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Abstract: The presence of entanglements in associative polymer gels has been shown to
impart enhanced mechanical strength, toughness, and extensibility; however, the interplay
between topological and binding interactions in these systems remains poorly understood. Here,
the effect of entanglements on chain dynamics in a model associative network is investigated in
the weakly entangled regime, corresponding to 1.1 — 3.1 ¢, where ¢, is the characteristic
concentration for the onset of entanglement. The associative network is formed by a linear random
copolymer of N,N-dimethylacrylamide and a histidine-functionalized monomer cross-linked with
Ni?** ions. Rheological characterization indicates that the concentrations investigated span the
transition from unentangled to the weakly entangled regime, resulting in a subtle broadening of
their relaxation spectrum. Self-diffusion measurements using forced Rayleigh scattering
demonstrate a pronounced suppression of apparent superdiffusive behavior with increasing
concentration, revealing a stronger impact of topological entanglement on self-diffusion compared
overall network relaxation. This suppression in superdiffusive behavior is attributed to a reduction
in the contribution of “hopping” diffusion due to the presence of entanglements, resulting in an
approach to purely Fickian diffusion governed by a single “walking” diffusive mode at the highest
concentration probed. These results demonstrate the marked effects of entanglements on self-
diffusion and relaxation in associative networks, providing insight into network response beyond

that accessible by rheology alone.

Introduction

Associative polymer networks are a class of soft materials that has gained interest across
many communities due to their tunable viscoelastic behavior, ability to respond to external stimuli,
and self-healing abilities.!''® While associative networks have shown great versatility, they are

often plagued by issues such as erosion and low toughness that limit their use for certain



applications.!!"!* The introduction of topological entanglements into these systems is a potential
solution to overcome these issues by providing additional barriers to chain motion.! !> 1® However,
understanding the dynamics of entangled associative networks remains an open area of research

due the complexity of their viscoelastic and transport properties.'”%!

Associative network dynamics are largely dictated by the processes of bond association
and dissociation, which has served as a basis for the development of several transient network
models to date.?”” For networks prepared in the presence of a solvent, i.e., physical gels, the

polymer volume fraction ¢ further dictates their properties, resulting in several scaling regimes

23,26 23,24

as developed in the sticky Rouse and sticky reptation models. Two main regimes can be

identified based on the entanglement concentration, ¢,. In a good solvent, ¢, is defined as

0.8
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where Neo is the number of monomers between entanglements in a melt and N is the number of

monomers in the chain.?* Below the entanglement limit (¢ < ¢,), chain segments undergo Rouse-
like motion that is delayed by the presence of the stickers as detailed in the sticky Rouse model.
23,26 In the presence of entanglements, the sticky reptation model?* considers the motion of the
chain to be further topologically restricted since it can only diffuse along the contour of the
confining tube defined by the entanglements. The sticky reptation model predicts that entangled
associative networks show two main relaxation processes, one corresponding to the lifetime of the
stickers and a second, low-frequency relaxation regime arising from hindered reptation. In
particular, the terminal relaxation should be significantly delayed compared to gels in the
unentangled regime.?> ?* More recent advances in the sticky reptation model have included the

effects of constraint release and contour length fluctuations, which can broaden the time scale over



which the relaxation process occurs.'® 2% 27-28 Although recent investigations have attempted to
experimentally verify the predictions of these sticky reptation models with shear rheology, there
has been little study of the self-diffusion of the network-forming chains in entangled systems,
which would provide an additional test of the dynamic mechanisms invoked in these theories. Self-
diffusion in entangled gels is expected to differ significantly from that in unentangled gels due to
the cooperative effects of sticker association and topological entanglements in slowing chain
motion. In addition, experiments have shown that the linear viscoelastic response of gels in the
weakly entangled regime can be very similar to that of unentangled gels, making the transition

between unentangled and entangled regimes difficult to identify by rheology alone.'® 2

Self-diffusion measurements by forced Rayleigh scattering (FRS) can reveal important
insight into the mechanisms of chain motion as a critical test of the associative network theories
developed to date.?*3! The experimentally accessible length scales for FRS correspond to 0.5 — 50
um?°3! such that it probes the time scales required for the polymers to diffuse over several times
their radius of gyration, Rg,. Self-diffusion measurements of several distinct unentangled
associative networks showed phenomenological superdiffusive scaling on length scales

corresponding to 100-1000R,;, which transitioned to Fickian scaling on longer length scales. >

This behavior was explained by a phenomenological two-state model and showed that
superdiffusive scaling in FRS measurements can be due to the presence of two apparent diffusing
species with distinct diffusivities.?” From single-chain simulations of associative 4-arm star
polymers®? and linear polymers with varying numbers of stickers along the backbone,* the two
diffusive modes were assigned as “walking” and “hopping.” Hopping refers to a process in which
a molecule releases all of its stickers to undergo relatively unhindered diffusion with a mean-

square displacement of several times R,> before reattaching to the network. In contrast, walking



refers to a step-wise diffusive motion where at least one of the stickers remains attached to the
network while part of the chain attaches to a new position. Thus, FRS not only provides a method
to measure the diffusivity within the networks, but it can also indicate the presence of multiple
distinct diffusive modes, providing a detailed description of chain dynamics in these networks
beyond that revealed by rheology alone. While the studies performed so far have been on
unentangled associative networks, it highlights the potential of FRS as a technique to detect
important changes in network dynamics as it undergoes transitions such as the onset of

entanglements.

