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ABSTRACT: Hydrogels synthesized via thiol−ene polymerization were characterized with respect to their macroscopic
properties via elasticity measurements and to their microscopic properties, in particular inhomogeneity, by dynamic light
scattering. For comparison, identical studies were made on polyacrylamide (PAAm) hydrogels prepared by free-radical chain-
growth cross-linking copolymerization. Mechanical measurements prove that for both types of gels the degree of network
imperfections is widely varied by varying concentration, while the macroscopic properties observed at particular concentrations
are very similar. However, the fraction of static scattering which is a measure of gel inhomogeneity depends significantly on the
type of network studied when the measurement is performed in the state of preparation. The majority of the thiol−ene gels
appear homogeneous, contrary to the PAAm gels. The situation is completely different in the equilibrium swollen state, where all
gels exhibit extremely high and almost identical fractions of static scattering intensity, irrespective of the type of reaction or the
concentration employed in their synthesis. These observations imply that (i) there is no clear correlation between network
imperfections and homogeneity and (ii) the type of cross-linking reaction controls the concentration inhomogeneity in the state
of preparation but not (iii) the inhomogeneity of network density. The latter is seen when the gels are swollen.

■ INTRODUCTION

Inhomogeneity in polymer networks, especially in gels, has
been a topic of fundamental investigations for some 20
years.1−20 It is generally assumed that inhomogeneities impair
the material’s properties, such as modulus, toughness, or
transparency.11,14 Thus, finding ways to reduce gel inhomoge-
neity is of great practical importance.
A group of materials that has attained particular attention

with regard to inhomogeneity consists of hydrogels based on
polyacrylamide or polyacrylate derivatives.21−31 These systems
are generally synthesized by free-radical cross-linking copoly-
merization of monomers and cross-linking agents. At the
beginning of such polymerization, extensive cyclization and
multiple cross-linking reactions take place, leading to rather
compact clusters or microgel particles in the pregel state. As the
reaction proceeds to higher conversion, gelation occurs by
interconnecting these objects to form a continuous network.
The resultant gel then consists of an assembly of microgel
clusters tied loosely together, with the heterogeneity reflecting
the intermediate stage of network formation. The heterogeneity
of networks prepared via this route has been studied extensively
by light scattering and neutron scattering.

Another way of gel formation is the random cross-linking of
polymer molecules in semidilute solution. A number of studies
were made where the cross-linking reaction occurred via the
photochemical dimerization of suitable functional groups
attached randomly along the polymer chain, such as
cinnamates, coumarins, or maleimides.32−35 Investigations
with regard to heterogeneity on such gels are not so numerous.
Although a sound comparison is difficult, they seem to be less
inhomogeneous than those made via free-radical cross-linking
copolymerization.36−38 The high viscosity of semidilute
solutions limits the viable concentration range usually to far
below 10%, while free-radical cross-linking copolymerization
reactions produce gels only at somewhat higher concentrations.
Other kinds of preparation procedures employed to

synthesize defect-free, homogeneous networks include end-
linking of telechelic precursor polymers via multifunctional
cross-linkers.39−41 Most of these studies were performed when
methods to probe homogeneity were not so well developed,
but those where such examinations were made proved to still
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have some degree of heterogeneity.42−44 A particularly
promising recent example is given by the tetra-PEG gels
whose network structure is built up by the coupling of two
types of well-defined four-arm star oligomers via their reactive
end-groups.45−47 Although these gels were initially considered
homogeneous, recent static light scattering experiments suggest
the existence of some clustering.46b,47

During the past years, the reversible deactivation (or
controlled) radical polymerization was also employed for gel
preparation.48−51 It was claimed that this method leads to
better network homogeneity than the free-radical polymer-
ization because the chains are growing slowly and simulta-
neously so that the gel point occurs only at higher conversion.
However, a direct proof of homogeneity has not been given.
Only one study made use of scattering methods, but these were
confined to analyze gelation dynamics,49 while in most papers
just macroscopic properties were considered.52,53

