SYNTHESIS AND CHARACTERIZATION OF
POLYAMIDOAMINE DENDRONS

RODERICK BORONG PERNITES
(B.Sc. Chem. Eng., Mapua Institute of Technology-Manila)

A THESIS SUBMITTED
FOR THE DEGREE OF MASTER OF SCIENCE IN CHEMISTRY
DEPARTMENT OF CHEMISTRY
NATIONAL UNIVERSITY OF SINGAPORE

2006






Acknowledgement

Despite the enormous challenges that brought the complexities in my life
during my studies, still I am very much grateful with this opportunity and | don’t
have any regrets. Aside from the knowledge and skills that | acquired in making
this experience remarkable, it brought immense discipline and introduced me to
many great people that | make incredible friendships to which | owe this thesis.

Allow me to thank them all:

To Professor Sam Li who is more than a supervisor to us, his students, I'm
so much thankful for the invaluable suggestions and unwavering support that you
had given me all throughout this research project and for my studies. You had

been a source of great inspiration and I'm so delighted working with you.

To Dr. Bu Jie who is absolutely a great mentor, thank you so much for the
impressive ideas, steadfast support and constant guidance throughout this work.
You had taught me many important things about our research and lessons in life
that | haven'’t learned inside the four corners of the “room”. The tough questions
that you had given me regarding our project had really contributed to the success

of this work.

To Mr. Zhang Huajun who has always a piece of imposing advice, thank

you so much for all your help and for the consultations that | had made with you



regarding mass spectrometry. Truly you are a valuable help to the success of this

work.

To Jeffrey Pang who is like a kin and a young mentor, thank you so much
for all the sincere help that you have shared and for all the stuff in your lab that |
had borrowed. Also, the conversations with you have left me in awe of your
knowledge in organic chemistry and gave me something to strive for. | really had
so much fun with you learning various techniques in chemistry inside your lab.

You are truly a source of inspiration in chemistry aside from being a true friend.

To the rest of the crew, Simon, Chee Wee, Chin Lee, Shou Man, Hui
Fong, Elaine, Wai Siang, Mei Ching, Maricar, Norman, Shirley, Richie, Khalid, Ka
Heng, Sharon Yap, Dr. Ong Teng Teng, Dr. Li Ruijang and Dr. Effendi, thank you

for the laughs and support.

To my mom, dad and little sister Dhat, thank you so much for the love and
support that you gave me throughout my studies. It was really tough being away
from home, but your prayers had really helped me to achieve my goals and

ambitions in life. Thus, | share to you this success.

To the National University of Singapore and A-Star’s Institute of Chemical

and Engineering Sciences, | would like to express my sincerest gratitude for the



financial $upport that you had given me for my studies and this research project

including conferences expenses.

Finally to the Almighty who is the absolute source of everything including

wisdom, and knowledge, in all honor and glory | offer this to YOU.



Table of Contents

ACKNOWIEAGEMENT. ... .o e e e e e e

SUMIMABIY ... et e et e e et e et et e e e e et e et e e e e e e aes
LISt Of TaADIES. .. et e e e e e e
LISt Of FIQUIES. ..ot e e e e e e e
LiSt Of SCNEMES. .. et e e e
LISt Of POS OIS . et

|. LITERATURE REVIEW

Chapter 1: Overview of Dendrimers..........ccoeve e iie s e
1.1 What are dendrimers?.........ooevii i iie e
1.2 Properties of DeNdrimersS........c.ooiviiiiiiiece i e e e
1.3 Molecular Structure of Dendrimers.. e
1.4 History and Progress of Dendrimer Research ........................
1.5 Method of Dendrimer Synthesis. ..o,

1.5.1 Divergent and Convergent Growth.........................

1.5.2 Liquid and Solid Phase Synthesis...............cccoevvnnn.

1.6 Structural Defects in the Synthesis of PAMAM Dendrimer........
1.7 Applications of Dendrimer in General................coooviiiiennn.
1.7.1 Biomedical Field Applications............ccovviiiiiiiiiiicie e e
A. In Vitro Diagnostics... e

B. Contrast Agents for Magnetlc Resonance ...........

C. Delivery of Drugs and Other Therapeutic Agents..

D. Coating AQeNtS......co v e eeaan

E. Gene Therapy....cooooviiiiiiin e

1.7.2 Industrial AppliCatioNS........ccce it e
F. Nanoscale Catalyst..........cocooii i

G. NaNOSITUCIUIES. ..o e e e

1.8 Applications of the silica-supported PAMAM dendrons............
1.9 Scope Of RESEArCh.......c.ieii i e
1.10 REIEIENCES. .. ..t e

II. EXPERIMENTAL

Chapter 2: Synthesis of PAMAM Dendrons in Porous Silica Gel.............
2.1 INtrOdUCTION. ... e e e e e e e

2.1.1 Immobilization of the Initiator Site...................cooeies

2.1.2 Propagation of PAMAM Dendron...........c.cccveevvevennen.

A. Michael Addition..........cccovi i,

B. Amidation Reaction.............ccoooviiiiiiiiie e,

2.2 EXPerimMental. .. ..o

27
27
27
30
30
31
36



2.2 1 MaterialS......oovei
2.2.2 Procedures..
2221 Synthe5|s of GO PAMAM Dendron
2.2.2.2 Synthesis of G0.5 PAMAM Dendron ............
2.2.2.3 Synthesis of G1 PAMAM Dendron...............
2.2.2.4 Synthesis of G1.5 PAMAM Dendron............
2.2.2.5 Synthesis of G2 PAMAM Dendron...............
2.2.2.6 Synthesis of G2.5 PAMAM Dendron............
2.3 Characterizations and Interpretation of Results.....................
2.3.1 Infrared SPeCtrOSCOPY....vvveire it e e
A. Methodology.......cc.vviii i
B. Results and DiSCUSSIONS..........couvvieiiiiiineannnns
2.3.2 Thermogravimetry..........oovuiiuine e e e een
A. Methodology.......cc.oviiiiiii
B. Results and DISCUSSIONS..........ccuvviueiiiinineannnes
2.4 CONCIUSION... ettt e e e e e e e e e
2.5 REIBIBNCES. ..ottt e e e e

Chapter 3: Cleavage of 3-(Diethylenetriamino)propyl from Silica Gel.......
3.1 INtrodUCTION. ...
3.2 EXPerimental.......coooiniii i

421 MaterialS........cooiii i

4.2.2 Procedures..

3.3 Characterizations and Interpretatlon of Results ......................
3.3.1 Infrared Spectroscopy...

A. Methodology.......cc.oviiiiiii

B. Results and DiSCUSSIONS.........ccoviiiiiiiiiienienn,

3.3.2 Thermogravimetry.......c.oovve i e e e e

A. Methodology.......cc.oviiiiiiiii

B. Results and DIiSCUSSIONS..........covvvivieiiieinnennen.

3.3.3 Elemental AnalySiS..........ccouviiiiiiiii

3.3.4 Mass Spectrometry...
3.3.4.1 Tandem (MS- MS) Mass Spectrometry ...............

A. Instrumentation.............c.ooviiiiii i

B. Results and DiSCUSSIONS.........ccovviiiiiiiieaineen.

3.3.4.2 Time-of-Flight Mass Spectrometry....................

A. Instrumentation.............ooooi i

B. Results and DiSCUSSIONS.........ccovcvvviiiiiienin,

3.4 CONCIUSION. ... e
3.5 REIIBNCES. ..o it

Chapter 4: Cleavage of PAMAM Dendrons from Silica Gel....................

2t I 1) (o Yo 1 [ 1T ]
4.2 Experimental.... ...
4.2 1 MaterialS. .. .v it
4.2.2. ProOCEAUIES. .. .ot e e e e e e e e e,

86

86
90
90
90



4.3 Characterizations and Interpretation of Results..................... 92
4.3.1 Infrared SPECIrOSCOPY....cuviviieie e ce e eiieiieieeaeaan, 92

A. Methodology.......cc.vvvii i 92

B. Results and DiSCUSSIONS..........oovviiviiiiiiiineinnnns 94

4.3.2 Thermogravimetry............cccvceeeiieviiieiiniinveneenene. 100

A. Methodology........ccciiiii 100

B. Results and DiSCUSSIONS.......c..covvviiiviiieeineenne. 101

4.3.3 Elemental AnalysSis.........ccoiviiiiiiiiiiiici e, 104

4.3.4 Mass SPeCtrOmMEtrY.......covvuieiieie e e e e e e 106
4.3.4.1 Instrumentation..........c.ooeeviiiiiiiiiie e 106

4.3.4.2 Results and DIiSCUSSIONS.......cc.evvviiiirinineennn. 107

A. G1 PAMAM Dendron..........cccovvvviiiviiineiieenenn. 107

B. G2 PAMAM Dendron......cccoeevviiiiiiiiiiie e, 112

N o o o3 [T 1= [ o 114
A D RE EIBNCES. ..o e 115
Chapter 5: Conclusions and Suggestions for Future Works.................... 116
LT I o T [V o o 1 116

5.2 Suggestions for Future Works.............ccoocoiviii i, 117
5.3 REfEIreNCES. ...t e, 121
APPENAIXES ot e e e e 122

Vi



Summary

Since the discovery of dendrimers by Vogtle? in the late 70’s, great
attention has been paid to their synthesis because of the wide spectrum of
applications of the macromolecules, ranging from drug delivery systems to
catalyst carriers. This is due to the high density of surface functional groups of
the dendrimers that allows many synthetic and natural molecules to be attached
either covalently or noncovalently to the macromolecules. The most popular
class of dendrimers used in biological research is Poly AMido Amine (PAMAM)
dendrimers. They have many features common to proteins. For instance, the
backbones of their chains are made up of amide linkages similar to the peptide

bonds of proteins.

Following the liquid phase synthesis of PAMAM dendrimers, a new
technology of synthesizing the macromolecules has evolved as a result of finding
solutions into the numerous problems that are brought about by liquid-phase
synthesis. Swali and co-workers started the solid-phase synthesis of PAMAM
dendrons. Tsubukawa and co-workers pioneered the grafting of PAMAM
dendrons into the silica gel. Bu Jie and co-workers then improved the latter
method. The solid phase synthesis has the advantage of using large excess of
reagents to drive the reaction to completion. The excess reagents can be easily

removed by simple washing after the reaction.

vii



Despite the progress of the silica-grafted PAMAM dendrons over the last
decade, structural characterizations of the silica-supported dendrons including
faulty synthesis products have not been realized previously due to the attached
solid support. Therefore, chemical cleavage of PAMAM dendrons from silica gel
has been done in order to perform structural analysis by using mass
spectrometry, which is considered the ultimate characterization tool for these
types of compounds. Furthermore, the cleavage has become a very important
part of the solid-phase synthesis because of the numerous applications of the

macromolecules in liquid phase.

The stepwise synthesis of PAMAM dendrons in chapter 2 has been
demonstrated using alternate Michael addition and amidation reactions after
immobilization of an initiator site into the silica gel. Each generation was
monitored by infrared spectroscopy and Thermogravimetry. During propagation,
it was suspected that side reactions occurred in both steps because theoretical
amount of grafting was not achieved. It was found out that amidation step mostly
contributed to the low efficiency of the synthesis. Furthermore, defects formed by
side reactions cannot be distinguished from the ideal structure unless a silica gel
cleavage of the macromolecule had been done followed by structural analysis

through mass spectrometry.

viii



In chapter 3, the cleavage method was investigated on a commercial
compound prior to the cleavage of dendritic macromolecules on chapter 4. This
silica-grafted compound has similar terminal groups as the full generation
PAMAM dendron. During the cleavage of the small polymer, it was found that
methanol is the most efficient solvent based on thermo-gravimetric and elemental
analysis measurements. The efficiency of the cleavage is more than 80%.
Therefore methanol was used as reaction solvent for cleavage of PAMAM
dendrons, and the efficiency is about 90%. Finally, chapter 5 concludes the result

of this research with some recommendations that are feasible for future works.
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Chapter 1: Overview of Dendrimers

1.1. What are dendrimers?

The term “dendrimers” is derived from two ancient Greek words: dendra,
meaning tree and meros, meaning part." Dendrimers portray graphically the
structure of this relatively new class of macromolecules, which resembles the
architecture of a tree. Dendrimers can also be referred as “cascade polymers”
because they are synthesized through iterative steps called cascade synthesis.?

However, the name dendrimer is the most established one.

One complete branch that makes up the structure of dendrimers is called
a dendron®. Theoretically, an ethylenediamine-core Poly AMido AMine (PAMAM)
dendrimers are composed of four dendrons attached to the central initiator core
because ethylenediamine has four reactive sites. In the case of the ammonia-
core PAMAM dendrimers, there are only three dendrons attached to the core

because ammonia has three reactive sites.

1.2 Properties of Dendrimers

Dendrimers are structurally well-defined highly branched three-
dimensional architecture® with a low polydispersity* in comparison to traditional
polymers. Dendrimers contain unique properties® like high degree of molecular
uniformity, narrow molecular weight distribution, with specific size and shape

having highly functionalized terminal groups.



Dendrimers exhibit greatly enhanced solubility in vast range of organic
solvents when compared to their linear counterparts. In solution, linear chains
exist as flexible coils but dendrimers form tightly packed ball. Furthermore,
dendrimer solutions have appreciably lower viscosity than linear polymers.® As
the molar mass of dendrimers increases, the intrinsic viscosity goes through a
maximum at the fourth generation and then begins to decline unlike the classical
polymer in which the intrinsic viscosity increases continuously with molar mass
(Figure 1.1). This effect is believed to be a consequence of the globular shapes
of high generation dendrimers leaving them unable to “tangle” with one another

after the manner of linear polymers. ’
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Figure 1.1 Intrinsic viscosity behaviour of polyether dendrimers and of
polystyrene.?

The numerous chain-ends in the structure of the dendrimers play a very
important role that provide the high solubility, miscibility and reactivity of the
macromolecules.® The surface groups of the dendrimers strongly influence their

solubility. For instance, dendrimers terminated in hydrophilic groups are soluble



in polar solvents while hydrophobic terminated dendrimers are soluble in non-

polar solvents.

One of the most important properties of dendrimers is their ability to
encapsulate guest molecules in the macromolecule interior. This was illustrated
by entrapment of a small molecule p-nitrobenzoic acid or Rose Bengal inside the
dendritic box of poly(propylene imine) dendrimer with 64 branches on the

periphery (Figure 1.2). **°

Figure 1.2 A globular dendrimer with a dense amino acid shell can hold four molecules of Rose
Bengal (shown in red) and many more smaller molecules (not shown) inside the dendrimer's

flexible cavities. In the structure, R = benzyl.**



With regards to the biological properties of dendrimers, -cationic
dendrimers like the amine-terminated polyamidoamine and poly(propylene imine)
dendrimers are haemolytic*> and cytotoxic'®. Their toxicity is generation-
dependent and increases with the number of surface groups.** However, anionic
dendrimers bearing carboxylate surface are not cytotoxic over a broad

concentration range.®

1.3 Molecular Structure of Dendrimers

The dendritic structure is characterized by layers between each focal point
(or cascade) called generation, which is defined as the number of focal points
when going from the core to the surface.'® To illustrate, the diagram in Figure 1.3
showing the silica-supported G2.5 PAMAM dendron describes clearly the word

generation.

