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ABSTRACT: A series of model networks consisting of polyethylene glycol (PEG), tetra-PEG gels, have
been prepared and their structure and dynamics have been investigated by small-angle neutron scattering
(SANS) and static light scattering (SLS). The Tetra-PEG gels were prepared b Y Cross- -end coupling of two
types of tetra-arm PEG macromers with molecular weights, M, of (5 to 40) x 10 g/mol. In the SANS regime,

the structure factors of both as-prepared and swollen gels can be represented by Ornstein—Zernike-type
scattering functions and superimposed to single master curves with the reduced variables, £g and 1(¢)/¢oE>,
irrespective of the molecular weight of tetra-PEG, where ¢, &, I(¢), and ¢, are the magnitude of the scattering
vector, the correlation length, the scattering intensity, and the polymer volume fraction at preparation,
respectively. In the SLS regime, however, a power-law-type upturn was observed, indicating the presence of
PEG chain clusters. Interestingly, these inhomogeneities disappear by swelling. It is concluded that Tetra-
PEG gels can be an “ideal polymer network™ with a self-similar structure with respect to M., without
significant entanglements and/or defects. This explains why Tetra-PEG gels have high mechanical strength as
reported elsewhere (Macromolecules 2008, 41, 5379).

1. Introduction

It is well known that polymer gels have inhomogeneous
structures.! ¢ Because 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 ther-
modynamic equilibrium.*® Inhomogeneous structures in poly-
mer 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 1nten51ty at low ¢ region in small-angle
neutron scattering (SANS) or a speckle pattern in laser light
scattering,'""'> where ¢ is the magnitude of the scattering vector.
There are various types of inhomogeneities, such as spatial,
topological, connectivity, and mobility inhomogeneities, as
classified by one of the authors.'* A large number of studies on
the structural characterization of polymer gels have been carried
out by using these properties.

Recently, however, some exceptions are reported. For exam-
ple, pol?/mer gels that do not exhibit nonergodicity are reported
by Wu. ” They demonstrated that inhomogeneities in an assem-
bly of microgels were strongly suppressed if individual swollen
microgels were closely packed to each other. On the basis of this
experimental evidence, they concluded that static nonergodic
behavior originated from large “voids” formed during sol—gel
transition in the polymerization process. It should be noted,
however, that the gels reported by Wu were microgels, and the
absence of inhomogeneities was exclusively observed in the jam-
packed state where the concentration fluctuations are strongly
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suppressed. Here the “voids” refer to the polymer-poor region in
a gel. Inhomogeneities are also found even in physical gels, which
spontdneously tune their network by “detachable” cross-links so
as to minimize the free energy of entropy elasticity.'>'® 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.

Because the physical properties of gels, such as mechanical
properties and optical properties, strongly depend on the struc-
ture, 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 because they affect the physical properties of the
network polymer, such as mechanical and optical properties.'’
There has been a desire to prepare an “ideal” polymer network
that is free from defects.'® One of the theoretically promising
methods to prepare a model network was end-coupling of
telechelic polymer having a shagp molecular weight distribution
by multifunctional cross-linker.'” > However, there has been no
success in preparing defect-free networks so far‘24 % 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 maxi-
mum, and (I11) the two-correlation length gels.

Sakai et al. developed a novel class of hydrogels by cross-end
couphn% of two types of tetra-arm polyethylene glycol (PEG)
chains.”” These gels, hereafter called Tetra-PEG gels, have
various advantages, namely, high mechanical strength and
toughness, easy preparation, and biocompatibility. Interestingly,
it was found that Tetra-PEG gels were free from inhomogeneities
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characterized by the above mentloned upturn behavior at low ¢
regions (¢ < 0.01 A™") in SANS.?® We then concluded that the
extraordlndry toughness of Tetra-PEG gels was ascribed to a

“perfect” and “ideal” network such as a diamondlike tetrahedral
structure.®® In this article, we discuss the structure of Tetra-PEG
gels in more detail with the scattering intensity data i in a wide ¢
range covering not only the SANS (0.003 < ¢ < 0.2A™") but also
the light scattering (LS) regime (0.0008 < ¢ < 0.002 A h.

