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General Introduction

1.1

Hydrophobically Modified Water Soluble Polymers

Hydrophobically modified water soluble polymers (HMSPs) are polymers composed of a
hydrophilic main chain with a small fraction of hydrophobic groups attached randomly in the
chain or capped at the chain ends. Since the first study on HMSP was carried out by Strauss et
al.1 in the early 50s of last century, the HMSPs have invoked tremendous interest because of
their unique rheological properties and potential applications.2,3 The HMSPs can have
different architectures such as linear, star, and hyperbranched. In this thesis, only linear
HMSPs are discussed.
The self-assembly behavior of HMSPs in aqueous solution has been studied extensively and is
well understood.4-11 In the case of HMSPs with hydrophobic groups randomly distributed on
the polymer chain, both intramolecular and intermolecular hydrophobic association can exist
(Figure 1.1a and b). Basically, at low concentrations the hydrophobic groups of the same
polymer chain associate via intramolecular interactions which results in a reduced coil size
compared to their homopolymer counterparts.5,6 With increasing concentration, the
intermolecular interactions become increasing important and the polymer chains tend to form
an open association with many bridges, leading to a three-dimensional network. This gives
rise to a dramatic increase of the solution viscosity.8 The end capped polymers are the
simplest HMSPs. Above critical micellization concentration (cmc), micelles composed of a
single core made up of the hydrophobic end groups and a corona consisting of the hydrophilic
main chains are formed as exemplified in Figure 1.1c and d for micelles formed by one end
capped (semitelechelics) and two end capped (telechelics) HSMPs.9-14 In a concentrated
solution, a network of micelles connected by hydrophilic main chains is formed by telechelic
polymers. 10-14
The fluorocarbon modified water soluble polymers (FMSPs) are known as an important class
of HMSPs and they possess unique properties because of the intriguing characteristics of
fluorinated moieties, which are attributed to the fact that the fluorine atom has a dense
electron cloud, high ionization potential and very low polarizability.15 The first FMSPs were
introduced by Zhang and Hogen-Esch in 1992 by the polymerization of acrylamide and a
1
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small amount of acrylate or methacrylate with fluorocarbon containing side chains.16
Compared to their hydrocarbon counterparts, the FMSPs are more stable, surface active, and
hydrophobic.15-22 In terms of associative ability, one CF2 group is equivalent to 1.7 CH2
groups.23 Moreover, the fluorocarbon moiety is lipophobic and immiscible with hydrocarbon
moieties.24-26

(a)

(b)

(d)
(c)

Figure 1.1.

(a) Intramolecular and (b) intermolecular association of

randomly

hydrophobically modified water-soluble polymers (HMSPs) in aqueous solution. (c) Spherical
core/corona micelle formed by one end capped HMSP and (d) two end capped HMSP in
water.

It has been demonstrated that the end capped FMSPs can adopt a variety of unique properties
such as high solubility and biological activity, which may not be achieved in randomly
fluorinated polymers and fluorinated block polymers.27-28 To date, a wide range of end capped
FMSPs (RF-P, where the RF represents the fluorinated end functional group) including RFpoly(ethylene

oxide)

(RF-PEO),16,

20-22,

29-34

RF-poly(N-isopropyl

acrylamide)

(RF-

PNIPAM),19,35-37 RF-poly(acrylic acid) (RF-PAA),38-39 RF-poly(N-acylethylene imine) (RFPAEI),40 RF-poly(dimethylacrylamide) (RF-PDMA),41 RF-poly(lactide acid) (RF-PLA),42-43 RF2
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poly(lactide-co-glycolide) (RF-(PLA-co-PG))44,45 among others, have been prepared and their
behavior in aqueous solution or at the air/water interface have been studied by a wide range of
techniques, such as surface tension measurements, fluorescence spectroscopy, SLS, DLS, 19FNMR spectroscopy, SAXS, SANS, self-diffusion and ESR measurements.29-45 Among them,
RF-PEO is the most widely and well studied FMSP. It has been demonstrated that RF-PEO
exhibits a stronger hydrophobic association in aqueous solution and possesses a greater
viscosifying effect than its hydrocarbon analogous with comparable molar mass, which have
been used as models in molecular studies on the hydrophobic association process.20
Considering the noble properties of the fluorinated moiety, FMSPs have also been developed
as an important class of biomedical materials. For instance, Mecozzi and coworkers

15

have

observed that one end capped RF-PEO generates micellar structures having a fluorous phasebased inner core in aqueous solution, and these micelles can be used as the carrier for the
anesthetic Sevofluorane®. Gardella et al.45 showed that the RF-(PLA-co-PG) exhibit good
properties in controlled cellular or tissue adhesion.
Incorporation of a fluorinated component into an amphiphilic system offers a non-ionic route
to a compartimentalized core due to the strong immiscibility between the fluoro and
hydrocarbon based segments. Thünemann at al.40 prepared a series of -fluorocarbon-hydrocarbon end-capped poly(N-acylethylene imine)s. The study of such telechelics showed
that they formed cylindrical micelles comprised of the core containing distinct fluorocarbon
and hydrocarbon domains.

3
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1.2

Synthesis of End Capped Polymers

1.2.1

Atom transfer radical polymerization (ATRP)

ATRP together with stable free-radical polymerization (SFRP) and reversible additionfragmentation transfer (RAFT) are classified as controlled radical polymerizations (CRP).
Among them, ATRP is the most widely used CRP method for the fact that it is a simple
synthetic procedure and all necessary reagents, such as initiator and catalyst, are
commercially available.46-50 Since the ATRP technique was reported by Sawamoto and
Matyjazewski in 1995,51,52 it has been applied to design different types of polymers including,
random, gradient, block and graft copolymers, with various architectures such as
hyperbranched, star and brush polymers.47 Moreover, the terminal halogen atom at the end of
the polymer chains can be exchanged with other functional groups. This makes ATRP to be
one of the most preferred choices for preparing synthetic macromolecular structures intended
for post-polymerization functionalization.53
A typical ATRP employs the elements initiator, transition metal species and ligand.
Essentially, all the molecules with a transferable halogen atom activated by carbonyl, phenyl,
vinyl, or cyano groups can initiate an ATRP under appropriate conditions.46 A suitable
initiator should have a matched reactivity with the monomer.47 This can be achieved by using
an initiator containing a similar group as the propagating radical.47 The catalyst system, which
is composed of a transition metal species with any suitable ligand, plays a crucial role in
ATRP since it determines the rate of exchange between the dormant and propagating
species.47 The most commonly used transition metal is copper. Other transition metals
including Fe,54 Ru,55 Pd,56 and Ni57 have also been successfully used in ATRP. The main
function of a ligand in ATRP is complexation of the transition metal salt in order to make it
soluble and adjusting the redox potential of the metal center for appropriate activity.46
A generally accepted mechanism for the ATRP is shown in Figure 1.2. The generation of
initiating radical species (R●) involves a homolytic cleavage of the carbon-halogen bond of an
initiator (R-X) via a reversible redox process catalyzed by a transition metal compound
(Mtn/Ligand). A fast and quantitative initiation is necessary for a successful ATRP since a
narrow molar mass distribution is preferred if all the propagating species begin the growth at
the same time. The radical either reacts with the halogen on the oxidized metal complex to
regenerate R-X or adds to the monomer to form the intermediate radical (P●). In a short time,
the intermediate radical is transformed into a dormant (P-X) state by subtraction of a halogen
4
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atom from X-Mtn+1/Ligand with a rate constant of deactivation kd. The dormant intermediate
species are subsequently activated by the Mtn/Ligand to give the radical which undergoes
further polymerization. The monomers are added to the intermediate radicals with a rate
constant of propagation kp to form polymer chains. The persistent radical or deactivator, XMtn+1/Ligand, can reduce the stationary concentration of propagating radicals and therefore
minimize the normal termination of controlled polymerization. In a successful ATRP, the
concentration of the dormant species should be much higher than the concentration of
propagating radicals. For instance, it can reach a factor of ~ 106.48 The fast and quantitative
initiation and rapid reversible deactivation of propagating radicals in the ATRP process
ensure uniform growth of all chains and give the controlled radical character to the ATRP
techniques.47

R-X + Mtn/Ligand

ka

R + X-Mtn+1/Ligand

kd
ki

P-X + Mtn/Ligand

ka

+M

P

kd

+M

+ X-Mtn+1/Ligand

kp
Figure 1.2. Mechanism of ATRP (according to ref. 47).
A variety of monomers, including styrenes,58 (meth)acrylates,59 (meth)acrylamides,60 vinyl
pyridine,61 acrylonitrile,62 among others have been successfully polymerized using ATRP.
There are some monomers which are not suitable for ATRP for some specific reasons.
Monomers with less reactivity, such as ethylene and vinyl chloride, have not been
polymerized by ATRP.63 Some acidic monomers such as acrylic acid can interfere with the
initiator by protonation of the ligands and thus are not polymerized by ATRP. 63 Some
nitrogen containing monomers can retard the polymerization by displacing the terminal
halogen of a growing chain or by participating in transfer reactions. 46
ATRP has been successfully carried out in bulk, solution, suspension, emulsion and even in
the gas phase or from solid surfaces.46,47,63 In solution polymerization, not only the organic
solvents, but also aqueous solutions and supercritical carbon dioxide have been used as
5
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solvent.46 The growth of the polymer from the solid surface, planar surfaces or spherical
particles, shows promise in the fields of lithography, lubrication and biomedicine.47 In this
method, the initiators are usually grafted onto the surfaces and thus the chains can be grown
solely from the surfaces.64

1.2.2

‘Click’ chemistry

‘Click’ chemistry is a powerful organic synthesis approach introduced by Sharpless et al. in
2001.65 A reaction classified as ‘click’ chemistry should be modular, stereospecific, tolerant to
functional groups, wide in scope, operational simple, give very high yields and generate only
safe by-products.65 Well known reactions that meet these criteria include the Diels-Alder
reaction, thiol-ene reaction, and copper (I) catalyzed Huisgen 1,3-dipolar azide alkyne
cycloaddition reaction (CuAAC)65 as shown in Figure 1.3. Among them, the CuAAC,
discovered independently by the Meldal group in ~ 2001-200266, 67 and the Sharpless group in
~ 200268, proves superior over others for the facts that the two reactants (azide and alkyne) are
of individual low reactivity and as only a catalytic quantity of the metal salt is required to
accelerate the reaction.69
Azide-alkyne cycloaddition
R

Cu(I) (cat)
(A) R

H

+

N

N+

N

NN

R'

R'

N

Diels-Alder Reaction

(B)

+

R

R'

R'
R

Thiol-Ene Reaction
photoinitiator
(C)

R

SH

+

R

h

R'

R'
S

Figure 1.3. Examples of ‘click’ chemistry.

Compared to the pure thermal 1,3-dipolar cycloaddition reaction discovered by Huisgen, the
CuAAC only gives 1,4-disubstituted 1,2,3-triazole rings and shows a much faster reaction
rate.69 It is considered that the unique mechanism of CuAAC is responsible for this high
6
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regioselectivity and the rate acceleration.69 The mechanism (depicted in Figure 1.4) of the
CuAAC reaction has been recently explained as a stepwise process starting from the
formation of a Cu(I)-acetylide -complex, followed by azide complexation and cyclization.70
Finally, protonation of the triazole-copper derivative and dissociation of the product
regenerates the catalyst for further reaction cycles. In the reaction, the ligand is employed to
protect the Cu ion from interactions and also prevent the oxidation of the Cu(I) to Cu(II).69
Moreover, the ligand can function as a proton acceptor to eliminate the need for a base.
Various pyridines, amines and triazoles, and phosphines have been utilized as ligands in
CuAAC.71 Different organic solvent, such as anisole, THF, DMF, and even water can be used
as solvent.71-72

CumLn
R

H

R

I

H
B

II
[CuLn ]

CuLn

B

H

2

Cu catalyst
R'

N

B

N

N
LnCu2
B

H

H

R

III

R

LnCu2

R'

N

R
2

IV

N

N

Ln Cu2

Cu Acetylide
R'

R

N3

VIII

R'

N
N

N

R

R

N

Cu
N

LnCu2

L

R

N
Cu

N

VII

L
N

R'

N

VI

R'

Cu

L
L

Cu

V

R

Figure 1.4. Proposed mechanism of CuAAC ‘click’ chemistry.69
Since the first applications of the CuAAC in polymer science were published in 2004,73-75 it
has become a very popular tool for functionalizing synthetic macromolecules to achieve
various architectures and grafting the polymers onto solid surface (Figure 1.5). It is
7
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demonstrated that CuAAC works equally well under homogeneous and heterogeneous
condition.73-75
There are enormous interests in the preparation of polymers by combination of CuAAC
‘click’ chemistry with CRP, such as ATRP,71 NMP,77 and RAFT.78 Among them, ATRP is
certainly the most fitting polymerization method to be combined with the CuAAC.76 Indeed,
ATRP is a facile technique, which allows the preparation of well defined polymers with
controlled chain length and architecture, narrow molar mass distribution, defined chain-ends,
and controlled microstructure.71 Basically, there are two approaches to prepare linear
polymers by the combination of ATRP and CuAAC. One possibility involves the
incorporation of azide/alkyne groups into the ATRP initiator structure. In this method, the
polymerization process does not interfere with the presence of the azide/alkyne groups.
Moreover, the one-pot sequential procedure can be used in this approach since the ATRP and
CuAAC can share a similar catalyst system.71 Another possibility is using conventional ATRP
initiators to prepare the polymer, and then the -bromine chain-ends of polymers are
transformed into azides by a nucleophilic substitution reaction and subsequently reacted with
alkyne functional components. This approach requires that the ATRP polymerization is not
carried out to completion; usually 90% conversion is the maximum. This is because the
halogen group at the polymer chain end can be lost at high conversions causing a
corresponding loss of the ability to be chain end functionalized.63 The finial products would
be a mixture of functionalized polymer and homopolymers. In this work, the first strategy
with an azide functional ATRP initiator has been employed for the synthesis of linear
semitelechelics since the structure–property relationship of the HMSPs is one focus of this
research.

8
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Figure 1.5. Polymer architectures obtained by “click” chemistry (reprint from ref. 76).

1.3

Chirality

1.3.1

General information about chirality

Chiral molecules are molecules which are not superimposable on its mirror image. Most
typical examples of chiral substances are compounds that have an asymmetric carbon atom,
which is a carbon atom bonded to four different groups. Some chiral molecules can lack
asymmetric atoms but possess other chiral elements, such as axial, planar or helical
chirality.79 Figure 1.6 show molecules with different chiral elements. The two mirror images
in chiral molecules are referred to as enantiomers. An unambiguous description of the
absolute configuration of the enantiomers is given in the Cahn-Ingold-Prelog (CIP) rules.
Detailed information about the CIP rule can be found elsewhere.80 Enantiomers usually show
identical chemical and physical properties in achiral environment. However, they can be
distinguished from each other in an environment containing other chiral molecules via
9
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diastereomeric interaction.79 The mixture of equal amounts of left and right handed
enantiomers, referred as racemate, is optically inactive and may have different properties
compared to the pure enantiomers. For example, the melting point of racemic conglomerate is
lower than that of the pure enantiomers.81

OH

O

O
COOH

(R)-solketal

(S)-2,2'-dimethylbiphenyl

COOH
HO

(R)-lactic acid
OH

OH

(R)-2,2-paracylophanecarboxylic acid

OH
Et

(S)-1-phenylpropanol

(S)-1,1'-Bi-2-naphthol

Figure 1.6. Chiral molecules with asymmetric carbon atom (left), chiral axis (middle) and
chiral plane (right).

There is often a marked difference in the behavior of enantiomers in biological environments,
which are constructed mainly by chiral molecules. Generally, in drugs, only one enantiomer is
used to possess desired physiological effect while the other enantiomer is less active, inactive
or results in adverse effects.81 For example, in the case of propranolol, the S-enantiomer is
responsible for the antihypertensive and antiarythmic property used in heart disease treatment
but the R-enantiomer acts as a contraceptive.82 The enantiomer purity is therefore especially
important in drugs. Nowadays, the pharmaceutical industry has the requirement being
imposed by United States Food and Drug Administration (FDA) that each enantiomer of
newly produced drugs must be characterized when the product were to be marketed as a
racemic mixture.84

10
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Chiral polymers

Chiral polymers are polymers possessing a chiral structure anywhere in the polymer.85,86 Most
of the naturally occurring macromolecules such as polypeptides, polynucleotides, and
polysaccharide are chiral polymers. They are essential for life. Recently, synthetic chiral
polymers have attracted a great deal of interest for its potential applications; for example, it
can be used as biological, pharmaceutical and medical materials, catalysts, and stationary
phases of chromatography.87
According to the type and position of the chiral source, synthetic chiral polymers can be
divided mainly into three categories, which are polymers possessing side chain chirality,
polymers possessing main chain chirality (configurational backbone chirality) and helical
polymers (conformational backbone chirality).85-87 It has been shown in literature that chiral
polymers can be prepared by various strategies, such as direct polymerization from chiral
monomers (or chiral/achiral mixtures of monomers), attaching chiral ligands onto achiral
polymer, polymerization of achiral monomers by using asymmetric polymerization
techniques etc.88-90
For chiral polymers bearing a chiral pendant group or with configurational backbone chirality,
the chirality of such polymers can be simply dependent on asymmetric centers in the chiral
moieties.87 Moreover, it can also arise from the main chain conformation when the polymer
adopts a helical structure.88 Since the first experimental evidence for the existence of helical
structures in solution was reported by Pino and Lorenzi for synthetic polymer,91 isotactic
poly((S)-3-methyl-1-pentene), a synthetic helical polymer has become a main subject in the
field of chiral polymers because broad applications and characteristic features are assumed.
Helical polymers can basically be divided into two groups in terms of the nature of the helical
conformation. One is static helical polymers with high helix inversion barriers, while the other
is dynamic helical polymer with low helix inversion barriers.90 In general, the static helical
polymers with a stable and rigid helical conformation are prepared by helix-sense selective
polymerization using a chiral initiator or catalyst.90 The helical conformation in dynamic
helical polymer is easy to be changed. Therefore, it can be used to build chiral architectures
that respond to interactions with small molecules, light or temperature.88

11

Chapter 1
1.3.3

General Introduction

Chirality determination by NMR spectroscopy

Since the resonances of enantiotopic nuclei are isochronous while the resonances of
diastereotopic nuclei are anisochronous, NMR spectroscopy does not allow distinguishing the
enantiomers but allow differentiating between diastereoisomers.92 The first experimental
evidence of non-equivalent chemical shifts of diastereotopic nuclei in diastereoisomers was
reported by Cram et al. in 1959.93 By converting the enantiomers to diastereoisomers using a
chiral auxiliary, the enantiomers can be distinguished according to different chemical shifts of
characteristic resonance bands in their NMR spectra.92 The enantiomeric purity can be further
determined from the ratio of the integral of the resonance bands between the formed
diastereoismers under suitable experimental conditions, that is, no racemization and kinetic
resolution. Nowadays, there are two general chiral auxiliaries used for the enantiomer
determination: chiral solvating agent (CSA)94 and chiral derivatizing agent (CDA).95

1.3.3.1

Chiral solvating agents

In this approach, the CSA provides the chiral environment for the enantiomers in NMR
spectroscopy.94 The general procedure is mixing the substrate (enantiomer) with enantiopure
CSA and a nonchiral standard NMR solvent (cosolvent). The enantiomers associate with the
CSA through non-covalent interactions such as hydrogen bonding, dipole-dipole interaction,
electrostatic interaction, steric effects or -stacking between electron-rich and electrondeficient aromatic rings to form the diastereoisomeric solution complexes, which may appear
at different chemical shifts in NMR spectroscopy.94 The advantages of this approach is that it
needs no chemical manipulations (just mixing the CSA and substrate in a NMR cosolvent),95
and it has no kinetic resolution.92 It is therefore suitable to be used in enantiomeric purity
determination. For example, 1-(9-anthryl)-2,2,2-trifluoroethanol has been successfully used to
determine the enantiomeric purity of some lactones and ethers.96 However, the chemical shift
difference between the two enantiomeric complexes is usually small due to the weak
interaction between the CSA and substrate.94,95,97 In addition, the number of the cosolvents is
limited. Polar solvents such as methanol, dimethylsuloxide and acetone tend to solvate dipolar
groups of the reagent and substrates, and reduce the anisochrony between diastereomeric
complexes.98
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Chiral derivatizing agents

This approach involves the derivatization of the enantiomers with the enantiopure CDA to
produce diastereomeric derivatives.95 In contrast to using CSAs, the association between the
CDAs and substrates is covalent. The resulting diastereiosmers have therefore much greater
chemical shifts difference than those obtained by using CSAs. However, racemization and
kinetic resolution are possible to occur during the formation of diastereoisomers during some
derivatization processes. Generally, this problem can be minimized by employing excess
CDA.98
One of the most important and promising applications of CDA is to determine the absolute
configuration of chiral molecules. Methoxytrifluorphenyl acetic acid (MTPA), introduced by
Mosher in 1969, is one of the most commonly used CDAs.99 It has been successfully used to
assign the absolute configuration of a broad range of alcohols and amines. Until now,
numerous

CDAs

including

-methoxylphenylacetic

acid

(MPA),100-101

9-

anthrylmethoxyacetic acid (9-AMA)102-103, N-acetylphenylglycineboronic acid,104 1,1’-bi-2naphthol105 among others, have been developed to determine the chirality of chiral alcohols
and amines. Most of these CDAs contain the following two groups for specific functions. One
is the functional group, such as –COOH or -B(OH)2, to provide a reaction site with the
substrates.95 Another is the group which can produce the space-oriented anisotropic effect that
selectively affects the specific constituents on the substrate, for example, aromatic or carbonyl
groups.95 Figure 1.7 lists several commonly used CDAs. Until now, the most commonly used
nuclei in NMR spectroscopy are 1H and

19

F.100-105

29

Si106 and

31 107

P

nuclei have also been

employed for the case of using silicon and phosphorus containing CDAs, respectively.
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H3 CO
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OH

OH
F3C

H
O

O

O

(R)-9-AMA

(R)-MPA

(R)-MTPA
O

OH

B(OH)2

HN

CH3

O

(R)-(-)-N-acetylphenylglycineboronic acid

(R)-PBA

Figure 1.7. Examples of CDAs with R configuration.

Generally, NMR-based methods for the determination of the absolute configuration require
the transformation of the chiral substrate to two different species that can be differentiated by
NMR spectroscopy.92 One popular procedure is that an enantiopure substrate is derivatized
with the R and S enantiomers of the CDA to afford two diastereoisomers and the NMR
spectra of the formed diastereoisomers are compared. The unknown configuration of the
substrate can be correlated from known absolute configuration of the CDA according to the
information obtained from NMR spectra.95
The relative positions of the substituents in the substrate with respect to the anisotropic group
can be assigned with the help of the magnetic anisotropy effect,98 i.e. the chemical shift
changes depending on the special relationship between a proton and a nearby functional
group, produced by the specific functional group (such as, but not limited to, aromatic rings,
sulfoxides, and carbonyl groups) in CDAs. The anisotropy effect caused by the aromatic rings
is the most dramatic example. Basically, the protons placed above the aromatic ring suffer a
large shielding effect (-δ) while the protons at the side of the aromatic ring suffer a smaller
deshielding effect (+δ).98 Thus, most CDAs contain aromatic rings in order to mark the
chemical shift difference. The signal of the chemical shift differences, expressed as (δ), of
the specific protons/groups in the diastereoisomers derivatized by R and S CDAs provides
information about the configuration of the substrate. In this approach, δRS, calculated by
using the chemical shift of one proton/group in the R-CDA derivative minus the
14
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corresponding chemical shift in the S-CDA derivative, is preferrally to be used as the
expression of δRS. In the case of a large anisotropy effect being produced by the CDAs, the
chiral substrate may also be derivatized with only one enantiopure CDA (R or S form). The
NMR spectrum of the derivate is directly compared with the pure substrate prior to
derivatization.

