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CHAPTER |

INTRODUCTION

Polyamidoamine (PAMAM) dendrimers, the starburst polymers with a
plurality of terminal functional groups have attracted considerable interest due to their
novel functionalities such as nanoscopic containers, delivery devices, ultrafine colloid
stabilizers and nanocomposite materials [1-8]. Surface modifications of terminal
groups with different functionalities such as acetamide, hydroxyl, carboxyl or
quaternized PAMAM dendrimers further increase the versatile applicability of these
materials [9-13]. Focused on nanoparticle fillers such as carbon black and silica,
these materials are widely used for rubber and plastics. A good uniform dispersion of
extremely fine particle size for most of their applications is important. However, these
nanoparticles by nature are found in micron sized aggregate whose performance is
inferior to those of the nanometer sized form.  This problem of nanoparticles having
a strong tendency to agglomerate is solved by surface modification [14-17]. The
grafting of PAMAM dendrimer onto inorganic particle’s surface is one possibility
[18-20]. The grafted dendrimer effectively prevents agglomerate formation, resulting
in the stability of ultrafine nanoparticles in the colloidal state or dispersibility in the
polymer matrix. Nanometer-sized fillers are expected to exhibit the attractive
interaction with polymer matrix at very low filler content, resulting in an improved
performance of nanocomposite materials. Another interesting effect is that the
PAMAM attached on inorganic particles leads to hybrid materials with special
characteristics particularly high performance chelating agents [21] and nanoreactors
in which metal nanoparticles are stabilized [22]. Other interesting performance

concerned with nanocomposites includes reduced gas permeability, increased solvent
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resistance and reduced flammability. In this study, this type of nanoparticle was

specially designed to impart its flame retardancy performance on cotton cellulose.
When considering flame retardants for cellulose and cellulose derivatives,
phosphorus-based compounds have been a major interest because of their
environmentally friendly products and their low toxicity, as well as, their low
evolution of smoke in fire. These compounds were found to promote dehydration and
char formation [23]. However, these flame retardants for cellulosic textile such as
phosphoric acid are water soluble, causing the durability problem associated to wash
treatment [24]. The immobilizations of these molecules in microcapsules could help
improve the washing resistance [25-26]. It is interesting to propose that the
attachment of these molecules to the nanoparticles could be an alternative method in

decreasing water solubility of phosphorus-based flame retardants.

Scope of This Work

The PAMAM dendrimers are synthesized by the divergent method using
ethylenediamine (EDA) as core, and allowed to undergo reiterative two step reaction
sequences. These sequences consist of: (a) an exhaustive alkylation of primary amines
(Michael addition) with methyl acrylate, and (b) amidation of amplified ester groups
with a large excess of EDA to produce primary amine terminal groups. Iteration of
Michael addition-amidation sequence produces the higher generations.

The PAMAM grafting onto silica nanoparticle surface will be also carried out.
The hyperbranched PAMAM is grown from free amine groups attached on nanosized
silica. The silica is first reacted with 3-aminopropyltriethoxysilane in order to

introduce amino group onto silica surface. Grafting is carried out by repetitive
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reactions between Michael addition of amino group to methyl acrylate (MA) and

amidation of the resulting terminal methyl ester group with ethylenediamine.

The second phase of this research is focused on the surface modification of the
terminal amino groups of PAMAM hyperbranched polymers and hyperbranched
PAMAM grafted silica in order to modify the nanoparticles with novel properties and
apply in textile chemistry. Functionalization of terminal amino groups of PAMAM
hyperbranched polymers and hyperbranched PAMAM grafted silica in order to

incorporate phosphonic acid groups was carried out by Mannich type reaction.



CHAPTER I

LITERATURE REVIEW

2.1 Dendritic Polymers [1]

Dendritic polymers is the forth major class of macromolecular architecture.
They are open, covalent assemblies of branch cells. Dendritic polymer consists of
three dendritic subclasses; random hyperbranched polymers, dendrigraft polymers,

dendron and dendrimer polymers (Figure 2.1).

““ \‘ \
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Figure 2.1 Branch cells tructural parameters (a) branching angles (b) rotation
angles (l) repeat units lengths (Z) terminal groups and dendritic subclasses
derived from branches (I\VVa) random hyperbranched (1\VVb) dendrigrafts and

(I'Vc) dendrons/dendrimers [27].



2.1.1. Random hyperbranched polymers

Random hyperbranched polymers are generally prepared by polycondensation,
ring opening or polyaddition polymerization of ABx-type monomers, when X is 2 or
more, polymerization of these monomers gives highly random branched polymers, as
long as A reacts only with B from another molecules. They usually have broad and
statistical molecular weight distributions. Some examples of random hyperbranched
polymers include water soluble hyperbranched polyphenylene prepared by Kim and
Webster [28] (Figure 2.2) and hyperbranched poly(siloxysilanes) prepared by Miravet

and Fréchet [29].

B(CH),
Pd(PPh3),

B Br

COOLi

Figure 2.2 Synthesis of water-soluble hyperbranched polyphenylene [28].

2.1.2. Dendrigraft polymers [1, 30]

Dendrigraft polymers are generally larger structures than dendrimers, grow

much faster and amplify surface groups more dramatically as a function of



6
generational development. They are the most recently discovered and currently the

least understood subset of dendritic polymers. Dendrigraft polymers obtained by ionic
polymerization and grafting, combine features of dendrimers and hyperbranched
polymers. The synthesis can be achieved by three different strategies, the ‘grafting
onto’, ‘grafting from” and “grafting through’ methods. The first reported dendrigrafted

polymer in the literature is Comb-burst® (Figure 2.3) [31] and arborescent polymers

[32].
'EE‘C::'CH:;;
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L.... ,E".c"l :} —E =N T LI Neman
(Step A) (Step B) of o] of (Seen z
RC-H RC-H RC-N NH HH  HH
ol of ¢f
RC-N RC-N RC-N NH NH NH
i R } I
H
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e N ﬁ""-"ﬁ e, M |, EEEEs
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Figure 2.3 Synthetic iteration scheme leading to Comb-burst paly(ethyleneimines)

[31]

2.1.3. Dendron and Dendrimers [1]

Dendron and dendrimers are the most intensely investigated subset of

dendritic polymers. The word dendrimer is derived from Greek words that consist of
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dendri that means ‘tree branch-like’ and meros that means ‘part of’. The two most

widely studied dendrimer families are the Fréchet-type polyether compositions

(Figure 2.4) and the Tomalia-type PAMAM dendrimers.

HO o @_\_fﬂ a . @__,D
O OHot O — 5 04— 5P
@V y .
@mb“n @'Egviﬁ%““ ~ O O,

Figure 2.4 Preparation of Fréchet-type polyether to forth generation [27].

Due to the special structure of dendritic polymers, the physical and chemical
properties of them are rather different from usual linear polymers. The comparison of

their differences is shown in Table 2.1.



Table 2.1 Characteristics and properties of linear and dendritic polymers [27].

Linear polymer

Linear

&

Flexible Coil

Dendritic polymer

Dgndritic

+ &

[l ] [ ]
TERRT I

1. Random coil configuration

2. semicrystalline/crystalline material

- higher glass temperature

3. Lower solubility

- decreases with molecular weight
4. Intrinsic viscosity follows
logarithmic

- increases with molecular weight
5. Entanglement directed rheological
properties

- shear sensitivity

6. Mobility by reputation

- segment and molecular mobility

7. Anisotropic electronic conductivity

1. Predictable shape changes as a

function of molecular weight and core

- robust spheroids; breathing
deformability
2. Non-crystalline, amorphous materials

- lower glass temperature

3. Increased solubility

- increases with molecular weight
4. Exhibits viscosity maximum and
minimum plateau with molecular weight

- lower viscosity

5. Newtonian-type rheology

- no shear sensitivity, considerably
lower viscosity
6. Mobility involving whole dendrimer
as the kinetic flow unit

- virtually no reputation

7. Isotropic electronic conductivity




2.2 Dendronized Polymers [33]

Dendronized polymers originally termed ‘rod-shape dendrimers’, made their
first appearance in a patent by Tomalia et al. at Dow chemical company in 1987.
Dendronized polymers merge the concepts of dendrimers and polymers, their
preparation is a combination of organic synthesis of the dendrons and polymer
synthesis. The types of polymer backbones used in dendronized polymers are diverse
and rather a reflection of the most common types of polymerization reactions applied.
Polystyrene, polymethyacrylate and poly-p-phenylene backbones are often found. The
synthetic strategy of dendronized polymers may be conceptually distinguished into
three categories as shown in Figure 2.5.

@® Graft-To Route

Figure 2.5 Schematic illustration of three different general synthetic strategies toward

dendronized polymers [33].

1. Graft-to strategy. Preformed dendrons of desired generation are coupled to

the performed polymer. This strategy is also referred to as the ‘convergent route’.
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2. Graft-from strategy. G1 dendrons are attached to the preformed polymer,

and higher generations are grown by successive attachment of G1 dendrons. This
approach is also termed the “divergent route’.
3. Macromonomer strategy. Dendrons of the desired generation are equipped

with a polymerizable group at their focal point and polymerized.

2.3 The Construction of Dendrimers [34]

Many dendrimer synthesis rely upon traditional reactions, such as the Michael
reaction or the Williamson ether synthesis, whilst others involve the use of modern
chemical techniques and practices, such as a solid-phase synthesis, organotransition-
metal, organosilicon and organophosphorus chemistry, or other contemporary organic

methodologies.

2.3.1. Divergent dendrimer growth

The divergent refers to the way in which the dendrimer is induced to grow
outwards from the core, diverging into space. A schematic representation of divergent
growth is shown in Figure 2.6. The divergent approach is successful for the
production of large quantities of dendrimers since, in-each generation-adding step, the

molar mass of the dendrimer‘is double:
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——— —_— e —m
Growth Surfach
activation

—_— — e -
Growth ; Surface
activation

Figure 2.6 Schematic representation of divergent growth [34].

