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ABSTRACT: Because of the biocompatibility of poly(ethylene glycol) (PEG), PEG-based hydrogels have
attracted considerable interest for use as biomaterials in tissue engineering applications. In this work, we
show that PEG-based hydrogels prepared by photopolymerization of PEG macromonomers functionalized
with either acrylate or acrylamide end-groups generate networks with cross-link junctions of high function-
ality. Although the cross-link functionality is not well controlled, the resultant networks are sufficiently well
ordered to generate a distinct correlation peak in the small-angle X-ray scattering (SAXS) related to the
distance between cross-link junctions within the PEG network. The cross-link spacing is a useful probe of the
PEG chain conformation within the hydrogel and ranges from approximately 6 to 16 nm, dependent upon
both the volume fraction of polymer and the molecular weight of the PEG macromonomers. The presence of
a peak in the scattering of photopolymerized PEG networks is also correlated with an enhanced compressive
modulus in comparison to PEG networks reported in the literature with much lower cross-link functionality
that exhibit no scattering peak. This comparison demonstrates that the method used to link together PEG
macromonomers has a critical impact on both the nanoscale structure and the macroscopic properties of the

resultant hydrogel network.

Introduction

Poly(ethylene glycol) (PEG) hydrogels consist of cross-linked
networks of PEG chains swollen in an aqueous solution. PEG
hydrogels are typically prepared either by y-irradiation of linear
PEG chains or by linking together telechelic PEG macromono-
mers having functional end-groups via step or free radical
polymerization.'* Networks formed from telechelic macromo-
nomers can be considered “model” networks in the sense that the
molecular weight between cross-links is determined by the
macromonomer molecular weight and is, therefore, well-controlled.?
Despite the well-controlled molecular weight between cross-link
junctions, the cross-link functionality and the resulting nanoscale
morphology of end-linked PEG networks can still be influenced
by the nature of the reactive end-groups and polymerization
method.

In this work, we use small-angle X-ray scattering (SAXS) to
explore the nanoscale morphology of PEG hydrogels prepared by
free radical photopolymerization of PEG-diacrylate and PEG-
diacrylamide macromonomers. The nanoscale structure and the
resulting macroscopic mechanical properties of hydrogels pre-
pared from PEG-diacrylate and PEG-diacrylamide macromono-
mers are of interest for several reasons. For one, these hydrogels
have been used as a first network in high strength interpenetrating
polymer networks wherein loosely cross-linked poly(acrylic acid)
forms the second network.” In order to understand the structure
and mechanisms for strength enhancement in these interpene-
trating polymer networks, it is essential to first understand the
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structure of the photopolymerized PEG networks before addition
of a second polymer network. Second, the nanoscale morphology
of photopolymerized PEG hydrogels is of general interest because
such hydrogels are easily prepared and are commonly used as cell
scaffolds."® A better understanding of the structure of photo-
polymerized PEG hydrogels may help to gain a better insight into
cellular interactions with synthetic PEG-based scaffolds.
Small-angle X-ray scattering (SAXS) and small-angle neutron
scattering (SANS) are able to probe differences in electron or
neutron density within hydrogel networks on length scales ran-
ging from sub-nanometer up to ~100 nm.” SAXS and SANS are,
therefore, valuable tools for characterizing the morphology of
water-swollen polymer networks in their native state. In this
study, we have observed that there is a distinct correlation peak in
the SAXS pattern of photopolymerized PEG-diacrylate and
PEG-diacrylamide hydrogels. This correlation peak is present
in both hydrogels polymerized by ultraviolet (UV) radiation and
hydrogels polymerized by X-ray radiation from the SAXS beam-
line. For in situ SAXS measurements of PEG macromonomer
precursor solutions, the correlation peak is not initially present in
the polymer solutions but develops only after the X-ray radiation
has induced polymerization of the free radical reactive end-
groups. X-ray radiation is known to induce the polymerization
of acrylamide functionalities, and gelation of the PEG macro-
monomers is confirmed by the formation of a transparent gel the
size and shape of the SAXS beamline.'’ The correlation peak
position shifts with the macromonomer molecular weight, poly-
mer volume fraction, solvent quality, and uniaxial tension in a
manner that demonstrates that the peak position is related to the
spacing between cross-link junctions within the PEG hydrogel
network. The correlation peak is, therefore, attributed to the
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average spacing between dense cross-link junction regions within
PEG networks prepared by photopolymerization of PEG macro-
monomers with free radical reactive end-groups.

The cross-link spacing obtained from the correlation peak
position is used to probe the PEG chain conformation within the
hydrogel and to estimate the average cross-link functionality of
the networks. The presence of a peak in the SAXS pattern of
photopolymerized PEG networks is also correlated with an
enhanced compressive modulus in comparison to PEG networks
from the literature with much lower cross-link functionality. We
are unaware of any previous studies demonstrating that either
PEG-diacrylate or PEG-diacrylamide hydrogels have a correla-
tion peak in their small-angle scattering and that this correlation
peak can be used to obtain information about the cross-link
junction morphology and cross-link junction spacing within
photopolymerized PEG hydrogels.

Experimental Section

Chemicals. 2-Hydroxy-2-methylpropiophenone, acryloyl
chloride, mesyl chloride, diol-terminated poly(ethylene glycol)
(PEG) [M,, = 3400 g/mol (product no. 202444), M, ~ 4600 mol
(product no. 373001), M, ~ 8000 g/mol (product no. 202452)],
and triethylamine were purchased from Sigma-Aldrich Chemical Co.
(Milwaukee, WI) and used as received. Dichloromethane, diethyl
ether, and anhydrous tetrahydrofuran were purchased from Fisher
Scientific (Pittsburgh, PA).

