains.
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Figure 111.14. DSC traces of 20ATMP-PGGA complex.

All in all, we can assume that nATMP-PGGA complexes adopt the layered
biphasic structure typical of comb-like polypeptides with the polyacid and the alkyl side
chains phases alternating periodically with a repeating distance of ~4.5 nm. This
structure are going to be investigated by both polarizing optical microscope and X-ray
diffraction to study the different phases at increasing temperatures and to measure the

characteristic spacings, respectively.
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3. lonic complexes of hyaluronic acid and alkyltrimethylphosphonium
surfactants (nATMP-HyalA)

3.1 Synthesis of trimethylphosphonium complexes

The complexes nATMP-HyalA with n =12, 14, 16, 18, 20 and 22 (Sheme III.3),
were formed when equal quantities of aqueous solutions of polyacid and surfactant
were mixed and the mixture was left to stay between 25-65 °C, depending on the
length of the alkyl chain, for a few hours. As a result of ionic coupling between the
polyacid and the surfactant, complexes precipitated from the mixed aqueous solution
after several hours of standing. The complexes obtained were transparent to white
hygroscopic fibrous solids that were soluble in methanol but non-soluble either in
chloroform or ethyl ether. Yields were found to oscillate between 60 and 90%. These
results are compared in Table Ill.5. Their composition and constitution have been
assessed through the Chemical characterization and their thermal stability and thermal

transitions are going to be studied soon with their structural characterization.

N=12,14,16,18,2022 ®\>
o
HO
Lo/%&/o
> on NHCOCH;

Scheme lIl.3. Chemical structure of NATMP-Hyal complexes.

Table I11.5. Synthesis results of NATMP-HyalA complexes.
Reaction conditions

R(CH3)sP" Complex Conc Ta(°C)° Yield (%) Composition®
(M)*
-C12H2s 12ATMP-HyalA 0.075 25 58 2:1
-C1aH29 14ATMP-HyalA 0.05 25 67 2:1
-Ci6H33 16ATMP-HyalA 0.01 30 70 2:1
-C1gHas7 18ATMP-HyalA 0.01 45 71 2:1
-CaoHa1 20ATMP-HyalA 0.01 55 77 2:1
-Ca2Hss 22ATMP-HyalA 0.01 65 93 2:1

@ Concentration of the two solutions before mixing to form the complex
Temperature selected according to the surfactant solubility in water.
¢ Ratio of ATMP to PGGA in the obtained complex.
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3.2 Chemical Characterization
The composition and constitution of nATMA-HyalA complexes were checked by
both FTIR and *H/*C NMR.

Infrared bands characteristic of the HyalA with the carboxyl groups in the ionized
state along with those arising from the characteristic groups of one of the surfactant
cation (e.g 18ATMP-HyalA) are represented in order to compare them (figure 111.15).
Moreover, if we compared the spectra of the whole series of surfactants we would see
a similar tendency as before: the longer the alkyl chain length, the more intense are the
observed methylene bands.
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Figure 111.15. FTIR of the nATMP-HyalA complexes and HyalA.

Results consistent with infrared data were obtained in the NMR analysis. The 'H
and *C NMR spectra of 18ATMA-HyalA are depicted in Figure 111.16 for illustrative
purposes. In **C NMR spectrum can be distinguished the surfactant signals from those
corresponding to the polyacid (*) simply by comparing their intensity due to while
surfactant signals are extremely intense the others not. The chemical slight shifts
observed for the six complexes can be checked in the supplementary information and
the composition of the complexes was accurately determined by *H NMR. In this
sense, the peak areas measured for the hyaluronic acid methyl protons signal (CH, 6 =
4.3 ppm) to the alkylammonium interior methylene accumulative signal (*"''CH,, &=
1.2-1.4 ppm and *®CH; 8 = 0.9 ppm). These results are given in Table 1.4 where it is
seen that the surfactant to hyaluronic acid ratio is around 2:1 for the whole series of

nNATMP-HyalA complexes.
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Figure VI.16. a) *HNMR and b) **C NMR spectra of 18ATMP-HyalA recorded at 25 °C. * HyalA carbons .
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V. CONCLUSIONS
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A series of alkyltrimethylphosphonium bromide surfactants (nATMP-Br) have been
prepared from trimethylfosfine and 1-bromo alkanes with n = 12, 14, 16, 18, 20 and 22,
and their thermal and structural properties have been studied as a function of
temperature. Cytotoxicity of investigated surfactants has been demonstrated several
times that is strongly influenced by alkyl chain length and alkyl substitution on the
cations. In general, phosphonium surfactants are less cytotoxic compared with
ammonium surfactants. This work reveals that these surfactants offer superior
properties when they are compared to ammonium surfactants as well as their suitability
to prepare bio-based comb-like polymers by ionic coupling with naturally occurring
polyelectrolytes. This general conclusion is supported by the following partial

conclusions:

1) Firstly, in the thermal stability study of nATMP-Br surfactants evaluated by
TGA it was found that their decomposition starts around 370-400°C with
onset temperatures decreasing slightly with the length of the alkyl chain, but
that are higher than those shown for the nATMA-Br surfactants.
Consequently, it is clear that phosphonium surfactants are more thermal

stable than ammonium surfactants.

2) Secondly, while nATMP-Br surfactants with n<18 are soluble in water at
room temperature, those with n>18 are soluble in warm water showing Krafft
temperatures between 35 and 65 °C depending on n. These Krafft
temperatures are lower than those shown for nATMA-Br surfactants, so

phosphonium surfactants are more soluble than ammonium surfactants.

