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Chapter 1

General Introduction

1.1 Polymer gels and “Inhomogeneities” in gels

Hydrogels are defined as three-dimensional polymer networks swollen in water. Most
hydrogels are composed of more than 90% of water. Initially, taking advantage of
their high water absorption and retention properties, hydrogels were applied to dia-
pers, contact lenses, drug reservoirs, etc. After the volume-phase transition behavior
was discovered by Tanaka in 1978,! a variety of functional materials such as sen-
sors and actuators were developed based on their stimulus-responsiveness.?® De-
spite these unique characteristics, practical applications of hydrogels, especially as
structural materials, are restricted because of their low mechanical strength, which
results from their micro-inhomogeneities of polymeric topological structure created
by cross-linking.” These inhomogeneities are inevitably introduced to a network, and
are categorized into three types, i.e., spatial, connectivity, and topological inhomo-
geneities (Figure 1.1).% The spatial inhomogeneity is an inhomogeneous distribu-
tion of polymer segments in the network, and is observed as an excess scattering in
small-angle light scattering (SALS) as well as small-angle neutron scattering (SANS)
measurements.” ' The connectivity inhomogeneity includes dangling chains and elas-
tically redundant loops, while the topological inhomogeneity includes trapped entan-
glements. The connectivity and topological inhomogeneities are generally discussed
in the context of the theory of tree-like structure and elastically effective chains.!? '3
Because the connectivity and topological inhomogeneities have opposite effect on the
elastically effective chains, these contributions cannot be decomposed. Therefore,

the understanding of the rubber elasticity remains a controversial issue in polymer
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Spatial Connectivity Topological

Dense Dangling chain Trapped entanglement

Figure 1.1: Schematic illustration of various types of inhomogeneities for polymer gels:
(a) spatial inhomogeneities, (b) connectivity inhomogeneities, and (c) topological
inhomogeneities.

science. In the history of the development of polymer networks, primitive randomly
cross-linked networks were formed by radical polymerization using monomers and
cross-linkers or by the vulcanization of polymer melts. Although these cross-linking
methods are easy to perform and have been used widely up to now, they yield net-
works with a large number of inhomogeneities.!* As mentioned above, three types
of inhomogeneities affect the macroscopic properties of the network structure. Espe-
cially, trapped entanglements affect the extensibility of the network, which is one of
the most important properties of polymer materials. As for the ideal network, the
polymerization degree between neighboring chemical cross-links (N, ) determines the
maximum extensibility (Ayax). Theoretically, the value of Ay is given by the ratio of
the fully extended length to the initial end-to-end length of the polymer with polymer-
ization degree of N,.!> Therefore, the A\p.y increases as N, increases. On the other
hand, in the case of real networks, trapped entanglements, i.e., pseudo-crosslinks,
exist. Because the degree of polymerization between neighboring entanglements (V)
is smaller than N, the value of A\, is given by the ratio of the fully extended length
to the initial end-to-end length of the polymer with polymerization degree of N,.'6
Because the N, varies depending on the polymer species and concentrations, it is
difficult to control A\,.c. In addition, N, has inhomogeneous distribution, because
entanglements are trapped at random. Therefore, an external load applied to an

inhomogeneous network concentrates on the weakest regions, leading to microscopic
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fracture. Then, the stress is stepwisely concentrated on the next weakest region,
eventually leading to macroscopic fracture. Therefore, the mechanical properties of
the conventional networks become much lower than those of the corresponding ideal
network; usually the \.x is approximately 2 ~ 5.16

Recently, however, some exceptions are reported. For example, polymer gels which
do not exhibit nonergodicity are reported by Wu.!” They demonstrated that inhomo-
geneities in an assembly of microgels were strongly suppressed if individual swollen
microgels were closely packed to each other. On the basis of this experimental evi-

¢

dence, they concluded that static nonergodic behavior originated from large “voids”
formed during sol-gel transition in polymerization process. It should be noted, how-
ever, that the gels reported by Wu were microgels, and the absence of inhomogeneities
was exclusively observed in jam-packed state where the concentration fluctuations are
strongly suppressed. Here, the “voids” mean polymer-poor region in a gel. Inhomo-
geneities are also found even in physical gels, which spontaneously tune their network
by “detachable” cross-links so as to minimize the free energy of entropy elasticity.!%1?
Here, a frozen component in the concentration fluctuations starts to appear as soon
as a sol-gel transition occurs. Therefore, in general, polymer gels inherently possess

inhomogeneities because of the presence of cross-links.

1.2 High performance gel and “ideal” network

Since the physical properties of gels strongly depend on the structure, it is extremely
important to clarify the relationship between structure and mechanical properties.
The understanding of cross-link inhomogeneities is vital from both scientific and
engineering points of view since they affect the physical properties of the network
polymer.?’ Especially, it is important to consider the relationship between inhomo-
geneities and physical properties. As the networks cannot behave cooperatively due
to inhomogeneities in a network structure, they begin to break from the weakest link,
thus reducing the whole mechanical strength. In order to achieve the cooperative-
ness, various types of hydrogels with unique network structure have been developed,

1

e.g., a topological gel with sliding cross-linkers,?! a nano-composite gel synthesized

by polymerizing with dispersed clay disks,?? and a double network gel containing
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slide ring gel nanocomposite gel double network gel

Figure 1.2: Schematic illustration of various types of high performance polymer gels:
(a) slide ring gel, (b) nanocomposite gel, and (¢) double network gel.

two types of independent networks.?? Figure 1.2 shows the schematic illustration
of these high performance gels. In contrast to these unique gels, other researchers
have pursued ideally homogeneous network structure for a long time. If a polymer
network were an infinite series of uniform meshes connected by cross-links and had
no inhomogeneities, the macroscopic properties of the network would be precisely
controlled by the polymerization degree and the first order structure of the mesh
chains. Such a perfectly cooperative network is called an “ideal” network. In re-
ality, however, inhomogeneities do exist and affect the cooperativeness between the
meshes, compromising the macroscopic properties. The ideally homogeneous gel net-
work is expected to have high mechanical properties including modulus and breaking
strength.?* In an attempt at realizing an ideal network, model networks were formed
by using a modular construction method, that is, by using monodispersed chain ex-
tenders and multifunctional cross-linkers.?4?®> Due to the use of the preprogrammed
and monodispersed chain extenders, the degree of polymerization between chemical
cross-links was precisely controlled. However, it was revealed that the obtained model

networks did contain a substantial number of inhomogeneities.?%27

1.3 Previous studies on “ideal” polymer network

In order to obtain an ideal gel network along with its resultant high mechanical

properties, many attempts were made, including gelation by physical cross-linking,
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gelation from macro-monomers,?® gelation from polymers by gamma-ray irradiation,?®

etc. Homogeneity could be relatively easily obtained by physical cross-linking. How-
ever, the homogeneity cannot be controlled strictly in physical gels because cross-
linking occurs at random. In addition, physical cross-linking was generally weak, and
the resulting physical gels became soft and weak. Gelation from macro-monomers
seemed more promising than the others because the detailed network structure was
controllable by designing constitutional units, and the gelation process was predicted
easily by the tree-approximation of Flory and the cascade model of Gordon.?%3°
He et al. reported the synthesis of jungle-gym-type polyimide organogels using tri-
functional cross-linkers and telechelic rigid aromatic oligomers as backbones, which
had a high compression modulus.?’ However, there has been no success to prepare

defect-free networks so far.3234

No matter how precisely one controlled the architec-
ture, the obtained "model network” had strong forward scattering at low ¢ region and
or exhibited double shoulder scattering curves. For example, Mendes et al. classified
gel structures to (I) the one-correlation length gels, (IT) the soft order gels that have
a scattering maximum, and (IIT) the two-correlation length gels.?> As for hydrogels,
there were numerous studies to obtain the homogeneous biocompatible hydrogels.3 3%
To the best of our knowledge, however, no hydrogels formed from macromonomers
have compressive strength reaching a MPa-range; most of the papers did not dis-
cuss the compressive strength, which is one of the most important parameters for
practical use. The fragility may come from micro-inhomogeneity of the network
structure. Focusing the spotlight on constitutional unit of the network, most of gels
from macromonomers were formed from asymmetrical components such as multi-
functional cross-linkers and telechelic polymers. These asymmetrical combinations
should give the network a high degree of freedom, allowing various micro-structure

including loops and defects. These various micro-inhomogeneities deprive network of

the cooperativeness, resulting in weakening the gels.

1.4 Tetra-PEG gel

Sakai et al. developed a novel class of hydrogels that meet all of these criteria,

i.e., high mechanical strength and toughness, easy preparation, and biocompatibil-
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Figure 1.3: Molecular structure of Tetra-PEG and model illustration of Tetra-PEG
gel.

Figure 1.4: Preparation process of Tetra-PEG gels.

ity. The gel, called Tetra-PEG gel, consists of two kinds of four-arm polyethylene
glycol (PEG) macromers of the same size, tetra-amine-terminated PEG (TAPEG)
and tetra-NHS-glutarate-terminated PEG (TNPEG). Here, NHS represents for N-
hydroxysuccinimide (Figure 1.3).

By mixing TAPEG and TNPEG aqueous solutions, Tetra-PEG gel can be instan-
taneously formed not only in laboratory but also in vitro (Figure 1.4 and in vivo).
The mechanical properties are remarkably high (of the order of a few to tens MPa
for the strength at break for 120 mg/mL Tetra-PEG gel made of 10kDa macromers),

being comparable to those of native articular cartilage (approximately 6-10 MPa).
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Tetra-PEG gel seems to have an extremely homogeneous network structure with very

low degrees of defects in the network.

1.5 Outline of the Dissertation

By considering the above discussion, I intended to study the relationship between
micro-structure and physical properties of the new-type hydrogel, Tetra-PEG gel.

The following is the lineup of the contents of this dissertation.

Chapter 2;

A simple but reasonably accurate method for incoherent neutron scattering in-
tensity evaluation for hydrogen-containing materials is proposed. An evaluation of
incoherent scattering is very important especially for precise analysis for softmat-
ter systems. Hydrogen atom has a large incoherent scattering cross section and
is a major source of the incoherent scattering intensity, (d¥/d2)ine, in small-angle
neutron scattering (SANS). The structure information is obtained from the coherent
scattering, whereas the incoherent scattering provides a scattering-angle-independent
background. By taking account of multiple scattering from hydrogen atoms, we pro-
pose a useful method (the transmission method; T-method) for the estimation of
(dX/dQ)ine for various types of H-containing systems. The incoherent scattering in-
tensity is calculated simply by the transmission, 7', and the thickness of the sample, ,
e, (dX/dQ)pme = [exp (Ziot) — 1] /(4nt) = (1 — T)/(4ntT), where 3oy = —(InT) /t
is the macroscopic total cross section per unit volume. This method provides a
reasonable approximate value of incoherent scattering intensity for various systems.
The validity and the extent of applicability of the T-method are examined for several
samples, including, light /heavy water mixtures, polymer gels, and surfactant aqueous

dispersions.

Chapter 3;
As a new class of high-strength hydrogels, we designed a tetra-PEG gel by com-
bining two symmetrical tetrahedron-like macromonomers of the same size. Because

the nanostructural unit of the gel network was defined by the length of the tetrahe-

15



dral PEG arm, the gel had a homogeneous structure and resultant high mechanical
strength comparable to that of native articular cartilage. Furthermore, since the gel
was formed by mixing two biocompatible macromonomer solutions, the gelation re-
action itself and the resultant gel were also biocompatible.We successfully designed
and fabricated a high-strength hydrogel by controlling the homogeneity of network
structure for the first time, which will lead to multiplied effects, i.e., contributing
to the understanding of ideal networks, providing a universal strategy for designing

high-strength gels, and opening up the biomedical application of hydrogels.

Chapter 4;

In order to elucidate the relationship between physical properties and structure,
we carried out the small-angle neutron scattering (SANS) experiments of the Tetra-
PEG gel, as well as the precursor macromers, i.e., TAPEG and TNPEG, in aqueous
solutions. The molecular weights (M,,) of TAPEG and TNPEG were matched to be
either 10 k or 20 k g/mol. The initial macromer concentrations were varied from 5 to
160 mg/mL. Moreover, we carried out SANS and mechanical testing experiments for
nonstoichiometric Tetra-PEG gels that were prepared with nonstoichiometric com-
positions. Structural models of macromer solutions and of Tetra-PEG gels, which

account for the advanced mechanical properties of Tetra-PEG gels, are proposed.

Chapter 5;

The structure and dynamics of Tetra-PEG gels have been investigated by SANS
and static light scattering (SLS). The Tetra-PEG gels were prepared by cross-end
coupling of two types of tetra-arm PEG macromers with molecular weights, M,,, of
(5 to 40) kg/mol. SANS experiments were carried out for the swollen gel in swelling
equilibrium, as well as the precursor macromer solutions and the as-prepared gels. we
discuss the structure of Tetra-PEG gels in more details with the scattering intensity
data in a wide ¢ range covering not only SANS (0.003 < ¢ < 0.2 A_l) but also light
scattering (LS) regime (0.0008 < ¢ < 0.002 A™).

Chapter 6;
Studies on deformation mechanism of polymer networks with small-angle neu-

tron scattering (SANS) were carried out for near-“ideal” polymer networks consist-
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ing of narrow-dispersed inter-cross-linked polymer chains free from dangling chains
and entanglements. The polymer networks, Tetra-PEG gels, were prepared from
tetra-functional A- and B-type macromers consisting of poly(ethylene glycol)(PEG)
with the molecular weights of 20k and 40k by A-B cross-end-coupling. Though the
SANS patterns of deformed Tetra-PEG gel-20k showed small anisotropy, i.e., pro-
late and oblate patterns with respect to the stretching direction at low and large-q
regions, respectively, Tetra-PEG gel-40k exhibited no inhomogeneities at all even in
a gel stretched by 5 times. We discuss the microscopic deformation mechanism of
Tetra-PEG gels by comparing experimental results with some theoretical models (i.e.,
affine, junction-affine, and phantom model). Focuses are placed on (1) the relation-
ship of spatial inhomogeneities and the gel structure and (2) deformation mechanism

of Tetra-PEG gels.

Chapter 7;

Following the discussion in Chapters 2-6, we discussed the relationship between
microscopic structure and macroscopic mechanical properties in Chapter 7. We car-
ried out the dynamic viscoelastic, stretching, and compressive properties of the Tetra-
PEG gels in order to compare them with those of the ideal network. The mechanical
energy dissipation was extremely low (tan § ~ 107*). The macroscopic stress-strain
relationship of the Tetra network was in good agreement with that of microscopic

“elastic blobs”.
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Chapter 2

Evaluation of Incoherent
Scattering Intensity by
Transmission and Sample
Thickness

2.1 Introduction

Small-angle neutron scattering (SANS) has been a powerful tool for structural charac-
terization of polymeric materials, colloidal dispersions, protein solutions, surfactants,

™ The scattering intensity in absolute scale, i.e., the differen-

vesicles, gels, etc.
tial scattering cross section, (d¥/d€Q2)(q), consists of differential coherent scattering,

(dX/d2)con(q), and incoherent scattering cross sections, (dX/dQ)iy, i.e.,

as ax ds
(30)@ = (30)n@ + (30 (2.1)

where (dX/dQ)(q) is the differential scattering cross section, ¢ is the momentum
transfer. (d¥/d€Q)cn(q) contains the structural information, such as, the size and
shape of the scattering particles, the inter-particle distance, and the scattering con-
trast between the domains and the matrix. On the other hand, (dX/d2);,. provides
no information about structures and is unnecessary background. Hence, the incoher-
ent scattering subtraction is one of important procedures in data reduction of SANS
data and quantitative analyses. The incoherent scattering is mainly originated from
the large incoherent scattering cross section of H atom, ojn.n = 82.26 barn, which
is much larger than its isotope D, 0inep = 2.05 barn and those of other major el-

ements for soft matter systems, i.e., o c = 0.001 barn, o0 = 0.0008 barn, and
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Oinen = 0.5 barn.® Because of this large value of Oinc,i, Multiple scattering takes
place which makes it difficult to evaluate (dX/d2)i. precisely.

In the case of pure light water, no structure is present in the SANS region, i.e.,

g < 0.3 A, the scattering is given by incoherent scattering. Jacrot et al.»7 obtained
an empirical equation for the scattering intensity for water,
Iy
Tu20 = finem20 = E(l -T), (2.2)

where [j is the incident beam intensity and 7' is the transmission. The derivation
of Eq. (2.2) is based on the following intuitive discussion: The scattering intensity
can be assumed to be due solely to incoherent scattering from H-atoms in water,
and the fraction of scattering is the rest of transmission, i.e., (1 — 7). Since the
scattering is isotropic, Igso is obtained by dividing it by the full solid angle, i.e.,
4. According to Jacrot, Eq. (2.2) is valid for A > 10 A. When A becomes smaller,
incoherent scattering of H-atoms becomes anisotropic and is significant in the forward

scattering. Therefore, a correction factor has to be included,

Iy
I = —qg\(1-=T). 2.3
H20 47T9/\( ) ( )

Here, g, is a correction factor for the anisotropy of the incoherent scattering of H,O,

and is approximately given by’

1
1 — exp(—0.6A03)

() (2.4)

May et al.® extended the above discussion to mixtures of light /heavy water.

In structural analyses by SANS, samples are usually designed to consist of a large
fraction of deuterated component and a small fraction of hydrogeneous component
¢u. In principle, the incoherent scattering intensity can be calculated based on the
incoherent scattering cross sections of individual atoms comprising the samples. In
most cases, however, the calculated values are not equal to those determined exper-
imentally. This is mainly due to multiple scattering and inelastic scattering from H
atoms in the sample’ and wavelength dependence of the absorption cross sections.
Because of these reasons, incoherent scattering intensity subtraction methods used in
the literature are not unique and various empirical methods are proposed. For exam-

ple, in the case of polymer blends with the volume fraction of the H-component, ¢y,

22



(dX/d2)ines of pure H- and D-materials are measured and the incoherent scattering

is estimated by a simple addition,!% !
dx dXyo dXyo
(@)inc - gzsH(@)inc,H t <1 N ¢H)(@)inc,D’ (25)

where the superscript 0 denotes the pure H- or D-component. Because of oiyen >

OineDs Eq. (2.5) can be approximated to

(36 = 9130 26)
This equation is also often used for polymer solutions, micelles dispersions, and so
on. As will be discussed later, however, Eqgs. (2.5) and (2.6) are not correct since
(dx/dQ);,. g is strongly sample-thickness dependent.

11! proposed an estimation method of incoherent background inten-

Dubner et a
sity for isotope mixtures of poly(ethylene terephthalate), which uses the incoherent

component of the transmission, T},

(jé)inc = il;c (1 = Tinc), (2.7)

ﬂnc = €exp [ - 2inct]7
Einc - Z piainc,ifia

where Y, is the macroscopic incoherent cross section, ¢ [cm]| is the sample thickness
and oi,.; and f; are the incoherent cross section and the volume fraction of the -
component, respectively. Here, the summation runs over the incoherent cross sections
of H and D. The agreement was reasonably good for 0.1 cm thick sample with low
concentrations of H component for the neutron with the wavelength A\ = 4.75 A.
Carsughi and coworkers'? discussed sample geometry effects on incoherent scattering
of HyO. They reported that (d3/dQ);,. collected with different ratios of sample-to-
beam dimension shows large difference as a function of sample thickness. This is
due to multiple scattering. Briilet et al.,!3 and Rubinson et al.'* also proposed the
importance of multiple scattering effect on the estimation of (d¥/d2);,.. However,
these discussions were limited to be semi-qunatitative level. Another method, which
is more phenomenological, is to use a theoretical scattering function, (d%/d€Q)me(q),

to fit an observed intensity function, (dX/d€2)qps(q),

> > >
(30) s @ = (50 )une@ + (50 )i (2:8)
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This method is applicable when the theoretical function well represents the system to
be investigated. However, there is no definite reason why it can be applied. There-
fore, the incoherent intensity subtraction has yet been an ill-posed problem in SANS

analyses.

15,16 we reported sample-thickness dependence of incoher-

In our previous papers,
ent scattering intensity from H,O and low-density polyethylene slabs. The scattering
intensity predominantly consists of multiple scattering of incoherent scattering from
H atoms, which turns out a strong sample thickness dependence. We then proposed
an incoherent scattering intensity function which was a function of sample thickness
as well. On the basis of this theory, we propose here a method to evaluate (dX/d€2)inc
without using values in the table for the scattering lengths/cross sections® nor ref-
erence samples, such as a pure hydrogeneous sample, (dX/ dQ)?nC’H. This method,
hereafter we call “the transmission method (7-method)”, simply uses the transmis-
sion T and the thickness ¢ of the sample. Since both T and t are values routinely
obtained in a SANS measurement for data reduction, the T-method is quite useful.
The validity and applicability of the T-method are examined from theoretical and
experimental viewpoints. As will be demonstrated, effects of multiple scattering on

incoherent scattering have to be taken into account even for thin samples, e.g., 0.1

or 0.2 cm-thick samples.