In this study, chain relaxation and self-diffusion in a model associative network above the
entanglement threshold were investigated through a combination of shear rheology and FRS. The
model system was an associative hydrogel prepared with a low-dispersity linear copolymer of N, /NV-
dimethylacrylamide and a histidine-functionalized monomer such that transient metal-coordinate
crosslinks formed upon addition of Ni*" ions (Figure 1). The concentrations investigated by self-
diffusion correspond to the weakly entangled regime, ranging from 1.1 — 3.1 ¢, as calculated
using Eq. 1 and Neo estimated from Ref**. Rheological characterization of gels in this
concentration range reveals a broadening of the relaxation spectrum due to the onset of
entanglements, while self-diffusion measurements demonstrate a marked suppression of apparent
superdiffusive scaling with increasing extent of entanglement. The results highlight the strong role
of topological entanglement as an orthogonal hindrance to sticker association, with implications

for the design of viscoelastic soft materials with unique transport properties.
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Figure 1. (A) Synthesis of linear PDMA polymers with pendant histidine side groups. (B)

Schematic of the model associative network prepared with a linear copolymer of N,N-

dimethylacrylamide and a histidine-functionalized monomer such that metal-coordinate crosslinks

are formed upon addition of Ni** ions.

Experimental Methods

Materials. N-Boc-Nim-trityl-N-3-methacrylamidopropyl-L-Histidinamide (HisMA) *° and 2-

(ethylthio-carbonothioylthio)-2-methylpropionic acid (EMP) *° were synthesized following

published procedures. Fluorescein-5-maleimide was purchased from ThermoFisher Scientific.

N,N-Dimethyl-acrylamide (DMA) was purified through a basic alumina column to remove

inhibitor before polymerization. All other chemical reagents were purchased from Sigma-Aldrich

or VWR and used as received.



Characterization. Gel permeation chromatography (GPC) measurements were performed on
an Agilent 1260 LC system with two ResiPore columns in series (300 % 7.5 mm, Agilent
Technologies, Santa Clara, CA). The flow rate was set to 1 mL/min at 70 °C, and DMF with 0.02
M LiBr was used as the mobile phase. The molecular weights were determined using a Wyatt
miniDAWN TREOS multiangle light scattering detector and a Wyatt Optilab T-rEX differential
refractive index detector. NMR spectra were recorded on a Varian 400 MHz spectrometer and the
residual undeuterated solvent peaks were used as references (7.27 ppm for CDCls and 4.79 ppm
for D20).

Synthesis of high molecular weight PDMA Polymers with Pendant Histidine Side Groups
(P2). Homopolymers of DMA and copolymers of DMA and HisMA were synthesized by
reversible addition—fragmentation chain transfer (RAFT) polymerization (Figure la), using a
procedure adapted from ref. 3! to target molar mass of 100 kg mol'. The total monomer
concentration used for polymerization was 2.0 M, with a ratio of 1:0.33 of EMP:
azobisisobutyronitrile (AIBN). The ratio of monomers:EMP was kept constant at 1111:1, while
the amount of HisMA added was varied between 0 — 1.5 mol% to achieve targeted sticker densities.
The MeCN solutions for polymerization were degassed by purging with N2, and the
polymerizations were then performed at 60 °C until the desired conversion of around 80% was
achieved as determined by DMF GPC (approximate polymerization time of around 7 h). The
reaction was terminated by opening the reaction flask to air and allowing it to cool to room
temperature. The protected polymer P1 was then purified by precipitation into diethyl ether and
then dried under vacuum overnight. The molar mass of P1 was determined using DMF GPC prior
to the deprotection step (Figure S1, Table S1). The mole fraction of HisMA was determined by 'H

NMR (Figure S2).



The Boc and Trt protecting groups were removed by dissolving the P1 polymers in DCM. Water,
triisopropylsilane (TIPS), and trifluoroacetic acid (TFA) were added sequentially to the solution.
The mixture was stirred for 2 h at room temperature, after which the volatiles were removed under
vacuum. The polymers were then dissolved in MeOH and precipitated into diethyl ether twice.
The polymers were then dried under vacuum overnight. Once dried, the polymers were dissolved
in 30 mL water, transferred to a centrifugal filter (3kDa MWCO), and spun at 4000 g for 30
minutes. An additional 30 mL of water was added, and the filtration was repeated four times. The
polymers were then filtered through a 0.45 um hydrophilic PVDF syringe filter and lyophilized,
yielding polymer P2. The complete removal of the Boc and Trt protecting groups was confirmed
by 'H NMR (Figure S3). The mass and volumes of reactants used and yield for each polymer is
shown in the supporting information (Table S2 and Table S3). The polymers have been labeled
PDMA-100k (homopolymer) or PDHMS-100k, where S denotes the average number of stickers
per chain, while the 100k indicates the molar mass of the polymer.

Synthesis of Fluorescein-Labeled PDMA Polymers (P3). For PDHM7-100k, fluorescein-
labelled polymers were synthesized for self-diffusion studies. The deprotected polymers P2 (50
mg, 0.5 umol) were first dissolved in 2.7 mL DMF, to which hexylamine (1.4 uL, 10 umol) was
added. The reaction was left stirring overnight under nitrogen to ensure complete aminolysis while
minimizing undesirable thiol oxidation. Tris(2-carboxyethyl)phosphine hydrochloride
(TCEP-HCI, 1.5 mg, 5 pmol) and maleimide-functionalized fluorescein (2.25 mg in 50 pL of
DMSO, 5 umol) were then added to the reaction mixture. The reaction was then left to stir
overnight. The solution was then diluted with 30 mL 5% DMSO in water and transferred to a

centrifugal filter (3 kDa MWCO), which was spun for 4000 g for 1 h at 4 °C. A further 30 mL of

5% DMSO in water was added, and the process was repeated several times until the spin-through



appeared colorless. A final spin was performed with water to remove the DMSO. The polymers
were filtered using a 0.45 pm hydrophilic PVDF syringe filter and finally lyophilized. The product
P3 was obtained as a light yellow powder.