2.3.2. Convergent dendrimer growth

This method was developed several years after the divergent method. The
convergent growth process begins at what ultimately becomes the surface of the
dendrimer and works inwards by gradually linking surface units together with more
monomers (Figure 2.7). The advantage of convergent over divergent growth stem
from the fact that only two simultaneous reactions are required for any generation-
adding step. Most importantly, the method makes the purification of perfect
dendrimers relatively simple, as the side products and incomplete reaction products in
a crude reaction mixture differ substantially from the desired dendrimer.

ol o*

Growth

—_—— -
Focal point
activation

15 1o
Growth Focal point
activation

Figure 2.7 Schematic representation of convergent growth [34].

14



2.3.3. Hypercores and branched monomers N
This method involves the pre-assembly of oligomeric species, which can be
linked together to give dendrimers in fewer steps or higher yields, taking advantage of
the best points of both the convergent and the divergents methods. The *hypercores’
and ‘branched monomers’ are pre-branched analogues of the cores and monomers that
are used in traditional dendrimer synthesis. They can be synthesized by standard

routes, and become powerful synthons for the production of dendrimers (Figure 2.8).

oy

‘Branched
__’,.‘i Monomar
il i) Focal point
activation
Surface
unit
' Growth
Cong Hyparcora Fourth generation dendrimer

Figure 2.8 Schematic representation of hypercores and branched monomers [34].

2.3.4. Double exponential and mixed growth

The method employs an AB, monomer where the functional groups A and B
are both protected.. This fully protected monomer is deprotected selectively at the
surface and at the focal point in separate reactions to give a convergent-type monomer
and a divergent-type monomer. These two products are then reacted together to give
an orthogonally protected trimer, which may be used to repeat the growth process
again (Figure 2.9). The attributes of double exponential growth are more subtle than

the ability to build large dendrimers in relatively few steps. The double exponential
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growth is so fast that it can be repeated only two or perhaps three times before further

growth becomes impossible. Most importantly, this method provides a means
whereby a dendritic fragment can be extended in either the convergent or the

divergent direction as required.

Surlace

daprotection U‘

-4
-

g |

Figure 2.9 Schematic representation of double exponential and mixed growth [34].

Table 2.2 Some methodologies used for the synthesis of dendrimer [34].

Repeat unit Synthetic methodology

Viigtle and co-workers (1978) and later

improved by de Brabander van den Berg and
N Meijer (1993), among others. Double Michael-
type addition of acrylonitrile to a primary
amine; reduction of a nitrile to an amine.
This was the first reported dendrimer
synthesis to be attempted, and has been
completed up to g= 10.

Tomalia et al. (1985). Double Michael
addition to a primary amine; the reaction of
0 an ester with an excess of amine to give an
AN amide. These are the most studied
N . . .
| dendrimers, and are commercially available.
The high generation dendrimers (up tog=
10) have asmall, unavoidable polydispersity.




Table 2.2 Some methodologies used for the synthesis of dendrimer. (Continued)

Repeat unit

Synthetic methodology

5

X

o
\E

T

pd
N/

PeFro

CH3
Si—O

Hawker and Frechet (1990). Reaction of a
phenol with a benzylic bromide; bromination
of abenzylic alcohol with PPh;and CBry.
The first “convergent” synthesis. These
dendrimers have been studied thoroughly up
tog==6.

Rengan and Engel (1991). Cleavage of a
benzyl methyl ether with MesSil to give a
benzyl iodide; displacement of iodide from
the benzylic position by a triarylphosphine.
The first example of an ionic dendrimer and
of a phosphorus-containing dendrimer. The °p
NMR spectra and solubility properties of the
compounds were studied up tog=3.

Majoral and co-workers (1995). Reaction of
phenoxide with the phosphorus-chlorine bond:
condensation of a hydrazine derivative with a
primary amine. These dendrimers have been
synthesized upto g =4.

Miller, Neenan and co-workers (1992). Aryl
Grignard reagents or Suzuki coupling for
linking units; the transformation of an aryl
trimethylsilane into an arylboronic acid with
BBr3;. The first all-hydrocarbon dendrimers.
These structures were synthesized upto g =3.

Moore (I 995). Palladium-catalysed cross-
coupling of a terminal acetylene toanaryl
halide; TMS protection of the terminal
acetylene; 1-aryl-3,3-dialkyltriazene masking
of the aryl iodide. The largest hydrocarbon
dendrimers, synthesized up to g = 4.

Zhdanov and co-workers (1990). Silylation of
sodium bisethoxy methylsiloxide with
methyltrichlorosilane; cleavage of the ethoxy
silyl end-groups and chlorination with
thionyl chloride. Synthesized up to g = 4.

14
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Table 2.2 Some methodologies used for the synthesis of dendrimer. (Continued)

Repeat unit Synthetic methodology

+ Seyferth et al. (1994). Platinum-catalysed

A~ addition of trichlorosilane to an alkene;
nucleophilic substitution with vinylmagnesium

k bromide. Used to generate star polymers.

-n Synthesized uptog=3.

0 H Denkewalter et al. (1978). Synthesis based on
I peptide methodology-BOC
rotection/deprotection and DCC coupling of
H—N lysine. These dendrimers are unlike most
I others in that the lengths of the two branches
are not equal. These dendrimers were not
fully characterized.

0 Newkome et al. (1985). Use of “tris”
DCC/HOBT coupling; base-promoted

™~ hydrolysis of an ester inthe presence of

0 amide bonds. This and similar “tris” based
| branching have been used by many

n _ researchers.

Mitchell and co-workers (1994, 66). Coupling

0
-y of an amine with a succinate-activated ester;
deprotection of a benzyloxycarbonyl-protected
H
N

0]
O/\/‘L
0]

amine with MesSil or Hy/Pd. These

o/ T 2T

n dendrimers, synthesized up to g = 4, were the
first fully. characterized dendrimers to be based
on_a chiral branching unit.

Synthesized up to g = 4.

0
B Uhrich -and Fréchet (1992). DMAP-catalysed
DCC coupling; BOC deprotection with TFA.

)
)

n
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Table 2.2 Some methodologies used for the synthesis of dendrimer. (Continued)

Synthetic methodology

Repeat unit
o)
o}
0
—+X
0
0
o)
T
H
o}
n
.
Br
I NS
K
_ N
|
G
in

Shinkai etal. (1992). In the diagram, Xis I,10-
diaza 18-crown-6, linked via its two nitrogen
atoms. Amide bond formation from a
secondary amine and a carboxylic acid using
MesCCOCI; based-promoted ester hydrolysis;
deprotection of CBZ protection with H,/Pd.
Dendrimers were synthesized up to g =4.

Miller et al. (1993). Reaction of an aniline with
acyl chloride to give an amide; reduction of
any aryl nitrate to an aniline with Hz/Pt. Also
synthesized by Feast etal. (1994) uptog = 2.
These dendrimers have a problematic synthesis
as a consequence of the low reactivity of
anilines and the high degree of steric
hindrance.

Achar and Puddephatt (1994). Oxidative
addition of a benzylic bromide to a square
planar dimethylplatinum species; coordination

of a dimethylplatinum (1) to a 2,2’-bipyridine.
These dendrimers were synthesized upto g =2,
with a four- directional core.

Balzani (1995). Protection of a pyridine by
methylation with trimethyloxonium
tetrafluoroborate or methyl triflate; deprotection
of the methylated pyridine with 1,4-diaza-
bicyclo[2.2.2]octane; displacement of chloride
ligands by bipyridyl ligands. Dendrimers up to
g = 3 were synthesized, and they were studied
for their electrochemical and luminescence
properties. Further structures using other (and
mixed) metal centers were investigated.
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2.4 Polyamidoamine (PAMAM) Dendrimers

Polyamidoamine dendrimer is the one of the most popular dendrimers that was
first reported in Tomalia and coworker’s paper in 1985 [3]. They refer to as ‘Starburst
polymers’. The polyamidoamine dendrimers are synthesized by the divergent method
[35] which involves the in situ branch cell construction in stepwise, iterative stages
around a desired core to produce mathematically defined core-shell structure (Figure

2.10 and 2.11).

(a) Alkylation Chemistry (Amplification)

J—Coge CO,Me CO,Me
R e DU w@(
CO,Me CO,Me

Half Generations = Gn.5

(b) Amidation Chemistry

o
cO,Me nl 1 -
NH NH 2
‘M@ NHg-{Eszg-Nﬁq o 2
(excess) 1] =“"(
CO,Me CNH_NH;
NH.,

Figure 2.10 In situ branch cell method to synthesize PAMAM dendrimer [35].

The in situ method is a two-step iterative process that involves

a) Alkylation step produces ester terminated products that are referred to
‘half generation’.

b) Amidation of the ester terminated products with large excess of
ethylenediamine to produce amine terminated products that are referred to

a “full generation’.
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G-1 PAMAM NH
Dendrimer

Figure 2.11 Synthesis of a PAMAM-type dendrimer proceeds from ethylenediamine

core [36].

The structure of PAMAM dendrimers consists of three parts; the core, the
interior and the surface functional groups (Figure 2.12). The core is as the molecular
information center from which size, shape, directionality and multiplicity are

expressed via the covalent connectivity to the outer shells. Within the interior, one
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finds the branch cell amplification region, which defines the type and amount of

interior void space that may be enclosed by the terminal groups as the dendrimer is
grown. Branch cell multiplication (N,) determines the density and degree of
amplification as an exponential function of generation (G). The core multiplication
(N¢) and branch cell multiplication determine the precise number of terminal groups
(2) and mass amplification as a function of generation. The mathematical equation to
determine the number of surface groups, number of branch cells and molecular weight
of dendrimers was shown in Figure 2.13. And the theoretical values of surface
functional groups and molecular weight of EDA-core PAMAM dendrimers shows in

the Table 2.3.