PEG-Diacrylate and PEG-Diacrylamide Synthesis. Diacry-
late-terminated PEG was prepared by reacting diol-terminated
PEG with a 2.5 mol excess of acryloyl chloride and triethylamine
base catalyst in tetrahydrofuran overnight at room temperature.
Diacrylamide-terminated PEG was prepared following the syn-
thetic protocol described previously by Elbert and Hubbell.'" In
this procedure, PEG-diamine is synthesized first and then
reacted with a 2.5 mol excess of acryloyl chloride and triethyla-
mine base catalyst to produce PEG-diacrylamide. PEG-diacry-
late and PEG-diacrylamide products were purified by filtration,
liquid—liquid extraction in dichloromethane, and precipitation
in diethyl ether. From here on, PEG-diacrylate will be denoted
as PEG-DA(M,,) and PEG-diacrylamide as PEG-DAam(M,,),
where the number-average molecular weight, M,,, is abbreviated as
3.4K for M,, = 3400 g/mol, 4.6K for M, = 4600 g/mol, and 8.0K
for M, = 8000 g/mol.

End-Group Functionalization Efficiency. The degree of end-
group functionalization was evaluated by "H NMR. However,
the exact extent of functionalization is difficult to determine
using "H NMR, as the ratio of end-groups to PEG monomer
units is low and the PEG chains are not monodisperse. Within
this limitation, the ratio of end-groups to PEG chain segments
revealed near-complete functionalization of end-groups for
each PEG molecular weight synthesized. A sample '"H NMR
spectrum for PEG-DA(3.4K) is shown in Figure SOI in the
Supporting Information.

Hydrogel Preparation. PEG hydrogel precursor solutions
were prepared by dissolving dried PEG-DA or PEG-DAam
powder in deionized water. Precursor solution concentrations are
reported as % w/w unless otherwise noted (e.g., 1 g of PEG-
DA(3.4K) macromonomer dissolved in 1 g of water is referred to as
PEG-DA(3.4K)-50%). The photoinitiator, 2-hydroxy-2-methyl-
propiophenone, was then added to the solution at 1 wt % with
respect to the PEG. PEG precursor solutions with photoinitiator
were injected between two glass slides separated by a 0.5 mm
thick Teflon spacer and exposed to an UV light source, 365 nm at
10 mW/cm?, for 5 min (UV chamber model ELC-300, Electro-lite
Corp., Danbury, CT). Upon exposure to UV light, the macro-
monomer end-groups reacted via free radical polymerization to
create an end-linked PEG network. The PEG hydrogels were
placed in deionized water and allowed to reach equilibrium swelling
overnight. The equilibrium swelling ratio (Ws/Wy) is defined as the
mass of the fully swollen hydrogel (W) divided by the mass of the
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dry hydrogel (Wy). The equilibrium polymer volume fraction was
obtained by first determining the polymer mass fraction (Wgy/ W)
and then converting to volume fraction using a specific volume of
0.92 cm®/g for PEG."?

Sol Fraction Determination. To determine the unreacted sol
fraction of macromonomer in the PEG networks, the PEG
hydrogels were dried in a vacuum desiccator immediately after
photopolymerization, and their mass was recorded. The dried
hydrogels were then reswollen in deionized water and placed
in a Soxhlet extractor with deionized water as the solvent for
3 days. The hydrogels were then redried in a vacuum desiccator,
and their mass was recorded once more. Any loss in mass was
attributed to a sol fraction of unreacted PEG macromonomers in
the PEG networks being removed during the Soxhlet extraction
process.

Small-Angle X-ray Scattering (SAXS) Measurements. SAXS
measurements were performed at the Stanford Synchrotron
Radiation Lightsource (SSRL) on beamlines 1-4 and 4-2. Hydro-
gel samples between 0.5 and 1.0 mm thick and 15 mm in diameter
were placed into sample holders with no windows. To study the
effect of uniaxial tension on the hydrogel morphology, SAXS was
performed on hydrogels under tension by clamping a rectangular
hydrogel slab into a straining rig placed in-line on beamline 1-4.
The strain on the hydrogel was determined by the distance
between grips, and samples were held under a constant strain
for the duration of the data collection (10 min). Background and
empty cell scattering were determined by separate measurements
with no beam and empty sample holders. Depending upon the
sample-to-detector distance, detector distances and beam centers
were calibrated with silver behenate, cholesteryl myristate, or
chicken collagen standard samples. Multiple sample-to-detector
distances were used, and the data were aligned by shifting inten-
sities by an arbitrary factor. All peak positions were determined by
fitting to a Lorentzian shape with a Levenberg—Marquardt non-
linear regression algorithm within OriginPro8 software (OriginLab,
Northampton, MA).

Estimation of Cross-Link Functionality. For the purpose of
estimating the cross-link functionality of PEG-DA hydrogels, it
was assumed that all of the macromonomer end-groups were
functionalized, had reacted into a cross-link junction, and that
the cross-links formed a face-centered cubic (fcc) lattice struc-
ture. The assumption that the cross-link junctions conform to an
fce structure is made solely to obtain an estimate of the cross-
link functionality. Since any actual lattice structure is unknown,
this assumption is not intended to imply that the actual hydrogel
structure is an fcc lattice. For the purposes of estimating the
cross-link functionality, the specific lattice structure assumed is
not of critical importance since comparable results are obtained
for different lattices. Analogous analyses have been used to
determine the number of end-groups per aggregate for associa-
tive polymers, which consist of hydrophilic polymers with
hydrophobic end-groups that aggregate together in aqueous
solution.'*!*

To estimate the cross-link functionality, the relationship that
the plane d-spacing of the lowest order diffraction peak is d =
271/gmax Was used to determine the nearest-neighbor spacing
between lattice points. The lattice parameter was then calculated
as a = 27tv/3/qmax With four cross-link junctions per unit cell for
an fce structure. The functionality or the number of end-groups
per cross-link junction was determined by dividing the concen-
tration of end-groups in the hydrogel, which was obtained from
the hydrogel’s polymer volume fraction, by the number of lattice
points per unit volume.