Dendrimers of lower generations have highly asymmetric shapes and
posses more open structures as compared to higher generation dendrimers.’
They adopt a globular shape only when the macromolecule is extended outwards
from the multifunctional core molecule forming more branches.!” Dendrimers
become densely packed as they extend to the periphery that forms a closed

membrane-like structures.®
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Figure 1.3 Silica-supported G2.5 PAMAM dendron showing the different generations.
Half generations are enclosed in broken lines.

A typical dendrimer generation is composed of three main distinguishing
structural components (Figure 1.4): (1) multifunctional central initiator core that
acts as an anchor from which dendritic growth can occur, (2) internal cavities or
interior layers (generations) that are composed of repeating units radially
attached to the initiator core, and (3) terminal moieties (terminal functionality)

from which future branching may take place.! These three components are



interdependent* with one another and reflect a unique molecular genealogy and

can be tailored” to different sorts of applications.

Highly Branching
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Figure 1.4 The structure of dendrimer.*®

1.4 History and Progress of Dendrimer Research

The credit of the first dendrimer synthesis was given to Vogtle? and co-
workers for developing the poly (propylene imine) dendrimers from acrylonitrile
and aliphatic diamine in 1978. This was the first example of an iterative synthetic
procedure toward well-defined branched structures, and the term “cascade

synthesis” was then coined.

A few years later, Tomalia'® and co-workers followed the synthesis of
polyamidoamine dendrimer that are also known as Starburst dendrimers. The
term Starburst is a trademark of the Dow Chemical Company where they made
the discovery in 1979. They found out that a variety of amines could be added to

methyl acrylate, and the resulting products subsequently amidated with oc,o-



diaminoalkanes would give “cascade products”.! This produced the Starburst

dendrimers that can be started from various initiator cores like ammonia and
ethylenediamine, which are two most widely used initiator cores for the synthesis

of PAMAM dendrimers.

At the same time, Newkomes® and co-workers independently reported
the synthesis of related symmetrically branched hydroxylated macromolecules
that are not amendable to size control as a function of generation. They named it
as arborols that originated from a Latin word “arbor” meaning a tree. Tomalia’s
PAMAM dendrimer and Newkome’s arborol were the first dendritic structures that
have been thoroughly investigated and received widespread attention in the
scientific community. Both of these dendrimers were synthesized divergently
from an initiator site.

The group of Frechet.?*#

started the convergent method of dendrimer
synthesis in 1990. They synthesized the aromatic polyether dendrimers.
Afterwards, the group of Moore did the convergent synthesis of phenyl acetylene

dendrimers.?>2°

Kallos?” and co-worker successfully determined the molecular weight of
G4 PAMAM dendrimer in 1993 using electrospray ionization mass spectrometry
(ESI-MS). The mass spectra of multiply charged ions were deconvoluted to

provide molecular weight information of many components in a non-separated



mixture. Several years after, Smith?® and co-worker studied the entire series of
Starburst PAMAM dendrimers consisting of generations 1 through 10 using an
extended m/z range quadrupole mass spectrometer. Furthermore, Willett*® and
co-worker had employed size exclusion chromatography with universal
calibration to determine molecular weight averages, distributions, intrinsic
viscosities, and structural parameters of Starburst dendrimers, dextrans and the
starch degradation polysaccharides known as maltodextrins. In 2002, Peterson®
and co-worker had used the capillary zone electrophoresis to characterize the
homogeneity of individual generations of PAMAM dendrimer. A year after, they
reported the use of MALDI-TOF MS in the linear and reflection mode to
characterize the macromolecules including the by products, and the use of
DHB/fucose as matrix had been found to give the best resolution, causing least
fragmentation of the sample.®* Currently, McLuckey® and co-worker had used

tandem mass spectrometry to study the half-generation PAMAM dendrimer.

In 1997, Moore® and co-worker synthesized phenylacetylene dendrimers
terminated with tert-butyl ester in a convergent approach. As compared to flexible
dendrimer systems that have been shown to change size in different physical
environments like that of Newkomes’ polyamide dendrimer, phenylacetylene
dendrimer is less susceptible to collapse because it imparts a certain stiffness or
shape-persistence to the structure. In 2002, Advincula®** and co-worker reported
the design and convergent synthesis of Thiophene dendrons and dendrimers

where metal-mediated coupling reactions were used in the synthesis. Following



their synthesis work, they conducted investigations on the structural
characterization, size information, optical properties, and supramolecular
assembly on different solid substrates of these materials.*® In 2003, Twyman®®
and co-worker demonstrated that an aromatic AB; bis-amino acid monomer could
be polymerized in the bulk to give a hyperbranched polymer, which is a PAMAM
dendrimer equivalent. In 2004, Shabat®” and co-worker reported the design and
synthesis of new dendritic molecules with a multi-enzymatic triggering
mechanism that initiates their biodegradation through self-immolative chain
fragmentation to release a reporter group from the focal point. These are some of
the most recent developments in the synthesis and characterization of

dendrimers.

Considerable progress has been made in the area of dendrimer solid-
phase synthesis over last 5 years. This type of synthesis had been discovered
lately; as a result, not many works were published as compared to the liquid
phase synthesis. The synthesis of PAMAM dendrimer on the solid phase starting

I™ resin was described by Swali*® and co- workers in 1997. An

from TentaGe
acid-labile linker attached to a polyamine scaffold was used to allow cleavage of
the dendrimer from the resin. On the following year, Tsubukawa® and co-worker
grafted the PAMAM dendrons on the surface of a porous silica gel. In 2004, Bu

Jie®®

and co-worker reported a method to improve the silica gel grafting of
PAMAM dendrons by immobilizing first an internal standard compound that will

act as a spacer in the solid support.



In the past decades, researchers had begun the exploration of dendrimers
in various applications such as in biological fields. Previously, most efforts were
focused on the synthesis and their chemical and physical properties. In recent
years, dendrimers have shown promise in fields ranging from gene delivery to
magnetic resonance imaging to the developments of vaccines, antivirals,

antibacterials and anticancer therapeutic.****

For instance, Haensler and Szoka*® carried out detailed studies on
PAMAM dendrimers to generate gene-delivery vehicles in 1993. The dendritic
molecules were partially functionalized with GALAcys, the cysteine-containing
analogue of the amphiphilic peptide GALA, whose function was to destabilize the
lipid membrane after endocytosis, thus preventing lysosomal degradation. In
1999, Twynman®® and co-worker experimented on the release of drug from
arborol-type dendrimers by calorimetric experiments, while Frechet*® and co-
workers had developed novel dendritic unimolecular micelles as drug delivery
vehicles based on a core of hydrophobic Frechet-type dendrimer. Most recently,
Tripathi*” and co-worker studied the use of surface modified PAMAM dendrimers
for the delivery of 5FU. Barth®® and co-workers designed and investigated the
use of boron PAMAM dendrimers as macromolecular carriers with high level of
boronated MoAb required to sustain a lethal reaction at cellular level. Since
dendrimers have shown promising results in a wide spectrum of potential

applications, it can be expected that scientist from different interdisciplinary fields
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will continuously devote intense efforts into the studies of dendrimers. The many

applications of dendrimers are listed in section 1.7 of this chapter.

1.5 Method of Dendrimer Synthesis
1.5.1 Divergent and Convergent Growth

There are two conceptually different approach to synthesize dendrimers:
(1) the divergent growth®® and (2) convergent growth>® (Figure 1.5). A repetition
of reaction steps exists in both approaches that further the dendrimer growth
creating a new generation, and two methodologies have their own

characteristics.

Divergent Growth
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Figure 1.5 Divergent and convergent methods of dendrimer synthesis.
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Divergent growth, first reported by Vogtle?, is described by extending out
the dendrimers from the initiator core via iterative reactions. As a result of this
growth, each subsequent reaction is characterized by the generation of an
exponentially increasing number of functional groups on the periphery.>* The
purification of dendrimers for every new generation that is divergently
synthesized is difficult since numerous reactions have to be conducted on a
single molecule; thus, the presence of defects cannot be avoided. In order to
ensure the integrity of the final product, every reaction has to be very selective.®
Defects are also observed in the synthesis of polypeptides or polynucleotides
(Merrifield synthesis)® that are divergently grown on solid support. Furthermore,
the propagation of PAMAM dendrons on the surface of silica gel also

experienced the formation of defects during its synthesis.*’

In the convergent growth, the fragments of the dendrimers are condensed
together'® followed by their subsequent addition to the core. In this approach, a
constant and low number of reaction sites are warranted in every reaction step
throughout the synthesis. As a consequence, only small side products can be
formed in each reaction.® Furthermore, only relatively small dendrimers can be
synthesized using this approach unlike the convergent approach in which large
dendrimers are synthesized. However, purification and synthesis are easier and

often more reliable than with the divergent approach.

12



These two methods both suffer from major problems when it comes to
practical synthesis.>® As result purification becomes tedious and time-consuming
because of the numerous defects formed as products of side reactions during the

synthesis.

1.5.2 Liquid Phase and Solid Phase Synthesis

Dendritic macromolecules are synthesized either in liquid phase (also
known as solution technology) or in solid phase. In the liquid phase, the
dendrimer is synthesized directly starting from a central initiator core in a
homogenous reaction. This method requires excess reagents to drive the
reaction to completion, which makes subsequent purification difficult. As a result,
the synthesis cost of the macromolecule increases. This contributes to the cost of

the synthesis making the price of the compound expensive.

In the case of the solid-phase synthesis, a solid support is needed to
propagate the dendritic macromolecule. The solid support like silica gel is
functionalized with a reactive site that will serve as an anchor for the binding of
the dendrimer branches called dendrons. The solid phase synthesis offers the
following advantages: (1) large excess of reagents*® can be used to drive the
reaction to completion without problems associated with purification, which is a
matter of extensive washing only; (2) the use of differentially protected starter
units will allow an avenue into the synthesis of unsymmetrical dendrimers under

very clearly defined reaction conditions and allow the synthesized dendrimer to
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be specifically functionalized to other molecules of choice.>® Furthermore,
dendrimers using solid-phase technology are expected to be much more
homogenous® than those prepared by using the conventional liquid phase

technology.

The last decade has seen the rapid development™ of the solid-phase
methodology. In 1997, Swali®®* and co-workers developed the synthesis of
PAMAM dendrons starting from a resin bead as a solid support. A year after,
Tsubukawa® and his group pioneered the propagation of PAMAM dendrons on
mesoporous silica gel. Lately, Bu Jie** and co-workers remarkably improved the
silica gel propagation of PAMAM dendrons by introducing first an inert compound
in the surface of the silica gel that will act as a spacer to reduce the initial density

of amino groups.

1.6 Structural Defects in the Synthesis of PAMAM Dendrimer

The synthesis of PAMAM dendrimer is made up of two steps: (1) thorough
Michael addition of a suitable amine initiator core with methyl acrylate and (2)
exhaustive amidation of the resulting ester moieties with large excess of
ethylenediamine.'® Inevitably, there are at least three main types of primary side-
reactions that cause the formation of defects in the synthesis of PAMAM
dendrimer: (1) incomplete Michael addition® that produces the appearance of
unsymmetrical dendritic structures or a missing arm in the structure, (2)

intramolecular cyclization®® that causes the formation of cross-links or cyclic
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products during the synthesis of a full generation, (3) retro-Michael addition® that
causes fragmentation. Furthermore, there is also the possibility of the formation
of dimers (or oligomers) during the liquid phase synthesis of PAMAM dendrimer.
Because of these side reactions, analysis of dendritic mixtures is complicated

and they are expected to be mixtures of various components.

1.7 Applications of Dendrimers in General

The unparalleled unique characteristics of dendrimers make them suitable
for high technology uses in many areas like life science, nano devices, materials,
interfacial and supramolecular sciences. Further, dendrimers are now available
commercially in a wide range of sizes (i.e., generations) that makes chemists in
all fields interested. To simplify the presentation in this write-up, the applications
of dendrimers are categorized into two major fields, namely biomedical and

industrial.

1.7.1 Biomedical Field Applications
A.) In vitro diagnostic.® In the US, Dale International Inc. has developed a
new method in cardiac testing. In this method, the proteins present in a
blood sample bind to immunoglobulins and are fixed by dendrimers to a
sheet of glass. The advantage of this method significantly reduces the
waiting time for blood test results to 8 minutes instead of the usual 40
minutes process. The conjugates of dendrimer and antibody improve the

precision and sensitivity of the test.
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B.)

C.)

Contrast agents for magnetic resonance.**® Dendrimers have been
evaluated for preclinical studies as contrast agents for magnetic
resonance. Magnetic resonance imaging (MRI)®>’ is powerful tool that
captures images of the body organs and blood vessels. The addition of
contrast agents increases the sensitivity and specificity of the method. For

5435 chelated to the

instance, dendrimers containing gadolinium ions
surface improve visualization of vascular structures in magnetic
resonance angiography (MRA) of the body.>” This is a result of
outstanding signal-to-noise ratio. Such dendrimers were found to be
strong contrast agents compared to conventional agents during the

preliminary investigation.® This work by scientists at Heribert Schmitt-

Willich, Germany is about to enter Phase I clinical trials.

Delivery of drugs and other therapeutic agents. A variety of molecules
like drugs and other therapeutic agents can be loaded both in the interior
void space and on the surface of the dendrimers to control the rate of
release of these agents into the body. Sialodendrimers had shown to be
potent inhibitors of the haemagglutination of human erythrocytes by
influenza virus. Sialodendrimers bound to haemagglutinin prevent the
attachment of the virus to cells. This prevents bacterial and viral

infections.>®



Attaching a-sialinic acid moieties to the surface of the dendrimer
also enhances the therapeutic effect and enables the dendrimer to
achieve higher inhibitory activity against influenza infection.>*
Dendrimers that are water soluble enable the binding and solubilising of
small acidic hydrophobic molecules with antifungal or antibacterial
properties. The substrate can be released upon contact with the target

site. This is called dendrimer-based drug delivery system.*>®

A good example of therapeutic agent attached to the dendrimers is
the boron neutron capture therapy (BNCT), which is a potential approach
to cancer treatment. Dendrimers with covalently attached boron atoms
have been prepared and the initial tests on these compounds showed

positive results. 48 6162

Conventionally, a polymer drug conjugate comprises of a linear
hydrophilic polymer backbone covalently bound to a potent anti tumor
drug via biodegradable spacer.®®*®® Dendrimers offer the following
advantages® over their linear counterparts such as: (1) they possess
narrow polydispersity, (2) they display the possibility to tailor-make their
surface chemistry, and (3) the reduced structural density in the
intramolecular core is amendable to host-guest entrapment with
opportunities for subsequent release of active principles which are either

water insoluble or characterized by a high toxicity.
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D.) Coating agents.®® Dendrimers can be used as coating agents to protect
or deliver drugs to specific sites in the body or as time-release vehicles for
biologically active agents. The 5-Fluorouracil (5FU) known to have
remarkable antitumor activity has high toxic side effects. To resolve this
problem, 5FU is conjugated to water-soluble PAMAM dendrimers through
acetylation. Hydrolysis of the conjugates releases free 5FU into the site in

a slow manner, reducing toxicity.