I. CORE I1. INTERIOR II1. SURFACE
Molecular Information Region Branch Cell . (Reactive Terminal
Size, Shape, Directionality Amplification Groups), Template
and Multiplicity Region Polymerization Region

Figure 2.12 Three dimensional projection of dendrimer core-shell architecture
for G = 4.5 poly(amidoamine) (PAMAM) dendrimer with principal architectural

components (I) core, (I1) interior and (111) surface [27].
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Figure 2.13 Mathematical relation between branch cell, core and generation [27]

Table 2.3 Mathematically defined values for surface groups, molecular formulae and

molecular weight as a function of generation for the (EDA core), PAMAM dendrimer

family [35].
Generation Surface Molecular Formula MW Diameter

Groups (nm)

0 4 C11H4gN 1004 517 14

1 8 Ce2H126N26012 1,430 1.9

2 16 Ci42H288N55028 3,256 2.6

3 32 Ca02Hs08N 122060 6,909 3.6

4 64 Co22H1228N2500 124 14,215 4.4

5 128 C1262H2528N5060252 28,826 5.7

6 256 C2542H5088N 10180508 58,048 7.2

7 512 Cs102H10208N204201020 116,493 8.8

8 11024 C10222H20448N4O9002044 2331383 9.8

9 2,048 Ca0462H40928N 818604002 467,162 114

10 4:096 C40942H81888N1637808188 9341720 ~13.0
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2.5 Unique Properties of PAMAM Dendrimers [37]

2.5.1 Nanoscale monodispersity

The PAMAM dendrimers show nanoscale monodispersity properties. The
level of monodispersity is determined by the skill of the synthetic chemist, as well as
the isolation and purification method utilized. In general, convergent methods produce
the most nearly monodisperse dendrimers. The dispersity of some generation shows in

the Figure 2.14.

Figure 2.14 Transmission electron micrographs (TEMs) of Gen5-10 PAMAM
dendrimers. Sample (f) contains three molecules of Gen10 dendrimer for comparison.

Bar length = 50nm [1].
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2.5.2 Nanoscale container and scaffolding properties

Unimolecular container and scaffolding behavior appears to be a periodic
property that is specific to each dendrimer family. These properties are determined by
the size, shape and multiplicity of the construction components that are used for the
core, interior and surface of the dendrimer (Figure 2.15). Within the PAMAM
dendrimer, they show flexible scaffolding in the lower generation (G=0-3),
semiflexible scaffolding (container properties) in G = 4-6 and rigid surface

scaffolding in the higher generation (G > 7).

n ] (I
Flexible Scaffolding Containar Properties Rigid Surface Scaffolding

Z-Z

Distances =10.714 10.71A | 10,254 9.52A 8464 TAZA 5.62A

z z - Z,.f,\
2202 <hobs <G5 (o

Flexible, Open Dendritic

Structures O
Mo interior O
Accessible Interior Inaccessible Interior
e
Amplified Surface Chemistry Fd
hydrophilic amphiphilic photon-absorbing paramagnetic
hydrophoble cationic fluorescent electron-conducting
nuclecphilic anionic chelating catalytic
electrophilic zwitterionic

Figure 2.15 Periodic properties of PAMAM dendrimers as a function of generation

[1, 34].
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2.5.3 Amplification and functionalization of dendrimer surface groups

The various surface presentation of PAMAM dendrimers become congested

and rigid as a function of increasing generation level. The number of surface groups
of dendrimer can calculate from equation Z = N_NS . Dendrimer can be viewed as
versatile, nanosized objects that can be surface functionalized with a lot of chemicals

and application features as shown in Figure 2.16.

Classical (Subnanoscale) Chemistry Nanoscale Chemistry

Electrophilic

Nucleophilic

IgG Antibody

Hydrophilic

b, Al
NH,
®-con
Other Proteins

Hydrophobic

R = Surface

Catalytic Chelating CO,Me
Photon-absorbing Paramagnetic 2
Electron-conducting Fluorescent

Other Dendrimers
Figure 2.16 Options for modifying amine-terminated dendrimers by utilizing classical

subnanoscale and nanoscale reagents [1].

2.5.4. Nanoscale dimensions and shape that mimic protein

Dendritic nanopolymers, especially dendrimers, fulfill many applications in

the biological technology. From the nanoscale dimension of dendrimers, they are

extensive interested in their use as globular protein mimic as shown in Figure 2.17.
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Base on their systematic, size-scaling properties and electroretic and hydrodynamic

behavior, PAMAM dendrimers are referred to as artificial protein. They are used for
site-isolation mimicry of protein, enzyme-like catalyst, as well as other biomimetic

applications, drug delivery, surface engineering and light harvesting.

Variable Region -
Surtace Ares
(=20 = 30A) i

Immunoglebulin

Figure 2.17 Dimensionally scaled comparison of a series of PAMAM dendrimers
(NHs; core; G 4-7) with a variety of proteins, a typical lipid-bilayer membrane and
DNA, indicating the closely matched size and contours of important proteins and

bioassemblies.[38]

2.6 Hyperbranched Polyamidoamine Polymers

Hyperbranched polymers are highly branched macromolecules that are
prepared by a one-step self-polymerization of ABy type multi-functional monomer
(Figure 2.18). Hyperbranched polymers are potentially promising materials due to

their relative ease of preparation compared to dendrimers. It has been shown that most
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of the hyperbranched polymer possess some of the unique properties exhibit dendritic

macromolecules, such as low viscosity, good solubility and multi-functionality [39].

However, unlike dendrimer, hyperbranched polymers exhibit polydispersity and

irregularity in term of branching and structure.

B
8—(
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r o
Initiati
B nitiation /C/<\C /J\
A e o 77
B b
AB, Monomer C\T/ B
|
B\I/,C.Y C.
8., A

Where
A+B—(C

C = Polymeric Linkage

Branch Points

1
Nt

Linear Units

e

B
Terminal Groups

Figure 2.18 Schematic representation of a hyperbranched polymer constructed by the

homopolymerisation of AB, type monomers [40].

Hyperbranched polyamidoamine have been reported by Hobson L.J. and Feast

W.J. [41]. They prepared hyperbranched PAMAM by addition polymerization in the

melt from a series of AB, aminoacrylate hydrochloride monomers using Michael

addition chemistry, where A represents a Michael acceptor and B, a primary aliphatic

amine. This step-growth polymerization process has led to the synthesis of PAMAM

hyperbranched materials (Figure 2.19).
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Figure 2.19 Proposed structure of an AB; polymer hydrochloride salt [41].

Twyman et al. [42] synthesized aromatic hyperbranched PAMAM polymers
by polymerization of aromatic AB> bis-amino acid monomer at 165°C under vacuum (
Figure 2.20).

Twyman and Martin [43] patented the preparation of hyperbranched PAMAM
and used it in biological field. The synthesis of monomer for polymerization in
initiated from a [-alanine core (Figure 2.21). Growth of the PAMAM units is
performed by standard PAMAM synthesis described in Tomalia’s work.

Martello et al. [44] prepared hyperbranched PAMAM by hydrogen —transfer
polyaddition of N,N’-bisacryloylcystamine with ethylenediamine and of N,N’-
bisacryloylpiperazine with cystamine. They used hyperbranched PAMAM containing

disulfide linkages in the main chaun for DNA transfection.
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Figure 2.20 Synthesis of aromatic hyperbranched PAMAM polymers [42].
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Figure 2.21 Synthesis of hyperbranched polyamidoamine (PAMAM) [43].
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Cao et al. [45] synthesized hyperbranched PAMAM from different feed ratio

of diethylene triamine and methyl acrylate. The synthesized products showed
fluorescence properties that were influenced by pH, solvent, concentration and
terminal groups.

Sun et al. [46] prepared hyperbranched PAMAM by reaction between N,N’-
methylenebis-acrylamine and N-aminoethylpiperazine. The products in each step
were precipitated into cold acetone. The final product used to synthesize Ag
nanoparticles.

Dodiuk-Kenig et al. [47] studied a novel adhesion promoters based on
hyperbranched PAMAM. Hyperbranched PAMAM was synthesized base on epoxy-
amine reaction. The process Is based on two quantitative steps: diethoxy-amine
addition and polyamide-epoxy addition. The effect on properties of hyperbranched

PAMAM was studied in epoxy and polyurethane systems.

The surface modification of some materials with polymers may be endowed
with special function, such as photosensitivity, bioactivity, crosslinking ability and
amphiphilic properties. Tsubokawa et al. [18] modified ultrafine silica surface by
grafting of hyperbranched PAMAM. Before the grafting, the silica was introduced
amino groups as an initiator site on the silica surface by treatment of silica with y-
aminopropyltriethoxysilane. And then hyperbranched PAMAM was propagated from
silica surface by repeating two processes: Michael addition and amidation (figure
2.22). The hyperbranched PAMAM grafted ultrafine silica gave a stable dispersion in

solvent.
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Figure 2.22 Theoretical scheme of synthesis of ‘dendrimer-like’ grafted ultrafine

silica [18].

Another works that related to surface grafting of hyperbranched PAMAM onto
the silica surface; Kaneko et al. [48] grafted hyperbranched PAMAM onto a colloidal
silica surface in a solvent-free dry system and in a methanol solvent system. They
found that the terminal amino groups of hyperbranched PAMAM grafted silica to be
effective in curing epoxy resin.

Yoshikawa et al. [49] studied post-grafting of polymer with controlled
molecular weight onto silica surface by termination of living polymer cation with
terminal amino groups of hyperbranched PAMAM grafted ultrafine silica.

Qu et al. [50] functionalized silica-gel with ester- and amino-terminated
hyperbranched PAMAM polymer. And then studied the adsorption and desorption
behaviors of Pd(Il) on functionalized silica gel. Qu et al. [51] also surface
functionalized chitosan with ester- and amino-terminated hyperbranched PAMAM
polymers. The results showed that the functionalized products exhibited better

adsorption capabilities for Au** and Hg?".
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Tsubokawa and Takayama [52] modified the surface of chitosan powder by

grafting of hyperbranched PAMAM onto the surface. It was found that the average
particle size of hyperbranched PAMAM grafted chitosan powder was decreased by
grafting of hyperbranched PAMAM polymers.

Yoza et al. [53, 54] modified baterial and artificial magnetic particles using
hyperbranched PAMAM. The modified products were used to extract DNA from

blood.

Most of the application of hyperbranched polymers is based on the absence of
chain entanglements, the globular shape, and the nature and the large number of
functional groups within a molecule. Modification of the number and type of
functional groups on hyperbranched polymers is essential to control their solubility,
compatibility, reactivity, adhesion to various surfaces, self-assembly, chemical
recognition, and electrochemical and luminescence properties. The large number of
functional groups allows for the tailoring of their thermal, rheological and solution
properties and thus provides a powerful tool to design hyperbranched polymers for a
wide variety of application (Figure 2.23). Some companies already produce

commercially available hyperbranched polymer ona large scale (Figure 2.24) [55].