2. Theoretical Background

2.1. Scattering Functions for Multiarm Polymer Chains.

The form factor of multiarm star polymer chains, Pg,.(q), is
given by29 30
27 -
Pstar(q) :f? {M_[l _exp( - )] f2 [1 _CXp( )]2}
(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. Equation 1is a “Debye function” for the
f-arm polymer chain. The interpolymer interaction can be
taken into consideration in terms of the Flory—Huggins
interaction parameter, y, and the scattering intensity is
given by

(Ap)? V¢ Psar(q)

I(q): Na 1+(1—2X)( )¢Pstar()

(2)

Here Ny is Avogadro’s number and ¢ is the volume fraction
of the solute. V; and V5 are the molar volumes of the solvent
and the monomeric unit of the solute, respectively. (Ap)?* is
the scattering length density difference square between poly-

mer 2 and SOlvel’lt 1
2
< ) ( : )
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where b; and V; (= V;/N,) are the scattering length and the
volume of the solvent (i = 1) and the monomeric unit of
component (i = 2).

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

Ig) = (Ap)*RT¢* 1
a4 NAMos 1+§2q2

(Ap) = (p,—py)" = (3)

(4)

Here & is the correlation length of the network, R is the gas
constant, and 7T is the absolute temperdture M is the

osmotic modulus of the gel given by’
RT¢2( 1 1<¢)+<£>1/3}
%o ®o
()

RV 2x> +vRT

where v, is the number density of the effective elastic chains
in the network. In principle, the scattering function can be
represented by the so-called Ornstein—Zernike function,
that is, eq 4. However, it is known that scattering intensity
functions of gels have significant forward scattering at low ¢
region due to cross-linking inhomogeneities. As a result, by
adding an extra term, eq 4 is modified to**

(Ap)’RTH | 1 o Ainhom ()
NaMos | 14+E8¢2  (142%¢)*

Mos -

1(q) =
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The extra term A;,pom 1S dependent on the chemistry of gel
preparation because it represents how the component poly-
mer chains are topologically frozen by cross-linking.

3. Experimental Section

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-hydroxysucci-
nimide. 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, values were prepared, that is, M, = Sk, 10k,
20k, and 40k g/mol. The sample code is given by the M, for
example, Tetra-PEG-5k being Tetra-PEG with M., =5 x 10°. The
activity of the functional group was estimated using NMR. Tetra-
PEG gels were synthesized as follows. Equal amounts of TAPEG
and TNPEG (5—160 mg/mL) were dissolved in phosphate buffer
(pH 7.4) and phosphate—citric acid buffer (pHS.8), respectively.
To obtain coherent neutron scattering from the polymers, these
buffer solutions were prepared with deuterated water. 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, and -40k. Two solutions were
mixed, and the resulting solution was poured into the mold. At
least 12 h were spent for the completion of the reaction before the
following experiments.

3.2. Small-Angle Neutron Scattering. SANS experiments were
carried out on a 2D SANS instrument, SANS-U,** at the
University of Tokyo, located at JRR-3 Research Rector, Japan
Atomic Energy Agency, Tokai, Ibaraki, Japan. A monochro-
mated cold neutron beam with an average neutron wavelength
of 7.00 A and 10% wavelength distribution was irradiated to
the samples. The scattered neutrons were counted with a 2D
position detector (Ordela 2660N, Oak Ridge). The sample-to-
detector distances were 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 polyethylene secondary standard.
The details of the instrument are reported elsewhere.’>*
Incoherent scattering subtraction was made with the method
reported by Shibayama et al.?*3"

