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ABSTRACT: This work investigates static gel structure and cooperative multi-chain motion in 

associative networks using a well-defined model system composed of artificial coiled-coil 

proteins. The combination of small-angle and ultra-small-angle neutron scattering provides 

evidence for three static length scales irrespective of protein gel design which are attributed to 

correlations arising from the blob length, inter-junction spacing, and multi-chain density 

fluctuations. Self-diffusion measurements using forced Rayleigh scattering demonstrate an 

apparent superdiffusive regime in all gels studied, reflecting a transition between distinct “slow” 

and “fast” diffusive species. The interconversion between the two diffusive modes occurs on a 

length scale on the order of the largest correlation length observed by neutron scattering, 

suggesting a possible caging effect. Comparison of the self-diffusive behavior with characteristic 

molecular length scales and the single-sticker dissociation time inferred from tracer diffusion 

measurements supports the primarily single-chain mechanisms of self-diffusion as previously 

conceptualized. The step size of the slow mode is comparable to the root-mean-square length of 

the midblock strands, consistent with a single-chain walking mode rather than collective motion 

of multi-chain aggregates. The transition to the fast mode occurs on a timescale 10-1000 times the 
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single-sticker dissociation time, which is consistent with the onset of single-molecule hopping. 

Finally, the terminal diffusivity depends exponentially on the number of stickers per chain, further 

suggesting that long-range diffusion occurs by molecular hopping rather than sticky Rouse motion 

of larger assemblies. Collectively, the results suggest that diffusion of multi-chain clusters is 

dominated by the single-chain pictures proposed in previous coarse-grained modeling.  

INTRODUCTION

Associative polymer networks have attracted attention as functional soft materials due to 

their responsiveness, toughness, and self-healing abilities imparted by their dynamic bonds.1–3 

Because of their unique viscoelastic properties compared to covalently cross-linked networks, 

associative networks are promising for a variety of technologies, including biomedical hydrogels 

for tissue engineering and drug delivery4,5 and artificial muscle and skin for soft robotics.6,7 Their 

tunability for such applications stems from the diversity in their parameters for molecular design, 

including the chain architecture and concentration, number and spacing of stickers per chain, and 

association/dissociation kinetics and thermodynamics.8–11 Extensive studies have established a 

strong effect of these molecular-scale parameters on the macroscopic behavior of the network, 

such as its timescales of relaxation and self-healing.10,12–14  However, establishing quantitative 

relationships between individual bond and chain dynamics and macroscopic network response 
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remains challenging due to the broad hierarchy of relaxation processes on different length scales, 

including conformational rearrangement and long-range self-diffusion.13,15–17  

Associative polymer dynamics are often conceptualized using single-chain approaches, 

where individual molecules interact with a mean-field representation of the gel whose properties 

are governed by the constituent chains in a self-consistent manner.18–20 This approach has led to 

several classical theories of associative polymer dynamics, including transient network theory21–

23 and sticky Rouse and reptation theories,18,24,25 which incorporate the presence of the bonds as 

additional sources of friction that slow chain dynamics. More recently, simulations of single 

associative molecules in a mean-field background have demonstrated a previously unstudied 

interplay between distinct single-chain modes,26,27 including molecular “walking” and “hopping,” 

which can give rise to apparent superdiffusive behavior observed experimentally.15,17,28,29 

Although these theories have provided substantial insight into the molecular processes 

underlying network relaxation and self-diffusion, single-chain conceptualizations largely neglect 

the effect of multi-chain correlations and network heterogeneity on the dynamics. Polymer 

networks often contain inhomogeneities on various length scales,30–32 including irregular junction 

distributions and strand lengths,33,34 topological defects such as loops and dangling ends,35,36 and 

density variations caused by micro-phase-separated clusters.34,37 In covalently cross-linked gels, 

these inhomogeneities are widely attributed to a kinetic trapping of the network structure due to 

the permanent junctions.30,31 Similar static inhomogeneities have also been observed in reversible 

gels,15,38–40 though they are unlikely to arise from the same kinetic trapping mechanism due to the 

ability to relax large-scale density variations by bond exchange.17 
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Static inhomogeneities reflecting multi-chain effects in associative networks have been 

shown to influence viscoelastic relaxation, particularly by delaying the onset of the terminal 

regime to lower frequencies.41 However, the effect of structural features on self-diffusion of the 

network-forming molecules is still unclear, particularly as they relate to transitions between 

diffusive modes on length scales larger than the mesh size.15,17,27 In addition, single-chain 

conceptualizations of diffusive mechanisms such as molecular walking and hopping cannot 

capture effects (if any) of inter-chain correlations on network dynamics, such as diffusion of multi-

chain clusters.18,42 Multi-chain motion has been suggested to underlie relaxation in associative 

networks under shear,43,44 though its role in quiescent-state dynamics remains unclear. Notably, 

recent attempts to fit single-chain simulations of associative star polymers to experimental data 

have resulted in molecular sizes and relaxation times an order of magnitude too large,26 possibly 

implying terminal diffusion by multi-chain aggregates rather than single molecules.

This work presents an experimental investigation into the role of static heterogeneity and 

multi-chain correlations on self-diffusion in a class of model associative networks with 

controllable molecular architecture. The associative networks are formed by artificial proteins with 

a multi-block architecture consisting of associative -helical domains (also referred to as “coiled-𝛼

coil” domains) flanked by flexible linker strands.44–46 These proteins form a well-defined model 

system free of common sources of molecular heterogeneity such as chain dispersity and irregular 

sticker spacing seen in conventional polymer networks.31,47 Despite their molecular 

monodispersity, structural characterization using small-angle and ultra-small-angle neutron 

scattering reveals a correlation length larger than the inter-junction spacing in gels of all chain 

architectures and concentrations, attributed to mild inhomogeneity in the junction spatial 

distribution. Self-diffusion measurements using forced Rayleigh scattering demonstrate a 
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transition between “slow” and “fast” diffusive modes on a length scale comparable the large-scale 

inhomogeneity. In addition, the relevant length and time scales governing each self-diffusion mode 

are consistent with a transition from single-chain walking to hopping via release of all of a chain’s 

stickers, as inferred from comparison to the single-sticker dissociation time obtained from 

diffusion of a single coiled-coil domain. Collectively, the results suggest that network 

heterogeneity and multi-chain effects play only a minor role in associative polymer self-diffusion 

on length scales larger than the inter-junction spacing, supporting the single-chain 

conceptualization in previous coarse-grained models. 

EXPERIMENTAL METHODS 

Protein hydrogel synthesis. D2O (99.9% D) was purchased from Cambridge Isotope 

Laboratories. Maleimide-functionalized Alexa-Fluor 488 was purchased from Fluoroprobes. All 

other materials were purchased from Sigma Aldrich or VWR. All materials were used as received. 