31

paper coatings personal care products
oil field chemicals . . I
uel additives g processing aid controlled release agant
textile chemical —_o photosensitive materials "% o« moisture ﬂatenrion
exile cnemicals - a molacular imprinring l-.'l-'::| In cosmencs
performance additives ) g0 nsor materials o .0 Sdental composites
HO o I S [
for flexible wo. 0 1P +a o o 08, o o
polyurethane foam iy P [, detergents o 2.0 ;._Ux_ nl.’[l._, on plastics additives
He MO0 g "5
additives and resins for ., .o 1 . 0, _om M catalysis, micelles
ferb icati IS g - D4y G L
waterborne applications wl o’ 9307 3L , 9 9™ dye transfer inhibitor
oy A Y@ ‘l'-'"fo-'xﬁ.c- T ou
oligomer precursors = - ; [ L entrainers, extraction solvants
fﬂ‘l’ U'-"-cunfﬂg Q v D--:D e 43 P 0 '
prﬂcaubns L .{\ lu ] &b A " o P. o glﬂbulﬂr templatﬁ‘s
- Wt
adhesives " 9y fogon ] membranas
{rheology, adhesion, dying, AT 2 _hydrogel components for
compatibilization) q o Totissue-growth active hydrogels
o, g g og
dispersion agent — - 3

I~

=

. ; B on (d)emulsifier
o MO ¥ s
rheology modifier

= ~, o lubricant
° ol 4 oy Wetting agent
elastomer crossiinkers ne | oygy (anti)foam agent

anchar for catalysts, proteins ete,

Figure 2.23 Applications of hyperbranched polymers discussed in literature. Bold

italic: commercial applications of hyperbranched polymers [55].

mgchfﬁ A’aﬂ“ Hﬂ\'&f g

o
Hybrane® /_éﬂ
Poly(estar amides) o m}—\w
DSM (8
Mo | (o o o Polyglycerot®
Aliphatic Polyethers
HO ol o oM L
ji 'i) Hy o, o"Te . hyperoolymers il grobih
o
& Sal AT g f{) NHs
NH
u!g_n ol 1 al SR
59 o & 2 N~""I" Polymin®
"'U%,nv}? Hn%ﬁj ® L ;5_. HN._~nN Paoly(ethyle imines)
9 c:'ﬁL“n o Vg . Boltom® '\] [ - BASF
L.,_(_) Aliphatic Polyesters 1) The Charvic Comparsy
[Z] Perstor N Hy
CO0H P H;H'Jr' HN-—/_—H

Figure 2.24 Commercially available hyperbranched polymers [55].
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2.7 Application of Dendritic Polymers in Related Textiles

Dendrimers have attracted much interest for their symmetry, high degree of
branching and high density of terminal functional groups. Many of the dendrimer’s
chemical and physical properties, such as aggregation, reactivity, stability and
solubility, are closely related to the nature of the end groups. So that it is possible to
tailor the properties of dendrimers by appropriate chemical modification of the end
groups. One of the features of dendrimers is the regular and highly branched structure.
The highly branched molecules should be able to act as a host for the entrapment of

guest molecules [56-59].

Baars et al. [60] modified the poly(propylene imine) dendrimers with apolar
end groups, such as linear alkyl chains and adamantine, to extract the anionic dyes

from the water to solvents. The extraction model of this research shows in Figure

2.25.
g
\x___._r/
dendrimer extraction
in toluene
————
P-H_________,../
acid dye
in water
\‘.H_____’___r,.,/ —

Figure 2.25 Extraction of an anionic dyes from aqueous solution by an alkyl

modified poly(propylene imine) dendrimer in toluene [61].
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Yiyun and Jiepin [62] studied the effect of PAMAM dendrimers in

decolorizing of triarylmethane dye in wastewater. PAMAM dendrimer acted as
flocculant due to it contains high density of amino groups. The PAMAM dendrimers
could be used several times and still maintain high decolorization activity. It is
possible to decolorize high concentration of dyes with low concentrations of PAMAM
dendrimers.

Ahmed et al. [9] prepared a chromophore-bearing dendrimer by reaction of 2™
generation of PAMAM dendrimer with 4-acetamidobenzene sulphonyl chloride. The
synthetic scheme shows in Figure 2.26. The product was an orange color in the solid

state and exhibited good solubility in water at alkaline pH, giving deep red solution.

c HH H
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Figure 2.26 Synthetic scheme for preparation of Gen2-Orange [9].

The other chromophore bearing dendrimer was introduced by Stephan et al.
[63]. They synthesized Methyl orange bearing poly(propyleneamine) dendrimers. It

showed an unique phase-transfer behavior with respect to pH changes and offer a new
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approach for controlled inclusion and release of anionic substrates. Hyperbranched

polymers were also applied in dyeing of hydrophobic fiber, such as poly(propylene)
which cannot be dyed in the conventional dyeing methods. Burkinshaw et al. [64]
incorporated hyperbranched polymers into poly(propylene) prior to fiber spinning
markedly enhanced the dyeability of polypropylene fiber with disperse dye. It showed
very good washing fastness. The model of this dyeing mechanism shows in Figure

2.27.

® =]
dye o..'

bath s le , )
disperse dyes migrate
towards dendrimer

W

dendrimer
with alkyl end groups

Figure 2.27 Dyeing of poly(propylene) fibers. The fiber contains alkyl modified
dendrimers or hyperbranched polymers, which extract the dyes out of the dye bath

[61].

Zhang et al. [65] synthesized amino-terminated hyperbranched polymers and
applied in reactive dyeing on cotton fabric as a salt-free dyeing auxiliary. A water-
soluble amino-terminated hyperbranched polymers was synthesized from methyl
acrylate and diethylene triamine by melt condensation. The cotton fabric treated with
an aqueous solution of the amino-terminated hyperbranched polymers in the presence
of citric acid and sodium hypophosphite. It exhibited high color strength, good

washing and rubbing fastnesses and good leveling properties.
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Burkinshaw et al. [66] treated dendrimer (derivative of Amsdecanamideg) on

the cotton fabric to modify the dyeing behavior of reactive on cotton. The reactive
dyeing had been carried out in the absence of electrolyte and alkaline. It displayed

markedly enhanced color strength.



3.1 Materials and Chemicals

Table 3.1 Chemicals used in this study

CHAPTER Il

EXPERIMENTAL

Chemicals Grade Suppliers
Fumed silica (AEROSIL 200) Commercial JJ Degussa (Thailand)
Methyl acrylate (MA) Analytical Fluka
Ethylene diamine (EDA) Analytical Fluka
3-Aminopropyltriethoxysiliane Analytical Fluka
(APTES)
Dicyandiamide Commercial JJ Degussa (Thailand)
Phosphorus acid Analytical Aldrich
Formaldehyde Analytical BDH
Hydrochloric acid Laboratory J.T.Baker
Urea Laboratory Unilab
Toluene Commercial TSL Chemical (Thailand)
Methanol Commercial TSL Chemical (Thailand)
Standard soap Laboratory AATCC




Table 3.2 Materials used in this study
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Materials

Suppliers

Dyed single jersey knitted cotton fabric,

weight of fabric = 258 g/m?

Nanyang Textile Co., LTD

Dialysis membrane

Membrane Filtration Products, Inc.

3.2 Equipments

1. Fourier transform infrared spectrophotometer (FTIR): Nicolet Impact 400D

2. Thermal gravimetric analyzer (TGA): Mettler Toledo STARe System

DCS822e Module

3. Scanning electron microscope (SEM): JEOL Model JSM-5410LV, Japan.

4. Stenter oven (Rapid): Labortex Co.,Ltd. Taiwan

5. Padding machine (Labtec): Newave Lab Equipments Co.,Ltd. Taiwan.

6. Automatic flammability tester : Shirley M233B, England.

7 .Proton nuclear magnetic resonance spectrometer. ("H NMR): Bruker

DPX-300, Germany

8. Particle size analyzer: Mastersizer 2000, Malvern Instruments, United

Kingdom.

9. Washing tester (Gyrowash): James H Heal Co.,Ltd. England

10. Bursting strength tester: SDL 229B, P1000 Bursting strength tester,

Shirley, England.
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3.3 Synthesis of Hyperbranched PAMAM Dendrimers

The synthesis of hyperbranched PAMAM was carried out by divergent
method which involved in situ branch-cell construction in stepwise. The method
consists of two step reactions: a) Michael addition of primary amine with MA and b)
amidation of amplified ester groups with EDA. Hyperbranched PAMAM were

synthesized as follows;

PAMAM G-0.5

A solution of EDA (50 g, 0.83 mole) in methanol (200 ml) was added
dropwise to a stirred solution of MA (350 g, 4.08 mole) in methanol (200 ml) at 0°c
over a period of 2 hours. The mixture temperature was allowed to rise to room
temperature and the mixture was continuously stirred for 48 hours. The solvent was

removed using a rotary evaporator under reduced pressure at 50°C.

PAMAM GO0.0

A solution of G-0.5 PAMAM (50 g) in methanol (100 ml) was carefully added
to a vigorously-stirred-solution of EDA (418 ml) in- methanol (300 ml) at 0°C. The
rate of addition was carefully controlled to assure that the temperature did not rise
over the room temperature. After completion of addition, the mixture was stirred for
72 hours at room temperature. The solvent and unreacted EDA were removed under
reduced pressure at the temperature not higher than 50°C. The excess EDA was

removed at azeotropic temperature using toluene to methanol mixture (9:1).
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PAMAM GO0.5

A solution of G0.0 PAMAM (50 g) in methanol (150 ml) was added to a
stirred solution of MA (90 g) in methanol (100 ml) at 0°C. The mixture was stirred at
room temperature for 48 hours. The solvent and unreacted MA were removed in

similar manner to previous procedure.