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

4. Results and Discussion

4.1. Macromer Solutions. Figure 1 shows the scattering
intensity curves of (a) TAPEG-5k, (b) TAPEG-10k, (c)
TAPEG-20k, and (d) TAPEG-40k macromer solutions in
the as-prepared state with various concentrations, ¢ (= ¢).
The solid lines show the curve fits with eq 2, that is, the
scattering function for tetra-arm polymer chains. All ob-
served SANS functions were well-represented by eq 2. It
should be noted that the interaction parameter, y, has to be
varied from 0.495 (TAPEG-5k) to 0.465 (TAPEG-40k) to
reproduce the observed SANS intensity functions with eq 2.
The molecular weight dependence of the interaction para-
meter y is shown in Figure 2, which seems to be a decreasing
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Figure 2. Molecular weight dependence of the apparent interaction
parameter .

function of M,,. The reason for the M., dependence may be
the presence of the arm-end,”’ and the chain-end effect
becomes insignificant with increasing M,,. As a matter of
fact, the value of y approaches the value of linear PEG
chamsz6 (x=0.43 at T=20 °C) by increasing M,,.

Figure 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, ¢, as well
as of M The inset shows that R, is roughly given by R,
#o ', indicating that a simple contractlon occurs in Tetra—
PEG ChdlnS as a function of ¢g. This exponent indicates that
the Tetra-PEG chains behave as compressive elastic balls
that are dependent on the concentration, and no interpene-
tration occurs even at ¢y > ¢o*, where ¢o* is the overlap
concentration. The absence of interpenetration may be due
to the presence of a large number of end groups, as discussed
in the previous paper.”® However, regarding M, depen-
dence, the plots of R, versus ¢ in the inset do not seem to
be superimposed by shifting with an equal gap, although the

50 -o- TAPEG-5k

-+ TAPEG-10k|
~4~ TAPEG-20k|
- TAPEG-40k|

-0.36 1 A

I
0.04

1
0.02

Figure 3. Polymer concentration dependence of the radius of gyration,
R,, of TAPEGs having various M., values. The inset shows the log—log
plots.

M, of the TAPEGs are in a series of two folds (i.e., 5k, 10k,
20k, and 40k). Therefore, there is a strong deviation from a
power law, that is, R, ~ M,* with a.=1/2 (©-solvent) or 3/5
(good solvent). Figure 4 shows the M\, dependence of R, for
the case of ¢g = 0.0709. The dashed dnd chain lines are cal-
culated values by assuming R, ~ M,,” with 0. = 1/2 and 3/5,
respectively. Interestingly, a relatlon R, ~ M,,"? 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 in this stage.

4.2. Tetra-PEG Gels in As-Prepared State. Figure 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 subfigures correspond
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to those of Figure 1. The solid lines are the fits with eq 4, that
is, the Ornstein—Zernike (OZ) function. In the case of as-
prepared Tetra-PEG-5k gel, a strong upturn in /(¢) for g <
0.01 A~ 'is observed for ¢ = 0.0531, and a fitting with eq 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(g) is found at low ¢ region in Tetra-
PEG-10, -20k, and -40k in this ¢ region. It should be noted
here the following: Polymer gels usually exhibit a strong
upturn in low ¢ region because of the presence of inhomo-
geneities.® Even in the case of “ideal polymer networks”
made by end-linking of telechelic g)olymer chains, significant
inhomogeneities are reported.?>

Figure 6 shows the concentration dependence of the
correlation length, &, for Tetra-PEG gels with various M,
values. Surprisingly, the larger M, is, the smaller & is. If £
represents the mesh size formed by cross-end-coupling of
TAPEG and TNPEG, then & should increase with M, by 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
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Figure 4. M,, dependence of R, for ¢y =0.0709. The dashed and chain
lines denote calculated values by assuming R, ~ M,,” with a=1/2 and 3/
S, respectively.
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from that of the macromers. Although & 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, that is, —3/4. As a matter of fact, Tetra-PEG-40k
gels show & ~ ¢, *7%, of which the exponent is close enough
to —3/4. (See the inset of Figure 6.) Therefore, it is con-
jectured that the observed & for Tetra-PEG-40k gels repre-
sents the size of the “mesh” of the polymer network.
However, those for 5k, 10k, and 20k may represent addi-
tional concentration fluctuations, of which correlation
lengths are much larger than the mesh size. This is probably
due to the formation of an imperfect polymer network, as
schematically shown in Figure 7. That is, if an arm chain is
not long enough, then the arm chain is too rigid to undergo
the cross-end-coupling reaction between TAPEG and
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Figure 6. Concentration dependence of the correlation length, &,
for Tetra-PEG gels with macromer molecular weights of Sk, 10k, 20k,
and 40k.
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Figure 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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TNPEG with a high yield. If this is the case, then a large
number of network defects are formed, leading to an ob-
servation of a larger mesh size characterized by the correla-
tion 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 the polymer network in a good solvent. However, these
structural and kinetic constraints are suppressed by increas-
ing M, leading to the recovery of the expected exponent.
4.3. Swollen Gels in Swelling Equilibrium. Figure 8 shows 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(¢) values for
the swollen gels are satisfactorily fitted with OZ functions
irrespective of ¢. Here note that ¢ is the polymer volume
fraction at swelling equilibrium, which is different from
the polymer volume fraction at preparation, ¢y. As shown
in these Figures, cross-linking inhomogeneities seem to