Protein synthesis and purification. The model associative proteins PC10P, PC30P, and 

C10(PC10)4 are formed by a multi-block architecture consisting of coiled-coil domains (“P”) 

separated by flexible midblocks (“ ”) (see Figure 1). Variants of each protein containing a single Cx

cysteine residue, termed PC5-cys-C5P, PC5-cys-C25-P, and C10(PC10)4-cys, were also synthesized 

to enable site-specific labeling with a photochromic dye for self-diffusion measurements using 

forced Rayleigh scattering or a fluorophore for fluorescence microscopy studies. Finally, a single-

sticker analog with the molecular architecture C5PC5-cys was synthesized for tracer diffusion 

measurements through each protein matrix. The encoding genes and amino acid sequences for 

PC10P, PC30P, C10(PC10)4, C10(PC10)4-cys, and C5PC5-cys, all in the pQE9 vector, have been 

previously reported.37,44 Genes for PC5-cys-C5P and PC5-cys-C25-P were purchased from 
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Genscript in the pUC18 vector and cloned into the pQE9 vector between the BamHI and HindIII 

restriction sites using standard molecular cloning protocols. The amino acid sequence for each 

protein is provided in the Supplementary Information (SI).

 All genes were transformed into the SG13009 strain of Escherichia coli, which was 

streaked onto LB-agar plates supplemented with ampicillin and kanamycin and grown at 37 C °

overnight. For each protein, a single colony was used to seed a 50 mL LB starter culture, which 

was used to inoculate 5 L of TB media supplemented with 200 mg/L ampicillin and 50 mg/L 

kanamycin. Cells were grown at 37 C until the OD600 reached 0.8 – 1.0 and then induced with 1 °

mM of isopropyl β-D-1-thiogalactopyranoside. After 6 hours of protein expression, cells were 

harvested by centrifugation, resuspended in a denaturing buffer (8 M urea, 100 mM sodium 

phosphate, 10 mM tris, pH = 8.0), lysed by sonication, and clarified by centrifugation. Clarified 

lysates were purified by a combination of Ni2+-NTA affinity chromatography, ammonium sulfate 

precipitation, and anion exchange chromatography using 2 5-mL HP-Q HiTrap (GE Healthcare) 

columns in series on an automated AKTA fast protein liquid chromatography system (GE 

Healthcare). 

Site-specific labeling of cysteine-functionalized proteins. Cysteine-functionalized proteins 

were site-specifically labeled with maleimide-functionalized o-nitrostilbene (ONS-M) or 

maleimide-functionalized Alexa-Fluor 488 (AF-488) by thiol-maleimide coupling. The 

photochromic ONS-M dye was synthesized following a published procedure without changes.48 

Dye conjugation was performed in a co-solvent blend of dimethylformamide and urea buffer (6 M 

urea, 10 mM sodium phosphate) in a 3:1 vol ratio. After each protein was fully dissolved at a 

concentration of 2.5 mg/mL, 50 equiv of tris(2-carboxyethyl)phosphine hydrochloride relative to 

the cysteine residue was added to reduce preformed disulfide bonds, and the pH was adjusted to 
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7.2 using a pH meter. Then, 10 equiv of ONS-M or AF-488 was added dropwise from a stock 

solution of 8 mg/mL in dimethylsulfoxide, and the mixture was deoxygenated by bubbling with 

nitrogen for 45 min. The mixture was then stirred under nitrogen at room temperature overnight 

in the dark.  

Dye-labeled proteins were purified from unconjugated dye by spin filtration and Ni2+-NTA 

affinity chromatography. First, the reaction mixture was washed with ethyl acetate 3x in a 

separatory funnel to remove the dimethylformamide. Next, the aqueous layer containing the 

desired protein was centrifuged to remove precipitated free dye and spun at 4000g in a centrifugal 

filter (EMD Millipore, MWCO 3kDa) for 1 h at 4 C. Fresh urea buffer was added, and the °

centrifugal filtration was performed 7 times until the flow-through was colorless. To fully remove 

free dye, the flow-through was then purified by Ni2+-NTA affinity chromatography in denaturing 

conditions. The purified dye-labeled protein was dialyzed against Milli-Q water and lyophilized.

Formation of associative protein hydrogels. Protein hydrogels were formed by dissolving 

lyophilized proteins in 100 mM sodium phosphate buffer at pH = 7.6 at the desired concentration. 

Weight-per-volume concentrations were calculated assuming a protein density of 1.3 g/mL as in 

previous work.17 For forced Rayleigh scattering measurements, 5 wt% of dye-labeled protein was 

included in the gel. For fluorescence microscopy studies, 0.3 wt% of dye-labeled protein was 

included in the gel. For neutron scattering experiments, gels were prepared in a deuterated buffer 

(100 mM sodium phosphate in D2O, pD = 7.6). Gel samples were stored at 4  for 2 days until ℃

they formed macroscopically homogeneous, optically transparent hydrogels.

Small-angle and ultra-small-angle neutron scattering. Small-angle neutron scattering 

(SANS) and ultra-small-angle neutron scattering (USANS) measurements were performed at the 
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Spallation Neutron Source at Oak Ridge National Laboratory. Samples were prepared by 

sandwiching the protein gels between two quartz windows with a 1 mm Ti spacer and sealed in a 

Ti demountable cell. Sealed samples were then annealed at 80 °C for 5 min to remove thermal 

history and allow bubbles to float to the top of the cell outside of the 10 mm beam aperture. 

Measurements were performed at 25 C. Samples were allowed to equilibrate at the measurement °

temperature for 30 min before acquiring data. 

SANS measurements were performed at the EQ-SANS beamline at ORNL (BL-6). Two 

instrument configurations were used to cover a q-range of 0.5 – 7.3 . The low-q configuration nm ―1

had a sample-to-detector distance of 4 m and a wavelength of 10 Å, while the high-q configuration 

had sample-to-detector distance of 2.5 m and a wavelength of 2.5 Å. The EQ-SANS instrument 

uses a 1 x 1 m2 3He-tube detector with a resolution of 5.5 x 4.3 mm to detect scattered neutrons. 

All data were collected using a 10 mm beam aperture size. Scattered intensities were azimuthally 

averaged to convert them into 1D scattering patterns, corrected for empty cell scattering and 

blocked beam background, and calibrated to an absolute scale using a Porasil silica standard. The 

data from the two configurations were stitched together after 1D data reduction by matching 

overlapping q-ranges using the drtsans software.49 To perform background subtraction of the 

solvent and empty cell, the solvent scattering was measured separately and subtracted from the gel 

scattering, scaled by the solvent volume fraction calculated from the protein weight-per-volume 

concentration assuming a protein density of 1.3 g/mL.17

USANS measurements were performed on a time-of-flight triple-bounce Bonse-Hart 

small-angle scattering spectrometer at ORNL SNS (BL-1A).50,51 Neutron wavelengths of 0.9, 1.8, 

and 3.6 Å were used to access a q-range of 0.001 to 0.03 nm-1. The source-to-detector distance was 

30 m. The USANS instrument uses an 8-pack, staggered 0.5-inch diameter 3He detector.50 All data 
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were collected using a 10 mm beam aperture size. USANS intensities were corrected for empty 

cell scattering and blocked beam background and calibrated to an absolute scale using a Porasil 

silica standard. For each sample, the USANS and SANS data were combined and analyzed using 

a common structural model across the entire wavevector range.