E.) Gene Therapy. It refers to the concept and practice of applying gene to
treat disease. Gene therapy may be defined as a method of inserting a
functioning gene into the cells of a patient to correct an inborn error of
metabolism or to provide a new function in a cell. There are numerous
diseases that can be treated by gene therapy including genetic defects -

common illnesses such as AIDS and chronic diseases like diabetes.®’

Dendrimers can act as carriers, known as vectors, in gene therapy.
The purpose of vectors is to transfer genes through the cell membrane
into the nucleus. Recently, liposomes and genetically engineered viruses
have been mainly used for this. PAMAM dendrimers have been selectively

6869 pecause their terminal amino

chosen as genetic material carrier
groups can interact with the phosphate groups of the nucleic acids. With

this, consistent formation of transfection complexes is ensured.



Nowadays, commercially available transfection reagent called
SuperFect™ consists of activated dendrimers. Such dendrimers can carry

larger amount of genetic material than viruses.

Polyamidoamine dendrimers are capable of binding plasmid DNA
and mediating gene transfer into mammalian cells.** "’ Because of their
15,66,73

low cytotoxicity, perfectly controllable size and easy modification,

Polyamidoamine dendrimers find attractive application this field.

1.7.2 Industrial Applications
Besides numerous biomedical applications, dendrimers can be used to
improve many industrial processes. It has been a progressing field of research

and at present all these industrial applications are under study.

F.) Nanoscale Catalyst.” High surface area and solubility combined make
dendrimers useful in nanoscale catalyst. In this case, the advantages of
homogenous and heterogeneous catalysts are combined. Homogeneous
catalysts are effective because of good accessibility to the active sites but
purifications are difficult. On the other hand, the heterogeneous catalyst
can be separated easily from the reaction mixture but the kinetics of the
reaction is limited by mass transport. The advantages of using dendrimers
as a catalyst are the following: (1) they have multifunctional surface and all

catalytic sites are always exposed towards the reaction mixture, and (2)
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they can be recovered easily from the reaction mixture by precipitation’®’®

77,78

or filtration through a membrane.

G.)Nanostructures. Another industrial application of dendrimers that gained

attention is based on nanostructures, which can be used in environment
friendly industrial processes. Dendrimers can encapsulate insoluble
materials like metals and transport them into a solvent within their interior.
Guest molecules are trapped in the interiors of a dendrimer through

hydrophobic ~ binding”®®°,  hydrogen  bonding®,  metal-ligand

38283 and physical encapsulation®®. Fluorinated dendrimers

coordination
soluble in supercritical CO, can be used to extract strongly hydrophilic
compounds from water into liquid CO,.% This helps develop technologies

in which hazardous organic solvents are replaced by liquid CO..

Cascade branch PAMAM dendrimers are ideal candidates as hosts of
metal nanoparticles because of their fairly defined composition and
structure.®®® The branches of the dendrimers can be used as selective
gates to control the access of small molecules to the encapsulated

nanoparticles.



1.8 Application of the silica-supported PAMAM dendrons
The silica-supported PAMAM dendrons synthesized in this study have

991 and metal complexations®.

significant applications in the field of catalysis
Immobilization of catalysts on solid supports allows easy separation from the
reaction mixture by simple filtration and thus greatly facilitates the handling of the
catalysts. Furthermore, the silica-supported PAMAM dendrons, which combine
the merits of both the dendrimer and the inorganic support, provide ideal hosts

for the preparation of highly dispersed heterogeneous catalysts, in which the

particle size and binding site of the nanoparticles are well controlled. %3

Previously, a dendritic catalyst for olefin epoxidation was prepared by
immobilization of a Mn(ll) salen complex onto the periphery of the silica-
supported PAMAM dendrons.®? Also, a PAMAM dendritic catalyst anchored onto

93,94

the silica gel was used in the hydroformylation and in the addition of

diethylzinc to form benzaldehyde®.

1.9 Scope of Research

The scope of this research is to divergently synthesize PAMAM dendrons
on solid phase using mesoporous ultrafine silica gel as support and characterize
them wusing advanced analytical techniques like infrared spectroscopy,
thermogravimetry, elemental analysis and mass spectrometry. The silica gel
propagation of PAMAM dendrons is achieved by alternate (1) Michael addition of

methyl acrylate to the amino reactive sites of the organic phase grafted onto the
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silica gel and (2) amidation reactions of the resulting ester moieties with
ethylenediamnine. Prior to the two iterative steps aforementioned, the silica
particles were treated with 3-aminopropyltriethoxysilane to serve as coupling
agent for the propagation of PAMAM dendrons. In this research work, we

decided to synthesize the macromolecule up to generation 2.5.

Following the solid-phase synthesis of PAMAM dendrons, silica gel
cleavage of the full generation dendrons had been done followed by mass
spectrometric analysis to characterize the structure of the macromolecules. Prior
to the cleavage of PAMAM dendrons, the effectiveness of the method was
investigated on a smaller silica-grafted commercial compound having the same
terminal group as the full generation dendrons. During the cleavage of the small
polymer, several solvents were tested for the reaction namely, THF/methanol,
methanol only, and water to find the most efficient solvent that can be used for
the cleavage of PAMAM dendrons grafted onto the silica gel. After finding the
most suitable solvent, the cleavage of the dendritic macromolecules were done

and the reaction was carried at room temperature and 60 °C.
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Chapter 2: Synthesis of PAMAM Dendrons in Porous Silica Gel

2.1. Introduction

The grafting of PAMAM dendrons was achieved by the two-step
polymerization of monomers initiated by the reactive sites previously introduced
onto the surface of silica gel. The two-step polymerization process includes the
(1) Michael addition of amino reactive site of the organic phase grafted onto the
silica gel with acryl ester and (2) Amidation of the resulting ester moieties with
alkylene diamine. ! This type of growth is called divergent because the dendron

is extended out from the initiator site via iterative reactions.

2.1.1 Immobilization of Initiator Site

To introduce the initiator compound with amino reactive site, the
mesoporous spherical silica gel was treated with 3-aminopropyltriethoxysilane
(APES) that would serve as the coupling agent for the propagation of PAMAM
dendron (refer to Scheme 2.1). This process is called silylation, wherein the
amino functional organosilane reacts with the surface silanols of the silica gel
through chemical bonding. Hence, detachment of the initiator compound is
prevented because of its strong covalent attachment into the silica gel.? In
contrast, the silane molecules that only adsorbs in the surface of the silica gel
were simply removed during the experiment by washing and Soxhlet extraction

with the reaction solvent.
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Other studies have shown that the silylation step is usually difficult to
control and non-uniform.® These were experienced in the experiment during the
immobilization of 3-aminopropyltriethoxysilane into the silica gel. Moreover, the
choice of solvent greatly affects the silylation process.*> For instance, the chloro
and alkoxy groups of multifunctional organosilanes undergo bulk hydrolysis and
condensation in an aqueous environment to form polysilane networks before
depositing onto the substrate.®* °> However, anhydrous silylation has the
advantage of minimizing intercondensation between silane molecules in the bulk
phase before being deposited into the surface of silica gel. **° In order to have a
denser and more uniform silylation coverage, the silylation step in the synthesis
was done in anhydrous environment using toluene as the reaction solvent at 110
°C. Toluene is a suitable solvent for the silylation reaction because it completely
dissolves 3-aminopropyltriethoxysilane, which is very useful in the vacuum
filtration and Soxhlet extraction part for the removal of the excess amount. The

theoretical illustration of the silylation reaction is shown in Scheme 2.1.

Initiator Site
3-Aminopropyltriethoxysilane NH,
OCH;, In Toluene %
> 3 OH
+ OCH; \SiJLNH 42 Hours, 110°C /Si\ + CHe
2
OH OI-DHOHO}—bH OC.H
OH 25 OHOHO OO0 OHOH
- 7/
Silica Gel a 4
Silica Gel

Scheme 2.1 Theoretical illustration of the immobilization of 3-Aminopropyltriethoxysilane into
the silica gel to form the initiator compound (G0) with amino reactive site.
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The oxygen in the silanol group of the silica gel attacks the silicon group of
the 3-aminopropyltriethoxysilane making the oxygen becomes positively charged
and the silicon a negatively charged specie. Eventually the oxygen loses the
proton, and silicon loses one ethoxy group after gaining a proton. The same
mechanism applies to the other two-ethoxy substituents of the silicon atom. The

mechanism is depicted in Scheme 2.2.

_Si—
i OC,H OC,H
OHOHOH ocH | SocH 2 5/ N
+ ' to—n OCM

’Silica Gel zs
‘Silica Gel

% H,
'\

OC,H OCH
OCH/ E\S/ 2''s

, / A\ +
/74* (7 OC,H,
“Silica Gel WJX |L
NH,
% Initiator Site

/N

A

Silica Gel
Scheme 2.2 Silylation reaction mechanism.

“Silica Gel
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2.1.2. Propagation of PAMAM Dendron

A. Michael addition
The construction of the silica-supported PAMAM dendron was carried out
by the repetitive addition of a branching unit into the initiator site. First, Michael
addition of methyl acrylate into the amino reactive site of the initiator compound
generated the ester-terminated PAMAM dendron (G0.5). This step was done in

a batch reactor at 60 °C using toluene as the reaction solvent.

When Michael addition is incomplete, structures with missing
branch/branches are formed. This is due to steric hindrance exhibited by the
organic phase previously grafted onto the silica gel.! To illustrate, the highly
branched polymer grafted on silica gel blocks the addition of another monomer
unit causing the new compound to have one or more missing branches. The

theoretical illustration of a typical Michael addition is shown in Scheme 2.3.

G0.5 PAMAM Dendron

OMe OMe

GO PAMAM Dendron o 0

2
% N, )
)—O In Toluene
Si + 2 — 48 Hours, 60 °C %
/ | \ Methyl Acrylate

Si
oHOHO @ O OHyy /|\
W%\ OHOHQ 9 9 OHoy
Silica Gel M
Silica Gel

Scheme 2.3 Theoretical illustration of the Michael addition of the amine terminal group of the
initiator site with Methyl Acrylate to form the GO0.5 ester terminated PAMAM dendron.
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The amino group on the silica-grafted dendron attacks the 3 carbon on methyl
acrylate via the Michael Addition reaction mechanism. As a result the dendron
forms the half-generation, which is ester terminated. The reaction mechanism is

shown in Scheme 2.4.

/\}O/ )
R, + L A
H
H+
Q o)

: D ———
— -
R NW R—N
H
O
(e}

Scheme 2.4 Michael addition reaction mechanism.

B. Amidation
Amidation of the resulting ester terminal groups with large excess
ethylenediamine completed the first generation (G1). This reaction was also
carried out in a slurry batch reactor at 60 °C using methanol as the reaction

solvent.

A side reaction called cross-linking competes with amidation, producing
another structural defect.” When cross-linking happens on the same branch,

wherein the two-ester terminal groups adjacent to each other are being linked by
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one molecule of ethylenediamine, this is called intramolecular cyclization.™
Cross-linking is also possible between the two-ester terminal groups of
neighboring branches as shown in Figure 2.6. Hence to minimize cross-linking, a
large excess of ethylenediamine was used in the experiment to drive the reaction
to completion. Ethylenediamine is particularly suitable for the amidation step
because its boiling point (bp 110 °C) allowed the removal of the large excesses
under conditions that would not alter the dendrimer/dendron structure.'?> The

theoretical illustration of a typical amidation reaction is shown in Scheme 2.5.

G1 PAMAM Dendron

HzN NH2

G0.5 PAMAM Dendron

GFAF

|n Methanol + 2 CH.OH
3

24 Hours, 60 °C
Ethylenedlamlne

i

OHOHQ ¢ OHoy OHOHQ ©  OHoy
Silica Gel ~ 7 Silica Gel

Scheme 2.5 Theoretical illustration of the amidation reaction of the ester terminal group of G0.5
by addition of ethylenediamine to form G1 PAMAM dendron.

One of the terminal amine groups on ethylenediamine attacks the carbonyl
carbon of the ester moiety on the dendron, forming an amide bond and causing
the elimination of a methanol molecule. The same mechanism happens on all
other ester moieties. Finally, the dendron on the surface of the silica gel
becomes amine terminated, hence completing the full generation. The reaction

mechanism of the amidation is shown in Scheme 2.6.
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-MeOH

Scheme 2.6 Amidation reaction mechanism.

An alternate repetitive Michael addition of the amino reactive site with
methyl acrylate and Amidation of the ester moieties using ethylenediamine form
the other generations depicted in Figure 2.1. A representative reaction of the
propagation of PAMAM dendron in the surface of the silica gel is shown in

Scheme 2.7.
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G1.5 PAMAM Dendron G2 PAMAM Dendron
NH, NH, NH, NH,
I B % >
NH HN

‘Qili Silica Gel 4
Silica Gel =

G2.5 PAMAM

MeO
OMe MeO

OMe

/IN\

Silica Gel

Figure 2.1 Theoretical illustration of the other higher generations synthesized.
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Scheme 2.7 Representative reactions for the propagation of PAMAM dendrons in mesoporous spherical silica gel.
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2.2 Experimental

2.2.1 Materials

PAMAM dendrons were propagated in ultra fine spherical silica gel
(SiliCycle) with a particle size of 5 microns, pore diameter of 60 angstrom, and
surface area of 500 m?/g. The silica gel was dried in vacuo at 110 °C for 8 hours
before use. Methyl acrylate purchased from Sigma-Aldrich and ethylenediamine
from J.T. baker were distilled and refluxed over sodium. After distillation, the
purity of methyl acrylate and ethylenediamine was verified by *H NMR. The
toluene and methanol solvents obtained from Merck were dried using molecular
sieves. Whatman 42 filter paper (retention size, 2.5 microns) purchased from

United Scientific Equipment Pte Ltd was used in all the vacuum filtrations.

2.2.2 Procedures
2.2.2.1 Synthesis of GO PAMAM Dendron

The grafting of an initiator site with amine functionality into the silica gel
was achieved as follows: In a 250-milliliter flask (2-neck RBF) that contained 150
milliliters toluene, 10 grams of ultra fine spherical silica gel was added, and the
mixture was constantly stirred in oil bath at 400 rpm speed. Upon reaching the
set point temperature of 110 °C, 10 milliliters of 3-aminopropyltriethoxysilane
(APES) was added immediately into the reactor using a syringe. The resulting
mixture was refluxed for 42 hours at 110 °C. After the reaction, the solid was
filtered and washed with the reaction solvent under vacuum filtration. The filter

paper containing the solid was gently folded and was wrapped with another filter
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paper that was also folded. Then the solid sample wrapped inside the filter paper
was transferred into the soxhlet extraction apparatus and was extracted in
toluene for half a day. After the extraction, the solid was collected from the filter
paper and contained in a small glass bottle with a cap sealed with a filter paper.
The sample was then dried in tube oven (at 110 °C, for about 8 hours) that is
connected to a vacuum with a liquid nitrogen contained in a Dewar flask as an
interphase to trap the excess organic phase and moisture. After drying, the tube
oven was allowed to cool down first to 25 °C before taking the sample for
analysis. This is to protect the solid from absorbing moisture from the

atmosphere.