SAXS in Situ Polymerization. To determine how the structure
of PEG-DA hydrogels developed during the polymerization
process, PEG-DA precursor solutions were polymerized in situ
using X-ray radiation from SAXS wiggler beamline 4-2. PEG
precursor solution samples were injected between two Kapton
windows. The precursor solutions were exposed to X-ray radia-
tionatA = 0.155 nmin a series of 20 s exposures. After exposure
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Table 1. Equilibrium Swelling Ratios, Volume Fractions of Polymer,
and Sol Fractions for PEG-DA Hydrogels Prepared at 50% w/w

PEG M, swelling polymer polymer sol
(g/mol) ratio (Ws/Wy) vol fraction (@) fraction
3400 3.944 0.238 0.006
4600 4.833 0.194 0.016
8000 5.886 0.156 0.006

to a sufficient amount of X-ray radiation, a small transparent gel
the size and shape of the X-ray beam was obtained. This allowed
scattering data to be collected during polymerization so that the
structural transitions occurring during the transition from a
PEG precursor solution to a PEG network could be followed.
Polymer solutions of diol-terminated PEG did not polymerize
or show a scattering peak when exposed to X-ray radiation,
indicating that the free radical reactive acrylate end-groups are
necessary for polymerization. It has previously been shown
that X-ray radiation can just as readily initiate the polymeri-
zation of an acrylamide functionality in the same manner as UV
radiation.'® In situ polymerizations were carried out on PEG-
DA(3.4K), PEG-DA(4.6K), and PEG-DA(8.0K) precursor so-
lutions at concentrations of 20%, 30%, 40%, and 50% w/w.
Precursor solutions at 10%, 5%, and 1% w/w did not form gels
and did not develop well-defined correlation peaks. No photo-
initiator was added to either PEG-DA or PEG-DAam precursor
solutions, as the free radicals were generated directly from the
acrylate or acrylamide groups. Polymerization of precursor
solutions did not occur on bending magnet beamline 1-4, as
the X-ray flux is much lower than on wiggler beamline 4-2.

Compressive Mechanical Testing. The initial compressive
modulus, stress at break, and strain at break for PEG-DA
hydrogels were determined using an Instron Universal Materials
Testing Machine (Instron model no. 5844) (Norwood, MA)
with Bluehill 2 software. Following the work of Gong et al., we
performed compressive tests on PEG hydrogel cylinders 9 mm in
diameter and 4 mm in height."® The cylinders were obtained by
cutting out 9 mm diameter cylinders with a trephine punch from
a 4 mm thick hydrogel slab. Stress and strain are reported
as true stress and true strain, assuming isotropic deformation
during compression. A strain rate of 1 mm/min was used for
compressive testing on fully swollen PEG-DA-50% hydrogels.
Measurements for each type of sample were performed at
least six times. The initial compressive modulus was determined
by taking the slope of the true stress/strain curve between
strains of 5% and 15%. The true strain at break was determined
as the true strain reached before failure, which was indicated
by a sudden drop in the true stress. The true stress at break
was taken as the true stress at the maximum true strain before
failure.

Results and Discussion

SAXS from Equilibrium-Swollen PEG Hydrogels. Equilib-
rium-swollen PEG hydrogels were prepared via free radical
photopolymerization of diacrylate or diacrylamide-termi-
nated macromonomers followed by swelling in deionized
water. Table 1 shows the equilibrium swelling ratios, volume
fractions of polymer, and polymer sol fractions for these
hydrogels. As the macromonomer molecular weight in-
creased, the equilibrium swelling ratios increased due to
the increased molecular weight between cross-link junctions.

The SAXS from these hydrogels is shown in Figure 1 and
reveals a correlation peak in the range ¢ = 0.40—0.79 nm ™.
The peak position depended upon the PEG macromonomer
molecular weight with peak centers at lower ¢ values (larger
length scales) for higher molecular weight PEG chains. The
SAXS curves for PEG-DA and PEG-DAam were similar
(Figure S02 in the Supporting Information), suggesting that
from the perspective of SAXS a change from diacrylate to
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Figure 1. SAXS curves from equilibrium-swollen PEG-DA(8.0K)-50%
(light gray), PEG-DA(4.6K)-50% (gray), and PEG-DA(3.4K) (black).

Intensities are offset for clarity. The inset shows the cross-link spacing vs
the number-average molecular weight of the PEG macromonomers.

diacrylamide end-group functionality does not significantly
alter the hydrogel nanoscale structure.