Gel Preparation. The gel preparation procedures for the PDHM polymers were adapted from
previous publications.’!: *> The polymers were first dissolved in a Bis-Tris buffer (100mM, pH
7.0), at a volume adjusted according to the target concentration of the gel. Once the polymers are
fully dissolved, the appropriate amount of a stock solution containing 200 mM NiClz and 100 mM
Bis-Tris was added so that the ratio of HisMA/Ni was 2:1. The mixture was thoroughly mixed
using a 21-gauge needle. Finally, the appropriate amount of a stock solution of 1 M NaOH with
100 mM Bis-Tris was added such that the ratio of HisMa/NaOH was 1:1. The gels were mixed
vigorously with a micro spatula and then centrifuged at 21,100 g. The mixing process was repeated
several times until a macroscopically homogenous gel was obtained. The gel was then centrifuged
a final time to remove air bubbles introduced during the mixing process. The amount of NiCl2 and
NaOH stock solution needed was determined by '"H NMR (Figure S2).

Rheology. Frequency sweep and strain sweep experiments were performed on an Anton Paar
301 Physica rheometer with a stainless-steel cone and plate geometry. The size of the plates used
was either 10 mm diameter (2° angle) for gels with a shear modulus above 10 kPa or 25 mm
diameter (1° angle) for gels with a shear modulus below 10 kPa. All gel samples were centrifuged
at 21,100 g at room temperature until all air bubbles were removed. Once the samples were loaded
onto the rheometer, mineral oil was added to the sample edge to minimize dehydration.
Experiments were performed over 5 — 55 °C, with the temperature controlled using a Peltier plate.
All frequency sweeps were performed at 1% strain, which was determined to be within the linear

viscoelastic region from strain sweep experiments (Figure S4).



Frequency sweeps were fit to the sticky double reptation model?® and a single-mode Maxwell
model. Fitting to the sticky double reptation model was performed separately for each frequency
sweep using the RepTate software package,’’ with adjustable parameters ng (the number of
effective stickers per chain), n, (the number of effective entanglements per chain), 7, (the effective
sticker lifetime), G, (the entanglement plateau modulus), and a (a dimensionless parameter of
order ~1).

Forced Rayleigh Scattering. Self-diffusion measurements were performed by adding 20 uM
of the fluorescein-labelled polymers (P3) to the dissolved polymer P2 before the NiClz stock
solution was added. To remove any dust particles, the buffer solutions for preparing FRS samples
were filtered through a 0.2 um PTFE syringe filter prior to mixing solutions. The samples were
sealed between two quartz disks (17 mm in diameter) with a Teflon spacer (0.2 mm thick) and
annealed at 80 °C for three hours to eliminate shear history from loading. Samples were then
equilibrated at the experimental temperature for 1 h before experiments were performed. The
procedure for performing FRS measurements has been previously described?® *% 3% and will be
briefly reviewed here. A continuous wave laser (100 mW, A = 488 nm) was split into two beams
and then refocused onto the sample at an angle 6. The constructive interference bleaches the
photochromic fluorescein dye and generates an amplitude grating of dye concentration with a

characteristic spacing d defined as

je— )
2sin(0/2)

The exposure time of the sample was in the range of 100-750 ms. Diffusion of the dye-labelled
polymers results in a sinusoidal concentration profile that was monitored by diffraction of a single

reading beam at the same wavelength. The beam intensity was attenuated by 10 so that further

10



bleaching of the dye will not occur and the change in the profile was only due to diffusion. The

time constant, 7, is then extracted from fitting a sum of two exponential functions to the signal:
t\A1 t\Bz2 2
I = (Al exp l— (—) l + A, exp I— <—> D + B (3)
51 12

where [ is the intensity, £ is the stretched exponent ranging from 0 to 1, and B is the incoherent
background and 7, > 7;. Finally, the average decay time constant was calculated as the first

moment of the stretched exponential, based on 7,:

®=2r(z) @

where 7" is the gamma function. Representative FRS decays and their fits to Eq. 3 are provided

in the Supporting Information.

Results and Discussion

To study the combined effects of topological entanglement and sticker association on chain
dynamics, a model associative network was synthesized comprising an N, N-dimethylacrylamide
(DMA) backbone containing pendant histidine moieties, as shown in Fig. 1. Upon the addition of
Ni** ions in a 1:2 ratio of Ni**:histidine, transient metal-ligand crosslinks were formed, resulting
in a space-spanning gel network. To create topological entanglements in the network, the target
molar mass of the network-forming chains was set to 100 kg/mol, and the concentration was varied
between 0.6 — 4.8¢,, where ¢, = 0.12 is the entanglement volume fraction at this chain length.>*

This allowed study of the transition from the unentangled to the weakly entangled regime in

11



associative networks as a comparison to prior investigations of unentangled gels of identical

backbone and sticker chemistry but smaller chain length.

Evidence of transition to the weakly entangled regime in the viscoelastic properties.
The linear viscoelastic properties of the PDHM7-100k gels, as measured with frequency sweeps
(Figure 2), demonstrate relaxation behavior qualitatively consistent with the weakly entangled
regime. As the concentration is increased from 0.6 — 4.8 ¢,,, a single high-frequency plateau, Gp,
is seen in the storage modulus, G’, ranging from 0.03 — 20 kPa, while the crossover frequency, wc
shifts to lower frequencies. Following the crossover of G’ and G’ at we, terminal relaxation is
seen for all concentrations consistent with the classical Maxwell scalings of G’~ w? and G~ w'.
Note that additional concentrations (unfilled symbols in Figure 2) were included for the
viscoelastic characterization beyond those studied by self-diffusion measurements (filled symbols

in Figure 2) to provide further information about the concentration regimes relevant to their

dynamics.