In this paper, we report and discuss the results of a light
scattering investigation of hydrogels made via thiol−ene
polymerization. Networks made via thiol−ene chemistry have
been known for a long time.54−56 They are usually prepared in
bulk to obtain densely cross-linked thermoset plastics or films.
The fact that the polymerization occurs via a free-radical step-
growth mechanism causes the gel point to occur at fairly high
conversions, much higher than for competing (meth)acrylate
systems, while still maintaining the versatility of a free-radical
reaction. From the narrow glass transition observed in dynamic
mechanical analysis, it was inferred that such systems have an
extremely uniform network density.54,56 As far as we are aware,
investigations by scattering methods to prove this feature have
not been carried out before.
We used the thiol−ene polymerization to prepare hydrogels

that were then characterized with respect to their macroscopic
properties via elasticity measurements, and to their microscopic
properties, in particular inhomogeneity, by dynamic light
scattering (DLS). To achieve a systematic variation of the gel
structure, we employed three similar dienes differing only in
chain length and we varied the overall concentration at
preparation from 7.5 to 20 wt %, while the trifunctional thiol
used to end-linking the dienes always remained the same. For
comparison purposes we also studied polyacrylamide (PAAm)
hydrogels prepared by free-radical chain-growth cross-linking
copolymerization performed in a similar concentration range
and tailored to achieve similar elastic moduli.

■ EXPERIMENTAL SECTION
Materials. Ethoxylated trimethylolpropane tris(3-mercaptopropio-

nate) (ETTMP1300) was kindly donated by Bruno Bock Chemische
Fabrik GmbH & Co. KG and used as received. The specified

molecular weight, Mw = 1300 g/mol, was verified by MALDI-TOF-
MS. It means that each branch of the molecule contains, on average,
seven ethoxy groups (cf. Scheme 1).

Diallyl poly(ethylene glycol)s (DAP) were synthesized from
poly(ethylene glycol)s (PEG, Sigma-Aldrich, used as received)
following a published procedure.57 Three samples were prepared
starting from PEGs having molecular weights 1000, 2000, and 3000 g/
mol. The resulting products are termed DAP1000 (Mw ≈ 1080 g/
mol), DAP2000 (Mw ≈ 2080 g/mol), and DAP3000 (Mw ≈ 3080 g/
mol), respectively (cf. Scheme 1). MALDI-TOF-MS shows that the
DAPs have a narrow molecular weight distribution, Mw/Mn ≈ 1.03,
and carry exactly two allyl groups. The mass spectrum of DAP1000 is
shown in Figure 1 as an example.

Acrylamide (Sigma-Aldrich) was recrystallized from acetone; N,N′-
methylenebis(acrylamide) (BIS, Sigma-Aldrich) and camphorquinone-
10-sulfonic acid monohydrate (CQS, molekula) were used as received.

Preparation of Hydrogels and Rheological Measurements.
Thiol−Ene Hydrogels. Three series of thiol−ene hydrogels were
prepared using ETTMP1300 as the thiol component and DAP1000,
DAP2000, or DAP3000 as ene components. Each series was prepared
at various concentrations (7.5−20 wt % total monomer concentration)
in a mixed solvent consisting of water and ethanol (v:v = 3:1) to
ensure complete dissolution of the thiol. Thiol and enes were used in
stoichiometric ratio with regard to functional groups. The thiol−ene
coupling reaction was initiated photochemically: 0.4 g/L (1.5 mmol/
L) of CQS was used as a photoinitiator, and the reaction was carried
out by illuminating the sample with blue light (λ ≈ 465 nm) from an
LED lamp, close to the absorption maximum (453 nm). CQS is an H-
abstracting photoinitiator.58 Its concentration was chosen such that the
absorption over a path length of 1 cm was less than 10% to ensure a
homogeneous reaction throughout the sample.

To obtain gel samples for light scattering measurements, the
reaction was performed at room temperature (22 ± 1 °C) in dust-free
NMR-cuvettes (Deutero, for 400 MHz NMR, inner diameter ≈ 9
mm). The starting solutions were introduced into the cuvettes after