A 2
T 2sinf Gmax

(1)

The correlation peak in the SAXS pattern is attributed to
the spacing between dense cross-link junctions in the PEG
network. The peak positions are related to the spacing
between the cross-link junctions by using Bragg’s law
(eq 1), where d is the spacing between scattering centers
and 6 is half of the scattering angle. The cross-link junction
spacings obtained from the peak positions in Figure 1 are
shown in Table 2. These values are compared to the theore-
tical end-to-end distances of a PEG chain assuming either a
random walk Gaussian ideal chain, a self-avoiding random
walk in three dimensions (3-D SAW), a self-avoiding ran-
dom walk in two dimensions (2-D SAW), and, finally, the
contour length of a fully extended PEG chain. The end-to-
end distances were calculated using eq 2, where r( is the end-
to-end distance, b is the Kuhn length for PEG (0.76 nm), N is
the corresponding number of Kuhn segments, and v, is the
scaling exponent.'® The value for the exponent v, is depen-
dent upon the model used for the PEG chain. For an ideal
Gaussian chain modeled as a random walk, v; = 0.5; for a
self-avoiding polymer chain in a good solvent, v; = 0.588;
for a self-avoiding polymer chain in two dimensions, v; =
0.75; and, finally, for the contour length of a fully extended
chain, v; = 1.0."” The values in Table 2 obtained for the
cross-link spacing in equilibrium-swollen PEG networks
suggest that the PEG chains have a more extended confor-
mation than a simple 3-D SAW but are not quite as fully
extended as a pure 2-D SAW.

rg = bN"! (2)

For the correlation peak to correspond to the well-ordered
spacing of the cross-link junctions in the PEG network, the
peak position should shift to a higher ¢ (smaller length scale)
as the volume fraction of polymer in the hydrogel increases.
This trend was seen when the molecular weight was varied, as
shown in Figure 1. To further examine the effect of changing
the polymer volume fraction, a PEG-DA(3.4K)-50% hydrogel
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Table 2. Cross-Link Spacing (d-Spacing) in Equilibrium-Swollen PEG Hydrogels That Were Prepared at 50% w/w and Theoretical End-to-End
Distances for a PEG Chain

ideal chain (nm) 3-D SAW (nm) 2-D SAW (nm) contour length (nm)
M, (g/mol) d-spacing (nm) vy = 0.5 vy = 0.588 vy = 0.75 v = 1.0
3400 8.0 4.6 6.3 11.4 28.0
4600 10.1 5.4 7.6 14.3 37.9
8000 15.9 7.1 10.5 21.6 65.9
T y T T T T T T T T T T
¢=0.238 (fully hydrated)
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Figure 2. Asa PEG-DA(3.4K)-50% hydrogel is dried (curves from top
to bottom), the peak due to the cross-link spacing shifts to a smaller
length scale, as indicated by the arrow. At a particular polymer volume
fraction (¢ = 0.931) (second from bottom), a second peak near ¢ =
0.5 nm ™" begins to appear as some PEG chains begin to form ordered
domains. Intensities are in arbitrary units and are offset for clarity.

was dried in a humidity-controlled chamber, with SAXS
measurements made approximately every 30 min. Figure 2
shows the scattering curves for fully swollen, partially dried,
and fully dried PEG-DA(3.4K)-50%. As the PEG hydrogel
was dried, the correlation peak position shifted to a higher ¢,
indicating that the distance between cross-link junctions de-
creased. When most of the water was removed from the
hydrogel at a polymer volume fraction of ¢ = 0.931, a second
peak became visible near ¢ = 0.5 nm ™ '. This peak is caused by
the partial crystallization of the PEG chains as the hydrogel is
dried. A peak in the SAXS near ¢ = 0.5nm™ ' is consistent with
previous studies on the structure of semicrystalline PEG.'® The
semicrystalline nature of this peak is confirmed by the wide-
angle X-ray scattering (WAXS) pattern from a dried PEG
hydrogel (Figure SO3 in the Supporting Information), which
shows sharp diffraction peaks. These peaks indicate molecular
scale ordering in semicrystalline PEG chains. At a volume
fraction of ¢ = 0.931, the correlation peak relating to the
cross-link junction spacing could still be observed, yielding a
cross-link spacing of 4.3 nm. This distance is predicted well by
the end-to-end distance of an ideal Gaussian chain, which is
given as 4.6 nm, as shown in Table 2. This suggests that at low
degrees of swelling the PEG chain conformation is modeled
well as an ideal Gaussian chain. Upon complete dehydration
of the PEG network, however, the correlation peak due to the
cross-link junction spacing becomes obscured by the semicrys-
talline lamellar peak.

Figure 3 shows the cross-link spacing in the PEG network
as a function of increasing polymer volume fraction as the
PEG-DA(3.4K)-50% hydrogel was dried. The data are fit to
a power law (eq 3), where d is the cross-link spacing, C; is a
proportionality constant, and v, is a scaling exponent. For a
three-dimensional PEG chain morphology, the cross-link

02 03 04 05 06 07 08 09 10
Polymer Volume Fraction, ¢

Figure 3. Cross-link spacing vs polymer volume fraction as a PEG-
DA(3.4K)-50% hydrogel is dried. The solid line represents a best fit to
the power law relationship shown.

spacing should scale with the polymer volume fraction as d ~
¢ %33 while for a two-dimensional morphology the cross-
link spacing should scale as d ~ ¢~ *°. The scaling exponent
observed here is v» = —0.45, which is between that for two-
and three-dimensional networks but closer to that of a two-
dimensional network. This suggests that PEG-DA(3.4K)-
50% hydrogels may have a PEG chain conformation that
scales more closely to a two-dimensional object rather than a
three-dimensional one.

d = Ci¢” 3)

The cross-link spacing was also plotted as a function of the
macromonomer molecular weight, which is shown in the
inset in Figure 1. The data are fit to the power law (eq 4) with
a scaling exponent v; = 0.81. This is near the scaling
relationship expected for a 2-D SAW, which is given as d ~
M, Since M, is proportional to the number of Kuhn
segments, N, this is an analogous scaling relationship to the
end-to-end distance of a polymer chain modeled as a 2-D
SAW given previously. This near two-dimensional scaling is
consistent with the scaling observed for the cross-link spa-
cing with the polymer volume fraction.

d = CM," (4)