1.3.4

Circular dichroism spectroscopy

Circular dichroism (CD) spectroscopy is a form of light absorption spectroscopy that
measures the difference in absorption of right (R) and left (L) circularly polarized light by a
substance. The CD spectroscopy plays an important role in biological research for the fact that
it has a high sensitivity to ordered structures.108-112 The most notable use of CD spectroscopy
is for protein investigations such as the amount of secondary structures, the effects of
environment (e.g. temperature, drug binding) on protein structure, protein-protein and proteinnucleic acid interactions, protein folding ect.108-110 In the field of supramolecular chemistry,
CD also has several interesting applications. In particular, the assembly of the molecules
including monomers or polymers to form regular superstructures can be investigated.111,112
The superposition of the R and L circular polarized waves with equal amplitude and phase
results in linearly polarized light. A very good animated tutorial about linear and circular
polarized light as a function of time in three dimensions can be found on the website of
http://www.enzim.hu/~szia/cddemo/edemo0.htm.
When planar polarized light passes through an optically active substance, the plane of the
polarization of the polarized light will be rotated to an angle () because the L and R circular
polarized light travel at different speeds, i.e. the medium has a different refractive index for
the two forms of light (nL ≠ nR). This  is dependent on the wavelength of the planar
polarized light. Such an effect is called optical rotatory dispersion (ORD), which can be
measured by ORD spectroscopy. The phenomenon of the absolute value of  decreasing with
the increase of wavelength, referred as plane curve, is usually observed in a chiral compound
without a chromophore. An S-shaped component is superimposed on the plane curve in the
regions of absorption, which is referred as anomalous curve, in the chiral compounds
containing a chromophore.113
An absorbing optically active substance not only has the different refrective index for the L
and R circularly polarized light, but also has a different absorption coefficients () for the L
and R circular polarized light, that is L ≠ R. The difference in L and R is the circular
15
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dichroism. If planar polarized light passes through a molecule exhibiting a combination of
ORD and CD in the regions of absorbance, the amplitude of the stronger absorbed component
will be smaller than that of the less absorbed component and the polarization direction will be
rotated. The consequence is that an elliptically polarized light emerges from the sample.
Current CD spectroscopy measures the CD in terms of ellipticity usually expressed in
milidegrees), which is mathematically determined by the angle  = arctan(b/a) as shown in
the Figure 1.8b. The is related to the absorbance by

×A = 33000×(L-R)×c×l

(1.1)

The literature data are usually reported in molar ellipticity []
[] = /(10×c×l)

(1.2)

where [] is expressed in deg×cm2×decimole-1, c is concentration in mol liter-1 and l is optical
path of the cell in cm.
Some references also report the CD data in molar circular dichroism, which has the
relations with as
= 3300×
he plot of ellipticity vs wavelength of the incident light gives a CD spectrum. Depending on
which circularly polarized light is absorbed stronger by an absorption band, a positive or
negative CD signal is obtained. Both the CD and anomalous ORD effect are known as Cotton
effect, and they are related by the so called Krönig-Kramers transformation.113


EL+ER
EL
EL

EL+ER

ER
ER

a/2


b/2
(b)

(a)

Figure 1.8. (a) Planar polarized light resolved into the L and R circular polarized lights with
equal amplitude and phase. (b) Weaker L circular polarized light (EL) and stronger R circular
polarized light (ER) absorption leads to ellipticity (), the major axis of the ellipse has been
rotated through the angle  due to the optical rotation. 113
16

Chapter 1

General Introduction

The Cotton effect is only possible to be observed in a substance containing a chromophore.
The condition to show a Cotton effect is the possibility that the incident light can generate a
helical displacement of charges. The absorption of one of the circularly polarized lights is
preferred when its rotatory direction corresponds to the rotatory direction of the possible
charge displacement and causes the Cotton effect.114 Therefore, the nature of the asymmetric
electron distribution of a molecule, which decides the left or right handedness, plays the
crucial role in its CD spectrum. According to Moscowitz,115 two types of chromophores can
induce the Cotton effect, that is an inherently (or intrinsically) dissymmetric chromophore and
a symmetrical chromophore but being dissymmetrically perturbed. The inherently asymmetric
chromophore can give a strong Cotton effect since the occupied electron orbital and
unoccupied orbital may be in a chiral relation. Some inherently dissymmetric chromophores
are shown in Figure 1.9. Most chromophores such as carbonyl groups are locally symmetric.
Their electron distribution is symmetric in an achiral environment and, therefore, they interact
equally with L and R circularly polarized light. However, such kind of chromophores may
have some dissymmetric perturbance of other symmetric orbitals when they are incorporated
into a chiral environment, and thus give rise to a Cotton effect. For example, the observation
of the Cotton effect of peptides is because of the introduction of asymmetry to the carbonyl
electrons by the adjacent chiral centre.108 The absorption of secondary structure of a
polypeptide imposes a super-asymmetry chromophore which gives rise to characteristic
Cotton effects by the coupling of oscillators with an asymmetric center or plane. 110

R

R'

R

R'

Biphenyl derivatives

Hexahelicene

Figure 1.9. Examples of inherently dissymmetric chromophores.

17

Chapter 1
1.4

General Introduction

Protein Resistance of Surfaces

The phenomenon of non-specific protein adsorption to surfaces has attracted much attention
from many fields of sciences and industry for many years since it contributes to the
degradation of the performance of surface-based diagnostic devices, biomedical implants and
other medical devices.116-118 It has been demonstrated that protein adsorption on surfaces is
greatly influenced by molecular interactions between them. Such molecular interactions
include intermolecular forces, hydrophobic interactions, hydrogen bonding, steric hinderance
and electrostatic or ionic interactions.119,120 Generally, coating surfaces with a thin layer for
protein resistance materials, which could be small molecules or long chain polymers, is one
universal method to minimize the problems arising from protein adsorption.121-126 This,
therefore, requires the development of materials having high efficiency for resisting protein
adsorption.
To date, completely inert materials (show no adsorption for all proteins) have not been
reported. After comparing a number of protein resistant small molecules, Whitesides et al.
proposed properties including an overall neutral charge, hydrophilicity and the presence of
hydrogen bond acceptors but not hydrogen bond donors are important for ensuring a material
to resist protein adsorption.121-122 However, the above mentioned structural characteristics are
not adequate for some experimental data, like mannitol,123 OH-terminated PEO,124-125 as well
as glycerol dendrol,126 which contain hydrogen bond donors but exhibit high protein
resistance.
Among various types of inert materials, PEO based materials are the most widely studied and
best characterized systems. However, the exact mechanism for protein adsorption resistance
of PEO is still unclear even many efforts have been done. Until now, several theories have
been proposed, but none of them can explain the protein resistant behavior under all
conditions. In the “steric repulsion” mode proposed by Andrade and de Gennes,127,128 which is
derived from colloidal stabilization theory and treats the protein as hard spheres and PEO
chains as random coils, the water molecules bound to PEO have to be expelled when the
proteins come close to the surface. This process is thermodynamically unfavourable and, thus,
the PEG chains prevent the protein molecules from reaching the surface. This mode explains
the system of high molar mass PEO well, but it does not fit the case of PEO always. Based on
the model of Jeon et al. and using single chain mean field theory (SCMF), Szleifer proposed
the loss of conformational entropy of the polymer chains during the approach of the protein
molecules to be responsible for the protein repulsion.129-131 The surface coverage of the
polymer chains is most important. The experimental evidence was observed by Grunze et al.
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that the conformation of the PEO chains plays a very important role in protein resistance.
PEO on the gold surface displaying a helical conformation showed high protein resistance,
whereas the densely packed “all-trans” monolayer on the silver surfaces exhibited a high
fibrinogen adsorption.125 Nowadays, it is generally accepted that factors including internal and
terminal hydrophilicity, lateral packing density and the thickness, which can effect the
structured water around the monolayer, are possibly to influence the protein resistance ability.

1.5

Motivation and Objectives of This Work

As remarked in the beginning of this chapter, there is a considerable and growing interest in
the interpretation and understanding of the structure-properties relationships of fluorocarbon
end capped water-soluble polymers for advanced applications. This motivated this research to
create novel end capped hydrophobically modified water-soluble polymers.
Chapter 2 describes the investigation of the self-assembly behavior of perfluoroalkyl endcapped PNIPAM semitelechelics PxF9 in aqueous solutions. The PNIPAM was chosen
because it is a well studied thermoresponsive polymer and shows lower critical solution
temperature (LCST) behavior at a specific temperature. The incorporation of a F9 segment to
PNIPAM is expected to affect the LCST behavior of the polymer chains due to formation of
the spherical micelles of PxF9 in water. The PxF9 semitelechelics are prepared by ‘clicking’
PNIPAM having an azide end group (PxN3) with nonadecafluoro-1-decyl hex-5-ynoate (F9).
The aqueous solution properties of PxF9 semitelechelics and PxN3 precursors at different
temperatures (below, close and above the LCST) are studied and compared by dynamic light
scattering (DLS) and by 1H and 19F NMR spectroscopy. The thermodynamics of the LCST of
PxF9 and PxN3 in water is investigated by differential scanning calorimetry (DSC) since it can
directly monitor the changes of the specific heat capacity (Cp) of a solution as a function of
temperature.
Poly(glycerol methacrylate) (PGMA) is considered as an important biocompatible polymer
and it has been widely used as the hydrophilic component in amphiphilic or triphilic block
copolymers showing attractive potentials as drug delivery vehicles.132-135 Thus, polymers with
analogous architectures as PxF9 containing the same perfluoroalkyl end group but PGMA as
the hydrophilic component are prepared via ATRP and CuAAC by using an azide functional
initiator. The self-assembly behavior of perfluoroalkyl end capped PGMA (PGMAxF9) in
water is investigated through various techniques including surface tension measurement,
DLS, 1H and

19

F NMR spectroscopy and microscopic techniques. The strong hydrogen
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bonding effect in the PGMA due to OH group on the side chains on the physical proporties of
PGMAxF9 in water is investigated using temperature dependent

1

H and

19

F NMR

spectroscopy and surface tension measurements. The thermodynamics of the micellization
process of PGMAxF9 in water is investigated and compared with PEOxF9 via the estimation of
the values of thermodynamic parameters as H0mic and G0mic, and ITC measurements. These
results are give in detail in chapter 3.
PGMA is a typical chiral polymer because of the asymmetric carbon at the side chain. The
enantiopure and racemic PGMAs with a thiol group at one end are synthesized by ATRP. The
optical activity of enantiopure PGMA is studied by using circular dichroism (CD)
spectroscopy in water. The chirality of PGMA is determined via 1H NMR spectroscopy
employing a three-component chiral derivatizing process, involving the treatment of
enantiopure

polymers

with

2-formylphenyl

boronic

acid

and

enantiopure

-

methylbenzylamine, which yields cyclic boronate diastereoisomer on the pendent groups. It is
well known that biological systems are composed of many chiral biomolecules and shows a
chiral preference.135 To recognize the chiral effect on protein interactions, the enantiopure and
racemic PGMAs are grafted onto gold surfaces by immersing the gold substrates in polymer
aqueous solutions to form the self-assembled monolayers (SAM) due to the strong affinity of
the thiol group to gold. The protein adsorption behvior on the enantiopure and racemic
polymer surfaces is measured and compared by surface plasmon resonance (SPR) using the
bovine serum albumin (BSA) as a model protein. These results are discussed in chapters 4 and
5.
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Chapter 2
The Aggregation Behavior of Poly(N-isopropylacrylamide) HMSP with a
Perfluoroalkyl Segment in Water

2.1

Introduction

Poly(N-isopropylacrylamide) (PNIPAM), a typical thermo-responsive polymer, has been
investigated widely due to its interesting behavior in aqueous medium showing a lower
critical solution temperature (LCST) at around 32-34 °C,1-6 changing with polymer
concentration.7-10 However, the effect of polymer molar mass of PNIPAM on the LCST has
been a controversial topic. Some studies find a molar mass dependence of the LCST7-11
whereas other reports claim a independence of the LCST.3,12-13 Naturally, it can be assumed
that there is a strong molar mass effect when using oligomers of PNIPAM in water that levels
off when high molar masses of PNIPAM are used. The thermo-responsive property of
PNIPAM and its related copolymers has attracted broad interest due to its potential
applications in bioengineering.14,15 Since the discovery that PNIPAM changes its solubility in
water as a function of temperature in 1963,16 numerous reports deal with the origin of the
change from solubility to insolubility at elevated temperatures.17-19 Based on the study of
diluted aqueous PNIPAM solutions by static and dynamic light scattering, a coil-to-globule
transition caused by dehydration of polymer chains during heating was postulated.3,17-19 For
concentrated aqueous PNIPAM solutions, phase separation at LCST occurs as a macroscopic
manifestation of the coil-to-globule transition followed by aggregation.20
Compared to PNIPAM homopolymers, hydrophobically modified PNIPAMs (HM-PNIPAM)
can exhibit unusual properties. As early as in the 1990s, a series of amphiphilic PNIPAMs
was synthesized by free radical copolymerization using functionalized azo-initiators carrying
a small number of long n-alkyl chains of C14 or C18 by Winnik et al.21,22 For the random HMPNIPAMs copolymers, micelles having a hydrophobic core and a PNIPAM corona are
formed even in very diluted aqueous solutions at temperatures below the LCST. Above LCST
the polymer micelles were disrupted and the hydrocarbon segments were distributed randomly
among collapsed and aggregated PNIPAM chains.21 More recently, PNIPAM with octadecyl
terminus was prepared by free radical polymerization and studied by fluorescence
spectroscopy.23 At temperatures below LCST, also the formation of micelles in water was
observed but at LCST the PNIPAM chains just collapsed onto the hydrophobic core but did
not disrupted it. Winnik et al. have reported that HM-PNIPAM copolymers do not show a
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strong change of the LCST compared to the unmodified PNIPAM caused by the fact that
hydrophobic groups in the micelle core are not exposed to water but surrounded by PNIPAM
chains.24 In contrast, an extended conformation without any micelles or aggregates for HMPNIPAMs was adopted in a good solvent as DMF at low concentrations.25
Among various types of hydrophobic groups, perfluorinated carbon chains are the most
hydrophobic and their tendency to separate from water or hydrophilic groups is the largest. 26
It was reported that for non-ionic surfactants one CF2 group is equivalent to 1.7 CH2 groups.27
Fluorocarbon-modified water soluble polymers are expected to exhibit unique properties in
aqueous solution due to their high hydrophobicity. The fluorocarbon modified copolymers
have a more pronounced tendency to form aggregates in water compared to their hydrocarbon
analogues.28
This chapter focuses mainly on the temperature dependent phase transition behavior of
perfluoroalkyl modified PNIPAM HMSP polymers (PxF9, x being the degree of
polymerization of PNIPAM) in aqueous solution. The perfluorinated endgroup was obtained
by attaching an alkyne functionalized perfluoroalkyl segment (F9) to the azide end group of
PNIPAM (PxN3) through copper catalyzed 1,3-dipolar cycloaddition (‘click’) reaction.29 The
azide terminated PxN3 was obtained by polymerization of NIPAM using functionalized azideinitiators.30 The aqueous solution properties of PxN3 precursors and the respective PxF9
semitelechelics were investigated by NMR spectroscopy, dynamic light scattering (DLS) and
differential scanning calorimetry (DSC). The results from various techniques suggest that the
core-shell type micelles are formed for PxF9 even at very dilute aqueous solutions (0.02 mg
mL-1) at temperatures below LCST. The formation of micelles has an influence on the
thermodynamics and kinetics of the LCST behavior of the PxF9 HMSP.
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2.2

Experimental Part

2.2.1

Materials

All chemicals were purchased from Sigma-Aldrich unless otherwise stated. Azide endfuctionalized poly(N-isopropylacrylamide)s (PxN3) with different molar masses were
synthesized as described elsewhere.30 Nonadecafluoro-1-decyl hex-5-ynoate was synthesized
according to the procedure described in literature.31 N-Ethyldiisopropylamime (DIPEA)
(98%), tris(benzyltriazolymethyl)amine (TBTA) (97%), n-hexane (97%) and copper bromide
(CuBr) (99.99%) were used without further purification. Tetrahydrofuran (THF) (99.5%) was
distilled from potassium hydroxide and stored over molecular sieve.

2.2.2

2.2.2.1

Measurements

NMR spectroscopy

The NMR measurements were performed on a “Gemini 2000” spectrometer (Varian)
operating at 400 MHz for 1H and 200 MHz for

19

F. 1H and

19

F NMR data were obtained in

CDCl3 and D2O using a concentration of 20 mg mL-1for PxN3 and PxF9 at 27 °C and 25-55 °C,
respectively. For a better accuracy the

19

F NMR spectra of P137F9 in D2O were taken with a

concentration of 40 mg mL-1.
2.2.2.2

Size exclusion chromatography (SEC)

The molar masses and polydispersities (Mw/Mn) were obtained using a Viskotek VE 2001
column equipped with RI detector Viscotek 3580 in N,N-dimethylformamide (DMF) using a
flow rate of 1 mL min-1 at room temperature. Monodisperse polystyrene was used as
calibration standard.

2.2.2.3

FTIR spectroscopy

FTIR spectra of the polymers were obtained using polymer powder pressed in KBr tablets by
a Bruker Tensor 37 MIR Spectrometer. The sample was measured in transmission mode using
a resolution of 2 cm-1.
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Surface tension measurements

All surface tension measurements were carried out on a DCAT11 tensiometer (DataPhysics
Instruments GmbH, Filderstadt, Germany) by the Wilhelmy plate method. The temperature
was kept at 23 °C with a circulating water bath system. The concentration of solutions was
varied by the addition of aliquots of stock solution.

2.2.2.5

Dynamic light scattering (DLS)

All DLS measurements were carried out on a commercial apparatus of ALV-Laser
Vertriebsgesellschaft GmbH, Langen, Germany. The light source was a vertically polarized
green neodymium: YAG DPSS-200 laser (λ = 532 nm) from Coherent, Auburn, CA, USA,
with a power output of 200 mW. The correlation functions from DLS were analyzed by the
CONTIN method giving information on the distribution of decay rate (Γ). Apparent diffusion
coefficients were obtained from Dapp = Γ/q2, where Γ is the reciprocal of the characteristic
decay time, q = (4πn0/λ) sin(θ/2) being the scattering vector, n0 is the refractive index of the
medium, λ is the wavelength of the light, θ is the scattering angle. The samples were dissolved
in Milli-Q water at several concentrations and then filtered through PTFE filters with 0.45 µm
pore size in order to remove the dust. The hydrodynamic radii (Rh) were recorded for
scattering angles from 30 to 130° in the temperature range of 5 to 55 °C. For the
determination of the cloud point (Tcp identical with LCST), the scattering light intensity was
measured at 90° from 5 to 55 °C after equilibrating the sample at a given temperature for 30
min. The average of two runs (60 s each) was recorded. The relative peak intensity is scaled
with respect to the peak of the highest intensity which is put to an intensity of 1.

2.2.2.6

Differential scanning calorimetry (DSC)

The thermal analyses were perfomed on a VP-DSC microcalorimeter (MicroCal Inc.) with a
cell volume of 0.517 mL. The sample concentration was 2 mg mL-1. The heating and cooling
rate was 1 °C min-1. The data were analyzed using MicroCal Origin 5.1 software supplied by
the manufacturer.
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‘Click’ reaction

2.2.3

Generally, in a Schlenk flask equipped with a magnetic stirrer containing 0.03 mmol PxN3 and
0.07 mmol nonadecafluoro-1-decyl hex-5-ynoate (F9), 5 mL THF was added and stirred for
complete dissolution under nitrogen. Catalytic amounts of 0.12 mmol DIPEA, 0.007 mmol
TBTA and 0.03 mmol CuBr were added to the solution. Further purging with nitrogen was
carried out for another 10 min and the flask was placed in an oil bath at 50 °C for 48 h. The
product was purified by passing through the silica column with THF as eluent, followed by
precipitation into excess n-hexane. The product was dialyzed using a multi-purpose dialysis
tubing (Spectra/Por 7 Membrane: MWCO: 2000 or 3500 Da) in water, and finally freezedried to give the purified PxF9. Yield: 62.9% for P28F9 (containing 28 NIPAM units) and
48.1% for P137F9 (containing 137 NIPAM units).
For PxN3
1

H NMR (CDCl3, 400 MHz): δ = 3.99 [s, -CH(CH3)2], 3.42 [s, -CH2CH2N3], 2.16 [s, -

CH2CO], 1.63 [s, -CH2CH2CO], 1.12 [s, -CH(CH3)2].
For PxF9
1

H NMR (CDCl3, 400 MHz): δ = 4.61-4.54 [m, -CH2CF2-], 4.35-4.30 [m, -NHCH2CH2-],

3.99 [s, -CH(CH3)2], 2.77 [s, -CH2CH2CO-], 2.50-2.45 [m, -CH2(CH2)2CO-], 2.16 [s, CH2CO], 1.63 [s, -CH2CH2CO], 1.17 [s, -CH(CH3)2].
19

F NMR (CDCl3, 200 MHz): δ = -81.18 [s, -CF2CF3], -119.96 [s, -CH2CF2CF2-], -122.19- (-

123.85) [m, -CF2(CF2)6CF2-], -126.56 [s, -(CF2)6CF2CF3].

2.3

Results and Discussion

2.3.1

‘Click’ reaction for synthesis of PxF9

P28F9 and P137F9 are obtained by ‘click’ reaction of the alkyne functionalized F9 with PxN3
using the CuBr, DIPEA and TBTA catalyst system. The synthesis procedure is presented in
scheme 2.1. For the reactions, a molar ratio of 2:1 for alkyne functionalized F9/PxN3 is used
due to the easy removal of non-reacted functionalized F9 during the precipitation in n-hexane.
The addition of small quantities of TBTA, one kind of polytriazole ligand, can stabilize Cu(Ι)
and increases the reaction rate.32 Figure 2.1 shows the SEC traces of two different PxN3
samples and the corresponding ‘clicked’ samples containing the F9 segment in the non31
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selective solvent DMF. The traces of P28F9 and P137F9 shift to lower elution volume after
‘click’ reaction, and the polydispersities remain narrow. The characteristic data are given in
the Table 2.1.
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Scheme 2.1. ‘Click’ reaction of azide end-fuctionalized poly(N-isopropylacrylamide) (PxN3)
and nonadecafluoro-1-decyl hex-5-ynoate (F9) using (a) CuBr, DIPEA, TBTA in THF at 50
°C.
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Figure 2.1. SEC traces of P28N3, P28F9, P137N3, and P137F9 obtained at room temperature with
DMF as eluent.
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Table 2.1. Characteristic data of polymers. Mn, number average molar mass; Mw, weight
average molar mass; Tcp, cloud point temperature; Tmax, the temperature of maximum heat
capacity; ΔT1/2, the width of the transition at half-height; ΔH, the heat of transition per
NIPAM unit; ΔCp, the difference in the heat capacity after and before the transition.