Forced Rayleigh scattering.  Forced Rayleigh scattering (FRS) measurements were 

performed as described previously.15,17,48 Gels were prepared with ~5 wt% of ONS-labeled chains, 

sandwiched between two quartz discs in a brass or aluminum sample cell, and equilibrated at the 

measurement temperature for 1 h before measurement. Temperature was controlled by a 

recirculating chiller. In a typical measurement, a 100 mW single-longitudinal-mode laser with 

wavelength  was split into two coherent beams, which were recombined to intersect in the sample 𝜆

at an internal angle  (calculated from Snell’s law, assuming a gel refractive index of ). 𝜃𝑖 𝑛 = 1.34

Upon irradiation by the two beams for 0.2 – 1.0 s, the dye-labeled chains were selectively 

photobleached to create a holographic grating with period

𝑑 =
𝜆

2𝑛sin (𝜃𝑖/2)#(1)

The decay of the grating amplitude due to diffusion was monitored by diffraction of a single beam 

at the same wavelength and angle, attenuated by 104. The intensity decay was fit to either a single 

stretched exponential or the sum of two stretched exponentials with different time constants

𝐼(𝑡) = [𝐴exp ( ― (𝑡
𝜏)𝛽)]2

+ 𝐵#(2𝑎)

𝐼(𝑡) = [𝐴1exp ( ― ( 𝑡
𝜏1)𝛽1) + 𝐴2exp ( ― ( 𝑡

𝜏2)𝛽2)]2

+ 𝐵#(2𝑏)
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where  are the time constants,  and  are amplitudes,  and  are stretching 𝜏1 < 𝜏2 𝐴1 𝐴2 𝛽1 𝛽2

parameters, and is the incoherent background. At each measurement angle, the average diffusion 𝐵 

time scale was determined as the first moment of the longest mode

⟨𝜏⟩ =
𝜏
𝛽Γ(1

𝛽)#(3)

where  is the Gamma function. For fits to the sum of two exponentials,  was used as the longest Γ 𝜏2

time constant. 

Two laser wavelengths ( nm and  nm) were used in both co-propagating 𝜆 = 355 𝜆 = 488

and counter-propagating geometries52 to access a wide experimental range of 𝑑/2𝜋 ≈ 25 

. Each angle was measured in triplicate on different spots on the sample, and the nm ― 10 μm

diffusion timescales at each angle were averaged to ensure good statistics. All measurements were 

performed at 35 C to ensure that the diffusion timescales were within the experimentally °

accessible window for all gels, including both self-diffusion and single-sticker tracer diffusion.

Fluorescence microscopy. Fluorescence microscopy of PC10P was performed on a Zeiss 

980 Airyscan inverted laser scanning confocal microscope using a 63x oil-immersion lens and 

illumination at 488 nm (Coherent). Gels were prepared with 0.3 wt% of dye-labeled chains 

included and sandwiched between two coverslips separated by double-sided sticky Scotch tape. 

Image processing was performed using Zen.

Shear rheology. Oscillatory shear rheology was performed on an Anton Paar MCR 301 

rheometer using a cone and plate geometry (25 mm, 1 ). Mineral oil was used to coat the sides of °

the geometry to prevent dehydration. Gels were held at 45  for 30 min to allow them to relax ℃
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and equilibrated at the measurement temperature for 30 min before acquiring data. Storage and 

loss moduli were obtained over a frequency range of 0.01 rad/s to 100 rad/s using a strain of 2%, 

which is within the linear viscoelastic regime.17,44 All measurements were performed at 35 C to °

match self-diffusion measurements obtained by FRS.

RESULTS AND DISCUSSION

Evidence for static inhomogeneity in associative networks. The artificial coiled-coil 

proteins PC10P, PC30P, and C10(PC10)4 are constructed with a multi-block architecture, with 2 or 4 

associative -helical domains (P) connected by flexible linkers (“Cx,” with ). Above a 𝛼 𝑥 = 10,  30

volume fraction of  in aqueous buffer, the proteins form viscoelastic hydrogels held 𝜙 ≈ 0.05

together by physical association of the coiled-coil domains in pentameric bundles (Figure 1). The 

aggregation behavior of the P domains into pentameric bundles in aqueous buffer has been 

extensively characterized in prior studies,37,45,53 which demonstrate that it occurs due to a 

combination of electrostatic and hydrophobic interactions and remains stable at temperatures up 

to ~60 C, beyond which the coiled-coil domains denature. While the P domains self-assemble °

into rod-like helices, the Cx domains can be approximated as random coils,54 which serve as elastic 

strands bridging the coiled-coil junctions. Notably, the artificial proteins are nominally free of any 

sources of molecular heterogeneity that are often found in conventional polymer gels,30,31 as the 

proteins have perfect monodispersity, sequence-defined sticker positions and strand lengths, and a 

well-defined sticker functionality and binding strength.42,44,46 All gels are optically clear and 

macroscopically homogeneous by fluorescence microscopy (Figure 1C,D), suggesting the 

absence of large-scale clustering or phase separation.  
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Figure 1. (A) Molecular structures and amino acid sequences of the three main artificial coiled-

coil proteins used as model associative networks. (B) Schematic of the associative network formed 

by coiled-coil association in pentameric bundles. Three correlation length scales revealed by 

neutron scattering are illustrated. (C) Representative optical photograph of associative protein gel 

formed by C10(PC10)4 (10.5% w/v). (D) Representative fluorescence micrograph of associative 

protein gel formed by PC10P (7% w/v), including 0.3 wt% of PC5-cys-C5P chains labeled with 

Alexa Fluor 488. 

The static structure of the associative protein gels was characterized using a combination 

of small-angle neutron scattering (SANS) and ultra-small-angle neutron scattering (USANS) to 

access correlations across a wide range of length scales. Neutron scattering experiments were 

performed on gels prepared with hydrogenated proteins in a deuterated buffer to selectively probe 

the scattering from the protein network. Gel concentrations for each protein were chosen to match 

the coiled-coil junction concentration across different proteins (see Table S1). Neutron scattering 
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patterns for each protein at various concentrations are shown in Figure 2, where both the SANS 

and USANS intensities were converted to absolute units using a porous silica standard.51 

Figure 2. Combined small-angle and ultra-small-angle neutron scattering patterns for (A) PC10P, 

(B) PC30P, and (C) C10(PC10)4 gels of various concentrations. Curves are absolute intensities 

calibrated to a porous silica standard and are shifted vertically by 20x for clarity. Black lines 

indicate fits to the double-correlation-length model. For the bottom-most curves, the fit 

components are shown in gray and the scattering features  and  are indicated by the black Ξ ―1 𝑞0

arrows.  