Because of the unique hydrogen-bonding interaction be-
tween PEG and water, the conformation of PEG chains
swollen in an aqueous solution is still a subject of debate in
the literature. Some studies suggest that a random walk
(Gaussian) or self-avoiding random walk chain structure
holds, while others predict a more ordered structure resulting
from the hzydrogen-bonding interactions between PEG and
water.'®'"~** In fact, one recent SANS study on the conforma-
tion of PEG suggests that PEG chains (M), = 2.0K—8.0K g/mol)
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Figure 4. SAXS curves from PEG-DA(3.4K) networks swollen in
acetonitrile (light gray), toluene (gray), and deionized water (black).
Equilibrium volume fractions of polymer (@) are shown for each
solvent. PEG networks swollen in deionized water have the most
well-defined correlation peak.

may even adopt a two-dimensional planar structure in aqueous
solutions.** A more planar PEG structure could perhaps
explain the more two-dimensional-like scaling we observe
here. Our measurements of the spacing between cross-link
junctions within photopolymerized PEG networks suggest
that the end-to-end distance of the PEG chains within the
network is close to that of an ideal Gaussian chain only at very
low swelling ratios. As the network swells to equilibrium
swelling, the PEG chains become more extended than a simple
3D-SAW and may adopt a more fully extended two-dimen-
sional conformation; however, the end-to-end chain distance is
still less extended than what is predicted by a pure 2-D SAW.

Effect of Solvent Quality. In addition to SAXS measure-
ments on water-swollen PEG hydrogels, SAXS was also
performed on PEG networks swollen in acetonitrile, a polar
organic solvent, and toluene, a nonpolar organic solvent.
PEG-DA networks in acetonitrile and toluene were prepared
by first polymerizing the networks in deionized water at 50%
w/w, drying the networks, and then reswelling them in either
acetonitrile or toluene. These measurements were performed
to determine if swelling in an organic solvent could more
efficiently solubilize the cross-link junctions such that the
electron density contrast between the more hydrophobic
polyacrylate cross-link junctions and the remainder of the
PEG network could be reduced.

Figure 4 shows the scattering curves for PEG networks
swollen in deionized water, acetonitrile, and toluene. PEG
networks swollen in acetonitrile and toluene maintained a
correlation peak in the scattering pattern; however, the peaks
broadened and shifted to a higher ¢. The peak broadening
may indicate that toluene and acetonitrile solubilize the
cross-link junctions to some extent, but not to a significant
enough degree to eliminate the correlation peak in the SAXS
pattern. PEG networks also have an increased equilibrium
volume fraction of polymer when swollen in acetonitrile
(@ = 0.268) and toluene (¢ = 0.340) compared to water
(o = 0.238). Since the PEG chains are not as swollen in
acetonitrile and toluene, the distance between cross-link
junctions will be smaller. The shift of the correlation peak
position to a higher ¢ value (smaller length scale) is therefore
consistent with the interpretation of the peak as the distance
between cross-link junctions.
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Figure 5. (a) One-dimensional reduction of the SAXS pattern from a
PEG-DAam(8.0K)-20% hydrogel placed under uniaxial tension. The
inset shows a schematic of a PEG network under strain. (b) Two-
dimensional SAXS patterns for the same hydrogel under no strain (left)
and under a 20% strain (right). The arrow indicates the direction of the
strain in the hydrogel. The intense scattering pattern surrounding the
beamstop is due to slit scattering, which is subtracted in the one-
dimensional reduction.

SAXS from PEG Hydrogels under Uniaxial Tension. To
further confirm that the correlation peak in the SAXS
pattern is related to the spacing between the cross-link
junctions, SAXS was performed on PEG hydrogel samples
placed under uniaxial tension. If the correlation peak is
generated by uniform spacing between cross-link junctions
and if affine deformation is assumed, then the peak position
should shift to a lower ¢ in the direction parallel to the strain
and to a higher ¢ in the direction perpendicular to the strain.

A rectangular slab of a PEG-DAam(8.0K)-20% hydrogel
was brought to 20% strain and held for the duration of the
SAXS data accumulation (10 min). This 20% strain was
chosen to demonstrate the expected behavior of the SAXS
pattern, not to show the maximum strain. The one-dimen-
sional reduction of SAXS data was performed by splitting
the two-dimensional SAXS pattern into directions perpen-
dicular and parallel to the axis of the uniaxial tension. Figure
Sa shows the resultant one-dimensional SAXS reduction in
both the perpendicular and parallel directions, and Figure Sb
shows the original two-dimensional SAXS patterns.

SAXS from PEG hydrogels placed under uniaxial tension
show that the correlation peak does in fact shift in a manner
that is consistent with the interpretation of the peak as the
distance between cross-link junctions. As shown in Figure 5,
PEG hydrogels placed under uniaxial tension displayed an
anisotropic SAXS pattern. The correlation peak shifted to a
higher ¢ in the direction perpendicular to the deformation
and to a lower ¢ in the direction parallel to the deformation.
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Figure 6. SAXS curves showing in situ polymerization of a PEG-
DA(3.4K)-30% precursor solution. The scattering curve after 20 s of
X-ray exposure (light gray) shows no well-defined peak, but after 240 s
of total exposure (black), gelation occurs and a correlation peak
appears.

This indicates that the cross-link spacing in the direction
perpendicular to the tension decreased while the cross-link
spacing in the direction parallel to the tension increased. The
broadening of the correlation peak in the direction parallel to
the axis of deformation may be due to the fact that the SAXS
data were averaged over 10 min, during which some chain
relaxation may occur. Unfortunately, chain relaxation dur-
ing the course of the measurement makes it difficult to
determine a more quantitative relationship between nano-
scale deformation and macroscale deformation.