12
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Figure 2. Plot of G’ and G vs @ for PDHM7-100k gels (~7 stickers per chain) for concentrations
ranging from 0.6 — 4.8 ¢/de. All data are collected at 35 °C. Filled symbols correspond to
concentrations also investigated by self-diffusion measurements; unfilled symbols were omitted

from self-diffusion measurements since the time scales were not experimentally accessible.

The sticky reptation model predicts that for ¢p > ¢, in a good solvent, the zero-shear
viscosity 7o should scale with volume fraction as 1y~¢377, where the strong scaling with
concentration for ¢ > ¢, arises from the increased number of entanglements per chain as the
concentration is increased further past ¢,.*> As seen in Figure 3, the PDHM7-100k gels exhibit a
scaling of ny~@35%%8 for 1.3 — 4.8 ¢, above the entanglement threshold, which is close to, but

slightly weaker than, the predicted scaling from the sticky reptation model. It should be noted that
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the sticky Rouse model?*: 26

predicts for unentangled systems (i.e., ¢ < ¢,) a significantly weaker
dependence of n~¢@117. The intermediate scaling observed in the gels here may arise from a
transition between the two regimes due to the onset of entanglement. Previous studies of non-
associative entangled linear polymers have shown a transition from the unentangled to the weakly
entangled regime at ~2 entanglements per chain, followed by a transition to the strongly entangled
regime at ~10 entanglements per chain.*”*!' For associative networks, however, the transition point
from unentangled to the entangled regime is harder to define due to the interdependence between
segmental chain dynamics and sticker dynamics.!”!*2*28 This may yield an additional plateau in

24, 28

G’ to account for separate relaxation timescales from sticker or chain dynamics and regions

18, 28 and

showing different scaling of G’~ w and G ’~ w from effects such as constraint release
contour length fluctuations.'® Although the frequency sweeps of the PDHM7-100k gels do not
clearly exhibit these additional features, attempts to fit each frequency sweep with a single

Maxwell mode show increasing deviation with concentration, which indicates a broadening of the

relaxation timescale most obvious at the highest concentration (Figure S7).

14
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Figure 3. (a) Plot of the zero shear viscosity, 70, as a function of concentration, ¢ /¢,, for PDHM7-
100k measured at 35 °C. Dashed lines show power law fit for concentrations that are above the
entanglement concentration (¢p > ¢,). (b) Plot of the high-frequency plateau modulus, Gy, as a

function of concentration, ¢/¢,, for PDHM7-100k measured at 35 °C.

The effect of entanglements on viscoelastic response is enhanced at higher network sticker
density compared to those with 7 stickers per chain, as revealed by a comparison of gels with
different sticker densities but constant chain length and concentration. Frequency sweeps were
performed on additional polymers with 0, 10 and 15 stickers per chain, each with a molar mass of
~100 kg mol™! (denoted PDMA-100k, PDHM10-100k and PDHM15-100k). All samples were
prepared at 4.8 ¢, and the measurements were performed at temperatures ranging from T =5 —
55 °C. Time-temperature superposition (TTS) was then used to plot the data as G’ and G”’ vs war,

as shown in Figure 4, with 35 °C set as the reference temperature, Trer. The concentration of ¢p =

4.8¢, chosen for this analysis is larger than those studied by self-diffusion measurements to more

15



clearly determine the effect of entanglements on the scalings of G’ and G" with frequency. The
results of this analysis will be used to estimate the extent of entanglement for the concentrations

investigated for the self-diffusion studies.
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Figure 4. Plot of G’ (filled symbols) and G (unfilled symbols) vs w for (A) PDMA-100k (B)

PDHM7-100k (C) PDHM10-100k and (D) PDHM15-100k all prepared at 4.8 ¢,.. Experiments
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were performed at 5 — 55 °C and TTS was used to plot G’ and G’ vs war, with Trer = 35 °C. The

dashed red lines are fits to the sticky double reptation model®® (see Figures S7—S9 for comparison

to fits with a single Maxwell mode).

The presence of entanglements in the PDHM gels of various sticker densities is seen in
Figure 4 as a slight but noticeable broadening of the relaxation spectrum following the initial drop
in G’ from the high-frequency plateau. As the number of stickers per chain is increased from 7 to
15, the broadening becomes more apparent, with G’ showing a slope of ~0.5 before entering the
terminal regime with a scaling of ~2, as most clearly seen for the PDHM15-100k gel (Figure 4d).
For the loss modulus, G’’, a minimum is seen at higher frequencies followed by a maximum close
to (but not exactly at) the crossover frequency, with a scaling of ~0.5 before transitioning into the
terminal regime with slope of ~1. While similar features are seen in the PDHM10-100k gel (10
stickers/chain), these features are not as apparent for the PDHM7-100k gel (7 stickers/chain).
However, for all sticker densities, the presence of cross-links in the network drastically delays the
terminal relaxation by several orders of magnitude compared to an uncrosslinked network of
identical chain molecular weight (i.e., without metal-coordinating groups), for which terminal

relaxation occurs at ® > 100 rad s™! as shown in Figure 4a.