The combined neutron scattering patterns exhibit qualitatively similar features for all gels, 

including a monotonic decay in the low-q USANS region ( ), a power-law decay in 𝑞 < 0.02 nm ―1

the low-q SANS region ( ), a mid-q peak or shoulder around 0.04 nm ―1 < 𝑞 < 0.15 nm ―1 𝑞 ≈ 0.4 

, and a high-q decay to the incoherent baseline. Although the q-ranges of the two techniques nm ―1

do not overlap, the curves are expected to reflect the same underlying gel structure.  Both were 

calibrated into absolute units using the same porous silica standard.51 Notably, a comparison of the 

relative intensities of the USANS and SANS regions suggests a plateau or peak in the intermediary 
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region such that the two patterns connect smoothly; however, the exact nature of this scattering 

feature is unclear. It should be noted that this plateau could not be identified in previous structural 

studies of associative networks based on SANS alone,15,38,55 demonstrating the importance of the 

USANS data in revealing this additional structural feature in the network.

To quantify relevant structural length scales, the combined scattering pattern for each gel 

was fit to a semi-empirical double-correlation-length model across the entire wavevector range, 

assuming that the total scattered intensity results from an additive contribution of the scattering 

from structural features on each length scale.30,34,56

𝐼(𝑞) = 𝐼𝑙𝑎𝑟𝑔𝑒(𝑞) + 𝐼𝑐𝑜𝑟𝑟𝑒𝑙𝑎𝑡𝑖𝑜𝑛 𝑙𝑒𝑛𝑔𝑡ℎ(𝑞) + 𝐼𝑏𝑟𝑜𝑎𝑑 𝑝𝑒𝑎𝑘(𝑞) + 𝐼𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒#(4)

Here, the first term captures the initial decay in the USANS region, the second term captures the 

scattering feature (i.e., plateau) in the intermediary region and the low-q power-law in the SANS 

region, the third term captures the mid-q peak or shoulder in the SANS region, and the fourth term 

captures the q-independent incoherent scattering from the protein network (note that the scattering 

from the deuterated buffer has been subtracted from the scattering patterns). 

The specific functional form of each term was chosen to accurately reproduce the main 

features of the scattering patterns while minimizing the number of parameters required. For the 

telechelic PC10P and PC30P gels (panels A and B in Figure 2), the low-q region is well-captured 

by a simple power-law. However, for the multi-block C10(PC10)4 gels, a power-law does not have 

a sufficiently steep decay to allow fitting of the higher-q regions (see Figure S4), and for these gels 

a Guinier-like stretched exponential (which decays significantly faster with q) is used to capture 

the low-q scattering decay, similar to previous studies.34,57,58 Thus, the first term in Eq. 4 is chosen 

as
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𝐼𝑙𝑎𝑟𝑔𝑒(𝑞) = { 𝐴
𝑞𝑛,                 PCxP gels

𝐴exp ( ― 𝑅𝑠
𝑎𝑔𝑔𝑞𝑠),  C10(PC10)4 gels

#(5𝑎)

where  is the component amplitude,  is a fractal dimension characterizing large-scale mass-𝐴 𝑛

fractal-like structures in the PCxP gels,  is a characteristic size of large-scale aggregates in the 𝑅𝑎𝑔𝑔

C10(PC10)4 gels, and  is a stretching parameter. The power-law upturn at low q seen for the 𝑠

telechelic PCxP gels may indicate an additional large length scale (> 1 m) also present in these 𝜇

gels, though it cannot be resolved as it is outside the USANS range. It should be noted that since 

the gels are optically clear and macroscopically homogeneous (see Figure 1C,D), scattering 

features on these large length scales may arise from artifacts such as dust and other impurities in 

the gel rather than the network structure itself; however, further study is required to identify their 

origin. The remaining terms in Eq. 4 describing correlations at larger wavevectors are identical for 

all proteins:

𝐼𝑐𝑜𝑟𝑟𝑒𝑙𝑎𝑡𝑖𝑜𝑛 𝑙𝑒𝑛𝑔𝑡ℎ(𝑞) =
𝐵

1 + (Ξ𝑞)𝑚1
#(5𝑏)

where  is a large-scale correlation length that gives rise to the plateau in the intermediary region, Ξ

 is the component amplitude, and  is a fractal dimension characterizing the intermediate-scale 𝐵 𝑚1

mass-fractal-like network structure. Finally,

𝐼𝑏𝑟𝑜𝑎𝑑 𝑝𝑒𝑎𝑘(𝑞) =
𝐶

1 + (|𝑞 ― 𝑞0|𝜉)𝑚2
#(5𝑐)

where  is a correlation peak or shoulder wavevector,  is the local blob screening length,  is the 𝑞0 𝜉 𝐶

component amplitude, and  is a high-q fractal dimension. 𝑚2
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Fits to the double-correlation-length model (Eq. 4) accurately capture the combined 

scattering patterns for each gel, as seen in Figure 2. The fits reveal three key structural features in 

all gels (see Figure S2): the correlation blob size , the correlation peak component 𝜉~1 nm 𝑞 ―1
0

, and the large-scale correlation length  resulting from the plateau in the ~10 nm Ξ~30 nm

intermediary region between the SANS and USANS patterns. The peak component can be 

converted into a real-space domain size via . This length scale is assigned to the 𝑑0 = 2𝜋/𝑞0

average distance between the coiled-coil junctions, as in previous studies,15,55 where the scattering 

around this correlation peak is expected to be dominated by the coiled-coil bundles due to their 

large size. The assignment of this length scale to the inter-junction spacing is also qualitatively 

consistent with its concentration dependence, where a scaling of approximately the expected 𝑑0~

is observed (Figure S2B). While the local blob size  is attributed to the fluctuation length 𝜌 ―1/3
𝑗𝑢𝑛𝑐𝑡𝑖𝑜𝑛 𝜉

scale of the overlapping Cx strands as in a semi-dilute solution,59 the two larger length scales 2𝜋/

 and  are likely to arise due to the physical cross-linking of the coiled-coil domains to create 𝑞0 Ξ

the space-spanning network; these scattering features may be suppressed in conditions where 

coiled-coil association is unfavored.37,44,60

The combination of USANS and SANS allows the largest correlation length, , to be Ξ

quantified in the protein gels, in contrast to previous studies of associative networks based on 

SANS alone where only the power-law decay of the  term could be identified 𝐼𝑐𝑜𝑟𝑟𝑒𝑙𝑎𝑡𝑖𝑜𝑛 𝑙𝑒𝑛𝑔𝑡ℎ(𝑞)

within the accessible q-range.15,37,38,55 The largest correlation length  is  times the inter-Ξ 1 ― 4

junction spacing , indicating heterogeneity in the junction and/or chain distribution within 2𝜋/𝑞0

the network. The fractional root-mean-square static density fluctuation, , associated with ⟨𝛿𝑐2⟩
1
2/𝑐

this correlation length can also be estimated from the scattering amplitude  in Eq. 5b, using the 𝐵
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known relative scattering powers of the proteins and deuterated buffer as described in the SI.30 

From the best-fit values of , the static density fluctuation associated with the length scale  is 𝐵 Ξ

found to range from 2% to 10% in the protein gels, depending on the total concentration (Figure 

S3). 

