Hacromolecules

pubs.acs.org/Macromolecules

Connectivity and Structural Defects in Model Hydrogels: A Combined
Proton NMR and Monte Carlo Simulation Study

Frank Lange,*”L Konrad Schwenke,*” Manami Kurakazu, Yukl Akagl, Ung-il Chung, Michael Lang,
Jens-Uwe Sommer,” Takamasa Sakal,§ and Kay Saalwichter®"

Institut fir Physik — NMR, Martin-Luther-Universitit Halle-Wittenberg, Betty-Heimann-Str. 7, D-06120 Halle, Germany
*Leibniz-Institut fir Polymerforschung Dresden, Hohe Strasse 6, 01069 Dresden, Germany

SDepartment of Bioengineering, School of Engineering, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8656, Japan

ABSTRACT: We present a study of the structure of Tetra-
PEG model networks, using proton multiple-quantum NMR
at low field in combination with computer simulations. Tetra-
PEG is a novel high-performance hydrogel designed by
combination of two symmetric tetra-arm macromonomers.
In contrast to conventional hydrogels, which are highly hetero-
geneous due to fixed concentration fluctuations, Tetra-PEG
exhibits a much less heterogeneous microstructure as indi-
cated by previous light and small-angle neutron scattering
studies. Here, the local-scale connectivity inhomogeneities,
i.e,, the sol and dangling polymer chains as well as the typical
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network connectivity defects resulting from the A—B reaction of four-arm macromonomers, are quantified experimentally for the
first time, studying as-prepared Tetra-PEG hydrogels, cross-linked at different polymer concentrations and stoichiometries. To
this end, we developed a novel approach for the analysis of double-quantum buildup curves consisting of well-distinguishable
components with different segmental dynamic order parameters, benefitting from the superb large-scale homogeneity of the
samples. As a model for each component we suggest different connectivity modes between the macromonomers—mainly regular
single links and double links between individual stars as well as other network defects with lower order parameters. To support
the model, we report results from computer simulations with the bond-fluctuation model, which confirm the concentration-

dependent trends of the network and double-link fractions.

I. INTRODUCTION

Hydrogels are hydrophilic polymer networks swollen by water.
The swelling equilibrium of uncharged hydrogels can be modeled
by the Flory—Rehner theory' using expressions for the elastic
forces of the polymer network chains and the osmotic forces of the
solvent molecules as a function of the swelling degree. Both
contributions are comparable at swelling equilibrium. Because of
their absorption capacities, mechanical properties, and p0551ble
biocompatibility, ( 10n1c) hydrogels are used as superabsorbers” and
in biomedical materials.”* Some hydrogel systems exhibit a stimulus-
responsive volume phase transition due to a change of affinity of
the polymer network chains to the solvent This interesting
property was discovered in the late 19705 and finds applications
in controlled drug delivery systems® and microfluidic devices.”
Furthermore, we can distinguish between chemical or physical gels
depending on the covalent or noncovalent origin of the cross-links.

The microscopic stucture of most polymer gels is clearly
distinct from a homogeneous or regular network structure.
The distribution of active strand lengths is typically not uniform,
the topology is complex and disordered, the density of strands is
subject to fluctuations, and the connectivity of the network
junctions depends on their global embedding into the network
structure. Additionally, networks made from most types of
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polymers will exhibit frozen density fluctuations of the chains.
Any of these structural variations is frozen-in upon cross-linking
of the polymer strands into an elastic soft solid, the gel.

In general, heterogeneities strongly affect the properties of the
gel. For instance, the strain at break can be reduced, the equilib-
rium swelling ratio is increased, or the samples lose their transpar-
ency upon cross-linking. Heterogeneities can become visible upon
swelling a gel as excess scattering at small angles. Light scattering
experiments show intensity ﬂuctuatlons (“speckle patterns”)
depending on the sample posmon, and stretched gels exhibit an
anomalous “butterfly pattern” ' ® both indicating static density
fluctuations of the polymer gel.'® These static density fluctuations
on length scales larger than the solution blob size have also been
observed in computer simulations and were related to static
density fluctuations of the active material inside the gel.""