Polymer

Mna)

Mw/Mnb)

(g mol-1)

a)

Tcpc)

Tmaxd)

ΔT1/2d)

ΔHd)

ΔCpd)

(°C)

(°C)

(°C)

(kcal mol-1

(cal mol-1

∙NIPAM-1)

∙°C-1)

P28N3

3300

1.35

48.5

52.1

-e)

- e)

- e)

P28F9

3900

1.24

30.8

32.8

1.00

0.72

-550

P137N3

15700

1.21

35.8

36.5

- e)

- e)

- e)

P137F9

16300

1.22

32.2

33.5

0.47

1.40

-3950

obtained by 1H NMR measurement in CDCl3 at 27 °C;

b)

SEC measurement with DMF as

eluent and PS standard; c) DLS measurement for 2 mg mL-1 aqueous solution samples; d) DSC
measurement for 2 mg mL-1 aqueous solution samples using a heating rate of 1 °C min-1;

e)

data cannot be determined due to aggregation (see Figure 2.10a).
Figure 2.2 shows the 1H NMR spectra of P28N3 and P28F9 obtained in CDCl3 which is a good
solvent for PNIPAM and also for the perfluorinated segment. The degree of polymerization
(DP) of the PNIPAM segment (Figure 2.2a) was calculated from the 1H NMR spectra using
the equation

DP 

4  Integral c 
Integral e, f 

(2.1)

Both, the characteristic proton signals of PNIPAM and of the F9 segment (the signals of g, i, j
can be seen, the signal of h cannot be defined probably due to overlap) appear in the spectrum
of P28F9 (shown in Figure 2.2b) and the shift of protons e and f from 3.46 to 4.4 ppm (see
inset of Figure 2.2b) indicated the successful ‘click’ reaction.30 The successful reaction of
PxN3 and alkyne functional F9 is further confirmed by FTIR measurements as shown in Figure
2.3. The characteristic absorption peak at around 2100 cm-1 corresponding to the asymmetric
stretching vibration of the azide group in P28N3 completely disappears in the FTIR spectrum
of the P28F9.
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Figure 2.2. 1H NMR spectra obtained in CDCl3 at 27 °C. (a) P28N3, and (b) P28F9.
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Figure 2.3. FTIR spectra of (a) P28N3, and (b) P28F9.
34

1500
-1

1000

500

Chapter 2
2.3.2

Aggregation Behavior of PNIPAMF9 in water

Determination of critical micellization concentration (cmc)

It is well known that the increase of surfactant concentration leads to a decrease in surface
tension (γ). The decrease vanishes with increasing surfactant concentration at cmc. In order to
measure the cmc values of the semitelechelics PxF9, various amounts of aqueous polymer
solutions were added to bidistilled water and the change of γ was monitored. P 28F9 has a cmc
value of ~ 2.9×10-3 mg mL-1 (see Figure 2.4a) and P137F9 shows a cmc value of ~ 1.5×10-2 mg
mL-1 (see Figure 2.4b). The surface tensions of various aqueous solutions of P28N3 were also
measured without showing a cmc (see Figure 2.5).

Figure 2.4. Determination of cmc using the surface tension (γ) data for a) P28F9 and b) P137F9.
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Figure 2.5. Surface tension (γ) data at various concentrations of P28N3.

2.3.3

2.3.3.1

Dynamic light scattering

Cloud point measurements

In light scattering measurements, the intensity of scattered light is affected by the size and the
contrast of the particles. For PxN3 and PxF9 in water with a concentration of 2 mg mL-1,
macroscopic phase separation above LCST leads to large particles and a cloudy solution. The
determination of the cloud point temperatures (Tcp) is shown in Figure 2.6. Below Tcp the
scattering intensity remains nearly constant with increasing temperature. At Tcp, the intensity
increases sharply within very narrow temperature ranges. It is clearly to see that fast
transitions33 are observed for the semitelechelics PxF9, while the precursors PxN3 show broad
transitions, which is more significant for the P28N3, showing a relatively small increase of the
scattering intensity over ~ 10 °C. Such broad transition is most likely caused by the slow rate
of aggregation. 10 This leads to the assumption that the F9 segment attached to PNIPAM leads
to a faster aggregation rate compared to PxN3 and will be discussed below for the DSC
measurements. The cloud point temperatures of all samples are listed in Table 1. Tcp values of
48.5 °C and 35.8 °C are obtained for P28N3 and P137N3, respectively, from light scattering
measurements using 2 mg mL-1 solutions. These values are much higher than the Tcp values of
PNIPAM homopolymers of similar molar mass and concentration in water reported in the
literature (~ 38 °C for 2800 g mol-1 and ~34 °C for 15700 g mol-1).11 It suggests that azide end
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groups act as a hydrophilic groups leading to an increase of Tcp.30 The fact that the LCST of
poly(N-alkylacrylamides), such as PNIPAM, can be raised or lowered via introduction of
hydrophilic or hydrophobic comomers was pointed out by Taylor and Cerankowski 30 years
ago.34 In our study, the Tcp of P28N3 is ~ 10 °C higher compared to PNIPAM homopolymers
but Tcp increases only by 3 °C in the case of P137N3. So the effect is more pronounced for
polymers with low molar mass which is reasonable since the hydrophilic endgroup effects in
polymers decrease generally with increasing molar mass. This phenomenon has also been
described for the shift of the LCST to higher temperatures of poly(N-ethylacrylamide) in
water after adding hydrophilic endgroups35 After ‘clicking’ the F9-segments, the
semitelechelics P28F9 and P137F9 showed Tcp values of 30.8 and 32.2 °C, respectively. The fact
that only a ~ 0.8 °C difference of the cloud point temperature is observed between P137F9 and
PNIPAM homopolymers (see ref 11) with similar molar mass (15700 g mol-1) at a
concentration of 2 mg mL-1 indicates that polymer micelles with F9-segment core and
PNIPAM corona have been formed which is in agreement with cmc measurements. The
hydrophobic blocks forming the core of the micelles can avoid contact with water molecules
which leads to the weak effect on the transition temperature.36 However, there is an
approximately 7 °C difference for P28F9 and the PNIPAM homopolymer with similar molar
mass at 2 mg mL-1. A possible explanation could be the short length of the PNIPAM segment
in P28F9. It can be assumed that the micellar aggregation numbers (Nagg) for P28F9 is larger
compared to P137F9. This has already been reported for PNIPAM telechelics with identical
hydrophobic segments but different PNIPAM chain lengths.37 The large Nagg and the short
PNIPAM length of P28F9 lead to a high chain density in the micelle corona. This limits the
formation of water/polymer hydrogen bonds with the result of a lower LCST of P28F9
compared to the PNIPAM homopolymer with similar molar mass.

37

Chapter 2

Aggregation Behavior of PNIPAMF9 in water

P28N3
P28F9

Light scattering intensity (a. u.)

400

P137N3
P137F9
300

200

100

Tcp
0
0

10

20

30

40

50

60

Temperature (°C)

Figure 2.6. Cloud point temperatures (Tcp) determined by measuring the light scattering
intensity at 90° as a function of temperature for PxN3 and PxF9 by DLS at a concentration of 2
mg mL-1 in water.

2.3.3.2

PxN3 precursor polymers in aqueous solution

Depending on the PNIPAM concentration in water, the polymer chains can undergo
macroscopic phase separation at temperatures above LCST.4 Extremely diluted aqueous
PNIPAM solutions do not show LCST behavior.18 Figure 2.7 shows DLS measurements of a
2 mg mL-1 P137N3 aqueous solution for different temperatures below the LCST of this system
(35.8 °C). Above LCST, the solutions become turbid and DLS measurements are stopped.
The temperature dependence of the hydrodynamic radius distribution calculated by StokesEinstein equation is depicted in Figure 2.7a. Two peaks appear in the temperature range
between 10 and 30 °C. The peak with higher intensity at ~ 3 nm is observed at all angles
(from 30 to 130°) and the hydrodynamic radii are in good agreement with each other
(deviation < 3%). This peak can be assigned to P137N3 unimers. However, the peak with the
weaker intensity shows a large scattering when measured at different angles at fixed
temperature. The hydrodynamic radii vary in the range from 150 to 250 nm. We assume these
species to be clusters of few polymer chains diffusing in a slow mode. They form loose
aggregates in a dynamic exchange with unimers. Similar observations have also been reported
for water soluble polymers with the tendency of self-association via hydrogen bonding, such
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as poly(ethylene oxide) (PEO),38 poly(vinyl alcohol) (PVA),39 and poly(glycerol
monomethacrylate) (PGMA).40,41 By studying the temperature and salt effect on dilute
aqueous PNIPAM solutions, Wu et al.42 demonstrated that the slow mode is related to long
range interactions between segments or ‘blobs’ of different polymer chains. Just below the
LCST at 35 °C, the measurement is already influenced by the onset of the aggregation process
of unimers of PxN3. A DLS signal appears exclusively for the slow mode, i.e. all unimers
disappeared. This leads also to a linear plot of  over sin2(/2). The time dependence of
hydrodynamic radii of P137N3 at 35 °C is measured in order to study the kinetics of the
aggregation process at 35 °C (see Figure 2.7b). The experiment at 35 °C is chosen for the time
dependent measurements since the solution remained transparent at least for 2 days and
became turbid within half minute when the temperature is raised by 1 °C. It can be seen that
after an isothermal annealing at 35 °C for ~ 5 h (tt) the clusters are stable.
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Figure 2.7. DLS measurements on P137N3 solution samples at 2 mg mL-1, θ = 90°. (a)
Temperature dependence of hydrodynamic radius distribution in water. (b) Time dependence
of hydrodynamic radius at 35 °C.

2.3.3.3

PxF9 in aqueous solution

A diluted aqueous P137F9 solution is investigated by DLS at the concentration of 0.02 mg mL-1
and different temperatures. Figure 2.8 shows the plots of the hydrodynamic radius Rh of
P137F9 as a function of temperature. The Rh value is nearly constant at ~12 nm for
temperatures below the Tcp of 35 °C (which is slightly higher than the Tcp value of 32.2 °C of
the same polymer at a concentration of 2 mg mL-1). This concentration dependence of the
LCST is in agreement with measurements on PNIPAM homopolymers samples.7,10-11 In this
measurement, the solution remains transparent at 34 °C, and turns to turbid at 35 °C. As
discussed above, an Rh value of ~ 3 nm was obtained for P137N3 single polymer chains in
water. So the species having a hydrodynamic radius of ~ 12 nm are polymeric micelles with
F9 segments in the core and PNIPAM as the corona. At temperatures larger than 30 °C but
well below the LCST a sharp increase of Rh to ~ 110 nm is observed. The PNIPAM segments
started to collapse on the micelle core, and several micelles associated together to form
clusters driven by hydrophobic interactions of the collapsed dehydrated PNIPAM chains.25
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Figure 2.8. The hydrodynamic radius as a function of temperature for P137F9 at 0.02 mg mL-1,
θ = 90°. The scheme shows the temperature induced changes of the polymer aggregation
behavior.

The same sample of P137F9 is measured by DLS using three concentrations of 0.02, 0.2, and 2
mg mL-1 in order to study the influence of concentration on the aggregation behavior. The
hydrodynamic radius Rh distributions for all three concentrations measured at 23 °C are
shown in Figure 2.9. A single polymer micelle peak at Rh of ~12 nm exists at the sample
concentration of 0.02 mg mL-1. However, at higher concentrations of 0.2 and 2 mg mL-1, two
species are coexisting with dimensions of ~12 and ~100 nm, respectively. This indicates the
formation of aggregates at high polymer concentrations well below the LCST.43,44
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Figure 2.9. Concentration dependence of hydrodynamic radius distribution for P137F9 aqueous
solution samples at 0.02, 0.2, and 2 mg mL-1 at 23 °C, θ = 90°.

2.3.3.4

Differential scanning calorimetry

Several studies have indicated that bound water around the amide group and the water cage
around the isopropyl group lead to the water solubility of PNIPAM chains.45-48 At
temperatures above the LCST, these two ‘kinds’ of water would be released from the polymer
chains into the bulk water.46,47 DSC, which can monitor the changes of the specific heat
capacity (Cp) of a solution as a function of temperature, is a suitable tool to investigate the
thermodynamics of the LCST of PNIPAM in water. Aqueous PxN3 and PxF9 solution samples
at 2 mg mL-1 were monitored by DSC using a heating rate of 1 °C min-1 from 5 or 10 to 80
°C. Figure 2.10 displays the temperature dependence of Cp for P28N3 and P28F9 solutions. The
runs for P137N3 and P137F9 solutions are not shown since they are very similar. DSC
measurements can be influenced strongly by aggregation effects.49 When large particles have
formed and attached to the wall of the sample cell, they can affect the heat conductivity of the
cell resulting in a strong scattering of the data. In the DSC traces of P 28N3 (see Figure 2.10a),
a small increase in the baseline is observed until a strong endothermal peak starts to grow at
50 °C. This is the onset of the phase separation at LCST. The peak is endothermal due to the
dehydration process of the macromolecules. The trace is taken up to 80 °C then the
temperature is decreased to 5 °C again and a second heating run is started. A broad
exothermal peak can be observed below 50 °C. This is obviously related to the dissolution
process of larger aggregates that did not dissolve completely during cooling and annealing the
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sample at 5 °C for 30 min. At 50 °C again the onset of the LCST is observed in the second
heating trace. For the P28F9 semitelechelic, narrow and completely reversible DSC heating
traces are observed (see Figure 2.10b). This suggests that the collapse of P28F9 at the LCST is
much more cooperative than that of P28N3. Since DSC is a dynamic measurement, it can be
concluded that P28F9 has a fast phase transition compared to P28N3. This is in agreement with
DLS data discussed above. The Tmax of P28F9 is shifted by ~19 °C compared to P28N3. This is
in agreement with cloud point measurements and the reasons for this shift have been
discussed above. The characteristic data obtained from the DSC measurements for PxF9 are
listed in Table 2.1. The change of Cp can only be evaluated quantitatively for PxF9. The
change of the heat capacity is negative when subtracting the Cp value below the LCST from
the Cp value above the LCST. Similar to the phenomenon of the heat induced refolding of
proteins following cold denaturation, the decreasing number of the polymer/water contact
causes the decrease of the heat capacity.50 A ΔH value of the macroscopic phase separation at
LCST of 1.4 kcal mol-1 per NIPAM monomer unit is obtained for P137F9, which is in good
agreement with the literature value of 1.4 ± 0.2 kcal mol-1 per NIPAM monomer unit for pure
PNIPAM.51 The smaller ΔH and ΔCp values for P28F9 compared to P137F9 as seen in Table 2.1
indicate a smaller number of contacts between NIPAM monomer units and water. This results
from the fact that to both precursor polymers an identical F9 segment is added. Thus, P28F9 is
much more hydrophobic below the LCST compared to P137F9. For both semitelechelics,
micelles are formed at temperatures below LCST. The PNIPAM chains close to the core of a
micelle have entropic restrictions. Thus, they have difficulties to form contacts with water.52
Therefore, they are less hydrophilic than the NIPAM monomer units far from the core. This
leads to a higher percentage of unhydrated monomer segments in P28F9 compared to P137F9.
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Figure 2.10. DSC traces for aqueous polymer solutions at 2 mg mL-1 and a heating rate of 1
°C min-1. (a) P28N3, and (b) P28F9.

2.3.3.5

1

H and 19F NMR spectroscopy studies of the thermo-responsive behavior

Since NMR is able to detect the aggregation behavior of PNIPAM on a molecular level, it is
an ideal technique for the determination of the thermo-responsive behavior of each
component of the PxN3 precursors and the PxF9 semitelechelics.53 1H and

19

F NMR spectra

were recorded at various temperatures below and above LCST. Caused by the fact that solids
do not contribute to the NMR signals when measured in the solution mode, the intensity of
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proton signals can be used to monitor the aggregation and phase separation behavior of
polymers in solvents. The 1H NMR spectra of P28N3 and P28F9 at various temperatures are
shown in Figure 2.11. The assignment of the protons is provided in detail elsewhere.53,54 Both
polymers P28N3 and P28F9 have an LCST at the temperature where the intensity of all protons
decreases sharply. This decrease appears for P28N3 between 51 to 52 °C as can be seen Figure
2.11a. In this temperature range the polymer chains start to aggregate and simultaneously they
dehydrate. A similar behavior is observed for P28F9 (see Figure 2.11b) but at lower
temperatures between 35 and 36 °C in agreement with cloud point measurements. Figure 2.8c
shows the 1H NMR spectra of for P28N3 (solid line) and P28F9 (dashed line) at 25 °C using a
concentration of 20 mg mL-1. It is clearly to see that the proton signal intensity of P28N3 is
much stronger than that of P28F9. Also the characteristic signals of methylene protons of the
F9-segment cannot be seen in D2O. They are observed in CDCl3 as discussed in Figure 2.2. A
reasonable explanation for this behavior is that micelles with a core formed by F9-segments
and a PNIPAM corona are formed. This explains also the decreased intensity of the proton
signals of PNIPAM because the packing of the NIPAM chains in the corona causes reduced
chain mobility. Reduction of polymer chain mobility leads to a decrease and broadening of
signal intensity in 1H-NMR spectra.55 In addition, the PNIPAM segments close to the micelle
core are less hydrated and might finally not contribute to the proton signal intensity. This
effect is more obvious for P28F9 compared to P137F9 due to the fact that, although, the F9
segment is identical in both species, the degree of polymerization of the PNIPAM chain is
higher in the case of P137F9.
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Figure 2.11. 1H NMR spectra for PxN3 and PxF9 using a concentration of 20 mg mL-1 at
different temperatures in D2O. (a) P28N3, and (b) P28F9. (c) Comparison of proton intensity of
P28N3 (solid line) and P28F9 (dashed line) in D2O at 25 °C.
The 19F NMR spectra are recorded for P28F9 in D2O at various temperatures and in CDCl3 at
27 °C using a concentration of 20 mg mL-1 (see Figure 2.12). The 19F NMR spectrum of P28F9
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in CDCl3 shows peaks that can be assigned to the F9 segment. Thus chloroform is a good
solvent for PNIPAM and the F9 segment. Water is definitively only a solvent for PNIPAM
below the LCST and not a solvent for the F9 segments at all temperatures below LCST. This
results in a very weak

19

F signal which completely disappears above LCST. Identical results

are obtained for P137F9. Thus the

19

F NMR measurements confirm the formation of micelles

for PxF9 in D2O below LCST.
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Figure 2.12.

19

F NMR spectra for P28F9 using a concentration of 20 mg mL-1 at 27 °C in

CDCl3 and at different temperatures in D2O.

2.4

Conclusion

The P28F9 and P137F9 semitelechelics were successfully synthesized by ‘clicking’ the alkyne
functionalized F9-segment with the azide end group of PxN3. The aqueous solution properties
of PxN3 precursor polymers and PxF9 semitelechelics were studied by NMR spectroscopy,
DLS and DSC. The results obtained by the different methods are in excellent agreement. The
LCST of PxF9 semitelechelics shifted to lower temperature in comparison to their PxN3
precursors. For PxF9 at temperatures below LCST, single micelles with F9-segments core and
PNIPAM corona were formed in diluted aqueous solutions, and clusters appeared and
coexisted with micelles in concentrated solutions. Just below the LCST, first PNIPAM
coronae collapsed onto the hydrophobic core, and several micelles aggregated to larger
particles in the range of ~110 nm. This micelle formation is also responsible for the fact that
the cloud point temperatures of P28F9 and P137F9 are very similar (~ 31 and ~ 32 °C at 2 mg
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mL-1) in contrast to the precursors. PxN3 exists in water as single chains below LCST which
results in a strong molar mass dependence of the LCST as expected from the classical FloryHuggins approach for the combinatorial entropy.56 DSC measurements show that the collapse
of P28F9 at the LCST is much more cooperative than that of P28N3. The heat of phase
separation ΔH and the related change in specific heat capacity ΔCp is smaller for P28F9
compared to P137F9. This indicates that P28F9 is much more hydrophobic (partially dehydrated
NIPAM segments) compared to P137F9 below the LCST since the endothermal enthalpy
change at LCST is mainly the result of dehydration of PNIPAM.
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Chapter 3
Self-Assembly Behavior of Fluorocarbon-End Capped Poly(glycerol
methacrylate) in Aqueous Solution

3.1

Introduction

Hydrophobically modified water soluble polymers (HMSPs), which are composed of a
hydrophilic main chain containing a few hydrophobic units being randomly in or at the end of
the chain, have been extensively studied over the past several decades. Since the first study on
a HMSP was carried out by Strauss et al.1 in the early 50s of the last century, the HMSPs have
invoked tremendous interest because of their unique rheological properties and potential
applications, for example, they are widely used in the fields of detergent, mineral separation,
pharmaceuticals, rheological control, enhanced oil recovery, paints and coating, etc.2,3
The fluorocarbon modified water soluble polymers (FMSPs) are known as one important
class of HMSP and possess unique properties because of the intriguing characteristics of
fluorinated moieties. Compared to the hydrocarbon group, the fluorocarbons are more stable,
surface active and hydrophobic.4-11 A rule of thumb for the hydrophobicity of fluorinated
block is that one CF2 group is equivalent to 1.7 CH2 groups.12 These unique properties are
caused by the fact that the fluorine atom has a larger van der Waals radius, dense electron
cloud, high ionization potential and very low polarizability.4 Such characteristics make the
FMSPs to have advantages in some aspects compared to their corresponding hydrocarbon
analogous. For instance, FM-poly(ethylene oxide) (FM-PEO) presents a higher viscosifying
effect than the hydrocarbon modified PEO due to the stronger hydrophobic association.9
It has been demonstrated that the end-capped FMSPs (RF-P) can adopt a variety of unique
properties such as high solubility and biological activities, which may not be achieved in
randomly fluorinated polymers and fluorinated block polymers.14-15 To date, a wide range of
RF-P including RF-PEO,4,9-11,15 RF-poly(N-isopropylacrylamide) (RF-PNIPAM),16-18 RFpoly(acrylic

acid)

(RF-PAA),19-20

RF-poly(N-acylethylene

imine)

(RF-PAI),21

RF-

poly(dimethylacrylamide)s22, RF-poly(lactic acid) (RF-PLA)23,24, RF-(poly(L-lactide)-copoly(glycolide)) RF-(PLLA-co-PG)25,26 among others, have been prepared and their behavior
in aqueous solution or at the air/water interface has been studied by a wide range of
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techniques, such as surface tension, fluorescence, SLS, DLS,

19

F NMR, SAXS, and SANS,

ect.14-28
Poly(glycerol methacrylate) (PGMA) is a hydrophilic polymer which is applied for soft
contact lenses, hydrogels, drug delivery and other biomedical applications.29-31 In past
decades, various PGMA based amphiphilic or triphiphilic polymers have been prepared and
their aqueous solution properties have been investigated.32-35 To the best of our knowledge,
however, no attempt has been made to investigate the self-assembling behavior of the end
capped PGMA (RF-PGMA). Whereas RF-PEOs and RF-PNIPAMs may show lower critical
solution temperature (LCST) behavior, FM-PGMAs have the advantage of being water
soluble at all temperatures and as such they are suitable candidates for applications where
high temperatures maybe a prerequisite.
With this in mind, we synthesized RF-PGMAs with the architecture composed of the PGMA
main chain and a perfluoroalkyl group capped at one end, which could be considered as the
analogous to the well studied RF-PEO semitelechelics. The RF-PGMAs semitelechelics are
obtained by employing atom transfer radical polymerization (ATRP) and copper(I)-catalyzed
alkyne-azide cycloaddition reaction (CuAAC), also referred to as “click” chemistry, in which
the degree of polymerization (DP) of PGMA varies from 14 to 113 whereas the perfluoroalkyl
end group is always the same. The self-assembly behavior of FM-PGMAs in aqueous solution
is investigated by various techniques including surface tension, ITC, NMR, DLS, and
microscopic techniques including AFM, SEM and TEM. The thermodynamics of
micellization processing of PGMAF9 and PEOF9 are compared.