In covalent polymer gels, static density inhomogeneities are widely seen on length scales 

of  nm and attributed to kinetic trapping of the network topology due to the permanent 10 ― 100

cross-links.30,31 Although similar inhomogeneities have been occasionally seen in physical 

gels,39,40 they are likely to arise from a distinct mechanism than in covalent networks due to the 

ability for transient networks to relax large-scale concentration fluctuations by self-diffusion. In 

addition, previously studied associative gels were often based on non-specific interactions where 

the sticker spacing and junction functionality were not controlled,39,40 which increased the 

likelihood for chain clustering and topological heterogeneity. In contrast, the protein gels here have 

a well-defined chain architecture and junction functionality with perfect monodispersity in the 

connecting strands. The presence of a large-scale correlation length in the associate protein gels 

here suggests that such inhomogeneity may be an inherent property of well-equilibrated polymer 

networks, even in the absence of molecular-level dispersity. Interestingly, the static density 

fluctuation in the protein gels, , appears to increase with junction density (Figure S3), ⟨𝛿𝑐2⟩
1
2/𝑐

which is contrary to the expected decrease in static heterogeneity at higher concentration in 

conventional polymer gels.30,31 The static inhomogeneity in the protein gels here may be related to 

the variations in the local network topology (e.g., loops or dangling ends), which are expected to 

be present even in equilibrated networks61 and may give rise to additional correlations in the 

junction density distribution. However, further study is required to elucidate the origins for the 

large-scale correlation length  in the associative protein gels; this could potentially be achieved Ξ
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by deconvolution of static and dynamic inhomogeneities via light scattering62,63 or neutron spin-

echo spectroscopy.33,64 

Self-diffusive length and time scales revealed by forced Rayleigh scattering. Self-

diffusion of the coiled-coil proteins across a range of length scales was probed by forced Rayleigh 

scattering (FRS), as shown in Figure 3. FRS measurements were performed at 35 C to ensure °

that diffusion timescales were within the experimentally accessible range (  s) for ~10 ―2 ― 104

gels of all concentrations and sticker densities. The self-diffusion measurements demonstrate an 

apparent superdiffusive regime on length scales of  nm2 before transitioning 𝑑2/4𝜋2 ≈ 103 ― 106

to terminal Fickian diffusion on long length scales. These diffusive regimes are characterized by a 

phenomenological power-law relationship between the diffusion timescale  and the holographic ⟨𝜏⟩

grating spacing : , where  is consistent with Fickian diffusion and 𝑑2/4𝜋2 ⟨𝜏⟩~(𝑑2 4𝜋2)𝜇 𝜇 = 1

 indicates apparent superdiffusive behavior. Qualitatively similar behavior has previously 𝜇 < 1

been seen in associative networks formed by different polymer architectures (star vs. linear), 

sticker chemistry (coiled-coil aggregation vs. metal-ligand coordination), sticker density (5 to 15 

stickers per chain), and sticker spacing (statistically spaced along the backbone vs. clustered on 

the ends).17,28,29,38 The results here expand the range of associative networks in which apparent 

superdiffusive behavior is observed to telechelic polymers containing only two stickers per chain. 
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Figure 3. Self-diffusion measurements of (A) PC10P, (B) PC30P, and (C) C10(PC10)4 protein gels 

at various concentrations measured by forced Rayleigh scattering. Dashed lines are fits to the two-

state model. Shaded regions show the range of the longest correlation length . Black solid lines Ξ

show the single-sticker dissociation times  inferred from tracer diffusion measurements and the 𝜏𝐷

single-molecule walking diffusivity estimated by . 𝐷𝑤𝑎𝑙𝑘 ≈ 𝑅2
𝐶𝑥/𝜏𝐷

Quantitative analysis of the two diffusive modes can be obtained by fitting the self-

diffusion results to a previously developed two-state reaction-diffusion model,17 which 

hypothesizes the presence of two distinct populations with diffusivities  and  and 𝐷𝑠𝑙𝑜𝑤 𝐷𝑓𝑎𝑠𝑡

pseudo-first-order interconversion rates  and . These four quantities are treated as 𝑘𝑜𝑛 𝑘𝑜𝑓𝑓

adjustable parameters to fit each diffusion curve to the two-state model. A detailed discussion of 

the two-state model and its predicted diffusive regimes is provided in Refs.16,17 and summarized 

in the SI. The two-state model demonstrates that the interconversion between the two diffusive 

populations over a finite length scale range gives rise to apparent superdiffusive scaling, and the 

width of the superdiffusive regime is proportional to the ratio of the two diffusivities weighted by 

their relative populations.17,65 In single-chain models, the two diffusive modes are shown to be 

molecular walking and hopping.26,27 However, the two-state model does not assign a molecular 
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origin for each diffusive mode, leaving open alternative hypotheses such as collective cluster 

motion.17 Further, it should be noted that the parameters  and  in the two-state model are 𝑘𝑜𝑛 𝑘𝑜𝑓𝑓

not intended to represent physical rate constants (e.g., association and dissociation of a single 

coiled-coil sticker) but rather effective interconversion rates between the two apparent species. It 

should also be emphasized that the presence of distinct diffusive populations is a unique 

observation of the FRS measurement because it samples a moment of the spatial distribution that 

is sensitive to the presence of multiple populations, compared to the mean-square displacement 

which is sensitive only to the average of all populations and displays only Fickian scaling.26 

The two-state model adequately captures the self-diffusive behavior over a large length 

scale range for all protein gels, as shown in Figure 3. The terminal diffusion coefficient, , can 𝐷𝑒𝑓𝑓

be calculated from the best-fit parameters as 

𝐷𝑒𝑓𝑓 = 𝐷𝑓𝑎𝑠𝑡(𝛾𝜅𝑒𝑞 + 1
𝜅𝑒𝑞 + 1 )#(6)

where  and . Thus, the terminal self-diffusivity is proportional to 𝛾 = 𝐷𝑠𝑙𝑜𝑤/𝐷𝑓𝑎𝑠𝑡 𝜅𝑒𝑞 = 𝑘𝑜𝑛/𝑘𝑜𝑓𝑓

the diffusivity of the fast mode weighted by its population.17 As shown in Figure S10, the terminal 

diffusion coefficients for all protein gels decrease with concentration roughly consistent with the 

sticky Rouse prediction of .18 The four-sticker C10(PC10)4 gels display a noticeably 𝐷𝑒𝑓𝑓~𝜙 ―5.19

stronger concentration dependence in their terminal diffusivity than the telechelic PCxP gels, 

possibly due to differences in the number of stickers per chain.  It should be noted that the sticky 

Rouse model may not strictly apply to the protein gels studied here, as it was formulated to describe 

chains with a large number of stickers along the backbone and a large degree of polymerization 

between stickers.18 
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From the two-state model parameters, characteristic length scales governing the transition 

between the two diffusive modes can be calculated: 

𝑑𝑠𝑙𝑜𝑤

2𝜋 =
𝐷𝑠𝑙𝑜𝑤

𝑘𝑜𝑓𝑓
#(7𝑎)

and 

𝑑𝑓𝑎𝑠𝑡

2𝜋 =
𝐷𝑒𝑓𝑓

𝑘𝑜𝑓𝑓
#(7𝑏)