Control of some of the structural heterogeneities previously
mentioned can be attained by choosing particular precursor
molecules as building blocks of the gel. For instance, end-linking
of f-arm stars or linear chains via an f-functional cross-linker
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allows to prepare gels of a homogeneous strand length between
the junctions. Recently, Sakai and co-workers designed the
Tetra-PEG hydrogel,"* which is investigated in this article. An
example for the particular properties of this gel is the breaking
stress, which is in the order of MPa, i.e., 10—100 times higher
compared to conventional hydrogels. The Tetra-PEG network is
made of two different types of symmetric tetra-arm macromo-
nomers: TAPEG, tetraamine-terminated poly(ethylene glycol),
and TNPEG, tetra-NHS-glutarate-terminated PEG. In an A—B
reaction the functional end-groups of TAPEG and TNPEG form
covalent amide bonds in solution and N-hydroxysuccinimide
(NHS) as side product. Of course, the A—B reaction pattern
suppresses the formation of elastically inactive self-loops. As both
macromonomers have approximately the same molecular weight
(MW), the arm MW (1/4 of the star MW) and thus the
molecular weight of the network chains M. between the star
centers (1/2 of the star MW) and therefore the cross-link density
are well-defined. Interestingly, small-angle neutron scattering
(SANS) experiments on as-prepared and swollen Tetra-PEG gels
show no significant intensity upturn in the low g region, >**
however, clusters of PEG chains on len§th scales above 500 A can
be observed by static light scattering.

We here extend these studies and apply solid-state NMR,
which is a powerful technique to investigate the microstructure
of polymeric networks,'® as it gives direct access to fluctuations
and local dynamic order phenomena in these systems. Popular
methods are proton relaxometry studies by Hahn or solid
echos,'"” deuterium NMR,"®" and 'H multiple-quantum (MQ)
NMR spectroscopy.”® >* The latter has become a particularly
valuable tool in the context of the characterization of polymer
networks and entangled melts. Recent work on swollen networks
include the studsy of swelling heterogeneities,23 the actual gela-
tion process,“’2 solvent effects on the NMR observables,*® and
the structure of the poly(vinyl alcohol) cryo-hydrogels.””

In the present study, we apply low-field "H MQ NMR
spectroscopy to analyze the network structure of as-prepared
Tetra-PEG hydrogels in detail, focusing at molecular-level im-
perfections. Experimental parameters are the polymer concen-
tration and the stoichiometry of the two macromonomers in the
pregel solution. First, we deal with the fraction of dangling chain
ends (unreacted arms) and sol chains. Second, we discuss the
observation of network structural defects, i.e., multiple couplings
of the four-arm macromonomers, and subsequently suggest a
simple model to evaluate our experimental data. This evaluation
is another showcase of the superb experimental capabilities of the
MQ NMR technique. Extensive computer simulations using the
bond-fluctuation model (BEM)>*** have been performed in
order to compare the fraction of the network structure defects
with the experimental findings.

Il. METHODOLOGICAL BACKGROUND

Dynamic Order Parameter of Network Chain Segments.
The main observable of the MQ NMR experiment is the local
dynamic (time-averaged) order parameter of the polymer back-
bone S}, which is defined by the square root of the plateau of the
orientation autocorrelation function of the polymer chains (see
ref 21 and references therein). This plateau is a result of the
constrained chain dynamics in melts and networks. By making use
of the orientation dependence of the dipolar coupling between
different protons, "H NMR can be used to probe the plateau value
of the orientation autocorrelation function. The backbone order

parameter is in fact directly proportional to the time-averaged
dipolar coupling strength, the residual dipolar coupling (RDC)
constant D, accessible by NMR. For bulk networks (elastomers)
with N statistical segments between cross-links (N o< M,, the
chains’ MW) and neglecting the influence of entanglements,30 we
simply have D, o< §, o< N 'oe M.

In swollen networks, however, the behavior of D,., becomes
complex and solvent-dependent.®' For a given network (fixed N))
swollen to different degrees below equilibrium in 6 solvent, D,
increases monotonically with increasing degree of swelling
(decreasing polymer concentration ¢, since Q = V/Vj o< .
This is simply due to the (ideally affine, but often subaffine)
stretching of the chains. For chains swollen gradually in good
solvent, however, D, often decreases first before it eventually
increases. We have shown that this can be explained by excluded-
volume effects. In the semidilute regime, the following general
relation holds:

I’R?

Dy o= Sp o< %W (1)
where [ is the segment length. Ry is the equilibrium end-to-end
distance of the chain in semidilute solution without stretching
(equilibrated string of blobs), while R is the actual end-to-end
distance in the swollen network subject to swelling-induced
stretching. Assuming no stretching effect on R (R = Ry, which
may hold in particular for low swelling due to topological
“desinterspersion” rather than affine stretching), the excluded-
volume effects lead to a swelling-dependent decrease
according to

Dres o Sb o N—IQ—1/4 o MC—1C1/4 (2)

Ultimately at high swelling, the chains will stretch, leading to an
upturn at higher Q (lower c). Irrespective of the exact nature of the
swelling process (affine stretching vs subaffine desinterspersion),
the RDC (order parameter) at swelling ecziuilibrium is a well-
defined quantity, following D;eeq o qufa/ oc ceq3/ 2 as proven
theoretically and confirmed experimentally.*'

Our studied samples, having constant and known M,, were
cross-linked and measured at the same initial concentration ¢
(as-prepared gels), and it was found experimentally that the
polymer concentration at equilibrium swelling c.q is about
1.2—2.2 times smaller than ¢ over the investigated range of initial
concentrations. It is thus difficult to predict the actual depen-
dence of D, on ¢, as ¢ does not represent a thermodynamically
well-defined state.