The data shown in Figure 4 are consistent with models for entangled associative networks
proposed by Chen et al. (sticky double reptation: SDR model)*® and Ahmadi et al. (hindered
fluctuation: HF model)'®. Both the SDR and the HF model are modified forms of the sticky

142

reptation model*” originally proposed by Rubinstein and Semenov, in which chain relaxation can

occur when either of the two chains forming the entanglement diffuses away. The HF model also

17



includes the effects of contour length fluctuations (CLF), but this results in only minor changes to
the predicted frequency sweeps as in some cases the effects of CLF are too fast to be seen. In the
absence of CLF effects, their predictions are qualitatively similar to the SDR model. Fits to the
SDR model show reasonable agreement for the data on the PDHM-100k gels of all sticker densities
at a concentration of ¢ = 4.8¢,, suggesting that the effects of CLF are too fast to be observed in
these gels. Fits were performed using the RepTate software package®” and are shown as dashed
red lines in Figure 4, with the fit parameters listed in Table 1, including the effective number of
stickers per chain (ny), effective number of entanglements per chain (n,), and sticky bond lifetime
(t5). Note that although the sticker chemistry is identical for all the gels studied, the sticker lifetime
T, was allowed to vary to allow for minor variations in the local sticker environment at each sticker
density; as shown in Table 1, the values of 7, for all cases are equal (to within their uncertainties),
consistent with the identical network chemistry used in all systems. In both the SDR and HF
models, the plateau modulus Gy has contributions from both the stickers and entanglements, except
in the low-sticker-density limit where Gp is expected to show contributions only from

entanglements. The frequency sweep is expected to show different features for each case.

For associative networks where the viscoelastic properties show contributions only from
the entanglements (usually seen at low sticker density), both the SDR and HF models predict that
only a single relaxation time will be observed corresponding to the inverse of the crossover
frequency (i.e., T = 1/w,). This relaxation time should be much longer in the gel than in the
corresponding non-associative polymer solution. These predictions are consistent with the
frequency sweep seen for the low-sticker-density systems PDHM7-100k (7 stickers per chain) and
PDMA-100k (no stickers), with the PDHM7-100k gel having a significantly longer relaxation time

than the uncrosslinked PDMA-100k gel (i.e., zrep, PDHM7-100k >> Trep, PDMA-100k; see Table 1). This

18



result is supported by the concentration dependence of the plateau modulus of GZZ,~¢)2'5J—FO'8 found
for the PDHM7-100k gels (Figure 3b), which is close to the predicted scaling for a non-associative
entangled polymer solution (Gp~q,')2'25).23 It should be noted that the sticky reptation models apply
rigorously in the limiting case of long chains with many stickers and entanglements per chain; the
PDHM7-100k gels studied here have relatively few stickers per chain and are in the weakly

entangled regime.

For systems in which Gp has contributions from both the entanglements and stickers, the
frequency sweep is expected to show additional relaxation processes arising from the interplay of
binding and topological confinement.'® 28 For the higher-sticker-density gels (PDHM10-100k and
PDHM15-100k), following the initial drop in the high-frequency plateau modulus, a broadening
in the relaxation profile is observed with both G’ and G’ having log-log slopes of ~0.5. This
broadening, which is attributed to sticky Rouse relaxation by both the SDR and HF models,'®: 8
shows a slight increase at higher sticker density. Finally, at frequencies below the crossover
frequency, both G’ and G*’ show terminal power-law scalings of ~2 and ~1 respectively. The
inverse of the frequency at which the terminal regime occurs corresponds to the longest relaxation

time, trep, Of the gel.!® 2428

Table 1. The values of plateau modulus Gp (in the region 10° < arw < 10?%), number of active
stickers per chain ns, number of active entanglements per chain #e, effective bond zs, and terminal

relaxation time 7rep for PDMA-100k, PDHM7-100k, PDHM10-100k and PDHM15-100k, at T =

35°C.®
Polymer Gy (kPa) ns e 75 (5) Trep (8)
PDMA-100k 21.2° - ~49°¢ - 6x 1040

19



PDHM?7-100k 21.7° 3+9d 2+74 5+254 70 ¢

PDHM10-100k 63.6° 7+£24 28+05¢4 2424 305¢

PDHM15-100k 955" 10+24 3.5+0.34 1.0+044 347 ¢

? Gp 1s the plateau modulus, ns is the number of stickers per chain, ne is the number of
entanglements per chain, 7 is the sticker lifetime and zrep is the reptation time. ® Values obtained
from frequency sweeps in Figure 4. ¢ Estimated using eq. 1 and Ne,0 from ref. 3 ¢ Fit parameters
from fits to the SDR model. ¢ Calculated from #s, ne and zs via 7., = T Nen2.

The values of ns, ne and zs obtained from fits to the SDR model show reasonable agreement
with the known properties of the PDHM-100k gels (see Table 1). The values of the number of
active stickers per chain, ns, in Table 1 are smaller than the sticker density S determined by 'H
NMR, indicating that only a fraction of the stickers are elastically active as intermolecular bonds
at a given time. The remaining stickers may either exist as intrachain bonds or in the dissociated
state (see Figure 1b). Given that the values of the sticker lifetime, zs, are similar (within the error
of the measurement) to the Ni*"-bis(histidine) bond lifetime reported in the same gel environment
of 7s = 5 5,3 it appears that the bond lifetime renormalization as described in the sticky Rouse
model?* %6 is not a significant effect in this system. In particular, the network relaxation times T
obtained from the crossover frequency in shear rheology (i.e., T ® 1/w.) for the previously
reported unentangled PDHMS-25k gels®! are larger than the effective bond lifetimes s reported
here by a factor of ~10, consistent with a minimal contribution from bond renormalization in the

gels studied here.