Scheme 1. Structures of Compounds Used for the Thiol−Ene Polymerization

Figure 1. MALDI-TOF-MS of DAP1000.
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filtering them through a membrane syringe filter (PTFE, pore size 0.45
μm). Samples were irradiated for 20−24 h.
For rheological measurements, the starting solution containing

thiol, ene, and CQS was brought into the gap of a cone-and-plate
rheometer (Bohlin Gemini 150; cone angle: 4°; diameter: 40 mm),
whose bottom plate was made from quartz to allow for irradiation of
the solution from below by an LED lamp (λ ≈ 465 nm). This way, the
gelation process was followed by oscillatory small-strain shear
experiments (frequency: 1 Hz; strain amplitude: 1%; temperature:
22 ± 1 °C). It generally took about 20 h until the storage modulus G′
had reached a constant final value. A typical example for the rise of G′
and G″ with reaction time is available as Supporting Information,
Figure S1.
Polyacrylamide (PAAm) Hydrogels. Two series of PAAm hydrogels

were prepared by free radical cross-linking copolymerization in order
to draw a comparison with the thiol−ene gels. The first series
contained 1 mol % of BIS with respect to monomer (PAAm1.0) and
the second one 0.35 mol % (PAAm0.35). Concentrations were
adjusted to cover the range 7−20 wt %, similar to what was used for
the thiol−ene gels. The polymerization was initiated by a conventional
redox system consisting of ammonium peroxodisulfate (APS, 0.47 g/
L) and N,N,N′,N′-tetramethylethylenediamine (TEMED, 0.6 g/L).
Samples for light scattering and rheological measurements were
prepared as described above, but without irradiation. For the PAAm
gels it took about 2.5 h of reaction time to attain their final properties
(cf. Figure S1).
Extractables. In supplemental experiments, weighed hydrogel

samples were immersed in a large excess of water for at least 1
week to extract any soluble species. The water was replaced daily.
Eventually, the gels were dried in an oven at 55 °C and weighed again.
The gel fraction was determined as final weight of the dry sample
divided by the mass of monomer plus cross-linker in the initial gel
sample.
For the PAAm gels, we determined values in the range 1.00−1.05.

They show that the gel fractions were close to unity. The slightly
higher numbers were due to water that could not be evaporated at
moderate conditions.
For the thiol−ene gels, gel fractions were around 0.90−0.93 when

the concentration was above 10 wt %, and they went down to 0.80 at
7.5 wt %. These numbers show that an appreciable portion of enes and
thiols had reacted to low molecular weight oligomers that were not
linked to the network structure.
Dynamic Light Scattering (DLS). DLS measurements were

carried out with an ALV/CGS-3 compact goniometer system (ALV,
Langen, Germany) equipped with a helium−neon laser (λ = 632.8
nm) mostly at a scattering angle of θ = 90°. A toluene bath was used
for index matching and controlling the temperature at 25 °C. The
system was equipped with a correlator ALV/LSE-5003 and a cuvette
rotation/translation unit (CRTU) for measuring nonergodic samples.
The time-averaged scattering intensities, ⟨I⟩T, and the time-averaged
intensity correlation functions (ICF, gT

(2)(q,τ)) were determined at

100 different sample positions selected by randomly moving the
CRTU before each run. The acquisition time for each run was 30 s.

In order to divide the ensemble-averaged scattering intensity, ⟨I⟩E,
given as the mean over the time-averaged scattering intensities
measured at the different 100 positions, in its two components

⟨ ⟩ = ⟨ ⟩ + ⟨ ⟩I I IE T EF C (1)

we made use of the partial heterodyne method proposed by Joosten et
al. and Shibayama.59,60,11 ⟨IF⟩T is the time average of the fluctuating
component arising from dynamic, liquid-like concentration fluctua-
tions. This contribution is essentially ergodic. The static part, ⟨IC⟩E, is
due to spatial inhomogeneities possibly resulting from the cross-
linking process. The latter is the quantity of interest to characterize the
microstructure of the gels.

From the ICFs measured at each position, apparent diffusion
coefficients DA were estimated according to

τ
τ= − ∂

∂
−

τ→
D

q
g q

1
2

lim ln( ( , ) 1)TA 2 0

(2)

(2)

Here, q = (4πn/λ0) sin(θ/2) is the amplitude of the scattering vector
with θ being the scattering angle, λ0 the wavelength of the incident
light in a vacuum, and n the refractive index of the medium. For
different sample positions, generally different values of DA were
obtained, which came along with different local scattering intensities
⟨I⟩T. The relationship between DA and the cooperative diffusion
coefficient, D, reads

= − ⟨ ⟩ ⟨ ⟩D I I D(2 / )T TF A (3)

By plotting ⟨I⟩T/DA versus ⟨I⟩T, the data formed essentially a straight
line, from whose slope and intercept the fluctuating component of the
scattering intensity, ⟨IF⟩T, as well as D were obtained. A sufficiently
large number of data points (measurements at different positions) and
perceptible variations of scattering intensity with position were of
course needed in order to define the line with adequate accuracy.