PAMAM G1.0

A solution of G0.5 PAMAM (120 g) in methanol (100 ml) was added to a
vigorously stirred solution of EDA (642 ml) in methanol (200 ml) at 0°C. The mixture
was stirred for 96 hours at room temperature. After the reaction, the solvent and

unreacted EDA were removed in similar manner to previous procedure.

PAMAM G1.5

A solution of G1.0 PAMAM (200 g) in methanol (200 ml) was added to a
stirred solution of MA (217 g) in methanol (200 ml) at 0°C. The mixture was stirred at
room temperature for 48 hours. And then, the solvent and unreacted MA were

removed in similar manner to previous procedure.

PAMAM G2.0

A solution of G1.5 PAMAM (200 g) in methanol (200 ml) was added to a
vigorously. stirred solution of EDA (1192-ml).in_methanol .(500.ml). at 0°C. The
mixture was stirred for 96 hours at room temperature. After the reaction, the solvent

and unreacted EDA were removed.

PAMAM G2.5
A solution of G2.0 PAMAM (230 g) in methanol (200 ml) was added to a

stirred solution of MA (260 g) in methanol (500 ml) at 0°C. The mixture was stirred at
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room temperature for 48 hours. And then, the solvent and unreacted MA were

removed.

PAMAM G3.0

A solution of G2.5 PAMAM (4400 g) in methanol (300 ml) was added to a
vigorously stirred solution of EDA (2000 ml) in methanol (300 ml) at 0°C. The
mixture was stirred for 96 hours at room temperature. After the reaction, the solvent

and unreacted EDA were removed.

3.4 Incorporation of Amino Groups onto Ultrafine Silica Particle

The attachment of amino groups onto the silica surface was performed by the
condensation reaction between surface silanol groups and 3-aminopropyl-
triethoxysilane. Into a 600 ml flash, 15.0 g of silica and 500 ml of 10% v/v toluene
solution of 3-aminopropyltriethoxysilane were charged, and the mixture was stirred
for 30 minutes with a magnetic stirrer. Then 50 ml of methanol:water (2:1 volume
ratio) was added to the mixture and stirred for 72 hours. After the reaction, the
mixture was filtrated and extracted with toluene for 24 hours using Soxhlet extractor.
The APTES treated silica was dried in oven at 60°C for 24 hours and stored in

autodehumidity desiccator.

3.5 Grafting of Polyamidoamine Hyperbranched Polymer from Silica Surface

Michael addition was carried out as follows; Into a 1,000 ml flask that

containing 20.0 g APTES treated silica and 600 ml of methanol, then methyl acrylate

(10 times of amino content) in methanol was dropwise added. The mixture was stirred
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at room temperature for 48 hours. The methanol and unreacted methyl acrylate were

evaporated by reduced pressure evaporator.

The amidation of terminal ester groups from Michael addition step was carried
out as follows: Into 1000 ml round bottom flask that containing ester terminated silica
from Michael addition step, and 500 ml of methanol. A solution of 45 ml of EDA in
100 ml of methanol was carefully added to a vigorously stirred solution of ester
terminated silica in methanol. The mixture was stirred at room temperature for 72
hours. The solvent and unreacted EDA were removed under reduced pressure
maintaining the temperature no higher than 40°C.

The propagation for second and third generation was carried out by the
repeating of two step reactions, Michael addition and amidation. The second
generation was as follows: the product obtained from the above reactions was reacted
with MA (2 times of MA used from the above reaction) in 100 ml of methanol. The
mixture was stirred at room temperature for 48 hours, and then evaporated the solvent
and unreacted MA. After that, the resulting silica was reacted with EDA (2 times of
EDA used from the above reaction) in 100 ml of methanol. After 72 hours, the solvent
and unreacted EDA were removed. The third generation was followed the second
generation preparation. It was carried out by using 2 times of MA and EDA employed

in second generation.

3.6 Determination of Amino Group Content on PAMAM Grafted Silica

The amino group content of PAMAM grafted silica were determined by

titration technique. Into 125 ml flask, 0.1000 g of treated silica and 25 ml of 0.01 M

hydrochloric acid aqueous solution were charged. The mixture was stirred at room
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temperature for 2 hours. And then, the mixture was filtrated and titrated with

standardized aqueous solution of sodium hydroxide by using phenolphthalein as an

indicator.

3.7 Determination of Percent Grafting

The weight of PAMAM qgrafted onto the silica surface was determined by
weight loss measurement. PAMAM grafted silica was burnt out at 800°C using TGA
(Mettler Toledo STARe System DCS822e Module). The percentage of grafting was
calculated from the difference between percentage of determined original weight of

PAMAM grafted silica sample and the percent residual silica.

3.8 Phosphorylation of PAMAM and PAMAM Grafted Silica

PAMAM or PAMAM grafted silica (0.2 mole) and crystalline phosphorous
acid (0.4 mole) were dissolved in 200 ml of water and concentrated hydrochloric acid
(0.6 mole). The mixture was heated to reflux in a three-necked flask fitted with
thermometer, condenser and dropping funnel. In the course of ca 1 hour, 40% aqueous
formaldehyde solution (0.8 mole) was added dropwise, and the reaction was kept at
the reflux temperature for an additional hour. The water was evaporated at low
temperature using the rotary evaporator. The concentrated solution was neutralized
with concentrated ammonium solution. And then, the concentrated solution was
precipitated in methanol. The general mechanism of this reaction (Mannich type

reaction) is given in Figure 3.1.
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Figure 3.1 The general mechanism of Mannich type reaction.

3.9 Fixation of Phosphorylated Hyperbranched PAMAM Grafted Silica on

Knitted Cotton Fabric

Knitted cotton fabrics were treated with a solution containing 30 % (w/w)
phosphorylated hyperbranched PAMAM grafted silica and 20 g/l dicyandiamide as a
activating agent and 300 g/l of urea. The application was performed using a pad
mangle set a pressure nip at 80 percent wet pick up. The padded fabric was dried at
100 °C for 5 min and cured at 170 °C for 3 min to allow the covalent reaction, leading
to phosphonated cellulose produced. The treated fabric was washed-off according to

1ISO105 CO01 for 1 cycle to remove unfixed agents.
3.10 Bursting Strength Test [67,68]

The strength of knitted cotton fabric was-determined by P1000 Bursting
strength tester, SDL 229B. The preconditioning of the sample fabric must take place
before testing. The testing was conducted according to ASTM D3786 - 01 Standard
Test Method for Bursting Strength of Textile Fabrics - Diaphragm Bursting Strength
Tester Method. The conditioned specimen was clamped in the position and the
pressure was applied. Immediately after the fabric burst occurred, the burst pressure

as recorded. In the rapid succession, the clamping pressure was released and the fabric
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was removed. The machine button on the main control panel was then pressed in

order to record the Diaphragm correction factor. The corrected mean bursting pressure

was calculated using the following equation.

Bursting pressure = Mean bursting pressure — Diaphragm correction factor

3.11 Flammability Test [69]

The flammability test of cotton fabric was investigated according to BS EN
ISO 6940:1995 (Textile fabrics-Burning behaviour-Determination of ease of ignition
of vertically oriented specimens). The specimens were cut to be 200 mm x 80 mm and
placed on the template. For the surface ignition, the position of the burner was
perpendicular to the surface of the specimen. And then, the flame was applied to the

specimen for 5 seconds and the burning behaviour was observed.

3.12 Characterizations

3.12.1 FTIR Spectroscopy

The functional groups of the samples were characterized by Nicolet FTIR
spectrophotometer (Nicolet Impact 400D). PAMAM dendrimers, hyperbranched
PAMAM grafted silica and their surface functionalized products were coated on
KBr disc. The spectra were taken at 32 scans, resolution of 4 cm™ and in frequency
range of 4000-400 cm™. In the case of virgin silica and silane functionalized silica, they

were mixed with KBr powder and compressed into KBr pellet before characterization.
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3.12.2 *H and **C NMR Spectroscopy

The samples were dissolved in deuterated chloroform containing 1%
tetramethylsilane (TMS), which was used as an internal reference. The ‘H and *C

NMR spectra of the samples were recorded on Bruker DPX-300 spectrometer.

3.12.3 Scanning Electron Microscopy

Morphology of hyperbranched PAMAM grafted silica was determined by
scanning electron microscope (SEM; Model JSM-5410LV, JEOL). It was operated at
15 kV to image the samples. The surface of sample was sputter-coated with a thin

layer of gold before scanning.

3.12.4 Thermogravimetric Analysis

Thermogravimetric analysis (TGA) was performed using Mettler Toledo
STARe System DCS822e Module. The samples were heated from 40°C to 800°C
under oxygen atmosphere at a heating rate of 10°C/min. Before the experiment, the

samples were dried in an oven at 60°C for at least 12 hours.

3.12.5 Particles Size Analysis

The particle size distribution was measured on Mastersizer 2000 using laser
light scattering technique. The samples were dispersed in methanol for 24 hours
before measurement. They were added dropwise to the sample area containing
distilled water as dispersant. The particle size distribution was analyzed by particle

sizing program.



CHAPTER IV

RESULTS AND DISCUSSION
4.1 Synthesis of Polyamidoamine (PAMAM) Dendrimers

The synthesis route of PAMAM dendrimer was carried out based on the
previous report [35]. It consists of consecutively repeating two reactions; Michael
addition to produce ester terminated products and amidation of the ester terminal
group with large excess of ethylenediamine to produce amine terminated PAMAM.

The theoretical reaction of this synthesis is shown in the Figure 4.1.