TNPEG
<~~~ TAPEG

Figure 7. Schematical representation of the structure of Tetra-PEG-5k
gels. Because of the imperfect cross-end-coupling reaction, large voids
are formed, which are characterized by &.
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disappear by swelling, which is opposite to the case of randomly
cross-linked conventional gels (statistical gels).”’ ** Note
that in the case of conventional gels, cross-linking inhomogene-
ities are not explicit in as-prepared gels because cross-links
are introduced so as to minimize the free energy. However,
cross-linking inhomogeneities become explicit because of in-
homogeneous 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 an upturn in SANS.? Therefore, the absence of an
upturn 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 9 shows & versus ¢ plots for swollen gels for (a)
Tetra-PEG-5k, (b) -10k, (c) -20k, and (d) -40k (solid symbols
with solid lines) as well as & versus ¢, 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 ¢, to ¢). Second, different from the case of as-
prepared gels (Figure 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 ¢,. This
tendency seems reasonable because a unique set of values of &
and ¢ is expected to exist in a gel at swelling equilibrium, that
is, (Eeq> Peq), fOr @ network with a given set of M., and y. This
tendency weakens as M, decreases. For example, in the case
of Tetra-PEG-5k, & changed little with swelling and & scales
with ¢~ "', Therefore, a unique set of values of & and ¢ does
not exist for Tetra-PEG-5k, and hence it is concluded that
Tetra-PEG-40k gel is closer to an ideal network than other
gels with lower M, values.

Figure 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 y is close to —3/4. (See Figure 9.) When
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Figure 9. Concentration dependence of € of swollen gels for Tetra-PEG
gel-5k, -10k, -20k, and -40k (solid symbols with solid lines) as well as
those of as-prepared gels (open symbols and broken lines).

the gels are swollen in water, they reach a unique swollen
state depending on their molecular weights, as shown sche-
matically in the bottom of Figure 10. The presence of a
unique swollen state independent of ¢ suggests that the cross-
linking reaction occurs exclusively at the surface of Tetra-PEG
macromers and no entanglement formation takes place.
Therefore, 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.

4.4. Master Curves. In the discussion of Figure 5, it was
pointed out that a strong upturn was observed at the low ¢
region for Tetra-PEG-5k gel. To elu01date this anomaly in
thelow g region (0.003 < ¢ < 0. 02A ) we carried out SLSin
the region of 0.0008 < ¢ < 0.002 A~ '. Figure 11a shows the
result of SANS as well as SLS experiments. Although 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 to the correspondmg SANS data. More
interestingly, by scaling 1(¢)/poE> and &g, all scattering
intensity curves fall onto a single master curve, as shown in
Figure 11b. Similar behaviors were also observed in all
Tetra-PEG gels. This strongly indicates that Tetra-PEG gels
have a self-similar structure with respect to the polymer
concentration at preparation, ¢y. This Figure also shows
that Tetra-PEG gels have two characteristic length scales,
that is, the correlation length, &, and the characteristic length
of inhomogeneities, E, given by eq 6. Now, let us discuss the
origin of the inhomogeneities characterized by E.