3.2

Experimental Section

3.2.1

Materials

All reagents are purchased from Sigma-Aldrich unless otherwise stated. 3-Bromo-1-propanol
(97%), N,N,N-tributyl-1-butanaminium iodide (Bu4NI), solketal (98%), ammonium chloride
(NH4Cl), (99.5%) dicyclohexano-18-crown-6 (97%), methacryloyl chloride (Alfa-Aesar,
97%), sodium azide (NaN3), (99.5%), α-bromoisobutyryl bromide (98%), hex-5-ynoic acid
(97%), nonadecafluoro-1-decanol (97%), 4-(dimethylamino)pyridine (DMAP) (99%), 2,2'bipyridine (bpy), copper bromide (CuBr, 99.999%), 1,4-dioxane (99%), tetrahydrofuran
(THF) (99.5%), n-hexane (97%), benzene (Roth, 99%), acetone (98%), and ethanol (98%)
were used as received. Anisole (Alfa-Aesar, 99%), α,α,α-trifluorotoluene (98%) (TFT), 253
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butanone (99%) and triethylamine (Et3N) (99.8%) were dried overnight with CaH2, distilled
and stored over molecular sieve.
3.2.2

Synthesis

3.2.2.1

Preparation of 3-azidopropyl-2-bromoisobutyrate (APBIB)

The azide functional ATRP initiator, APBIB, was synthesized according to a procedure
described elsewhere with some modification.36 In a round-bottom flask equipped with a reflux
column, 3-bromo-1-propanol (5 g, 36 mmol), NaN3 (4 g, 61.5 mmol), Bu4NI (2 g, 5.5 mmol),
and dicyclohexano-18-crown-6 (10 mg, 0.025 mmol) were dissolved in 30 mL 2-butanone
and stirred under reflux at 80 °C for 24 h. The liquid phase was separated by filtration and
then the 2-butanone was removed by evaporation. Pure 3-azide-1-propanol was obtained by
distillation.
In a 250 mL round bottom flask with a magnetic stirrer, α-bromoisobutyryl bromide (7.2 g,
31.3 mmol) dissolved in 50 mL THF was added dropwise to 50 mL THF solution containing
3-azido-1-propanol (3 g, 30 mmol), and Et3N (4.6 g, 45 mmol) under nitrogen. The reaction
was carried out at room temperature overnight. The excess acid bromide was quenched by
ethanol. After filtration, the solvent was evaporated. The crude product was dissolved in
CH2Cl2 and washed with saturated NH4Cl solution and water, dried over sodium sulphate.
The solvent was filtered and concentrated to obtain pale yellow oil, and the vacuum was kept
for overnight. 1H NMR (400MHz, DMSO-d6):  (ppm) = 1.86-1.98 (-(CH3)2Br, CH2-CH2CH2-), 3.42 (N3-CH2-), 4.25 (-CH2-CH2-O-).

13

C NMR (400 MHz, DMSO-d6):  (ppm) =

27.9 (N3-CH2-CH2-), 30.7 (-C(CH3)2-Br), 48.0 (N3-CH2-CH2-), 55.6 (-C(CH3)Br) 62.7 (-CH2CH2-CH2-O-), 171.7 (OCO-C(CH3)2Br).

3.2.2.2

Synthesis of nonadecafluoro-1-decyl hex-5-ynoate (F9)

The synthesis of nonadecafluoro-1-decyl hex-5-ynoate (F9) was synthesized according to the
literature reported elsewhere.37 Generally, it was accomplished in two steps. First, the solution
of hex-5-ynoic acid (3 g, 26.8 mmol) in 20 mL anhydrous dichloromethane (CH2Cl2) was
added to the solution of 1,3-(dicyclohexyl)carbodiimide (DCC) (2.76 g, 11.34 mmol) in 10
mL anhydrous CH2Cl2 and reacted for 40 h. The crude product was precipitated in n-hexane
to afford the hexynoic acid anhydride. In the second step, hexynoic acid anhydride (4.2 g, 20
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mmol) was esterified with nonadecafluoro-1-decanol (5 g, 10 mmol) in the presence of
DMAP (1.2 g, 10mmol) and pyridine (1.6 g, 20 mmol) using THF as solvent at room
temperature. After 40 h, the THF was removed and the crude product was dissolved in
CH2Cl2, then the solution was washed twice with Na2CO3 (10%) and NaHSO4 (10%) aqueous
solution. The final product was obtained by passing through the silica column using a mixture
of hexane:ethanol (10:1) as eluent and then the solvent was removed by rotary evaporator. 1H
NMR (400 MHz, CDCl3):  (ppm) = 1.83-1.90 (-CH2-CH2-CH2-), 1.96 (HC≡C-), 2.27 (≡CCH2-CH2), 2.56 (CH2-CH2-C(O)-), 4.58 (O-CH2-CF2-).

19

F NMR (200MHz, DMSO-d6):

(ppm) = -126.13 (-(CF2)6-CF2-CF3), -122.06 (-(CF2)6-CF2-CF3), -118.93 (-CH2-CF2-(CF2)6), -80.63 (-(CF2)6-CF2-CF3).

3.2.2.3
ATRP

Synthesis of azide terminated poly(solketal methacrylate) (PSMA-N3) via

The synthesis of solketal methacrylate (SMA), used for the polymerizations was reported
elsewhere.38 In a typical ATRP experiment, APBIB (22.5 mg, 0.09 mmol), CuBr (13 mg, 0.09
mmol) and bpy (42 mg, 0.27 mmol) were placed in a Schlenk flask equipped with a magnetic
stirrer. The flask was evacuated and purged with nitrogen three times before leaving it under
nitrogen. 2 mL degassed anisole was added and bubbled with nitrogen for 20 min under
stirring to form a homogenous mixture and the catalyst-ligand complex. A specific amount of
SMA dissolved in anisole was added into the flask via a nitrogen-purged syringe. Further
purging with nitrogen was carried out for another 20 min and the flask was placed in an oil
bath at 50 °C overnight. The product was purified by passing through the silica column with
THF as eluent, and precipitated into excess cold n-hexane and dried under vacuum at room
temperature.1H NMR (400 MHz, DMSO-d6):  (ppm) = 0.60-0.99 (-C-CH3), 1.17-1.39 (-C(CH3)2), 1.52-2.09 (-CH2-C-CH3), 3.76-4.11 (-CH2-CH(O)-CH2-), 4.14-4.32 (-CH2-CH(O)CH2-).

3.2.2.4

Synthesis of PSMAF9 via “click” chemistry

In a Schlenk flask equipped with a magnetic stirrer, CuBr (13 mg, 0.09mmol), bpy (42 mg,
0.27 mmol), PSMAN3 (0.09 mmol) and F9 (107 mg, 0.18 mmol) were mixed and then it was
evacuated and purged with nitrogen three times. 6 mL degassed anisole/trifluorotoluene (2/1,
v/v) were added and stirred for complete dissolution under nitrogen. The reaction was carried
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Chapter 3

Aggregation Behavior of PGMAF9 in water

out in an oil bath at 50 °C for 48 h. The product was purified by passing through the silica
column with THF as eluent, followed by precipitation into excess n-hexane. 1H NMR (400
MHz, DMSO-d6):  (ppm) = 0.60-0.99 (-C-CH3), 1.17-1.39 (-C-(CH3)2), 1.52-2.09 (-CH2-CCH3), 3.76-4.11 (-CH2-CH(O)-CH2-), 4.14-4.32 (-CH2-CH(O)-CH2-), 4.55 (-CH2-CF2-), 7.59
(N-CH=C).

19

F NMR (200 MHz, DMSO-d6): (ppm) = -126.13 (-(CF2)6-CF2-CF3), -122.06

(-(CF2)6-CF2-CF3), -118.93 (-CH2-CF2-(CF2)6-), -80.63 (-(CF2)6-CF2-CF3).

3.2.2.5

Preparation of PGMAF9

The PGMAF9 was obtained by hydrolysis of PSMAF9 with 1 N HCl in 1,4-dioxane. Pure
products were obtained by dialysis of the polymer aqueous solution against water using a
multi-purpose dialysis tubing (Spectra/Por 7 Membrane: molar mass cut off =1 000 Da) and
freeze-drying. 1H NMR (400 MHz, DMSO-d6):  (ppm) = 0.60-0.99 (-C-CH3), 1.52-2.09 (CH2-C-CH3), 3.76-4.11 (-CH2-CH(O)-CH2-), 4.14-4.32 (-CH2-CH(O)-CH2-), 4.55 (-CH2CF2-), 4.69 (-CH(OH)-CH2(OH)), 4.95 (-CH(OH)-CH2(OH)), 7.59 (N-CH=C).

19

F NMR

(200MHz, DMSO-d6): (ppm) = -126.13 (-(CF2)6-CF2-CF3), -122.06 (-(CF2)6-CF2-CF3), 118.93 (-CH2-CF2-(CF2)6-), -80.63 (-(CF2)6-CF2-CF3).

3.2.2.6

Synthesis of PEO44F9.

The PEO44F9 semitelechelic was prepared by attaching an alkyne functionalized
perfluoroalkyl segment (F9) to the azide end group of PEO through 1,3-dipolar cycloaddition
(‘click’) reaction.

3.2.2.7

The determination of the degree of polymerization (DP) of PGMA block

The DPs of the PGMA blocks of PGMAF9 were estimated from

19

F and 1H spectra of

PSMAF9 recorded in DMSO-d6 which contained 0.2 vol% TFT as an internal reference
standard, using the formula as following:

DP  A 

5I p
3I TFT
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where A is the integral ratio of the CF3 peak of TFT to that of PSMAF9 in the 19F spectrum. Ip
and ITFT represent the integral values of the back bone methyl protons of the polymer and the
phenyl protons of TFT, respectively, in the 1H NMR spectrum.

3.2.3

3.2.3.1

Characterization

NMR spectroscopy.

The NMR measurements were performed on a Gemini 2000 spectrometer (Varian) operating
at 400 MHz for 1H and

19

F. The samples were prepared either in DMSO-d6 or in D2O. The

CF3COOD was added as an internal standard for the

19

F NMR spectroscopy. The

experimental conditions including concentration, temperature and number of the scans for
each spectrum are indicated in the following discussion.

3.2.3.2

Size exclusion chromatography (SEC)

The polydispersities (Mw/Mn) were obtained using a Viskotek VE 2001 column equipped with
an RI detector Viscotek 3580 in THF using a flow rate of 1 mL min-1 at room temperature.
Poly(methyl methacrylate) (PMMA) was used as calibration standard.

3.2.3.3

Surface tension measurement

All surface tensions of the aqueous solutions of the polymer samples at different
concentrations were measured with a DCAT11 tensiometer (DataPhysics Instruments GmbH,
Filderstadt, Germany) by the Wilhelmy plate method. The temperature was controlled by a
circulating water bath system accurated to ± 0.1 °C. The polymer concentration in the
thermostated glass vessel was varied by the injection of aliquots of stock solution. Following
each injection, the surface tension is then measured after 10 min of stirring and 1.5 h waiting
period.
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Dynamic light scattering (DLS)

All DLS measurements were carried out on a commercial apparatus of ALV-Laser
Vertriebsgesellschaft GmbH, Langen, Germany. The light source was a vertically polarized
green neodymium: YAG DPSS-200 laser (λ = 532 nm) from Coherent, Auburn, CA, USA,
with a power output of 200 mW. The correlation functions from DLS were analyzed by the
CONTIN method giving information on the distribution of decay rate (Γ). Apparent diffusion
coefficients were obtained from Dapp = Γ/q2, where Γ is the reciprocal of the characteristic
decay time, q = (4πn0/λ) sin(θ/2) being the scattering vector, n0 is the refractive index of the
medium, λ is the wavelength of the light, θ is the scattering angle. The corresponding apparent
hydrodynamic radius, Rh, are obtained via the Stokes-Einstein equation Rh=kT/(6Dapp),
where k is the Boltzmann constant and  is the viscosity of the solvent, water in this case,
corrected at the temperature T. The samples were dissolved in Milli-Q water and then filtered
through PTFE filters with 0.45 µm pore size in order to remove the dust. The Rh values were
recorded for scattering angles from 50 to 130° after equilibrating the sample at a given
temperature for 30 min. The average of two runs (60 s each) was recorded. The relative peak
intensity is scaled with respect to the peak of the highest intensity which is put to an intensity
of 1.

3.3

Results and Discussion

3.3.1

Polymer synthesis and characterization

The synthesis of perfluoroalkyl functional PGMA semitelechelics, abbreviated as PGMAxF9
(x is the DP of PGMA main chains, 9 represents the number of CF2/CF3 groups in
perfluoroalkyl segment), is depicted in scheme 3.1, involving the polymerization of the
PSMAxN3 by ATRP using an azide functionalized initiator, coupling the alkyne functional
perfluoroalkyl segment with the PSMAxN3 via CuAAC and cleaving the ketal groups on the
side chains of PSMA to afford the PGMAxF9. The different DPs of the PGMA blocks are
achieved by varying the molar ratio of SMA to initiator. Compared to the transformation of
terminal halides at the polymer chain end with sodium azide to yield the azide group, PSMAs
with 100% azide functionality can be achieved easily by using the azide functional ATRP
initiator. It is generally believed that the azide group of the initiator will not be influenced
during the polymerization process.40 This avoids the problem that the halogen end group at
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the polymer end can be lost at high conversions and causes a corresponding loss of the ability
to be functionalized.40
O
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Scheme 3.1. The synthetic route for the preparation of PGMAxF9 semitelechelics.
Figure 3.1 shows the 1H NMR spectra of PSMA40F9 (a) and PGMA40F9 (b) in DMSO-d6 with
the proton assignment. It is clearly evident the resonance peaks attributed to the proton signed
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as g on the triazole ring at ~ 7.7 ppm and methylene group on the F9 segment signed as h at ~
4.5 ppm appear in the spectrum, indicating the addition of F9 segments to the PSMA chain.
The DP of PSMA14F9 and PSMA40F9 can be calculated using 2 times the integral of resonance
peak a to 3 times the integral of peak h. The values are in good agreement with DPs
calculated by eq (3.1). However, the resonance signals from F9 segments cannot be resolved
well in PSMA85F9 and PSMA113F9 due to the small amount of the F9 segments compared to
the polymer main chain. All samples (PSMAxF9) are analyzed by SEC in THF and they have
monomodal molar mass distributions and polydispersities (PD) between 1.10-1.35. The
typical SEC traces of the PSMA40N3 and PSMA40F9 with THF as eluent are shown in Figure
3.2. The trace of PSMA40F9 shifts to lower elution volumes compared to PSMA40N3,
reflecting the increase of Mn due to the addition of the F9 segment. The number average molar
mass (Mn) and PD values are summarized in Table 3.1.
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Figure 3.1. 1H NMR spectra of (a) PSMA40F9 and (b) PGMA40F9 in DMSO-d6 at 25 °C.
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Figure 3.2. SEC traces of (1) PSMA40N3 and (2) PSMA40F9 with THF as eluent at room
temperature. For molar mass calculations PMMA standard are used.
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Figure 3.3. FTIR spectra of (a) PSMA40N3 (black), PSMA40F9 (red) and (b) PGMA40F9
recorded in KBr.
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The complete conversion during CuAAC is confirmed by the disappearance of the azide
absorption band at a wavenumber of ~ 2100 cm-1 in the FTIR spectrum of PSMAF9 as shown
in Figure 3.3. The PGMAxF9 polymers are obtained by hydrolysis of the acetonide rings of
PSMA to give the hydroxyl groups. Ideally, the DPs of PGMAxF9 should be the same as the
DPs of their precursors PSMAxF9. As shown in Figure 3.1, the disappearance of the resonance
signals of pendent methyl groups at 1.28 and 1.34 ppm and the appearance of the resonance
peaks of the hydroxyl groups at 4.64 and 4.88 ppm give clear evidence that the SMA units are
completely converted to GMA units. The successful cleavage is also confirmed by the
decrease of in the intensities of the CH3 symmetric and asymmetric stretching vibration bands
at 2887 and 2988 cm-1, and the appearance of a broad and strong OH stretching band at
wavenumber of 3750-3000 cm-1 in the FTIR spectra (Figure 3.3).

Table 3.1. Characteristic data of the synthesis PGMAxF9 semitelechelics.

Polymers

Mw/Mna

Mn (g mol-1)b

cmc (10-5 mol L-1)c

PGMA14F9

1.18

3000

0.67

PGMA40F9

1.21

7200

1.35

PGMA85F9

1.25

14300

3.5

PGMA113F9

1.23

18800

--

a

Obtained from SEC measurements on PSMAxF9 with THF as eluent and PMMA as standard.

b

Calculated from 1H and 19F NMR spectroscopy. cObtained from surface tension measurement

at 25 °C.
3.3.2

Self-assembly of PGMAxF9 in aqueous solution

It is well established that amphiphilic diblock copolymers which consist of a larger
hydrophilic block and a relatively small hydrophobic block associate into spherical micelles
with a small dense core and a large solvated corona above the critical micellization
concentration (cmc).41 The cmc, defined as the copolymer concentration above which the
formation of micelles becomes a dominant effect, is a fundamental parameter in
characterizing the association properties of a given copolymer-solvent system.42 Measuring
the surface tensions over a wide range of concentrations is one of the commonly used
methods to determine the cmc. In a polymer-solvent system, the surface tension gradually
decreases with increasing concentration due to the fact that hydrophobic polymer chains are
adsorbed at the air/water interface. When the polymer concentration reaches the cmc, the
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surface tension is obviously no longer changed. The cmc is indicated by the intersection of the
extrapolation of the two linear regimes where the curves show an abrupt change in the slope.
The surface tension measurements were carried out at 25 °C using aqueous solutions of
PGMAxF9 and the corresponding cmc data are summarized in Table 3.1. It is clearly evident
that the cmc values show a significant increase with increasing PGMA content, since the
longer soluble blocks usually carry higher “free energy cost” for being transferred from the
unimer state to the micellar corona.43 The measurements carried out at 25 °C using an
aqueous solution of PGMA113F9 showed a continuous decrease of  with increasing
concentration, indicating that no micelles have been formed in the measured concentration
range. This suggests the existence of a critical PGMA length in PGMAxF9 above which the
micellization is suddenly hindered.
The surface tension measurements of PGMA40F9 in aqueous solutions were also carried out at
15, 25, 35 and 45 °C to investigate the temperature effect on the aggregation behavior. The
cmc values obtained from the measurements are summarized in Table 3.2. Figure 3.4a
represents the surface tensions obtained for PGMA40F9 in water as a function of polymer
concentration at 15 and 45 °C. As can be seen from Figure 3.4c, the cmc values exhibit a
gradual increase with increasing temperature. At 45 °C, the cmc value of PGMA40F9 is about
2 times larger compared to the value at 15 °C. A similar behavior was also observed for
PGMA14F9. Such increase of the cmc with temperature is similar to the micellization of some
block copolymers in organic solvent, such as poly(styrene)-b-poly(tert-butylstyrene) in N,Ndimethylacetamide,44 since the increasing temperature can usually improve the solvent quality
to both blocks of block copolymers in organic solvent.45 The amphiphilic polymers in
aqueous solution usually show the opposite result, that is, the cmc becomes smaller with
increasing temperature. This is because the hydrocarbon becomes more hydrophobic at higher
temperaturs.45 For comparison, the PEO44F9 with the same hydrophobic group was prepared,
and the cmc were measured at the same temperatures as PGMA40F9. The PEO is chosen as
hydrophilic block for two reasons. The first is that the hydrophobically end-capped PEO has
been widely studied and thus a large amount of data about the self-assembly behavior is
available.46-48 The second reason is that PEO has a significantly different chemical structure
compared to PGMA. Figure 3.4b shows the surface tension measurements of PEO44F9 over a
range of concentrations at 15 and 45 °C. The determined cmc values are summarized in Table
3.2. As expected, the cmc values show a gradual decrease with increasing temperature as
shown in Figure 3.4c. This is in good agreement with the hydrophobically modified PEOs
reported in literature.46-48
63

Chapter 3

Aggregation Behavior of PGMAF9 in water

Generally, the variation of the cmc values for amphiphilic substances in aqueous solutions is
found to depend on the alteration of the interaction between the hydrophilic or/and
hydrophobic blocks with water.45 It should be noted that PGMA is a polymer with abundant
hydroxyl (-OH) and carbonyl groups. When PGMA is dissolved in water, the polymer is able
to form inter/intra molecular hydrogen bonds with polymer chains and intermolecular
hydrogen bonds with water. The increase of temperature, which weakens the hydrogen
bonding effect, has two opposite effects on the PGMA chain. On one hand, the increase of
temperature may decrease hydrogen bonding between the OH groups of PGMA and water
molecules, which results in the dehydration of the PGMA block and favours the micellization.
On the other hand, the increase of temperature can reduce the hydrogen bonding between the
PGMA polymer chains and make the PGMA chains more hydrated, which hinders the
micellization. In terms of magnitude, the endothermic enthalpy associated with breaking of
alkyl-OH---OH-alkyl interactions is smaller than the exothermic enthalpy associated with
formation of alkyl-OH---HOH (hydration).49 Therefore, the PGMA chains are become more
hydrophilic at higher temperatures since more inter and intra molecular hydrogen bonds are
broken and OH group of the polymer chains become available for hydration. When the
temperature is raised, water becomes progressively a worse solvent for the hydrophobic
block.45 In other words, the hydrophobicity of the F9 is enhanced, which is favorable for
micellization. From the data of the cmc values, it seems that the PGMA effect dominates the
cmc values at increasing temperatures and results in more hydrophilic PGMAxF9
semitelechelics at higher temperatures. For PEO44F9, increasing temperature decreases the
solvent quality for both the PEO and F9 blocks and thus leads to a cmc decrease with
increasing temperature. The increase of the hydrophilicity of the hydrophilic block in
amphiphilic copolymers was also been observed by Halacheva et al. They found that the cmc
of poly(glycidol)-poly(propylene oxide)-poly(glycidol) (PG-PPO-PG) block copolymers is
less temperature sensitive than their PEO-PPO-PEO analogues due to the weakening of the
hydrogen bonding between the OH groups at the PG side chains.50
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Figure 3.4. Critical micellization concentration (cmc) determination from surface tension
measurements as a function of the concentration of (a) PGMA40F9 and (b) PEO44F9 at 15 °C
and 45 °C. (c) The cmc values of PGMA40F9 and PEO44F9 at various temperatures.
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Table 3.2. cmc and Gibbs free energy of micllization (G0mic) of PGMA40F9 and PEO44F9 in
aqueous solution at various temperatures.