2.2 Theoretical Background

In a scattering experiment, the transmission, 7', is simply obtained by taking the
ratio of the transmitted, I;., and the incident beam intensities, Iy, and it is related

to the Lambert-Beer law, i.e.,

Ly
T = = exp[—Sett], (2.9)
0

where Yot [cm_l] is the macroscopic total cross section per unit volume. In the case

of neutron scattering, > is related to the total scattering cross section,

Yot = ZPz‘Utot,i, (2-10)
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where p; [em ™3] and oo ; [cm?] are the number density and the total cross section of

the scattering element 7. For compound i, p; is given by

d;N
o= 8 (2.11)

m;

where d; [grem™] and m; [grmol™!] are the mass density and molecular weight of
compound 7, and N, is the Avogadro’s number. The total cross section is the sum
of the coherent scattering cross section, o.op ;, the incoherent scattering cross section,

Oinc,i, and the absorption cross section, g,ps;. Hence, oyt is given by
Otot,i = Ocoh,i + Oinc,i + Oabs,i- (212)

The mean-free path of neutron beam A [cm] is obtained by A = 1/%;. According to
our previous work, the mean-free paths of 7 A-neutron in H,O and in DO are A =
0.16 cm (it 20 = 6.22 em™1) and 1.70 em (X0t p2o = 0.588 em™!), respectively.®
This means that strong multiple scattering occurs in a SANS experiment for H-
containing objects.

After the treatment of Schelten & Schmatz,” the scattering intensity, J;(q) [s™'],

from a H-containing object with a thin parallel-plate shape is given by,

JI(Q) - ¢ dzinc
NG S @0/0 exp(—iot ) 10 exp|—iot (t — x)]dx
Einc
= Dgexp(—Xiut)t o (2.13)

where @ [cm™2s7!], ¢, A [em?], and AQ [sr] are the incident neutron flux, the count-
ing efficiency, the irradiated sample area, and the solid angle of the detector pixel,
respectively. Here, it is assumed that the scattering is dominated by incoherent
scattering from H-atoms in the object. The subscript 1 in Ji(¢) indicates single-
scattering. Eq. (2.13) means that the second (and subsequent) scattering is likely to
give a roughly isotropic distribution of scattered neutron, and the effect of scattering
of the once-scattered neutrons can be ignored.!” However, as mentioned above, mul-
tiple scattering is not negligible in the case of H-atom containing materials, such as
soft matter and biological systems. As discussed in the previous paper,'® Eq. (2.13)

can be easily extended to n—times scattering, i.e.,

1 n
= @0 eXp(_ZtOtt)Etnﬂ (Einc) . (214)



By summing up the n—times scattering, one obtains

J(q) _ 1 &1

W) —Diott)— Y — (Ziet)”
cAAQ) 0 eXP(—~ ot )47T n;l n! ( )
1
= q)o eXp<—Et0tt)E(eEinct — 1) (215)

The differential cross section is obtained by taking account of the transmission, T =

exp(—Xiot), and the sample thickness, ¢, and is given by,

d¥ J(q)
— = . 2.16
(30)@ eAAQDy exp(— St )t (2.16)
By substituting Eq. (2.15) into Eq. (2.16), one obtains,
dE (ezinct J— 1) Zil’lC (ezinct — 1)
— = = ) 2.1
(dQ ) inc 4t 41 Einct ( 7)

In the thrid formula of Eq. (2.17), the term Xj,./(4m) represents the differential
incoherent scattering cross section of the sample (= d¥,./df?) at the zero-thickness

limit, and the term (emc!

—1)/(Zinct) is the correction term for multiple scattering
with finite sample thickness of the sample.

If the sample is a H-containing sample, Y, is very close to .. Hence,

(dz) ~ Ztot (eEtOtt — 1) . 1 (eEtOtt — 1)

dQ 47 Etott 47 t
11-T
= ——. 2.1
4 T (2.18)

Eq. (2.18) means that the incoherent scattering intensity can be determined solely
by the sample transmission, 7', and thickness, t. We call this T-method which stands
for the transmission method. Note that Eq. (2.18) is essentially the same as that
obtained by Jacrot,’ i.e., Eq. (2.2).

Note that Eq. (2.18) is independent of absolute intensity calibration. Hence, it
is important for incoherent intensity evaluation to measure accurately the scattering
intensity of a sample in the absolute intensity scale. It should also be noted that
Eq. (2.18) is a generalized form of Eq. (2.2) by taking account of multiple scattering
with the assumption of ¥,y = Y. In general, the transmission is related not only
multiple scattering but also absorption. For example, Eq. (2.17) has to be used when
absorption is not negligible, e.g., vanadium (Sipev = 0.348 cm ™!, S,sv = 0.350
cm™!). In the following sections, we examine the applicability and validity of Eq.

(2.18).
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2.3 Experimental Section

2.3.1 Samples

Four sets of samples were used to examine the T-method, (1) light/heavy water
(H,O/D20) mixtures, (2) nanometer-size oil emulsions, (3) polymer gels, and (4) a
concentrated ternary surfactant solution. (1) Firstly, we prepared mixtures of HyO
and D,O with different compositions. Here, D,O with purity of 99.6 % and deion-
ized HyO were used. The sample thicknesses were (0.1, 0.2, 0.3, and 0.4) cm. (2)
The nanometer-size oil emulsion (nanoemulsion; NE) was prepared by high-pressure
emulsification of a solution consisting of mass fractions of 30 % glycerol, 3 % ethanol,
16 % oil (dimethylpolysiloxane with the viscosity of 6 mPa-s), 5 % fatty acid (N-
(hexadecyloxyhydroxypropyl)-N-hydroxyethylhexadecanamide), 1.5 % anionic sur-
factant (n-stearoyl-L-glutamic acid monosodium) in deuterated water. Those samples
were coded as NEz, where x is the dilution ratio with respect to the as-prepared NE.
The details of the samples are given elsewhere.!® (3) Well defined tetra-arm polyethy-
lene glycol gels (tetra-PEG) and the corresponding macromers were prepared.!®29
The molecular weights of the macromers before cross-linking were (5k, 20k, and 40k)
g/mol. These samples were swollen or dissolved in DyO at various polymer volume
fractions, ¢, = ¢u. (4) A ternary mixture of water, oil and surfactant is known to
form various types of structures depending on concentration, temperature, etc. Here
we used D50, n-octane-d18, and pentaethylene glycol dodecyl ether (Ci5Es5), respec-
tively. The volume fraction of the components were 0.65, 0.08, and 0.27 to form

randomly packed spherical oil droplet dispersed in water medium.

2.3.2 SANS
SANS-UQJAEA

SANS experiments were carried out at the SANS-U,'6:21 4 small-angle neutron scat-
tering instrument with a 64 cm x 64 cm—wide position sensitive area detector (PSD)
for all the samples except for sample (4). SANS-U is owned by Institute for Solid
State Physics (ISSP), The University of Tokyo, and is located at the guide hall of
the JRR-3 20 MW research reactor, Japan Atomic Energy Agency (JAEA), Tokai,
Japan. The incident neutron wavelength A was 7.0 A with the wavelength distri-

bution of 10 % (FWHM), and the sample-to-detector distances were chosen to be 2
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m, 4 m, and 8 m dependent on the experiments. The covered momentum transfer,
q, was ranged from 0.003 A=' to 0.2 A~!. The transmission of neutron beam was
counted with a 3He detector placed at the center of the transmitted beam in front
of the PSD. The transmission of the samples with various thicknesses was obtained
by measuring the transmitted neutrons with and without the samples for 30 s. The
measurements were carried out three times each and arithmetic averages were taken.
The scattered neutrons detected on the area detector were circularly averaged and
the scattering intensity function, (dX/d$2).ps(q), was obtained as a function of g. The
absolute intensity calibration was carried out by using a secondary standard sample
of a low-density polyethylene slab with ¢t = 2.03 mm calibrated with vanadium.'6

The scaling factor was 0.0695.

NG7@NIST

For the sample (4) the NG7 30m SANS instrument at the National Institute of
Standards and Technology (NIST) was used.?? The sample-to-detector distance was
selected to 1 m and 6.2 m with the incident wavelength of 6.0 A, so that the accessible
¢ range was from 0.008 A=! to 0.49 A~!. The neutron transmission was measured
using an area detector without beam stop irradiated by the appropriately attenuated
incident neutrons. The measurements were performed for 3 min. each with and

without sample. In order to reduce the observed data, the software package developed

at NIST was used.?

2.4 Results and Discussion

2.4.1 H>0 and D,0O mixture: strong incoherent scattering

A series of SANS measurements were carried out for HyO and D,O mixtures with
different sample thicknesses and the data were analyzed using the T-method. Figure
2.1(a) shows the thickness dependence of the transmission, 7' for H,O and DO
mixtures. Here, ¢y is the fraction of HoO. This figure shows that Lambert-Beer law
holds in the whole range of water compositions at least up to ¢t = 0.4 cm. Figure 2.1(b)
is the plot of total cross sections per unit volume, Y, obtained by Yo = —InT'/t.

As shown in the figure, all the plots with different sample thicknesses fall on a single-
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master curve given by,

InT

Yot = = druZiot 20 + (1 — O) Lot D20, (2.19)

where Yo 20 and X p2o are the total cross sections per unit volume of HyO and
D,0, respectively. Evaluated total cross sections per unit volume are Yot 20 =
(6.714+0.02) ecm™! and X4 p2o = (0.6344+0.003) cm™!. While, the value of X p2o is
in good agreement with the value calculated from the table of cross sections (Xtot,p2o
= 0.646 cm™!), the value of Yiot,H20 is somewhat larger than the calculated value
(Xtot,m20 = 5.65 cm™1). This is probably due to wavelength dependence of inelastic
scattering and anisotropic scattering (stronger in the forward direction for A < 10A)
of water observed at A = 7A.

The differential incoherent scattering cross sections were evaluated in the ¢g-range
of 0.02 > ¢ > 0.15 A_l, similarly to the case reported in the previous paper.?! The
results (open symbols) are shown in Figure 2.2 as well as those evaluated by the T-
method (filled symbols with solid lines). The agreement between the observed values
and those evaluated by the T-method is remarkably good for ¢y > 0.05. However,
for lower ¢ys (< 0.025), agreement becomes poor. To compare the SANS-U result
with NG7 result, 0.2 cm-thick pure D;O data obtained at NG7 are also shown in
the inset, which is an enlarged figure of a part of Fig. 2.2 around ¢ = 0.2 cm.
This shows a comparison of (dX/dQ2)i,cs for 0.2-cm thick DoO obtained by NG7 at
NIST (open double-triangle) and by SANS-U (open circle). The estimated value of
(d3/dQ)inenisT from the T-method is 0.0571 em™! and the value observed directly
from the scattering profile is (0.0500 4 0.0002) cm~!. This agreement supports
the validity of the T-method to estimate the differential incoherent scattering cross
section. The solid line and filled circle in the inset denotes the value for SANS-U
obtained by the T-method, which is also in excellent agreement with (dX/d€2)ine nisT-
This means that the observed value at SANS-U (open circle) must be underestimated.
This underestimation is probably due to a low statistics of neutron scattering from
D50 measurement at SANS-U compared with that from a block beam measurement.
That is, Ipao was not high enough with respect to Igsc, a low statistics in (Ipao—Ipac)
led to a nontrivial error. Here, B4C was boron carbide used for dark current scattering
measurement. As a result, it turns out that the T-method is a more powerful and

useful method to evaluate the incoherent scattering intensity for quantitative analyses
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Figure 2.1: (a) Sample thickness dependence of the transmission, 7', for mixtures of
D,O and Hy0, and (b) the total cross sections per unit volume, Y. Error bars
shown in this paper indicate £1 standard deviation.
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Figure 2.2: Sample thickness dependence of (d¥/d2),. in the mixtures of DoO and
H50. Open symbols denote the observed values, while filled symbols with solid lines
are values evaluated by the T-method, i.e., Eq. (2.18). The inset shows an expanded
figure around ¢ = 0.2 cm as well as NIST data.

of SANS data for ¢y > 0.025. This method to estimate (d¥/d€2)i,. is of particular
importance in contrast-variation SANS experiments, where ¢y has to be varied in a
wide range between 0 and 1.

Figure 2.3 shows the H-fraction dependence of the zero-thickness differential cross
section, (d¥/dQ)ic(t — 0) = (dX(t = 0)/dQ)ine. As shown in Fig. 2.3, (dX(t =
0)/dQ)ine is a linear function of ¢y. The dashed line was obtained by fitting the
observed data with Eq. (2.20) by adjusting the Jacrot’s parameter gy, i.e.,

dX(t =0) 9
(T)im = i [¢H21tr?i,H20 + (1= ¢n) itr]?é,mo] (2.20)
The values of the incoherent cross sections per unit volume for HoO and D,O are
calculated from the data® and are X! o0 = 5.369 cm ™' and P!y = 0.136 cm ™.
For g, = 1.0, the calculated values of (dX(t = 0)/d2)i,. shown by the chain line

is much lower than the observed ones (dashed line). This is partially due to the
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Figure 2.3: Sample thickness dependence of (d¥(f = 0)/dQ)in in the mixtures of
D50 and H,O. Lines indicate the fit results according to Eq. (2.17).

anisotropic scattering of incoherent scattering for A < 10A as discussed by Jacrot.
Another possible reason is an error of the absolute intensity calibration for SANS-U.
Since the reason is unclear at this stage, we simply take into account these unknown
error by the g, factor in this work. The best fit was obtained with g, = 1.7, as
shown by the solid lines in Fig. 2.3 and in the inset. This value is somewhat larger
than the value calculated by Eq. (2.4) i.e., gx = 1.3 for A = 7 A. The dashed line
with filled circles in Fig. 2.3 and in the inset denote (dX(¢t = 0)/dQ)in.s evaluated by
the T-method, which shows excellent agreement between the observed ones and those
evaluated by the T-method. Note that the incoherent signal arising from composition
fluctuations is not negligible compared with the pure incoherent cross sections of H
and D solvents as is discussed by Brilet et al.'3

Figure 2.4 shows the relative error of (dX(t = 0)/d);,. obtained by the T-method
with respect to the observed ones. Here, the relative error is defined by,

dz(t = O)/dQ)lnc T—method ™ dE(t = O)/dQ)mc obs
_ 7 , 2.21
error dX(t = 0)/dQ)inc.obs ( )

As shown in the figure, the error evaluated by the T-method lie within 17 % of

the observed ones. The disagreement at low ¢p(< 0.025) is due to low statistics of
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Figure 2.4: Relative error of (dX(t = 0)/dQ)in. obtained by the T-method with
respect to the observed ones.

scattering counts as discussed above.

2.4.2 Nanoemulsions: strong particle scattering

Figure 2.5 shows SANS curves of a series of nanoemulsions having different concen-
trations. Even the volume fractions of the solute are 20 % or less, (dX/dQ2)eps(q)s
show distinct inter-particle scattering peaks (for z < 16). The asymptotic behavior
of (d¥X/dQ)qns(q)s is well reproduced by Porod’s law, i.e., (dX/dQ)ens(q) < ¢~ as
shown by the dashed lines. (dX/d);,. was evaluated by both (a) the T-method and
(b) by fitting with Eq. (2.8) and (d¥/d2)i. o< ¢~%. Figure 2.6 (a) shows the dilution
ratio dependence of (dX/d€2);,. of the nanoemulsions. (dX/d€2);,. was evaluated by
the T-method (filled circles) and by fitting with a ¢~* function (open circles). Fig-
ure 2.6 (b) shows the relative error of (d¥/d2)i,. for nanoemulsions obtained by the
T-method with respect to the theoretical curve fitting. The (d¥/dQ)i,.s obtained by
the T-method agree well with those obtained by Porod curve fitting. Note that this
is rather a special case where the fitting function is well defined for the system. In
general, systems to be investigated are more complicated and no decisive theoreti-

cal scattering functions are assumed. Hence, the agreement in this model system is
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Figure 2.5: Scattering intensity functions of nanoemulsions with various dilution
ratios xs. The dashed lines indicate lines with slope = -4. The error bar is exclusively
smaller compared with other figures. This is because that the circular averaging of
(dX/d2)eps(q) in a two-dimensional detector was taken in the logarithmic scale of g,
which gave better statistics with increasing q.

quite meaningful because it guarantees the validity of the T-method. It should be

also noted here that the scattering intensity from nanoemulsion is very strong of the

1

order of 10® em™!. The T-method seems to apply even to such a strong scattering

system.

2.4.3 Polymer gels: weak scattering

Scattering intensity from semi-dilute polymer solutions are given by the so-called

Ornstein-Zernike function,?*

(dE dE) 1 (2.92)

1@)or? = (30) T o7
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kg/mol) prepared from different polymer concentrations.

where £ is the correlation length. In the case of polymer gels, additional scatter-

% However, we

ing intensity is often observed due to cross-linking inhomogeneities.
recently investigated a series of gels called tetra-PEG gels which did not exhibit
excess scattering in SANS regime.? Figure 2.7 shows the observed scattering inten-
sity (dX/dQ)eps(q) for tetra-PEG gels (20 kg/mol). The solid lines are the fits with
Eq. (2.8) and (d¥X/dQ)ine = (dX/dQ)oz. As shown in the figure, (d¥/dQ)ops(q)s
are strongly dependent on ¢y. The incoherent scattering intensities were extracted
by subtracting the fitted-theoretical functions, (dX/d2)oz(q), from (d%/d2)eps(q).
Figure 2.8 shows the relative error of (d%/dQ);,. for tetra-PEG gels(20 kg/mol). The
larger deviation for ¢y < 0.02 is due to a misuse of the fitting function as will be
discussed below. The relative error except for ¢y < 0.02 is less than 13 %. Therefore,
the error is also acceptably small for weak scattering system.

Figure 2.9 shows polymer concentration dependence of (d¥/d2)y. for tetra-PEG
gels made from samples having different molecular weights, i.e., (5k, 20k, and 40k)
g/mol. The sample thickness was ¢t = 0.4 cm. The filled symbols denote (d¥/d2),cs
obtained by curve fitting with Eq. (2.22). Note that (d¥/dQ)i,.s at the same concen-
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Figure 2.8: Relative error for tetra-PEG gels(20 kg/mol) of (d3/d2)i,. obtained by
the T-method with respect to the curve-fitted ones.
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Figure 2.9: Polymer concentration dependence of (d¥/d2);,. for tetra-PEG gels pre-
pared from different molecular weight prepolymers. (d¥/dQ)i,.s obtained by curve
fitting (filled symbols) are scattered, while those from the T-method (open symbols)
do not.

37



tration should be equal. As shown in the figures, however, the data points obtained by
curve fitting (closed symbols) do not merge onto a single value for each concentration,
but increase and scatter larger with increasing ¢y. This is due to uncertainty of curve
fitting. The open symbols with dotted curves, on the other hand, are (dX/d2)i,cs
evaluated from the T-method. The values obtained by the T-method seem to be more
relevant. Another interesting feature is the deviation of the data points for ¢y < 0.02
(filled triangles) evaluated by curve fitting. It was found that these samples were
found to be not gels but polymer solutions. Therefore, the use of Eq. (2.22) was
not appropriate. Due to insufficient polymer concentrations, these samples could not
undergo gelation and remained as polymer solutions.?’ Hence, an erroneous use of a
curve fitting with Eq. (2.22) led to wrong values of (dX/dQ)iy.. The T-method, on
the other hand, gave reasonable values (open triangles) throughout the whole con-
centration range studied here. It is interesting to note that the T-method clearly
indicates such misuse of theoretical function. The dashed line is the value of ¥ /47,
i.e., the observed differential incoherent cross section at the limit of ¢ = 0. Note
that the deviation of (d¥/d€)i,. obtained by curve fitting becomes larger with in-
creasing ¢g. This is probably an erroneous evaluation of multiple scattering by curve
fitting. Therefore, one has to be careful to estimate (d¥/dQ),. from a curve fitting,

particularly for the case with large H-content or for thick samples.

2.4.4 Concentrated surfactant system: NG7@QNIST

Figure 2.10 shows the SANS profile from the Ci3E;, water, and oil system. The
circles and triangles indicate the SANS profile before and after subtraction of the
incoherent scattering intensity. The subtraction was done by the T-method. The
sample thickness was 0.2 cm. Since the system forms rather densely packed oil droplet
structure, a clear scattering peak is observed at ¢ ~ 0.07 A='. The peak at ¢ ~ 0.15
A~ originates from the core-shell shape of the oil droplet. At high-¢, since the
contribution of the structure factor to I(q) is expected to be unity, the polydisperse
core-shell model form factor is applied to fit the high-¢ data at ¢ > 0.1 A='. The
observed (dX/dQ), by the fitting was (0.3445 4 0.0006) cm~!, while the T-method
gives the value of (0.33810 & 0.0001) cm™". The difference is only 2 %. The after-
subtracted data slightly show another dip at ¢ ~ 0.35 A~! and the fit function follows
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Figure 2.10: SANS profile from Ci3E5, water, and octane microemulsion system
before and after the subtraction of (dX/d2)i.. Solid lines are the fit results according
to a core-shell-model form factor by taking the size polydispersity and instrumental
smearing into consideration.

the scattering profile quite well up to ¢ ~ 0.30 A~'. This means that the hindered

weak scattering can be emphasized after accurate subtraction of the incoherent signal.