"H MQ NMR is a rather robust and quantitative tool for the
analysis of the dynamics and structure in polymer networks and
melts. Conceptual details on the use of MQ NMR to determine
RDC constants and their distribution in networks can be taken
from ref21. We here just summarize the main issues necessary for
the understanding of the data treatment. Essentially, different
phase cycling schemes in the pulse sequence yield two time-
dependent signal intensity functions, the double-quantum (DQ)
buildup curve Ipg(Tpq) and the reference intensity L.{(7Tpq),
where Tpq is the variable length of the pulse sequence for
multiple-quantum excitation and reconversion. Ipq comprises
the structural information on the polymer chains, that is, the
residual dipolar coupling constant and its distribution. Yet, it also
consists of contributions related to the overall decay of MQ
coherences. This fact also applies to I, and this provides the
opportunity to remove relaxation effects by a point-by-point
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normalization
Inq (Tpq)
Iipq (T = -
a(a) Let(Tpq) + Inq (Tpq) — Be ™/
_ IDQ(TDQ) (3)
Ismq (T )

I.pq is the relaxation-free normalized DQ_buildup curve, and
Isnmq is the decay function of the total signal going through the
different MQ_ coherences including modulated longitudinal
magnetization. I,pq reaches a value of 0.5 relative to the total
signal if Iypq comprises all signal from the dipolar-coupled
network components only. However, unmodulated longitudinal
magnetization arising from non-network components leads to a
slowly relaxing contribution to I,.; which has to be subtracted
before normalization. This is done by fitting the long-time tail
of Ipnq + L. to a singly (or sometimes doubly) exponential
decay with the time constant T,* and the fraction B. Provided
there is sufficient T, contrast, the non-network signal compo-
nent can sometimes be disassembled into solvent signal and
signal arising from sol and dangling chains, the latter having a
shorter T,*.

Recently, Chassé et al.*” introduced a novel and more precise
function to obtain residual dipolar coupling constants from
normalized DQ_buildup curves. The empirical “Abragam-like”
(A-1) function is able to overcome the validity limit of the inverse
Gaussian function (I,pq < 0.4S5) so far used for fitting the
buildup curves and is valid for networks with a high degree of
homogeneity, i.e., with a very narrow distribution of D,.s. It can
thus be used as a Kernel function in the analysis of RDC
distributions. Here, we extend the use of this function in order
to fit Inq and Iyyq simultaneously. This becomes necessary
because the hydrogels in question consist of fractions with very
different D, and, thus, very different apparent relaxation times
reflected in Iyyq (for details see below). We thus have to
consider the relaxation term, which is usually canceled by the
normalization, more explicitly. We found that it can be described
empirically by a stretched exponential function with a time
constant 7 and a stretching exponent 3. The final fitting function,
simultaneously applied to the two data sets, is

A
Inq (tnq) = 5[1 — exp(—(0.378+27DyesTpq ) )

% 05(0.583 271 Dyes Tp )] exp[—(7pq /7)°]

(4)

Ismq (Tnq) = A exp—(7pq /7)) (5)

Figure 1 demonstrates the successful use of eqs 4 and S, as
compared to the fits of I,pq with the inverse Gaussian function
and the Abragam-like function for a highly homogeneous rubber
sample. Below we will address its use in more inhomogeneous
(multimodal) samples.

The BFM is a lattice Monte Carlo method to simulate
polymers.*® It takes only effective monomers into account, each
of them representing several chemical monomers. A monomer
on the lattice is represented by a cube occupying eight lattice
points. Excluded volume is considered by the fact that each lattice
site can only be occupied by one monomer. The bonds connect-
ing the monomers have to be taken from a set of 108 vectors,
which ensures together with excluded volume that bonds do not
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Figure 1. Exemplary MQ NMR buildup and decay curves of a highly
homogeneous natural rubber. The sample was prepared by a conven-
tional cure system (for details see ref 22), and the data were kindly
provided by J. L. Valentin. Iyyq is obtained from the reference and DQ_
signal after tail subtraction (2.7%). Inq and Iyyq were renormalized to
achieve Ispiq(0) = 1. The fits with the inverse Gaussian (solid line), the
A-l function (dotted), and egs 4 and S (dashed) yield almost the same
residual dipolar coupling constant.

cross each other. The motion of the monomers is modeled by
random jumps of a monomer to one of the neighboring lattice
positions. A move is accepted if all sites of the new position are
unoccupied and if the bonds connecting to the new position are
still within the allowed set of bonds. The athermal solvent is
considered implicitly by the empty lattice sites. Among many
other applications, the BFM has been used to investigate the
conformational properties of networks chains®*** and the dy-
namics of linear polymers in solution, where for the latter the
number of Monte Carlo steps can be associated with a reduced
time variable.