■ RESULTS AND DISCUSSION
Rheological Characterization. Rheological measurements

were performed for a macroscopic characterization of the
hydrogels. The complex shear modulus was measured during
the cross-linking or polymerization reaction to obtain an
indication of the progress and, eventually, completion of the
reaction (cf. Figure S1). From the final storage modulus G′(1
Hz) achieved after the reaction was complete, one can estimate
the effective network density, νeff, according to61,62

ν = ′ −G f RT/((1 2/ ) )eff (4)

f is the functionality of the cross-links, R is the gas constant, and
T is the absolute temperature. The factor 1 − 2/f applies to a
phantom network, which is felt to be the appropriate model for

Figure 2. Storage modulus G′(1 Hz) (left panel) and cross-linking efficiency ε (right panel) as a function of nominal network density, νth. Gels based
on DAP1000 (■), DAP2000 (◆), DAP3000 (▲), PAAm1.0 (□), and PAAm0.35 (○).
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swollen systems. The calculation according to eq 4 assumes that
G′, which is measured at 1 Hz, is identical to the equilibrium
modulus within experimental error. This fact was substantiated
by the finding that G″/G′ ≈ 0.005 for each gel (except for
PAAm0.35, where G″/G′ ≈ 0.010−0.015) and that there is no
perceptible frequency dependence of G′ in the range 0.1−100
Hz.
νeff is the molar concentration of elastically active network

strands in the gel. (In some publications, νeff is divided by ϕ0,
the volume fraction of polymer in the gel, in order to obtain the
network density related to the dry network. Here, νeff is related
to the state of preparation.) This quantity may be compared to
the theoretical network density, νth, calculated from the
concentration of cross-linker in the system assuming a perfect
network structure. The cross-linker concentration, νc, is related
to νth via νth = 2νc/f, with f = 3 for the thiol−ene gels and f = 4
for the PAAm gels.
Formation of a perfect network structure is rarely true. The

major cause for deviations relevant to our thiol−ene systems is
the formation of elastically inactive loops. There is ample
evidence that in end-linking processes (applies to thiol−ene
gels) ring formation due to intramolecular reaction of pairs of
groups is more likely to occur with shorter precursors and
higher dilution of the system.63 Cascade theory,64 rate
theory,63,65 and Monte Carlo simulations66 have been used to
obtain some quantitative predictions, but agreement with
experiments is not satisfactory. In cross-linking copolymeriza-
tion, on the other hand, even more nonidealities are involved,
the major ones being extremely strong cyclization at low
conversions, diffusion control, and steric hindrances.67

Figure 2 (left panel) shows the final storage modulus plotted
as a function of νth (recall that νth is proportional to polymer
concentration within each series). For a perfect gel, G′ should
rise in proportion with νth. This is obviously not what is
observed. With regard to the thiol−ene gels (filled symbols) it
is seen that at equal νth, which is equivalent to equal
concentration of trithiols, the moduli differ markedly, being
highest for the DAP3000 and lowest for the DAP1000: shorter
precursor chains have a higher tendency of cyclization than
longer ones. The modulus of the PAAm gels is even higher, or
similar values of G′ are achieved with lower cross-linker
concentrations.
The cross-linking efficiency ε, defined as ε = νeff /νth and

plotted versus νth in the right panel of Figure 2, gives a more
quantitative measure of the proportion of cyclization or the
occurrence of other network defects. For all the thiol−ene gels

studied, ε is lower than unity, in several instances substantially
lower. This means that the thiol−ene gels are far from having
an ideal network structure. The degree of nonideality is a strong
function of the chain length of the dienes and of concentration.
ε rises markedly with increasing νth within each series of gels
made with one particular DAP. When comparing samples with
different DAPs but similar concentration of cross-linker (which
also means similar molar concentration of DAP), it is obvious
that the cross-linking efficiency drastically increases when going
from the DAP1000 samples to the DAP3000 samples. For
instance, at νth = 0.05 mol/L, ε is about 0.16 for DAP1000, 0.46
for DAP2000, and 0.70 for DAP3000.
The cross-linking efficiency of the PAAm gels made with 1