2.2.2.2 Synthesis of G0O.5 PAMAM Dendron
The Michael addition of methyl acrylate to the amine terminal group
generated half generation PAMAM dendron that was ester-terminated. This

reaction was done in toluene at 60 °C.

Michael addition to generate G0.5 PAMAM dendron was carried out as
follows: 10 grams of solid (silica gel obtained from the above reaction) was
added into the 150 milliters toluene contained in the 250-milliliter flask (2-neck
RBF). The resulting mixture was stirred in oil bath at 60 °C. Then 8 miilliliters of
methyl acrylate was added instantly into the reactor using a syringe when the
reaction temperature had reached the set point. The mixture was refluxed for 48

hours with constant stirring. After the reaction, the solid was filtered and washed
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with toluene under vacuum filtration. The filter paper that collected the solid was
gently folded and was wrapped with another filter paper. Afterwards, the solid
sample wrapped inside the filter paper was placed into the soxhlet extraction
apparatus and was extracted in toluene for half a day. When the extraction was
finished, the solid was transferred into a small glass container with a cap sealed
with a filter paper. The sample was again dried in vacuo at 110 °C for 8 hours to
remove the excess organic liquid phase. Before taking the sample from the tube

oven for analysis, the oven was allowed to cool down first to 25 °C.

2.2.2.3 Synthesis of G1 PAMAM Dendron
The amidation of the half-generation ester-terminated PAMAM dendron
with ethylenediamine generated full generation with amine terminal. This reaction

was carried out in methanol at 60 °C.

The amidation of the ester terminal groups of the G0.5 PAMAM dendron
was carried out as follows: Into a 250-milliliter flask (2-neck RBF) that contained
9.25 grams of solid (silica gel obtained from the previous reaction) in 150
milliliters of methanol, a large excess of ethylenediamine (37 milliliters) was
added when the reaction temperature had reached 60 °C. The resulting mixture
was constantly stirred in oil bath and was refluxed for 24 hours. After the
reaction, the solid was filtered and washed with methanol under vacuum. Then
the sample wrapped in filter paper was extracted in methanol for about 8 hours.

After the soxhlet extraction, the sample contained in a small glass bottle with a
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cap sealed with filter paper was dried in vacuo for another 8 hours at 110 °C to
remove the excess organic liquid phase. Again, the tube oven was allowed to

cool down first before taking the sample for analysis.

2.2.2.4 Synthesis of G1.5 PAMAM Dendron

The propagation of G1.5 PAMAM dendron was done as follows: In a 250-
milliliter flask (2-neck RBF) containing 150 milliliters of toluene with 7 grams of
solid (G1 PAMAM Dendron) previously obtained from the above reaction, 13
milliliters of methyl acrylate was added when the reaction temperature had
reached 60 °C. The resulting mixture was constantly stirred in an oil bath and
refluxed for 48 hours. When the reaction was complete, the solid was filtered
and washed with toluene under vacuum filtration. Then the sample wrapped
inside the filter paper was extracted with toluene using the soxhlet extraction
apparatus for about half a day. Afterwards, the sample was dried in vacuo for 8
hours at 110 °C and taken out of the tube oven for analysis after it had cooled

down to 25 °C.

2.2.2.5 Synthesis of G2 PAMAM Dendron

The amidation of the ester terminal groups of G1.5 PAMAM dendron with
large excess ethylenediamine resulted to G2 PAMAM dendron. It was carried
out in the following manner: 55 milliliters of ethylenediamine was added into the
250-milliliter flask (2-neck RBF) containing 6.79 grams of solid (G1.5 PAMAM

Dendron) dissolved in 150 milliliters methanol when the reaction temperature had
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reached 60 °C. The mixture was refluxed for only 24 hours while being stirred
constantly in an oil bath using a magnetic stirrer with a speed of 400-rpm. After
the reaction, the solid was filtered and washed with the reaction solvent under
vacuum filtration followed by soxhlet extraction with methanol for 8 hours to
remove the excess reagents used. Then the sample collected and contained in a
small glass container with a cap sealed with filter paper was dried in vacuo at
110 °C for 8 hours. After cooling down the tube oven to room temperature, the

sample was taken out for analysis.

2.2.2.6 Synthesis of G2.5 PAMAM Dendron

G2.5 PAMAM dendron was propagated by Michael addition of the amine
terminal groups of G2 PAMAM dendron with methyl acrylate. The reaction was
carried as follows: Into a 250-milliliter flask (2-neck RBF) containing 5.14 grams
of solid (G2 PAMAM dendron) dissolved in 150 milliliters of toluene, 19 milliliters
of methyl acrylate was added into the reactor which was constantly stirred at 60
°C, and the resulting mixture was refluxed for 48 hours. When the reaction was
complete, the solid was filtered and washed with toluene under vacuum filtration
after which a soxhlet extraction of the solid using toluene was done for half a day.
Finally, the sample was dried in vacuo at 110 °C for 8 hours. The sample was

only taken from the tube oven for analysis when it has cooled to 25 °C.
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Continuing the synthesis further by repeating the two-step reactions — the
Michael addition and amidation - will further generate higher generation PAMAM
dendrons. For the amidation reaction, a large excess of ethylenediamine was
necessary to drive the reaction to completion. Summarized in Table 2.1 are the
actual amount of reagents used and their corresponding reaction conditions for
each generation synthesized. In this work, PAMAM dendron was synthesized up

to generation 2.5 only.

Table 2.1 Actual amount of reagents used and the reaction time of cleavage.

Generation Solid (g) Reagents (mL) Solvents (mL) Reaction Time (hr)

l. Initiator Site Grafting APES Toluene
Si02---->G0 10 10 150 42
Il. Amidation Reaction Ethylenediamine Methanol
G0.5---->G1 9.25 37 150 24
G1.5---->G2 6.79 55 150 24
lll. Michael Addition Methyl Acrylate Toluene
GO0---->G0.5 10 8 150 48
G1---->G1.5 7 13 150 48
G2---->G2.5 5.14 19 150 48

The Michael addition was carried out for 48 hours to ensure complete
reaction of the amine termini with methyl acrylate, which was fed in excess. At
this length of time, which is longer than the Michael addition done by Bu Jie et.
al., '° the reaction is assured to be complete based on their kinetic study. On the
other hand, amidation was carried out for 24 hours only. Based on the IR

analysis of the G1 and G2 samples, the reaction was complete as shown by the
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total disappearance of the ester peak that described a half-generation PAMAM

dendron.

2.3. Characterizations and Interpretation of Results
2.3.1. Infrared Spectroscopy
A. Methodology

Before the IR analysis, each sample was dried in tube oven (at 110 °C, for
8 hours) connected to a vacuum with liquid nitrogen contained in a Dewar flask
as interphase to trap the organic solvent and moisture that were removed from

the sample by the vacuum pump.

Analysis of the silica gel with grafted PAMAM dendron was done at 100
scans and at 4 cm™ resolutions using Diffuse Reflectance Infrared Fourier
Transform (DRIFT) spectroscopy. Potassium bromide was scanned as
background before running the sample in the instrument, and continuous
nitrogen purging of the IR instrument was maintained before and during the

scanning of the sample.

The (DRIFT) infrared spectrum of the silica-grafted-PAMAM dendron was
recorded on a Bruker infrared spectrophotometer (Equinox 55). The original
spectra measured were treated and analyzed using OPUS software, quantified in

terms of the Kubelka-Munk unit.
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B. Results and Discussions

Amide |
Amide |

|

Kubelka-Munk

Bare Silica

4000 3500 3000 2500 2000 1500

Wavenumber, (cm™)

Figure 2.2 DRIFT spectra of the silica-grafted amine terminated PAMAM dendrons of increasing
generations.

The initiator site (G0) to be used for the propagation of PAMAM dendrons
was successfully immobilized onto the silica gel. The IR band (refer to Figure 2.2)
at 1640 cm™ corresponding to the N-H bending vibrations® of the primary amine,
and the C-H bond stretching® found in the series of small peaks near 3000 cm™
show the grafting of GO into the silica gel. The peaks present in the spectrum of
the amine-terminated initiator site are foreign to the bare silica gel as shown in

Figure 2.2.
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The presence of the surface immobilized PAMAM dendrons was also
evident from the DRIFT spectra of the silica gel used in the synthesis. The
spectra in the figure reveal two amide peaks (-CONH-) at 1550 and 1655 cm™,
which are assigned to Amide Il and I.” The Amide band I indicate the -C=0
vibrations while Amide band Il is attributed to the N-H bending vibrations in plane
coupled with the valency C-N vibrations.® These amide bands are the
characteristics of the amine-terminated full-generation PAMAM dendrons. For
instance, only G1 and G2 contain these peaks. Moreover a series of small peaks
near 3000 cm™ corresponding to the C-H bond stretching® of the PAMAM

dendrons are also featured in the spectrum.
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Figure 2.3 DRIFT spectra of the silica-grafted ester terminated PAMAM dendrons of increasing
generations.

Similarly, the surface-immobilized half-generation PAMAM dendrons were
demonstrated in the spectra (see Figure 2.3) by the peak at 1730 cm
corresponding to the -C=0O vibration® of the ester functional group of the
compound. Each spectrum of the half generations contains this distinct IR band.
The series of small peaks near 3000 cm™ corresponding to the C-H bond
stretching® of the CH,, functional group of the PAMAM dendrons still remain in the

spectra, which is another evidence that the compound was successfully grafted

into the silica gel.
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Figure 2.4 DRIFT spectra of the Michael addition and Amidation reactions of the silica-grafted
PAMAM dendrons.

Figure 2.4 shows the propagation of PAMAM dendrons at different
generations starting with the initiator site (GO) up to G2.5. Full-generation
PAMAM dendrons are G1 and G2 while half generations are G0.5, G1.5 and

G2.5.

Initially, the Michael addition of the amino reactive site of the initiator
compound formed the generation 0.5. This is shown by the disappearance of the
broad peak at 1640 cm™ assigned to primary amine and the appearance of the —
C=0 vibration at 1730 cm™ that is due to the ester functional group of the

compound (G0.5). Likewise, the Michael addition of the full generation PAMAM
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dendrons illustrated the appearance of the ester peak. This showed the
conversion of the amine termini of the full generation into ester moieties during

the reaction.

Amidation of the ester-terminated half-generation formed the amine-
terminated full-generation PAMAM dendrons, which are described by the two-
amide bands at 1550 and 1655 cm™.” The complete disappearance of the ester
peak confirms the transformation of the ester group into amide functional groups

indicating that the Amidation step is complete under the existing conditions.

It can be clearly noticed from the DRIFT spectra that the intensity of the
signals for the amide band | and amide band Il in the G2 decreased as compared
to G1, despite the fact that both reactions have exactly the same reaction time.
The possible explanation to this incidence is the cross-linking reaction that
occurs more extensively in the higher generations. This issue will be illustrated

further in the next section on thermogravimetry.

The said cross-linking reaction generates a structural defect that prevents
further growth of the compound because the structure of the cross-link does not
have any reactive site for the next reaction to take place, and Michael addition
occurs only in the amine termini. Moreover, this cross-link defect cannot be
distinguished from the desired compound having an ideal structure by simply

using infrared spectroscopy because both compounds have amide functionality.
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A more sophisticated analytical instrument like mass spectrometry is required to
distinguish one from the other. However, the application of this analytical
technique is only possible after the cleavage of the compound from the solid

support.

2.3.2. Thermogravimetry (TGA)

A. Methodology

Before the TGA measurement, each sample was dried in tube oven (at
110 °C, for 8 hours), which was connected to a vacuum with liquid nitrogen
contained in a Dewar flask as interphase to trap the organic solvent and moisture

that were removed from the sample by the vacuum pump.

About 15 milligrams of the solid sample was loaded into the platinum TGA
crucible. Initially, the TGA was set to isothermal setting for 5 minutes before
heating to purge the unwanted gases inside the sample compartment. Using air
with a flow rate of 200 milliliters per minute, the sample was heated from room
temperature to 800 °C with constant temperature ramp of 5 °C per minute. When
the final temperature was reached by the system, the instrument cooled down

automatically using the same gas for heating the sample.

Thermogravimetric analyzer supplied by TA instruments of model SDT

2960 was used to analyze the silica-grafted-PAMAM dendrons. The instrument is
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equipped with the Universal Analysis software to view the TGA curve of the

sample after burning.

B. Results and Discussions

Table 2.2 TGA measurements of PAMAM dendron grafted on silica gel.

Synthesis  Weight  Grafted Amt. Theoretical. Amt. Formula
Stage  Grafted %* (mg/g SiO2) (mg/g SiO2) Weight

GO 11.83 118.3 118.3 58

GO.5 22.52 225.2 469.12 230
Gl 26.37 263.7 583.34 286
G1.5 33.8 338 1284.98 630
G2 35.41 354.1 1513.42 742
G2.5 42.06 420.6 2916.71 1430

*Determined from the TGA weight-loss profile.

The grafted amounts of PAMAM dendrons on the silica gel were
determined from the thermogravimetric analysis. The results of the TGA
measurements for each generation were summarized in Table 2.2. The
calculation of the weight grafted is based on the formula’ denoted as S. It is
defined as the ratio of the grafted PAMAM dendrons per 1 gram of the bare silica
gel. The difference in weight between 110 °C and 800 °C obviously accounts for
the grafted PAMAM dendrons because at 800 °C all of the grafted organic phase
have been burned and only the silica gel is left in the TGA crucible. That is also
why the formula is divided by the weight at 800 °C. Moreover, the weight before
110 °C was not considered in the formula for it is mainly due to moisture
adsorbed on the surface of the porous silica gel.

S, (%) = (Weight at 110 °C — Weight at 800 2C) x 100%
Weight at 800 °C
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The percent weight grafted due to the organic phase immobilized on the
surface of silica gel increased from generation 0 to 2.5. This means that for every
additional reaction in the silica-grafted compound, the dendron increased in size.
Thus, the PAMAM dendron was successfully grown onto the silica gel. The TGA

profile shows this clearly.
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PAMAM Dendron Generation

Figure 2.5 TGA profile of PAMAM dendrons.

It can be noticed from the TGA profile (see Figure 2.5) that as the
generation increases, the weight increase of the organic phase declines for both
Michael addition and amidation reactions. For instance GO to G0.5 has a greater
weight increase as compared to G1 to G1.5 and G2 to G2.5, while G0.5 to G1
has a greater weight increase also in contrast with G1.5 to G2. This explains that

more side reactions occur in the higher generations forming structural defects. In
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the research conducted by Peterson et al.,'' it was mentioned that more
structural defects are formed in the higher generations due to the many branches
of the compound that cause crowding. As a result, the amount of propagation of

PAMAM dendrons decreases as the generation increases.

100 200 300 400 500 600 700 800

Temperature, (°C)

Figure 2.6 TGA analysis of PAMAM dendrons at different generations.