Ill. EXPERIMENTAL SECTION

Tetra-PEG. TAPEG and TNPEG star polymers with a molecular
weight of 10 kg/mol were prepared as previously reported.” Both
polymers were dissolved in buffer solutions prepared with D,O with
polymer concentrations between 15 and 200 g/L. Gelation was initiated
by mixing the TAPEG and TNPEG solutions in equal (stoichiometric,
r = 1) or unequal (off-stoichiometric, r = 11:9, .., 3:1) amounts. The
pregel solution was filled into 10 mm OD NMR tubes. Care was taken
regarding the maximum sample height of 1 cm to ensure homogeneity of
the B, field in the NMR spectrometer. Sakai et al. have estimated the
overlap concentration of TAPEG and TNPEG on the basis of the
viscosity of the solutions, obtaining a value of about ¢y, ~ 60 g/ L2

NMR Spectroscopy. The low-field NMR experiments were per-
formed on a Bruker minispec mq20 with a magnetic field of By = 0.47 T
and 90° and 180° pulse lengths of 3 and 5.6 us, respectively. The
temperature was held at 40 °C by a BVT3000 operating on an air flow.
Buildup curves of the longitudinal (T) relaxation were measured by a
saturation recovery experiment with a variable relaxation delay. The pulse
sequence for the MQ NMR experiment is described in detail in refs 21 and
24. The relaxation delay between the scans was chosen to be larger than
ST, of the polymer (T, & 0.6 s). The solvent T, is much longer, thus, its
relative amount is not determined quantitatively in this experiment (vide
infra). Depending on the polymer concentration, the number of scans for
each point in the MQ NMR experiment was between 32 and S12.
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Figure 2. Buildup of the longitudinal magnetization for the 120 g/L
stoichiometric Tetra-PEG sample measured by a saturation recovery
experiment with variable relaxation delay 7. The solid line is a fit with the
bimodal buildup function (7). The inset shows the same data on a
logarithmic time scale.

BFM. Solutions of monodisperse star polymers with four arms were
created at concentrations ranging from dilute solutions up to concen-
trated systems at ¢ = 0.5, comparable to polymer melts.>> The arm
length N, of the stars varied from 4 to 64 monomers, and each star, i.e.,
its four end momomers, was randomly assigned to be either of type A or
type B. The number of star polymers in the simulation box ranged from
1536 to 8192. The star solutions were equilibrated and then cross-linked.
Whenever two free end monomers of different type hit each other, a new
bond between them was formed. The reactions were continued until a
conversion ratio of ~95% was reached. During the reactions, the buildup
of the network structure was monitored by recording the newly formed
bonds between the star arms. A connectivity analysis revealed the
volume fractions of active and dangling gel molecules and the weight
fraction of gel. Furthermore, the polymer volume fraction of dangling
rings and multiple connections between molecules were determined.
More details about the simulations are reported in a recent publication.*®
To compare the results of systems with different star sizes (N = 4N,
monomers), we scaled the concentration with the (geometric) overlap
concentration czeom(N), which is defined by

. 3N
C =
geom 47 RgO 3

(6)

where Rg02 =(3-2/ f)Nalz/ 6 refers to the radius of gyration of the star
polymers with functionality f (here 4) and segmental size | as determined
at high dilution (c < cgeom).

IV. RESULTS AND DISCUSSION

Dangling and Sol Chain Content. In order to calculate the
contribution of the highly mobile polymer chains according to
eq 3, we have to consider the signal of the residual solvent
protons (mainly HDO) in the sample. As there is no chemical
shift resolution available with the low-field NMR equipment, the
fraction of solvent signal can be determined by its longitudinal
relaxation behavior. Figure 2 shows the buildup curve of the
longitudinal magnetization measured by a saturation recovery
experiment for the stoichiometric Tetra-PEG gel with a polymer
concentraion of 120 g/L. Two components with very different
relaxation times can be identified, and a fit using

Latrec (T) = POly[l - eXP(_T/Tl,P‘)lY)]
+ Asolv[l - exp(_T/Tl,solv)] (7)

where
Apoy + Asory = 100% (8)

yields the signal fractions and the relaxation times of the polymer
and the solvent. The values of T, are about 0.6 s for all
samples, and T sy is always above 7 s.