mol % of BIS at different concentrations is very similar to that
of the thiol−ene gels made with DAP3000, except for the fact
that ε comes close to unity at the highest concentration used.
For the PAAm gels made with 0.35 mol % of BIS, cross-linking
efficiencies range from 0.35 to 1.5. Values larger than ε = 1 are
possibly due to cross-linking via chain transfer occurring in free
radical polymerization at high concentrations. (It was shown
that polymerization without any cross-linker can also lead to
gels.) Formation of trapped entanglements may be another
reason, which cannot be ruled out in any of the gels studied.
So far, the theoretical network density νth was taken as the

basis for comparing different gels. As an alternative, one can
consider the total solids content. Figure 3 thus shows the same
data as in Figure 2, but plotted versus polymer concentration
(in wt %). In this case the data points overlap widely, but some
differentiation can be seen. At the same concentration, the
modulus of the thiol−ene gels progressively decreases when
going from DAP1000 to DAP2000 and eventually to DAP3000.
This is due to the fact that at the same concentration a reaction
mixture with DAP1000 contains a higher amount of cross-
linker than a mixture with DAP2000 or even DAP3000 because
thiols and enes were employed in stoichiometric ratio.
Referring to weight concentration conceals this effect. The
moduli of the PAAm gels are in the same range as those of the
thiol−ene gels, or slightly higher, and the course with
concentration is very similar.
Figure 3 shows that the cross-linking efficiency ε of the

thiol−ene gels made with different DAPs gives almost identical
values, when plotted as a function of weight concentration. This
is so because two effects cancel: at some particular solids
content, the gels made with DAP1000 contain a higher
proportion of trithiol than those made with DAP2000 or
DAP3000. A higher concentration of trithiol decreases the

Figure 3. Storage modulus G′(1 Hz) (left panel) and cross-linking efficiency ε (right panel) as a function of polymer concentration, c. Gels based on
DAP1000 (■), DAP2000 (◆), DAP3000 (▲), PAAm1.0 (□), and PAAm0.35 (○).
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tendency to form elastically ineffective cycles while the shorter
chain length of the precursors favors the opposite. At high
concentrations, the cross-linking efficiencies of the PAAm gels
are reaching or even exceeding the theoretical limit of unity, as
already discussed above, while they decrease considerably at the
lower concentrations.
The mechanical data thus show that we prepared thiol−ene

gels and PAAm gels that are very similar with regard to their
macroscopic properties. At comparable weight concentration
they exhibit similar moduli. However, there is a significant
differentiation with regard to imperfections of the network
structure, as comprised in the course of ε with concentration
(Figure 3b) or theoretical network density (Figure 2b). We will
now discuss how these imperfections of network structure are
seen in light scattering measurements that are indicative of gel
inhomogeneity.
Light Scattering in the State of Preparation. Dynamic

light scattering was employed to divide the total ensemble
averaged scattering intensity, ⟨I⟩E, in its two components: the
fluctuating part, ⟨IF⟩T, indicative of thermal motion of the
network chains, and the static part, ⟨IC⟩E, representing the
(constant) spatial inhomogeneity.11,59,60,68 For this purpose,
the intensity correlation functions (ICFs) and the time-
averaged scattering intensities, ⟨I⟩T, were measured at 100
positions chosen randomly over the gel volume.
The ICFs display single-exponential decays on a time scale of

15−40 μs at θ = 90° (several examples are given in Figure S2,
Supporting Information). The correlation time constants, τcorr,
show the inverse q2-dependence characteristic of diffusive
motion according to 1/τcorr = 2q2DA. Figure 4 shows the

cooperative diffusion coefficients, D, determined as described in
the Experimental Section, as a function of concentration for the
thiol−ene and PAAm gels. For better visualization, the diffusion
coefficient is often related to the dynamic correlation length, ξ,
via ξ = kT/(6πηD), where η is the viscosity of the solvent.
In each series of gels, D increases systematically with rising