Here,  can be interpreted as a characteristic length scale up to which molecules undergo 𝑑𝑠𝑙𝑜𝑤/2𝜋

diffusion via the slow mode before transitioning to the fast mode, which determines the onset of 

the superdiffusive regime. In contrast,  is the characteristic length of a single diffusive 𝑑𝑓𝑎𝑠𝑡/2𝜋

“step” in the fast mode, which determines the onset of terminal Fickian diffusion on long length 

scales. It should be noted that Equations 7a and 7b indicate the central role of the interconversion 

rate  in governing the length scale of each diffusive mode.𝑘𝑜𝑓𝑓

A comparison of the dynamic length scales  and  as a function of volume 𝑑𝑠𝑙𝑜𝑤/2𝜋 𝑑𝑓𝑎𝑠𝑡/2𝜋

fraction for all protein gels is presented in Figure 4A, along with the static length scales , , 𝜉 2𝜋/𝑞0

and  from neutron scattering. The dynamic length scales for the slow mode are within the range Ξ

 and approximately constant with concentration for each protein, 𝑑𝑠𝑙𝑜𝑤/2𝜋 = 20 ― 70 nm

consistent with a dissociation-controlled process for the transition to the fast mode. In contrast, the 

step size for the fast mode is on the order of  nm and noticeably decreases 𝑑𝑓𝑎𝑠𝑡 2𝜋 ≈ 102 ― 104

with concentration, suggesting an association-controlled process. In the single-chain view, these 

length scales are expected to be related to the mean-square displacement of molecules (1) by 

walking before complete dissociation and (2) for a single hopping step before reattaching to the 
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network, respectively.27 The results here are consistent with these single-chain mechanisms, 

though the single-molecule hopping displacements inferred from  may be 𝑑𝑓𝑎𝑠𝑡/2𝜋 ≈ 1 μm

unrealistically large for free diffusion of single molecules before reattachment. The concentration 

dependence of  displays a scaling close to  for all proteins, which is stronger than that 𝑑𝑓𝑎𝑠𝑡 ~𝜙 ―2

expected for a simple linear scaling of the free binding site density with concentration (which 

would result in ). This may arise from a nonlinear dependence of the free site density 𝑑𝑓𝑎𝑠𝑡~𝜙 ―1/2

with total concentration or a reduction in  due to the higher local viscosity at higher 𝐷𝑓𝑎𝑠𝑡

concentration.15,66 The strong concentration dependence in the hopping distance is also seen for 

single-sticker tracers through the same protein gels (Figure S11), further suggesting a reduction in 

the free chain diffusivity with concentration such that released chains cannot diffuse as far before 

reattaching to the network.
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Figure 4. (A) Transition length scales  and  as a function of volume fraction for 𝑑𝑠𝑙𝑜𝑤/2𝜋 𝑑𝑓𝑎𝑠𝑡/2𝜋

all proteins gels. (B) Transition length scales non-dimensionalized by the inter-junction spacing, 

, obtained from neutron scattering. For both panels, shaded regions indicate the range of the 2𝜋/𝑞0

static length scales , , and  obtained from neutron scattering. 𝜉 2𝜋/𝑞0 Ξ

Previous studies have suggested the importance of the inter-junction spacing in establishing 

a fundamental mesh size that renormalizes network dynamics on longer length scales.28,38,67 To 

examine the effect of the mesh size on the characteristic diffusive length scales, Figure 4B plots 

the length scales of the slow and fast diffusive modes normalized by the protein gels’ inter-junction 

spacing, . As shown by this non-dimensionalization, the slow mode for all gels persists for 2𝜋/𝑞0

only  times the inter-junction spacing before chains transition to the fast mode, demonstrating 1 ― 4

the minimal contribution of the slow mode to diffusion on long length scales. In addition, a 

significantly stronger concentration dependence is seen in the normalized slow mode length scale 

Page 24 of 43Soft Matter



25

for the multi-block C10(PC10)4 gels compared to the telechelic PCxP gels, consistent with the 

reduced likelihood of disengagement of chains with more stickers at higher concentration. 

Interestingly, the length scale for the slow mode is on the order of the static inhomogeneity length 

scale  seen in neutron scattering. This similarity may reflect a caging effect induced by the static Ξ

density fluctuation associated with this large-scale correlation length in governing the transition 

between the slow and fast self-diffusive modes. In particular, the transition timescale  may be 𝑘 ―1
𝑜𝑓𝑓

related to the characteristic lifetime of multi-chain density fluctuations as the network dynamically 

reconfigures its topology, enabling the fast mode to take effect beyond this timescale. 

Connecting self-diffusion timescales to single-sticker dynamics. Further insight into the 

molecular underpinnings of the self-diffusive modes in the protein gels can be obtained by 

connecting characteristic self-diffusion length and time scales with dynamics of the individual 

coiled-coil domains. Single-sticker bond lifetimes were inferred from FRS measurements of single 

coiled-coil domains through the PC10P, PC30P, and C10(PC10)4 gel matrices of the same 

concentrations (see Figure 5A), as previously done for small-molecule stickers in metal-

coordinate gels.16 The single-sticker tracer was designed with a single coiled-coil P domain flanked 

by C5 domains on either side, resulting in the molecular structure C5PC5. This ensures that the 

local structure of the coiled-coil domain in the tracer to resemble the coiled-coil domains forming 

the network junctions while approximating the steric effects of the flanking Cx strands. Gel 

samples were prepared with 5 wt% of ONS-labeled C5PC5 tracers dispersed into the unlabeled gel 

matrix; with this low concentration it could be assumed that interaction between the C5PC5 tracers 

was negligible. 
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Figure 5. (A) Design of the tracer diffusion experiment of o-nitrostilbene-labeled C5PC5 molecules 

dispersed in the PC10P, PC30P, and C10(PC10)4 gels. (B-D) Forced Rayleigh scattering results of 

single-sticker tracer diffusion in each protein gel matrix at various concentrations, fit to the 

modified two-state model.

FRS results of single-sticker tracer diffusion through the protein gels are well-captured by 

the two-state model, as shown in Figure 5B-D. Unlike the multi-sticker proteins forming the 

network, the single-sticker tracer has exactly two well-defined association states (i.e., associated 

or free). Thus, the slow and fast diffusive modes from fits to the two-state model should correspond 

exactly to the associated and free states of the single-sticker tracer, and the parameters should 

reflect its intrinsic molecular diffusivity and association/dissociation kinetics. Tracer diffusion 

curves do not show a transition to a lower length scale Fickian regime as seen for the multi-sticker 
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matrix proteins (see Figure 3), but instead exhibit a plateau in the relaxation time down to the 

smallest length scales. This small-length-scale plateau corresponds to a best-fit associated-state 

diffusivity of 0, i.e., , which is consistent with previous tracer diffusion data of small-𝐷𝑠𝑙𝑜𝑤 = 0

molecule stickers through metal-coordinate gels.16 Because a single-sticker molecule cannot 

undergo diffusion by walking, this strongly implies minimal diffusive motion of the network 

junctions such that the single-sticker tracer is confined to a length scale smaller than the minimum 

d-spacing of the FRS measurement, i.e., , while in the associated state. This 𝑑𝑡𝑟𝑎𝑐𝑒𝑟/2𝜋 < 24 nm

result is also consistent with the extent of junction fluctuations predicted by the phantom network 

model,68 given the junction functionalities (i.e., 5 or 10) and strand lengths (i.e., root-mean-square 

end-to-end distance of  for the C10 domain) of the protein gels here, and suggests that 6.6 ± 0.5

long-range diffusion of associated tracers within multi-chain aggregates is unlikely.