2.4.5 The sample-to-beam size dependence

The sample-to-beam dimension dependence reported by Carsughi et al. Carsughi et
al.'2 can be explained by multiple scattering discussed in this work. The multiple
scattering is related to the mean-free path, A = 1/3,. As already discussed above,
the mean-free paths of 7 A-neutron in HyO and in D;O are A = 0.149 cm (Xtot,n20 =
6.714 cm™) and 1.58 cm (Xorp20o = 0.634 cm™!). Hence, not only the sample
thickness but also the beam dimension (typically of the order of 0.1 cm to 1 c¢m) is
crucial for incoherent scattering evaluation since incoherent scattering is isotropic.
However, the T-method should give a beam-size independent incoherent scattering
because the transmission measurement itself includes the effect of multiple scattering

along the lateral direction of the sample, i.e., the beam-size direction.
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2.5 Conclusion

A simple but reasonably-accurate method for incoherent scattering intensity evalua-
tion for H-containg materials is proposed. This method (the T-method) requires only

transmission and thickness of the sample and is given by,

(dZ)inC 11-T (2.93)

dQ/me — 4x 4T
In order to apply, the following three conditions have to meet, (1) negligible absorp-
tion, (2) incoherent scattering is predominant, and (3) inapplicable to strong coherent
scattering, such as critical phenomena. It is needless to mention that absolute inten-
sity calibration is inevitable to apply this method for quantitative analyses of SANS
data. It is demonstrated that multiple scattering of incoherent scattering from H-
atoms cannot be ignored for most cases of SANS measurements. The validity and
applicability of the T-method were carefully examined for (1) mixtures of H,O and
DO (strong incoherent scatterers), (2) nanoemulsion (strong coherent scatterers),
(3) gels (weak coherent scatterers), and (4) a concentrated surfactant system (strong
coherent scatter with inter-particle interference), and were found to be quite success-
ful, particularly for H-rich samples of sample thicknesses being 0.1 cm to 0.4 cm. This
method might not work for systems with critical concentration fluctuations because
forward scattering is extraordinarily dominated not by incoherent scattering but by

coherent scattering.
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Chapter 3

Design and Fabrication of a
High-Strength Hydrogel with
Ideally Homogeneous Network

3.1 Introduction

Hydrogels are defined as 3D polymer networks, in which aqueous solution exists as
a solvent. Most hydrogels are composed of more than 90% of water.A variety of
functional materials such as sensors and actuators were developed based on their

> Despite these unique characteristics, practical applica-

stimulus-responsiveness.!”
tions of hydrogels, especially as structural materials, are restricted because of their
low mechanical strength, which results from the micro-inhomogeneities of polymeric
topological structure created by cross-linking.® In order to resolve these problems,
many researchers have pursued the ideally homogeneous network structure for a long
time. The ideally homogeneous gel network is expected to have high mechanical
properties including modulus and breaking strength.”

In Chapter 2, we show the new strategy for forming a homogeneous network by
decreasing the degree of freedom of the micro-network structure. We formed the gel
by combining two well-defined symmetrical tetrahedron-like macromonomers of the
same size (Figure 3.1). As each macromonomer has four end-linking groups reacting
each other, these two macromonomers must connect alternately with avoiding the
self-reaction. This gelation process is simple A-B type reaction going along with
Flory’s classical theory; the gel was formed by mixing two macromonomer solutions
within several minutes. We named this hydrogel Tetra-PEG gel. The constitutional

macromonomers and the reaction were biocompatible, and the compressive strength
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of resulting gel was in a MPa-range which was much superior to those of agarose gels or
acrylamide gels having the same network concentrations (Figure 3.2). We discuss the

relation between the mechanical properties and homogeneity of the network structure.
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Figure 3.1: Molecular structures of TAPEG (A) and TNPEG (B).

3.2 Experimental

Preparation of Tetra-hydroxyl teminated PEG (THPEG)

THPEGs were synthesized by successive anionic polymerization reaction of ethylene

oxide from sodium alkoxide of pentaerythritol. The molecular weight was estimated
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Figure 3.2: Stress-strain curves of agarose gel, acrylamide gel, and tetra-PEG gel.

from the hydroxyl value. The hydroxyl value was determined by an esterification re-
action with phthalic anhydride in a pyridine solution; subsequently, excess of phthalic

acid was estimated by alkaline titration using sodium hydrate solution according to

a method (JIS K 1557) filed in Japan Industrial Standards (JIS).

Preparation of Tetra-amine terminated PEG (TAPEG)

One hundred grams of THPEG was dissolved in 100 g of KOH aqueous solution.
Then, acrylonitrile was added, followed by reaction for 4 hours. After neutraliza-
tion, the product was extracted from the aqueous solution into chloroform, and then
concentrated by evaporation. The extract was purified by a repeated crystallization
using ethyl acetate and hexane; via drying in vacuum, the Tetra-nitrile terminated
PEG was recovered. Ninety grams of the tetra-nitrile terminated PEG dissolved in
360 g of toluene was hydrated with 9 g of Ni/Carbon catalysis under NH3 and Hy
pressure. The toluene solution was filtrated and crystallized by adding an excess
amount of hexane. After filtration and drying, TAPEG was obtained. Molecular
weight (M,,) was estimated from the hydroxyl value of raw THPEGs. The molec-
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ular weight distribution (MWD) was measured by gel permeation chromatography
(GPC) (LC-10Avp, Shimadzu). The activity of the functional group was estimated
using NMR.

Preparation of Tetra-NHS-glutarate terminated PEG (TNPEG)

One hundred grams of THPEG were dissolved in 150 g of toluene. After dehydration,
6.9 g of Glutaric anhydride and sodium acetate (0.5 g) were added to the solution.
The reaction was performed under reflux condition (~ 110 °C) for 12 hours. The
reaction solution containing tetra-glutaric acid terminated PEG was cooled down
to 40 °C. Then, 13.8 g of N-Hydroxysuccinimide and 17 g of N,N’-Dicyclohexyl
carbodiimide were added and reacted at 40 °C for 3 hours. The mixture was purified
by a repeated crystallization process from a solvent system comprised of toluene, ethyl
acetate and hexane. The crystalline precipitate was dried in vacuum, and TNPEG

was recovered. The M, MWD, and activity of the functional group were measured

by the same method as TAPEG.

Viscometric measurement of TAPEG and TNPEG aqueous solution

Constant amounts of TAPEG and TNPEG ranging from 50 mg to 3000 mg were
resolved in 20 mL of water. The relative viscosity of the solutions was measured
with a rheometer (MCR501, Anton Paar), using the concentric double cylinder at a

constant shear rate of 100 s71. All experiments were carried out at 25 °C.

DLS measurement of TAPEG and TNPEG

TAPEG and TNPEG (100 mg) were resolved into 10 mL of water. For resultant
solutions, dynamic light scattering (DLS) measurements were taken at a 90 ° angle
by using a static/dynamic compact goniometer (SLS/DLS-5000, ALV). A He-Ne laser
with a power of 22 mW emitting a polarized light at A = 632.8 nm was used as the
incident beam. All the measurements were carried out at 20 °C. The characteristic
decay time distribution function, G(I'!), was obtained from ¢®(7) with an inverse

Laplace transform program (a constrained regularization program, CONTIN provided
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by ALV).

TRDLS measurement of Tetra-PEG gel

TAPEG and TNPEG (600 mg) were resolved into 0.1 M phosphate buffer (10 mL),
pH 7.4 and 7.2, respectively. After mixing two solutions in 10-mm pyrex test tube,
DLS measurements were taken at an interval of 30 s at a 90 ° angle by using a
static/dynamic compact goniometer (SLS/DLS-5000, ALV). All the measurements

were carried out at 20 °C.

Compression test of agarose gel and acrylamide gel

Agarose (600 mg) was dissolved into 10 mL of water at 85 °C. The solution was
poured into an acryl cylinder that was 15 mm in diameter and 7.5 mm in height.
Then, agarose gel was obtained by cooling it at room temperature for 2 hours. Acry-
lamide (600 mg) and N,N’-Methylenebis(acrilamide) (9.2 mg) (one crosslinker per
10,000 dalton) were resolved into 10 mL of water at room temperature. Then, 50 pL
of aqueous solution of Ammonium persulfate (100 mg/mL) and 6 pL of NN, N’ N’-
tetramethylenediamine were added to the solution. The acrylamide gel was synthe-
sized in an acryl cylinder that was 15 mm in diameter and 7.5 mm in height. The
compression test was carried out using a mechanical testing apparatus (INSTRON

3365, Instron Corporation) at a velocity of 0.75 mm/min.

Compression test of Tetra-PEG gel

Constant amounts of TAPEG and TNPEG ranging from 400 mg to 1600 mg were
resolved into 0.1 M phosphate buffer (10 mL), pH 7.4 and pH 7.2, respectively. Two
equal amounts of polymer solutions were mixed under room temperature, and the
gelation was initiated in an acryl cylinder that was 15 mm in diameter and 7.5 mm in
height for 2 hours. The compression test was carried out using a mechanical testing
apparatus (INSTRON 3365, Instron Corporation) at a velocity of 0.75 mm/min.

More than 10 samples were tested for each network concentration.
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Stoichiometric study of Tetra-PEG gel

Constant total amounts of TAPEG and TNPEG (total amount of precursors = 600
mg) with a TAPEG to TNPEG ratio ranging from 0.33 to 3.0 were dissolved into 0.1
M phosphate buffer (10 mL), pH 7.2 and pH 7.4, respectively. Two equal volumes of
polymer solutions were mixed under room temperature, and the gelation was initiated
in an acryl cylinder that was 15 mm in diameter and 7.5 mm in height for 2 hours. The
compression test was carried out using a mechanical testing apparatus (INSTRON

3365, Instron Corporation) at a velocity of 0.75 mm/min.

DLS measurement of Tetra-PEG gel

Tetra-PEG gels containing polymer networks ranging from 20 to 140 mg/mL were
prepared by the above-mentioned method in 10-mm pyrex test tubes. DLS mea-
surements were performed at a 90 ° angle using SLS/DLS-5000 at 20 °C. In order
to obtain the ensemble average, the intensity time correlation function, ¢ (7), was

measured at 100 different sample positions.

Table 3.1: Molecular  Weight (Myw) Estimated from Hydroxyl Value,
Polydispersity(Mw /M,) Measured by Gel Permeation Chromatography, and
Activity of the Functional Groups Estimated by NMR,

properties TAPEG TNPEG
molecular weight (My,) 9617 11091
polydispersity(My/Mn) 1.05 1.01
functionality of end group(%) 92.7 92.9

3.3 Results and Discussion

3.3.1 Design and fabrication of Tetra-PEG gel

In order to form a homogeneous network structure, we designed a novel hydrogel
synthesized in situ by mixing solutions of two kinds of macromonomers with different

reactive terminal groups. As constitutional units, two types of 4-armed polyethyleneg-
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lycol (PEG) were synthesized with a tetrahedron-like structure (Tetra-amine termi-
nated PEG (TAPEG) and Tetra-NHS-glutarate terminated PEG (TNPEG)). The
terminal groups of TAPEG and TNPEG were propylamine and succinimidylglutarate,
respectively (Figure 3.1 (a) and (b), Table 3.1). TAPEG and TNPEG were monodis-
perse, and the M, were approximately 10,000 Da; the molecular weight of one arm
was about 2,500 Da (Table 3.1). Four arms had a fixed-bond angle (109.47 °), and
the motility of the arms was likely restricted by steric repulsion. Thus, the shape of
the macromonomer was assumed to be tetrahedron-like, having a spatial symmetry
capable of filling the 3D space. Figure 3.3 shows the characteristic distribution func-
tion, G(I'"!), for the TAPEG and TNPEG measured by DLS. Note that there are
two modes, i.e., fast and slow modes. The fast mode corresponds to the translational
diffusion of individual TAPEG or TNPEG chains. On the other hand, the slow mode
appearing between I'"! = 100 and 101 ms indicates that some polymer chains are
clustered, as are often observed in water-soluble polymers.® Although the slow mode
looks comparable to the fast mode, it is emphasized by the factor of the sixth power of
the size ratio of the individual polymer chains to the clusters, i.e., (Ry chian/ B cluster)’
due to the nature of scattering, i.e., the scattering intensity being proportional to the
sixth power of the size of the scatterers. Here, Ry is the hydrodynamic radius. In
our case, the cluster fraction is of the order of a few percent at most. Hence, this
contribution can be neglected in this work. The values of Rh for the TAPEG and
TNPEG were evaluated to be 2.42 and 2.85 nm, respectively.’

Figure 3.4 shows the specific viscosity of the solutions measured by a rheome-
ter as a function of polymer concentration [TAPEG] (circle) and [TNPEG] (square).
From the crossover of the two straight lines, the overlap concentrations (C*) of the
macromonomers were estimated to 60 mg/mL, and the hydrodynamic radius calcu-
lated from the intrinsic viscosity using Flory-Fox equation was 3.8 nm. The simulation
result showed that the conformation of the star polymer depends on the arm length;
when the polymer chain is short enough to be affected by self-avoiding condition,
the chain take more elongated conformation than random coil.'® Compared with the
radius calculated under the assumption of random coil (3.45 nm), each arm has elon-
gated conformation compared with random coil. When these two polymer solutions
were mixed under the biological pH, amide bonds were formed between amino groups

and succinimidyl ester groups, forming a network structure. The time course of gela-
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Figure 3.3: Characteristic distribution function, G(I'™!), for the TAPEG and TNPEG
measured by dynamic light scattering. The characteristic distribution function was
obtained from the intensity-time correlation function.

tion can be monitored by the time resolved DLS measurement (TRDLS). Figure 3.5
is a typical example showing time course of G(I'"!)s of Tetra-PEG gel during gela-
tion process. In the cases of curves 1 to 5, there appeared two shoulders in G(I'™1).
The first shoulder (the fast mode) corresponds to the translational diffusion of in-
dividual polymer chains and/or corrective diffusion, while the second shoulder (the
slow mode) does to the translational diffusion of clusters. The characteristic time
of the slow mode disappear when an infinite cluster is formed. In other word, the
slow mode disappears when a sol-gel transition occurs as a result of divergence of
the characteristic time for the slow mode. Thus, the gelation time was estimated to
be ca. 4 minutes. The important message here is that gelation takes place in a few
minutes. As this reaction is a simple polymer-to-polymer one, it can be performed in
situ, with no toxic residual monomers. The dissociating succinimidyl group, which is

a citric acid derivative, can be easily metabolized by the citric cycle.*!
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Figure 3.4: Relative viscosity of the solutions measured by a rheometer as a function
of polymer concentration [TAPEG] and [TNPEG]|. From the point at the intersec-
tion of the fitting lines of higher concentration and lower concentration, the overlap
concentration (C*) was estimated.

3.3.2 Influence of macromonomer concentration on mechan-
ical properties

In order to investigate the breaking strength of Tetra-PEG gel, we performed the
compression test for gels having stoichiometric amounts of TAPEG and TNPEG.
Figure 3.6 shows the mean breaking strength and breaking strain obtained from the
stress-strain curve. There was a good correlation between the breaking stress and
breaking strain, because the compression stress increased dramatically in the larger
strain region (Figure 3.2). The maximum breaking stress of Tetra-PEG gel was 9.6
MPa at 120 mg/mL. This value was extremely high, surpassing that of conventional
hydrogels (several tens to hundreds of kPa), and was comparable to native articu-
lar cartilage (approximately 6-10 MPa). As seen in Figure 3.6, the breaking stress
and breaking strain had two peculiar peaks unlike conventional gels. This unique
mechanical property could be interpreted by using C* as follows. The network with

[Net] = 40 mg/mL was weak because the [Net] was below C*, leading to the forma-
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Figure 3.5: Time evolution of ICFs for tetra-PEG gel(60 mg/mL) in gelation process.

tion of an underdeveloped network with defects such as clusters and dangling chains.
When [Net] became C* (60 mg/mL), as macromonomers were perfectly packed in the
solution, a homogeneous structure was obtained, giving the first peak. Then, both
the breaking stress and breaking strain decreased dramatically at [Net] = 70 and 80
mg/mL. This suggested that an excess of polymers introduced defects into the gel
network. However, when [Net] was increased to 90 mg/mL, both the breaking stress
and breaking strain began to increase again. At [Net] = 120 and 140 mg/mL, the sec-
ond peak of the breaking stress and breaking strain appeared. Because these values
were equal or close to 2C*, the formation of another homogeneous structure, i.e., the
double network structure, was indicated. The network formed here was probably not
a real double network structure but pseudo one; an apparent interpenetrating net-
work existed, but all building blocks belonged to one network. When [Net] became
160 mg/mL, breaking stress and breaking strain decreased again, indicating that de-
fects were introduced into the network again. In order to investigate the effect of
the stoichiometry of two macromonomers on mechanical properties, we measured the
compression modulus and breaking strength at several stoichiometric ratios r with the

total macromonomer concentration being equal to C*, where r equals the molar ratio
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of TAPEG to TNPEG (Figure 3.7 and 3.8). The maximum value of the compression
modulus and breaking strength were obtained at » = 1.0, indicating that equimolar
macromonomers reacted with each other, and that even a slight excess or shortage
of one component weakened the gel. Furthermore, the values of the compression
modulus among reciprocal r’ s were almost the same; no matter which component
was in excess or shortage, the reductions in the compression modulus were similar,
suggesting a similarity in their network structures. This highly stoichiometrical and
symmetrical gelation process is unprecedented, strongly suggesting the formation of a
homogeneous network structure of Tetra-PEG gel. The optimal quantity and optimal

ratio of macromonomers were needed to form the homogeneous network structure.
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Figure 3.6: Network concentration dependence of breaking strain (left axis) and
breaking stress (right axis).

3.3.3 Structural analyses by DLS

To directly analyze the network structure, we performed DLS measurement. The
scattered light from gels is composed of the fluctuation component that originates
from the Brownian motion of the solution and/or solute and the frozen concentration

inhomogeneities introduced by cross-linking. Shibayama et al. proposed a method
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Figure 3.7: Dependence of compression modulus on stoichiometric ratio of two
macromonomers. Total network concentration was kept at C* (60 mg/mL).

for decomposing the concentration fluctuation in gels into the dynamic fluctuations
and the static inhomogeneities through statistical analysis of intensity-time correla-
tion functions (ICF) obtained from different sampling points.'> ' From the analysis,
the ensemble-average scattering intensity < I >g, indicating the inhomogeneity of
the network, and the fluctuating component < Ir >r, indicating the motility of the
network, were obtained. In order to investigate the influence of [Net] on the network
structure, we performed DLS analysis of gels at several network concentrations rang-
ing from 20 to 160 mg/mL. The obtained < I >g was very low, being comparable to
that of dilute gelatin gel representative of physical gels with a homogeneous network
structure. In addition, the optical transmittance of Tetra-PEG gel was approximately
100%, also indicating the homogeneous network structure.!?!6 Figures 3.9 show the
< I >g and < Iy >7 as functions of [Net]. When [Net] = 20 mg/mL, both < I >g
and < Ip >7 were at a maximum, suggesting that the network is inhomogeneous and
fluctuating. This result indicated that the constituent polymers were in short sup-
ply, resulting in the formation of an incomplete network including finite clusters.!”18

When [Net] was increased to C* (60 mg/mL), both < I >g and < Ir >7 were dra-
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Figure 3.8: Dependence of breaking strain (left axis) and breaking stress (right axis)
on stoichiometric ratio of two macromonomers. Total network concentration was kept
at C* (60 mg/mL).

matically decreased, and < [ >p reached the minimum value. These results suggest
that completely packed macromonomers formed a single homogeneous network. This
concentration corresponds to first local maximum of compression breaking stress.
When [Net] = 80 mg/mL, both < I > and < Iy >t were almost the same as those
of C*, despite the drastic change in mechanical properties. Although the mechanism
was unclear, we speculated that the existence of excess constituent polymers affected
the mechanical properties. When [Net] was further increased, < I >g became larger,
because the excess network was formed. Although the network became inhomoge-
neous in this region, < Ir >7 continued to decrease, reaching a minimum at [Net]
= 120 mg/mL. When [Net] was further increased, < Ir >7 became larger again.
These results suggested that the network at 120 mg/mL was the most rigid. Because
this concentration coincided with the second local maximum of breaking strength
and was 2C*, we deduced that excess constituent polymers formed the second ho-
mogeneous network. Taken together, we conclude that Tetra-PEG gel formed at C*
has extremely homogeneous structure. From the DLS measurement, the characteris-

tic length of the network formed at C* was estimated to 5.3 nm which corresponds
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to the double of the PEG arm length. Considering the fact that these tetrahedral
macromonomers are connected alternately with small inhomogeneity at the C* and
the network had characteristic length corresponding to two arm-length, the formation

of a well-defined network structure was strongly suggested (Figure 3.10).