As mentioned in the Experimental Section, the MQ NMR
experiment was performed with a recycle delay of at least ST -
However, this also means that the experiment behaves as a T filter
for the solvent protons and the signal fraction obtained by long-time
tail fitting of I + Ipq is smaller than expected. The tail fitting is
demonstrated in Figure 3a for the same sample. Unfortunately, due
to missing T, contrast, we could not identify a second distinguish-
able exponential long-time decay, as commonly found in bulk
elastomers.”’” We assume the tail fraction B to be a mixture of
polymeric material with isotropic dynamics (sol and dangling
chains) and the T)-filtered signal of the solvent, which can be
calculated from eq 7. To justify this assumption, we also plotted the
tail fitting procedure for an off-stoichiometric Tetra-PEG network in
Figure 3b. With the given experimental parameters, the contribution
of solvent signal to B is calculated to be only 47% for the 3:1 sample,
thus, the residual tail signal (52%) is ascribed to isotropically mobile
(elastically inactive and sol) polymeric material. This plot also gives
the impression that the fraction of active network chains in this
sample (sloppily speaking, the magnitude of the DQ buildup curve
Ipq) is very low compared to the stoichiometric sample in Figure 3a.
Finally, we can calculate the fraction of the isotropically mobile
polymeric material with respect to the total polymer amount via

B — Asolv[1 - exp(_rrd/Tl,solv)]/Isatrec(Trd)

fsol+dangling -
Apol
poly

)

where 7,4 is the recycle delay of the experiment. Figure 4a shows
Sfol+dangling a8 a function of the polymer concentration. This quantity
is below 8% for all stoichiometric samples, and the lowest concen-
tration of non-network defects can be found in the 60 g/L sample.
However, we assume that our method still slightly underestimates
Sol+dangling Decause we have to expect at least 7% of non-network
defects, based upon the estimation of the activity of functional
groups for TAPEG and TNPEG.'* Nevertheless, this data gives the
impression that the reaction turnover of the A—B reaction between
the macromonomers is almost perfect, which supports the recent IR
spectroscopic study by Akagi et al.*’

The evaluation of fuy,dangling has been repeated for off-stoichio-
metric samples with r = [TAPEG]/[TNPEG] > 1 and different
polymer concentrations. The results are shown in Figure 4b. As
expected, the lack or excess of one of the two reagents results in an
underdeveloped polymer network with a large amount of uncoupled
and finite chains. This observation supports the findings reported by
Sakai et al,'” i, a stoichiometric and symmetric gelation process
yields networks with the best mechanical properties.

The alert reader mi§ht now suggest the application of the theory of
Miller and Macosko™ to estimate the reaction efficiency. If we con-
sider the existence of structural network defects (multiple connections
between two macromonomers, see Figure 6), which will be proven
below, then one of Flory’s ideal-network assumptions* is violated,
namely “no intramolecular reactions occur in finite species”. That is
why the Miller—Macosko theory has to be refined for this case.”

Evaluation of the MQ NMR Buildup Curves. The data points
obtained by the MQ NMR experiment for the sample with
¢ = 120 g/L are plotted in Figure Sa. Iypq and Ing have been
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Figure 3. MQ NMR buildup and decay signals for (a) the 120 g/L stoichiometric and (b) the 40 g/L 3:1 off-stoichiometric Tetra-PEG samples plotted
on a semilogarithmic intensity scale. The long-time tail fitting by an exponential decay is demonstrated. It yields the joint fraction B of non-network

polymer chains and solvent signal.
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Figure 4. Fraction of the non-network polymer chains f,,dangling according to eq 9 for (a) the stoichiometric samples as a function of the overlap ratio
¢/Cag and (b) the off-stoichiometric samples as a function of the stoichiometric ratio.

renormalized by the same factor to achive Isyiq(0) = 1 after the
tail subtraction. For the normalized DQ buildup curve I,,pq, we
notice an anomalous behavior: It never reaches the value 0.5, and
there appears to be a gradual buildup in three steps. The latter
could be accounted by a superposition of multiple buildup curves,
each with an individual residual dipolar coupling constant. If we
assume such a superposition, we also have to expect different
time constants 7(D,,) in the relaxation term of each component,
since their D, is very different. These terms do not cancel by the
point-by-point normalization, and I,pq does not reach 0.5 due to
this additional dependence on 7Tpq, as seen in the following
relation:

Y ailnq,i(7p) expl—(wna /7)"]

Linq (Tpq) =

Y4 exp[—(tpq /7:)"]

Y. ailpq,i(Tpq)

+ ‘T = Zl: aifDQ,i(fDQ) (10)

where we consider relaxation terms similar to eqs 4 and S. TDQi is
the relaxation-free DQ buildup curve of the ith component. The
fractions of the components a; are normalized to 1.