3) Thermal transitions have been studied by DSC and polarizing optical
microscopy. Several thermal transitions involving crystalline, semicrystalline
and liquid-crystal phases were characterized for these soaps at temperatures
increasing with the value of n. Hence it was found that, while only two
transition temperatures were observed for 12ATMP-Br and 14ATMP-Br
surfactants, there are three for the higher members of the series. This means

that they display three or four thermal phases, respectively.

IV. CONCLUSIONS



Comb-like ionic complexes of biopolyacids and alkyltrimethylphosphonium soaps | 49

lonic complexes of alkyltrimethylphosphonium bromide surfactants and poly (-
glutamic acid) (nATMP-PGGA) have been prepared and characterized. These
complexes have a composition from 1.0:1.0 to 1.3:1.0 with the length of the alkyl side
group. According to preliminary DSC data and based on antecedents available on
similar systems, these complexes are expected to be self- organized in biphasic
layered structure characteristic of comb-like amphiphilic systems with the polyacid and
the alkyl side chains phases alternating in a periodically layered structure. The
preparation of other comb-like ionic complexes of these phosphonium surfactants and
other biopolyacids is also possible. In these sense, we have prepared complexes of
hyaluronic acid and ATMP-Br (nATMP-HyalA). Although their thermal characterization
has not been carried out yet, we were able to assess their composition and constitution
through their chemical characterization. Thus, we found that the surfactant to
hyaluronic acid ratio is around 2:1 for the whole series of nATMP-HyalA complexes.
Consequently, more studies of these systems are going to be carried out and other
potential systems will be searched.

IV. CONCLUSIONS
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1. Alkyltrimethylphosphonium salts (nATMP-Br)

1.1 Chemical Characterization
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Figure VI.1. FTIR of 12ATMP-Br.
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Figure VI.2. (@) "HNMR and (b) **C NMR spectra of 12ATMP-Br recorded at 25 °C.
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Figure VI.4. (a) *HNMR and (b) **C NMR spectra of 14ATMP-Br recorded at 25 °C.

VIlI. SUPPLEMENTARY INFORMATION



Comb-like ionic complexes of biopolyacids and alkyltrimethylphosphonium soaps | 60

105 - 16ATMP-Br

85+ CH3 béas
X 1 CH26
80 C-Hst /
75 4 P-Cst
P-Cst
70 -
65 T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000
cm’”
Figure VL.5. FTIR of 16ATMP-Br.
C
3-15
a)
Br C
1
-15 (««Sa/ 16
16 2 \\ C C
1 2

ppm

P(CH.),

b) 16

:bl 1 I3$I L] Iéél L] Iéél L] Iéél L] Iiv—é_'l 1 Ii(bl L] L] I5l L] L] L] Iol L] L] L]
ppm

Figure VI.6. (a) *"HNMR and (b) **C NMR spectra of 16ATMP-Br recorded at 25 °C.
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Figure VI.8. (a) *"HNMR and (b) **C NMR spectra of 20ATMP-Br recorded at 25 °C.
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Figure VI.9. FTIR of 22ATMP-Br.
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Figure VI.10. (a) "HNMR and (b) **C NMR spectra of 22ATMP-Br recorded at 25 °C.
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2.2 Thermal transitions

14ATMP-Br (250°C)

14ATMP-Br (250°C)

16ATMP-Br(250°C)

Figure. 111.12. Micrographs recorded by POM from 16ATMP-Br at the indicated temperatures.
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 LERY .,- : &“ ‘< 7
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Figure. 111.13. Micrographs recorded by POM from 18ATMP-Br at the indicated temperatures.
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Figure. 1Il.14. Micrographs recorded by POM from 12ATMP-Br at the indicated temperatures.
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2. lonic complexs of NATMP-PGGA

2.1 Chemical characterization

110 - 12ATMP-PGGA
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Figure VI.15. FTIR of 12ATMP-PGGA.
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Figure VI.16."HNMR spectrum of 12ATMP-PGGA recorded at 25 °C.
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Figure VI.17. FTIR of 14ATMP- PGGA.
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Figure VI.18. "HNMR spectrum of 14ATMP-PGGA recorded at 25 °C.
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Figure VI.19. FTIR of 16ATMP- PGGA.
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Figure VI1.20. *HNMR spectrum of 16ATMP-PGGA recorded at 25 °C.
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Figure VI.21. FTIR of 20ATMP- PGGA.
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Figure VI1.22. "HNMR spectrum of 20ATMP-PGGA recorded at 25 °C.
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Figure VI.23. FTIR of 22ATMP- PGGA.
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Figure VI1.24. *HNMR spectrum of 22ATMP-PGGA recorded at 25 °C.
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3. lonic complexes of NnATMP-HyalA

3.1 Chemical characterization
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Figure VI.25. FTIR of 12ATMP-HyalA.
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Figure VI.26. "HNMR spectrum of 12ATMP-HyalA recorded at 25 °C.

VIlI. SUPPLEMENTARY INFORMATION



Comb-like ionic complexes of biopolyacids and alkyltrimethylphosphonium soaps | 72

110 - 14ATMP-HyalA
100
90
£ g0l C-Hst CH3 &as
= CH26
] / P-Cst
70
P-Cst
60

4000 3500 3000 2500 2000 1500 1000
A
cm

Figure VI.27. FTIR of 14ATMP-HyalA.
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Figure VI.28. "HNMR spectrum of 14ATMP-HyalA recorded at 25 °C.
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Figure VI.29. FTIR of 16ATMP-HyalA.
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Figure VI1.30. "HNMR spectrum of 16ATMP-HyalA recorded at 25 °C.
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Figure VI.31. FTIR of 20ATMP-HyalA.
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Figure VI1.32. "HNMR spectrum of 20ATMP-HyalA recorded at 25 °C.
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Figure VI.33. FTIR of 22ATMP-HyalA.
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Figure VI1.34. "HNMR spectrum of 22ATMP-HyalA recorded at 25 °C.
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