NH,
HoN A NHe 4<ﬂ /—>; HN
I\/(l)eOH MeOH

250C, 24 h MeO $ 7 OMe 250C, 96 h

>

H,N

\_\ 0
HN@ Q

N /_>;NH Higher generatio_ns of

KN > PAMAM Dendrimers

HN‘\(_/ Repeat Michael addition

/_/ (0] WNH

and Amidation steps

G=00 NH;

Figure 4.1 Theoretical synthesis of PAMAM dendrimers

The synthesized products of each generation were characterized by FTIR, H-
NMR and *C-NMR analysis. The FTIR spectra of each generation are shown in
Figure 4.2. In Michael addition steps, (product G-0.5, G0.5, G1.5 and G2.5) the strong

absorption band around 1740 cm™ is observed which indicates the methyl ester
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groups. From the spectra of G0.0, G1.0, G2.0 and G3.0 PAMAM dendrimers obtained

from amidation steps, the peak representing methyl ester band disappears. New
absorption band around 3290-3370 cm™ shows up strongly, particularly in generation
G3.0. This peak is assigned to the NH band. The other peaks at 1639 cm™ and 1558
cm™ are noticed, indicating the characteristics of C=0 stretching and N-H bending,
respectively. In addition, the absorption bands at 3293 cm™ and 3364 cm™ are N-H

antisymmetric stretching and symmetric stretching of N-H primary amine.
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Figure 4.2 FTIR spectra of polyamidoamine dendrimers

The *H-NMR spectrum of ester terminated PAMAM dendrimer is shown in
Figure 4.2. The chemical shift of methyl ester terminated group (CHs-O-) is found at

~3.54 ppm. The methylene proton (-CH,CH,-) appears at the region of 2.22-2.42 ppm
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and the methylene proton of methylene groups linked to nitrogen atom (-CH,-N-)

appears at around 2.61-2.78 ppm. The proton of amide groups (-CO-NH-) exhibits the

signals around 7.46-7.75 ppm [35].
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Figure 4.3 'H-NMR spectrum of G2.5 PAMAM dendrimer.

The *C-NMR spectrum of G2.5 PAMAM dendrimers shows in Figure 4.4,

the carbon of carbonyl ester and amide groups appear at 172-173 ppm.
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Figure 4.4 *C-NMR spectrum of G2.5 PAMAM dendrimers.

The *H-NMR spectrum of amine terminated PAMAM dendrimers is shown in
Figure 4.5. The signals indicating the presence of amide groups (-CO-NH-), the
methylene groups adjacent to amide group (-CO-NH-CH,-), amine groups (-NH;) and
methylene groups adjacent to.amine group (-CH2-NHy) are found at 7.7-7.8 ppm, 3.10
ppm, 2.47 ppm, and 2.26 ppm, respectively. The **C-NMR spectrum shown in Figure
4.6 illustrates the chemical shift of carbon atom of amide (-CO-NH-) at 172-173 ppm,
carbon atom of methylene adjacent to amide group (-CONH-CH-) at 49-52 ppm and
carbon atom of methylene adjacent to amine (-CH,CH,-N-CH,CH,-) at the region of

33-46 ppm [35].
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Figure 4.5 *H-NMR spectrum of G3.0 PAMAM dendrimers.
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Figure 4.6 *C-NMR spectrum of G3.0 PAMAM dendrimers.
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4.2 Introduction of Amino Groups onto the Silica Surface

The surface functionalization of silica particles was carried out by the
condensation reaction of silica silanol group with 3-aminopropyltriethoxysilane
(APTES), resulting in silica particle containing amino groups on the surface which
acted as the initiator sites for PAMAM grafting. There are several treatment methods
concerning APTES grafting onto silica surface including graftings in acid-aqueous
solution and in anhydrous solution. In this study, the condensation reaction was base-
catalyzed and APTES amine groups were self-catalyzed component. The mechanism
involved the hydrolysis of APTES triethoxy groups by water, generating silanol
groups. Then condensation reaction between APTES silanol group and silica silanol
group took place on silica surface as shown in Figure 4.7. Self condensation of
APTES also occurred, resulting in undesirable products. The amount of water
present in the system significantly influenced the hydrolysis reaction of triethoxy

groups which then determined the condensation reaction on silica surface [70].

OCyHs OH
H2NCH2CHZCH2—?i—OC2H5 + H0 —> HZNCHZCHZCHZ—%i—OH + C2HsOH (@)
OC,Hs OH
OH OH OH
2H2NCHZCH2CH2—éi—OH — HzNCHZCHZCHz—éi—O—éi—CHZCHZCHzNHg + H0 (b)
OH OH  OH
OH OH
HZNCHZCHZCHQ—%i—OH + HO—) — H2NCH2CHZCH2—%i—O—O + H0  (C)
OH OH

Figure 4.7 Chemical equation of hydrolysis reaction from alkoxysilane (a) and self

condensation reaction (b) or (c) condensation reaction between APTES and silica.
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The rate of hydrolysis and condensation reaction was controlled by using a

mixture of water and methanol. In this study, the methanol to water volume ratios of
4: 1 and 2: 1 were used. The measured amino contents on silica plotted against
reaction times are shown in Figure 4.8. As can be seen, the amino group content
increases with an increase in the amount of water and reaction time. Water was
consumed to convert APTES triethoxy groups to silanol groups (hydrolysis reaction).
The amount of water, hence, determined the rate of hydrolysis. Consequently, the
more silanol groups produced the higher the rate of subsequent silanol condensation
reaction. In this work, amino-functionalized silica for PAMAM grafting was prepared
as follows: a 2:1 ratio of methanol to water was used and the surface functionalization

of silica particles was allowed to occur for three days.

—m— MeOH:H,0 (4:1 volume ratio)
—A— MeOH:H,0 (2:1 volume ratio)

Amino group content (mmol/g)

Reaction time (day)
Figure 4.8 Amino group content measured on APTES treated silica versus reaction

time
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As a result of silanization reaction, the amino functionalized silica was

produced. An FTIR analysis was further employed to provide the evidence of the

attachment of APTES on silica.
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gsilica |
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——= Silica !
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Figure 4.9 FTIR spectra of silica, APTES and APTES grafted silica

Figure 4.9 compares FTIR spectra between APTES grafted silica, virgin silica
and APTES. Silica which is-an-inorganic substance in nature exhibits the strong
absorption band of siloxane (Si-O-Si) bonding at ~1,200 cm™ and the silanol OH band
in the range of 3,200 ~3,400 cm™. When considering the APTES silica, organo-
functionalized silica, its spectrum exhibits new absorption frequencies at 2932 cm™
and 1640 cm™. These bands are associated to C-H stretching and primary amine

(-NH,) stretching absorptions, respectively.  Also, these bands are found
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corresponding with the absorption characteristics of APTES spectrum. These results

indicate that APTES is incorporated into silica particles. The silica surface
modification is further confirmed by change observed in spectrum pattern in the
region of silanol OH band (3200 — 3400 cm™) due to new inter-hydrogen bonding

interaction among amino silica particles.

4.3 Grafting of Hyperbranched PAMAM from Silica Surface

After the introduction of primary amine functional groups was successful and
yielded amino initiating sites, grafting of hyperbranched PAMAM onto the surface of
amino-functionalized silica was carried out by repeating two reactions, Michael
addition and amidation which were used in the same manner as in the synthesis of
PAMAM dendrimers. A removal of excessive MA and EDA in each reaction step was
necessarily performed during grafting reaction. In Michael addition step, excessive
amount of MA was easily removed from the reaction product by reduced pressure
evaporator due to its low boiling temperature. On the other hand, excessive amount of
EDA left in the amidation step was hardly removed by a typical rotary evaporator. In
this work, EDA was therefore separated from the reaction product using dialysis
membrane. The purified products were analyzed by FTIR analysis which is a useful
tool for monitoring Michael addition and amidation reaction. FTIR results are shown
in Figure 4.10. In Michael addition step, the terminal methyl ester group of GO.5,
G1.5 and G2.5 products shows a strong and distinguishable band at 1740 cm™.  This
peak completely disappears from the spectra of G1.0 and G2.0 as a result of the
amidation reaction.  In this step, the terminal amine group was obtained which

corresponds to the appearance of the strong absorption intensity of the N-H band in
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the region of 3000 - 3350 cm™. Its absorption intensity remarkably increases with an

increase in PAMAM generation, reflecting that the number of terminal amine groups
also significantly increases. When considering G3.0 hyperbranched PAMAM grafted
silica, the absorption peaks at 1649 cm™ and 1568 cm™ are found, indicating the
characteristics of C=0 stretching and N-H bending. In addition, the absorption peaks
at 3281 cm™ and 3086 cm™ are correspondent to N-H antisymmetric stretching and N-
H symmetric stretching of primary amine, respectively. In accordance, the C-H band
at 2900 cm™ which shows up strongly in the spectra of G0.5 and G1.5 becomes less
dominant due to suppressing influence by the surrounding N-H band. The theoretical

reaction scheme is shown in Figure 4.11.

Figure 4.10 FTIR spectra of G0.5 - G 3.0 PAMAM grafted silicas

Proton NMR analysis was also performed. The *H NMR spectrum of ester

terminated PAMAM grafted silica is shown in Figure 4.12. The signal which indicates
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the presence of terminal methyl ester group (CH3-O-) appears at ~3.8 ppm. When

comparing with the *H NMR spectrum of free amine terminated PAMAM grafted
silica shown in Figure 4.13 it is seen that the signal of methyl proton completely
disappears due to the amidation reaction. Again, the signal peak at ~3.8 ppm shows
up strongly in the NMR spectrum of G2.5 hyperbranched PAMAM grafted silica (not
present). The results obtained from FT-IR and *H NMR lead to a conclusion that

grafting of PAMAM polymer onto silica particle was successful.

0
o QH CH,CH;-C—OCH
APTES I MA, MeOH [ Pl AdR) 3

O—0H = (O—0—Si—CsHg-NH, ———> (O—0—S5i—C3Hs"N_
o Michael addition  Op CHyCH,~C—OCHS

;

EDA, MeOH| Amidation

I
Repeating of, Repeating of ?H _CHCHy=C—NHCH,CH,NH;
G300 «—— | G20 =———— O—Si—C3Hg—N
Michael addition Michael addition OH CHZCH2—|C|2—NHCH2CH2NH2

and Amidation and Amidation

Figure 4.11 Theoretical synthesis of PAMAM grafted silica
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Figure 4.13 *H NMR spectrum of G2.0 hyperbranched PAMAM grafted silicas.
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TGA thermograms of hyperbranched PAMAM grafted silicas from GO0.5 to

G3.0 are shown in Figure 4.14.