SAXS from in Situ Polymerized PEG. We measured the
SAXS pattern of PEG-DA and PEG-DAam macromono-
mer precursor solutions in order to determine whether the
more hydrophobic end-groups associated into well-ordered
clusters before polymerization. Figure 6 shows how the
scattering curves developed as a PEG-DA(3.4K)-30% pre-
cursor solution was exposed to the SAXS beamline X-ray
radiation. Initially, there was no correlation peak, indicating
that there was no well-ordered structure detectable in either
the PEG-DA or PEG-DAam macromonomer precursor
solutions. However, after 60 s of exposure to X-ray radia-
tion, a correlation peak began to develop. Upon further
exposure, the correlation peak became sharper and shifted to
a slightly higher ¢ (smaller length scale). After 240 s of total
exposure time, the peak intensity and position did not change
further. Following the measurement, a transparent gel the
size and shape of the X-ray beam was obtained. Using diol-
terminated PEG solutions as a control having no polymeriz-
able functional groups, we found that no correlation peak
develops nor was a gel formed after X-ray exposure. The
formation of this correlation peak is therefore attributed to
the formation of a network structure with regular spacing
between dense cross-link junctions that act as the scattering
centers.

In the same manner as the equilibrium-swollen hydrogels,
the correlation peak position for in sifu polymerized hydro-
gels should change in a predictable fashion if the peak was, in
fact, generated by the spacing between cross-link junctions
within the network. Figure 7a shows how the cross-link
spacing scales with volume fraction of polymer. The scaling
of the cross-link spacing with polymer volume fraction was
found to be between d~ ¢ ***and d~ ¢~ >*, dependent on M,,.
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Figure 7. (a) Cross-link spacing vs polymer volume fraction for PEG-
DA(8.0K) (W), PEG-DA(4.6K) (®), and PEG-DA(3.4K) (a) hydrogels
polymerized in situ by X-ray radiation. Solid lines represent best fits to
the power law relationship shown. (b) Cross-link spacing vs macro-
monomer molecular weight at a polymer concentration of 20% w/w
(¥), 30% w/w (a), 40% w/w (@), and 50% w/w (H).

For PEG-DA(3.4K), the scaling relationship d ~ ¢ ** is
close to that observed for the equilibrium-swollen UV-
poloymerlzed network of the same molecular weight (d ~
43). The scaling exponents for M, = 8.0K and M,, = 4.6K
are lower but they are still in between what is expected for a 3D
network (d ~ ¢~ °3?) and a 2D network (d ~ ¢~ ).

Figure 7b shows the relationship between the cross-link
spacing within the network and the PEG macromonomer
molecular weight. The scaling with molecular weight for each
volume fraction of polymer is between d ~ M, and d ~
M,*'. This is nearly identical to what is predicted for fully
swollen chains that are modeled as a 3D-SAW, where the
scalmg relationship is d ~ M,

It is interesting that a more three-d1men31onal scaling was
observed for the in situ polymerized PEG networks, whereas a
more two-dimensional scaling was observed for equilibrium-
swollen PEG networks. Immediately after polymerization, the
PEG chains may maintain a good solvent conformation closer
to a 3D-SAW, but then after the network reaches equilibrium
swelling, the PEG chains become more extended and have a
more two-dimensional conformation. Although the limited
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Figure 8. (a) Estimated cross-link functionalities as a function of M,
for UV-polymerized PEG-DA—50% hydrogels swollen to equilibrium.
(b) Estimated cross-link functionalities for networks polymerized in situ
by the SAXS X-ray radiation for PEG-DA(3.4K) (a), PEG-DA(4.6K)
(@), and PEG-DA(8.0K) (m).

number of data points in this study makes it difficult to
precisely determine the scaling relationships, the observed
scaling exponents are in a range that is reasonable for a PEG
chain conformation between two and three dimensions. The
observed scaling relationships are therefore consistent with
the interpretation of the correlation peak in the SAXS pattern
as the spacing between cross-link junctions within the PEG
network.

Estimation of Cross-Link Functionality. The cross-link
functionality or the degree of polymerization of the PEG-
DA macromonomers was estimated for both equilibrium-
swollen PEG-DA-50% networks prepared by UV poly-
merization and for in situ X-ray polymerized networks.
The cross-link functionality estimates range between 70
and 200 and are shown in Figure 8a for the UV polymerized
networks and in Figure 8b for the in situ X-ray polymerized
networks. The cross-link functionality estimates increase
with increasing polymer concentration in precursor solu-
tions and increased PEG macromonomer molecular weight.
The cross-link functionality for equilibrium-swollen UV
polymerized networks were 20—30% lower than for the
in situ polymerized PEG networks. This may be due to reduced
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Figure 9. (a) Schematic depicting the structure of photopolymerized
PEG hydrogels with dense extended cross-link junctions spaced 6—16
nm apart. The thick dark lines represent the cross-link junctions, and the
lighter lines represent the PEG chains. These junctions are spaced
uniformly enough such that there is a correlation peak in the SAXS

pattern. Photopolymerized PEG networks are generated with either (b)
diacrylate or (c) diacrylamide end-groups.

initiation efficiency in the X-ray polymerized hydrogels
where no photoinitiator was present. A lower number of
initiation events would lead to a higher degree of polymer-
ization of PEG macromonomers. Additionally, the equilib-
rium-swollen hydrogels were washed extensively before the
SAXS measurements such that any unreacted PEG macro-
monomers were extracted. The concentration of reacted end-
groups for equilibrium-swollen PEG hydrogels therefore
accounts for the polymer sol fraction.

The estimates for the cross-link functionality are average
values since in reality there is a distribution of cross-link
functionalities. Additionally, we cannot rule out the possi-
bility that not all of the end-groups have reacted or that some
intrachain loops have formed. Unreacted end-groups would
cause an overestimation of the number of participating end-
groups in each cross-link junction, leading to an overestima-
tion of the cross-link functionality. Nevertheless, we believe
these values provide a reasonable approximation for the
degree of polymerization of the cross-link junctions.