25F I I I I I I H
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Figure 3.9: Network concentration dependence of the ensemble average< I >y and
dynamic fluctuation component < Iy > of scattered light.

3.4 Conclusion

In this study, we successfully designed and fabricated a novel homogeneous hydro-
gel by combining two symmetrical tetrahedron-like macromonomers of the same size.
Tetra-PEG gel was prepared through a highly stoichiometrical and symmetrical gela-
tion process. The breaking strength was extremely high, being comparable to that of
native articular cartilage. Local maxima of the breaking strength and local minima
of < I >g and < Ir >7 were obtained at C* and 2C", indicating the formation
of a homogeneous network structure. Judging from these data, we conclude that

Tetra-PEG gel has an extremely homogeneous network structure. To the best of
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Figure 3.10: Schematic illustration of a model structure for tetra-PEG gel formed at
C*. Red and blue spheres represent TAPEG and TNPEG, respectively.

our knowledge, this is the first successful fabrication of a homogeneous chemical hy-
drogel having high mechanical strength. Since the mechanical properties of ideal
networks can be modified by increasing the length between cross-linking points,? we
plan to further increase the mechanical properties of Tetra-PEG gel by controlling
the PEG arm length. Furthermore, we plan to fabricate stimuli-responsive hydro-
gels using this strategy from tetrahedron-like macromonomers. High homogeneity
of the network may dramatically enhance the degree and kinetics of volume change.
In addition, Tetra-PEG gel may be valuable in application for practical use. For
biomedical applications, hydrogels are required to meet three criteria at the same
time: high-mechanical properties, biocompatibility and an easy fabrication process.
Tetra-PEG gel has successfully satisfied all three criteria. First, it has attained high-
mechanical properties using symmetrical tetrahedron-like constitutional polymers to
form an extremely homogeneous structure. Second, Tetra-PEG gel uses biocompat-
ible tetrahedron-like PEG with mutually reactive terminal groups; its gel formation
reaction does not use or produce any toxic substance. Third, Tetra-PEG gel can
be fabricated within a few minutes through in situ gelation by simply mixing two
macromonomer solutions. Because of these combined merits, we strongly believe

that Tetra-PEG gel and its derivatives may be useful in the biomedical field. In con-
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clusion, by combining symmetrical tetrahedron-like macromonomers, we successfully

controlled gel network structure and the resultant mechanical properties. Tetra-PEG

gel will not only be useful as a biomaterial but may also contribute to the under-

standing of ideal networks. Furthermore, as we may be able to apply this strategy

regardless of polymer species, we believe that this strategy will have a strong impact

on the field of gel research.
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Chapter 4

Structure Characterization of
Tetra-PEG Gel by Small-angle
Neutron Scattering

4.1 Introduction

One of major reasons for insufficient mechanical strength is cross-link inhomogeneities
introduced during gel preparation. Cross-link inhomogeneities were found in vulcan-
ized rubbers! and in polymer gels.? The understanding of cross-link inhomogeneity
is very important from both scientific and engineering points of view since it affects
the physical properties of the network polymer, such as mechanical and optical prop-
erties.®> Inhomogeneous distribution of cross-links leads to stress-concentration in low
cross-link density regions, resulting in mechanical breakdown. In order to circum-
vent this problem, various types of gels were proposed, such as networks prepared by
end-linking of well-defined prepolymers,* gels obtained by gamma ray cross-linking
of polymer solutions.® Recently, several novel gels having advanced mechanical prop-
erties are proposed on the basis of completely different concepts, namely slide ring
gels,® nanocomposite gels,” and double network gels.® Though these gels meet the
criterion of the mechanical properties, other criteria, such as biocompatibility and
easy preparation are not satisfied.

Sakai et al. developed a novel class of hydrogels that meet all of these criteria, i.e.,
high mechanical strength and toughness, easy preparation, and biocompatibility.’
Tetra-PEG gel seems to have an extremely homogeneous network structure with
very low degrees of defects in the network. However, the structure-property rela-

tionship has not been fully elucidated. In this chapter , we extensively studied the
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network structure of Tetra-PEG gel as well as the structure of precursor macromers,

i.e., TAPEG and TNPEG, in aqueous solutions using small-angle neutron scattering

(SANS).

4.2 Theoretical Background

4.2.1 Thermodynamics of polymer solutions and gels

In the context of Flory-Huggins theory for polymer solutions,’ the osmotic pressure

of the polymer solution is given by

I = —}‘%Z {ln(l—gb)—i— (1—i)¢+x¢>2} (4.1)
where V] is the molar volume of the solvent, R is the gas constant, T" is the absolute
temperature, ¢ is the volume fraction of the polymer, and x is the Flory-Huggins
interaction parameter. z is the reduced degree of polymerization of the solute polymer

normalized to the molar volume of the solvent, V;.

z:<E>Z (4.2)

Here, Z is the degree of polymerization of the polymer based on the monomer unit of
the polymer and V5 is the molar volume of the monomeric unit of the solute (polymer).
The osmotic modulus is given by!!
oll  RT¢ 1 Va )
Kos = ¢p— = 1 — =2 — | oZ 4.3
0s ¢3¢ \@Z[Jr(l—(ﬁ X)(Vl ¢ (4.3)

Note that the factor (V2/V}) is necessary for the case where the molar volume of the

monomeric unit of the solute is different from that of the solvent.
In the case of polymer gels, there are two contributions to the osmotic pressure. One
is from the free energy of mixing, Il,,;x, and the other is from the elasticity of network
chains, Ily. Since the degree of polymerization is infinite (z — 0o or Z — o) for
gels, Il is given by taking z — oo in eq 4.1, i.e.,

RT

Mo = = [In(1 = ¢) + &+ x¢?|  (polymer gel) (4.4)
1

On the other hand, Il is obtained by!?

@7 e
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where v, is the number density of the effective elastic chains in the network and ¢q
is the volume fraction of the polymer at preparation. At swelling equilibrium, the
following equation holds,'?

=1,y +1lg =0 (4.6)
Hence, v, is obtained for affine-model networks

Veaff = [ln (1 — (b) + (b + X¢2] (afﬁne) (47)

vili(2)-(2)"]

This is the so-called Flory-Rehner equation and is used to determine the cross-link

density (or the number density of effective polymer chains in a polymer network).!?
In the case of phantom chains, the number density of effective polymer chains is

modified to'*

2
Ve ph = Ve,aff (1 - f;p) (48)

where f, is the functionality of the cross-link. Since the phantom network does not
have the translational entropy term of cross-links, the equation for swelling equilib-

rium is given by!®
In (1 —¢) + ¢+ x¢’]
NE
V(%)

for f, = 4 network. The phantom chain model allows that fluctuations of the dis-

(phantom) (4.9)

Veph = —

placement of cross-links after deformation are equal to those of undeformed state and
are given by ((Ar)?) = ((Ar)*)g = 2(r?)¢/ f.'0 Here, 7 and Ar denote the end-to-end
distance of polymer chains between neighboring cross-inks and its deviation from the
affine deformation, respectively, and the subscript 0 means undeformed state. This
leads to ((A7)?) = ((AT)%)g = (r2)o/2 for f, = 4, which is too large for Tetra-PEG
gels as will be discussed later. Hence, we employ the affine model hereafter.

The osmotic modulus of polymer gels is given by

Kos = Kogmix + Kosel

RT®? [ 1

= — =2 RT
v (1_¢ X)—H/R

(@)@ e

4
Mos = Kos + gG (4.11)

The longitudinal modulus is obtained by!'”
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Here, G is the shear modulus given by!!

6\
Gz%RT() (4.12)
Po
Hence,
4
Mos = Kos+§G
_ RT?( 1 1(¢ o\ ?
= ‘/1 (1_¢ — 2X> + I/BRT 5 <¢0> + <¢0> (413)

4.2.2 The scattering intensity functions for star-polymer so-
lutions and polymer gels

According to the Einstein’s fluctuation theory,!® the scattering intensity at ¢ = 0
(i.e., the thermodynamic limit), 7(0), for polymer solutions is related to the osmotic

1 OduluS by
2 "B

where ¢ is the magnitude of the scattering vector and is the scattering length density

1(0) = (Ap) (4.14)

difference square between the polymer (2) and solvent (1) given by

(B = (02— ) = [(3) - (l’v)] (4.15)

Here, b; and V; are the scattering length and the monomeric volume of component
i (=1 or 2). Since I(0) is related to eq 4.3, the scattering intensity function for

polymer-solvent systems is given by the single-contact theory of Zimm,!%2°

(AP)2 ‘/2¢Pstar<Q>

I(Q) = NA 14+ (1 — 2x) (%) ¢Pstar(Q)

(4.16)

Here, N, is the Avogadro’s number, and ¢ is the volume fraction of the solute.

Piar(q) is the form factor of f-arm star-polymer chains given by?!22
Pauslt) = gzlu= (1= exp (o)) + L2 - ep (o)) 0
where f is the number of arms of the star polymer and v == Za%q?/6. Note that
&Mm:?+UﬁﬁZ:Z (4.18)
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The radius of gyration of the star polymer, R, g4, is related to that of the arm polymer

by ,
2 2 (3f —2) Za
Rg,star = f Rg,arm = f2 6

The scattering function for polymer gels is given as a sum of Ornstein-Zernike function

(4.19)

(OZ)® and a squared-Lorentzian function (SL) as written by,?*2

(A,O)Q RT¢2 1 + Ainhom
NAMOS 1 —|—£2q2 (1 +E2q2)2

I(q) = (4.20)

Here, £ is the correlation length of the network and = is the characteristic size of
inhomogeneities in the gel. Ajnom 1S a constant representing the contribution of
frozen inhomogeneities and is independent of ¢. It is known that the OZ function
represents thermal concentration fluctuations and the SL term represents frozen-
spatial inhomogeneities. Since Mog is given by eq 4.13, 1(0) for polymer gels is given
by

Ap)® ¢ 1

(
[(O): - 1/3
Na 2 (- 2x) +w {;%)Jr(;z)/

] 14+ Ainhom] (4.21)

4.3 Experimental

4.3.1 Sample preparation

Tetraamine-terminated PEG (TAPEG) and tetra-NHS-glutarate-terminated PEG
(TNPEG) were prepared from tetrahydroxyl-terminated PEG (THPEG) having equal
arm lengths. The details of TAPEG and TNPEG preparation are reported elsewhere.”
The molecular weights (M, ) of TAPEG and TNPEG were matched to be either 10 k
or 20 kDa. Here, NHS represents for N-hydroxysuccinimide. The activity of the func-
tional group was estimated using NMR. Tetra-PEG gels were synthesized as follows.
Constant amounts of TAPEG and TNPEG (5-160 mg/mL) were dissolved in phos-
phate buffer (pH7.4) and phosphate-citric acid buffer (pH5.8), respectively. In order
to control the reaction rate, the ionic strengths of buffers were chosen to be 25 mM for
lower macromer concentrations (5-100 mg/mL) and 75 mM for higher macromer con-
centrations (110-160 mg/mL). Two solutions were mixed and the resulting solution
was poured into the mold. At least 12 hours were spent for completion of reaction

before the following experiments. No noticeable sol fraction was detected by NMR.
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SANS samples were prepared in quartz cell with equi-amounts (stoichiometric case)
or with different compositions (non-stoichiometric case) of Tetra-PEG-10k and Tetra-
PEG-20k. Note that the condition of sample preparation was significantly changed
from that employed in the previous paper.” The pHs were carefully chosen so as not
to cause hydrolysis and to optimize the coupling reaction. The gelation time was also
extended from 4 h to 12 h for completion of coupling reaction. The initial macromer
concentrations were varied from 5 to 160 mg/mL. The corresponding initial polymer

volume fractions, ¢y, were in the range between 4.43 x 1072 and 1.42 x 1071

4.3.2 Mechanical and swelling measurements

Stretching measurements were carried out for rectangular-shaped films (30 mm high,
5 mm wide, and 2 mm thick) of Tetra-PEG gel using a mechanical testing apparatus
(RHEO METER:CR-500DX-SII, Sun Scientific Co.) at a velocity of 0.1 mm/sec.
Shear experiments were also conducted for disk shape films 25 mm in diameter and 1
mm in thickness using dynamic viscoelasticity measuring apparatus (MCR301, Anton
Paar.) In the case of swelling measurements, sample specimens of the same size as
those for the stretching measurements were immersed in large amount of deionized
water for at least 2 days. Then, the weights of the specimens were measured in order

to calculate the polymer fraction in equilibrium swelling state.

4.3.3 Small-angle neutron scattering (SANS)

Small-angle neutron scattering experiments were carried out at two-dimensional SANS
instrument, SANS-U, the University of Tokyo, located at JRR-3 Research Rector,
Japan Atomic Energy Agency, Tokai, Ibaraki, Japan. Monochromated cold neutron
beam with the average neutron wavelength of 7.00 A and 10 % wavelength distri-
bution was irradiated to the samples. The scattered neutrons were counted with a
two-dimensional position detector (Ordela 2660N, Oak Ridge, USA). The sample-to-
detector distance was chosen to be 1 and 4 m for macromer measurements and 2
and 8 m for Tetra-PEG measurements. After necessary corrections for open beam
scattering, transmission and detector inhomogeneities, the corrected scattering in-
tensity functions were normalized to the absolute intensity scale with a polyethylene

secondary standard. The details of the instrument are reported elsewhere.?%27 Inco-
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herent scattering subtraction was made with the method reported by Shibayama et

al.?®

4.4 Results and Discussion

4.4.1 Swelling and Mechanical Properties

Figure 4.1 shows the swelling degree, ¢q/¢, as a function of ¢, for Tetra-PEG-10k and
Tetra-PEG-20k. Here, ¢q is the polymer volume fraction at sample preparation. The
degree of swelling increases approximately linearly with ¢y. The higher the initial
polymer concentration, the larger the degree of swelling is. Note that (1) ¢g/¢ is in
the range of 1 to 3, and (2) a uniform gel was prepared from a solution of Tetra-
PEG-10k even with a half of the so-called C* concentration evaluated by viscometry,
C* (=~ 60 mg/mL), i.e., 30 mg/mL (¢y = 2.26 x 1072).” This indicates that network
formation occurs by spontaneous chain-stretching and coupling of succinimidyl ester
and amine groups at chain ends. In the case of Tetra-PEG-20k, a gel prepared with
the concentration lower than C* was too brittle to measure the swelling ratio.
Figure 4.2 shows the variation of Young ’ s modulus, E, as a function of ¢, for
Tetra-PEG-10k and of Tetra-PEG-20k. We also measured the shear modulus, G,
and confirmed the relationship, F ~ 3G (valid for materials with Poisson ratio being
1/2). According eq 4.12, E is expected to scale as E ~ G ~ v, ~ ¢9. The dashed
lines are drawn by crossing the origin and by fitting with the data for ¢y > ¢j. As
a matter of fact, E seems to scale with ¢ at high ¢, regions, while £ does not cross
the origin but reduces to zero by approaching ¢j. This is why £ depends on ¢
with a higher exponent than unity in the low ¢y region as shown in the inset, i.e.,
E ~ ¢3!, Larger exponents than unity are reported in the literature, e.g., 1.83 for
poly(diethylsiloxane) networks.?® Such a higher exponent is explained as a result of
entanglements. However, in the case of Tetra-PEG gels, it is important to note that £
is essentially proportional to ¢g, indicating absence of entanglements. Note that E’s
for the two samples are co-linear in the log-log plot with the factor of 2 as expected
(i.e., Ve10k = 2Ve20k)- It is noteworthy that the order of E is a few-tens of kPa, which
is about one order of magnitude larger than that of typical gels with similar polymer

30,31

concentrations and that of tetra-arm PEG gels made with bi-functional chain

extender.?? Lutolf and Hubbell investigated tetra-arm-PEG gels with 10 k and 20
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Figure 4.1: Initial polymer volume fraction, ¢, dependence of the swelling degrees,
¢o/ ¢, for Tetra-PEG-10k and Tetra-PEG-20k. The up-arrow and down-arrow indi-
cate the chain overlap concentrations for Tetra-PEG-10k and Tetra-PEG-20k, respec-
tively evaluated by viscometry.

kDa. Their PEG gels were prepared from vinyl sulfonated tetra-arm PEG by Michael-
type addition of thiol-containing peptides. Hence, the latter plays as a chain extender.
In their case, the order of shear modulus, GG, was a few kPa in the concentration range
of 5 to 20 w/v%.3? The origin of the high mechanical strength in Tetra-PEG gels
results from its high yield of network formation. The linear relationship between F
and ¢( indicates that there are no noticeable entanglements in the network. Therefore,
the higher modulus of Tetra-PEG gels is ascribed solely to a high efficiency of network
formation with no or very low amount of defects. We conjecture that the superiority in
the mechanical properties of Tetra-PEG gels is due to its unique sample preparation,
i.e., A-B type end-coupling of tetra-arm PEG. In the following, we further report on

the structures of the prepolymer (macromer) solutions and Tetra-PEG gels.
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Figure 4.2: ¢y dependence of Young ' s moduli, E, for Tetra-PEG-10k and Tetra-
PEG-20k. The dashed lines are fitted lines by crossing the origin and by fitting the
data for ¢ > ¢§. The inset shows the log-log plots.

Figure 4.3 shows the comparison of the number densities of effective polymer chains
for (a) Tetra-PEG-10k and (b) Tetra-PEG-20k, evaluated from stoichiometry (vest),
swelling equilibrium (affine model; ve o), and mechanical measurements (). The
stoichiometric number density, v, is evaluated via

Vest = J;‘ZOZ = ‘2/552 (4.22)
Here, we set f, = f = 4 and V5 = 39.02 cm?3/mol (monomeric molar mass = 44.04 g,
mass density = 1.129 g/cm?). The ¢y dependence of v g, is shown with a dashed line,
The open circles denote v, 5. The value of x = 0.43 was taken from the literature.??
However, in order to match the values of the number densities from the swelling and
mechanical measurements (open squares), it was necessary to play with y. We fitted
the swelling results using affine model with v, ¢ by changing x as a floating parameter.
The best fit was achieved when x = 0.475 as shown with solid circles (v ) and open

squares (Vee). Hence, the experimental x value in Tetra-PEG gels for the swelling
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Figure 4.3: ¢ dependence of the number densities of the effective polymer chains
for (a) Tetra-PEG-10k and (b) Tetra-PEG-20k, evaluated from stoichiometry, (Ve st;
dashed line), affine model (v, o; Open circles), phantom model (v, pn; triangles), and
Young " s modulus (v, q; open squares). The solid lines were obtained with phantom
model with x = 0.475 instead of y = 0.43.
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measurements was slightly larger than the value written in the literature. Figure
4.3b shows the similar plots for Tetra-PEG-20k. Phenomenological equations for v

obtained by fitting for the limited concentration range are given in the figures, i.e.,

Vel = 113¢y —1.96 [mol/m?] (Tetra-PEG-10k)
Vel = 64.0¢9 — 1.75 [mol/m?] (Tetra-PEG-20k)

These phenomenological equations also indicate no or negligible entanglements in

Tetra-PEG gels.

4.4.2 Tetra-PEG macromers

Before discussing the structure of Tetra-PEG gels, let us discuss the structure of
Tetra-PEG macromers. Figure 4.4 shows the SANS intensity function, I(q), for
TAPEG-10k in deuterated solution. The concentration was ¢y = 3.54 x 1072 (40
mg/mL), which is the one of the lowest concentrations investigated in this work. The
dashed and chain lines represent the theoretical scattering functions calculated with
the star-polymer (eqs 4.16 and 4.17 with f = 4 and x = 1/2) and OZ functions (eq
4.20 with Ajppom = 0), respectively. As shown in the figure, the observed scattering
function is not well reproduced by the OZ function, but by the star-polymer function.

The difference is more clearly seen in the Kratky plot, i.e., ¢*I(¢)vs g, in the inset.