polymer concentration, while ξ decreases from around 4.5 nm
at low concentrations to 1.5 nm at the highest concentrations.
There is no marked difference between thiol−ene and PAAm
gels. Since rising concentration leads to the growth of network
density, this general trend is expected. However, there are some
peculiarities. At the same concentration, the thiol−ene gels
based on DAP1000 exhibit smaller diffusion coefficients and
larger correlation lengths than those based on DAP3000. This
demonstrates that the correlation length is not simply related to
the length of the precursor molecules. It is also not simply
related to the effective network density because the modulus of

gels based on DAP3000 is lower than that of gels based on
DAP1000 (cf. Figure 3, left) at the same concentration. The
network topology seems to have a major impact. This sounds
reasonable if we recall that DLS measures the dynamics of all
the building blocks of the network, be it elastically active
network chains, loops and other ring structures, or larger
entities that cannot carry stress. Since the cross-linking
efficiency varies widely, so does the contribution of elastically
inactive material to the correlation functions measured by DLS.
We note that similar findings were reported for the tetra-PEG
gels.46b

Figure 5 (top panels) shows the obtained speckle patterns
(⟨I⟩T over position) for three gels selected to have almost the
same shear modulus, 30 ± 2 kPa. The horizontal lines represent
⟨I⟩E (full lines) and ⟨IF⟩T (broken lines). It is immediately
obvious that the scattering intensity is highest for the PAAm gel
where its variation with position is most pronounced. With
regard to the thiol−ene gels, the one prepared with the short
precursor, DAP1000, shows higher scattering intensity and
more local variation than that prepared with the longer
precursor, DAP3000. Data for gels made with DAP2000 (not
shown for brevity) are slightly higher than those of the
DAP3000 gel. However, these data cannot be directly
interpreted as network inhomogeneity because the gels have
different chemical composition and the contrast factor may vary
perceptibly. It is thus advisible to choose a relative measure to
capture the inhomogeneity. For this purpose we will use the
fraction of the static scattering intensity in the total, ensemble-
averaged scattering intensity, ⟨IC⟩E/⟨I⟩E. This ratio can vary
between 0 (fully ergodic or homogeneous system) and 1
(extreme inhomogeneity), and the position of a particular
sample on this scale is suited to compare it with other gels
differing in chemical composition, network density, etc.
Figure 6 comprises such data for all the gels investigated. By

far the highest ⟨IC⟩E/⟨I⟩E values are obtained for the PAAm gels
with a cross-linker concentration of 1 mol %. With rising
concentration, ⟨IC⟩E/⟨I⟩E here decreases from about 0.8 to
about 0.6, demonstrating that lowering concentration tends to
enhance inhomogeneity. The values for the PAAm gel with
0.35 mol % BIS scatter around 0.4 without clear concentration
dependence, slightly higher than those for the thiol−ene gel
prepared with DAP1000 which are around 0.3. (Note that ⟨IF⟩T
and ⟨I⟩E decline with rising concentration, but this effect largely
cancels when ⟨IC⟩E/⟨I⟩E is calculated.) The thiol−ene systems
with DAP2000 and DAP3000 can be considered virtually
homogeneous since all the ⟨IC⟩E/⟨I⟩E values are very close to
zero. (Few data points appear even below the theoretical limit
of zero. This is due to the fact that the experimental error
increases markedly for nearly homogeneous systems because
then the data points defining the straight line according to the
evaluation specified below eq 3 nearly coincide.)
This comparison shows that there are marked differences

with regard to inhomogeneity. Although the cross-linking
efficiency varies significantly with concentration and so does
network imperfection, all thiol−ene gels prepared with
DAP2000 and DAP3000 appear homogeneous in DLS analysis.
This means these gels do not exhibit perceptible static
concentration fluctuations despite their large extent of network
imperfections at low concentration. On the other hand, PAAm
gels are inherently inhomogeneous although their cross-linking
efficiency is generally higher than that of the thiol−ene gels.