In order to extract information about the fractions a; and the
residual dipolar coupling constants DSES from Ipq and Igpq, we

9670

constructed the following simultaneous fitting function

13 )
Inq(tpq) = 2 Z ai[1 — exp(—(0.378- 27D 7pq ) )
% 0s(0.583 221D 7 )] exp|—(7pq /7:)"]
(11)
g (Toq) z a; exp[—(tpq /)] (12)

i=1

assuming three buildup components, each with a vanishingly
narrow D, distribution. Two of them correspond to network
structures, which will be discussed explicitly below. The third
component sums up all defects that lead to corrections at the low
order parameter wing of the distribution in order to obtain a
stable fit of the second component. Equations 12 and 13 have 12
free parameters in total (11 formally independent ones, taking
Ya;=1),ie, we have to expect several local minima for the error
parameter ){ We therefore applied a simulated annealing
algorithm,*” followed by a Levenberg Marquardt fit (Origin
7.5) to find the global minimum of %> The resulting fit curves are
plotted along with the data points and the residuals in Figure Sa.
Additionally, we plotted each component of Inq for comparison
with the “steps” observed in the normalized buildup intensity
I,pq- Furthermore, Figure Sb shows the same data and fits on a
logarithmic intensity scale. Unfortunately, this analysis is not

dx.doi.org/10.1021/ma201847v |Macromolecules 2011, 44, 9666-9674
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Figure S. (a) Experimental data points for the DQ buildup Ipq
(squares) and the decay of the total MQ magnetization Isyq (circles)
for the 120 g/L stoichiometric Tetra-PEG sample. The normalized DQ_
intensity I,pq (triangles) has been calculated according to eq 3. The
simultaneous fit by eqs 11 and 12 is demonstrated by the solid lines. Each
component of Inq is drawn for further convenience. (b) shows the same
data on a logarithmic intensity scale. Additionally, the residuals for the fit
are plotted (c).

feasible for the off-stoichiometric samples due to the low signal-
to-noise ratio of the DQ buildup function Ipq. Also note that a
large fraction of dangling chains (as in off-stoichiometric samples
or at low degree of cross-linking) implies a broad distribution for
the cross-link fluctuations. This leads to broadly smeared out
peaks for any type of connection between stars.

Nature of Network Defects. Before discussing the actual
amounts of network and defect fractions in the light of our
computer simulation results, we first focus on the assignment of
the three components found in the buildup curves. For an
interpretation, we suggest the connectivity structures drawn in
Figure 6. The component with the highest RDC constant Dfels),
i.e, the lowest chain molecular weight Mgl) = 5 kg/mol, is the
single link as it is expected to be present when a 4-functional
macromonomer reacts with four different neighbors. Further-
more, we identify double connections between two neighboring
macromonomers (Figure 6b) with the second component. This
is the most simple (and most abundant) defect possible in
networks formed by an A—B reaction. By counting the number
of arms involved in this structure, we can get a rough estimation
for the “apparent” molecular weight (i.e., the MW measured by

*
frequency at C,,

(a) single link
in simulation
58%
(b) double link
11%
other network defects
(c) double-double link
1.4%
(d) triple link
1.1%

Figure 6. Schematic representation of possible connectivity structures
formed by an A—B copolymerization of four-arm macromonomers
including their frequency at Czeor in the BEM simulations. The single
link (a) corresponds to the ideal state. The double-link (b) is by far the
most frequent cyclic network defect of A—B networks at the concentra-
tions of the present study.” (c) and (d) are examples of more complex
network defects that possibly contribute to the low order parameter
wingz’6 and are accumulated in the third component of the fit function.

the MQ NMR experiment) between the cross-link points:
MEZ) ~ x-ZMEI) with 2 = x =< 3. Since according to eq 2
DE;S) / Dgs) = Mgz) /Mgl) at fixed concentration, a factor of 4—6 is
thus expected for the RDC constants on the basis of the under-
lying fixed-junction model.

The third component cannot be associated with a single defect
structure. It rather corresponds to a sum of higher-order defects
with low orientational order, which will be designated as “other
defects”. Two examples are given in Figure 6¢,d. We note that
even for a well-defined chain length there is some distribution of
order parameters because of the randomness of network con-
nectivity. Therefore, a separation of various components is only
possible if they are sufficiently resolved in the RDC distributions
and have sufficient intensity. As a consequence, not all well-
defined defect structures can be resolved (cf. Table 3 of ref 36),
and our analysis is restricted to stoichiometric A—B networks at
high conversion.