Finally, the number of entanglements per chain, n., for the PDHM-100k gels at the
concentration corresponding to 4.8 ¢, is found to be ~2 — 3.5, in approximate agreement with the

value of 4.9 estimated for PDMA-100k based on the literature.>* The presence of sticker
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associations is hypothesized to reduce a chain’s pervaded volume due to the formation of
intramolecular bonds (i.e., loops),>**? which in turn would reduce the extent of chain entanglement
compared to chains of identical molecular weight but without associative groups. This is consistent
with the lower values of n, determined for the PDHM-100k gels compared to estimates for the
non-associative PDMA-100k precursor at this concentration. The transition from the unentangled
to the weakly entangled regime for non-associative polymers is expected to occur at ~2
entanglements per chain. Thus, the values of n, obtained from the fits are consistent with a
transition from the unentangled to the weakly entangled regime. Based on the results for all sticker
densities probed and using a concentration scaling of n,~¢3 obtained from Ref.*?, the number
of entanglements per chain for the PDHM7-100k gels at the concentrations investigated in self-
diffusion measurements (¢p/¢, = 1.1, 1.8, 2.5, and 3.1) are estimated as ne=0.7, 1.1, 1.5 and 1.9,
respectively. The estimation of ne solely based on the data for the PDHM7-100k gels (Figure 2)
would have been prone to larger error as shown by the error associated in the fit parameters for
PDHM?7-100k gel in Table 1. This further shows the subtle nature of the effects of entanglements
on the macroscopic rheological behavior of the network, highlighting the importance of other
techniques that are more sensitive to the changes occurring in the transition from the unentangled

to the weakly entangled regime.

Self-diffusion above the concentration for entanglement. Self-diffusion of the network-
forming chains in the entangled PDHM-100k gels of various concentrations was measured using
forced Rayleigh scattering (FRS). Due to the dynamic range of FRS, the self-diffusion
measurements were performed on gels with 7 stickers per chain (PDHM7-100k) at concentrations
of 1.1-3.1¢,. Note that other sticker densities were not investigated using FRS since their self-

diffusion time scales were not experimentally accessible. In contrast to the relatively mild effects
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on the frequency sweep measurements (see Figures 2 and 4), the presence of entanglements
imparts a strong qualitative transition in the self-diffusive behavior of the PDHM7-100k gels,
specifically in the extent of apparent superdiffusive scaling on length scales smaller than the
terminal Fickian limit. For gel concentrations of 1.1 to 2.5 ¢,, apparent superdiffusive scaling is
observed on small length scales (d? = 0.2 — 10 um?) followed by a transition to terminal Fickian
diffusion on long length scales (d? > 10 um?). As in previous work, however, it is important to
note that even the smallest length scales probed by FRS are several times greater than the chain
radius of gyration. The extent of superdiffusive scaling is indicated by the width of the apparent
superdiffusive regime, which decreases with concentration such that the transition to Fickian
scaling shifts to lower values of d2. Finally, at the highest concentration investigated (¢p = 3.1¢,),
superdiffusive scaling is not observed, and gels exhibit only Fickian scaling on all length scales

within the accessible range of the instrument.

The observation of superdiffusive scaling that transitions to a Fickian scaling regime has
been seen in other measurements of self-diffusion using FRS, but only in associative networks in
the unentangled regime (¢ < ¢,).2*! These measurements include a recent study involving the
same backbone and sticker chemistry of poly(N, N-dimethylacrylamide) with pendant histidine
side groups, with sticker densities of S =5 — 15 and molar mass of around 25,000 g/mol (which
will be referred to as PDHMS-25k to distinguish it from the polymers in this study).’! For these
unentangled polymers, the two diffusive modes seen by FRS have been suggested to arise from
molecular walking and hopping.’® ** The qualitative similarities between the diffusive regimes
seen for the entangled PDHM-100k gels and the unentangled PDHMS-25k gels studied previously
suggest that the same dynamic modes play an important role in chain self-diffusion even in the

weakly entangled regime as probed here.
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d? (um?)

Figure 5. Plot of (1) vs d? for PDHM7-100k at 1.1 — 3.1 ¢, (which corresponds to 10 — 28 vol%),
measured at 35 °C. The dashed lines are fits to the two-state model while the solid line is a linear
regression to determine the diffusivity of the sample at 3.1 ¢,. Error bars represent standard error

of measurements that were performed in triplicate.

Origin of superdiffusive scaling in weakly entangled networks. The previously

1°° was used to analyze the self-diffusion data for the studies of various

proposed two-state mode
unentangled associative networks showing superdiffusive scaling and is able to capture the self-
diffusion data for all except the highest concentration gels studied here (i.e., ¢ = 1.1 — 2.5¢,, as
shown by the dashed lines in Figure 5). The two-state model is a semi-empirical model that
hypothesizes that the network-forming chains exist in two apparent states with distinct
diffusivities, D and Dy (units: pm s™), where D, < D,,. The two apparent states are hypothesized
to be (1) an associated state (with diffusivity D,) which is connected to the network and may

undergo relatively slow diffusion by single-chain walking or cooperative motion of multi-chain

bound clusters, and (2) a molecular state (with diffusivity D,,) which consists of single molecules
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or small clusters that are transiently disconnected from the network and may undergo relatively
fast diffusion by hopping. The polymers can interconvert between the two states with
interconversion rates, ko, and kg (units: s™), with pseudo-first order kinetics. Since the physical
details of the two diffusive states are not specified in the model, the model can be applied for the
entangled PDHM?7-100k gels without modification, with the molecular identities of the two
diffusive states assumed to be qualitatively equal as in unentangled systems. The associated state
(i.e., walking) diffusivity D, can be related to the chain’s orientational relaxation time as governed
by strand exchange.?? 3 It is important to note that the parameters k., and kg are not intended to
represent physical rate constants but rather an effective interconversion rate between the two
apparent species. While the probability of complete dissociation of a single chain from the network
can in principle be estimated from the equilibrium constant K., and the sticker density,” it is
difficult to estimate the contribution of the hopping mode solely from knowledge of the hopping
probability, as it is convoluted by the presence of loops and also depends on the relative rate of
bound-state (i.e., walking) diffusion. Thus, while the effective diffusivities and rate constants in
the two-state model are functions of molecular features such as the number of stickers per chain
and molecular weight (and may vary in entangled vs unentangled systems, as well as in hydrogels
vs melts), the two-state model does not specify a direct relationship between them as in the sticky
Rouse and reptation models.'® 2% %2 In addition, the individual model parameters D, Dy, ko, and
k¢ cannot be independently determined, as shown previously.?’ However, the parameters of
relevance are the effective diffusivity in the large length-scale Fickian regime, given by Dy o¢s =