100 gsilicag05
_— gsilicagl10
— — — —  gsilicagl5
e N\ silicag20
60 . | ~. ~ | __ gsilicagzs
.\ N ~_ | gsilicag30
\.
60 - \. K AL =
< \ . \\\ —_——— — —
| \~. \\\
\ N —
40 - N N
\ o N\
\. \ \\\: ____
20 \ N
'\.\ ........... .\.
0 l T '
200 400 600

Temperature (OC)

Figure 4.14 TGA thermograms of G0.5 — G3.0 hyperbranched PAMAM grafted

silicas.

From the thermogram curves, percent graftings were calculated and their
results are also given in Figure 4.15. As seen, percent grafting increases when
PAMAM generation grows as a result of PAMAM propagation from the silica surface
amine groups. For example, percent grafting obtained from G1.0, G2.0, and G3.0 are
41.20%, 76.05%, and 91.33%, respectively. As observed, percent grafting trend
exponentially increases due to the characteristics of PAMAM synthesis.

group contents were expected to increase in a similar manner to percent grafting.

The amino

Also from Figure 4.15, the amino group contents of G1.0, G2.0, and G3.0 are 14.62,

23.26, and 60.21 mmol/g of silica, respectively. However, the measured amounts are
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much lower than the theoretical value (Table 4.1). Based on the reaction chemistry,

there were two main reasons why the theoretical value was hardly to achieve. One
was the effect of steric hindrance arising from congestion of end groups; the higher
the reaction step the more the congestion effect. As a result, the propagation of
PAMAM branches was blocked. The second drawback suppressing an increase in
amino content occurred in the amidation step; the side reaction of one EDA with two
molecule ester groups to form intra- and inter-group crosslink products as shown in

Figure 4.16, decreased the amount of ester groups available for the next step reaction

[17].
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Figure 4.15 Percent grafting of PAMAM on silica surface and amino group content
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Table 4.1 Amino groups content on silica particles

Amino group content

Generation (mmol/g of silica)
Found Theoretical
0.0 5.46 -
1.0 14.62 30.55
2.0 23.26 53.35
3.0 60.21 416.00
Il
OH _CHyCHy~C—NHCH,
O—O—?i—C3H6—N\ Intragroup crosslinking
CH,CH,—C—NHCH
OH - 2 T 2
0]
I OH
HNH,CH,CHN—C—CH,CHa, |
oH T N—HsCs—Si—0—()
| _CHyCHy~C—NHCH;CH;NH—C—CH,CH;” o
(O—0—Si—C3Hs—N_ J
éH CHZCHz—ﬁ—NHCHZCHzNHZ

Intergroup crosslinking

Figure 4.16 Intra- and inter group reaction of terminal amine group and terminal ester

group of hyperbranched PAMAM grafted silica.
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4.4 SEM Analysis and Particle Size Analysis

By nature, the as-received fumed silica nanoparticles powder aggregated and
formed micron-sized nanoclusters. Typically, physical interaction among
nanoparticles is too strong to separate them by mechanical agitation means into
individual particles due to its large surface area characteristic. In this study, the effect
of hyperbranched PAMAM dendrimer grafted onto silica surface on particle
disaggregation and its stability was examined using SEM and particle size analysis.
SEM images are shown in Figure 4.17. As found in SEM, as-received fumed silica
particles are tightly packed and adhered together in agglomerate form. It is
understandable that physical force such as hydrogen bonding is solely responsible for
particle aggregation. After grafting, changes in particle distribution behavior as well
as the agglomerate size were observed and the results are also shown in Figure 4.18.
The results indicate that hyperbranched PAMAM grafting onto silica has been proven
to be successful in dispersing particle agglomeration. This achievement was due to
the steric role of grafted hyperbranched PAMAM. In addition, as observed in SEM
images, the grafted hyperbranched PAMAM resulted in reducing the agglomerate
size. The particle size of sample was further measured with laser light scattering.
Figure 4.18 shows the particle size distribution-comparison between as-received
fumed silica, G0.5, G1.5 and G2.5 hyperbranched PAMAM graft silicas. In this
experiment, G1.0, G2.0 and G3.0 hyperbranched PAMAM graft silicas were
excluded due to the fact that the attractive force among agglomerates is pH dependent.
In case of free amino terminated silicas, pH value was higher than pH 10. Therefore,
the silica silanol groups started becoming deprotonated and repulsive force took effect

on particle size measurement. In case of ester terminated PAMAM grafted silicas,
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their pH values were mildly basic (pH <9). As can be seen, the particle sizes before

treatment are in an average size of ~100 microns. The average size of G0.5 PAMAM
silica particles decreases to ~10 microns and then after PAMAM propagation

reaching G2.5 the particle sizes decrease to ~100 nanometers.

Figure 4.17 SEM images of (a) silica, (b) G0.5 PAMAM grafted silica and (c) G1.0

PAMAM grafted silica.
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Figure 4.18 Particle size distribution of (a) virgin silica, (b) G0.5grafted silica, (c)

G1.5 PAMAM grafted silica and (d) G2.5 PAMAM grafted silica.
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4.5 Phosphorylation of Hyperbranched PAMAM Grafted Silica and G3.0

PAMAM Dendrimers

Functionalization of terminal amine groups was carried out in order to
introduce special properties into hyperbranched PAMAM grafted silica. In this study,
terminal amine groups were functionalized into phosphonic groups which are known
to play powerful chelating performance and flame retardancy. Incorporation of
phosphonic acid groups into PAMAM branch ends was easily achieved. The
straightforward method is the Mannich type reaction of phosphorous acid with
formaldehyde and primary amine compounds. The reaction proceeds well at low pH,
such as in the presence of ca. 2-3 moles of concentrated hydrochloric acid per mole of
an amine. The general mechanism of Mannich type reaction of an amine,

formaldehyde and phosphorous acid is given in Figure 4.19.

RynNHp + nCH20 + nHPONOH)——= RypN[CHAP(OXOH)ln + nH20

L . _—
NIl + HCHO —= N=CH,
7 T

{ on N 9 on

N=CH, + H—P]~ ——» “N—CH~P{
OH 1 OH

Figure 4.19 Mannich reaction involving an amine, formaldehyde and

phosphorous acid.

In this experiment, the introduction of phosphonic acid groups into
hyperbranched PAMAM grafted silica and G3.0 PAMAM dendrimers was carried

out. The theoretical structure of phosphonic acids functionalized PAMAM grafted
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silica is proposed in Figure 4.20. The reaction products were characterized using

FTIR analysis and FTIR spectra are shown in Figure 4.21 and Figure 4.22. When
considering the spectrum of the phosphonic acid functionalized PAMAM grafted
silica and G3.0 PAMAM dendrimers, new peaks are observed, indicating change
occurring in the structure of hyperbranched PAPAM grafted silica and G3.0 PAMAM
dendrimers.  The presence of  phosphonic acid moiety of phosphorylated
hyperbranched PAMAM qgrafted silica is correspondent to the absorption bands at
1182 cm™, 1078 cm™ , 923 cm™ which are the characteristic peaks of (P=0), (P-OH)
and (P-O) groups, respectively [71-74]. And the presence of phosphonic acid groups
of phosphorylated G3.0 PAMAM dendrimers is shown in Figure 4.22 that shows the
absorption bands at 1159 cm™ (P=0), 1058 cm™ (P-OH) and 924 cm™ (P-O). The
absorption band at 1401 cm™ confirms the phosphorylation of ~NH, groups [75]. A
very broad band extending from 3,600 cm™ to as low as 2,500 cm™ is also observed,
attributing to the absorption characteristic of the phosphonic acid hydroxyl group
(OH). It is noticed that N-H stretching band at 3500 cm™ in hyperbranched
PAMAM grafted silica markedly decreases, reflecting its consumption by Mannich
reaction. Proton NMR analysis was also performed. In the *H NMR spectrum of
phosphonic acids functionalized PAMAM grafted silica in Figure 4.23, signals
indicate the presence of C(1)-H; and C(2)-H, groups and a methylene group adjacent
to phosphorous nucleus are found at 3.6 and 3.7 ppm, respectively. FTIR and 'H
NMR results provide convincing evidence that phosphonic acid groups successfully
replaced hyperbranched PAMAM grafted silica amine groups, leading to

hyperbranched dendrimer grafted silica with new functionalities.
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Phosphorylated PAMAM grafted silica

Figure 4.20 Theoretical structure of phosphonic acid functionalized PAMAM

grafted silicas.
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Figure 4.21 FTIR spectra of hyperbranched PAMAM grafted silica (gsilica 3.0) and

phosphorylated hyperbranched PAMAM grafted silica (Pgsilica 3.0).
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Figure 4.22 FTIR spectra of G3.0 PAMAM dendrimers (G3.0) and phosphorylated

G3.0 PAMAM dendrimers (PG3.0).
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Figure 4.23 *H NMR spectrum of phosphorylated hyperbranched PAMAM grafted

silica
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4.6 Flame Retardancy Effect

Phosphorylated hyperbranched PAMAM grafted silica potentially offers
both strong chelating powers and flame retardancy properties. The later was
tentatively investigated in this study. Preliminary evaluation of flame retardancy
effect on cotton fabric was undertaken. Cotton substrate was chosen due to its
relatively high flammability characteristic as well as common usage. In a standard
burning test, phosphorylated hyperbranched PAMAM grafted silica treated cotton
exhibits a marked fire retardancy property as shown in Figure 4.24. The treated
cotton fabric used in this preliminary test was treated with only phosphorylated
hyperbranched PAMAM grafted silica at the concentration of 10%, 20% and 30%
w/v. The effect of the amount of finishing agent (phosphorylated hyperbranched
PAMAM grafted silica) on the flame retardancy of cotton fabric was evaluated. From
the preliminarily results, above 20% (w/v) of finishing agent was found effective in
causing the treated fabric unburnt. So that the formulation variation study begun with
20% wi/v of phosphorylated hyperbranched PAMAM grafted silica and the amount of
dicyandiamide was fixed at:20 g/l. The amount of urea (fiber degradation stabilizer)
was varied from 10%, 20% and 30% (w/v). The flammability behavior of treated
fabric-after.washing is shown in-Figure 4.25. It is found that-20% of the finishing
agent was partially washed off, resulting in ineffectiveness of flame retardancy. When
the amount of finishing agent was increased to 30% w/v, the flame test showed the
satisfactory result thank to the no ignition observed after washing as shown in Figure
4.26. Urea is important additive in order to improve the durability of fixed finishing

agent, washing and the fabric’s physical properties (tensile and discoloration control);
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the more the amount of urea the higher the thermal stability of treated fabric during

fixation of phosphorylated hyperbranched PAMAM. The problem of cotton fabric
degradation commonly occurred with acid treated fabric at high temperature,
producing poor bursting strength as shown in Figure 4.27. With the addition of urea
this problem is reduced.