Temperature (K)

PGMA40F9

PEO44F9

cmc (10-5 M)

G0mic (kJ mol-1)

cmc (10-5 M)

G0mic(kJ mol-1)

288

1.20

-36.7

1.55

-36.1

298

1.35

-37.7

1.05

-38.4

308

1.71

-38.4

0.68

-40.7

318

1.85

-39.4

0.52

-42.8

The driving force for the micellization of the PGMA40F9 and PEO44F9 could be identified
from the thermodynamic parameters extracted from the cmc values at various temperatures.
For a micellization process with significant association number the use of the relations below
to calculate the standard free energy of micellization, G0mic, based on the cmc values is
tolerable within experimental error. 51
G0mic =H0mic-TS0mic= RTln(Xcmc)

(3.2)

Where R is the gas constant, T is the temperature in K and Xcmc is the cmc in molar fraction at
temperature T. The obtained G0mic values are plotted as a function of temperature for
PGMA40F9 and PEO44F9 in Figure 3.5. The intercepts and the slops of the linear fits of the
plots give the standard enthalpy of micellization, H0mic, and standard entropy of
micellization S0mic according to eq. 3.2. The values estimated for PGMA40F9 and PEO44F9 by
this method are summarized in Table 3.3.
Table 3.3. Standard enthalpy (H0mic) and standard entropy (S0mic) of micellization
estimated from the standard free energy of micellization (G0mic) versus thermodynamic
temperature (T) plot.

Polymers

H0mic(kJ mol-1)

S0mic(kJ mol-1 K-1)

PGMA40F9

-11.7± 1.5

0.087± 0.007

PEO44F9

28.2±1.4

0.223±0.005
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Table 3.3 shows that both PGMA40F9 and PEO44F9 have a positive S0mic value, indicating
that the micellization processes of them are entropically driven. It is generally accepted that
the gain in entropy during the micellization process arises from the release of water molecules
in the hydration shells surrounding the hydrophobic groups.52 Moreover, the mobility of the
hydrophobic segments increases when they are removed from the aqueous solution to the
core.54 The positive H0mic for PEO44F9 suggests that the micellization process is enthalpically
not favored. This behavior is widely observed in the micellization of the amphiphilic
polymers in aqueous solution. It is interesting to note that PGMA40F9 shows a negative
H0mic, suggesting that this micellization processes in aqueous solution is enthalpically
favored. Thus, the micellization process of PGMA40F9 in aqueous solution is driven by both
the increase of entropy and the loss of enthalpy.
It has been demonstrated that there are basically two contributions to the H0mic in the
micellization process of surfactants in aqueous solution. The first contribution arises from the
transfer of the hydrophobic segments from the aqueous phase to the micelle core. This process
is accompanied by a release of the water molecules surrounding the hydrophobic segments to
the aqueous solution, which are structured differently from the water molecules in bulk. This
effect results in an exothermic enthalpy.52,53 The second contribution is associated with the
hydrophilic block. The hydrophilic repulsion due to the hydration and excluded volume forces
of the hydrophilic chain give an endothermic contribution to H0mic.54-56 It is obvious that this
large difference of H0mic between PEO44F9 and PGMA40F9 comes from the hydrophilic
blocks since they share the same F9 segments. It should be noted that the intra/intermolecular
hydrogen bonding plays an important role for the PGMA blocks. The formation of hydrogen
bonds between the hydroxyl groups in micelles can weaken the hydration and excluded
volume forces of the PGMA chains. In conclusion, the reduction of the endothermic
contribution from the hydrophilic blocks during solvation leads to decrease of H0mic (it
becomes more exothermic).
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Figure 3.6. Free energy of micellization, G0mic as a function of temperature for PEO44F9 and
PGMA40F9.
ITC directly measures the heat effects accompanying association or disassociation between
the molecular entities.57 For the association behavior of a surfactant in solution, ITC has the
advantage that the cmc and H0mic can be determined directly. To obtain further information
on the micellization of PGMA40F9 and PEO44F9 in aqueous solution, ITC experiments are
carried out at 20 °C. In a typical measurement, small aliquots of stock polymer solution are
injected into water kept in the titration cell of the calorimeter at constant temperature. The
heat evolved after each injection is registered as a peak, and the area under each peak is
plotted against polymer concentration in the titration cell.
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Figure 3.7. The integrated heat per injection (normalized with respect to the injected number
of moles of polymer) as a function of the total concentration of polymer in the sample cell.
Titration curve (inset) observed after injections (a) PGMA40F9 and (b) PEO44F9 of 1 mM
aqueous solution at 20 °C (baseline corrected).

Figure 3.7 shows the dilution enthalprograms with the heat per injection as a function polymer
concentration and the titration curves (inset) of the addition of 1 mM PGMA40F9 (a) and 1
mM PEO44F9 aqueous solution (b) to water. The enthalprograms of both semitelechelics do
not show a sigmoidal shape but instead exhibit a gradual change of enthalpy with polymer
concentration caused by the fact that they assemble via a noncooperative process. Such a
phenomenon is common in the self-assembly of polymers. The dilution enthalprograms can
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be subdivided into two concentration regions and reflect different processes.57b,57c In the low
concentration region, a large enthalpic effect is observed attributed to the dilution of micelles,
demicellization of micelles and dissolution of the individual polymer chains. The
semitelechelics concentration in the sample cell is below the cmc, and the micelles of the
injected aliquots disaggregate. At the polymer concentration in the calorimeter cell above the
cmc, the reaction enthalpies keep constant and the measured heat comes only from the
dilution of the micelles. The intercept of the linear fits to the demicellization range and the
micellar solution dilution range is taken as cmc. The cmc values determined by this method
are ~ 0.028 mM and 0.018 mM for PGMA40F9 and PEO44F9, respectively. Nevertheness,
Figure 3.7 clearly reflects that the PGMA40F9 exhibits an exothermic micellization process,
whereas an endothermic micellization process is observed for PEO44F9. This is in good
agreement with the temperature dependent surface tension measurements.
Figure 3.8 compares the systematic changes in the 1H NMR spectra of PGMA40F9 recorded at
25, 40, 55 and 70 °C in D2O. The temperature-dependent residual HDO resonance signal is
corrected for each temperature according to the studies by Gottlieb et al.58 The resonance
bands of OH groups on the side chains of PGMA do not appear in the spectra because of the
D/H exchange (the assignment is shown in the experimental part). Examination of Figure 3.8
shows that the resolution of the resonance signals is gradually improved with increasing
temperature. For instance, the band at ~3.3 ppm, which is attributed to the methylene group
adjacent to the OH on the PGMA side chains, shows a distinct hyperfine structure at 70 °C.
This hyperfine structure progressively broadens with decreasing temperature, and completely
disappears at 25 °C. This observation indicates that the mobility of the PGMA chains increase
with temperature. Such behavior can be attributed to the weakening of the hydrogen bonding
between the partially self-associated OH groups on the GMA units with increasing
temperature, resulting in increasing solubility and mobility of the PGMA chains in aqueous
solution.
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Figure 3.8. Effect of temperature on the 1H NMR spectra of 1.5 mM PGMA40F in D2O at 400
MHz.
19

F NMR spectroscopy is a powerful tool to investigate the self-assembly behavior of

fluorocarbon containing polymers since the chemical shift of fluorine nuclei is very sensitive
to changes of the environment.59-61 Figure 3.9 show the

19

F NMR spectra of PGMA40F9

recorded in (a) DMSO-d6 and (b) D2O with a polymer concentration of ~ 1.5 mM at 25 °C.
Six sharp and well resolved resonance signals are observed and assigned in the

19

F NMR

spectrum recorded in DMSO-d6 since it is a non-selective solvent for the semitelechelic and
the F9 segments exposed directly to the solvent. However, only four weak, broader and
attenuated resonance signals are observed in the spectrum recorded in D2O. The peaks
attributed to the CF2 units numbered as “3”, which appear as three well separated peaks in
DMSO-d6, show only two attenuated peaks in D2O. The peak of the CF2 unit numbered as “4”
closest to the PGMA block completely disappeared. Furthermore, the comparison of Figure
3.9a and b shows that all the peaks shift to lower chemical shift in D2O than DMSO-d6. For
instance, the peak of the trifluoromethyl group (CF3) at the end of the F9 segments appears at
~ -80.0 ppm in DMSO-d6, whereas at ~ -83.3 ppm in D2O. Generally, the upfield shift of the
peaks suggests the more shielded nuclei.6 It is reasonable considering that the fluorine nuclei
are transferred into a fluorocarbon rich environment rather than in D2O. This evidence clearly
demonstrates that polymeric micelles with F9 segments as the core are formed. The resonance
signal of the terminal CF3 group in the fluorocarbon chain is most sensitive to the
micellization.62 It is confirmed from the literature that the resonance peak at ~ -83.0 ppm
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shown in D2O is the characteristic signal of trifluoromethyl groups (CF3) in the aggregated
state.6,63
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Figure 3.9. 19F NMR spectra of 1.5 mM PGMA40F at 25 °C and 400 MHz, in (a) DMSO-d6
(32 scans) (b) D2O (260 scans).
To probe the effect of temperature on the aggregation behavior of the F9 segment, the

19

F

NMR spectra of PGMA40F9 are recorded at 25, 35, 45 and 55 °C. These spectra are depicted
in Figure 3.10. Similar as the temperature dependent 1H NMR spectra discussed above, the
resolution of the spectrum is gradually improved with increasing temperature. At 25 °C, there
are only four broad and attenuated resonance peaks shown in the spectrum. Upon increasing
the temperature to 55 °C, six resonance signals are considerably resolved similar to the
spectrum in DMSO-d6. Specifically, the signal from the CF2 unit closest to the PGMA block
(labelled as number “4” in Figure 3.9a) which is not seen at 25 °C appears at 35, 45 and 55
°C. In the literature, such increase in signal resolution has been attributed to increasing
mobility of the fluorocarbon moieties.10
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Figure 3.10. Effect of temperature on the 19F NMR spectra of 1.5 mM PGMA40F in D2O at
400 MHz (260 scans).
The 19F NMR resonances of the CF3 groups of PGMA40F9, PGMA85F9 and PGMA113F9 at 0.5
mM recorded at 55 °C are displayed in Figure 3.11. It is interesting to note that two well
resolved peaks are visible in the spectrum of PGMA85F9, indicating that two types of F9
segments are existing in the solution. The upfield peak represents the associated polymer,
while the downfield resonance may represent the single chains. A similar phenomenon has
been reported widely for fluorocarbon PEO telechelics.6,63 The well separated downfiled and
upfield resonance signals at -80.0 and -83.3 ppm indicate that the exchange rate of the
polymer chains between the dissociated and associated form is slow with respect to the

19

F

NMR characteristic time scale.63 Generally, only the associated polymer resonance peak can
be observed when the concentration is above a certain value, which is related to the cmc of
the polymer. The lack of the downfield peak in the spectra of 1.5 mM PGMA40F9 in Figure
3.9 and 3.10 can be caused by the fact that the concentration is much higher than the cmc
value. The fractions of dissociated polymer and associated polymer can usually be estimated
directly from the ratio of the integrals of their corresponding peaks.64 It is clearly evident from
Figure 3.11 that the ratio of the upfield peak to the downfield peak decrease with the
increasing PGMA chain length, indicating that the fraction of the dissociated polymer chains
increase with PGMA chain length. This is presumably a result of the greater excluded volume
interaction for the longer water soluble polymer chains.9 The extremely weak associated peak
for the associated polymer chains in PGMA113F9 supports the assumption that the polymer
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chains are not associated to form the regular micelles in water due to the large excluded
volume force arising from the long PGMA chains.
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Figure 3.11. 19F NMR spectra of 0.5 mM PGMA40F9 (500 scans), PGMA85F9 (1500 scans)
and PGMA113F9 (2000 scans) in D2O at 55 °C and 400 MHz.
Figure 3.12a shows the size distributions of 288 μM aqueous solutions of PGMA40N3 and
PGMA40F9 semitelechelics at 25 °C obtained from DLS measurements. There are two
relaxation modes in PGMA40N3 and PGMA40F9. The decay rates () of these two modes show
a linear dependence on the square of the scattering vectors, q2 (q = (4nsin()), and the
extrapolations at q → 0 pass through the origin which confirm the diffusive character of these
two modes. The fast modes (Rh of ~ 2.5 nm in PGMA40 and ~ 6 nm in PGMA40F9) are
considered to belong to the unimers and polymeric micelles, respectively, in terms of the
particle size. It has reported that interpolymer complexes can be formed by secondary binding
forces including van der Waals forces, hydrophobic interactions, electrostatic interactions and
hydrogen bonding.65,66 Polymer hydrogen bonding complexes have been observed in many
donor/acceptors containing polymers, such as the hydroxyl group bearing polymers.67,68
Recently, PGMA homopolymer and block copolymer chains were reported to show high
affinity to each other to form clusters via intermolecular hydrogen bonding between the
hydroxyl groups.34-35 It is, therefore, reasonable to conclude that the formation of polymer
clusters with the Rh of ~ 105 nm in PGMA40N3 aqueous solution is mainly driven by
intermolecular hydrogen bonding. The slow mode with Rh of ~ 80 nm in PGMA40F9 aqueous
solution is attributed to the clusters of micelles. Such micellar clusters are also observed in
PEO based diblock copolymers aqueous solution.69 The presence of this cluster can be
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attributed to intermolecular hydrogen bonding between PGMAchains on different micelle
surfaces. There is an overlapping region where polymer chains can interpenetrate and squeeze
out some solvent molecules when two micelles come into contact.69-70 This interpenetration of
PGMA chains provides a possibility to form intermolecular hydrogen bonding between
polymer chains.
The hydrogen bonding effect was further confirmed by the additional of trifluoroacetic acid
(TFA), commonly used for hydrogen bond breaking. Figure 3.12b shows the size distributions
of 288 μM PGMA40F9 and PGMA40N3 aqueous solution with 0.2 M TFA. After adding TFA,
the slow mode was significant suppressed in both homopolymer and semitelechelic. For
PGMA40N3 with TFA, the amplitude ratio of the scattering intensity of the fast mode to the
slow mode exhibits a strong increase compared to the solutions without TFA, suggesting that
the number of the polymer clusters is largely reduced. In PGMA40F9, the slow mode
disappeared completely after the addition of TFA. Moreover, the Rh of the PGMA40F9
micelles increases from ~ 6 nm to ~ 8 nm. This can be attributed to the fact that polymer
micelles become less compact due to the weakening of inter and intra- molecular hydrogen
bonding.
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Figure 3.12. DLS results of (a) PGMA40F9 and PGMA40N3 in water at 288 μM at 25 °C,  =
90° and (b) with the addition of 0.2 M TFA.
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The annealing step is conducted on PGMA40F9 aqueous solution with a concentration of 70
M. Figure 3.13 shows the Rh distributions of three PGMA40F9 aqueous solutions with
concentration of 70 M but obtained from the different preparation procedures. Sample “1” Is
prepared directly by dissolving the polymers at room temperature and stirring overnight. The
sample “2” and “3” were obtained by stirring the polymer solutions, which are prepared as
sample “1”, at 80 °C for 3 h and then cooled to room temperature with the slow rate of ~ 0.5
°C min-1 and with the fast rate (quanching in a water bath at 22 °C), respectively. We now
return to Figure 3.13 and analyse the Rh variation. The two modes in the sample “1”
correspond to polymer micelles and clusters as discussed earlier. The micelles and clusters are
observed also in the sample “2” with the identical particle sizes as sample “1”. Moreover,
particles with large Rh of ~ 1200 nm appeared. In DLS, the scattered intensity is roughly
proportional to the sixth power of the size, thus, the number of these large particles is much
smaller than that of the micelles and clusters. The large particles with the values of ~1000 to
1500 nm were also reported by Rangelov et al. for aqueous solutions of PG-PPO-PG.71 They
attributed these particles to aggregates of polymers with compact PPO domains dispersed in a
less compact PG medium due to the equal hydrophobic and hydrogen bonding interactions in
the system. We assume that the large aggregates in sample “2” may have a similar structure
due to the strong hydrogen bonding effect in the PGMA chains. Moreover, these large
partcles can also be simplely attributed to the aggregates of micelles. In contrast to the fast
mode observable for the sample “1” and “2”, the fast mode in the sample “3” with Rh of ~ 2.5
nm reflects the Brownian motion of unimers rather than the micelles. Furthermore, a peak
having the Rh of ~ 250 nm with a shoulder at Rh of ~ 30 nm is observed in sample “3”.
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Figure 3.13. DLS data of 70 M PGMA40F9 aqueous solution prepared by directly dissolving
at room temperature and stirring for overnight (sample “1”), stirring at 80 °C for 3 h and
cooling with a rate of ~ 0.5 °C min-1 to room temperature (sample “2”) and stirring at 80 °C
for 3 h and cooling to room temperature by water bath at 22 °C (sample “3”).
Additional information about the self-assembled structures of PGMA40F9 in sample “2” and
“3” were obtained from AFM measurements at room temperature. The samples for AFM
measurements are prepared by coating the silicon substrates with polymer solutions with a
concentration of 30 M and drying at the room temperature, followed by washing with MilliQ water and drying under ambient conditions. Figure 3.14 shows the phase images of
aggregated structures formed by the PGMA40F9 in sample “2” (left) and “3” (right). The
particles with the diameters of ~ 5-10, ~100 and ~ 1000-1500 nm are well distributed in the
image of sample “2”. In the image of sample “3”, the spherical structures with the size
ranging from 20 -500 nm are observed.
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Figure 3.14. AFM phase images obtained after coating a silicon substrate with 30 M
aqueous PGMA40F9 solution of sample “2” (left) and “3” (right).
Additional SEM measurements were conducted to directly observe the morphology and size
of the aggregates in samples “2” and “3”. It shows abundant single polymeric micelles with
the diameter of ~ 8 to 10 nm and big aggregates with diameters of ~ 100 nm and ~ 800-1000
nm for the sample 2 as shown in Figure 3.15 (a) -(c). In the case of sample “3”, the spherical
particles with various diameters from ~ 50 to 100 nm are well distributed together with some
big aggregates with diameters of ~ 300 nm (Figure 3.15 (d)). It is noteworthy that the
polymeric micelle sizes in AFM and SEM images are smaller than that obtained by DLS
measurements. Such a difference is reasonable since DLS determines the Rh or the
“equivalent sphere radius” in solution, whereas the AFM and SEM images were obtained in
the absence of the solvent.

78

Chapter 3

Aggregation Behavior of PGMAF9 in water

Figure 3.16. SEM images obtained after coating the silicon substrates with 0.25 mg mL-1
sample”2” [images (a)-(c)] and sample “3” [image (d)] and evaporation of water at room
temperature, followed by washing with Milli-Q water and drying at ambient condition. The
four images have a different scale bar.

TEM measurements were applied to explore the structure of the large aggregates formed in
sample “3”. Figure 3.17 shows the TEM image of a large particle formed in sample “3”
obtained by coating a 30 M aqueous solution of sample “3” on a carbon-coated copper grid
and evaporation of water at room temperature without staining since the aggregated
fluorocarbons domains are known to create a dark contrast in TEM images because of their
high electron density.72 The image shows a large aggregate with clustering of spherical
aggregates of micelle cores with a diameter size of ~ 400 nm. The dark domains with
diameters of ~ 8 to 10 nm are attributed to the aggregated F9 segments forming an inner core,
and the surrounding outer shell is obviously caused by the PGMA. This suggests that the
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aggregate, indeed, consists of individual micelles which are composed of distinct F9 inner
core and PGMA coronae.

Figure 3.17. TEM image of sample “3” obtained after coating a carbon coated copper grid
with 30 M solution.

From the experiments discussed above we know that the association of PGMAxF9 in aqueous
solution consists two attractive processes. These are the hydrophobic interactions in the F9
segments and the intra- and intermolecular hydrogen bonding of the PGMA chains.
Depending on the procedure of the polymer solution preparation, these two processes may
take place simultaneously or with either of them preceding the other which leads to a different
aggregation behavior.71 This is also the reason to cause the different particles in the samples
“2” and “3”, which are caused by a different thermal history.
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Conclusion

In this chapter, perfluoroalkyl end capped PGMAs with different chain length were prepared
applying a three-step procedure. At first an azide functional initiator was used to polymerize
SMA by ATRP followed by the attachment of the F9 segment to the polymers by CuAAC to
yield the PSMAF9, the precursor of the PGMAF9. Finally, the protective group on each SMA
repeat unit was cleaved to get the PGMAF9. Both the polymerization and modification
reactions were found to proceed in a controllable and predictable way.
PGMA40F9 shows a different association behavior in aqueous solution compared to the
corresponding PEO44F9 as follows: (i) the cmc values of PGMA40F9 show a gradual increase
with increasing temperature, as determined from surface tension measurements. This is in
contrast to usual amphiphilic semitelechelics in water. (ii) PGMA40F9 chains show an
increasing mobility and solubility with increase temperature as evidenced from temperature
dependent 1H and

19

F NMR spectroscopy measurements. (iii) The thermodynamic data,

H0mic and S0mic, calculated from the cmc at different temperatures show that the
micellization process of PGMA40F9 in aqueous solution is driven by both a decrease of
enthalpy and an increase of entropy of micellization, whereas the micellization of PEO44F9 is
an entropy driven process which is not favored by the enthalpy of micelleization. Such a trend
was also observed in ITC measurements. These significant differences arise from the partial
self-association through hydrogen bonding which occurs among the PGMA chains. Two
attractive processes occur in the micellization of PGMAF9 in aqueous solution; hydrophobic
interactions between the end groups and hydrogen bonding between PGMA. Consequently,
the competition of these two processes results in a different aggregation behavior of the
polymeric solution with different thermal history.
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Chapter 4
Influence of the Chirality of Grafted Poly(glycerol methacrylate) Chains on
Protein Adsorption

4.1

Introduction

The ability to resist non-specific protein adsorption is essential for many in vivo or in vitro
biomedical applications.1 For example, the non-specific protein adsorption can reduce the
functionality of implants,2 catheters,3 or hip joint replacements4,5 by producing undesirable
features. Coating the surface with a thin layer of protein repelling material is one universal
approach for minimizing the problems arising from protein adsorption. Recently, synthetic
polymers are of great interest because of their controllable structures, compositions and
properties.6 To date, several polymers were demonstrated to reduce non-specific protein
adsorption, including poly(ethylene oxide) (PEO),7-9 polyglycerol,10,11 poly(hydroxypropyl
methacrylate)

(PHPMA),12

poly(2-hydroxyethyl

methacrylate)

(PHEMA),13

poly(N-

isopropylacrylamide) (PNIPAM),14 zwitterionic polymers,15-17 etc. Among them, PEO is the
most commonly studied material. Although the underlying physical mechanisms and
thermodynamic origins of the protein resistance of PEO are not fully understood, studies over
the past few decades suggest that the terminal group, chain length and the grafting density
play an important role in the protein repelling ability.18-23
Biological systems are often chiral many biomolecules in organism show a high chiral
preference.24,25 Recognizing the chiral effect is very important in the design of biomaterials
for the treatment of surfaces or interfaces since it may further influence biological processes
such as protein adsorption and cell adhesion.26-28 In the 90th of the last century, Addadi and
coworkers found that epithelial cells exhibit different adhesion to (S,S)-tartrate tetrahydrate
crystals compared to (R,R)-crystals.26 Recently, Sun et al. observed that plasmid DNA
exhibits a more relaxed conformation on the L-cysteine surface27 and proteins show a
preference towards to the poly(N-acryloyl-L-valine) surface compared to the D-surfaces.28
This phenomenon is considered to be a result of the stereospecific hydrogen bonding or
hydrophobic interactions between the surfaces and DNA/protein. Furthermore, they also
found that COS-7 and bEnd.3 cells show a similar preference as proteins to chiral surfaces.28
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To date, the influence of stereochemistry on the protein repelling ability of surfaces is still
unclear. For example, different results were obtained for the protein repelling properties of
surfaces covered by sorbitol and mannitol groups, which differ only in the chirality of one
asymmetric carbon, by experimental methods and molecular simulations.29 In the work by
Ostuni et al,

29a

sorbitol covered surfaces were shown to have higher protein adsorption than

mannitol surfaces. However, Jiang et al.29b found that these two surfaces create the same
repulsive force on approached proteins by using molecular simulations. The surface resonance
plasmon (SPR) results of permethoxylated polyesters having different stereochemical
repeating units demonstrated that the polymer stereochemistry does not have much effect on
the protein-resistant properties.30 In a separate study of Luk et al., they observed selfassembled monolayers (SAMs) with D-, L- and racemic mixtures of mannonamide groups
support ~ 21%, ~ 7% and ~ 1% BSA adsorption, respectively, compared to pentadecanethiol
surfaces, but further explanation was not given.31
“Grafting from” and “grafting to” are two common methods to achieve a permanent covalent
grafting of polymers on solid surfaces.32-34 The “grafting from” method involves the polymer
growing from initiator groups on substrate surface, such as surface initiated atom transfer
radical polymerization (SI-ATRP).32,34 By using this method, the polymers can be grafted on
surfaces densely to form highly stretched polymer brushes.34 The “grafting to” method
involves a chemical reaction between polymer molecules with the substrate surface, resulting
in the formation of tethered chains. Compared to the “grafting from” method, well defined
polymer brushes can be easier obtained by the “grafting to” method since the synthesis of
polymers can be better controlled in solution than on solid surfaces, and the polymers can be
characterized thoroughly via various methods in solution.33
Poly(glycerol methacrylate) (PGMA) is a hydrophilic polymer with two hydroxyl (OH)
groups, which can be easily derivatized, on each repeat unit and has a wide use in biomedical
and pharmaceutical applications such as hydrogels, soft contact lenses and drug delivery. 35,36
Moreover, PGMA is also a typical chiral polymer due to the asymmetric carbon atom on each
repeat unit. However, most of the studies of PGMA ignore this important fact, even it plays an
important role in the biological mechanism. Herein, the enantiopure and racemic HS-PGMAs
(see Chart 4.1), HS-PGMA(S)28, HS-PGMA(R)24, and HS-PGMA(rac)27, were specifically
prepare to examine the influence of surface stereochemistry on the protein adhesion. The
subscripts 28, 24 and 27 are the degree polymerizations (DPs) of PGMAs. These three
polymers are synthesized with similar DPs under the same experimental conditions by ATRP.
PGMA SAMs, which provide a chemically and structurally well-defined platform for
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studying the protein adsorption, are prepared by the “grafting to” method via immersing gold
surfaces into the HS-PGMAs aqueous solutions. The polymers are attached onto the gold
surfaces since the thiol group has a strong affinity to gold by forming chemical bonds. SPR
spectroscopy is used to detect the adsorption of bovine serum albumin (BSA) on PGMA
surfaces.
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Chart 4.1. The synthesized enantiopure and racemic thiol functional PGMA polymers.