Light Scattering at Swelling Equilibrium. It is well-
known that the scattering of light by polymer gels generally

Figure 4. Cooperative diffusion coefficients as a function of polymer
concentration. Gels based on DAP1000 (□), DAP2000 (△),
DAP3000 (○), PAAm1.0 (■), and PAAm0.35 (▲).
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increases with increasing degree of swelling.3,69,70 This
phenomenon is understood as follows: If there is an uneven
distribution of cross-link density in the sample, domains with
higher cross-link density will swell less than those having a
lower cross-link density. Thus, the scattering contrast is
amplified. It is of interest to explore whether such behavior is
likewise observed with thiol−ene gels or whether there is a
significant difference between the influence of swelling on the
scattering properties for thiol−ene gels and PAAm gels.
Figure 7 shows the relative degree of swelling, qrel, i.e., the

mass ratio between a gel swollen to equilibrium and in its state
of preparation, as a function of concentration at preparation. It
is evident that the solvent uptake is highest for the thiol−ene
gels made with DAP3000 and DAP2000 where qrel ≈ 3−3.5.
The gels based on DAP1000 have a qrel around 2, similar to the
PAAm gels with 0.35 mol % BIS. The PAAm gels with 1 mol %
BIS swell least with qrel being around 1.5. Unexpectedly, the
relative degree of swelling is rather insensitive to the
concentration at preparation for all series of gels, while there
is a considerable change in the elastic modulus.
DLS measurements show that the influence of swelling on

the dynamics is rather unspectacular: the correlation times
increase by 20−30% depending on the amount of swelling. The

speckle patterns observed in the swollen state are shown for a
selection of gels in the bottom row of Figure 5, where a direct
comparison with the corresponding patterns observed in the
state of preparation is possible. All gels, whether thiol−ene gels
or PAAm gels, show a marked speckle pattern when in the
equilibrium swollen state. The ensemble-averaged scattering
intensity rises by a factor of 3−6 upon swelling, where the
higher factor applies to the thiol−ene gels based on DAP 2000
and DAP3000, which seem to be rather homogeneous in their
original state and also exhibit the larger relative degrees of
swelling. This substantial rise of scattering intensity is mainly
due to the appearance or marked growth of the static scattering
component. The fluctuating component, on the other hand,
increases just by a few 10%.
In order to obtain a more quantitative picture, Table 1 lists

the fraction of the static scattering intensity in the total,
ensemble-averaged scattering intensity, ⟨IC⟩E/⟨I⟩E, in the state
of preparation and in the equilibrium swollen state for one gel
of each series, where the samples were selected to have nearly
identical elastic moduli. In the swollen state, all gels show static
contributions ⟨IC⟩E/⟨I⟩E of around 0.8, irrespective of whether
in the preparation state they appeared rather homogeneous

Figure 5. Speckle patterns for gels based on DAP1000 at 15 wt %, DAP 3000 at 20 wt %, and PAAm1.0 at 15 wt % (left to right) in the state of
preparation (top) and in the equilibrium swollen state (bottom). The horizontal lines represent ⟨I⟩E (full lines) and ⟨IF⟩T (broken lines).

Figure 6. Fraction of the static scattering intensity in the total,
ensemble-averaged scattering intensity, ⟨IC⟩E/⟨I⟩E, versus polymer
concentration. Gels based on DAP1000 (□), DAP2000 (△),
DAP3000 (○), PAAm1.0 (■), and PAAm0.35 (▲).

Figure 7. Relative degree of swelling as a function of polymer
concentration for gels based on DAP3000 (○), DAP2000 (△),
DAP1000 (□), PAAm0.35 (▲), and PAAm1.0 (■).
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(such as the thiol−ene gels based on DAP2000 and DAP 3000)
or showed appreciable inhomogeneity (e.g., PAAm1.0 as the
other extreme). This value does not only apply to the gels listed
in Table 1. In fact, all the gels studied, whether they were
prepared at high or low polymer concentration, exhibit ⟨IC⟩E/
⟨I⟩E = 0.8 ± 0.04 after swelling. Incidentally, similar numbers
were reported for randomly cross-linked polystyrene gels in
their equilibrium swollen state, while those systems also
appeared rather homogeneous in the preparation state, though
not quite as homogeneous as the thiol−ene gels.70

■ CONCLUSIONS
Three series of thiol−ene gels were characterized by studying
their mechanical properties and by performing DLS measure-
ments in the state of preparation and in the equilibrium swollen
state. For comparison, similar investigations were made on two
series of PAAm gels synthesized via free-radical cross-linking
copolymerization. We aimed at gaining information on the
nonideality and network heterogeneity of the gels and on how
these parameters depend on preparation conditions and, in
particular, on the mechanism of network formation.
Analysis of the mechanical data with respect to cross-linking

efficiency clearly reveals that the networks are far from perfect
when the gels are synthesized at low concentrations. The cross-
linking efficiency grows considerably with increasing concen-
tration and comes fairly close to 100% at the highest
concentrations studied (20 wt %). This statement in general
applies to thiol−ene gels and PAAm gels alike; however, there
is some gradual distinction as discussed above. At this point, it
suffices to note that for both types of gels the degree of network
imperfections is widely varied by varying concentration, while
the macroscopic properties observed at particular concen-
trations are very similar.
On the contrary, the fraction of static scattering intensity,