Given the relatively high estimates for the cross-link
functionality, it is worth considering the likely conformation
of the cross-link junctions. Previous studies have explored
the conformation of free radical polymerized macromono-
mers, wherein only one end-group is functionalized.> 3 If
the degree of polymerization of these polymacromonomers
is relatively low, they are best represented as star polymers
where many chains originate from a central core. However,
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Figure 10. Compressive mechanical properties for equilibrium-swollen
PEG-DA(3.4K) (—), PEG-DA(4.6K) (---), and PEG-DA(8.0K) (- - -)
hydrogels that were prepared at 50% w/w.

free radical polymerizations readily yield high degrees of
polymerization and longer polymacromonomers are better
represented as “molecular bottle brushes”. In this case, the
polyacrylate backbone adopts a more fully extended flexible
rod conformation due to the steric hindrance from the
densely grafted PEG chains.*>*° The conformations of the
polymer chains grafted to the flexible rod backbone have
been modeled in some cases as unperturbed 3D-SAWs as
expected for polymer chains in a good solvent. In other cases,
the chains have been modeled as more extended 2D-SAWs
wherein the side chains are confined in the quasi-two-dimen-
sional space formed with adjacent side chains.?®**** Given
our estimates for the cross-link functionality between 70 and
200, the structure of the cross-link junctions within photo-
polymerized PEG-DA and PEG-DAam networks can be
thought of as analogous to the molecular bottle-brush model
except that each PEG chain terminates at a cross-link junc-
tion such that the hydrogel structure consists of a network of
molecular bottle brushes (Figure 9). The correlation peak
position, therefore, gives us the average spacing between the
dense cross-link junction regions within the hydrogel.

Compressive Mechanical Testing and Comparison to Other
PEG-Based Networks. Compressive tests were performed on
equilibrium-swollen PEG-DA—50% hydrogels to evaluate
their mechanical properties and to compare them to PEG
networks prepared by other methods. These hydrogels were
prepared with 50% w/w precursor solutions and were then
allowed to reach equilibrium swelling, which yielded hydro-
gels with equilibrium polymer volume fractions shown in
Table 1. Figure 10 shows representative stress—strain curves
for PEG-DA—50% hydrogels, and Table 3 summarizes the
average values obtained for the initial compressive modulus,
maximum true strain, and maximum true stress for each
hydrogel.

A higher molecular weight PEG macromonomer resulted in
hydrogels with a lower volume fraction of polymer (Table 1), a
lower initial modulus, and a lower fracture stress. This is
expected as higher molecular weight PEG macromonomers
yield networks with a lower number of cross-link junctions per
unit volume. The fracture strain, however, was not as strongly
affected by the PEG macromonomer molecular weight, with
maximum fracture strains occurring near 50—60% strain for
each sample. This may indicate that the maximum fracture
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Table 3. Initial Compressive Moduli, Fracture Strains, and Fracture
Stresses for Equilibrium-Swollen PEG-DA Hydrogels That Were
Prepared at 50% w/w

PEG init mod fracture fracture stress
M, (g/mol) 5—15% (MPa) strain (%) (MPa)
8000 1.02+0.04 57.68 £4.40 0.57+0.07
4600 2.24+0.11 49.85 +£7.38 1.194+0.29
3400 29140.12 49.104+7.50 1.504+0.33

strain is influenced more by macroscopic defects within the
hydrogels rather than molecular level considerations.

The mechanical properties of model end-linked PEG net-
works have been studied extensively by Gnanou, Hild, and
Rempp.'® The PEG networks studied by Gnanou and
co-workers were prepared via a step polymerization of diol-
terminated PEG macromonomers reacted with multifunc-
tional isocyanate cross-linkers. This yielded networks
cross-linked by urethane linkages with functionality ranging
from 2 to 7. The cross-link functionality in these hydrogels is
much lower than the cross-link functionality estimated for
the photopolymerized PEG hydrogels in the current study.
The compressive moduli, denoted as E, of the urethane cross-
linked PEG hydrogels were evaluated as a function of polymer
volume fraction, ¢, and polymer volume fraction during cross-
linking, ¢., for PEG macromonomers with M, ranging from
1.0K to 8.0K g/mol. Three of the hydrogels prepared by
Gnanou and co-workers (M, = 3.4K g/mol, ¢. = 0.50,
E = 0.52 MPa; M,, = 5.6K g/mol, ¢. = 048, E = 0.61
MPa; M, = 8.3K g/mol, ¢. = 0.47, E = 0.79 MPa) had
similar PEG molecular weights and polymer volume fractions
during cross-linking compared to the photopolymerized PEG
networks in the current study. Additionally, each of these
networks had a similarly low unreacted sol fraction of less than
0.02. Interestingly, the equilibrium polymer volume fraction
and the compressive moduli of the urethane cross-linked PEG
networks were found to be much lower compared to photo-
polymerized PEG networks in the current study. Gnanou and
co-workers found that the equilibrium polymer volume frac-
tion in their networks (¢ = 0.077—0.106) was about half that
of our photopolymerized PEG hydrogels (¢ = 0.156—0.238).
Moreover, the compressive moduli of these networks ranged
from 0.52 to 0.79 MPa and were also significantly lower than
the compressive moduli of our photopolymerized PEG net-
works, which ranged from 1.02 to 2.91 MPa. Since similar
PEG macromonomer molecular weights and polymer volume
fractions during network formation were used for both the
urethane cross-linked PEG networks and our photopolymer-
ized PEG networks, it is reasonable to assume that the number
of trapped entanglements within each type of PEG network is
comparable. The differences in swelling and compressive
moduli are, therefore, attributed to the significant difference
in the cross-link junction functionality and the resulting cross-
link morphology. The urethane cross-linked PEG networks
have relatively small cross-link junctions with a functionality
(2 to 7), whereas our photopolymerized PEG networks have
much larger cross-link junctions that likely resemble a molec-
ular bottle-brush morphology (cross-link functionality from
70 to 200).