Figure 7 shows the RDC constants Df;)s along with the fitting
errors as a function of polymer concentration. The RDC con-
stants depend on concentration, and somewhat unexpectedly, we
observe different scaling exponents for the different components.
As anticipated from the considerations under Methodological
Background, the underlying physics is complex, and further
theoretical work will be necessary to understand in particular
the weakly positive and the comparably stronger, also positive
concentration dependence of the RDC constants associated with
primary network (single link) and the first-order defect (double
link) fractions, respectively. Over the given range of concentra-
tions, they are separated by a factor of about 4—8 upon
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decreasing ¢, which matches well with the simple prediction
above.

It should be noted that a more precise calculation of the
polymer backbone order parameter S, o Ma},}f1 will have to
consider the end-to-end distance fluctuations of the polymer
chains. According to the phantom model,***" there is an inter-
play of two effects: the fluctuations of the network chain are
reduced by the factor 1/2 due to the parallel chains, and the
functionality of two cross-links reduces by 1 for the double link in
Figure 6b. These two facts complicate the exact calculation of the
order parameter. A more detailed assessment based on the
phantom model is presented in our recent publication,*® where
we find only a factor of about 2 for the order parameter ratio
between single and double links. Since in this work steric and
excluded-volume effects were not taken into account, and only
the bond vector rather than the tensor order parameter was
considered (the latter reflecting the experimental RDC), all of
which are known to affect the results®>' further theoretical
work will be necessary for a final interpretation of the experi-
mental RDC constants.

Network defect structures have already been considered for a
long time,***> but to our knowledge, they have never been
observed directly. It is notable that the primary network fraction
and one well-separated defect fraction with distinct (“quantized”)
motional anisotropy could here be identified and characterized
quantitatively for the first time. This becomes possible because of

— components i : .
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Figure 7. RDC constants obtained from the fit with eqs 11 and 12 for
different polymer concentrations. The bars show the error values
obtained from the Levenberg—Marquardt fit.

the superb homogeneous structure of the Tetra-PEG at larger
length scales, rendering the two main components essentially
narrowly distributed. This is the reason why for each fraction a
single-component model represented by eqs 4 and 5 works so well.
It is important to point out that networks in the vicinity of ¢* are
best suited for our analysis, since the fraction of double links is
most significant.* Furthermore, the order parameters in networks
at high concentration ¢ > ¢* depend on entanglements.*® This
leads to an increasing overlap of the order parameter distributions
of single and double links with increasing concentration, in
agreement with simulation data®® or Figure 8. Note that the
problem of cyclic defects can be reduced to the determination of
the frequency of a single cyclic defect, since there are unique
relations between all cyclic defects in polymer networks.**
Therefore, a well-defined experiment for the determination of
one of these defects is of paramount importance for a quantitative
analysis of network structure.

We can thus summarize that the statement of the “ideality” of the
Tetra-PEG network with postulated diamond-like connectivity
structure, as concluded indirectly from the lack of excess scatterin
of neutrons or light at low scattering angle in previous studies,>"*
addresses only one facet of these fascinating systems, namely the
(non)existence of strong frozen-in concentration fluctuations. Fo-
cusing on a more local level, the present study unveils substantial
defect structures. It does not contradict the previous conclusion, but
it emphasizes that from a topological point of view the Tetra-PEG is
far away from an ideal or perfect network.

Fraction of Network Defects and Comparison with BFM
Simulations. The signal (= weight) fraction of each component
a; was extracted from the fits with eqs 12 and 13. In order to verify
the proposed model of the network structure defects, we performed
large-scale BFM simulations.*® The comparison of the concentra-
tion axes in experiment and simulation deserves some comments.
First, the geometric overlap concentration c;eom defined by eq 6,
which we can straightforwardly extract from the simulations, cannot
be matched with the experimental CZXP, which is based on rheolog-
ical observations. As to experimental chain dimensions, ref 13
gives a value of R, = 28.6 A under 6 conditions, based on Gaussian
statistics. All scattering data,">'* even for the fully swollen stars of
10 kDa, yield R, < 20 A. Thus, all “swollen” samples appear in fact
collapsed. Because of these quantitative discrepancies, we cannot
use the scattering data to match ¢/c*.