⟨IC⟩E/⟨I⟩E, calculated from DLS measurements performed in
the state of preparation does not vary perceptibly with
concentration. This observation leads to a first important
conclusion, namely, that there is no correlation between the
degree of network imperfections as a whole and the fraction of
static scattering.
However, the fraction of static scattering significantly

depends on the type of network studied, with ⟨IC⟩E/⟨I⟩E
being close to zero for the thiol−ene gels made with
DAP2000 and DAP3000 (irrespective of concentration),
while attaining values around 25−60% for PAAm gels. This
means that during the cross-linking process static spatial
concentration fluctuations build up in PAAm gels and in the
thiol−ene gel made with DAP1000, while this is not the case
for the thiol−ene gels made with DAP2000 and DAP3000. The
generation of concentration fluctuations requires mass trans-
port, which is obviously a characteristic feature of a free-radical
cross-linking copolymerization. In this case, highly mobile

monomers are diffusing to the (less mobile) reactive chain ends
and get trapped there. At every instant, the concentration of
reactive chain ends is very low in a chain-growth reaction. In
contrast, each of the numerously present precursors in a thiol−
ene reaction is able to react, thus making sure that perceptible
mass transport is not required for the step-growth reaction to
take place. Furthermore, the precursor molecules are much
bigger than AAm monomers so that their diffusion coefficients
are lower and they experience an appreciable chain overlap
hindering mass transport even more. This situation is
somewhat less pronounced for the shortest precursor,
DAP1000. The second main conclusion to be drawn from
DLS measurements in the state of preparation thus is that it is
the type of cross-linking reaction that determines whether
concentration fluctuations are generated at all and to what
extent.
When light scattering measurements are made on gels

swollen to equilibrium, all gels exhibit extremely high and
almost identical fractions of static scattering intensity,
irrespective of the type of cross-linking reaction or the
concentration employed in their synthesis. This observation
means that there are spatial fluctuations of network density in
all gels studied. Swelling causes the more densely cross-linked
regions of a particular gel to swell less than the less densely
cross-linked ones, thus transforming spatial network density
fluctuations into concentration fluctuations that can be detected
by DLS.
With regard to comparing thiol−ene gels and PAAm gels, we

can therefore summarize that both types of gels feature
appreciable spatial fluctuations of network density. These
fluctuations are seen by light scattering only after the gels have
been swollen. When studied in the state of preparation, light
scattering merely indicates concentration fluctuations. In that
respect, there is a significant difference between the diverse
types of gels: While the thiol−ene gels, in particular those based
on the longer precursors, are virtually homogeneous, the PAAm
gels made via free-radical cross-linking copolymerization display
significant static concentration fluctuations. Neither the
fluctuations of network density nor those of concentration in
the state of preparation are dependent on the concentrations
used for synthesis, while the overall amount of network
imperfections embodied in the cross-linking efficiency does.
In view of these findings, the commonly used term “network

inhomogeneity” needs to be specified precisely. A network can
be homogeneous with regard to concentration while being
inhomogeneous with regard to network density, i.e., the density
of active network chains. This applies to the thiol−ene gels in
their state of preparation. On the other hand, the PAAm gels
are inhomogeneous with respect to both concentration and
network density. There seems to be no clear correlation
between whatever kind of inhomogeneity and network
imperfections.
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Table 1. Comparison of ⟨IC⟩E/⟨I⟩E Values Obtained for
Different Gels in the State of Preparation and in the
Equilibrium Swollen State

gel based on ⟨IC⟩E/⟨I⟩E in prep state ⟨IC⟩E/⟨I⟩E in swollen state

DAP1000 0.25 0.76
DAP2000 ≈0 0.76
DAP3000 ≈0 0.80
PAAm1.0 0.59 0.79
PAAm0.35 0.23 0.78
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