As shown by the two-state model,16 the low-  plateau in the tracer diffusion times is equal 𝑑2

to the average dissociation time of the coiled-coil domain determined by the inverse of the 

dissociation rate, i.e., . That is, on small length scales, diffusion of the single-sticker 𝜏𝐷 = 𝑘 ―1
𝐷

tracer is controlled by the dissociation of the bound tracers, resulting in the diffusion timescale 

being independent of the length scale. As seen in Figure 5, the tracer dissociation times are roughly 

independent of concentration for each protein gel. In addition, the dissociation times are roughly 

equal for all telechelic PCxP gels (with a range  s), whereas those for the four-sticker 𝜏𝐷 = 15 ― 23

C10(PC10)4 gels are roughly 15-fold smaller (  s). As the coiled-coil domain in the 𝜏𝐷 = 1.1 ― 1.6

single-sticker tracer is identical to the coiled-coil domains forming the network junctions, these 

dissociation times are expected to reflect the average dissociation times of all the network junctions 

in each gel.16 Thus, while the dissociation times are roughly independent of the strand length (for 

the proteins studied here), they appear sensitive to the number of stickers per chain. This may arise 
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from the difference in the junction functionality of the C10(PC10)4 gels compared to the telechelic 

gels (i.e., 10 vs 5, due to the strands flanking both sides of each coiled-coil domain in the four-

sticker molecule), which may increase the dissociation rate through steric effects, or differences in 

the distribution of chain topologies (e.g., loops) between the different architectures. The tracer 

dissociation times are also comparable to the network relaxation times obtained from shear 

rheology for each gel (see Figure 9 and Figure S12), consistent with previous observations that 

sticker dissociation is likely a pre-requisite step for network relaxation.13,69 

The single-sticker characteristic timescales inferred from tracer diffusion measurements 

allow scaling estimates of the single-chain diffusive modes to be formulated as a comparison to 

the self-diffusion results. In a molecular walking step, a single coiled-coil sticker detaches with 

frequency , after which the connecting strand is assumed to fully relax (thus exploring its 𝑘𝐷

pervaded volume, , where  is the root-mean-square end-to-end distance of the Cx 𝑉𝑤𝑎𝑙𝑘 ≈ 𝑅3
𝐶𝑥

𝑅𝐶𝑥

strand) before the coiled-coil domain rebinds to a different network site. The single-chain walking 

diffusivity can thus be estimated as 

Note that this physical picture assumes a kinetics-limited system, such that 𝐷𝑤𝑎𝑙𝑘 ≈ 𝑅2
𝐶𝑥𝑘𝐷#(8)

conformational relaxation of the midblock strands is significantly faster than the sticker binding 

kinetics, which allows the chain to fully explore its pervaded volume before rebinding. This has 

been shown to be applicable to most associative networks studied experimentally,13,16,29,70 

including coiled-coil proteins such as those studied here.15 
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Figure 6. (A) Characteristic step size of the slow self-diffusive mode for all gels via 𝑅𝑠𝑙𝑜𝑤 ≈

. Horizontal lines indicate estimates for the unperturbed root-mean-square end-to-end (𝐷𝑠𝑙𝑜𝑤𝜏𝐷)1 2

distance of the C10 and C30 strands. (B) Schematic representations of the single-molecule walking 

step size for the telechelic PCxP and multi-block C10(PC10)4 gels.

For all three proteins, the scaling estimate for  is comparable to the values of  𝐷𝑤𝑎𝑙𝑘 𝐷𝑠𝑙𝑜𝑤

from fits to the two-state model (see Figure 3), suggesting that single-chain walking gives rise to 

the slow mode in the associative protein gels. As a complementary perspective, empirical estimates 

for the characteristic step size of the slow mode can be obtained via , using 𝑅𝑠𝑙𝑜𝑤 ≈ (𝐷𝑠𝑙𝑜𝑤𝜏𝐷)1/2

the values of  from fits to the two-state model. As shown in Figure 6A, for the telechelic 𝐷𝑠𝑙𝑜𝑤

PCxP gels, the slow mode step size is similar to the unperturbed root-mean-square end-to-end 

distance of the midblock strands (either C10 or C30) and displays no concentration dependence, 

consistent with a single-molecule walking mechanism on short length scales in the telechelic gels. 
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The slow mode step size for the four-sticker C10(PC10)4 gels is also on the same order as the C10 

strand length, though it displays a strong decrease with concentration to below the C10 extension 

at the highest concentration. This qualitative difference in the concentration dependence between 

different molecular architectures may originate from the presence of two flanking strands for the 

middle two coiled-coil domains in the C10(PC10)4 protein, compared to only one for the telechelic 

proteins, which is predicted to decrease its walking step size by a factor of  as shown in Figure 2

6B.26,68 Additional origins may include an increased tendency for a coiled-coil domain to re-

associate to the same binding site in the C10(PC10)4 gels due to the limited chain mobility upon 

dissociation, which may increase the effective bond lifetime to beyond its intrinsic time . Similar 𝜏𝐷

arguments have been proposed as renormalization of the bond lifetime in the sticky Rouse theory,18 

which is expected to be enhanced in gels with more stickers per chain.

Comparing the timescale for the transition to the fast mode in self-diffusion measurements 

with the single-sticker dissociation rate is also consistent with the onset of single-molecule hopping 

with frequency . The transition timescales normalized by the single-sticker dissociation time, 𝑘𝑜𝑓𝑓

, are plotted for all gels in Figure 7A, where the interconversion timescales range from 𝜏𝑜𝑓𝑓/𝜏𝐷

 times the coiled-coil dissociation time for these concentrations. For the telechelic PCxP 10 ― 1000

gels the transition times are roughly equal for all concentrations, around , whereas 𝜏𝑜𝑓𝑓/𝜏𝐷 = 10

those for the four-sticker C10(PC10)4 gels increase noticeably with concentration, suggesting 

qualitative changes caused by the difference in the number of stickers per chain or other aspects 

of the molecular architecture. 
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Figure 7. (A) Transition timescales from self-diffusion measurements normalized by the single-

sticker dissociation time from tracer diffusion measurements for all protein gels. (B) Mean-first-

passage time calculation of the single-molecule hopping frequency for chains with  and  𝑆 = 2 𝑆 = 4

stickers, starting from the fully bonded state (colored orange). Single-sticker association and 

dissociation are assumed to follow pseudo-first-order kinetics with rate constants  and 𝑘 ∗
𝐴 = 𝑘𝐴𝐹𝑒𝑞

, respectively. The pseudo-first-order equilibrium constant is defined as  𝑘𝐷 𝐾 ∗
𝑒𝑞 = 𝑘 ∗