Figure 4.5 shows I(q)s for (a) TAPEG-10k and (b) TAPEG-20k at various polymer
concentrations. I(q)s look monotonously decreasing functions of ¢. I(0) is expected
to be proportional to ¢, i.e., 1(0) ~ ¢¢Z, if no inter-polymer chain interaction exists
(i.e., x &= 1/2). However, it was found that /(¢)s did not change systematically as a
function of ¢y and were decreasing function of ¢y as shown in Figure 4.6. As a matter
of fact, concentration dependence of 1(0) has a peak, and such phenomenon was first
reported by Debye and Bueche in turbidity of polymer solutions.?® Soni and Stein
also observed a peak in light scattering intensity for end-linked poly(dimethylsiloxane)
solutions.?* The presence of the maximum in 7(0)vs ¢y plot suggests the importance
to take into account of the inter-polymer chain interaction. The solid lines in Figure
4.5 were calculated by using eq 4.16, which takes into account of the inter-polymer
chain interactions with y = 0.475. Accordingly, the solid lines in Figure 4.6 were also

calculated with eq 4.16 with the same parameters.
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Figure 4.4: Scattering intensity function of TAPEG-10k macromer aqueous solution.
The concentration was 40 mg/mL. The dashed and dotted lines are the fits with the
scattering functions of star polymers and of gels, respectively.

Figure 4.7 shows the variations of R, star for TAPEG-10k and TAPEG-20k as a
function of ¢o. Note that R,,star is defined as the radius of gyration of the star
polymer. Figure 4.7 indicates that Rg,star is a decreasing function of ¢y both for
TAPEG-10k and TAPEG-20k. The value of Rgstar was 19.1 A for 40 mg/mL-
TAPEG-10k. The hydrodynamic radius of four-arm TAPEG-10k at 10 mg/mL was
obtained by dynamic light scattering (DLS). The value was Ry, = 24.2 A By knowing
the segment length of PEG chains to be 5.89 A% the radius of gyration can be
estimated via eq 4.19. The theoretical value is 28.6 A for the four-arm polymer in ©
condition. The ratio p = R,/Ry, is 1.18. This value is reasonably in accordance to
the theoretical ratio p = Ry/R, = 1.333 (for f = 4 star polymer in © condition)?®
by considering that the latter is for the © condition. However, the values of R,

obtained by SANS are significantly lower than that obtained by DLS and do not
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Figure 4.5: SANS intensity functions of TAPEG macromer solutions (a) TAPEG-10k
and (b) TAPEG-20k. The solid lines are obtained by fitting with eq 4.16.
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eq 4.16.

satisfy the relation. This is partially due to the difference in the concentrations, i.e.,
40 mg/mL (SANS) and 10 mg/mL (DLS). By extrapolating ¢q to 8.86 x 1073 (10
mg/mL), one obtains Ry gar = 25.4 A, which is still below the expected value by
the unperturbed chain calculation and by DLS. The reason is not clear at this stage.
Apart from the absolute values of Ry star, Rgstar decreases roughly with a power-law
fashion, i.e., Ry star ~ &4, With § = —0.293 (Tetra-PEG-10k) and -0.325 (Tetra-PEG-
20k). This indicates that Tetra-PEG macromer solutions consist of space-filled blobs

of Tetra-PEG macromers and behave as Rg star ~ ¢g 13

4.4.3 Tetra-PEG gel

Figure 4.8 shows SANS intensity curves for (a) Tetra-PEG-10k (b) Tetra-PEG-20k
at various polymer concentrations. The solid lines represent fitting curves with OZ
functions (eq 4.20)%7 with Ajpom = 0 and the dashed lines are obtained with the star-
polymer function (eq 4.16). Surprisingly, all the curves for gels are nicely fitted with
the theoretical function (eq 4.20) without the inhomogeneitiy term (i.e., Ajppom = 0).
Figure 4.9 shows plots of (q)/¢o&?vs £g. All the curves for gels are superimposed
to a single master curve for (a) Tetra-PEG-10k and (b) Tetra-PEG-20k, respectively.
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Figure 4.7: Variation of R, as a function of ¢. The inset is log-log plot of the same
data.

This indicates that all the samples are in semi-dilute regime where macromer chains
are connected to each other and form an infinite network. It should be noted here that
the scattering intensity functions for polymer gels, in general, cannot be represented
by a simple OZ function and hence cannot be superimposed by a single function,
such as I(q)/¢&%vs €q. Such non-universality in the scattering function is ascribed to
the contribution of frozen-inhomogeneities (i.e., Aijppom 7# O).24’38 The experimental
results for Tetra-PEG gels, however, strongly suggest that the network structure in
Tetra-PEG gels is extraordinarily uniform at least up to the lower bound of the SANS
experiment, i.e., 0.003 A (/= 2000 A). It is known that frozen-inhomogeneities ap-
pear not in as-prepared gels but in swollen or deformed gels.?*3° From this point
of view, Figure 4.9 does not fully prove that Tetra-PEG gels have extraordinarily
uniform networks. However, Figures 4.1 and 4.2 show that gelation in Tetra-PEG
occurs even at lower concentrations than ¢, probably via spontaneous stretching and
coupling of the arm chains of TAPEG and TNPEG. In other words, uniform Tetra-
PEG gels are also obtained even from a macromer mixture with ¢y < ¢; and these

gel do not have the inhomogeneity term in the SANS function. These data strongly
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Figure 4.8: SANS intensity functions of Tetra-PEG gels. (a) Tetra-PEG -10k and (b)
Tetra-PEG-20k. The solid lines are obtained by fitting with eq 4.20 with Aj pom = 0.
The dashed lines are fitted functions with eq 4.16 for imperfect gels prepared at low
macromer concentrations.

support our argument. Furthermore, we recently carried out SANS measurements for
swollen Tetra-PEG gels and observed absence of the inhomogeneity term. The details
of the swollen gel systems will be reported in the forthcoming paper. In a more con-
densed and entangled system, Beltzung et al. reported SANS results on end-linked
poly(dimethylsiloxane) network in swelling equilibrium.* They also observed no sig-
nificant increase in scattering intensity. But in the field of hydrogels, Tetra-PEG
gel is the first hydrogel having no inhomogeneities in equilibrium swollen state. It
should be also mentioned that dynamic light scattering results showed nonergodicity
in Tetra-PEG gels.” The presence of nonergodicity, in spite of high homogeneity in
Tetra-PEG gels, may be ascribed to the fact that nonergodicity is not related to in-
homogeneities but to topological fixation of chain motion by cross-linking. This issue
will be also addressed in the forthcoming paper.

The variation of correlation length, &, is plotted against ¢ in Figure 4.10. £ is
a decreasing function of ¢y. Note that the chain overlap concentrations, ¢, of the

macromer solutions, i.e., TAPEG and TNPEG, are calculated to be around 5.31x 1072
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(60 mg/mL) and 3.54 x 1072 (40 mg/mL) (marked with arrows) for Tetra-PEG-10k
and Tetra-PEG-20k, respectively. If the concentration fluctuations in Tetra-PEG gels

are the same as those in polymer solutions in a good solvent, ¢ scales as & ~ ¢, 3/

n
a good solvent?” and € ~ ¢! in a © solvent. Therefore, the exponents shown in the
inset, -1.25 (Tetra-PEG-10k) and -0.88 (Tetra-PEG-20k) may indicate that the blob
chains in Tetra-PEG gels behave more likely as Gaussian chains than self-avoiding
chains. This, in turn, means that the y parameter of Tetra-PEG gels is close to 1/2.
Figure 4.11 shows 1(0)vs ¢ for Tetra-PEG-10k and Tetra-PEG-20k. 7(0) is a de-
creasing function of ¢y, except for the low ¢y region (¢pg < ¢oge). The solid lines are
the theoretical functions for I1(0) (eq 4.21) with Ajppom = 0, with x evaluated from
the SANS analysis on the star-polymer solutions (Figure 4.5). These lines roughly
reproduce the variation of 1(0) with ¢g, suggesting the validity of the SANS analysis.
The results and discussion given above suggest that the network structure of Tetra-
PEG gels is quite uniform and does not have noticeable defects, such as loops and

dangling chains. In order to confirm these results more specifically, we carried out

SANS experiments for non-stoichiometric cases.
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Figure 4.11: Variation of I(0) as a function of ¢y. The solid lines are obtained with
eq 4.21, where the ¢y dependence of y and v, are taken into account.

4.4.4 Non-stoichiometric Tetra-PEG gel

According to the discussion given above, it is of particular importance to match the
concentration of TAPEG and TNPEG for achieving optimal mechanical properties
of Tetra-PEG gels. In order to examine this conjecture, we carried out SANS and
mechanical testing experiments for non-stoichiometric Tetra-PEG gels that were pre-
pared with non-stoichiometric compositions, r = [TAPEG]/[TNPEG].

Figure 4.12a shows SANS intensity curves of Tetra-PEG-10k gels with TAPEG: TNPEG
= 100:100 (matched) (r = 1), 90:110 (r = 0.82), 75:125 (r = 0.60), and 50:150 (r
= 0.33). Interestingly, /(q) is a sensitive function of the degree of asymmetry and
decreases progressively when the degree of asymmetry increased. The SANS curve of

the macromer (TAPEG) is also shown in the figure. The solid lines are the fits with

I(q) = adoz(q) + (1 — &) Lsar (q) (4.23)

Here, « is the ratio of the gel component. The physical meaning of eq 4.23 is that
the minor component is able to couple with the same amount of the other compo-

nent and forms a network, while the rest of the major component remains as star
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Figure 4.12: SANS intensity functions of non-stoichiometric Tetra-PEG gels, (a)
Tetra-PEG-10k and (b) Tetra-PEG-20k. The solid lines are obtained by fitting with
eq 4.21.

macromer chains. Curve fitting gives o = 0.65 when r = 0.9. This means that simple
additivity does not hold in I(g). A similar result was obtained for the other side of
non-stoichiometry, i.e., TAPEG:TNPEG = 110:90 (r = 1.22), 125:75 (r = 1.67), and
150:50 (r = 3.0). It is clear that I(q) decreased when the degree of stoichiometry
increased. Figure 4.12b shows the cases of Tetra-PEG-20k, resulting in the same
conclusion as the case of Tetra-PEG-10k.

Figure 4.13 shows «a together with (a) the breaking stress by compression and (b)
the number density ratio of effective polymer chains contributing to the elasticity,
Vew/Vest as a function of logr. As clearly seen, both are symmetric function of logr.
Figure 4.13 shows that (1) I(¢g) and E are strong functions of the degree of stroichiom-
etry and it becomes a maximum at r = 1, (2) a slight offset of composition results
in a significant deviation from the simple additivity rule of /(g), (3) the nonmatched
TAPEG or TNPEG chains behave as defects of the network, resulting in significant
depression of the mechanical properties.

Figure 4.14 shows schematic models of (a) Tetra-PEG macromer solutions and (b)

Tetra-PEG gels as a function of ¢y. Due to the presence of a bulky end-group (NHS-
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glutarate group for TNPEG) or electrostatic repulsive interaction between protonated
trimethyleneamine groups for TAPEG at the end of arm chains, macromers do not
overlap each other even at a concentration higher than ¢f. This leads to a formation
of Tetra-PEG gels with a low degree of entanglements. Exclusive cross-end-coupling
between amino and carboxyl groups of TAPEG and TNPEG macromers enables a
formation of a tetrahedron-type network with a high yield and an extremely low de-
gree of defects. All of these natures originating from a unique design of Tetra-PEG
gels result in a formation of high-performance biocompatible gels with advanced me-

chanical properties.

4.5 Conclusion

Structure analyses of Tetra-PEG gels were carried out by means of swelling experi-
ments and SANS, and the results were discussed by taking into account the mechani-
cal properties of the same systems. The following facts are disclosed. (1) Tetra-PEG
gels are stoichiometrically prepared irrespective of the initial polymer concentration,
and their swelling behaviors are well predicted by the Flory-Rehner theory. (2) The
mechanical moduli of Tetra-PEG gels, £ and G, are proportional to the initial poly-
mer concentration and is one order of magnitude larger than the corresponding gels
made with similar tetra-arm PEG gels prepared with a low-molecular-weight cou-
pling reagent. This indicates that cross-end-coupling of A- and B-type tetra-PEG is
essential for gel preparation with extremely low defects. (3) The scattering functions
of the macromers can be well reproduced by the scattering function for star polymers.
(4) SANS functions of Tetra-PEG gels can be described by simple Ornstein-Zernike
function without excess scattering component originating from cross-linking inho-
mogeneities. This means that Tetra-PEG gels are extremely homogeneous, and an
“ideal ” network free from defects is formed. (5) Preparation in non-stoichiometric
composition leads to formation of defects in the polymer chain network and results in
a significant depression of the mechanical properties. Structural models of macromer
solutions and of Tetra-PEG gels, which account for the advanced mechanical proper-

ties of Tetra-PEG gels, are proposed.
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Chapter 5

SANS and SLS Studies on
Tetra-PEG (Gels in As-prepared
and Swollen States

5.1 Introduction

In chapter 5, a series of Tetra-PEG gels have been investigated by small-angle neutron
scattering (SANS) and static light scattering (SLS). SANS experiments were carried
out for the swollen gel in swelling equilibrium, as well as the precursor macromer
solutions and the as-prepared gels.

It is well known that polymer gels have inhomogeneous structures.!® Since these
inhomogeneous structures are only “topologically frozen”, a polymer gel in a solvent
is an open system and is able to obey thermodynamics.” This is why a gel can change
its volume depending on its environment and reach thermodynamic equilibrium.®?
Inhomogeneous structures in polymer gels are ascribed to an introduction of cross-
links to a polymeric system, which fixes the topological architecture of the system.
These inhomogeneities are often characterized by an upturn in the scattering inten-
sity at low g-region in small-angle neutron scattering (SANS)! or a speckle pattern

1,12 where ¢ is the magnitude of the scattering vector. There

in laser light scattering,
are various types of inhomogeneities, such as spatial, topological, connectivity, and
mobility inhomogeneities as classified by shibayama et al.'® A large number of studies
on structural characterization of polymer gels have been carried out by using these
properties.® Since the physical properties of gels, such as mechanical properties and
optical properties, strongly depend on the structure, it is extremely important to clar-

ify the relationship between structure and mechanical properties. The understanding
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of cross-link inhomogeneities is vital from both scientific and engineering points of
view since they affect the physical properties of the network polymer, such as mechan-
ical and optical properties.'* On the other hand, there has been a desire to prepare
an "ideal” polymer network free from defects.!® One of the theoretically promising
methods to prepare a model network was end-coupling of telechelic polymer having a
sharp molecular weight distribution by multi-functional cross-linker.'62° There has
been no success to prepare defect-free networks so far.2!23 No matter how precisely
one controlled the architecture, the obtained ”"model network” had strong forward
scattering at low ¢ region and or exhibited double shoulder scattering curves. For
example, Mendes et al. classified gel structures to (I) the one-correlation length gels,
(IT) the soft order gels that have a scattering maximum, and (IIT) the two-correlation
length gels.?? In chapter 4, we revealed that SANS functions of Tetra-PEG gels can
be described by simple Ornstein-Zernike function without excess scattering compo-
nent originating from cross-linking inhomogeneities. In this chapter, we discuss the
structure of Tetra-PEG gels in as-prepared and swollen states with the scattering
intensity data in a wide ¢ range covering not only SANS (0.003 < ¢ < 0.2 Afl) but
also light scattering (LS) regime (0.0008 < ¢ < 0.002 A_l).

5.2 Theoretical Background

5.2.1 Scattering functions for multi-arm polymer chains

The form factor of multi-arm star polymer chains, Py (q) is given by?+2
27 f—1
Piar(q) = W{u —[1 —exp(—u)] + T (1 —exp (—u))’} (5.1)

Here, f is the number of arms of the star polymer, Z is the degree of polymerization,
and u = Za%q?/6 with a being the segment length. Eq 5.1 is a “Debye function” for
f-arm polymer chain. The inter-polymer interaction can be taken into consideration
in terms of the Flory-Huggins interaction parameter, y, and the scattering intensity

is given by, )
(Ap) ‘/QQsttar((D
NA 1+ (1 - 2)() (%) prstar(q)

Here, N, is the Avogadro’ s number, and ¢ is the volume fraction of the solute. V;

I(q) =

(5.2)

and V5 are the molar volumes of the solvent and the monomer unit of the solute,
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respectively. (Ap)2 is the scattering length density difference square between the

polymer 2 and solvent 1.

(IR

where b; and V; are the scattering length and the volume of the solvent (i = 1) and

the monomeric unit of component (i = 2).

5.2.2 Scattering functions of polymer gels

According to de Gennes,?® the scattering intensity function of polymer gels in swelling
equilibrium is the same as that of polymer solutions at the same concentration and
is given by
(Ap)’ RT¢* 1
I(q) = 3 (5.4)
NaMos 1+ &%

Here, £ is the correlation length of the network. R is the gas constant, and T is the

absolute temperature. Mog is the osmotic modulus of the gel given by

2 1/3
Mg = L9 (1 _ 2X) + v.RT ; (;i) + ((Z;) ] (5.5)

Vi \1-¢
where 1, is the number density of the effective elastic chains in the network. In prin-

ciple, the scattering function can be represented by the so-called Ornstein-Zernike

function,?”

i.e., eq 5.4. However, it is known that scattering intensity functions of
gels have significant forward scattering at low g-region due to cross-linking inhomo-
geneities. As a result, by adding an extra term, eq 5.4 is modified to®®
(Ap)Q RT¢2 1 Ainhom

I(g) = +
(Q) NaMos 1+ £2¢2 (1 +52q2)2

(5.6)

The extra term Ajypom 18 dependent on the chemistry of gel preparation since it rep-
resents how the component polymer chains are topologically frozen by cross-linking.
5.3 Experimental Section

5.3.1 Sample preparation

Tetra-amine-terminated PEG (TAPEG) and tetra-NHS-glutarate-terminated PEG
(TNPEG) were prepared from tetrahydroxyl-terminated PEG (THPEG) having equal
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arm lengths. Here, NHS represents for N-hydroxysuccinimide. The details of TAPEG
and TNPEG preparation are reported elsewhere.?? The molecular weights (M,,) of
TAPEG and TNPEG were matched to each other, and four sets of samples having
different M,,’s were prepared, i.e., M, = bk, 10k, 20k, and 40k g/mol. The sample
code is given by the M, e.g., Tetra-PEG-5k being Tetra-PEG with M, = 5 x
103. The activity of the functional group was estimated using NMR. Tetra-PEG
gels were synthesized as follows. Constant amounts of TAPEG and TNPEG (5-
160 mg/mL) were dissolved in phosphate buffer (pH7.4) and phosphate-citric acid
buffer (pH5.8), respectively. In order to obtain coherent neutron scattering from the
polymers, these buffer solutions were prepared with deuterated water. In order to
control the reaction rate, the ionic strengths of buffers were chosen to be 25 mM
for lower macromer concentrations (5-100 mg/mL) and 75 mM for higher macromer
concentrations (110-160 mg/mL) for Tetra-PEG-10k. The ionic strengths of buffers
were chosen to be 50 mM for lower macromer concentrations (5-100 mg/mL) and
100 mM for higher macromer concentrations (110-160 mg/mL) for Tetra-PEG-5k,
20k 40k. Two solutions were mixed, and the resulting solution was poured into the
mold. At least 12 hours were spent for completion of reaction before the following

experiments.

5.3.2 Small-angle neutron scattering (SANS)

Small-angle neutron scattering experiments were carried out at two-dimensional SANS
instrument, SANS-U,3%3! the University of Tokyo, located at JRR-3 Research Rector,
Japan Atomic Energy Agency, Tokai, Ibaraki, Japan. Monochromated cold neutron
beam with the average neutron wavelength of 7.00 A and 10 % wavelength distri-
bution was irradiated to the samples. The scattered neutrons were counted with a
two-dimensional position detector (Ordela 2660N, Oak Ridge, USA). The sample-to-
detector distance was chosen to be 1 and 4 m for macromer (TAPEG) measurements
and 2 and 8 m for Tetra-PEG-gel measurements. After necessary corrections for open
beam scattering, transmission and detector inhomogeneities, the corrected scattering
intensity functions were normalized to the absolute intensity scale with a polyethy-
30

lene secondary standard. The details of the instrument are reported elsewhere.”

Incoherent scattering subtraction was made with the method reported by Shibayama
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et al.??

5.3.3 Static light scattering (SLS)

Static light scattering (SLS) measurements were performed by a static/dynamic com-
pact goniometer (DLS/SLS-5000), ALV, Langen, Germany. A He-Ne laser with a
power of 22 mW emitting a polarized light at A\ = 6328 A was used as the incident
beam. SLS intensity functions were taken at 20 °C at scattering angles of 30°—150°.

5.4 Results and Discussion

5.4.1 Macromer solutions

Figure 5.1 shows the scattering intensity curves of (a) TAPEG-5k, (b) TAPEG-10k,

(a) TAPEG-20k, and (d) TAPEG-40k macromer solutions in as-prepared state with
various concentrations, ¢ (= ¢g). The solid lines show the curve fits with eq 5.2, i.e.,
the scattering function for tetra-arm polymer chains. All observed SANS functions
were well represented by eq 5.2. It should be noted that the interaction parameter,
X, has to be varied from 0.495 (TAPEG-5k) to 0.465 (TAPEG-40k) in order to re-
produce the observed SANS intensity functions with eq 5.2.