From the actual TGA measurement shown in Figure 2.6, the amidation
step has a smaller weight difference as compared to the Michael Addition step
although the infrared spectroscopy shows a complete disappearance of the ester

peak (see Figure 2.4). Consider the weight difference of G2.5 from G2, G1.5

51



from G1 and GO0.5 from GO. These regions have a greater weight differences as

compared to G1 from GO0.5, and G2 from G1.5.

This implies that a side reaction due to cross-linking is really happening in
the amidation step, which significantly contributes to the low amount of
propagation of PAMAM dendron. Theoretically, one ester terminal group in the
silica-grafted compound should react only with one terminal amine group of the
ethylenediamine monomer during the amidation reaction and leaving the other
amine group of the monomer free for the next step that is Michael addition.
However, when both of the amine terminal groups of the monomer react with
adjacent ester terminal groups of the silica-grafted compound (see Figure 2.7) on
the same step, cross-linking takes place and the expected amount of grafting
decreases. Because of this cross-linking incident in the amidation step, the
grafted amounts of PAMAM dendron are smaller than the expected value (see

Table 2.2).

=z
®)
©)
O
—O
—O
—O

Figure 2.7 (A) Shows cross-linking between adjacent amine group from two neighboring
branches™ (B) Internal cross-linking also known as intramolecular cyclization'* (C) Ideal structure
of G1 PAMAM dendron with no cross-linking.
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The Michael addition has a greater weight difference as compared to the
amidation reaction, (see Table 2.2). This implies that a side reaction also occurs
during the Michael addition, and the previous measurement by infrared
spectroscopy fails to determine this incident because the product of the side
reaction also contains an ester functional group that gives exactly the same IR
band as the product.

This supports the findings of Bu Jie et al.'® that a side reaction occurs in
spite of the complete Michael addition as shown in the result of their kinetic study
using infrared spectroscopy. In Scheme 2.8 that is proposed by them, the ester
group in the intermediate product creates a steric hindrance for the incoming
monomer (methyl acrylate). Thus, the new compound has missing
branch/branches. As such, this phenomenon is called incomplete Michael
addition. When this occurs, the amount of grafting decreases as shown in the

experimental results (see Table 2.2).

/
o (e}
/\NHZ + JO/ /\ /_);

N (1)

Terminal Amine Group Methyl Acrylate
of Full Generation

o— (0]
e PN @)
/\N/_> + JO Nv
H O\
O

Intermediate Methyl Acrylate Terminal Ester Group
of Half generation

Intermediate

Scheme 2.8 (1) Incomplete Michael addition shows the formation of an intermediate; (2)
Complete Michael addition of the amine terminal group to form the ideal structure of the half-
gener7ation PAMAM dendron having two ester groups at the terminal ends. Proposed by Bu Jie,
etal.
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Figure 2.8 Synthesis result compared to the theoretical amount of grafting the PAMAM dendron
onto the silica gel.

The efficiency of the synthesis was compared based on the theoretical
value of R where R is the ratio of the grafted amount to the initial amino group
content. Despite the increase in the R-values of the synthesis for each
generation, experimental values are still smaller than the theoretical (refer to
Figure 2.8). This elucidates the low efficiency of the synthesis method,
particularly in the higher generations as shown by the increasing gap between
the experimental and theoretical lines in the plot. The earlier works of
Tsubukawa, et al.! also exhibit a low efficiency in the synthesis of the compound.

The values of R are listed in Table 2.3.
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Table 2.3 Computation of the R Values.
Synthesis Stage Theoretical *R Experimental R

GO 1.00 1.00
GO.5 3.97 1.90
Gl 4.93 2.23
G15 10.86 2.86
G2 12.79 2.99
G25 24.66 3.56

*Ratio of the grafted amount to the initial amino group content

In this experiment, the initial amino group content of the silica gel used to
propagate PAMAM dendrons is 2.039 millimoles, as determined by the TGA
measurement. This amount is really difficult to control when exactly the same
reaction is done because the silylation reaction is non-uniform® as mentioned

earlier. The experiment has proven this.

With a high starting density of the amino group in the initiator site (2.039
millimoles), the higher generations are more likely to exhibit a crowding effect
and decrease the amount of propagation. This explains why the intensity of the
signal in the IR measurement for G2 PAMAM dendron is low as compared to that
of the G1 PAMAM dendron (see Figure 2.2). Although some structural defects
are formed in the second generation, the propagation of G2.5 was achieved in
the experiment as shown by the TGA and FTIR analyses. This proves that further
grafting of the compound is still feasible despite the defects that were formed in

the previous reactions.
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2.4 Conclusion

Although the PAMAM dendron of different generations was successfully
grafted into the silica gel, the propagation of the compound was not achieved
theoretically as shown in Table 2.2. The possible reasons for the low efficiency of
the synthesis are the incomplete Michael addition due to steric hindrance and the
cross-linking reactions in the amidation step. The results showed that the
problems that contribute to the formation of the structural defects of the
compound are more serious in the higher generations. And between the two
synthesis problems mentioned, the cross-linking reaction is the main cause of the
small amount of grafting in the experimental result as shown in the TGA profile
by the lesser weight increase in the formation of the full-generation PAMAM
dendrons (G0.5 to G1 and G1.5 to G2) as compared to the formation of the half-

generation.
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Chapter 3: Cleavage of 3-(diethylenetriamino)propyl

from the Silica Gel

3.1 Introduction

A commercial sample, 3-(diethylenetriamino)propyl - functionalized silica
gel, was used in the reaction to test the effectiveness of the cleavage method
before using the solid-phase synthesized dendritic macromolecules — PAMAM
dendrons. The model compound that is also grafted onto the silica gel was
selectively chosen for the cleavage because it has an amine terminal group that

is similar to the terminal groups of the full generation PAMAM dendrons.

In the past, scientists had proven that organosilanes could be oxidatively
cleaved from the silica gel support through the silicon-carbon bond.*® One
approach is to use hydrogen peroxide in the presence of potassium fluoride.
Since the organic phase bonded to silica gel through silicon oxygen bonds are
organosilanes with one or more electron-withdrawing oxygens, the hydrogen
peroxide in the presence of potassium fluoride can oxidatively cleave the organic

phase like the silica-grafted PAMAM dendrons from the solid support.

Furthermore, the reaction is quite universal because it works with most
organosilanes that have one or more electron-withdrawing substituents like
oxygen.* Functional groups like ester are able to withstand the reaction because
the condition is mild rather than acidic or basic. Moreover, the reaction forms

very stable and easily characterizable end products like alcohols. In acidic and
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basic conditions, cleavage of the organic phase from silica gel is also possible
but it leads to very complicated products as confirmed by both H NMR and thin-

layer chromatography.*

Chemical cleavage of the bonded organic phase from the surface of the
silica gel followed by spectroscopic or mass characterizations is a powerful
method for structural analysis of the solid-phase synthesized compound. Tingli,
et al.* conducted an earlier study regarding the cleavage of the different
stationary phases grafted onto the silica gel. The stationary phase mentioned in
their study is referred to as the organic phase. The Pirkle chiral leucine selector
was one of the stationary phases used in the experiment. It has amide

functionality similar to that of the full generation PAMAM dendron.

After the cleavage, the sample was analyzed by tandem (MS-MS) mass
spectrometry with electrospray ionization technique. The significant advantages
of using ESI-MS include its high sensitivity and soft ionization.” To confirm the
results of the ESI MS, the cleavage sample was sent for further analysis in the
Time-of-Flight (TOF) mass spectrometry. The TOF-MS is tolerant to impurities,
and it produces predominantly single charged ions, allowing for the determination
of the direct mass number of polymers.® Furthermore, the infrared spectroscopy
was used to support the results of the mass analyses by finding out the important
molecular vibrations of the different functional groups that are present in the

target compound, 3-(diethylenetriamino)propyl alcohol.
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Finally, the silica gel after cleavage was characterized by
thermogravimetry (TGA), elemental analysis (EA), and infrared spectroscopy.
The efficiency of the cleavage method was computed from the TGA and EA
measurements before and after the cleavage of the compound. The theoretical

illustration of the cleavage reaction is shown in Scheme 3.1.

3-(diethylenetriamino)propyl- ) o
functionalized silica gel 3-(diethylenetriamino)propyl alcohol
MW=161
H,N

<, .

v <
% KF / KHCO, HN \
| + H,0 + 9
N /N
000

OH M
" Silica Gel
Silica Gel

Scheme 3.1 Cleavage 3-(diethylenetriamino)propyl from silica gel.

The mechanism is described in Scheme 3.2. Hydrogen peroxide is first
deprotonated by bicarbonate, and then it initiates the cleavage reaction by a
nucleophilic attack to the silicon atom in the organic phase grafted onto the silica
gel. This results to a negatively-charge complex. In order for the silicon to gain
neutrality, the alkyl group attached to it undergoes migration onto the peroxide

linkage, displacing the hydroxide group.
Hydrolysis of the resulting silicon-oxygen bond takes place when a

nucleophile from hydrogen peroxide attacks the silicon atom, making it

negatively-charge and the oxygen of the alkoxy group attracts a proton from a
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water molecule and leaves as an alcohol. This end product that is an alcohol is

usually very stable and easily characterizable.

The silicon atom is then attacked by the fluoride ion, causing the attached
hydroxyl group to gain a proton and leaves as a water molecule. As a result, a

strong silicon-fluorine bond is formed, preventing any possibility of the backward

reaction.
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Scheme 3.2 Reaction mechanism of the cleavage.
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3.2 Experimental
3.2.1. Materials

The 3-(diethylenetriamino)propyl - functionalized silica gel purchased from
Sigma-Aldrich was kept in a dry cabinet at constant temperature of 20 °C while
the 30% aqueous hydrogen peroxide supplied by Kanto Chemical Co., Inc. was
stored in the fridge at low temperature. The solvents used were purchased from
either Sigma-Aldrich, J.T. Baker, or Merck. Potassium bicarbonate supplied by
Sigma-Aldrich and potassium fluoride from Riedel-de Hgen were also kept in the
dry cabinet to protect them from absorbing moisture from the surrounding
atmosphere. The filter paper, Whatman 42 (retention size, 2.5 microns), from

United Scientific Equipment Pte Ltd was used in the filtration.

3.2.2. Procedures

The cleavage of 3-(diethylenetriamino)propyl from surface of silica gel
(refer to Scheme 3.1) was done in three different solvents like methanol,
THF/methanol and water using hydrogen peroxide (H.O,) in the presence of
potassium fluoride (KF) and potassium bicarbonate (KHCO3). This was carried
out as follows: Into a 100 ml flask that contained 1 gram of solid, 3-
(diethylenetriamino)propyl - functionalized silica gel), dissolved in solvent (30 ml),
potassium fluoride (10 equivalents to the organic phase) and potassium
bicarbonate (10 equiv.) were added, and the resulting mixture was stirred in oil
bath at 60 degrees Celsius. When the reaction temperature reached nearly the

set point, 30% aqueous hydrogen peroxide (10 equiv.) was added using the
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micro pipette and then the mixture was refluxed for 12 hours with constant
stirring using a magnetic stirrer with a speed of 400 rpm. The reaction conditions

of the cleavage were summarized in Table 3.1.

Table 3.1 Summary of cleavage reaction conditions.

Reaction Time 12 hours
Temperature 60 °C
1.) 30% aq. H20- - 10 equiv. to the organic phase
Reagents 2.) Potassium Carbonate - 10 equiv. to the organic
phase
3.) Potassium Flouride - 10 equiv. to the organic phase
Solvents:
(1) Methanol 30 milliliters per 1 gram of 3-(diethylenetriamino)propyl -
(2) THF/Methanol | functionalized silica gel
(3) Water

After the reaction, the solvent was removed under vacuum using the
rotary evaporator. Then the residue was dissolved in small amount of solution
containing 10% methanol in dichloromethane and transferred to the glass column
packed with silica gel for purification. After washing with 10% methanol in
dichloromethane using the column, the filtrate was concentrated to yield the
desired compound, which was analyzed by infrared spectroscopy and mass

spectrometry.

The silica gel inside the column was retrieved using the pipette filler. It
was then washed with the reaction solvent followed by large amount of de-
ionized water to remove the inorganic components adsorbed on the surface of
the silica gel. After washing, the solid support was dried in vacuo at 110 °C for 8

hours to remove the trace amount of solvent and moisture present on the
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surface. Finally, the silica gel was analyzed by infrared spectroscopy,

thermogravimetry, and elemental analysis.

3.3 Characterizations and Interpretation of Results

3.3.1. Infrared Spectroscopy

A. Methodology

a.) Silica Gel. Before the IR measurement, each solid sample was dried in
tube oven (at 110 °C, for 8 hours), which was connected to a vacuum with
liquid nitrogen contained in a Dewar flask as interphase to trap the organic

solvent and moisture that were removed from the sample by the vacuum

pump.

The analysis of silica gel was done at 40 scans having 4 cm™
resolutions using the Digilab Excalibur FTIR. Initially, potassium bromide
was pressed into a translucent disc using a hydraulic press and was run
into the instrument as the background. Subsequently, the sample was
prepared by mixing the silica gel with potassium bromide and was pressed
into a translucent disc also under vacuum suction. The spectra were

guantified in terms of absorbance unit.

b.) Cleavage compound. A translucent disc of potassium bromide was made
first using the hydraulic press; and then the cleavage compound, a pale

yellow viscous liquid, was pasted on the center of the disc. The sample
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was run in the instrument at 40 scans and 4 cm™ resolutions. Potassium

bromide was also scanned as the background before the sample

measurement. The spectra were quantified in terms of absorbance units.

B. Results and Discussions
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Figure 3.1 IR spectrum of the silica gel before and after cleavage of 3-(diethylenetriamino)propyl

in methanol.

The 3-(diethylenetriamino)propyl was successfully cleaved from the silica

gel as shown in the IR spectrum (see Figure 3.1) by the disappearance of the N-

H bending vibrations’ at 1640 cm™, which is due to the amine functional group of

the compound. Another peak appeared in this region after the cleavage of the

compound from the silica gel support. This new peak that is very close to the N-H
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bending vibrations of the amine group is attributed to moisture. Water molecules
can easily adsorbed into the surface of the porous silica gel since the organic
phase has been cleaved from its surface. The peak at 1635 cm™ is only assigned
to the OH stretching vibration of the water molecules and is not due to the OH
group of the cleavage compound because there is no evidence of the CH,
stretching vibration in the spectrum of the silica gel after the cleavage. To
illustrate further, the 3-(diethylenetriamino)propyl that is immobilized onto the
surface of the silica gel is described by the different CH, vibrations of the
compound. These are the C-H bond stretching’ indicated by the series of small
peaks near 3000 cm™ and C-H bending vibrations’ at 1475 cm™. After the
cleavage of the compound, the series of CH, bands disappeared. Also, the silica
gel has been washed thoroughly with water and methanol alternately followed by
high temperature drying in tube oven that is connected to a vacuum pump. Thus,
the compound is completely removed from the surface of the silica particles after

the cleavage.