The nanoscale structural differences between networks
with low functionality cross-link junctions and networks
with high functionality cross-link junctions can be revealed
by differences in the small-angle scattering from these net-
works. Even though end-linked networks with low cross-link
functionality have a uniform molecular weight between
cross-links, previous work in the literature has shown that
such networks typically do not have a correlation peak in
their small-angle scattering. For instance, networks with low
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cross-link functionality prepared from polydimethylsiloxane
(PDMS) or polystyrene (PS) lack correlation peaks unless
selective deuteration of the cross-link junctions is used to
generate contrast for SANS.*"*? The lack of a correlation
peak in these systems is, thus, due to the fact that the cross-
link junctions do not have sufficient size or difference in
electron density from the rest of the network to act as distinct
scattering centers.

One previous small-angle scattering study on PEG hydro-
gels by Shekuov, Taylor, and Grossman did show a correla-
tion peak in the SAXS.*** Shekuov and co-workers
prepared end-linked PEG networks with urethane linkages
in a similar manner to Gnanou and co-workers; however,
they also added a trihydroxy-terminated cross-linker in
addition to the diol-terminated PEG and multifunctional
isocyanate cross-linkers. This addition allowed them to
achieve much higher cross-link functionality. The fact that
these networks have high cross-link functionality and also
exhibit a peak in their SAXS is consistent with our reasoning
that high cross-link functionality is required to generate a
SAXS correlation peak.

Our line of reasoning is further supported by a more recent
study, wherein Sakai and co-workers generated PEG net-
works with a cross-link functionality of exactly four by
linking together four-armed PEG macromonomers with
each arm terminated by either N-hydroxysuccinimide
(NHS) or a primary amine.*> 3’ These PEG hydrogels are
referred to as “tetra-PEG” hydrogels and are described as
having enhanced strain and stress at break due to their near-
perfect network structure. Despite the uniform molecular
weight between cross-links and the well-ordered structure of
these networks, no correlation peak is present in the SANS
due to the low cross-link functionality.*®*” Mechanical
testing reported for “tetra-PEG” hydrogels revealed that
these networks exhibited a strain hardening response before
failure and had a higher strain at break than photopolymer-
ized PEG hydrogels (near 90% strain compared to 50—60%
strain for photopolymerized PEG hydrogels). A direct com-
parison between the mechanical properties of “tetra-PEG”
hydrogels and the mechanical properties of photopolymer-
ized PEG hydrogels is difficult to assess since the “tetra-
PEG” hydrogels had a higher molecular weight between
cross-links (10.0K—20.0K g/mol) and were prepared at a
lower polymer volume fraction (¢ = 0.06). However, the
compressive moduli reported for “tetra-PEG” hydrogels
(0.04 MPa) are significantly lower than the compressive
moduli of photopolymerized PEG networks (1.02—2.91
MPa).*> Despite differences between the networks, the lack
of a correlation peak in the SANS from “tetra-PEG” net-
works and their corresponding lower compressive moduli
are still consistent with our reasoning that networks with
cross-link junctions of high functionality are required to
generate a peak in the small-angle scattering pattern and
that such networks generally have lower degrees of swelling
and higher compressive moduli.

Conclusions

PEG hydrogels generated by photopolymerization of macro-
monomers functionalized with either acrylate or acrylamide end-
groups result in PEG networks with evenly spaced cross-link
junctions of high functionality. The high functionality cross-link
junctions likely resemble a molecular bottle brush morphology
wherein the steric hindrance from densely grafted PEG
chains results in an extended flexible rodlike cross-link junction.
The average spacing of these cross-link junctions is controlled by
the uniform molecular weight of the PEG macromonomers and is
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confirmed by SAXS patterns that show a distinct correlation
peak. In situ SAXS measurements show that the correlation peak
arises during the polymerization process, indicating that the
quasi-ordered structure is generated during network formation.
The position of the peak is affected by the volume fraction of
polymer, PEG macromonomer molecular weight, solvent quality,
and uniaxial tension in a manner that is consistent with the
interpretation of this peak as the spacing between cross-link
junctions. Since the location of the peak in the scattering function
yields the spacing between cross-link junctions, the SAXS tech-
nique is a useful nondestructive probe of the PEG chain con-
formation in the hydrogel’s native state.

Previous literature shows that model networks prepared from
macromonomers with different end-linking mechanisms do not
always show a correlation peak in their SAXS/SANS pattern.
The lack of a correlation peak in these systems is attributed to low
functionality cross-link junctions, which do not have sufficient
electron density contrast with the rest of the polymer network to
produce a correlation peak. Photopolymerized PEG hydrogels
with high functionality cross-link junctions and a correlation
peak in their small-angle scattering are shown here to have lower
degrees of swelling and an enhanced compressive modulus
compared to networks with lower cross-link functionality. These
differences highlight the fact that the mechanisms used for linking
together PEG macromonomers have a significant impact on both
the nature of the cross-link junctions and the nanoscale network
structure. These structural differences can have a measurable
effect on the resulting swelling and mechanical properties of the
hydrogel. It is important to consider that linking together well-
defined macromonomers does not always produce the same
nanoscale structure and, therefore, does not always result in the
same macroscopic properties.
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