The molecular weight-dependence of the interaction parameter y is shown in Fig-
ure 5.2, which seems to be a decreasing function of M. The reasons for the M-
dependence may be the presence of arm-end,? and the chain-end effect becomes
insignificant by increasing M,,. As a matter of fact, the value of x approaches the

value of linear PEG chains®® (y = 0.43 at T' = 20 °C) by increasing M,,.
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Figure 5.1: The scattering intensity curves of TAPEG macromer solutions, (a)
TAPEG-5k, (b) TAPEG-10k, (¢) TAPEG-20k, and (d) TAPEG-40k.

Figure 5.3 shows the M,,- and concentration-dependence of the radius of gyration, R,
of TAPEG. R, seems to be a decreasing function of the initial polymer fraction, ¢y,
as well as of My,. The inset shows that R, is roughly given by Ry ~ ¢ Y 3, indicating
that a simple contraction occurs in Tetra-PEG chains as a function of ¢qg. This
exponent indicates that the Tetra-PEG chains behave as compressive elastic balls
dependent on the concentration, and no inter-penetration occurs even at ¢y > @,
where ¢ is the overlap concentration. The absence of inter-penetration may be due
to the presence of a large number of end groups as discussed in the previous paper.?
Regarding M,-dependence, on the other hand, the plots of R, vs ¢ in the inset do
not seem to be superimposed by shifting with an equal gap, although the M, of the
TAPEGS are in a series of two folds (i.e., bk, 10k, 20k and 40k). Hence, there is a
strong deviation from a power law, i.e., R, ~ M * with @ = 1/2 (©-solvent) or
3/5 (good solvent). Figure 5.4 shows the M-dependence of R, for the case of ¢y =
0.0709. The dashed and chain lines are calculated values by assuming R, ~ M “
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Figure 5.3: Polymer concentration-dependence of the radius of gyration, R,, of
TAPEGs having various M,’s. The inset shows the log-log plots.
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with o = 1/2 and 3/5, respectively. Interestingly, a relation R, ~ M 1/2 is obtained
for TAPEG-5k and TAPEG-40k, although a significant positive deviation is seen for
TAPEG-10k and TAPEG-20k. The reason is not clear at this stage.
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calculated values by assuming R, ~ M_* with o = 1/2 and 3/5, respectively.

5.4.2 Tetra-PEG Gels in as-prepared state

Figure 5.5 shows SANS curves of as-prepared gels for (a) Tetra-PEG-5k gels, (b)
Tetra-PEG-10k gels, (c¢) Tetra-PEG-20k gels, and (d) Tetra-PEG-40k gels. Note
that these sub-figures correspond to those of Fig. 5.1. The solid lines are the fits
with eq 5.4, i.e., the Ornstein-Zernike (OZ) function. In the case of as-prepared
Tetra-PEG-5k gel, a strong upturn in /(q) for ¢ < 0.01A™" is observed for oo >
0.0531, and a fitting with eq 5.4 is poor. However, for larger ¢, each I(g) can be
fitted with an OZ function. Unlike the case of Tetra-PEG-5k gels, no significant
upturn in I(q) is found at low g¢-region in Tetra-PEG-10k, -20k, and -40k in this
g-region. It should be noted here the following. Polymer gels usually exhibit a strong
upturn in low g-region due to the presence of inhomogeneities.>% Even in the case of
”ideal polymer networks” made by end-linking of telechelic polymer chains, significant
inhomogeneities are reported.???? Figure 5.6 shows concentration-dependence of the
correlation length, &, for Tetra-PEG gels with various M,,’s. Surprisingly, the larger

M, is, the smaller £ is. If £ represents the mesh size formed by cross-end-coupling
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Figure 5.5: SANS curves of as-prepared gels for (a) Tetra-PEG-5k, (b) -10k, (c) -20k,
and (d) -40k. The solid lines denote the results of curve fit with OZ functions.
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of TAPEG and TNPEG, ¢ should increase with M, with a power of either 1/2 (©
solvent) or 3/5 (good solvent). The experimental results, however, show the opposite
behavior. The concentration-dependence of £ is also quite different from that of the
macromers. Though & seems to be well represented by a power-law function of ¢, for
each set of Tetra-PEG as shown in the inset, the exponents are much larger than -3/4
expected for a semidilute solution in a good solvent as well as for a gel in swelling
equilibrium.?® These exponents seem to decrease as M, increases and approach the
value, i.e., -3/4. As a matter of fact, Tetra-PEG-40k gels show & ~ ¢, of which
exponent is close enough to -3/4 (See, the inset of Figure 6). Hence, it is conjectured
that the observed £ for Tetra-PEG -40k gels represents the size of "mesh” of the
polymer network. On the other hand, those for 5k, 10k, and 20k may represent
additional concentration fluctuations, of which correlation lengths are much larger
than the mesh size. This is probably due to formation of imperfect polymer network
as schematically shown in Figure 5.7. That is, if an arm chain is not long enough, the
arm chain is too rigid to undergo cross-end coupling reaction between TAPEG and
TNPEG with a high yield. If this is the case, a large number of network defects are
formed, leading to an observation of a larger mesh size characterized by the correlation
length, £&. The yield of cross-end coupling is expected to increase by increasing the
initial polymer concentration, leading to a stronger concentration-dependence of &.
This may be why the exponent is much larger than that expected for polymer network
in a good solvent. However, these structural and kinetic constraints are suppressed

by increasing M, leading to a recovery of the expected exponent.

5.4.3 Swollen gels in swelling equilibrium

Figure 5.8 show a series of SANS intensity functions for Tetra-PEG gels in swelling
equilibrium for (a) Tetra-PEG gel-5k, (b) -10k, (c) -20k, and (d) -40k. As shown
in these figures, I(q)s for the swollen gels are satisfactorily fitted with OZ functions
irrespective of ¢. Here, note that ¢ is the polymer volume fraction at swelling equi-
librium, which is different from the polymer volume fraction at preparation, ¢g. As
shown in these figures, cross-linking inhomogeneities seem to disappear by swelling,
which is opposite to the case of randomly cross-linked conventional gels (statistical

gels).3*3% Note that in the case of conventional gels, cross-linking inhomogeneities
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Figure 5.7: Schematical representation of the structure of Tetra-PEG-5k gels. Due to
imperfect cross-end-coupling reaction, large voids are formed, which are characterized

by &.
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Figure 5.8: A series of SANS intensity functions for Tetra-PEG gels in swelling equi-
librium for (a) Tetra-PEG gel-5k, (b) -10k, (c) -20k, and (d) -40k. The solid lines
denote the results of curve fit with OZ functions.

are not explicit in as-prepared gels because cross-links are introduced so as to min-
imize the free energy. However, cross-linking inhomogeneities become explicit due
to inhomogeneous swelling according to the difference in the local cross-link density
as was explained by Bastide and Leibler.?* Even in the case of statistical gels made
by end-linking, swollen gels exhibit upturn in SANS.2® Hence, the absence of an up-
turn in the SANS intensity functions observed in Tetra-PEG gels is quite unusual.
Another interesting feature of Tetra-PEG gels is that the SANS intensity functions
become ¢-independent by increasing M,,. The reason for this unique behavior will be
discussed later. Figure 5.9 shows £ vs ¢ plots for swollen gels for (a) Tetra-PEG-5k,
(b) -10Kk, (c) -20k, and (d) -40k (solid symbols with solid lines) as well as £ vs ¢q plots
for as-prepared gels (open symbols and broken lines). Various interesting features can
be extracted from this figure. First, £ increases by swelling (i.e., the values of £ move

left and upward by changing ¢q to ¢). Second, different from the case of as-prepared
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gels (Fig. 5.6), no clear relationship between £ and ¢ is found in the swollen gels.
Third, the ¢-dependence of £ becomes smaller by increasing M,,. For example, in
the case of Tetra-PEG-40k, & and ¢ are collapsing into a small region of £ ~ 60 A
and 0.01 < ¢ < 0.02 independent of ¢y. This tendency seems reasonable because a
unique set of values of ¢ and £ is expected to exist in a gel at swelling equilibrium,
i.e., (€eqy Peq)s for a network with a given set of My, and £. This tendency weakens
as M, decreases. For example, in the case of Tetra-PEG-5k, £ changed little with
swelling and ¢ scales with ¢~!%'. Thus, a unique set of values of £ and ¢ does not
exist for Tetra-PEG-5k. Hence, it is concluded that Tetra-PEG-40k gel is closer to
an ideal network than other gels with lower Mys. Figure 5.10 schematically shows
as-prepared Tetra-PEG-40k gels as a function of ¢, and those in swelling equilibrium
at the polymer volume fraction ¢. In the case of as-prepared gels, the characteristic
size of the network scales with ¢, where the exponent v is close to -3/4 (See Figure
9). When the gels are swollen in water, they reach a unique swollen state depending
on their molecular weights as shown schematically in the bottom of Figure 5.10. The
presence of a unique swollen state independent of ¢g suggests that cross-linking reac-
tion occurs exclusively at the surface of Tetra-PEG macromers and no entanglement
formation takes place. Hence, it is concluded that the cross-end-coupling employed
in this system is an effective method to prepare an ideal network without defects or

trapped entanglements.

5.4.4 Master curves

In the discussion of Figure 5, it was pointed out that a strong upturn was observed
at low ¢ region for Tetra-PEG-5k gel. In order to elucidate this anomaly in the low
q region (0.003 < ¢ < 0.02 A_l), we carried out static light scattering (SLS) in the
region of 0.0008 < ¢ < 0.002 AT Figure 5.11(a) shows the result of SANS as well
as SLS experiments. Though there is a small missing region between SANS and SLS
data (marked by the dashed line), both sets of scattering intensity data seem to be
smoothly connected to each other and a master curve is obtained. Note that the
SLS data are shifted vertically so as to be connected with the corresponding SANS
data. More interestingly, by scaling I(q)/¢o&? and g, all scattering intensity curves

fall onto a single maser curve as shown in Figure 5.11(b). Similar behaviors were
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also observed in all the Tetra-PEG gels. This strongly indicates that Tetra-PEG gels
have a self-similar structure with respect to the polymer concentration at preparation,
¢o. This figure also shows Tetra-PEG gels have two characteristic length scales, i.e.,
the correlation length, &, and the characteristic length of inhomogeneities, =, given
by eq 5.6. Now, let us discuss the origin of the inhomogeneities characterized by
=. It is more interesting to compare the master curves in the scattering intensity
functions of Tetra-PEG gels having different Ms. Figure 5.12 shows the plots of
the master curves obtained for Tetra-PEG gel-5k (open circles), -10k (open squares),
-20k (open triangles), and -40k (open rhombus). The curves denoted by crosses
indicate the scattering intensity function of linear PEG chains (M,, = 102 x 10% at
10 °C) reported by Hammouda.?® Surprisingly enough, the SANS function for the
linear PEG chains is also nicely superimposed to the master curve by employing the
reduced variables as shown in Figure 5.12. It is reported that this upturn corresponds
to clustering of PEG chains in water with a typical size of 500 A, and the major
reason of clustering is the presence of hydrophobic end groups, such as —OCHs3;.
It is of particular interest that the behavior of the linear PEG is quite similar to
Tetra-PEG gel-bk. This suggests that Tetra-PEG gel-bk has a clustered structure
similar to linear PEG chains in water. This is probably due to clustering of arm PEG
chains with unreacted end group. It is noted that the presence of such clustered (or
aggregated) structure is typical in PEG aqueous solutions.*'™#3 Figure 5.12 indicates
that this clustered structure seems to be suppressed by increasing M,,. Hammouda
et al. proposed two kinds of scattering functions different in the cluster term, i.e.,

Debye-Bueche type squared-Lorentz function®® and a power-law functions,*?

A N B
(14+22¢2)%  1+&¢

I(q) = (Debye — Buechefunction) (5.7)

and

I(q) = Aq P + (power — lawfunction) (5.8)

B
1+ &2¢2
where A, B, and A’ are numerical factors, and (3 is an scattering exponent. Note that
the scattering form of eq 5.7 is exactly the same as that of eq 5.6 and is employed
by many researchers including the authors.®” 4445 This means that there exists a
two-phase structure having a sharp boundary characterized by the so-called Porod

law (I(q) ~ ¢~*). On the other hand, eq 5.8 suggests the presence of a fractal

structure characterized by mass fractal, D = 5.4648 The scattering exponent at the
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low g-region in Figure 5.11b is close to -2. Hence, the hypothesis of the presence
of a two-phase structure with a sharp boundary does not seem to be applicable to
Tetra-PEG gels. This exponent (-2) revealed in Tetra-PEG gels for M, > 10k may
indicate that Tetra-PEG gels have two correlation lengths ¢ and = (> &) in SANS

regime and in SLS regimes, respectively, and the scattering intensity is given by

_ Agsrs Asans
1+222 ' 1+ &

I(q) (anotherOZfunction) (5.9)

If this is the case, Tetra-PEG gels are one phase system having bimodal concentration
fluctuations in submicrometers and a few tens of angstroms. We conjecture that the
inhomogeneities characterized by £ correspond to the distance between polymer-poor
regions originating from imperfect cross-end-coupling reaction. Further investigations

to elucidate this conjecture is in progress.
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5.5 Conclusion

The structure of Tetra-PEG gels was investigated by small-angle neutron scattering
(SANS) as well as static light scattering (SLS). The following facts are disclosed: (1)
The TAPEG macromer solutions, consisting of tetra-arm polymer chains, are not
interpenetrable due to the presence of end groups, and the individual chains behave
as hard spheres. Hence, the radius of gyration, R, scales with ¢, 3 (2) The struc-
ture factors of both as-prepared and swollen gels in SANS regime can be represented
by Ornstein-Zernike type scattering functions and be superimposed to single master
curves, irrespective of the molecular weight. (3) No inhomogeneities appeared even
by swelling. (4) However, in SLS regime, a steep upturn was observed in SANS
curves in as-prepared Tetra-PEG gels, indicating the presence of PEG chain clusters
or defects. A master-curve relationship holds also in SLS regime for a gel having the
same molecular weight, indicating a self-similar network structure in Tetra-PEG gels.
(5) The upturn in scattering intensity is assigned to be a clustered structure as is
often observed in PEG in water and/or network defects. The upturn is suppressed by
increasing M,, due to a formation of more regular network structures with less inho-
mogeneities. It is concluded that Tetra-PEG gels have no noticeable entanglements,
but have self-similar structures with respect to M,,, and form ideal tetrafunctional

polymer networks, provided that M, is high enough (~ 40 x 10?).
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Chapter 6

SANS Studies on Tetra-PEG Gel
under Uniaxial Deformation

6.1 Introduction

Elucidation of the deformation mechanism of polymer networks and/or polymer gels
has been one of the most intriguing problems in polymer science for a number of
decades.!™™ The framework of rubber elasticity was constructed on the basis of ran-
domly cross-linked Gaussian chain networks. There are a number of theories and mod-
els to describe the deformation of polymer networks, such as affine network model,>®
junction-affine network model,® phantom network model,}*? !0 slip-link model,*! and
tube model.'?? Pioneering works on the phantom chain model by James and Guth
in 1940s"? and the scattering function for phantom chains proposed by Pearson'®
have been examined by a large number of investigators. Extensive discussions on
deformation mechanism of polymer networks were given by Flory in 1976.5 Small-
angle neutron scattering (SANS) is recognized to be one of the most suitable means
to elucidate the relationship between the microscopic and macroscopic behaviors of
deformation because polymer chains in a polymer network can be selectively labeled
and the change of polymer conformation can be studied as a function of macroscopic
deformation.!*!5 Benoit et al. performed a pioneering work on deformation of poly-
mer network with SANS.? They performed SANS experiments on branch-labeled and
labeled-chain networks of polystyrene. The former gave the information of the inter-
cross-link distance and the latter did the radius of gyration of labeled chains. They
reported that both the change of the inter-cross-link distance and that of the radius

of gyration were far below than those predicted by affine or junction-affine models.
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In 1980s, a number of SANS investigations were carried out on deformed polymer
networks. Ullman proposed scattering functions from labeled chains in polymeric
networks for swollen and stretched polymer networks and compared them with those

16-18 " One of the important findings was that the

obtained by SANS experiments.
chain deformation was less than that calculated from the phantom network model.
Beltzung and coworkers reported the behavior of dry poly(dimethylsiloxane) networks
submitted to uniaxial extension.!* Boue et al. discussed the structure and dynamics
of polymer networks under deformation.!® These authors also concluded that knowl-
edge of the chain deformation on the level of the mesh size of the network failed to
provide all the necessary information to precisely correlate the molecular processes
with the macroscopic response of the network samples.

These examples clearly indicated that quantitative discussions on the deformation
of polymer networks had not been available because of the lack of “ideal” polymer
network suitable for quantitative comparison of polymer chain deformation between
the theories and experiments. Here, the “ideal” network means a polymer network
consisting of monodisperse polymer chains without any defects, such as loops and
dangling chains, and no trapped-entanglements. Recently, we developed near-“ideal”
polymer networks called Tetra-PEG gels with negligible fractions of dangling chains
and entanglements.' 2?2 Here, we report a series of small-angle neutron scattering
(SANS) results on deformed Tetra-PEG gels and discuss the deformation mecha-
nism. Focuses are placed on (1) the relationship of spatial inhomogeneities and the

gel structure and (2) deformation mechanism of Tetra-PEG gels.

6.2 Theoretical Background

6.2.1 Deformation models of polymer networks

If a polymer network is partially labeled with deuterated polymer chains, the change
of the radius of gyration of the labeled chains, R,, are given as a function of the
macroscopic deformation ratio, A. There are several deformation models for polymer
networks as introduced in Introduction. Depending on the theories, the relationship

between macroscopic and microscopic deformation is different as follows,
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(i) affine network model

= laff para — A, = Qaff perp
Rg,O Rg,[)

Rygpara _ A Rygpern _ = \1/2 (6.1)
where R, is the radius of gyration of the labeled chains in undeformed state. R para
and Rgperp are those in the parallel and perpendicular directions in deformed state,
respectively. However, in reality, the microscopic deformation of polymer network is
different from that in macroscopic deformation due to thermal motions of polymer
chains and other reasons. Well-known deformation models are junction-affine and
phantom models;

(ii) junction-affine network model

Repara _ (1Y Rypery _ N 1+ 62)
Rg,O = Qj—aff,para — 2 ) Rg70 = Gj—aff,perp — 2\ .
(iii) phantom network model'”

Rg para N B <f+2+(f—2))\2>1/2
Rg70 ph,para 2f

= orp = 6.3
Ryo Q'ph,perp < 2F (6.3)

Here, f is the functionality of the cross-links. Evaluation of the ratio of the radius

Ry perp FH24(f =21 ) V2

of gyrations after to before deformation allows one, in principle, to discuss the defor-

mation mechanism of polymer networks.

6.2.2 SANS functions for “ideal” polymer networks

According to the de Gennes’s C* theorem, the scattering function for polymer gels is
the same as that of the corresponding semi-dilute polymer solutions. Hence, by taking
into account an excess scattering form gel inhomogeneities, Ae(q), the scattering
intensity from a gel, I(q), is given by??

(Ap)’RT¢* [ 1
NaMos |14 &3¢

I(q) = + Aex(q) (6.4)

where N, is the Avogadro’s number, Ap is the scattering density difference, R is

the gas constant, 7' is the absolute temperature, ¢ is the polymer volume fraction,
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Mos is the longitudinal modulus, and ¢ is the magnitude of the scattering vector.
¢ is the correlation length. A (q) is the excess scattering intensity dependent on
the structure of inhomogeneities in the gel.?* When A (q) = 0, eq 6.4 is nothing
but the so-called Ornstein-Zernike (OZ) function. The characteristic size of polymer
network is given by the "blob” with size of £&. When a gel is deformed, the blob is
expected to be deformed to an ellipsoid with their principal axes to be &para and &perp
in the direction of parallel and perpendicular directions, respectively. If the polymer
network is fully labeled, e.g., hydrogeneous polymer network in deuterated solvent,

deformation of the polymer network is observed as a deformation of blobs.?>26 Hence,

gpara - aparany fperp - aperp&) (65)

By SANS experiments for deformed polymer networks, one would expect the micro-
scopic deformation ratios, cpara and aperp as a function of macroscopic deformation

ratio, .