Another IR band that can be observed in the spectrum is the Si-O-Si
stretching vibration’ of the silica gel at 1080 cm™. This is the strongest band that
is both seen in the spectrum of the silica gel before and after cleavage of the
compound. Finally, the stretching vibration of the silicon-fluorine bond’ is shown
at 950 cm™. This peak is not apparent in the spectrum of the 3-
(diethylenetriamino)propyl — functionalized silica gel. The fluorine content of the

silica gel after the cleavage was determined by elemental analysis as
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summarized in Table 3.3. And for the cleavage of the compound in

THF/methanol and in water, the same results were obtained in the infrared

spectroscopy (refer to Figures 3.2 and 3.3).
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Figure 3.2 IR spectrum of the silica gel before and after cleavage of 3-(diethylenetriamino)propyl

in THF/methanol.
i -Si-0-Si-
J\

NH

% g
JIN l ’\
m 7 Silica Gel ~ |

Before Cleavage
——— After Cleavage

-Si-F

Absorbance

~——

4000 3500 3000 2500 2000 1500 1000

Wavenumber, (cm™)
Figure 3.3 IR spectrum of the silica gel before and after cleavage of 3-(diethylenetriamino)propyl
in water.
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Figure 3.4 IR spectrum of the 3-(diethylenetriamino)propy! alcohol after cleavage in methanol.

The IR spectrum of the liquid phase (Figure 3.4) undoubtedly
demonstrates the presence of the compound, 3-(diethylenetriamino)propyl
alcohol, in the cleavage sample by checking the important molecular vibrations.
The N-H bending vibration” of the compound’s amine functional group at 1640
cm™ is shown at a very high intensity. The C-H bond-stretching vibrations’ of the
CH, functional groups indicated by the small peaks near 3000 cm™ strongly

support the presence of the organic compound in the liquid phase.
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The broad peak at 3400 cm™ illustrates the OH functional group of the
compound, which is due to the stretching vibrations’. It is very unlikely that this
peak is due to the OH group of methanol since this solvent has been completely
evaporated during the experiment. Further the C-O stretch’ is clearly seen at
1060 cm™, which is a characteristic of a primary alcohol. This confirms that after
the cleavage of the compound, the product formed is an alcohol as shown by the
OH and C-O bands in the IR analysis. Similarly, this proves that a C-OH bond is
formed in the compound replacing the Si-C bond after the cleavage. The same
results were also obtained for the cleavage of the compound in THF/methanol

and in water. These are shown in Figures 3.5 and 3.6.

Since the IR only shows the vibrations of the different functional groups of
the compound, powerful analytical technique such as mass spectrometry has
been used also to determine the molar mass of the compound to confirm its
structure, and the mass analysis in section 3.3.4 gives the correct molecular
weight of the compound in the spectrum. This shows that the IR vibrations
assigned to the different functional groups are accurate evidence of the
compound. Thus, both IR and mass analysis agree that the compound is present

in the cleavage sample.
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3.3.2. Thermogravimetry

A. Methodology

Before the TGA analysis, each solid sample was dried in a tube oven (at
110 °C, for 8 hours), which was connected to a vacuum with liquid nitrogen
contained in a Dewar flask as interphase to trap the organic solvent and moisture

that were removed from the sample by the vacuum pump.

To compare accurately the result of the TGA measurements before and
after cleavage, the same method was used in the instrument to analyze the
samples. About 15 milligrams of the solid sample was loaded into the platinum
TGA crucible. Initially, the TGA was set to isothermal setting for 5 minutes before
heating to purge the unwanted gases inside the sample compartment. Using air
with a flow rate of 200 milliters per minute, the sample was heated from room
temperature to 800 °C with constant temperature ramp of 5 °C per minute. When
the final temperature was reached by the system, the instrument cooled down

automatically using the same gas for heating the sample.

Thermo-gravimetric analyzer supplied by TA instruments of model SDT

2960 was used to analyze the silica gel. The instrument is equipped with the

Universal Analysis software to view the TGA curve of the sample after burning.
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B. Results and Discussions
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Figure 3.7 TGA profile of silica gel before and after cleavage of 3-(diethylenetriamino)propyl -
functionalized silica gel in methanol.

The TGA measurement (see Figure 3.7) shows the success of the

cleavage of 3-(diethylenetriamino)propyl from the silica gel. Initially, the percent

weight grafted due to the organic phase immobilized on the surface of the silica

gel was 33.5%. After the cleavage, percent weight grafted decreased to 5.8%.

Both readings were taken at 110 °C in order not to consider the weight of the

moisture content of the porous silica gel. In other words, the weight loss prior to

110 °C is not due to the grafted organic phase that is being burned by TGA from

the surface of the silica gel.
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The removal of the moisture content from the surface of the porous silica
gel is observed from the actual TGA measurements (see Figure 3.7) by the
appearance of a prominent peak in the derivative weight plot within the
temperature range of 25 °C and 110 °C. Thus, the weight loss below 110 °C is
attributed to the moisture content of the silica gel. The weight grafted is also
computed using the formula that is clearly defined in section 2.3.2 of the previous
chapter. This formula is as follows:

S, (%) = (Weight at 110 °C — Weight at 800 °C) x 100%
Weight at 800 °C

When the heating temperature of the thermogravimetric analyzer reaches
800 °C, the grafted organic phase is completely burned leaving only the white
solid particles of silica gel, which has a melting point® above 1000 °C. This is
shown clearly in the TGA profile when the plot becomes constant starting at 700
°C, which simply means that no further compound is being burned from the

sample.

The results of the TGA measurements for the cleavage of 3-
(diethylenetriamino)propyl in THF/Methanol and water are shown in the Figures
3.8 and 4.9 respectively. The above calculation applies to the results. For the
cleavage done in THF/methanol, the percent weight grafted due to the grafted
organic phase dropped to 14% from 33.5%. Likewise, the percent weight of the
cleavage done in water decreased to 7.5%. This proves the viability of the

cleavage in solvents used, THF/methanol and in water.
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Figure 3.8 TGA profile of silica gel before and after cleavage of 3-(diethylenetriamino)propyl -
functionalized silica gel in THF/ methanol.
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Figure 3.9 TGA profile of silica gel before and after cleavage of 3-(diethylenetriamino)propyl -
functionalized silica gel in water.
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To compare the three different methods, the efficiency of the cleavage

was determined based on the TGA result and the calculation is as follows:

**Cleavage Efficiency = Wi. loss before cleavage — Wt. loss after cleavage x 100%
Wt. loss before cleavage

For more accurate results, the readings considered on the TGA profile were all
taken at 110 °C. This is to eliminate the weight grafted due to moisture. The

results of the calculation are summarized in Table 3.2.

Table 3.2 Summary of the cleavage efficiency of 3-(Diethylenetriamino)-
propyl - functionalized silica gel based on TGA data.

**Cleavage
Solvent Used Efficiency (%)
Tetrahydrofuran /Methanol 58.50
Methanol 82.68
Deionized Water 77.60

*percentage by weight

Based on this computation, methanol proves to be the most effective
solvent for the cleavage of the model compound. It has an efficiency of over
80%. As a result, the cleavage in methanol is favored for the cleavage of the

bigger molecule, which is the PAMAM dendron grafted on silica gel.
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3.3.3. Elemental Analysis

The elemental analyses were performed at the NUS Micro Analytical
Laboratory with a Perkin Elmer 240C elemental analyzer for C, N, and F

determinations.

Table 3.3 C and N analysis of silica gel before and after cleavage of 3-(diethylenetriamino)propyl.

C (%*) N (%) F (%)

Solvent Used Before After Before After After
THF / Methanol 11.25 3.04 5.82 1.41 2.73
Methanol 11.25 1.07 5.82 0.92 0.38
Deionized Water 11.25 1.59 5.82 0.81 2.59

Table 3.4 Summary of the cleavage efficiency of 3-(Diethylenetriamino)-
propyl - functionalized silica gel based on EA.

** Efficiency, (%%)

Sample C N
THF / Methanol 72.98 75.77
Methanol 90.49 84.19

Deionized Water 85.87 86.08

* percentage by weight
** Efficiency = (% before cleavage — % after cleavage) x 100%
(% before cleavage)

The elemental analysis of the silica gel evidently shows the cleavage of
the compound from the solid support. For instance, the percentage content of
carbon and nitrogen atoms in the silica gel decreased after the cleavage reaction

as presented in the Table 3.3.

The analysis shows that the silica gel contained fluorine atom despite of
the alternate washing of the silica particles with methanol and water after the

cleavage. The fluorine content of the silica gel after cleavage is summarized in
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Table 3.3 for each of the solvents used during the reaction. This confirms the
formation of the silicon-fluorine bond in the surface of silica gel after the cleavage
of the organic phase (see mechanism at Scheme 3.2). The silicon-fluorine
vibration was also identified by the infrared measurements. This vibration is
clearly shown in the IR spectra of the silica gel after cleavage in three different

solvents (see Figures 3.1, 3.2 and 3.3).

Finally, based on the elemental analyses results, the cleavage reaction
done in methanol is the most efficient as compared to the other solvents like
THF/methanol and water. The conformity of the results in the EA and TGA
measurements strongly suggests that methanol is the most suitable solvent for
the cleavage of 3-(diethylenetriamino)propyl from the silica gel. Thus, we
preferred the use of methanol as the reaction solvent for the cleavage of the

silica-grafted full generation PAMAM dendrons.
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3.3.4. Mass Spectrometry

3.3.4.1 Tandem Mass (MS-MS) Spectrometry

A. Instrumentation. The instrument was calibrated before analysis of the
sample. After calibration, the polymer sample was directly infused into the ESI
source of Waters Quattro Micro APl MS/MS spectrometer with a syringe pump
flow of 5 uL/min flow rate. The capillary and the cone voltage were set at 3
kilovolts and 17 volts respectively. The MS/MS used argon as the collision-

induced dissociation (CID) gas.

The sample was introduced into the ESI source in 50/50 (v/v)
acetonitrile/water solution containing 50 millimolar ammonium acetate at
concentrations approximately 1x10* ppm. The acquisition range of the mass
spectrum was from m/z 20 to 400, which was done in the positive ionization
mode. The final spectrum was recorded and treated by using the MassLynx 4.0

software installed in the instrument.
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B. Results and Discussions
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Figure 3. 10 Tandem mass (MS/MS) spectrometry analysis of 3-(diethylenetriamino)propyl
alcohol. Below is the MS parent scan of the compound while daughter scan is shown in the above
spectrum.

The results of the mass analysis (see Figure 3.10) evidently showed that

the sample is a mixture, which normally describes a polymer® because of the
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distinct patterns of the peak present in the MS spectrum. Since the starting
material is not pure that could be the reason why the purity of the 3-
(diethylenetriamino)propyl - functionalized silica gel was not stated by the
supplier. The end product after cleavage is expected to be a mixture of different
components. Although purification of the cleavage sample was done using silica
gel column chromatography, separation was difficult because the impurities
contain the same polarity and functional groups as the target compound. This
case is similar to that of the PAMAM dendron that was propagated on
mesoporous spherical silica gel. During the solid phase synthesis of the
macromolecule, several defects containing similar polarity and functional groups
were also formed. As a result, the end product after the cleavage of the dendritic
macromolecule from the solid support was a mixture of the target compound with

the different structural defects, which were due to the propagation steps.

Although the end product was a mixture of several unknown components,
the target compound could still be found undoubtedly in the sample. In the parent
scan (lower spectrum in Figure 3.10), the target compound is obviously shown at
m/z 162 (MW+H"), which is the mass of the compound plus one additional unit.
That can be accounted for a proton attaching the compound, making it charged
because only charge species can be detected by the mass spectrometer. The
other peaks observed in the parent scan are mainly due to the different

components inside the mixture and are not due to fragmentation of the
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compound because a soft ionization technique (ESI) was applied during the

mass analysis.

To confirm the presence of the target compound in the sample, the peak
at 162 was broken down using the CID gas. As a result, several fragments were
found in the daughter scan (upper spectrum in Figure 3.10) that were not present
originally in the parent scan. These fragments support the structure

determination of the peak at m/z 162.

For instance after fragmentation, a distinguishing peak at m/z 88, which
has the second highest intensity after 162, is shown only in the daughter scan.
This illustrates that m/z 88 is a fragment of 162. This fragment is suggested to be
a result of CH,NHCH,CH;NH, removal in the structure of the target compound.
CH;NHCH,CH,;NH, is neutral species that cannot be detected in the mass
spectrometer. Another notable fragment is the peak at 144. This particular
fragment is most probably a result of an OH removal at one terminal end of the
compound. The above-mentioned fragments were also charged species; thus,

their detection in the mass spectrometer is possible.

3.3.4.2 Time-of-Flight (TOF) Mass Spectrometry
A. Instrumentation. The Time-of-Flight mass analysis of the cleavage sample
was done at JEOL Ltd., Japan using the new TOF MS instrument of model JMS-

T100LC AccuTOF™ equipped with MassCenter system version 1.3.1 software.
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The orifice 1 and orifice 2 voltages were fixed at 40 and 3 volts respectively. And

the acquisition range (m/z) was set from 100 to 600.

B. Results and Discussions
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Figure 3.11 TOF mass spectrum of the 3-(diethylenetriamino)propyl alcohol. The full scan (m/z
100 to 600) is divided into two small diagrams above.

To confirm the result of the ESI MS-MS, the cleavage sample was sent for

further analysis in the time-of-flight (TOF) mass spectrometry. The result of the

analysis illustrates that the sample is undoubtedly a polymer® as shown by the

distinct patterns of the peak in the spectrum (see the full scan on Figure 3.11).

Interestingly, the peak at 162 that describes the target compound appeared also
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in the TOF mass

spectrum. Again, this peak is equivalent to the exact mass of

the compound (161) with an addition of one unit due to the attached proton that

made the compound charged.
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Figure 3.12 TOF mass analysis showing the isotopes of 162 (above); Simulation data of the peak
at m/z 162 plus its isotopes (below).

83



Another evidence showing the presence of the target compound in the
cleavage sample is the similar peak distribution profiles and the ratio of the
isotopes in the experimental result and the simulation data taken from the given
software and from the calculation in the molecular weight calculator. The
experimental result and the simulation of the peak at m/z 162 are shown in the

Figure 3.12.

3.4 Conclusion

It was shown that silica-grafted organic phase such as the 3-
(diethylenetriamino)propyl can be successfully cleaved using hydrogen peroxide
in the presence of potassium fluoride. Mass spectrometry gave the correct molar
mass of the compound while infrared spectroscopy showed the important
molecular vibrations of the different functional groups that are strong evidences

of the presence of the compound in the cleavage sample.