4.2

Experimental section

4.2.1

Materials

All chemicals were purchased from Sigma-Aldrich unless otherwise stated. Solketal (98%),
(S)-(+)-solketal (98%), (R)-(-)-solketal (98%), triethylamine (Et3N) (≥99%), methacryloyl
chloride (97%), benzene (Alfa Aesar, 99%), sodium sulphate (Roth, ≥99.0%), 11-mercapto-1undecanol (97%), 1-fluoro-2,4-dinitrobenzen, chloroform (≥99%), hydrochloric acid (HCl),
α-bromoisobutyryl bromide (BIB) (98%), methanol, anisole (99%), copper(І)bromide
(≥98%), 2,2’-bipyridine (bpy) (≥98.0%), tetrahydrofuran (THF) (Roth, 99.9%), n-hexane,
dimethylformamide (DMF) (99.8%), 1-propanethiol (≥99%) and 1,4-dioxane (Alfa Aesar,
≥98%) were used as received. Chloroform and anisole were dried over calciumhydride
overnight, distilled and stored over molecular sieve. Copper(І)bromide was purified by
stirring in glacial acetic acid, washing with methanol, and then dried under vacuum at 80 °C.
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Synthesis

Synthesis of 11-(2,4-dinitrophenylthio)undecyl-2-bromo-methylpropionate

The synthesis of the initiator, 11-(2,4-dinitrophenylthio)undecyl-2-bromo-methylpropionate,
was carried out according to a procedure described elsewhere37,38 with some modifications
(Scheme 4.1). In a 100 mL two necked round bottom flask, a mixture of 2.04 g (0.01 mol) 11mercapto-1-undercanol and 3.04 g (0.03 mol) Et3N in 20 mL chloroform were added to a
solution of 1.86 g (0.01 mol) 1-fluoro-2,4-dinitrobenzen in 20 mL of chloroform dropwise
under nitrogen atmosphere at room temperature. The mixture was stirred for 20 h at room
temperature. A yellow precipitate was separated from the liquid phase by filtration, washed
with 1M HCl and distilled water, and then dried in a vacuum oven at room temperature for
overnight. For further purification, chloroform was used to extract the product. The extracted
solution was kept at room temperature for overnight to get yellow crystals. Pure 11-(2,4dinitrophenylthio)-1-undecanol was obtained by filtration and drying in a vacuum oven for
overnight (yield: 85 %).
In a 500 mL two-necked round bottom flask fitted with a magnetic stirrer, 3.22 g (0.014 mol)
BIB dissolved in 50 mL chloroform was added dropwise into the solution of 2.59 g (0.007
mol) 11-(2,4-dinitrophenylthio)-1-undecanol and 2.13 g (0.021 mol) Et3N in 100 mL
chloroform. The solution was stirred for 20 h at room temperature and then condensed to
remove most of the solvent. A yellow precipitate was formed after the addition of methanol
and then washed by 1M HCl and distilled water. The crystals were filtered and dried at room
temperature in a vacuum oven for overnight. The pure product was obtained by
recrystallization from methanol (yield: 83 %).
The 1H-NMR spectrum (400 MHz, CDCl3) showed: 9.05 ppm (1H, -Ar), 8.33 ppm (1H, -Ar),
7.53 ppm (1H, -Ar), 4.15 ppm (2H, -COOCH2-), 3.01 ppm (2H, -SCH2-), 1.90 ppm (-6H, C(CH3)2), 1.76 ppm ( 2H, -SCH2CH2-), 1.66 ppm (2H, -COOCH2CH2-), 1.60-1.20 ppm (14H,
-CH2CH2(CH2)7CH2CH2-). The 13C-NMR spectra (100 MHz, CDCl3) showed: 171.66 ppm (COOCH2-), 147.45 ppm (-Ar), 144,73 ppm (-Ar), 143.56 ppm (-Ar), 126.90 ppm (-Ar),
126.75 ppm (-Ar), 121.69 ppm (-Ar), 66.01 ppm (-COOCH2-), 55.93 ppm (- C(CH3)2-), 32.59
ppm (-SCH2-), 30.74-27.43 ppm (-CH2(CH2)9CH2-), 25.68 ppm (-C(CH3)2-).
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Scheme 4.1. Synthetic route for the synthesis of 11-(2,4-dinitrophenylthio)undecyl-2-bromomethylpropionate.

4.2.2.2

Synthesis of 2,4-dinitrophenyl protected poly(solketal methacrylate) (PSMA)

The synthesis of SMA39 is reported elsewhere. In this study, the R-, S- and rac- SMA
monomers were synthesized from the reactions of methacryloyl chloride and S-, R-, and racsolketal, respectively. The 2,4-dinitrophenyl protected PSMA(rac)27, PSMA(R)24 and
PSMA(S)28 were prepared from the 2,4-dinitrophenyl functional initiator by ATRP of rac-, R, and S- SMAs, respectively, using CuBr as catalyst, bpy as ligand and anisole as solvent with
a [catalyst]0: [ligand]0 ratio of 1: 3 and [SMA]0/[initiator]0 ratio of 30. In a typical ATRP
procedure, 0.172 g (0.33 μmol) initiator, 0.05 g (0.33 μmol) CuBr and 0.158 g (1 μmol) bpy
were added to a 50 mL Schlenk tube with a magnetic stirrer. Then the Schlenk tube was
capped with a rubber septum, and cycled five times in vacuum and nitrogen to remove
oxygen. 10 mL distilled anisole was added into the Schlenk tube and bubbled with nitrogen
for 20 min under vigorous stirring. 2 g (10 μmol) SMA in 8 mL degassed anisole was added
into the tube and bubbled with nitrogen for another 15 min. The polymerization was carried
out at 60 °C in an oil bath for 20 h. The product was purified by passing through the silica
column with THF as eluent, followed by precipitation into an excess of cold n-hexane.
1

H NMR spectrum (400 MHz, DMSO-d6) showed: 8.85 ppm (1H, -Ar), 8.41 ppm (1H, -Ar),

7.85 ppm (1H, -Ar), 4.33-3.59 ppm (5H, -OCH2CH(O-)CH2-), 1.97-1.59 ppm (2H, CH2(CH3)C(COO-) ), 1.46-1.10 ppm (6H, -OC(CH3)CO-; 18H, -CH2(CH2)9CH2-; 6H, C(CH3)2-), 1.07-0.63 ppm (3H, -CH2C(CH3COO-)-).
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4.2.2.3
Deprotection of 2,4-dinitrophenyl protected PSMA to afford thiol functional
PSMA (HS-PSMA)
5 equivalent (equiv) Et3N and 15 µL Milli-Q water were added to 2 mL DMF solution
containing 1 equiv 2,4-dinitrophenyl protected PSMA and 10 equiv 1-propanthiol The
mixture was stirred at room temperature for 20 h, and then the solvent was evaporated to give
an orange gel liquid. The pure HS-PSMA was obtained by dissolving the crude product in 3-5
mL THF and precipitating into cold n-hexane.
1

H NMR spectrum (400 MHz, DMSO-d6) showed: 4.35-3.55 ppm (5H, -OCH2CH(O-)CH2-),

2.03-1.63 ppm (2H, CH2(CH3)C(COO-) ), 1.47-1.10 ppm (6H, -OC(CH3)CO-; 18H, CH2(CH2)9CH2-; 6H, -C(CH3)2-), 1.09-0.62 ppm (3H, -CH2C(CH3COO-)-).

4.2.2.4

Preparation of high purified HS-PGMA

The HS-PGMA was obtained by hydrolysis of HS-PSMA with 1 N HCl in 1,4-dioxane at
room temperature for 48 h. The product was dissolved in water and dialyzed against water
using a multi-purpose dialysis tubing (Spectra/Por 7 Membrane: MWCO: 1000), and finally
freeze-dried to give the purified HS-PGMA.
1

H NMR spectrum (400MHz, DMSO-d6) showed: 4.98-4.54 ppm (2H, CH2(OH)CH(OH)-),

4.07-3.33 ppm (5H, CH2(OH)CH(OH)CH2-), 1.99-1.46 ppm (2H, -CH2C(CH3COO-)-), 1.371.14 ppm (18H, -CH2(CH2)9CH2-; 6H, -C(CH3)2-), 1.11-0.61 ppm (3H, -CH2C(CH3COO-)-).

4.2.3

SAM preparation

The gold substrates for ellipsometry, and surface enhanced Raman spectroscopy (SERS)
measurements were prepared by vapour deposition of 100 nm gold onto silicon wafers in
high-vacuum. A layer of titanium (~ 10 nm thick) was applied for adhesion of the gold film.
Prior to chemisorption, the substrates were immersed in Piranha solution (H2SO4/H2O2=3/1,
v/v) for 5 min and then ultrasonicated in ethanol for 30 min and in Milli-Q water for 5 min.
The cleaned substrates were dried under a stream of nitrogen. The gold sensors for SPR, and
water contact angle measurement, are purchased from IBIS Technologies BV (Enschede,
Netherlands) and washed by ethanol and water before use. SAMs were formed by dipping the
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gold coated substrates in 4 mg mL-1 polymer aqueous solutions at room temperature under
dark condition. After 24 h, the substrates were rinsed in water to remove the unbound
polymer, and dried under nitrogen stream.

4.2.4

4.2.4.1

Characterization

Dynamic light scattering (DLS)

All DLS measurements were carried out using a commercial apparatus of ALV-Laser
Vertiebsgesellschaft GmbH (Langen, Germany). The light source was a vertically polarized
green neodymium: YAG DPSS-200 laser (wavelength 532 nm) from Coherent, Auburn, CA,
USA, with a power output of 200 mW. The correlation functions from DLS were analyzed by
the CONTIN method, giving information on the distribution of decay rate (Γ). Apparent
diffusion coefficients were obtained from Dapp = Γ/q2, where Γ is the reciprocal of the
characteristic decay time, q = (4πn0/λ) sin(θ/2) being the scattering vector, n0 is the refractive
index of the medium, λ is the wavelength of the light, θ is the scattering angle. The
corresponding apparent hydrodynamic radii, Rh, were obtained via the Stokes-Einstein
equation Rh = kT/(6Dapp), where k is the Boltzmann constant and  is the viscosity of the
solvent, water in this case, corrected at the absolute temperature T. The samples were
prepared by dissolving the polymers in Milli-Q water with a concentration of 4 mg mL-1 and
then filtered through PTFE filters with 0.45 µm pore size in order to remove the dust. The Rh
distributions were recorded for scattering angles from 50 to 140 ° at 25 °C after at least 30
min equilibration.

4.2.4.2

Circular dichroism spectroscopy (CD)

Circular dichroism (CD) spectra were recorded on a Jasco J-810 CD spectrometer equipped
with a PTC-423S temperature controller. Measurements were performed in a 1 mm quartz cell
with 4 mg mL-1 polymer aqueous solutions at 25 °C. A typical measurement was performed
with a scanning rate of 50 nm min-1 and 30 accumulations.
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Ultraviolet (UV) spectroscopy

UV absorption spectra were measured on a HP 8453 spectrophotometer with a HP 89090A
temperature controller. The measurements were performed at 25 °C and on the quartz cell
containing 2 mg mL-1 polymer aqueous solution.

4.2.4.4

Surface enhanced Raman spectroscopy (SERS)

The SERS spectra were recorded on a Bruker FRA 106 Raman spectrometer (HeNe laser at
633 nm) with a MCT detector cooled by liquid nitrogen. All the measurements were recorded
on the SAM surfaces at room temperature with the band resolution of 4 cm-1.

4.2.4.5

Water contact angle measurement

The water contact angles (WCAs) of polymer surfaces were measured by a sessile drop
method on an OCA 15 Plus device from Dataphysics (Filderstadt, Germany) using Milli-Q
water in ambient condition. Five droplets of 3 µL were applied to five different locations on
each sample and the obtained values were used to calculate mean values and standard
deviations. The standard deviation of each sample is within 15 %.

4.2.4.6

Ellipsometry

The thicknesses of dehydrated PGMA layers on the gold surfaces were determined by means
of ellipsometry (M-2000V, J.A. Woollam Co. Inc., Lincoln, NE, USA). The measurements
were performed at incident angles of 65° and 70° under ambient conditions at room
temperature. Initially, the bare gold substrates were tested and taken as references for the
analysis of the adsorbed polymer layers. The PGMA layer thicknesses were evaluated using
an Au/PGMA two layer model. A refractive index of PGMA equal to 1.525 is assumed to be
that of bulk poly(glycidy methacrylate).40 The experimental data were analyzed with the
WVase32 software. Five measurements at different locations were carried out for each
sample. Each polymer was repeated at least on three separately prepared gold substrates. All
samples showed reproducible result and an error smaller than 15%.

93

Chapter 4

Protein Adsorption on Chiral PGMA Surfaces

From the obtained thickness of the dehydrated PGMA layer, the adsorbed amount Γ (mg m-2)
of each polymer on the surface was calculated by41,42
Γ = hρ

(4.1)

Where h is the thickness of the dehydrated PGMA layer. ρ is the density of PGMA, which is
assumed to be the same as poly(propyl methacrylate) with a value of 1.08 g cm-3.40
The chain density, Σ (chains nm-2), i.e., the inverse of the average area per adsorbed chains
was determined by41,42
Σ = ΓNA(10-21)/Mn = 602.3Γ/Mn

(4.2)

Where NA is the Avogadro’s number and Mn (g mol-1) is the number average molar mass of
the polymers.
The hydrated thickness of the SAMs in water was measured by ellipsometry equipped with a
liquid cell at 70° at room temperature. The bare gold in the water was measured initially as
reference. The final thickness of hydrated polymer was obtained by fitting the experimental
data to a three layer model: H2O/PGMA/Au.

4.2.4.7

Surface plasmon resonance (SPR)

All SPR measurements were performed on an iSPR-device (IBIS Technologies BV,
Enschede, Netherlands). 1 mg mL-1 BSA in phosphate buffered saline (PBS) and PBS (pH =
7.4) solutions were freshly prepared before the measurements. A typical SPR measurement
was performed at 25 °C involving the following procedures. The PBS solution was flowed
onto the sensor surface until a stable baseline was achieved. Then the BSA solution was
injected onto the surface and allowed to adsorb for 36 min. Finally the PBS solution was
allowed to flow over the surface to remove unbound BSA. The flow rate in the experiments
was 3 μL sec-1. Each polymer surface was measured on two independently prepared sensors,
including two measurements on two different locations for each sensor.

4.3

Results and Discussion

4.3.1

Polymer synthesis and characterization

Generally, PGMA can be polymerized by ATRP from the glycerol methacrylate (GMA)43
directly or from the protected monomer, e.g. SMA36,39,44. However, the high polarity of GMA
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and PGMA makes it necessary to use very polar solvents, such as DMF, dimethyl sulfoxide
(DMSO) or water to dissolve them, which can dramatically affect the structure and function
of the catalytic species involved in ATRP45. Furthermore, the enantiopure GMA monomers
with high purity are not easy to prepare. SMA is used as the monomer in this study for the
following reasons. i) the ATRP procedure is similar as for methyl methacrylate (MMA),
which has been well studied and documented,46 ii) the reagents, methacryloyl chloride and
enantiopure solketals, used for synthesis of enantiopure SMAs are commercially available.
The preparation of HS-PGMA is summarized in scheme 4.2, involving the polymerization of
SMA monomers to obtain the 2,4-dinitrophenyl functional PSMA by ATRP, conversion of
the 2,4-dinitrophenyl group to the thiol group through an aromatic nucleophilic displacement
reaction and hydrolysis of the PSMA to cleave the ketal groups to give PGMA. Since thiol
groups are well known to undergo readily oxidation to form disulfides, the 2,4-dinitrophenyl
functional initiator was employed in the polymerization process. This group was found to be
suitable as a protecting group due to the fact that it does not interact with the polymerization
process and it can easily be removed using mild experimental condition.37 Furthermore, the
characteristic resonance peaks of the protons on the aromatic ring provide an excellent
reference for the determination of the DP of the polymers by 1H NMR spectroscopy.
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Scheme 4.2. Synthesis of PGMA with a thiol end group. (i) ATRP, CuBr/bpy/anisole, 60 °C,
20 h; (ii) deprotection, 1-propanethiol/Et3N/water, room temperature, 20 h; (iii) hydrolysis,
1N HCl/1,4-dioxane, room temperature, 48 h.
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Figure 4.1 shows the 1H NMR spectra of (a) 2,4-dinitrophenyl functionalized PSMA(rac)27,
(b) HS-PSMA(rac)27 and (c) HS-PGMA(rac)27 in DMSO-d6. The successful synthesis of HSPGMA(rac)27 is confirmed by the disappearance of the resonance peaks at 8.85, 8.41 and 7.85
ppm with equivalent integrated areas attributed to the protons on the aromatic ring of the 2,4dintrophenyl group (see the inset of Figure 4.1) and the resonance peaks at 1.33 and 1.26 ppm
attributed to the methyl peaks of the ketal groups at the SMA repeat units. The bands at 4.87
and 4.62 ppm in the spectrum of HS-PGMA(rac)27 are attributed to the OH groups of PGMA.
The DP of the polymer is calculated by using the integral of the resonance peak of the methyl
group attached to the backbone (assigned with number “2”) divided by 3 times of the integral
of resonance peak of the proton at the 6th position of the aromatic ring of the 2,4-dinitrophenyl
group (assigned as number “1”) from the

1

H NMR spectrum of 2,4-dinitrophenyl

functionalized PSMA(rac)27. The chemical structure of HS-PGMA(S)28, HS-PGMA(R)24 and
HS-PGMA(rac)27 were further confirmed by FTIR spectra of the polymer in KBr (shown in
Figure A5). All samples have monomodal molar mass distributions and polydispersities
(Mw/Mn) of ~ 1.2 by measuring the SEC of 2,4-dinitrophenyl functional PSMA in THF. The
glass transition temperatures (Tg) and decomposition temperatures (Td) are measured by DSC
and TGA, respectively. The characteristic data for these three polymers are listed in Table 4.1.
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Figure 4.1. 1H NMR spectra of (a) 2,4-dinitrophenyl functionalized PSMA(rac)27, (b) HSPSMA(rac)27 and (c) HS-PGMA(rac)27 in DMSO-d6, 400 MHz.
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Table 4.1. Characteristic data of HS-PGMAs.
Mna

Polymers

Mw/Mnb

(g mol-1)

cacc

Tgd

Tde

(×10-5 mol L-1)

(°C)

(°C)

HS-PGMA(rac)27

4800

1.23

4.0

55

312

HS-PGMA(R)24

4300

1.21

4.6

90

317

HS-PGMA(S)28

4900

1.17

4.3

82

315

a

calculated from 1H NMR spectroscopy bobtained from SEC with THF as eluent and PMMA

as standard cobtained from surface tension measurement at 25°C dobtained from DSC
measurements eobtained from TGA analysis.