Dy /(1 + K,q) and the extent of anomalous diffusion, yK.q = D4/Dy - kon/kofs, which is the

ratio of the diffusivities of the two modes weighted by their relative populations. Note that y K,
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can take any value between 0 and 1 and is inversely proportional to the width of the apparent

superdiffusive regime in logarithmic-space.
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Figure 6. Effect of concentration on (A) the effective diffusivity in the large length-scale Fickian

regime, Dy .rr, and (B) the extent of anomalous diffusion yK,, for gels of PDHM7-100k (~7

stickers per chain). The parameters were obtained by fitting the analytical solution of the two-state
model to the experimentally derived relation () vs d? for gels at 1.1 — 2.5 ¢,. In panel A, the

dashed line is a power-law fit to the data to obtain a scaling relation of Dy ¢ ¢ f~¢_5i1.

Even when accounting for differences in the chain lengths and sticker spacings (N and [,
respectively), the long-time effective diffusivities Dy o reported here for the PDHM7-100k gels

(7 stickers per chain) are ~4 orders of magnitude smaller than the Dy e values measured
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previously®! for the unentangled associative PDHMS-25k gels with 5-15 stickers per chain (see
Figure S10). This provides strong evidence that self-diffusion in the entangled PDHM7-100k gels
is hindered by additional barriers to diffusion beyond the effect of the stickers alone. The effective
diffusivity in the long-time Fickian regime, Dy o¢r decreases with concentration with a power-law
scaling of Dy .r f~¢‘5i1 (Figure 6a), indicating increased hindrance to diffusion at higher
concentrations, though the limited accessible concentration range of less than half a decade
precludes conclusive quantification of this power-law exponent. Since the number of
entanglements per chain in the gels here ranges from ne = 0.7 — 1.9, these gels are expected to
span the transition between the sticky Rouse and sticky reptation models, which apply in the limits
of unentangled and entangled gels, respectively.?® 26 While these mean-field models do not
consider the existence of multiple diffusive modes, the physics presented in these models should
apply in the long-time Fickian regime observed in Figure 5, and as such can be compared with the
Dy ofr values in Figure 6. For gels that are below the entanglement limit (n, < 1) in a good solvent
(Flory exponent v = 0.588), the sticky Rouse model predicts a diffusivity scaling law of D~¢ ™04
while above the entanglement concentration (n, > 1) the sticky reptation model predicts
D~¢~1° For the gels investigated in this work, the scaling exponent of —5 + 1 is a significantly
stronger dependence than predicted in either regime. A similarly strong concentration dependence

has previously been observed in associative protein self-diffusion® 44

and here may arise from a
crossover between the limiting regimes treated theoretically. It is also worth noting that the sticky
reptation model assumes that gels are in the well entangled regime where there are many

entanglements per chain (¢ > 4¢,), and thus the predictions of the model may not strictly apply

to the results reported here.
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The decrease in the width of the superdiffusive scaling regime with increasing
concentration (equivalently, extent of entanglement) is further reflected by the increase of yK,,

_ Dy

with concentration. Since yK,, can be recast as YK, = increasing yK,, can be

Dyess
interpreted as a convergence between the effective diffusivity in the Fickian regime, Dy ¢, and
the diffusivity of the slow (i.e., associated) state, D,. In the two-state model, pure Fickian diffusion
is recovered when the diffusivities of the mobile and associated states are equal. This reduction in
the width of the superdiffusive regime is seen in Figure 5 with increasing concentration as the
contribution of the mobile state to the overall diffusivity is reduced. At the highest concentration
probed (¢ = 3.1¢,), the diffusive rates converge such that only one apparent diffusive species is
observed, resulting in purely Fickian scaling on all length scales. It is important to note that the
widths of the superdiffusive regimes observed here are also significantly smaller than those
observed for all the conditions investigated for the unentangled PDHMS-25k gels. This is seen
from Figure 6b where the value of yK,, range from 1072 to 10°! for the entangled gels here, while
the values of yK,, for the PDHMS-25k gels ranged from 10 to 10~ for the unentangled gels.”!
For the unentangled PDHMS-25k gels, superdiffusive scaling was seen for gels with as many as
15 stickers per chain, which indicates that an increase in the effective diffusivity due to hopping
in the PDHM gels is possible in the absence of entanglements, even at high sticker density. In the
presence of entanglements, however, a chain in the PDHM7-100k gels would not only have to
dissociate all its stickers from the network, but it would also have to release itself from

entanglements in order to diffuse by hopping over length scales greater than Ry. Thus, the value
of YK, increasing from 0.01 to 1 (i.e., a suppression of apparent superdiffusive scaling) for the

PDHM?7-100k gels provides evidence of a transition point where the presence of entanglements
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prevents the polymers from undergoing appreciable diffusion from hopping, resulting in walking

being the only diffusive mode present in the system.