Based on thermogravimetric and elemental analyses of the silica gel after
cleavage of the 3-(diethylenetriamino)propyl, methanol illustrated the highest
cleavage efficiency as compared to the other solvents used such as water and
THF/methanol. Methanol is advantageous in the cleavage of dendritic

macromolecules since they are most stable in this solvent according to literature.
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Chapter 4: Cleavage of PAMAM dendrons from Porous Silica Gel

4.1 Introduction

There is presently no structural characterization of the PAMAM dendrons
synthesized on solid support particularly silica gel. The silica-grafted PAMAM
dendron can only be analyzed by few analytical techniques like infrared
spectroscopy™, thermogravimetry®*, inductively coupled plasma?, and scanning
electron microscopy”. Powerful analytical techniques like mass spectrometry and
liquid-phase nuclear magnetic resonance (NMR) cannot be used to characterize
the structure of the macromolecule because of the attached solid support. With
the chemical cleavage of PAMAM dendron from the solid support, structural
analysis can now be performed using mass spectrometry, which is considerably
a more sensitive analytical tool than other conventional tools.> The analysis of
the cleavage sample using liquid phase NMR is difficult to perform because the
end product is a mixture of different components due to the solid phase synthesis
of the macromolecule. Cleavage of PAMAM dendrons from the silica gel followed

by analysis using mass spectrometry has not been realized previously.

With the success of the new improved method in the cleavage of the
commercially available compound 3-(diethylenetriamino)propyl shown in the
previous chapter, the same condition was applied to cleave the dendritic
macromolecule from the silica gel, except that the reaction was done at room

temperature for longer times. And the reaction was done only in methanol
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because it gives the highest efficiency among the other solvents tested during
the cleavage of the commercial compound. Further, methanol is essential for the
reaction because the macromolecule is said to be stable'® in methanol. That is
why the commercial PAMAM dendrimer supplied by Sigma- Aldrich is dissolved

only in methanol.

After cleavage, the PAMAM dendron, already in liquid form, was analyzed
by mass spectrometry using chemical ionization mode. By applying this
technique to analyze the dendritic macromolecule, some useful information about
the structures of the PAMAM dendron including the synthesis “failures” is only

determined convincingly.

The use of this powerful analytical technique like mass spectrometry has
been increasingly rapid recently due to the advent of methods that are capable of
producing gaseous ions from the macromolecules.® The earliest groups who
applied chemical ionization mass spectrometry to analyze the PAMAM
dendrimers synthesized in liquid phase was Tomalia’ and co-workers. Further,
G.J. Kallos and co-workers® also did successful studies on the analysis of the
liquid-phase synthesized G4 PAMAM (Starburst) dendrimer using mass

spectrometry.

Infrared spectroscopy was also used to check the important molecular

vibrations of the different functional groups present in the cleavage dendritic
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macromolecule. Furthermore, the result of the IR spectra of the self-synthesized
PAMAM dendron was compared to that of the commercially synthesized PAMAM

dendrimer on the same generation that had exactly the same functional groups.

After cleavage, the silica gel was analyzed by thermogravimetry (TGA),
elemental analysis (EA), and infrared spectroscopy. The efficiency of the method
was computed from the TGA and EA measurements using the data before and
after the cleavage of the macromolecule. The theoretical illustration of the
cleavage of PAMAM dendron from the silica gel is depicted in Scheme 4.1. The
same mechanism applies for the cleavage of the dendritic macromolecule (refer
to Scheme 3.2). The ideal structures of G1 and G2 PAMAM dendrons are shown

in Figure 4.1.
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Figure 4.1 Theoretical structure of G1 PAMAM dendron (MW 303)
and (left) G2 PAMAM dendron (MW 759).
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4.2 Experimental
4.2.1 Materials

The solid-phase synthesized PAMAM dendrons were kept in a dry cabinet
at constant temperature of 20 °C while the 30% aqueous hydrogen peroxide
supplied by Kanto Chemical Co., Inc. was stored in the fridge at low temperature.
The solvents used were purchased from Sigma-Aldrich, J.T. Baker, or Merck.
Potassium bicarbonate from Sigma-Aldrich and potassium fluoride supplied by
Riedel-de Hgen were also kept in the dry cabinet to avoid moisture absorbance
from the surrounding atmosphere. Filter paper, Whatman 42 (retention size, 2.5
microns) purchased from United Scientific Equipment Pte Ltd was used in the

vacuum filtration.

4.2.2 Procedures

The cleavage reaction of PAMAM dendron from the surface of silica gel
was done in methanol using hydrogen peroxide (H.O;) in the presence of
potassium fluoride (KF) and potassium bicarbonate (KHCO3). This was carried
out as follows: Into a 100 ml flask that contained 1 gram of solid (silica-grafted
PAMAM dendron) dissolved in methanol (30 ml), potassium fluoride (10
equivalents to the organic phase) and potassium bicarbonate (10 equiv.) were
added to the mixture. Afterwards, 30% aqueous hydrogen peroxide (10 equiv.)
was added into the batch reactor using the micropipette, and then the mixture

was stirred constantly for 48 hours using a magnetic stirrer with a speed of 400
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rpm. The reaction conditions of the cleavage reaction are summarized in Table

4.1.

Table 4.1 Summary of the cleavage reaction conditions.
Reaction Time | 48 hours
Temperature Room temperature
4.) 30% aq. H20; - 10 equiv. to the organic phase
Reagents 5.) Potassium Carbonate - 10 equiv. to the organic
phase
6.) Potassium Flouride - 10 equiv. to the organic
phase
Solvent 30 milliliters of Methanol per 1 gram of solid (silica-
grafted-PAMAM dendon)

After the reaction, the solvent was removed under vacuum using the
rotary evaporator. The residue was dissolved in a small amount of solution
containing 10% methanol in dichloromethane and was transferred into the glass
column packed with silica gel for purification. After washing with 10% methanol in
dichloromethane (total volume about 300 milliliters) using the column, the filtrate
was concentrated to yield the desired compound, which was analyzed by infrared

spectroscopy and mass spectrometry.

The silica gel inside the column was retrieved using the pipette filler. It
was then washed with the methanol followed by large amounts of de-ionized
water to remove the inorganic components adsorbed onto the surface of the
silica gel. After washing, the solid support was dried in vacuo at 110 °C for 8
hours to remove the trace amount of reaction solvent left and moisture present
on the surface of the silica gel. Finally, the silica gel was analyzed by infrared

spectroscopy, thermogravimetry, and elemental analysis.
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4.3 Characterizations and Interpretation of Results

4.3.1. Infrared Spectroscopy

A. Methodology

92

c.) Silica Gel. Before the IR measurement, the solid sample was dried in

tube oven (at 110 °C, for 8 hours), which was connected to a vacuum with
liquid nitrogen contained in a Dewar flask as interphase to trap the organic

solvent and moisture that were removed from the sample by the vacuum

pump.

The analysis of silica gel was done at 40 scans having 4 cm™
resolutions using the Digilab Excalibur FTIR. Initially, potassium bromide
was pressed into a translucent disc using a hydraulic press and was run
into the instrument as the background. Subsequently, the sample was
prepared by mixing the silica gel with potassium bromide and was pressed
into a translucent disc also under vacuum suction. The spectra were

guantified in terms of absorbance units.

d.) Cleavage compound. A translucent disc of potassium bromide was made

first using the hydraulic press; and then the cleavage compound, a pale
yellow viscous liquid, was pasted onto the center of disc. The sample was
run into the instrument at 40 scans and 4 cm™ resolutions. Potassium
bromide was also scanned as the background before the sample

measurement. The spectra were quantified in terms of absorbance units.



e.) PAMAM Dendrimer. Initially, the methanol was vaporized using a
vacuum at 40 °C to concentrate the compound, which was dissolved in
methanol as prepared commercially by the supplier. After evaporating the
solvent, the compound was blow-dried using nitrogen gas for at least 5
minutes to remove completely the trace amount of solvent left in the

sample.

Afterwards, translucent disc of potassium bromide was again made
using the hydraulic press; and then the PAMAM dendrimer, also a pale
yellow viscous liquid, was pasted onto the center of disc. Finally, the
sample was run into the instrument at 40 scans and 4 cm™ resolutions.

The spectra were also quantified in terms of absorbance units.
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B. Results and Discussions
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Figure 4.2 IR spectrum of silica gel before and after cleavage of G1 PAMAM dendron.

The cleavage of G1 PAMAM dendron from the solid support is vividly
observed in the IR spectra (see Figure 4.2) by the disappearance of the
amideband | at 1655 cm™ and amide band Il at 1550 cm™. ° This shows that a full
generation PAMAM dendron has amide functional groups. After the cleavage of
the compound, the two amide peaks are replaced by another peak at 1750 cm™,
which is due to moisture®. Similarly, the C-H bond stretching® of the CH,
functional groups of the compound found in the series of small peaks near 3000

cm™ disappear, showing the cleavage of the organic phase from the silica gel.
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Another evidence in the spectra is the appearance of the stretching
vibration of the silicon-fluorine bond® at 950 cm™ after the cleavage reaction. This

peak is not visible in the IR spectrum of the silica-grafted PAMAM dendron.

After the cleavage, the two-amide® peaks (1655 and 1550 cm™) that
disappeared in the IR spectrum (refer to Figure 4.2) of the silica-grafted G1
PAMAM dendron are now seen in the spectrum of G1 PAMAM dendron (see
Figure 4.3). This showed the cleavage of the compound from the solid support.
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Figure 4.3 Liguid phase IR spectrum of G1 PAMAM dendron compared to the reference

spectrum of G1 PAMAM dendrimer.
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The amide band | assigned to the —C=0 vibrations®® and amide band I
attributed to the N-H bending vibrations in plane coupled with the valency C-N
vibrations'® are shown in two prominent peaks in the IR spectrum of the
compound that is in liquid phase. Then, comparing it with the spectrum of the
PAMAM dendrimer having the same generation, the two amide peaks present in
G1 PAMAM dendron are located exactly on the region (wavenumber) as the two
peaks found in the PAMAM dendrimer, which can only be assigned to amide
band | and amide band Il. The ideal structure of G1 PAMAM dendrimer is
depicted in Figure 4.4. Further, a C-O single-bond stretching vibration® is
observed at 1050 cm™. This IR band is found only in the spectrum of G1
PAMAM dendron because the structure of PAMAM dendrimer does not have this

functional group. This confirms that the final product has OH functionality.

Finally, the CH, vibrations® indicated by the series of small peaks near
3000 cm™ are still present in the IR spectrum of the compound. With these
evidences, G1 PAMAM dendron was successfully cleaved from the silica gel.
The dendritic macromolecule is now present in liquid phase similar to PAMAM

dendrimer that is purchased commercially.
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Figure 4.5 Theoretical illustration of EDA core G2 PAMAM dendrimer.
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Figure 4.6 IR Spectrum of silica gel before and after cleavage of G2 PAMAM dendron.

The cleavage of G2 PAMAM dendron from silica gel was also successful
as shown in the IR spectrum (see Figure 4.6) by the disappearance of the amide
band I° and amide band Il at 1655 and 1550 cm™ respectively®. After the
cleavage, the amide peaks were replaced by a moisture peak at 1750 cm™,
assigned to OH stretching vibrations®. The CH, vibrations® observed in the series
of small peaks near 3000 cm™ also disappeared, and the stretching vibration of
the silicon-fluorine bond® at 950 cm™ appeared in the IR spectrum of the silica gel

after the compound was cleaved.
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Figure 4.7 Liquid phase IR spectrum of G2 PAMAM dendron compared to the reference
spectrum of G2 PAMAM dendrimer.

The spectrum of G2 PAMAM dendron in liquid phase (refer to Figure 4.7)
contains the same amide peaks that are present in the IR spectrum of the silica
gel grafted with G2 PAMAM dendron. These peaks were also present in the IR
spectrum of G2 PAMAM dendrimer whose ideal structure is found in figure 4.5.
The series of small peaks near 3000 cm™ corresponding to C-H bond stretching®
of the CH; functional groups are also found in the IR spectrum. Further, the C-O

single bond stretching vibration® at 1050 cm™ is found only in the spectrum of the
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dendron. This proves that G2 PAMAM dendron is now in liquid phase after its

cleavage from the solid support.

4.3.2. Thermogravimetry
A. Methodology

Before the TGA analysis, the solid sample was dried in tube oven (at 110
°C, for 8 hours), which was connected to a vacuum with liquid nitrogen contained
in a Dewar flask as interphase to trap the organic solvent and moisture that were

removed from the sample by the vacuum pump.

To compare accurately the result of the TGA measurements before and
after cleavage, the same method was used in the instrument to analyze the
samples. About 15 milligrams of the solid sample was loaded into the platinum
TGA crucible. Initially, the TGA was set to isothermal setting for 5 minutes before
heating to purge the unwanted gases from the sample compartment. Using air
with a flow rate of 200 milliliters per minute, the sample was heated from room
temperature to 800 °C with constant temperature ramp of 5 °C per minute. When
the final temperature was reached by the system, the instrument cooled down

automatically using the same gas that was used for heating the sample.

Thermogravimetric analyzer supplied by TA instruments of model SDT

2960 was used to analyze the silica gel. The instrument is equipped with the

Universal Analysis software to view the TGA curve of the sample after burning.

100



B. Results and Discussions
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Figure 4.8 TGA profile of silica gel before and after cleavage of G1 PAMAM dendron.

The outcome of the TGA measurement supports the result of the IR
analysis showing the cleavage of the compound from the solid support. To
illustrate, the percent weight grafted of the organic phase in the surface of silica
gel dropped to 5.95%, which was originally 26.4% before the cleavage of the G1
PAMAM dendron (see Figure 4.8). Similarly after the cleavage of G2 PAMAM
dendron, the percent weight grafted of the organic phase decreased from 35.4%
to 7.9% as shown in Figure 4.9. Again, the readings from the TGA profile were all
taken at 110 °C to disregard the weight of the moisture content of the porous

silica gel, which is below 110 °C.
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Figure 4.9 TGA profile of silica gel before and after cleavage of G2 PAMAM dendron.

The percent weight grafted was calculated based on the formula:

Weight grafted, % (S) = (Weight at 110 2C — Weight at 800 °C) x 100%
Weight at 800 °C

To determine the effectiveness of the dendritic macromolecule cleavage,
the efficiency was computed based on the TGA measurements of G1 and G2
PAMAM dendrons. In order to achieve accurate results, the readings from the
TGA profile were all taken at 110 °C to disregard the percent weight grafted due

to moisture in the calculation. To compute for the cleavage efficiency, the percent
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weight grafted of the bare silica gel was considered. It was noted in the
experiment that the bare silica showed a 4% weight grafted after burning in the

TGA instrument.

Under the current conditions of the new improved cleavage method, the
efficiency of the dendritic macromolecule cleavage is about 90%. This is much
higher than the result of the cleavage of the model compound, 3-
(diethylenetriamino)propyl - functionalized silica gel that has an efficiency of only
83% (refer to table 4.2). Hence, the cleavage of PAMAM dendrons from silica gel
using hydrogen peroxide in methanol gives a very high efficiency on the TGA

measurement. The results of the calculation are summarized in Table 4.2.

Table 4.2 Summary of the Cleavage Efficiency of
PAMAM Dendrons Based on TGA Data.