4.3.2

Physical properties of HS-PGMA in water

The HS-PGMAs may self-assemble to form polymeric micelles in water due to the existence
of 11 CH2 repeat units between the thiol group and the PGMA segment. Figure 4.2 shows the
plots of the surface tensions of HS-PGMA(rac)27, HS-PGMA(R)24 and HS-PGMA(S)28
aqueous solutions vs polymer concentrations at 25 °C. Analysis of these plots reveals that the
curves show slight change in slope at certain polymer concentrations (the values are
summarized in Table 4.1), which are defined as critical aggregation concentration (cac).
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Figure 4.2. Critical aggregation concentration (cac) determination of HS-PGMA(rac)27, HSPGMA(R)24 and HS-PGMA(S)28 from surface tension measurements of aqueous solution as a
function of polymer concentration at 25 °C.
Figure 4.3 shows the 1H NMR spectra of HS-PGMA(rac)27 in (a) DMSO-d6 and (b) D2O
measured at the polymer concentration of 8 mg mL-1. The vanish of the OH resonance bands
in the 1H NMR spectrum of HS-PGMA(rac)27 in D2O is attributed to the H/D exchange (for
assignment see experiment part). It is evident that the resonance peak at ~ 1.23 ppm appeared
in DMSO-d6 (assigned with asterisk) corresponding to the CH2 groups between the PGMA
and the thiol group diminishes in the spectrum recorded in D2O, indicating that the aggregates
with the alkyl terminal groups surrounded by PGMA chains are formed in water. The HSPGMA(R)24 and HS-PGMA(S)28 have identical 1H NMR spectra as HS-PGMA(rac)27 in both
DMSO-d6 (the spectra are shown in Figure 5.1) and D2O (Figure 4.4).
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Figure 4.3. 1H-NMR spectra of HS-PGMA(rac)27 in (a) DMSO-d6 and (b) D2O at 27 °C, 400
MHz at the polymer concentration of 8 mg mL-1.
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Figure 4.4. 1H NMR spectra of HS-PGMA(rac)27 (black), HS-PGMA(R)24 (blue) and HSPGMA(S)28 (red) in D2O.
Figure 4.5 depicts the hydrodynamic radius (Rh) distributions of HS-PGMA(rac)27, HSPGMA(R)24 and HS-PGMA(S)28 at a concentration of 4 mg mL-1 in aqueous solution. Two
relaxation modes are observed in the aqueous solutions of these three polymers. The decay
rates () of these two modes show a linear dependence on the square of the scattering vector,
q2, and the extrapolations at q → 0 pass through the origin (shown in the inset of Figure 4.4
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and Figure A6 in appendix). This confirms the diffusive characters of these two species. The
Rh values summarized in Table 4.2 are calculated from the apparent diffusion coefficient
constants (Dapp) according to the Stokes-Einstein equation. Since the scattered intensity in
DLS is roughly proportional to the sixth power of the size, the number of particles with the
slow modes in the system is much less than the fast modes. The slow modes in the polymer
solutions are considered to belong to the clusters stabilized by intermolecular hydrogen bonds
of PGMA, which was discussed in the chapter 3 and earlier studies.44
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Figure 4.5. DLS measurements of 4 mg mL-1 (a) HS- PGMA(rac)27, (b) HS-PGMA(S)28,and
(c) HS-PGMA(R)24 aqueous solutions at 25 °C and 90°. The inset shows the relaxation rate
() as a function of the square of the scattering vector (q2) at 25 °C for the fast modes of HSPGMA(rac)27, HS-PGMA(R)24 and HS-PGMA(S)28.
To obtain information about the size of the PGMA unimers in water, the gyration radius (Rg)
and Rh of HS-PGMA in water are estimated by the following equations assuming water is a
good solvent for the polymer :47
Rg = a(N/6)0.5

(4.3)

Rg/Rh = 1.5045

(4.4)

Where N is the degree of polymerization and a is the statistical segment length. The a for
PGMA is assumed to be the same as for poly(methyl methacrylate) with a value of ~ 0.6
nm.48
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The estimated Rg and Rh of HS-PGMA(rac)27, HS-PGMA(R)24 and HS-PGMA(S)28 are ~
1.30, 1.20, 1.27 nm and 0.87, 0.80, 0.84 nm, respectively. Therefore, the fast modes related to
Rh values of ~ 3-5 nm for HS-PGMAs cannot be caused by unimers. Together with
conclusion from the previous surface tension and 1H NMR measurements, they are considered
to be caused by small aggregates. The aggregation number of these small aggregates can be
estimated from equations 4.3 and 4.4 by using the Rh values obtained from the DLS listed in
Table 4.2. The calculated aggregation numbers are 30, 22 and 23 for the small aggregates in
HS-PGMA(rac)27, HS-PGMA(R)24 and HS-PGMA(S)28 aqueous solutions, respectively.
Table 4.2. The Rh values obtained from the the slow modes and fast modes of HS-PGMAs in
water measured by DLS, the Rh are given in nm.

HS-PGMA(rac)27

HS-PGMA(R)24

HS-PGMA(S)28

slow mode

62 ± 4

50 ± 2

52 ± 3

fast mode

4.8 ± 0.42

3.8 ± 0.27

4.0 ± 0.25

The results in from Table 4.2 indicate that the enantiopure polymers HS-PGMA(R)24 and HSPGMA(S)28 have similar particle sizes obtained from both fast and slow modes. However, the
Rh values obtained from both two modes in HS-PGMA(rac)27 aqueous solution are clearly
larger compared to the values of enantiopure polymers. Two possibilities to cause this particle
size difference. One is the aggregates in HS-PGMA(rac)27 have a larger aggregation number
(Nagg) than the enantiopure counterparts. Another possibility is that the polymer chains in the
aggregates are more compacted in the case of HS-PGMA(R)24 and HS-PGMA(S)28 than HSPGMA(rac)27. The exact reason leading to this difference is still unclear. It can be assumed
that the stereochemistry of the pendent group of the polymer is responsible for this difference.
The stereochemistry effect on the self-assembly of chiral polymers in liquids has been
observed before. For instance, micelles formed by self-assembly of amphiphilic block
copolymers based on racemic poly(2-butyl-4-ethyl-2-oxazoline) (PBuEtOx) show a different
morphology compared to polymers based on enantiopure PBuEtOx.49
Furthermore, it is evident from Figure 4.5 that the fast mode in HS-PGMA(rac)27 aqueous
solution shows a much higher relative intensity than the fast modes in HS-PGMA(R)24 and
HS-PGMA(S)28 aqueous solutions. The ratio of number concentrations of fast mode to slow
mode (nfast

mode/nslow mode)

mode/Islow mode)

is given by the relative amplitudes of scattering intensity (Ifast

divided by the 9th power of relative hydrodynamic radius, (Rh,
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assuming that both the fast and slow modes are hard sphere with uniform density. Using

the Rh and I values from Figure 4.5, the nfast mode/nslow mode values of HS-PGMA(rac)27, HSPGMA(R)24 and HS-PGMA(S)28 aqueous solutions are ~ 5.7 ×109, 3.2 ×109 and 2.3 ×109,
respectively. More smaller aggregates are existed in HS-PGMA(rac)27 than HS-PGMA(R)24
and HS-PGMA(S)24.
Figure 4.6 shows the UV-vis spectra of HS-PGMA(S)28, HS-PGMA(R)24 and HSPGMA(rac)27 in aqueous solution with a concentration of 2 mg mL-1. The carbonyl group of
the ester bond system of the side chains contribute to the main absorption with a maximum at
a wavelength of ~ 210 nm. Mercaptans (R-SH) are weak acids and give rise to equilibrium in
aqueous solution to form the thiolate ions, which show an absorption in the UV region.50 The
shoulder with a maximum absorption at ~ 250 nm can be attributed to the thiolate form of the
thiol end group. The yellow colour of the polymer in solution with a broad absorption
maximum at ~ 370 nm is related to this fact.
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Figure 4.6. UV-vis spectra of HS-PGMA(S)28, HS-PGMA(R)24 and HS-PGMA(rac)27 at a
concentration of 2 mg mL-1 polymer in water.

The polymer conformation of HS-PGMA(S)28, HS-PGMA(R)24 and HS-PGMA(rac)27 in
aqueous solution was investigated by CD spectroscopy, which has a high sensitivity to
ordered structures. Figure 4.7 depicts the CD spectra of HS-PGMA(rac)27, HS-PGMA(S)28,
and HS-PGMA(R)24 measured in aqueous solution at 25 °C. The HS-PGMA(S)28 and HS102
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PGMA(R)24 exhibit a strong Cotton effect at 216 nm arising from the n-π* transition of the
ester chromophore in the side chain of polymers. The mirror image CD spectra of HSPGMA(S)28 and HS-PGMA(R)24 indicate that they adopt the same conformation but with
opposite handedness. In contrast, HS-PGMA(rac)27 exhibits no Cotton effect in the measured
wavelength range. It has been seen both in computational modelling51 and experiments52 that
an ordered structure can be induced by chiral side chains in polymers. It is reasonable to
assume that the enantiopure HS-PGMAs chains adopt certain ordered conformations to
provide an asymmetric environment for the ester chromophores on the side chains of
polymers, while the racemic HS-PGMA does not. This polymer conformation difference
between the enantiopure and racemic polymers was e.g. observed in poly(2-oxazoline)s.53
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Figure 4.7. CD data of HS-PGMA(S)28, HS-PGMA(R)24 and HS-PGMA(rac)27 in water
measured at 25 °C.

From the thermodynamic point of view, chains of flexible polymers prefer to adopt random
coils rather than ordered conformations since the process of forming ordered structures is
entropically unfavored. Intramolecular hydrogen bonds are considered as one of the most
important interactions in the stabilization of ordered structures in many natural54 and synthetic
polymers55, such as the helical structure of DNA54 and poly(N-alkynylamides).55 The CD
spectra of HS-PSMAs, the precursors of HS-PGMAs, and HS-PGMAs were measured in an
ethanol/water mixture (v/v=9/1) and the results are shown in Figure 4.8. The use of this
mixture as solvent is selected for the following reasons: (i) it can dissolve both PGMA and
PSMA, and (ii) it is transparent in the measured range of wavelengths. The HS-PGMA(R)24
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and HS-PGMA(S)28 in an ethanol/water mixture showed identical CD spectra as in water,
implying that a similar conformation is adopted for the polymer chains. It is clear that the
Cotton effects are completely disappeared in HS-PSMA(R)24 and HS-PSMA(S)28 solutions. It
should be noted here that the only difference between PGMA and PSMA is that the OH
groups in PGMA are replaced by ketal groups in PSMA as shown in scheme 4.2. Thus, it is
reasonable to envisage that the ordered conformation in the enantiopure PGMAs which give
rise to the Cotton effect is stabilized by intramolecular hydrogen bonds between the OH
groups and the carbonyl groups in the side chains of polymers. This hydrogen bonding is
further confirmed by the carbonyl groups in PGMA which are shift onto lower wavenumbers
compared to PSMA in the FTIR spectra. Figure 4.9 shows the carbonyl asymmetric streching
absorption bands of solid HS-PSMA(S)28 and HS-PGMA(S)28 in KBr measured by FTIR. The
carbonyl absorption band in PSMA appears the wavenumber at ~ 1732 cm-1, while it shifts to
~ 1722 cm-1 in PGMA. This significant wavenumber decrease gives clear evidence that
hydrogen bonds are formed in PGMA. However, we cannot distinguish inter- and
intramolecular hydrogen bonds since both can contribute to this wavenumber shift. A similar
behavior is also observed in PGMA(R)24.
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Figure 4.8. CD spectra of 4 mg mL-1 HS-PGMA(S)28, HS-PGMA(R)24, HS-PGMA(rac)27 and
their precursors HS-PSMA(S)28, HS-PSMA(R)24 and HS-PSMA(rac)27 in ethanol/water (v/v =
9/1).
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Figure 4.9. FTIR spectra of HS-PSMA(S)28 (a), HS-PGMA(S)28 (b) in the solid state in KBr
at the wavenumber range from 1600 to 1900 cm-1.
4.3.3

Preparation and characterization of SAMs

The adsorption of polymers onto solid surfaces from polymeric micellar solutions has been
extensively investigated both theoretically56 and experimentally.57 It is believed that the
monolayer composed of a dense inner layer and an extended out layer can be formed when a
surface repels the soluble block but adsorbs the nonsoluble block. With this in mind, we
conclude that the polymer monolayers with PGMA segments extending into water are formed
on gold surfaces since the thiol groups, which have a high affinity to the gold surface, are
connected to the hydrophobic terminals. The polymeric aggregates in the HS-PGMA aqueous
solution cannot adsorb on the surface directly but serve as reservoirs.
The HS-PGMA(S)28, HS-PGMA(R)24 and HS-PGMA(rac)27 SAMs were prepared under
identical experimental conditions. Water contact angles (WCAs) were measured before and
after the immobilization of PGMA polymers onto the gold surfaces. The PGMA SAM
surfaces have a significant lower WCA (25 ~ 28 °) compared with bare gold surfaces (~ 70 °),
reflecting the hydrophilic nature imparted on the grafted PGMA surfaces. The WCA values of
the polymer grafted surfaces are summarized in Table 4.3. It is evident that the chirality does
not influence the WCA value of the polymer surfaces.

SERS has been well documented in literature to characterize SAMs on gold or silver
surfaces.58 Figure 4.10 shows the SERS spectra of PGMA(S)28, PGMA(R)24 and
PGMA(rac)27 surfaces. The characteristic peaks, including the C-S bond stretching vibration
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peak at ~ 610 cm-1, C=O stretching peak at ~ 1730 cm-1, CH stretching peak between ~ 2800
cm-1 to 3100 cm-1, CH3 rocking vibrations at ~ 1450 cm-1, of the spectra indicate that the
polymers are successfully grafted on the gold surfaces. It is clearly evident that the
PGMA(rac)27 SAM has a significantly stronger intensity than PGMA(R)28 and PGMA(S)24
SAMs, implying that the PGMA(rac)27 surface has a higher grafting density compared to

Intensity (a.u.)

enantiopure polymer surfaces. 59

(a)
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(c)
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-1
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Figure 4.10. Surface enhanced Raman spectra of (a) PGMA(rac)27, (b) PGMA(S)28, and (c)
PGMA(R)24 SAMs on gold surface.

4.3.4

Thickness determination of SAMs by ellipsometry

The dehydrated thicknesses of the PGMA SAMs on gold surfaces were evaluated from
ellipsometry measurements and the values are listed in Table 4.3. The PGMA(S)28 and
PGMA(R)24 surfaces give a similar dehydrated thickness with a value of ~ 2.2 nm. Whereas,
the PGMA(rac)27 surface has a significantly larger dehydrated thickness with a value of ~ 3.4
nm. With an estimation of the polymer density =1.08 g cm-3, the value of poly(propyl
methacrylate), the grafting densities of polymer chains on the gold surfaces can be calculated
from the dehydrated SAM thickness according to eqs. 4.1 and 4.2. The following results for
the grafting densities of the SAMs are obtained, PGMA(rac)27 surface has a much higher
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grafting density of ~0.48 chains nm-2 than PGMA(S)28 of ~0.31 chains nm-2 and PGMA(R)24
of ~ 0.34 chains nm-2, which is in good agreement with the SERS results discussed above.
The hydrated thicknesses of the PGMA SAMs were determined by ellipsometry equipped
with a liquid cell and the data are also listed in Table 4.3. It can be seen that the hydrated
thicknesses of the polymer SAMs are higher than the dehydrated thickness, showing the
swelling of the polymer films in water. However, the enantiopure PGMAs give a higher
hydrated thickness compared to the racemic PGMA film, which is the opposite as measured
for the dehydrated SAM thickness. In addition, PGMA(R)24 and PGMA(S)28 surfaces show a
similar hydrated SAM thickness. Since the enantiopure PGMA surfaces bear the lower
grafting density compared to the racemic PGMA surface, the higher hydrated SAM thickness
of enantiopure polymer films represents more extended chains than the racemic SAMs in
water. The high grafting density in PGMA(rac)27 SAM can enhance the intermolecular
hydrogen bonding effect among the OH groups on the polymer side chains due to the closer
spatial distance. This leads to the fact that the polymer chains showing the higher affinity to
each other than to water and results the less stretched polymer chains. A schematical drawing
of the polymer film in dehydrated and hydrated state is shown in scheme 4.3.

Table 4.3. Charactristic data of PGMA SAMs obtained from ellipsometry measurements.

Polymer

WCA (°)*

Dehydrated
thickness

Chain density
-2

Hydrated

(chains nm )

thickness (nm)

(nm)
PGMA(rac)27

27±2

3.4

0.48

4.5

PGMA(S)28

28±3

2.2

0.31

5.7

PGMA(R)24

25±2

2.2

0.34

5.6

*WCAs obtained from water contact angle measurements.
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Scheme 4.3. Schematical drawing of polymer film on gold surfaces in air and in water.

4.3.5

BSA adsorption to PGMA SAMs measured by SPR

The adsorption of BSA on the racemic and enantiopure PGMA SAMs was studied by using
SPR at 25 °C. SPR spectroscopy is an ideal analytical technique for the detection of the
interfacial binding process. It allows for real time and label free detection of protein
adsorption with high sensitivity.60 Figure 4.11a shows the SPR sensorgrams for the BSA
adsorption on PGMA(rac)27, PGMA(S)28, PGMA(R)24 SAMs and bare gold. According to the
literature, a change of the SPR peak angle of 122 m° corresponds to ~ 100 ng cm-2 adsorbed
protein on the surface.60 The adsorbed BSA amounts (A) on the polymer surfaces and bare
gold, which are determined by subtracting the values after the last PBS washing and before
the exposure to the protein solution, are summerized in Figure 4.11b. The relative protein
adsorption compared to the bare gold sensor (%RA) was calculated by the equation %RA =
(APGMA/AAu)×100%.
Compared to the bare gold surface, the PGMA grafted surfaces show a dramatic decrease of
BSA adsorption. The PGMA(S)28 and PGMA(R)24 surfaces display extremely low BSA
adsorption of ~ 1.24 and ~ 0.80 ng cm-2, respectively, which are less than 1%RA. It appears
that the R and S PGMA surfaces show the similar behavior on the BSA resistance. However, a
significant larger amount of BSA is adsorbed on the PGMA(rac)27 surface with a value of ~
25.5 ng cm-2, i.e. ~ 21%RA. It has been reported by Sofia et al.8 that proteins have the
possibility to penetrate into the open spaces between the PEO chains in the case of low
grafting density of the polymer film. This cannot be responsible for the higher BSA
adsorption on the PGMA(rac)27 surface since it has a higher grafting density than PGMA(R)24
and PGMA(S)28 surfaces.
The influence of the grafting density on the protein repellent ability of polymer surfaces is the
subject of much discussion. Generally, higher grafting density polymer films impart greater
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resistance to protein adsorption.8 However, Unsworth et al.9 found that there is a certain
grafting density of tethered PEO chains on the gold surface to achieve the lowest protein
adsorption amount, above which the protein adsorption begins to increase again due to the
dehydration of the PEO chains. Using molecular simulations to investigate the protein
interactions with SAM surfaces in the presence of explicit water molecules, Jiang and coworkers22,23 found that the main contribution for the protein resistance comes from the water
molecules which are hydrated with SAM surfaces, not from the original SAM surfaces. The
formation of a highly hydrated layer is critical for the protein resistance since this layer can
provide both a physical and an energy barrier for proteins. Thus, the different protein
adsorption behavior of the enantiopure and racemic PGMA surfaces can be explained by the
strength of polymer hydration at the surface since it is well known that the PGMA chains
have high affinity to themselves due to the formation of hydrogen bonds. The high grafting
density of PGMA enhances the interchain interactions and reduces the interactions of the
polymer chains with water molecules. This leads to the fact that the PGMA(rac)27 surface
become less hydrated than PGMA(R)24 and PGMA(S)28, which was observed in ellipsometry
measurements, resulting in the increased protein adsorption. The increase of protein
adsorptiondue to the intermolecular hydrogen bonding has also been observed in PHPMA12
and polyglycerol61 surface.
To interpret this hydrogen bonding effect, HS-PGMA(rac)27-92%, which contains 25 GMA
units and 2 SMA units per chain, was prepared by partial hydrolysis of HS-PSMA(rac)27 and
grafted onto the gold surface to measure the BSA adsorption behavior. The SPR result
observed in Figure 4.11a shows that the PGMA(rac)27-92% surface exhibits a much better
BSA resistance ability than the PGMA(rac)27 surface. The BSA adsorption on the
PGMA(rac)27-92% surface sharply reduces to ~10 ng cm-2, only half of the value of the
PGMA(rac)27 surface. Generally, SMAs are considered to adsorb proteins through
hydrophobic interactions. However, the introduction of a few SMA units to the PGMA chain
can efficiently weaken the intermolecular hydrogen bonding effect and improve the polymer
hydration in water because the SMA lacks the ability for the hydrogen bond formation.
Similar phenomon is also observed in poly(vinyl alcohol) (PVA), e.g., the conversion of parts
of vinyl alcohol units to vinyl acetate in PVA lead to the higher solubility.62
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Figure 4.11. (a) SPR sensorgrams of 1 mg mL-1 BSA in PBS buffer solution on
PGMA(rac)27, PGMA(rac)27-92%, PGMA(S)28, PGMA(R)24, and bare gold surfaces
measured at 25 °C. (b) The BSA adsorption amount on the PGMA(rac)27, PGMA(rac)27-92%,
PGMA(S)28, PGMA(R)24, and bare gold surfaces calculated from (a).
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Conclusion

Well controlled racemic and enantiopure PGMAs, i.e. PGMA(rac)27, PGMA(R)24 and
PGMA(S)28, with similar chain lengths have been prepared by ATRP and grafted onto gold
surfaces via thiol groups to form the SAM surfaces. Their protein resistant properties have
been evaluated using BSA as model protein. The PGMA modified surfaces can greatly reduce
the BSA adsorption compared to the bare gold. Specifically, the enantiopure PGMA surfaces
show an extremely low BSA adsorption. Although the influence of the stereostructure of the
monolayer on the protein resistance ability is still in debate,30,31 the PGMA(R)24 and
PGMA(S)28 surfaces show an identical BSA adsorption in this system. Compared to
PGMA(R)24 and PGMA(S)28 surfaces, the PGMA(rac)27 surface is a less efficient in BSA
repelling. The less protein resistant properties of the PGMA(rac)27 surface is assumed as the
result of a higher grafting density on the surface, which has been measured by ellipsometry
measurements. The high packing density of the PGMA(rac)27 chains on the surface enhances
the intermolecular hydrogen bonding effect between the polymer chains and leads to less
hydrated films. This is further confirmed by the fact that the introducing 2 SMA units in
PGMA(rac)27 can greatly improve the protein repelling ability. The CD measurements show
that certain ordered conformations are adopted in enantiopure polymers but not in racemic
polymer aqueous solutions since the enantiopure PSMA do not show the circular dichroism.
The DLS results also indicate different physical properties of enantiopure and racemic
polymers in water. This presumably causes the different grafting density since the polymer
surfaces were prepared by the “grafting to” method in which the polymer properties in
solution play an important role.
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Chapter 5
Detection of Chirality of Poly(glycerol methacrylate)s After Derivatization by
1

5.1

H NMR Spectroscopy

Introduction

Boronic acid reacts with diols instantaneously to give cyclic boronate esters in basic aqueous
media or non-aqueous solution.1-3 Considerable interest has been given to the understanding
of the binding between materials carrying boronic acid and diols. This is considered as an
important step for the development of biomedical materials, e.g. able for smart detection of
saccharides.4-9 Thus, some boronic acid containing materials, in particular derivatives of
phenylboronic acid, have been developed as biosensors to detect different sugars which
exhibit a different binding constant in the order of: fructose >> mannose > galactose >
glucose.10
Recently, the use of chiral derivatizating agents (CDAs) to determine the absolute
configuration of chiral diols by NMR spectroscopy has received much attention.11-19 Using
NMR spectroscopy, the enantiomers cannot be distinguished in achiral solvents since the
resonances of enantiotopic nuclei are isochronous.20 However, the chirality of enantiomers
can be determined by their derivatization with enantiopure CDAs to obtain the corresponding
diastereoisomers, in which the resonances of certain diastereotopic nuclei are anisochronous.
Extended studies by Bull and James 21-23 have confirmed that the chirality of a series of small
molar mass chiral diols can be determined by NMR spectroscopy using boronic acid
derivatives and additionally enantiopure CDAs. This approach has the advantage of the
absence of a kinetic resolution, i.e. the chemical reaction of the (R)- and (S)-species occurs
with the same rate during the derivatization reactions. Therefore, it is possible to calculate the
enantiomeric purity of diols.22 While this approach has been successfully applied for the
determination of the chirality of low molar mass diols, we apply this method for the detection
of the chirality of poly(glycerol methacrylate)s (PGMAs) having a diol functionality in the
side chain of their repeat unit. To the best of our knowledge, this is the first report on the
determination of the absolute configuration of synthetic polymers containing chiral diol
moieties. This seems to be especially important since this class of water soluble polymers has
several potential applications in the field of biomedical materials.24,25
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5.2

Experimental Section

5.2.1

Materials

All the chemicals were purchased from Sigma-Aldrich unless otherwise stated. 2Formylphenylboronic acid (FPBA) (≥ 95.0%), (S)-(-)-α-methylbenzylamine ((S)-MBA) (≥
99.0%), (R)-(+)-α-methylbenzylamine ((R)-MBA) (≥ 99.0%) and dimethylsulfoxide-d6
(DMSO-d6) (99.96 atom% D). The HS-PGMA(rac)27, HS-PGMA(R)24 and HS-PGMA(S)28
were synthesized by ATRP as already discussed in Chapter 4.