While little experimental data on self-diffusion in entangled associative gels has been
reported to date, the presence of two diffusive modes with diffusivities that differ by 2 — 4 orders
of magnitude in entangled, hydrogen bonding melts has previously been reported by Jangizehi et
al.*®* In their work, they studied associative networks with 0.3 — 11 entanglements per chain and
0 — 20 stickers per chain, using fluorescence recovery after photobleaching (FRAP). In their
unentangled sample (number of stickers per chain Ns = 1, number of entanglements per chain ne =
0.3), the two dynamic modes were found to have diffusivities of the order of 10" and 10! um? s™'.
Above the entanglement threshold (Vs = 13, ne = 4.1), the two diffusivities drop to the order of 10"
“and 10" pm? s7!. Finally, in their highly entangled systems (Ns = 12, Ne = 11) the diffusivity is
dominated by a single mode with D ~ 10~ um? s™!. Their reported diffusivities are similar to the
values of the slow mode D, (10° pm? s!) and the fast mode Dy (10° pm? s™') in the PDHM-100k
gels studied here (see Figure S5). However, for the entangled hydrogen-bonding melts, Jangisehi
et al. attributed the fast and slow diffusive modes to the relaxation of, respectively, binary
hydrogen-bonding associations and long-lived phase-separated clusters of multiple hydrogen-
bonding groups. In particular, phase-separated clusters were hypothesized to be present in the
hydrogen-bonded melts due to a significant broadening in their frequency sweep profiles, resulting
in an experimentally inaccessible terminal relaxation regime.?’ In contrast, the terminal relaxation
regime for the PDHM gels studied here is accessible for all concentrations and sticker densities
probed (see Figures 2 and 4), suggesting the absence of such long-lived phase-separated domains
in these gels. Thus, the two diffusive modes observed in the FRS measurements are assigned as

molecular hopping and walking, similar to the unentangled PDHMS-25k gels studied previously.>!
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Comparison of the time scales from self-diffusion and linear viscoelastic
measurements. The complementary timescales of chain motion as probed by shear rheology and

self-diffusion studies can be related via the scaling argument

R2
T= g

~ (5)
Dy esr

where 7 is the characteristic chain relaxation time, Dy .ff is the long-time effective diffusion
coefficient (corresponding to the terminal slopes of Fig. 5), and R; ~ bN%>¢~%15 is the chain
radius of gyration in semi-dilute conditions in a good solvent, as in the gels studied here (for
PDMA, N = 170 ** and b =1.4 nm #°).23 Comparing the self-diffusion timescales determined using
Eq. 5 with the characteristic network relaxation times indicated by the cross-over of G' and G" in
frequency sweep measurements (7 = 1/w, with w, being the crossover frequency where G' = G")
at different concentrations allows for a comparison of the dynamic modes probed by the two
measurements. As seen in Figure 7, both relaxation timescales increase with concentration, as
expected. However, the relaxation times from self-diffusion have a stronger concentration
dependence than those from rheology. The difference in the concentration dependencies of the two
relaxation times is consistent with prior studies of the unentangled PDHMS-25k gels®! (see Figure
S11). However, for the entangled gels studied here, due to their different concentration
dependencies, the timescales from rheology and self-diffusion appear to converge with increasing

concentration until they become approximately equal at the highest concentration of ¢ = 3.1¢,.

The convergence of the two timescales shown in Figure 7 correlates with the reduction in
superdiffusive behavior with increasing concentration as shown in Figure 5. At the highest
concentration of ¢ = 3.1¢,, the corresponding self-diffusion and rheological relaxation times are

approximately equal, while only Fickian scaling is observed in the self-diffusion measurements.
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This suggests a link between the presence of the fast diffusion mode (e.g., hopping), which leads
to apparent superdiffusive scaling and determines the long-time self-diffusivity Dy ofr, and may
contribute to the difference in the timescales probed by the two measurements. The differing
diffusive and rheological timescales represent a substantial unsolved puzzle in understanding the

fundamental behavior of these dynamic networks.
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Figure 7. Plot of t as a function of concentration, ¢/¢,, with T = 1/w, from frequency sweep

measurements and 7 = Rg / DM ; from self-diffusion measurements.
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Conclusion

This work investigated the transition from the unentangled to the weakly entangled regime
in physically associative networks, using model hydrogels comprising a linear random copolymer
of N,N-dimethylacrylamide and a histidine-functionalized monomer crosslinked with Ni** ions.
Viscoelastic properties investigated by shear rheology are consistent with a transition from the
unentangled to the weakly entangled regime, with an estimated number of entanglements per chain
of ~0.7 — 2.0 for the PDHM?7-100k gels containing ~7 stickers per chain at concentrations ranging

from 1.1 — 3.1 ¢,. The concentration dependence of the zero-shear viscosity and reptation time
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show qualitative agreement with the predicted scaling in the sticky reptation model, demonstrating

the presence of entanglements in the overall network relaxation behavior.

Further study of the self-diffusive behavior of the network-forming chains revealed a
strong effect of entanglements in suppressing diffusion by molecular “hopping,” resulting in a
suppression of apparent superdiffusive scaling up to a limit of purely Fickian scaling on all length
scales for the highest concentration probed (¢ = 3.1¢p.). The observation of apparent
superdiffusive scaling at lower concentration (¢p < 3.1¢),) indicates the presence of two diffusive
modes with distinct diffusivities, which has been previously reported in several different
associative networks in the unentangled regime. In the unentangled gels, the two modes were
assigned to be walking and hopping; thus, the transition to purely Fickian scaling at 3.1 ¢, in the
gels here suggests a complete suppression of the hopping mode due to entanglements, such that
self-diffusion occurs by walking alone on all length scales. In addition, a comparison of the self-
diffusion timescales with the strand exchange timescales measured by rheology demonstrates a
convergence between the two timescales with increasing concentration, further suggesting a
reduced presence of hopping with increasing concentration. Overall, the combination of shear
rheology and forced Rayleigh scattering provides complementary insights into chain dynamics in
entangled associative networks, with implications for their design for applications spanning

biomedicine, soft robotics, and self-healing materials.
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