Asan alternative, the gel point concentration ¢y can also not be
used for comparison, since it was again determined differently in
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Figure 8. Fractions of the network structural defects considered in Figure 6. The experimental data, referenced to the rheological overlap concentration,
are compared with the defects counted after the BEM simulation. The simulation data were referenced to the geometric overlap concentration.
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experiments and simulations. In the former, a simple test identify-
ing the gelled sample with the lowest possible concentration falls
victim to a flocculation of stars (meaning increasing local con-
centration and liberation of excess solvent from the formed gel),
while in the latter an extrapolation to the theoretically lowest
concentration leading to a percolated structure was done, and no
flocculation effects (leading to changes in local concentration)
were observed.*® Thus, at present we lack a proper, physically
motivated way of comparing concentrations between experi-
ments and simulations on the basis of the currently available data.

Figure 8 compares the fractions obtained from MQ NMR (a,,
a,, and a3) with the fraction of single and double links extracted
from the BEM simulation. The concentration dependence of the
amount of double links has been predicted theoretically,*® in
agreement with the simulation data that is shown in Figure 8b.
Certainly, deviations in the theoretically and experimentally
determined fractions may occur due to different solvent proper-
ties and chain conformations. The BFM simulation uses an
athermal solvent, whereas the Tetra-PEG chains are enclosed
by good solvent. Also, the polymers in both systems possess
different characteristic ratios Cu,. Taken together, the probabil-
ities of chains to “refold” and form rings are different at the same
overlap ratio ¢/c* in both systems.

Since the data from experiments and simulations follow the
same trend, we take this as a good indication that our analysis
indeed determines the fraction of double links in the networks.
For the lowest concentrated gel measured in this study (c/ C:Xp =
0.25), we find a fraction of double links of 36%. This number
drops off to about 17% for the most concentrated sample
(3-3Cexp)- For the other defects (a;) we again find the highest
fraction at a scaled ¢/ C:XP =0.25 (39%), and the lowest fraction at
a scaled ¢/ciy = 2 (13%), from where it appears to level off. We
notice that the BFM simulation overestimates the single-link
component (network fraction) and correspondingly underesti-
mates the double links as compared to the experimental fractions.
The fraction of the other defects is certainly subject to the largest
possible systematic error in the multicomponent fitting. A direct
comparison between this signal fraction and any particular defect
structure determined after the BFM simulations is rather mis-
leading because it always refers experimentally to a superposition
of many kinds of structures. Note that the experimental and
simulation data for the single and double links would in fact
overlay if the overlap ratio of the latter would be multiplied by a
factor of about 8, which is well within the range of the
uncertainties of the different ¢* definitions discussed above.

V. CONCLUSIONS

We performed low-field MQ NMR as well as Monte Carlo
simulations to investigate the microstructure of the Tetra-PEG
hydrogel, which is a network formed by an A—B reaction of two
symmetric four-arm polymers. For the first time, we were able to
experimentally quantify connectivity inhomogeneities in a poly-
mer network, i.e.,, we determined the fraction of elastically inactive
defects (dangling chains, loops, etc.) and, more importantly, the
actual network fraction along with two well-separated populations
of connectivity defects that are part of the network.

The fraction of non-network defects was found to be rather
low for stoichiometric samples within the range of initial con-
centrations at preparation considered (15—200 g/L), proving a
very high reaction turnover. As expected, a much larger amount
of such defects was observed in off-stoichiometric gels.

Our central and new finding was a multiple-component
behavior in the DQ buildup curves of Tetra-PEG gels. Using a
three-component fit, we could quantify these distinct compo-
nents with regards to their different residual dipolar coupling
constants D, and their weight fractions. We identified one
component with a lower residual coupling (lower dynamic order
parameters) compared to the single link with connectivity
defects, i.e., double links between the macromonomers. The
third component can be denoted as higher-order connectivity
defects, yet its composition and distribution of order parameters
are not measurable due to its complexity. This analysis is feasible
because the Tetra-PEG gel is nearly free from larger-scale
inhomogeneities, i.e,, fixed concentration fluctuations. A verifica-
tion of our assignment was taken from bond-fluctuation Monte
Carlo simulations, which explicitly considered the cross-linking
process of A—B tetra-arm star polymers. The main result of these
simulations are the fractions of the network connectivity defects,
which exhibit the same concentration-dependent trends as the
experimental values.

In contrast to the previous light and neutron scattering
studies'>'*** emphasizing the ideal and homogeneous nature
of the Tetra-PEG gels, we could here refine this global statement
by providing for the first time molecular-level information on the
amounts of structural defects in these systems. These are con-
siderable, indeed, and thus show that these systems, albeit being
very homogeneous on the length scale beyond the mesh size, have
a microstructure that is far from the ideal diamond-like structure
that has been drawn in the first publications.'>"? Strictly speaking,
Tetra-PEG is thus not an “ideal” polymer network but certainly
one of the most appealing model networks* available to the
community. We expect that Tetra-PEG will be of use to tackle a
number of open questions in the physics of polymer networks in
the future.
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