Phosphorylated G3.0 PAMAM dendrimers was also applied onto cotton fabric
and its flame retardancy effect was compared to phosphorylated hyperbranched
PAMAM grafted silica. The 30% wi/v of phosphorylated G3.0 PAMAM dendrimers
was employed in the same manner to the phosphorylated hyperbranched PAMAM
grafted silica. The flammability test is shown in Figure 4.28. In case of
phosphorylated hyperbranched PAMAM, the treated fabric after washing showed the
relatively poor wash fastness although the amount of finishing agent was up to 30%
wi/v. In addition, the bursting strength was reduced to almost 50 % when compared to
the untreated fabric. This may be due to the effect of more phosphonic acid groups of
phosphorylated G3.0 PAMAM dendrimers than phosphorylated hyperbranched
PAMAM grafted silica. The higher acidicity accelerates the thermal degradation of

cotton fabric during fixation of phosphorylated hyperbranched PAMAM.
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Figure 4.24 Vertical flammability test of phosphorylated hyperbranched PAMAM

grafted silica treated cotton fabric at various concentrations
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Figure 4.25 Vertical flammability test of 20 % phosphorylated hyperbranched
PAMAM grafted silica treated cotton fabric at various concentrations of urea after

washing.
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Figure 4.26 Vertical flammability test of 30 % phosphorylated hyperbranched
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PAMAM grafted silica treated cotton fabric at various concentrations of urea after

washing.
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Figure 4.27 Bursting strength of after washing of phosphorylated G3.0 PAMAM

dendrimer and phosphorylated hyperbranched PAMAM grafted silica treated cotton

fabrics.
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Figure 4.28 Vertical flammability test of 30 % phosphorylated G3.0 PAMAM

treated cotton fabric at various concentrations of urea after washing.
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Figure 4.29 45° Flammability test-of phosphorylated hyperbranched PAMAM

grafted silica

For the phosphorylated hyperbranched PAMAM grafted silica, it also was
tested on the 45° standard flammability tests to confirm the test as shown in Figure
4.29. From both burning test, in case of the untreated control, fabric is ignited easily
and burned severely. The flame spreads very quickly and burns the entire fabric.

After washing, the treated fabric is still able to exhibit satisfactory flame retardancy
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performance, indicating the durable property of phosphorylated hyperbranched

PAMAM grafted silica. A large amount of char and molten viscous layer are formed
on the fabric’s surface, acting as an insulation layer, and then protecting fabric from

flame and oxygen to further decompose the fabric.
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Figure 4.30 ATR-FTIR spectra of untreated and phosphorylated PAMAM grafted

silica treated cotton fabrics:

The interaction between phosphorylated PAMAM grafted silica and cotton
fabric was followed up using ATR-FTIR analysis. The results are shown in Figure
4.30. It is found that FTIR fingerprint of the phosphorylated PAMAM grafted silica
treated cotton exhibits similar pattern to that of untreated fabric. However, the

differences between the two spectra are noticeable, where the strong absorptions at
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3000-2900 cm™ and 1720-1500 cm™ are shown in the spectrum of treated fabric. The

peaks at 1650 and 1539 cm™ could be correspondent to the PAMAM grafted silica
characteristics of C=0 stretching and N-H bending while the absorption band
detectable at 1710 cm™ could be assigned to carbonyl functionalities arising from the
occurrence of oxycelluose (oxidation of cellulose unit during thermal treatment) [76].
The absorption band of P=O and P-O of phosphorylated cotton is difficult to be
assigned due to its presence in the vicinity of 920-1200 cm™ where the main
absorption band of cellulose units also appears. The intensity of absorption bands at
2918 and 2851 cm™ of treated cotton shows up strongly which indicate the CH,
antisymmetric and symmetric stretching of PAMAM grafted silica. From these
finding, it could be assured that the interaction between cotton cellulose and PAMAM
grafted silica did occur, leading to the linkage formation of phosphorylated ester

bonding between finishing agent and cotton cellulose.

——

i Control Fabric

Treated Fabric (before washing) \'.

‘ *._ Treated Fabric (after washing)

40

Lab: METTLER STAR® SW 8.10
Figure 4.31 TGA thermograms of phosphorylated hyperbranched PAMAM grafted

silica treated and untreated cotton fabrics.
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In addition, analysis of treated and untreated cotton fabric was performed by

TGA analysis, with representative thermograms shown in Figure 4.31. The untreated
fabric starts to decompose at about 300°C and rapidly increases from 330°C reaching
100 % weight loss at 350°C, as reported earlier [77]. Degradation of the treated fabric
begins at the relatively lower temperature of 260°C and progresses rapidly from
300°C, leaving ca 35% residual weight (at 320°C). Thereafter, a slow decomposition
to about 2-3 % residual weight by ~600°C due to the retardant effect of phosphonate
silica was observed. The pyrolysis of the flame retardant treated cotton fabric
typically starts at a relatively lower decomposition temperature because of the
catalytic dehydration of cellulose by the flame retardant, leading to char formation on
the fabric surface, a well established flame retardancy mechanism of phosphorus
containing compounds. In this scenario, the decline of degradation temperature is due
to the reaction of the phosphonic acid with the Cg hydroxyl of the cellulose
anhydroglucose unit, blocking the formation of levoglucosan (source of fuel) and so
promoting char rather than flame formation. As a result, the percentage weight loss
for treated fabric measured at 350°C (the temperature of 100 % weight loss of
untreated fabric) is reduced to 70 %, supporting the flame retardant effect of
phosphorylated hyperbranched PAMAM grafted silica. Moreover, PAMAM contains
nitrogen atoms which act synergistically with phosphorus [78] enhancing the
electrophilicity of phosphorous and, through making a stronger Lewis acid, promoting
the phosphorylation reaction with C-6 hydroxyl group of anhydroglucose unit. TGA
thermogram of treated fabric after washing also presented in Figure 4.31 shows the
decomposition temperature at 280°C which is higher than those of unwashed fabric
but lower than that of control fabric. This result indicates that the phosphoester

linkages between the phosphorylated PAMAM grafted silica and C-6 hydroxyl groups
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exhibits wash-off resistance. From this finding, it is reasonable to say that an

immobilization of the water soluble compound (phosphodendrimers to insoluble

nanoparticles) could help improve its durability to washing.



CHAPTER V

CONCLUSIONS

The synthesis of PAMAM dendrimers was carried out by repeating two
processes; Michael addition to produce ester terminated products and Amidation of
the ester terminated with large excess of ethylenediamine to produce amine
terminated hyperbranched PAMAM polymers. The FTIR, *H and *C-NMR analysis
can confirm the synthesized products.

The grafting of hyperbranched PAMAM polymer onto amino group
functionalized silica was successfully achieved by performing three rounds of paired
reactions comprised of a Michael addition of the silica amino group to methyl acrylate
and the amidation of the resulting terminal methyl ester group with ethylenediamine.
The percent grafting, relative to the initial silica weight and calculated from TGA
results, were 74%, 342% and 1332% for the three reaction cycles, respectively, with
corresponding amino group contents of 14.6, 23.3, and 60.2 mmol/g silica,
respectively. However, the attained amino group contents were much lower than the
expected values relative to the amount of grafting, perhaps due to the effect of steric
hindrance in later cycles as hyperbranched PAMAM are formed, and the intra and
inter group crosslinking. Regardless, grafted hyperbranched PAMAM enhanced
particle dispersion and reduced particle agglomeration. Thus, the agglomerate particle
size before grafting averaged ~70 microns and after grafting the particle size
significantly decreased to a range of 50 — 500 nm (average ~ 150 nm) with major
composition of the two discrete populations.

The phosphorylation of the PAMAM dendrimers and hyperbranched PAMAM

grafted silica terminal amino groups were also successfully achieved by the Mannich
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type reaction. The phosphorylated products containing the phosphonic acids exhibited

flame retardancy when applied onto flammable cotton fabric. After washing test, the
phosphorylated hyperbranched PAMAM grafted silica showed more good retention of
fire retardancy than phosphorylated PAMAM dendrimers, indicating its wash-off
resistancy performance. In case of phosphorylated PAMAM dendrimers, the finished
fabric after washing showed the relatively poor wash fastness although the amount of
finishing agent was up to 30% wi/v. In addition, the bursting strength was reduced to
almost 50 % when compared to the unfinished fabric. This may be due to the effect of
more phosphonic acid groups content of phosphorylated PAMAM dendrimers than
phosphorylated hyperbranched PAMAM grafted silica. The higher acidicity
accelerates the thermal degradation of cotton fabric during fixation of phosphorylated

PAMAM dendrimers.
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Figure A-25 'H NMR spectrum of G3.0 PAMAM dendrimers
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Figure A-26 *C NMR spectrum of G-0.5 PAMAM dendrimers
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Figure A-27 '*C NMR spectrum of G0.0 PAMAM dendrimers
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Figure A-28 *C NMR spectrum of G0.5 PAMAM dendrimers
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Figure A-29 *C NMR spectrum of G1.0 PAMAM dendrimers
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Figure A-30 *C NMR spectrum of G1.5 PAMAM dendrimers
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Figure A-31 '*C NMR spectrum of G2.0 PAMAM dendrimers
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Figure A-32 *C NMR spectrum of G2.5 PAMAM dendrimers
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Figure A-33 '*C NMR spectrum of G3.0 PAMAM dendrimers
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Figure A-34 Particle size distribution of hyperbranched PAMAM grafted silica
generation 1.0, 2.0, 3.0 and phosphorylated hyperbranched PAMAM grafted silica

generation 3.0.
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Figure A-36 TEM images of virgin silica, G0.5 hyperbranched PAMAM grafted

silica and G1.0 hyperbranched PAMAM grafted silica
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