Matsunaga et al.
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Figure 10. Schematic representation showing the change of network
size as a function of ¢, and of ¢.
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Figure 11. (a) SANS as well as SLS intensity functions for Tetra-PEG
gel-5k prepared at various concentrations, ¢. The missing ¢ reglon is
indicated by the vertical dashed line. (b) Scaled plots, I(¢)/¢&> and &g.

10

10

2

It is more interesting to compare the master curves in the
scattering intensity functions of Tetra-PEG gels having differ-
ent My, values. Figure 12 shows the plots of the master curves
obtained for Tetra-PEG gel-5k (O), -10k (O), -20k (A), and
-40k (). The curves denoted by crosses indicate the scattering
intensity function of linear PEG chams (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



Article

Clustering of free PEG Chains
~500 A

Islopel > 2

Iq) I¢y-& [em™)

O Sk_master curve
A 10k_master curve
10 | V 20k_master curve
E| ¢ 40k_master curve

X linear PEO(100k) Hammouda

10"
q-<l-

Figure 12. Scaled plots, I(¢)/¢, & and &g, for Tetra-PEG gel-5k (O),
-10k (O), -20k (2), and -40k (). Crosses indicate the reduced scattering
intensity function for linear PEG chains (M,, = 100k) in water.
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variables, as shown in Figure 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 for clustering is the
presence of hydrophobic end groups, such as —OCHs. It is
of particular interest that the behavior of the linear PEG is
quite similar to that of the Tetra-PEG-5k gel. This suggests
that Tetra-PEG-5k gel has a clustered structure similar to that
of 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 a clustered (or aggregated)
structure is typical in PEG aqueous solutions.***® Figure 12
indicates that this clustered structure seems to be suppressed by
increasing M.

Hammouda et al. proposed two kinds of scattering func-
tions different in the cluster term, that is, the Debye—
Bueche-t):ge squared-Lorentz function*® and a power-law
functions

A B
I(q) = + Debye—Bueche function
D=z T ieg O )
(7)
and
B
I(q) =A'q P+ 7 (power-law function)  (8)

where A, B, and A’ are numerical factors, and f is a
scattering exponent. Note that the scattering form of eq 7
is exactly the same as that of eq 6 and is employed by many
researchers including the authors.®”*"*® This means that
there exists a two-phase structure that has a sharp boundary
characterized by the so-called Porod law (I(q) ~ ¢~ *). How-
ever, eq 8 suggests the presence of a fractal structure char-
acterized by mass fractal, D = S.¥7! The scattering
exponent at the low ¢ region in Figure 11b is close to —2.
Therefore, the hypothesis of the presence of a two-phase
structure with a sharp boundary does not seem to be applic-
able 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 Z (>§&) in the SANS
regime and in SLS regimes, respectively, and the scattering
intensity is given by

Ig) = Asts | Asans
- 1+&4¢

1+Ezq2 (another OZ function) (9)
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If thisis the case, then Tetra-PEG gels are a one-phase system
that has bimodal concentration fluctuations in submicrom-
eters and a few tens of angstroms. We speculate that the
inhomogeneities characterized by & correspond to the
distance between polymer-poor regions originating from
imperfect cross-end-coupling reaction. Further investiga-
tions to elucidate this conjecture are in progress.

5. Conclusions

The structure of Tetra-PEG gels was investigated by SANS as
well as SLS. The following facts are disclosed: (1) The TAPEG
macromer solutions, consisting of tetra-arm polymer chains, are
not interpenetrable because of the presence of end groups, and
the individual chains behave as hard spheres. Therefore, the
radius of gyration, R,, scales with #o ', (2) The structure factors
of both as-prepared and swollen gels in the 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 the SLS regime, a steep upturn was
observed in SANS curves in as-prepared Tetra-PEG gels, indi-
cating the presence of PEG chain clusters or defects. A master-
curve relationship holds also in the 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, network defects, or both. The upturn is suppressed by
increasing M, because of the 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 My, and form ideal tetrafunctional
polymer networks provided that M, is high enough (~40 x 10?).
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