Sample **_Cl_eavage
Efficiency (%)
G1 PAMAM Dendron 92.53
G2 PAMAM Dendron 88.42

*percentage by weight

Cleavage Efficiency = Wt. Loss Before Cleavage — Wt. Loss After Cleavage x 100%
Wt. Loss Before Cleavage-Wt. Loss of Bare Silica
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4.3.3. Elemental Analysis
The elemental analysis was also performed in NUS Micro Analytical
laboratory with a Perkin Elmer 240C elemental analyzer for C, N and F
determinations.
Table 4.3 C and N analysis of silica gel before and after cleavage of PAMAM dendrons.

C (%) N (%) F (%)
Before After Before After After

Sample

Cleavage in Methanol
G1 PAMAM Dendron 11.19 1.73 3.73 <0.50 0.42
G2 PAMAM Dendron 13.42 2.1 4.77 <0.50 0.52

Table 4.4 Summary of the cleavage efficiency of PAMAM dendrons based on EA.

Sample **Efficiency, (%*)
C N
Cleavage in Methanol
G1 PAMAM Dendron 84.5 >86.6
G2 PAMAM Dendron 84.3 >89.5

* percentage by weight
** Efficiency = (% before cleavage — % after cleavage) x 100%
(% before cleavage)

The C and N elemental analyses of the silica gel clearly show the
cleavage of G1 and G2 PAMAM dendrons. For instance, the weight percent of
both atoms (see Table 4.3) in the surface of silica gel decreased after the
cleavage reaction. The efficiency was computed based on the given formula**.
The results of the computation are given in Table 4.4. Based on EA
measurements, the efficiency is over 80% if the carbon atom is taken into

consideration and about 90% if the nitrogen atom is considered.
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The fluorine atom was also detected in the silica gel by elemental analysis
despite thorough washing of the silica particles with methanol and water after the
cleavage reaction. This shows the formation of a strong silicon-fluorine bond at
the surface of the silica gel replacing the silicon-carbon bond. The fluorine
content of the silica gel is listed in Table 4.3. Previously, the stretching vibration
of the silicon-fluorine bond at the surface of the silica gel was determined by the

infrared spectroscopy (refer to Figures 4.3 and 4.6).

In table 4.3, the percentage of fluorine in G2 PAMAM dendron is higher
than the percentage content of G1 PAMAM dendron. This is so because G1 and
G2 PAMAM dendrons were synthesized in a different batch. It just happened that
during the synthesis of G2 PAMAM dendron more initiator sites were immobilized
(see Table 4.5). This is possible because the silylation step that is the
immobilization of the initiator sites into the silica gel is difficult to control and non-

uniform as mentioned earlier in chapter 2.

Table 4.5. Grafted initiator site for G1 and G2 PAMAM dendrons

PAMAM Dendron Weight of Initiator Site
Grafted
Generation 1 10.5801
Generation 2 12.8810

Elemental analysis shows similar result with the TGA measurements.
Therefore, the current method can cleave the dendritic macromolecule from the

silica gel at high efficiency.
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4.3.4. Mass Spectrometry
4.3.4.1. Instrumentation

The analysis was performed using Finnigan Mat 95XP. This mass
spectrometer that uses chemical ionization technique has a capability of
analyzing a sample in both low resolution to get the nominal mass and high
resolution to measure the accurate mass of the compound. For singly charged

ions below m/z 1000, nominal mass is adequate and convenient.™*

The sample was introduced into the instrument by direct insertion probe
method. The mass spectrometer was operated in positive chemical ionization
mode with methane gas as reagent gas. The source conditions used for the
instruments were as follows: temperature 138 °C, electron energy 120 eV,

accelerating voltage 5kV and ionization current 0.2 mA.
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4.3.4.2. Results and Discussions

A. G1 PAMAM Dendron
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Figure 4.10 Mass spectrum of G1 PAMAM dendron after cleavage from silica gel at room
temperature for 48 hours.

The end product after the cleavage of G1 PAMAM dendron is a mixture of
the ideal compound plus probable defects (see Figure 4.11) that occur most
likely at this generation during the solid phase synthesis of the macromolecule.
This is clearly shown in the mass spectrum on Figure 4.10. The result
demonstrates that the sample is a polymer whose mass analysis is similar to that

of the PAMAM dendrimer. 8
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Although the reaction was done at mild conditions without using heat and
purification was performed using the column after the reaction, the result of the
cleavage is still a mixture of several components. This is possible because the
solid phase synthesis produces several defects during the silica gel propagation
of PAMAM dendron. This is the reason for failure to achieve the theoretical
amount of grafting during the experiment (see Table 2.2 and Figure 2.8). This is

also similar to the case of the other research groups™*®®*!

who propagated
PAMAM dendrons on solid support like silica gel. The two side reactions that
produce the defects during the synthesis are the incomplete propagation in the
Michael addition step and the cross-linking during the amidation reaction.
Furthermore, separation of the organic components in the cleavage sample using
the column is difficult because the defects contain similar polarity and functional
groups as the ideal structure. The column was effective only in removing the

inorganic components that were used in the reaction to cleave the

macromolecule from the silica gel.

The peaks at m/z 304 and 343 show the ideal compound, which is an
addition of H" and C,Hs" respectively. Further, the peaks at m/z 190 (189+H")
and 218 (189+C,Hs") belong to the same defect (MW 189) that is due to
incomplete Michael addition during the propagation, causing unsymmetrical

structure (defect 2 on Figure 4.11).
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Another defect was found in the mass spectrum as shown by the three
peaks at m/z 244, 260 and 272. This defect (defect 1 on Figure 4.11) is a result
of a cross-linking reaction that occurs in the amidation step of the solid phase
synthesis. M/z 244 is an addition of H" into the mass of the cross-link (MW 243),
while m/z 260 is an addition of H3O". Also, m/z 272 belongs to the cross-link
defect that is a result of adding C,Hs" into its mass. These defects can be easily
ionized by the mass spectrometer as compared to defect 3 (see Figure 4.11)
because of the presence of the terminal amino groups in their structure that can
easily accept a proton in the outer shell.*? Thus, only the defects 1 and 2 were
determined by the mass analysis. It is also possible that defect 3 was not formed
during the propagation of G1 PAMAM dendron, therefore it cannot be detected in

the mass analysis.
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Generation 1 PAMAM Dendron

Defect 1: Crosslink

NH H
/_>; N

N/_/ |
"
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HOA/\—N/_}
r
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Defect 2: Dis-armed NH Defect 3: Dis-armed

Molecular Weight =189.26
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OMe
O

Molecular Weight =275.35
Molecular Formula =C,H,.N,O,

Figure 4.11 Ideal structure of G1 PAMAM dendron and the suggested structures of the faulty
synthesis products that are most likely to occur at this generation.

The silica-grafted G1 PAMAM dendron was also cleaved at 60 °C for 12
hours, and the purification was also done using the column. At this condition, the
peak of the ideal compound (m/z 304) is also seen in the spectrum (Figure 4.12)
with an addition of H" into its mass. Moreover, the cross-linked defect is

obviously seen at m/z 244 that is also an addition of H".
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Figure 4.12 Mass spectrum of G1 PAMAM dendron after cleavage from silica gel at 60 °C for 12
hours. The full scan of this spectrum is also shown in this figure with a range of m/z 0 to 500.

If we expand the mass spectrum starting at m/z 243 up to 285, several

peaks can clearly describe the cross-linked defect (see Figure 4.12). This is due

to the different plasma ions that can possibly attach into the compound during the

analysis. These are H* (addition of 1 unit into the mass of the cross-linked), CHs"

(addition of 19 units), C,Hs" (addition of 29 units), and CsHs' (addition of 41

units). The peaks of the plasma ions are clearly shown in the full scan of the

mass spectrum on Figure 4.12. With these evidences, the cross-linked defect

undoubtedly occurs in the cleavage sample of G1 PAMAM dendron.
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B. G2 PAMAM dendron
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Figure 4.13 Mass spectrum of G2 PAMAM dendron after cleavage from the silica gel at 60 °C for
12 hours. The full scan of the spectrum of G2 is also shown in a range from m/z 0 to 1000.

The mass analysis of the cleavage sample containing G2 PAMAM
dendron contains the peak at m/z 244, which is the mass assigned to the cross-
linked defect. This peak, which is an addition of H* into the mass of the cross-
linked, is very prominent as shown in the full scan of the mass spectrum on figure
4.13. The mass of the ideal compound (MW 759) having no structural defect is
no longer visible in the spectrum because the relative abundance of the target
compound is very low unless the spectrum is expanded many times, which we

find meaningless.
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The different plasma ions that can possibly be attached into the compound
during the analysis produce several peaks that reveal the presence of cross-
linked defect in the cleavage sample of G2 PAMAM dendron. The peaks at m/z
244, 260, 272 and 284 belong to the same compound, which is the cross-linked

defect. These peaks are shown in the Figure 4.13.

For singly charged ions below m/z 1000 like the cleavage PAMAM
dendrons, nominal mass is adequate and convenient.*® Since the nominal mass
abundance of the peak at m/z 244 is relatively high as compared to the other
peaks present in the spectrum, the instrument can accurately determine the
exact mass of that particular signal. The result of the exact mass measurement
shows that the theoretical mass is close to the exact mass of the cross-linked

defect, and the error (2.4 mmu) is within the acceptable range.

Although the mass of the target compound cannot be found in the
spectrum of G2 PAMAM dendron, the exact mass of the cross-linked defect is
accurately measured. Only a few ideal structure of G2 PAMAM dendron is
synthesized during the silica gel propagation of the macromolecule because
more defects*® are formed in the higher generations as compared to G1 PAMAM
dendron. Thus, the mass spectrometer cannot give a strong signal in spectrum
for the target compound having an ideal structure. Previous analysis by TGA
(Table 2.2) and FTIR (Figure 2.2) show that more defects are formed in the G2

PAMAM dendron.

113



4.4 Conclusion

The method used to cleave the commercially available silica-grafted small
polymer is also successful in the cleavage of the self-synthesized full generation
PAMAM dendrons. Both infrared spectroscopy and mass spectrometry strongly
verified the presence of the macromolecule in the sample. Furthermore,
structural defects that are mainly due to the stepwise synthesis of the PAMAM
dendrons were determined by mass analysis of the cleavage sample. This
finding strongly supports that cross-linking and incomplete Michael addition
reactions happen during the silica gel propagation of the PAMAM dendron. As a
result, the theoretical amount of propagation was not achieved during the

experiment (see Table 2.2).
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Chapter 5: Conclusion and Suggestions for Future Work

5.1 Conclusion

Silica gel propagation of PAMAM dendrons using alternate Michael
addition and amidation reactions was successful. However, formation of
structural defects during propagation was also inevitable. This contributed to the
low amount of grafting, and made purification difficult after cleavage.
Consequently the final product was a mixture of the macromolecule and its

defects, which is normally the case of a polymer sample.

Defects were formed as products of the side reactions that occurred
during the two iterative steps. These reactions are incomplete Michael addition
that are brought about by steric hindrance and cross-linking of the adjacent
terminal amine groups. Side reactions are more extensive in the propagation of
the higher generations; thus, the efficiency of grafting decreases as generation
increases. Between the two side reactions aforementioned, cross-linking mostly
contributed to the low amount of grafting as determined by thermo-gravimetric
analysis. With the peaks of the defects also found in the mass spectrum of the
cleavage sample, side reactions really occur during the propagation of PAMAM

dendrons.

Hydrogen peroxide can be used to cleave an organic phase like PAMAM

dendrons from the silica gel support at its carbon-silicon bond. Furthermore,
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cleavage of the silica-grafted amine terminated commercial compound are
feasible in three different solvents namely, (50% v/v) THF/methanol, methanol,
and water. Nevertheless, methanol gives the highest efficiency in both thermo-
gravimetric and elemental analyses. Using methanol as solvent for the cleavage
reaction of PAMAM dendrons gives an advantage because dendritic
macromolecules are most stable in methanol. Unexpectedly, cleavage of the full
generation PAMAM dendrons showed an efficiency of about 90%, which is

higher than the cleavage efficiency of the smaller polymer.

With wide applications of the silica-supported PAMAM dendrons,
improvement of the solid-phase synthesis still remains a great challenge.
Finding other suitable cleavage methods is also necessary because there are
numerous applications of the macromolecules in the liquid phase. Moreover,
cleavage of PAMAM dendrons followed by mass spectrometric analysis is a very
good approach that can prove that the macromolecule is successfully

synthesized onto the silica gel support.

5.2 Suggestions for Future Work

Because of the limited time we have only achieved this far but we still
believed that much can be done on this field of research with the rapid
developments of the solid phase synthesis in the last decade and the numerous
interesting applications of dendritic macromolecules in both solid and liquid

phases. Furthermore, this is the very first attempt on the cleavage of PAMAM

117



dendrons from the silica gel. In the succeeding paragraphs are some valuable

recommendations that can be carried out for further studies.

The cross-linking phenomenon in the amidation step is most likely to
occur because of the flexibility in the design of the structure of the synthesized
dendron. This problem contributed mostly to the low efficiency of grafting. Thus,
introduction of other functional groups that would make the structure of the
dendron rigid can be considered to avoid or lessen the problem of cross-linking
during propagation. This might improve the efficiency of the synthesis and reduce
the possibility of forming defects that is making the purification of the compound

difficult after the cleavage reaction.

Further study on the application of the silica-grafted PAMAM dendrons
can be done. For instance, formation of a particular catalyst through
complexation with metal is one useful application. Functionalization of the full
generation PAMAM dendrons after the solid phase synthesis is another work that
can also be considered before cleaving the dendritic macromolecule from the
support. For instance, functionalizations of free amine terminal groups can lead
to the production of functional PAMAM dendrimers with various properties that

are useful to some applications like anti-microbial agents®, flame retardancy?, etc.

The current research on chemical cleavage of the silica-grafted

macromolecules can be extended to the half-generation ester-terminated
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PAMAM dendrons. The cleavage of these dendrons can be carried out under
the same conditions, except that it has to be done at a much lower temperature
like 0°C to minimize the occurrence of saponification of the ester functional
groups. Since the decrease in temperature slows down the kinetics of the
cleavage reaction, the reaction time can also be prolonged to achieve higher
efficiency. A study of temperature effects on the cleavage reaction can be done

and analysis of the product using mass spectrometry is also essential.

Finding other purification techniques to isolate the ideal compound from
the defects or to reduce the number of components within the product can be
done. Purification of the product after the cleavage is one big challenge in this
research work. The use of a suitable membrane to separate the compound from
the side products is one consideration. Membrane separation is convenient and
effective. Furthermore, polyacrylamide gel electrophoresis can be applied for the
separation of PAMAM dendrons to evaluate the purity of the macromolecules.
Electrophoresis is simple, rapid and inexpensive separation technique.
Previously, Sharma® and co-workers developed a simple polyacrylamide gel

electrophoresis procedure for the separation of polyamidoamine dendrimers.

Propagation of PAMAM dendrons onto the surface of non-porous silica gel
can also be exploited. This reduces the synthesis cost of the macromolecules
since non-porous material is much cheaper than its porous counterparts. The

non-porous material needs only to be treated prior to the immobilization of the
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initiator site to activate its surface. One way of activating the surface is by acid
treatment that is simple and non-costly. Cohen* and co-workers did previous

work regarding the grafting of vinyl acetate onto the non-porous silica gel.
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