6.3 Experimental Section

6.3.1 Sample preparation

Tetra-amine-terminated PEG (TAPEG) and tetra-NHS-glutarate-terminated PEG
(TNPEG) were prepared from tetrahydroxyl-terminated PEG (THPEG) having equal
arm lengths. Here NHS represents N-hydroxysuccinimide. The details of TAPEG
and TNPEG preparation are reported elsewhere.!® Equal amounts of TAPEG and
TNPEG were dissolved in phosphate buffer (pH 7.4) and phosphate-citric acid buffer
(pH 5.8), respectively, and the resulting solution was poured into the mold with
the size of 60 mm long x 45 mm wide x 3 mm thick. Note that buffer solutions
were prepared with deuterated water in order to reduce the incoherent scattering
from H-containing materials. To control the reaction rate, the ionic strengths of the
buffers were chosen to be 100 mM. At least 12 h were spent for the completion of the
reaction before the following experiments. The molecular weights (M) of TAPEG
and TNPEG were matched to each other, and two sets of macromers having different
Mw values were prepared, that is, M,, = 20k and 40k g/mol. The sample code is given
by the M, for example, Tetra-PEG gel-20k being Tetra-PEG with M,, = 20 x 103
g/mol. Constant amounts of TAPEG and TNPEG (M,, = 20k g/mol, 100 mg/mL,
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and M,, = 40k g/mol, 140 mg/mL) were dissolved in phosphate buffered D,O (pH
7.4) and phosphate-citric acid buffered D20 (pH 5.8), respectively. The specimens

were used in as-prepared state.

6.3.2 Stretching measurement

The stretching measurement was carried out on dumbbell-shaped films using a me-
chanical testing apparatus (CR-500DX-SII rheometer; Sun Scientific Co., Tokyo,
Japan) at a crosshead speed of 0.1 mm/sec. The sample thickness for the stretching

measurement was 1 mm.

6.3.3 Small-angle neutron scattering

SANS experiments were performed at the two-dimensional SANS instrument (SANS-
U), Neutron Science Laboratory, the University of Tokyo.?"?® The neutron wave-
length was 7.0 A. The monochromatization was attained with a mechanical velocity
selector, and the wavelength distribution was ca. 10%. The sample-to-detector dis-
tances (SDD) were 2 and 8 m, which cover the g-range of 0.005 - 0.2 A='. The
scattered neutrons were collected with a two-dimensional detector (model 2660N,
Ordela).

Deformation SANS experiments were carried out for reed-shape samples held on
a stretching device equipped in a laboratory-made stretching chamber. The initial
cross-head distance was 20 mm. Though there is a possibility of a biaxial deforma-
tion, we employed the reed-shaped specimens under the limitation of experimental
conditions, such as, the limitation of sample size, the space of SANS sample stage
(smaller is better), and the necessary neutron beam size (larger is better). The hu-
midity of the sample environment was kept constant by placing a bottle of water
near the sample in a shielded-stretching chamber throughout the experiment. After
loading a gel sample, the humidity and temperature were equilibrated within 5 min.
The stretching was driven by a stepping motor. The stretching rate was 70 mm/min.
Whenever the samples were stretched, SANS experiments were started after wait-
ing for 10 min. The observed scattered intensity functions were corrected for air
scattering, incoherent scattering, and transmission and then were rescaled to the ab-

solute intensity, I(q), with a polyethylene secondary standard. Incoherent scattering
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intensity subtraction was made with the T-method reported elsewhere.?”

6.4 Results and Discussion

6.4.1 Stress-elongation curves of Tetra-PEG gels

First of all, let us show the stress-elongation curves of Tetra-PEG gel-20k and -40k
before beginning to discuss the SANS results, where \ is the stretching ratio. Figure
6.1(a) and (b) show the photographs of Tetra-PEG gel-40k at A = 1.0 and A = 5.0 on
the laboratory-made stretching device for SANS experiments. As shown in Fig 6.1(b),
Tetra-PEG gels can be deformed like a stripe of rubber. Figure 6.1 (c¢) shows the
stretching stress-elongation curves of Tetra-PEG gel-20k (100 mg/mL) and -40k (140
mg/mL). These concentrations were the same as those in the SANS experiments. The
stretching ratios that SANS measurements were carried out are marked by arrows
in the figure (A = 1.0, 1.5, 2.0, 2.5, 3.0, and 5.0). The stretching ratios of A = 2.5
for Tetra-PEG gel-20k and A = 5.0 for Tetra-PEG gel-40k are close to the cross-
over from Gaussian to Non-Gaussian region. Therefore, the molecular chains in the

network were stretched large enough.
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Figure 6.1: Photographs of Tetra-PEG gel-40k in (a) nonstretched state (A = 1.0) and
(b) stretched state (A = 5.0). (c¢) Stretching stress-elongation curves of Tetra-PEG
gel-20k and -40k. The stretching ratios at which SANS experiments were carried out
are marked by arrows.

6.4.2 Tetra-PEG gel-20k

Figure 6.2 shows two dimensional (2D)-SANS scattering patterns obtained for uni-
axially deformed Tetra-PEG gel-20k (100 mg/mL). The stretching ratios were A =
1.0, 1.5, 2.0, and 2.5. The stretching direction was horizontal. The upper and lower
figures show SANS patterns taken at SDD = 8 m and 2 m, respectively. As shown
in the figure, both scattering patterns (SDD = 8 m and 2 m) had isotropic patterns
at A = 1.0. When the samples were stretched, anisotropic patterns appeared in both
low-¢ (8m SANS data) and high-¢ regions (2m SANS data). Note that the 8m-SANS
patterns showed a two-lobe pattern in the stretching direction at A = 2.0 and 2.5 (the

117



SDD
=2m
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Figure 6.2: 2D SANS patterns of Tetra-PEG gel-20k (100 mg/mL) at SDD = 8m
(top) and 2m (bottom). Stretching ratios are A = 1.0, 1.5, 2.0 and 2.5.

so-called abnormal butterfly pattern). On the other hand, the 2m-SANS patterns be-
came slightly elliptic with their long axis perpendicular to the stretching direction
(the so-called a normal butterfly pattern). It is noteworthy that marked anisotropic
patterns (called “abnormal butterfly patterns”) are commonly observed in polymer
gels due to spatial inhomogeneities even with the elongation ratio of less than A\ =
2.26,30-32 Therefore, the result shown in Figure 6.2 is rather surprising. In the case
of Tetra-PEG gels, furthermore, no inhomogeneities were observed even in swollen
gels as discussed in our previous paper.?? Hence, this is the first time to observe

anisotropic inhomogeneities in a Tetra-PEG gel network.

Figure 6.3 shows the sector averaged scattering intensities in the parallel and
perpendicular directions for Tetra-PEG gel-20k (Figure 6.2). Here, the sector average
was taken with the sector angle of + 10° with respect to the parallel and perpendicular
directions. The SANS curve for unstretched sample (circles) was obtained by taking
circular averaging; the dashed line indicates a theoretical fit with eq 6.4 by setting
Ax(q) = 0 and the obtained ¢ value was 13 A. As shown here, there is a clear
difference in the low-¢q region, i.e., an upturn in the intensity for ¢ < 0.02 A" in the
parallel direction (open triangles) and a suppression in the perpendicular direction

(filled triangles). On the other hand, a different type of anisotropy was observed in
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Figure 6.3: Sector averaged scattering intensities (£10°) for Tetra-PEG gel-20k at
different stretching ratios (a) parallel and (b) perpendicular direction to the stretching
direction. The dashed line indicates the curve fit with OZ function.

high-q region (¢ > 0.04 Afl), i.e., an elliptic pattern in the perpendicular direction.
Since this ¢-region corresponds to the thermal fluctuations of polymer chains in a
blob, it is deduced that polymer chains are somewhat stretched in the stretching

direction.

In order to characterize the anisotropy in the SANS patterns, annular averages
for two different ¢ values were calculated. Figure 6.4 shows an azimuthal-angle plot
of the scattering intensities at ¢ = 0.010 A~ (0.0084 A~ < ¢ < 0.012 A™") and
g = 0072 A”" (0.054 A < ¢ < 0.089 A_l) with various stretching ratios. 1 is
the azimuthal angle on the 2D detector plane and ¥ = 0 is defined as the stretching
direction. The azimuthal angle was taken with an interval of 10°. ¢ = 0.010 A7 and
0.072 A~ correspond to representative anisotropic regions of the low-¢g and high-
q, respectively. It is needless to mention that the unstretched sample gives a -
independent pattern. As shown in the figure, both ¢-regions show 1 dependence by
increasing stretching ratio. Note that there is a phase difference by 90°. This means
that the anisotropy directions of low-¢ and high-q are opposite. We employed the

following Gaussian equations for the curve fitting.
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Figure 6.4: Azimuthal plots of SANS intensities for Tetra-PEG gel-20k at (a) ¢ =
0.010 A" and (b) ¢ =0.072 A", X\ = 2.0.

AZeXp l 1#—21802)] + B (at lowgq) (6.6)
= AZeXp [— Y- 9(;222@ — 1))2] + B (at highgq) (6.7)

where A is the amplitude (height) of the modulation, ¢? is the variance, and B
is the baseline. Here, the full width at half maximum (FWHM) of Gaussian is
defined by FW HM = 2(2In20)"/2. In the case of strong anisotropy, A and FW HM
become larger and smaller, respectively. Here, we define the degree of anisotropy
with the ratio of A/FW HM and discuss it as a function of the stretching. Note that

parallel and perpendicular orientations are indicated by positive and negative signs,
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respectively. Figure 6.5 shows the degree of anisotropies at the different scattering
intensities (g = 0.010 A_l) and I(q = 0.072 A_l). It is clearly shown that the degree
of anisotropy increased with increasing stretching ratio, A, and the anisotropies in the

low-¢ (inhomogeneities; defects) and high-g (blob; polymer chains) regions behave

oppositely.
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Figure 6.5: The degree of anisotropy at low- and high-q regions for Tetra-PEG gel-20k
evaluated with eqs 6.6, 6.7. The dotted lines are for the eye.
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6.4.3 Nonstoichiometric Tetra-PEG gel-20k

In the case of Tetra-PEG gels, it is of particular importance to match the concentra-
tion of TAPEG and TNPEG for obtaining defect-free polymer networks and achieving
optimal mechanical properties.?! If a stoichiometric condition is broken, the mechan-
ical properties drastically deteriorate as reported elsewhere.?! In order to investigate
the effect of defects (dangling chains) in polymer networks under deformation, we
intentionally introduced dangling chains by preparing nonstoichiometric Tetra-PEG
gels with the following compositions; [TAPEG|/[TNPEG] = 1.1 : 0.9, 1.2 : 0.8, and
1.3 : 0.7. Figure 6.6 shows the azimuthal plots of scattering intensities for nonstoi-
chiometric 100 mg/mL Tetra-PEG gel-20k. All samples were measured at A = 2.0.
As shown in the figure, anisotropic scattering patterns were obtained at all composi-

tions similar to the case of the stoichiometric gel ([TAPEG]/[TNPEG] = 1.0 : 1.0).

Figure 6.7 shows the degree of anisotropy obtained from the curve fitting with eqs
6.6 and 6.7 for nonstoichiometric Tetra-PEG gels. We expected that the degree of
anisotropy would increase for the low-q region because of an introduction of defects.
This is because inhomogeineities are known to be amplified by deformation, such

30,33 TInterestingly, however, the degrees of anisotropy of

as stretching or swelling.
both two ranges were suppressed with increasing asymmetry in the composition.
The reasons why the degree of anisotropy decreased are explained as follows. By
introducing defects (i.e., dangling chains), deformation is localized around the defect
regions and perfect network regions become less deformed by stretching with the
cost of a larger deformation of the defect regions. As a result, the anisotropy of
high-¢ region (i.e., blob deformation) becomes small. Similarly, the anisotropy of
low-g region is also suppressed because of the same reason at the high-¢q region,
despite the number of defects increases. Note that such decrease in the degree of
anisotropy by introducing defects may apply only to near-“ideal” network like Tetra-
PEG gels.?? Strong inhomogeneities observed in the literature,?* on the other hand,
may be ascribed to densely cross-linked zones in a network. That is, conventional gels
having a large fraction of various types of defects, such as dangling chains, trapped

entanglements, loops, would show an increase in anisotropy when deformed by further

introducing defects.
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Figure 6.6: Azimuthal plots of SANS for nonstoichiometric gels at (a) ¢ = 0.010 A
and (b) ¢ = 0.072 A", A = 2.0.

123



I I I I
— 0.05+ Asymmetry Tetra-PEG gel -20k (100mg/mL)| .
&
2 004 -
1 O ...................................
T — o ]
s | T o
= 002f — e a
% (a) ............
& oo01f °.
S " Lo g=0010A"
0.00 H : : :
) (b)
Z-0.001 s
S~
g | & g=00724"
5 -0.002 | e
L0003 - i
= —
N
< -0.004 A ]
| | | |
1.0:1.0 1.1:0.9 1.2:0.8 1.3:0.7

TAPEG : TNPEG

Figure 6.7: The degree of anisotropy at low- and high-¢q regions for nonstoichiometric
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6.4.4 Tetra-PEG gel-40k

Figure 6.8 shows the SANS 2D patterns for Tetra-PEG gel-40k (140 mg/mL) under
uniaxial deformation. The stretching ratios were A = 1.0,3.0, and 5.0. At SDD
= 2m, the scattering patterns at A\ = 1.0 were isotropic. However, to a surprise,
anisotropy in the SANS patterns for deformed gels is hard to recognize in Figure 6.8.
A careful observation leads to acknowledge that the scattering patterns at SDD =
8m differ substantially from that of Tetra-PEG gel-20k (See Fig. 6.2). No anisotropy

was detected at all at stretching ratios up to A = 5.0 at least in the low-¢q region.

1.0
0.8
0.6
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0.0
0.4
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0.2
=2m

0.1

0.0

A
v

Stretching Direction

Figure 6.8: SANS 2D patterns for Tetra-PEG gel-40k at SDD = 8m (top) and 2m
(bottom). Stretching ratios are A = 1.0, 3.0, and 5.0.

Figure 6.9 shows the sector averaged scattering intensities in the parallel and
perpendicular directions to the stretching direction for Figure 6.8. Here, the sector
average was taken similarly to the case of Tetra-PEG gel-20k. It should be noted
that no noticeable inhomogeneities were observed in deformed gel at the low-¢q region
(¢ =0.010 A_l). Since we reported in the previous paper that Tetra-PEG gel-40k is

closer to an ideal network than other Tetra-PEG gels with lower M,,’s based on the
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results of the swelling and SANS experiments,?® it can be concluded that Tetra-PEG
gel-40k forms a very homogeneous network. The SANS functions can be fitted with
eq 6.4 (again with A (q) = 0) with &€ = 9.0 A. This value is of the order of the
monomer segment length of PEG. This means that the concentration fluctuations in

Tetra-PEG gel-40k are of the order of monomer.
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Figure 6.9: Sector averaged scattering intensities (£10°) for Tetra-PEG gel-40k at
different stretching ratios. The dashed line indicates the curve fit with OZ function.

In order to elucidate the anisotropy of thermal fluctuation at high-q region, we ob-
tained an azimuthal plot for Tetra-PEG gel-40k. Figure 6.10 shows the result. It is
clear from the figure that the anisotropy of Tetra-PEG gel-40k was much less than
that of Tetra-PEG gel-20k (Fig. 6.4). Figure 6.11 shows the variation of the degree
of anisotropies at low- and high-q. The degree of anisotropy at high-¢ was about a

half of that of Tetra-PEG gel-20k when compared at the same value of \.
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6.4.5 Deformation mechanism of Tetra-PEG gels

The difference in the network structures between Tetra-PEG gels-20k and -40k is
depicted schematically in Figure 6.12. The difference in the microscopic deformation
behaviors is ascribed to the degree of perfection of the network. These seem to cause
an emergence of inhomogeneities upon stretching. On the other hand, such inhomo-
geneities do not appear in Tetra-PEG gels-40k. Now, let us discuss the deformation

mechanism of polymer networks.

Tetra-PEG gel-20k
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Figure 6.12: Schematic models of uniaxial deformation for Tetra-PEG gel-20k and
Tetra-PEG gel-40k.

In the literature, there are many discussions on the relationship between the macro-

scopic and microscopic deformation,4 17

where the change of the radius of gyration,
R,, was plotted as a function of the macroscopic deformation ratio. However, the
length parameter studied in polymer gels is, in most cases, the correlation length,
which is a measure of the range of thermal concentration fluctuations. If the correla-
tion length carries some information of network inhomogeneities, it shows anisotropic

change by stretching deformation as were studied by Geissler et al.,?* Mendes et

al. 26,31 132

and by Shibayama et a When the deformation mechanism is discussed
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for polymer gels, the anisotropy in the correlation length is often plotted, similar
to the case of Ry, as a function of the macroscopic deformation ratio by using the
relationship of eq 6.5.26:32 Figure 6.13 shows the plot of the microscopic deformation
ratios, para and perp, as a function of macroscopic deformation ratio, A. As shown
here, the variation of the experimental values, i.e., qpara and aperp, for Tetra-PEG
gels were negligibly small, and none of the polymer network models did not work
at all. Mendes et al. observed strong anisotropy in SANS functions, i.e., abnor-
mal butterfly pattern, for fully-labeled networks and concluded that these patterns
could not be explained by the classical theories of network deformation.?® Then, they
tried to fit the anisotropic SANS functions with those predicted by various theories,
such as heterogeneous model,?® thermal heterogeneous model by Onuki,* the strain-

36,37 However, the agreement

concentration coupling model by Rabin and Bruinsma.
was rather poor.

Now let us discuss the scientific significance of this finding. In the case of Beltzung
and coworkers, the “phantom-like” is ascribed not only to thermal motions of cross-
links as well as the polymer chain segments but also to (i) imperfect cross-linking
reaction and (ii) “constraint” of network chains, i.e., a high population of spatial
neighbor cross-links within a domain characterized by topological neighbor cross-

links. Regarding (ii), it is meaningful to discuss the ratio of the spatial to topological

neighbor cross-links, I'; i.e., the number of spatial neighbors per topological neighbors.

" can be evaluated by,> 4
4r /2
I = 3" (for bulk polymer network)
dr 4 /5
r = ?gbn (for swollen gel) (6.8)

where n is the degree of polymerization between neighboring cross-links and ¢ is the
polymer volume fraction. The value of I' is of the order of a few tens to hundreds for
bulk polymer networks, while of the order of unity for highly swollen gels. Therefore,
fluctuations of polymer chains in bulk network are strongly suppressed by spatial
neighbors. On the other hand, the disagreement in the behavior of the correlation
length between the theory and the experiments for fully-labeled polymer networks
must be mainly ascribed to the ill-formed networks with large inhomogeneities in

these gels.
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In the case of Tetra-PEG gels, on the other hand, it is reported that there are
no entanglements in the blob defined by the topological neighbors.?%2?? Furthermore,
the concentrations of Tetra-PEG gels employed in this work is rather high (e.g., 100
mg/mL for Tetra-PEG gel-20k and 140 mg/mL for Tetra-PEG gel-40k) in order to
attain a large stretching ratio, e.g., A = 5.0. In this concentration range, the measure
of concentration fluctuations (i.e., the correlation length) is 13 or 9.0 A, which is
much smaller than the radius of gyration of Tetra-PEG macromers (20.1 A, 206 A,
respectively for Tetra-PEG-20k (100 mg/mL) and Tetra-PEG-40k (140 mg/mL))%
and very close to the monomer size. Hence, only thermal fluctuations around the
neighborhood of the monomer itself may be possible. As a result, the concentration
fluctuations observed as the correlation length is solely due to segmental thermal
fluctuations in the solvent irrespective of the stretching ratio. This is a piece of strong
evidence of near-“ideal” polymer network. Comparison of the mechanical properties

between experiments and theories will be reported in the forthcoming paper.