Table 5.1. Characteristic data of the different polymers employed.

Polymers

Mw/Mna

DPb

Mn (g mol-1)b

PGMA(S)28

1.17

28

4900

PGMA(R)24

1.21

24

4300

PGMA(rac)27

1.27

27

4800

a

SEC measuremens of PSMAs with THF as eluent and PMMA as standard.

b

Calculated from 1H NMR measurements of the 2,4-dinitrophenyl terminal PSMAs in

DMSO-d6 at 25 °C.

5.2.2

NMR spectroscopy

The samples for NMR spectroscopy were prepared in 1 mL DMSO-d6 by mixing FPBA (1
equiv), S or R-MBA (1 equiv) and PGMA polymers (1 equiv GMA repeat unit) and then the
mixtures were stirred at room temperature for 20 min. Small amounts of molecular sieve was
added to reduce the amount of water in DMSO-d6. The 1H,

13

C DEPT-135 and 2D

13

C -1H

HSQC NMR spectra (Figures 5.2-5.4) were recorded on a BRUKER Avance III spectrometer
operating at 800 MHz for 1H (32 acquisitions) and 200 MHz for

13

C (6000 acquisitions) in

DMSO-d6 at 50 °C with a polymer concentration of ~ 6×10-3 M. The other 1H NMR spectra
were measured on a Varian Gemini 2000 spectrometer operating at 400 MHz (64
acquisitions) by using ~ 2×10-3 M polymer solution in DMSO-d6 at 25 or 50 °C. Chemical
shifts are given in ppm relative to TMS, and the residual peak of DMSO is used as internal
standard.
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Results and Discussion

Figure 5.1 depicts the 1H NMR spectra of PGMA(rac)27, PGMA(S)28 and PGMA(R)24 in
DMSO-d6 at 25 °C and the signal assignment. These three polymers show identical resonance
signals for the specific protons since they are composed of enantiomeric GMA repeat units in
which the protons located at the same position in the polymers are enantiotopic in external
comparison. In order to distinguish these three polymers, racemic and chiral PGMAs are
derivatized with enantiopure CDAs to obtain the diasteroisomeric repeat units, in which the
resonances of certain diastereotopic nuclei appear at different chemical shift.
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Figure 5.1. 1H NMR spectra of PGMA(S)28, PGMA(R)24 and PGMA(rac)27 in DMSO-d6, 400
MHz at 25 °C.

Based on the experiments of Bull and James

22

, a simple mixing and shaking procedure is

applied to prepare the samples for NMR spectroscopy. Typically, 1 equiv 2formylphenylboronic acid (FPBA), 1 equiv (S)-(-)-α-methylbenzylamine ((S)-MBA) and 1/27
equiv PGMA(rac)27 are mixed and dissolved in DMSO-d6 and stirred for 20 min at room
temperature. These three compounds react readily in DMSO to give the imino-boronate ester
containing polymers and water by a nucleophilic addition-condensation reaction between the
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amine group in (S)-MBA and the formyl group in FPBA and an esterification reaction
between the boronic acid group in FPBA with the diol in glycerol methacrylate (GMA)
(Scheme 5.1). The water, which has a high miscibility with DMSO-d6, cannot be removed
completely by the molecular sieve. It promotes the backward reaction and leads to an
equilibrium situation. At the same time, the steric effect of the pendent groups of polymers
can also decrease the polymer reactivity.26 Thus, not all the diol groups of the GMA repeat
units are converted to imino-boronate esters (approximately 80%, see Figure A8 of the
Appendix). This has also been observed for the immobilization of boronic acid with
27

poly(vinyl alcohol)

and hyperbranched polyglycerol

28

. The resonance signals of the

protons from the unreacted FPBA and MBA, as well as water are observed in the 1H NMR
spectra in addition to the derivatized polymer (The detailed assignment is shown in Figure
A8). The derivatization process is repeated using 1/28 equiv PGMA(S)28 and 1/24 equiv
PGMA(R)24 to obtain the derivatized polymers.
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Scheme 5.1. The reaction of PGMA(S), PGMA(R), FPBA and (S)-MBA to form
diastereoisomeric boronate ester containing derivatized polymers. The 1H NMR signals of the
protons a, b and c are discussed in the text.
In this study, (α-S,S)-P28, (α-S,R)-P24 and (α-S,rac)-P27 are used to indicate the derivatized
polymers formed by FPBA and (S)-MBA with polymers PGMA(S)28, PGMA(R)24 and
PGMA(rac)27, respectively. The completely assigned 1H NMR spectrum of (α-S,S)-P28
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measured at 50 °C and 800 MHz, is shown in Figure 5.2. The DEPT technique (Distortionless
Enhancement by Polarization Transfer) is used to recognize primary, secondary and tertiary
carbon atoms in the polymers. Figure 5.3 shows the 13C DEPT-135 spectrum of (α-S,S)-P28, in
which the signals from CH and CH3 groups are shown as positive peaks and the signals from
CH2 appear as negative peaks. The proton resonance signals of aH (bound to the chiral carbon
atom), bH (the methylene group between the chiral carbon atom and the ester group) and cH
(the methylene group between the OH-functionalities) on the imino-boronate esters and their
counterparts a´, b´and c´H of the unreacted GMA units are partially overlapped and cannot be
assigned from the 1H NMR spectra alone. However, it can be assigned with the help of oneone correlation between carbon and proton signals in HSQC (Heteronuclear Single Quantum
Correlation) spectrum. Figure 5.4 shows the 2D multiplicity edited

13

C -1H HSQC NMR

spectrum of (α-S,S)-P28 in DMSO-d6 with the assignment of the defined cross-peaks, in which
positive cross-peaks shown in red are assigned to the CH or CH3 groups and negative crosspeaks shown in blue are assigned to the CH2 groups. The analysis of this 2D

13

C-1H HSQC

spectrum reveals that the asymmetric broad proton resonance peak at ~ 3.72 – 4.02 ppm
comprises the resonaces from both b and b´H, in which the bH resonance contributes to the
main peak and b´H resonance contributes to the shoulder. Furthermore, the proton resonance
signal of a´H is overlapped with the resonances of b and cH. This leads to the decrease of the
baseline resolution between the b and cH resonances in the 1H NMR spectrum. In the
following, the proton resonances attributed to the a´, b´and c´H will not be mentioned because
they are enantiotopic nuclei in (R) and (S)-GMA in external comparison and exhibit the same
chemical shift as their corresponding counterparts.
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Figure. 5.2. 1H NMR spectrum of (α-S,S)-P28 in DMSO-d6 at 50 °C and 800 MHz. *
(impurity). This sample contains 5 unreacted repeat units. The peaks not assigned belong to
some reactants not converted.

Figure 5.3. 13C DEPT-135 NMR spectrum of (α-S,S)-P28 in DMSO-d6 at 50 °C and 200MHz.
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Figure 5.4. 2D multiplicity edited 13C -1H HSQC NMR spectrum in the interval from 3.1-4.4
ppm of (α-S,S)-P28 in DMSO-d6 at 50 °C. The a´, b´ and c´H and a, b and cH are the protons
on the GMA and imino-boronate esters of the derivatized polymer, respectively. *(impurity)
The assignment of the 13C spectrum is given in Figure 5.3.
Figure 5.5 shows the 1H NMR spectra of (α-S,S)-P28, (α-S,R)-P24 and (α-S,rac)-P27 in DMSOd6 at 25 °C. The complete spectra are shown in Figure 5.2. In the (R)- and (S)-PGMA
derivatives, the resonance signals of the specific side group protons appear at different
chemical shifts since the new formed imino-boronate esters in these two derivatives are
diastereoisotopic in external comparison due to the addition of the chiral CDAs. The
resonance signals at the chemical shift of ~ 0.5-1.1 ppm of the methyl group located at the
polymer backbone of the derivatized polymers are more attenuated and slightly broader than
their counterparts in PGMA (Figure 5.1) because the large side groups decrease the mobility
of the polymers in solution.

121

Chapter 5

Chirality Determination of PGMA by NMR Spectroscopy
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Figure 5.5. 1H NMR spectra of (α-S,S)-P28, (α-S,R)-P24 and (α-S,rac)-P27 in DMSO-d6,
400MHz. The resonance signals of aH, bH and cH are indicated according to the assignment
given in Figure 5.2.
The analysis of the 1H NMR spectra of (α-S,S)-P28 and (α-S,R)-P24 reveals that the resonances
of the protons located in the vicinity or directly bound to the chiral carbon atom of the PGMA
side group appear at different chemical shifts. For example, the resonance of the proton aH in
(α-S,S)-P28 shifts more downfield than the aH in (α-S,R)-P24. On the opposite, the resonance
of protons bH in (α-S,S)-P28 shifts upfield compared to bH in (α-S,R)-P24. The resonance
signals of the protons cH in the derivatized polymers partially overlap with the water
resonance peak at 25 °C. However, it is clear that the resonance peak of the cH in (α-S,S)-P28
shifts slightly upfield compared to the corresponding peak in (α-S,R)-P24. This chemical shift
difference of the cH is more evident in the 1H NMR spectra recorded at 50 °C where the water
resonance shifts upfield as shown in Figure 5.6. Furthermore, in the 1H NMR spectrum of (αS,rac)-P27, which contains a 50:50 mixture of the diastereoisomeric (α-S,S) and (α-S,R) iminoboronate ester pendant groups, two distinct resonances are observed for aH and their chemical
shifts are identical with the resonances of aH protons in (α-S,S)-P28 and (α-S,R)-P24. Similarly,
the bH protons of (α-S,rac)-P27 show a broad resonance signal with the tendency to split into
two peaks. This broad resonance peak can be considered as the result of the overlapping of the
resonance peaks corresponding to the bH in the (α-S,S)-P28 and (α-S,R)-P24. It can be seen that
the resonance difference of the bH in (α-S,S) and (α-S,R) pendant groups is not large enough
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to achieve the good baseline resolution as for aH. This is caused by the fact that the two
diastereoisotopic protons in bH together with the low mobility of the polymers result in a
broad and attenuated resonance signal.

Figure 5.6. 1H NMR spectra of (α-S,S)-P28, and (α-S,R)-P24 in DMSO-d6, 400 MHz at 50 °C.
The resonance signals of aH, bH and cH are indicated.

The chirality of the PGMAs can be determined on the basis of the anisotropic shielding
/deshielding effect of the phenyl group in (R)- or (S)-MBA, i.e. the upfield shift of the protons
above or below the aromatic ring due to the shielding effect and the downfield shift of the
protons on the side of the aromatic ring due to the deshielding effect.29 The sign of the
chemical shift difference (ΔδRS) of the specific resonance (aH or bH) of the derivatives from
(R)- and (S)-MBA is employed, which contains the information necessary for the
determination of the configuration. The chiral derivatization procedures for PGMA(S)28 and
PGMA(R)24 are repeated using the (R)-MBA, the opposite enantiomer of (S)-MBA. As shown
in Figure 5.7 a, four imino-boronate esters are obtained in the reactions of FPBA, (R)- or (S)MBA and (S)- or (R)-GMA. The (α-R,R) and (α-S,S) derivatives are enantiomers and thus
identical 1H NMR spectra are obtained as for (α-S,R) and (α-R,S) derivatives. Figures 5.7 b)
and c) depict the 1H NMR spectra recorded at 25 °C of (R)- and (S)-PGMA(S)28 derivatives,
(α-R,S)-P28 and (α-S,S)-P28, and (R)- and (S)-PGMA(R)24 derivatives, (α-R,R)-P24 and (α-S,R)P24, respectively. Comparing the 1H NMR spectra of the (α-R,S)-P28 and (α-S,S)-P28 shows
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that the ΔδRS value of aH is negative, suggesting that the aH proton of the (R)-MBA
derivative is more shielded compared to the (S)-MBA derivative. The bH protons are more
shielded in the (S)-MBA derivative than in the (R)-MBA derivative. Therefore, the ΔδRS value
is positive. Similarly, the examination of the 1H NMR spectra of (α-R,R)- and (α-S,R)-P24
reveals that the ΔδRS values of aH and bH show the opposite signs as their counterparts in (αR,S)- and (α-S,S)-P28. The PGMA(R)24 and PGMA(S)28 derivatives have a similar resolution
of Δδ = ~ 0.16 ppm for aH and ~ 0.14 ppm for bH at 25 °C. To investigate the limitation of
this approach, (R)-, (S)- and (rac)- PGMAs with different chain lengths (DP = ~ 10 and ~ 60)
are examined using the same procedure and similar results are obtained.
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Figure 5.7. (a) Boronate esters obtained by the reactions of FPBA, (R)- or (S)-MBA and
PGMA(R)28 or PGMA(S)24. 1H NMR spectra of (R)- and (S)-MBA boronate esters of (b)
PGMA(S)28 and (c) PGMA(R)24. The spectra are taken in DMSO-d6 at 400 MHz.
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Conclusions

The reaction between the diol group of PGMA and FPBA together with the enantiopure MBA
allows to distinguish between PGMA(rac)27, PGMA(S)28 and PGMA(R)24 by 1H NMR
spectroscopy. This so-called three-component chiral derivatization approach

21-23

is here for

the first time successfully applied to polymers. In combination with the frequent use of
PGMA and its analogues in the biomedical field, this procedure shows a promising
methodology in biomaterials development where stereochemistry plays an important role.
Since PGMA has been frequently used for the synthesis of amphiphilic30 and triphilic31 block
copolymers, it will be an interesting problem to look to the physical properties of micelles
formed when chiral PGMAs are employed. Additionally, it is interesting to study the
influence of chirality on protein adsorption after grafting the respective polymers with HSend groups to gold surfaces.
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Two hydrophobically modified poly(N-isopropylacrylamide) (PNIPAM) semitelechelics
(PxF9) were prepared by ‘clicking’ PNIPAM having an azide endgroup (PxN3) with
nonadecafluoro-1-decyl

hex-5-ynoate

(F9)

using

copper(I)-catalyzed

alkyne-azide

cycloaddition (CuAAC) reaction. The azide functional PxN3 was obtained by polymerization
of NIPAM using functionalized azido-initiators. The lower critical solution temperatures
(LCST) of P28N3 and P137N3 show higher LCST values than PNIPAM homopolymers with the
corresponding similar molar mass because of the hydrophilic azide end group. This effect is
especially significant in P28N3 due to the low molar mass. The F9 segments shifted the LCST
to lower LCST when comparing PxN3 with PxF9. Spherical micelles of PxF9 in water with a
core of F9-segments and a PNIPAM corona were detected at the concentrations above the
critical micellization concentrations (cmc) by dynamic light scattering (DLS) and by 1H and
19

F NMR spectroscopy below the LCST. Just below the LCST the PNIPAM chains start to

collapse onto the F9-core followed by aggregation of several collapsed micelles to large
particles in the range of ~110 nm. The thermodynamics of the LCST of the PxN3 and PxF9 in
water were investigated by differential scanning calorimetry (DSC). The collapse of P xN3 at
the LCST is much more cooperative than that of PxF9. Moreover, the existence of micelles in
PxF9 solutions also improved the reversibility of the LCST behavior. The P28F9 shows a
smaller heat of phase separation H and the related change in specific heat capacity Cp
compared to P137F9. This suggests that the P28F9 is more hydrophobic (partially dehydrated
NIPAM segments) compared to P137F9 below the LCST, which is mainly the result of
dehydration of PNIPAM.

Unlike PNIPAM, poly(glycerol methacrylate) (PGMA) is a hydrophilic polymer which has
the advantage of being water soluble at all temperatures and as such it is a suitable candidates
for applications where high temperatures may be prerequisite. The F9 end capped amphiphilic
semitelechelics PGMAxF9 have been successfully synthesized by using atom transfer radical
polymerization (ATRP) and CuAAC. ATRP is the method of choice due to the simple
synthetic procedure and commercial availability of all necessary reagents. The molar mass
values of the polymers were obtained from 1H and

19

F NMR spectroscopy measurements.

Size exclusion chromatography (SEC) analysis confirmed unimodal molar mass distributions
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with generally low polydispersities (Mw/Mn < 1.35). The PGMAxF9 self-assemble in water to
form spherical micelles bearing PGMA corona and fluorine moiety cores, which was detected
from

19

F NMR, DLS, AFM and SEM measurements. The DLS measurements revealed that

the micellar clusters are coexisting with polymeric micelles. These clusters are considered
stabilized to be by intermolecular hydrogen bonding.
The thermodynamics of self-assembly of the PGMAxF9 semitelechelics into micelles in water
was studied and compared to the well studied PEOF9. This was done to assess the
comparative influence of the hydrophilic PGMA block on the micellization behavior.
Although the spherical micelles are formed in both PGMAF9 and PEOF9, it was found that
replacing the hydrophilic PEO with PGMA influences the micellization process very
significantly. Temperature dependent surface tension measurements showed that the cmc
values of PGMAF9 in aqueous solution increase with temperature, which is opposite than for
PEOF9 and most amphiphilic polymers in water. The replacement of PEO with PGMA leads
to a negative standard enthalpy, H0mic, and a much smaller standard entropy, S0mic, of the
micellization process, which are estimated from cmc values at various temperatures. This
indicates that the micellization of PGMAF9 in water is driven by both the increase in entropy
and the loss in enthalpy. While the self-assembly of PEOF9 into micelles is driven only by
gain of entropy and is enthalpically unfavourable. The opposite H0mic values between the
PEOF9 and PGMAF9 are further confirmed from the isothermal titration calorimetry (ITC)
measurements. These significant differences stem from the partial self-association through
hydrogen bonding in the PGMA blocks, which is confirmed by the dynamic light scattering
(DLS) and temperature dependent 1H and 19F NMR spectroscopy. The self-association effect
leads to lesser interaction with water molecules giving PGMA a less hydrophilic character
than PEO at low temperatures. Consequently, this hydrogen bonding is responsible for the
negative H0mic, comparatively lower S0mic for the micellization of the PGMAF9
semitelechelics in water.

PGMA is a typical chiral polymer because of the asymmetric carbon atom on each repeat unit.
Many biomolecules in organisms show a high chiral preference. Recognizing the chiral effect
is very important for the design of biomaterials for the treatment of surfaces or interfaces
since it may further influence the biological processes. The protein adsorption on the racemic
(rac), R and S PGMA surfaces were studied by using bovine serum albumin (BSA) as a model
protein. The preparation of well-defined thiol end capped PGMA(rac)27, PGMA(R)24 and
PGMA(S)28 bearing a similar chain lengths involves the polymerization of SMA monomers to
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obtain the 2,4-dinitrophenyl functional PSMA by ATRP, conversion of the 2,4-dinitrophenyl
group to the thiol group through an aromatic nucleophilic displacement reaction and
hydrolysis of the PSMA to cleave the ketal groups to give HS-PGMA. The self-assembled
monolayers (SAM) of polymers were prepared by immersing the gold surfaces in polymer
solutions since thiol groups have a high affinity to gold by forming stable chemical bonds.
The surface plasmon resonance (SPR) measurements revealed that the PGMA greatly reduce
the protein adsorption compared to the bare gold surface. Interestingly, the enantiopure
PGMA surfaces show a much stronger repelling ability against the BSA adsorption than
racemic PGMA surface. This less effective protein resistance ability of the racemic PGMA
surface compared to enantiopure surfaces was assumed to be due to the higher polymer
grafting density, which was calculated from the dehydrated thickness of the polymer SAMs
measured by ellipsometry. A less hydrated polymer film was formed for PGMA(rac)27
surfaces compared to PGMA(R)24 and PGMA(S)28 surfaces due to the stronger intermolecular
hydrogen bonding effect, which is in proportional to the grafting density. This less hydrated
surface film results in higher protein adsorption. This is further confirmed by the fact that
introducing 2 SMA units in PGMA(rac)27 can greatly improve the protein repelling ability.
The CD spectra of PGMA aqueous solutions indicate that certain ordered structures stabilized
by intramolecular hydrogen bonding are adopted in enantiopure PGMA, while the racemic
PGMA does not show this effect. This is presumably the factor which causes the different
grafting density between the enantiopure and racemic PGMA surfaces.
The chirality of HS-PGMA(rac)27, HS-PGMA(R)24 and HS-PGMA(S)28 is determined via 1H
NMR spectroscopy employing a three-component chiral derivatizing process, involving the
treatment of enantiopure polymers with 2-formylphenylboronic acid and enantiopure methylbenzylamine, which yields cyclic boronate diastereoismomers on the pendent groups.
The defined protons on the diastereoismers show different chemical shifts in the 1H NMR
spectra due to the different relative positions with respect to the aromatic ring. The main
advantage of this method is its simplicity as it only involves the mixing of all the components
without any further purification steps.
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Figure A1. 1H NMR spectrum of nonadecafluoro-1-decyl hex-5-ynoate (F9C≡H) in CDCl3
(400 MHz).
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Figure A2. 1H NMR spectrum of nonadecafluoro-1-decyl hex-5-ynoate (F9C≡H) in CDCl3
(200 MHz).
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Figure A3. 1H NMR spectrum of 3-azidopropyl-2-bromoisobutyrate (APBIB) in DMSO-d6
(200 MHz).
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Figure A5. FT-IR spectra of (a), HS-PGMA(S)28 (b), HS-PGMA(rac)27 and (c) HSPGMA(R)24.
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Figure A6. Relaxation rate () as a function of the square of the magnitude of the scattering
vector (q2) at 25 °C for 4 mg mL-1 HS-PGMA(rac)27 (black), HS-PGMA(R)24 (blue) and HSPGMA(S)28 (red) aqueous solution.
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Figure A7. The AFM height image of bare gold (a) PGMA(rac)27 SAM, (b) PGMA(R)28
SAM, (c) and (d) PGMA(S)24 SAM.
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Figure A8. 1H NMR spectra of (α-S,S)-P28, (α-S,R)-P24 and (α-S,rac)-P27 in DMSO-d6, 400
MHz at 25 °C. (The assignment of the protons is confirmed by the 2D

13

C-1H HSQC

spectrum.) The conversion of GMA to imino-boronate ester is determined by the ratio of 3
times integral of resonance peak a to integral of resonance peak d. ~ 80% diols in GMA
repeat units are converted to imino-boronate esters in the derivatized polymers.
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