6.5 Conclusion

The deformation mechanism of polymer networks was investigated by using near-
“ideal” polymer network, Tetra-PEG gels. Tetra-PEG gel-20k showed slight change
in the scattering intensity by deformation. An upturn in the intensity was observed
at low-q region, indicating emergence of inhomogeneities. On the other hand, Tetra-
PEG gel-40k did not show any anisotropy at low-q region. Though a very small
anisotropy appeared by stretching the gel by 5 times, essentially no anisotropy was
observed in Tetra-PEG gel-40k. On the other hand, thermal concentration fluctua-
tions were observed due to a segmental motion around its mean position irrespective
of the stretching ratio. In any case, this is the first time, to our knowledge, that de-
formation mechanism of polymer networks is discussed with a well-defined polymer
network and no anisotropy is observed in SANS for largely deformed gel. Intentional
introduction of dangling chains to polymer network resulted in lowering in network
inhomogeneities. This was explained with the suppression of deformation of the ma-

jority of the network with the cost of local deformation of the defect regions.
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Figure 6.13: Variation of microscopic stretching ratios as a function of macroscopic
stretching ratio, for affine (solid line), junction-affine (dashed line), phantom chain
(chain line), and Tetra-PEG gels (circles and triangles).
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Chapter 7

Highly Elastic and Deformable
Hydrogel Formed from Tetra-arm
Polymers

7.1 Introduction

If a polymer network were an infinite series of uniform meshes connected by cross-
links and had no inhomogeneities, the macroscopic properties of the network would be
precisely controlled by the polymerization degree and the first order structure of the
mesh chains. Such a perfectly cooperative network is called an “ideal” network. In
reality, however, inhomogeneities do exist and affect the cooperativeness between the
meshes, compromising the macroscopic properties. The spatial inhomogeneity is an
inhomogeneous distribution of polymer segments in the network, and is observed as
an excess scattering in small-angle light scattering (SALS) as well as small-angle neu-
tron scattering (SANS) measurements.! The connectivity inhomogeneity includes
dangling chains and elastically redundant loops, while the topological inhomogeneity
includes trapped entanglements. The connectivity and topological inhomogeneities
are generally discussed in the context of the theory of tree-like structure and elas-
tically effective chains.®® Because the connectivity and topological inhomogeneities
have the opposite effect on the elastically effective chains, these contribution can-
not be decomposed. Therefore, the understanding of the rubber elasticity remains a
controversial issue in polymer science. In the history of the development of polymer
networks, primitive randomly cross-linked networks were formed by radical polymer-
ization using monomers and cross-linkers or by the vulcanization of polymer melts

(Figure 7.1(a), top). Although these cross-linking methods are easy to perform and
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have been used widely up to now, they yield networks with a large number of in-
homogeneities. In an attempt at realizing an ideal network, model networks were
formed by using a modular construction method, that is, by using monodispersed
chain extenders and multifunctional cross- linkers (Figure 7.1(b), middle).”® Due
to the use of the preprogrammed and monodispersed chain extenders, the degree of
polymerization between chemical cross-links was precisely controlled. However, it
was revealed that the obtained model networks did contain a substantial number of
inhomogeneities.? 1

Tetra-PEG modules are superior to the conventional modules in the following ways:
(i) Tetra-arm modules behave as impenetrable space-filled spheres in the solution;
(ii) each Tetra- arm module contains one node and four chain extenders within its
structure; and (iii) the amine-terminated Tetra-arm module has electrostatic repul-
sive amine groups that promote the homogeneous mixing of two Tetra-arm modules.
These advantages contribute to the elimination of the inhomogeneities in the Tetra
network. The SANS results suggested that practically no spatial inhomogeneity exists
in the regions up to 200 nm in size.''''2 The spatial inhomogeneity did not appear
even under the equilibrium swelling condition, which has generated obvious spatial
inhomogeneity in other polymer networks. Furthermore, the gelation process is well
described by the reaction rate equation between the amine and activated-ester.'
These results strongly suggest that the Tetra network is distinct from the other con-
ventional model networks and is much closer to an ideal network. The ideal network
structure is expected to have high mechanical properties, because the cooperative-
ness of the network equalizes the stress distribution. In this paper, we investigate
representative mechanical properties of the Tetra network to compare with those of

the ideal network.
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Figure 7.1: (a) Evolution of polymer networks toward an ideal network. (b) Scheme
of fabrication process of Tetra network.

7.2 Experimental

7.2.1 Rheological Property of the Tetra Network

Constant amounts of Tetra-amine-terminated PEG (TAPEG) and tetra-NHS-glutarate-
terminated PEG (TNPEG) (10 — 80 mg/mL) with M, = 10k g/mol were dissolved
in phosphate buffer (pH 7.4) and phosphate-citric acid buffer (pH 5.8), respectively.

137



In order to control the reaction rate, the ionic strengths of the buffers were set to
25 x 10* M.!! The two solutions were mixed in a 50mL Falcon tube for 10s using
the voltex mixer (Delta mixer Se-08, Taitec, Japan). Then, the resultant solution
was poured into the interstice of the double cylinder of a rheometer (MCR501, An-
ton Paar, Austria). The storage modulus (G’), loss modulus (G”), and loss tangent
(tan §) were measured at 12 h after mixing at a constant strain (1%) and a constant
frequency (1 Hz) at 20 °C' with a double cylinder geometry with 26.7 and 28.9-mm
diameter cylinders. In the bouncy test, constant amounts of TAPEG and TNPEG
(160 mg/mL) with Mw = 10k g/mol were dissolved in phosphate buffer (pH 7.4) and
phosphate-citric acid buffer (pH 5.8), respectively. The ionic strengths of the buffers
were set to 100 x 10> M. Two solutions were mixed, and the resulting solution was
poured into the sphere-shaped mold. After 12 h from the mixing, the sphere-shaped
gel was dropped from the height of 15 cm, and monitored by the high-speed camera.

7.2.2 Stretching Property of the Tetra Network

Constant amounts of TAPEG and TNPEG (160 mg/mL) with M, = 20k g/mol
were dissolved in phosphate buffer (pH 7.4) and phosphate-citric acid buffer (pH
5.8), respectively. The ionic strengths of the buffers were set to 100 x 10 M.
Two solutions were mixed, and the resulting solution was poured into the mold.
At least 12 h were allowed for the completion of the reaction before the following
experiment was performed. The specimens were used in as-prepared state. The
stretching measurement was carried out on dumbbell-shaped films using a mechanical
testing apparatus (CR-500DX-SII rheometer; Sun Scientific Co., Tokyo, Japan) at a

cross-head speed of 0.1 mm/s.

7.2.3 Compression Property of the Tetra Network

Constant amounts of TAPEG and TNPEG (160 mg/mL) with M, = 20k g/mol
were dissolved in phosphate buffer (pH 7.4) and phosphate-citric acid buffer (pH
5.8), respectively. The ionic strengths of the buffers were set to 100 x 103> M.} Two

solutions were mixed, and the resulting solution was poured into the mold. At least 12
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h were allowed for the completion of the reaction before the following experiment was
performed. The specimens were used in as-prepared state. The compression test was
carried out on cylinder-shaped (15 mm in diameter and 7.5 mm in height) specimens
using a mechanical testing apparatus (INSTRON 3365; Instron Corporation, Canton,
MA) at a velocity of 1.05 mm/min.

7.3 Results and Disscusion

7.3.1 Rheological Property of the Tetra Network

First, we measured the dynamic mechanical response of the Tetra network-10k, where
10k indicates that the molecular weight of the Tetra-arm module is 10 kg/mol, i.e.,
the length of each arm is 2.5 kg/mol. The storage modulus (G’), loss modulus (G”),
and loss tangent (tan §) are shown as a function of the initial polymer fraction (¢y)
(Figure 7.2(a)). Theoretically, the value of G’ is proportional to the concentration
of elastically effective chains.'* G” is positively correlated with the connectivity and
topological inhomogeneities.'>1¢ The tan § represents the G” normalized by &, i.e.,
G" /G, and is expected to be zero for the ideal network. When the initial concen-
tration of the Tetra-arm module was above 12 mg/mL (¢y = 0.011), the elasticity
appeared; namely, the gelation threshold was reached. As the ¢, increased above
the gelation threshold, G’ increased, while tan § decreased, suggesting the proceed-
ing of the network formation and the elimination of connectivity inhomogeneities.
At a concentration approximately above 30 mg/mL (¢y = 0.027), the G” and tan o
became extremely low, below the lower measurable limit of the rheometer (tan 6 ~
10™*). The value of tan § was by one to three orders smaller than that of the other
model networks and ringing gels;'%!7 that is, practically no external energy applied to
the network was dissipated, and the Tetra network had extremely small connectivity
and topological inhomogeneities. Indeed, when a sphere-shaped Tetra network whose
structure consisted of 84% water was dropped onto a hard floor, it sprang back near
the initial height (the reflection coefficient ~ 0.84) in a similar fashion to a power
ball made of vulcanized polybutadiene (Figure 7.3). Furthermore, when the Tetra
network was tapped with a finger, a ringing sound was emitted in the same manner

as for ringing gels, suggesting that thousands of oscillations were permitted before
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the deformation energy was dissipated into frictional energy.!”
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Figure 7.2: G',G”, and tan 0 of Tetra network 10k as a function of ¢y. The square,
triangle, and circle represents the G', G” (left axis), and tan ¢ (right axis), respectively.
(b) Stretching stress-strain curve of Tetra network 20k (¢y = 0.14). The solid line,
dashed line, and chain lines represent the fitting result by Equation 7.2 using Ry as a
free parameter, the fitting result assuming the Gaussian chain, and the fitting result
assuming the Flory chain, respectively.

7.3.2 Stretching Property of the Tetra Network

We performed a stretching test of the Tetra network-20k (¢o = 0.14). Initially, the
Tetra network was stretched to A = 6.5 and released; this stretch and release was
repeated three times, and then the network was stretched to the limit (Figure 7.2(b)).

The average value of \,,x was 8.1 and the maximum value was 9.9. Then, we tried to
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Figure 7.3: Stroboscopic photos of (left) Tetra-PEG ball and (right) a commercial
power ball.

describe the stress-strain (SS) curve of the Tetra network by assuming that it consists
of uniformly packed “elastic blobs”. Here, the elastic blobs are defined as individual
Tetra-arm modules behaving as nanoscopic rubber balls capable of complete shape
recovery against deformation. Considering the finite extensibility of the polymer

chain, the force applied to the single chain (F") is represented using the inverse-

O (ROA> , (7.1)

Langevin equation as

b Nb
where Ry is the initial end-to-end distance of a polymer, N (= 230) the polymerization

degree between neighboring cross-links, and A is the strain. If the incompressibility
of a network is taken into account, the relationship between the stress (o) and the

strain (\) of a polymer network constructed by v inverse-Langevin elastic blobs is

TRy [ (RAY ey (Bl
0= [L <Nb> AEL N5 /| (7.2)

According to the literature, b was set to 3.3 A.'® The solid line represents a curve

represented by

fit with Equation 7.2. Surprisingly, the SS curve of the Tetra network is nicely
fitted with Equation 7.2 using the intrinsic fitting parameters. The resultant R
was 7.1 nm; it was in the range between the Gaussian (5.0 nm) and the Flory (8.6
nm) limit, suggesting that elastic blobs take the intermediate conformation between
the two models. This result is also in good agreement with our previous SANS
result showing that the Tetra-arm module takes a more contracted configuration
than the Flory chain.'?> The Ap. (= Nb/Ry) obtained from the fitting result was
10.6, corresponding well to our experimental result and that of single polymer chain

Amax ~ 11.4) having similar degree of polymerization (N ~ 200).'? It should be
( g g y
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noted that the SS curves for conventional polymer networks, in general, cannot be
represented by Equation 7.2 using the intrinsic fitting parameters.?? This is probably
because the exact value of N cannot be defined due to a variety of inhomogeneities,
or because trapped entanglements act as pseudo cross-links, or because the polymers
are likely to be crystallized in the larger | region, or all. Thus, when a large strain
is applied to conventional networks, weak regions are broken at a lower elongation
ratio, and the crystallized regions are unlikely to be relaxed to the initial state, so
that hysteresis is observed.?! In contrast, no hysteresis was observed in the Tetra
network, even when the specimens were repeatedly stretched to A = 6.5 and released.
These results strongly suggest that the Tetra network has an extraordinarily uniform
network structure, and that its elasticity can be represented by uniformly packed

elastic blobs.

7.3.3 Compression Property of the Tetra Network

Finally, a compression test was performed on the Tetra network-20k (¢o = 0.14).
Figure 7.4(a) and (b) shows a typical result. The compression breaking strength
of polymer hydrogels is one of the most important properties for biomedical use,
because compression is the deformation mode most often experienced in the body.
The average maximum breaking stress was 25 MPa, and the average compression
modulus was 99.7 kPa. Approximately half of the specimens were not broken at
approximately 100% compression strain and 27 MPa of stress, which is the upper
measurable limit of the mechanical apparatus. Although the compression modulus
was one or two order smaller than that of native articular cartilage, the breaking stress
surpasses that of the native articular cartilage (~10 MPa),?? and is comparable to
that of the high-performance hydrogels having unique double network structures with

high-mechanical strength.??
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Figure 7.4: (a) Photograph demonstrating the compression test of the Tetra network.
(b) The compression stress-strain curve of Tetra network 20k (¢ = 0.14).
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7.4 Conclusion

The major findings of this study on the Tetra network are as follows: (i) the value of
tan 0 was extremely low (~ 107%); (ii) the stress-strain relationship could be described
by the theoretical equation for the ideal network; and (iii) the maximum breaking
strength was extremely high (~ 27 MPa). It is noteworthy that the stress-strain
relationship on a macroscopic scale corresponded well to that of elastic blobs on a
microscopic scale. In other words, each mesh chain equivalently and cooperatively
contributed to the elasticity. This unique cooperativity was caused by the near-
absence of the spatial inhomogeneities and trapped entanglements. Thus, to our
knowledge, the Tetra network is closer to an ideal network than any other conventional
model networks. Because the Tetra network can be treated as uniformly packed elastic
blobs, we can translate the knowledge of the single polymer chains seamlessly into
the design of polymer materials. We strongly believe that the Tetra network will
contribute not only to the design of advanced polymer materials but also to further

development of the theory of rubber elasticity.
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Summary

The relationship between structure and physical properties of Tetra-PEG gels was
investigated from the viewpoint of inhomogeneities in network structure. Especially,
we focused on the structural analysis for Tetra-PEG solutions and Tetra-PEG gels
as a model network by using a small-angle neutron scattering (SANS) technique.

The details of the respective chapters are summarized below.

In Chapter 2, a simple but reasonably-accurate method for incoherent scatter-
ing intensity evaluation for H-containg materials is proposed. This method (the

T-method) requires only transmission and thickness of the sample and is given by,

(dE)inC 11-7 (7.3)

dQ/ine — 47 (T
In order to apply, the following three conditions have to meet, (1) negligible absorp-
tion, (2) incoherent scattering is predominant, and (3) inapplicable to strong coherent,
scattering, such as critical phenomena. It is needless to mention that absolute inten-
sity calibration is inevitable to apply this method for quantitative analyses of SANS
data. It is demonstrated that multiple scattering of incoherent scattering from H-
atoms cannot be ignored for most cases of SANS measurements. The validity and
applicability of the T-method were carefully examined for (1) mixtures of HyO and
DyO (strong incoherent scatterers), (2) nanoemulsion (strong coherent scatterers),
(3) gels (weak coherent scatterers), and (4) a concentrated surfactant system (strong
coherent scatter with inter-particle interference), and were found to be quite success-
ful, particularly for H-rich samples of sample thicknesses being 0.1 cm to 0.4 cm. This
method might not work for systems with critical concentration fluctuations because
forward scattering is extraordinarily dominated not by incoherent scattering but by
coherent scattering. In this dissertation, the subtraction of incoherent scattering in-

tensity for all SANS data was carried out by means of the T-method.
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In Chapter 3, we successfully designed and fabricated a novel homogeneous hydro-
gel by combining two symmetrical tetrahedron-like macromonomers of the same size.
Tetra-PEG gel was prepared through a highly stoichiometrical and symmetrical gela-
tion process. The breaking strength was extremely high, being comparable to that of
native articular cartilage.We conclude that Tetra-PEG gel has an extremely homo-
geneous network structure. To the best of our knowledge, this is the first successful
fabrication of a homogeneous chemical hydrogel having high mechanical strength.
Since the mechanical properties of ideal networks can be modified by increasing the
length between cross-linking points, we plan to further increase the mechanical prop-

erties of Tetra-PEG gel by controlling the PEG arm length.

In Chapter 4, structure analyses of Tetra-PEG gels were carried out by means
of swelling experiments and SANS, and the results were discussed by taking into
account the mechanical properties of the same systems. The following facts are
disclosed. (1) Tetra-PEG gels are stoichiometrically prepared irrespective of the ini-
tial polymer concentration, and their swelling behaviors are well predicted by the
Flory-Rehner theory. (2) The mechanical moduli of Tetra-PEG gels, £ and G, are
proportional to the initial polymer concentration and is one order of magnitude larger
than the corresponding gels made with similar tetra-arm PEG gels prepared with a
low-molecular-weight coupling reagent. This indicates that cross-end-coupling of A-
and B-type tetra-PEG is essential for gel preparation with extremely low defects. (3)
The scattering functions of the macromers can be well reproduced by the scattering
function for star polymers. (4) SANS functions of Tetra-PEG gels can be described
by simple Ornstein-Zernike function without excess scattering component originating
from cross-linking inhomogeneities. This means that Tetra-PEG gels are extremely
homogeneous, and an “ideal” network free from defects is formed. (5) Preparation
in non-stoichiometric composition leads to formation of defects in the polymer chain
network and results in a significant depression of the mechanical properties. Struc-
tural models of macromer solutions and of Tetra-PEG gels, which account for the

advanced mechanical properties of Tetra-PEG gels, are proposed.

In Chapter 5, the structures of Tetra-PEG gels in as-prepared and swollen states
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were investigated by small-angle neutron scattering (SANS) as well as static light scat-
tering (SLS). The following facts are disclosed: (1) The TAPEG macromer solutions,
consisting of tetra-arm polymer chains, are not interpenetrable due to the presence
of end groups, and the individual chains behave as hard spheres. Hence, the radius
of gyration, R, scales with ¢, 3 (2) The structure factors of both as-prepared and
swollen gels in SANS regime can be represented by Ornstein-Zernike type scattering
functions and be superimposed to single master curves, irrespective of the molecular
weight. (3) No inhomogeneities appeared even by swelling. (4) However, in SLS
regime, a steep upturn was observed in SANS curves in as-prepared Tetra-PEG gels,
indicating the presence of PEG chain clusters or defects. A master-curve relationship
holds also in SLS regime for a gel having the same molecular weight, indicating a self-
similar network structure in Tetra-PEG gels. (5) The upturn in scattering intensity
is assigned to be a clustered structure as is often observed in PEG in water and/or
network defects. The upturn is suppressed by increasing M, due to a formation
of more regular network structures with less inhomogeneities. It is concluded that
Tetra-PEG gels have no noticeable entanglements, but have self-similar structures
with respect to M, and form ideal tetrafunctional polymer networks, provided that

M, is high enough (~ 40 x 10?).

In Chapter 6, the deformation mechanism of polymer networks was investigated
by using near-“ideal” polymer network, Tetra-PEG gels. Tetra-PEG gel-20k showed
slight change in the scattering intensity by deformation. An upturn in the inten-
sity was observed at low-¢q region, indicating emergence of inhomogeneities. On the
other hand, Tetra-PEG gel-40k did not show any anisotropy at low-q region. Though
a very small anisotropy appeared by stretching the gel by 5 times, essentially no
anisotropy was observed in Tetra-PEG gel-40k. On the other hand, thermal con-
centration fluctuations were observed due to a segmental motion around its mean
position irrespective of the stretching ratio. In any case, this is the first time, to
our knowledge, that deformation mechanism of polymer networks is discussed with a
well-defined polymer network. Intentional introduction of dangling chains to polymer
network resulted in lowering in network inhomogeneities. This was explained with
the suppression of deformation of the majority of the network with the cost of local

deformation of the defect regions.
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In Chapter 7, we discussed the relationship between microscopic structure and
macroscopic mechanical properties of Tetra-PEG gels. The major findings are as
follows: (i) the value of tan § was extremely low (~ 10%); (ii) the stress-strain rela-
tionship could be described by the theoretical equation for the ideal network; and (iii)
the maximum breaking strength was extremely high (~ 27 MPa). It is noteworthy
that the stress-strain relationship on a macroscopic scale corresponded well to that of
elastic blobs on a microscopic scale. In other words, each mesh chain equivalently and
cooperatively contributed to the elasticity. This unique cooperativity was caused by
the near-absence of the spatial inhomogeneities and trapped entanglements. Thus, to
our knowledge, theTetra-PEG gel network is closer to an ideal network than any other
conventional model networks. Because the Tetra-PEG gel network can be treated as
uniformly packed elastic blobs, we can translate the knowledge of the single polymer
chains seamlessly into the design of polymer materials. We strongly believe that the
Tetra-PEG gel network will contribute not only to the design of advanced polymer

materials but also to further development of the theory of rubber elasticity.

In conclusion, Tetra-PEG gels may be valuable in application for practical use.
For biomedical applications, hydrogels are required to meet three criteria at the same
time: high-mechanical properties, biocompatibility and an easy fabrication process.
Tetra-PEG gel has successfully satisfied all three criteria. First, it has attained high-
mechanical properties using symmetrical tetrahedron-like constitutional polymers to
form an extremely homogeneous structure. Second, Tetra-PEG gel uses biocompat-
ible tetrahedron-like PEG with mutually reactive terminal groups; its gel formation
reaction does not use or produce any toxic substance. Third, Tetra-PEG gel can
be fabricated within a few minutes through in situ gelation by simply mixing two
macromonomer solutions. Because of these combined merits, we strongly believe
that Tetra-PEG gel and its derivatives may be useful in the biomedical field. Tetra-
PEG gel will not only be useful as a biomaterial but may also contribute to the
understanding of ideal networks. Furthermore, as we may be able to apply this strat-
egy regardless of polymer species, we believe that this strategy will have a strong

impact on the field of gel research.
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