𝐴 /𝑘 ∗
𝐷 = 𝐾𝑒𝑞𝐹𝑒𝑞

where  is the equilibrium concentration of free binding sites in the gel.𝐹𝑒𝑞

To complement the experimental results, theoretical estimates for the frequency of single-

molecule hopping can be obtained by solving for the mean-first-passage time for complete 
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dissociation of a single chain with  stickers starting from the fully bonded state (see the SI for 𝑆

calculation details). Each sticker on the chain is assumed to undergo stochastic dissociation and 

association with pseudo-first-order rate constants  and , respectively, which are specified as 𝑘𝐷 𝑘 ∗
𝐴

input parameters. Note that the dissociation rate directly determines the bond lifetime reflected by 

the single-sticker tracer dynamics, i.e., . Though the coiled-coil domains in the proteins 𝜏𝐷 = 𝑘 ―1
𝐷

assemble into pentamers, a pseudo-first-order association rate constant can be estimated from the 

true rate constant  and the equilibrium free binding site density , i.e., . Similarly, 𝑘𝐴 𝐹𝑒𝑞 𝑘 ∗
𝐴 = 𝑘𝐴𝐹𝑒𝑞

a pseudo-first-order equilibrium constant for single-sticker association can be estimated via 𝐾 ∗
𝑒𝑞 =

, where  is the second-order equilibrium constant for coiled-coil association.60 𝐹𝑒𝑞𝐾𝑒𝑞 𝐾𝑒𝑞 = 𝑘𝐴/𝑘𝐷

Note that the single-sticker equilibrium constants  and  are distinct from the two-state model 𝐾𝑒𝑞 𝐾 ∗
𝑒𝑞

parameter  used earlier in Equation 6, which describes the interconversion between 𝜅𝑒𝑞 = 𝑘𝑜𝑛/𝑘𝑜𝑓𝑓

the two apparent self-diffusive species rather than individual stickers. As in previous work, the 

effective equilibrium constant of each sticker is assumed to be constant, independent of the number 

of stickers or association state of the chain, and the dynamics of each sticker are assumed to be 

uncorrelated.26,27 Loops are also neglected, as they are unlikely to affect the hopping frequency 

due to the pentameric junction functionality of the gels here.   

 Normalized mean-first-passage times  for interconversion from the fully bonded state 𝜏𝑀𝐹𝑃

to the fully unbonded state are similar in magnitude to the values of  seen experimentally, 𝜏𝑜𝑓𝑓/𝜏𝐷

as shown in Figure 7B. The calculated mean-first-passage times depend on  due to its effect 𝐾 ∗
𝑒𝑞

on the association rate , where a larger association rate increases the likelihood of reassociation 𝑘 ∗
𝐴

of a released sticker before the remaining stickers can dissociate, increasing the chain dissociation 

time. Because the pseudo-first-order equilibrium constant is a function of concentration, the effect 
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of increasing  in the calculation can be interpreted as qualitatively analogous to increasing the 𝐾 ∗
𝑒𝑞

total concentration  experimentally. A clear difference in the scaling of  with  is observed 𝜙 𝜏𝑀𝐹𝑃 𝐾 ∗
𝑒𝑞

between the 2-sticker and 4-sticker chains, with larger  increasing both the absolute value of  𝑆 𝜏𝑀𝐹𝑃

and its concentration dependence qualitatively similar to experiment. This trend is broadly seen 

for the mean-first-passage dissociation times for all values of  (Figure S9). 𝑆 ∈ [2,6]

The results of Figure 7A and Figure 7B are consistent with a self-diffusive transition to 

single-molecule hopping with an effective sticker equilibrium constant of . These 𝐾 ∗
𝑒𝑞 ≈ 1 ― 10

values are similar to coiled-coil binding equilibrium constants estimated in previous work,42,60 

which range between , suggesting the validity of the single-molecule hopping 𝐾 ∗
𝑒𝑞 = 10 ― 20

mechanism. However, a quantitative match between the experimental and calculated 

interconversion times is not observed, which may result from a failure of the assumption of 

constant  for each sticker. Recent work by Tirrell and coworkers has predicted a decrease in 𝐾 ∗
𝑒𝑞

the effective equilibrium constant for binding of additional stickers on the same chain due to a loss 

of conformational entropy with each sticker attachment.42 This effect may decrease the time 

required for complete dissociation of a chain, such that the experimental  values may be lower 𝜏𝑜𝑓𝑓

than predicted by the mean-first-passage time calculation, particularly for chains with larger . A 𝑆

decrease in the effective value of  may cause the interconversion times for the four-sticker 𝐾 ∗
𝑒𝑞

C10(PC10)4 gels to be closer to those of the two-sticker PCxP gels than the mean-first-passage time 

predictions, as seen experimentally. However, without an independent estimate of the values of 

 it is difficult to verify the entropic penalty predicted in Ref.42 or its effect on the 𝐾 ∗
𝑒𝑞

interconversion times seen in self-diffusion.
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Effect of number of stickers on long-range diffusion. Comparing the terminal self-

diffusion coefficients between proteins with different numbers of stickers further supports the 

single-chain hopping picture of long-range diffusion in associative networks. Figure 8 displays 

the terminal effective diffusivity as a function of number of stickers per chain, comparing data 

from gels with constant junction density and strand length (i.e., with C10 strands). Data for  𝑆 = 1

were taken from tracer diffusion measurements of C5PC5 through PC10P (7% and 12.5% w/v), data 

for  were taken from self-diffusion measurements of PC10P (7% and 12.5% w/v), and data 𝑆 = 2

for  were taken from self-diffusion measurements of C10(PC10)4 (10.5% and 19% w/v, such 𝑆 = 4

that the junction densities matched those of the PC10P gels). A linear correction was applied to the 

diffusion coefficients to account for differences in the molecular weight and gel concentration that 

may alter the fast diffusive mode, as done in prior work.42 An analogous plot of the uncorrected 

diffusion coefficients is provided in Figure S13.  

As expected, the terminal diffusion coefficients decrease both with total junction density 

and number of stickers per chain. For gels with the same junction density the corrected terminal 

diffusion coefficients appear to decrease roughly exponentially with the number of stickers per 

chain (albeit across a limited range of ). This can be compared to estimates for the terminal 𝑆

diffusion coefficient for a single-chain hopping mechanism26,42 of , where  is 𝐷ℎ𝑜𝑝 = 𝑝0𝐷𝑓𝑟𝑒𝑒 𝐷𝑓𝑟𝑒𝑒

the diffusivity of a free chain that is not associated to the network and  is the equilibrium fraction 𝑝0

of hopping chains. The fraction of hopping chains can be related to an effective single-sticker 

binding equilibrium constant  via𝐾𝑒𝑓𝑓

𝐷ℎ𝑜𝑝 =
𝐷𝑓𝑟𝑒𝑒

1 + 𝐾𝑆
𝑒𝑓𝑓

#(9)
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where the effective equilibrium constant can be related to the intrinsic equilibrium constants  𝐾𝑖

for each sticker  on the chain, as shown by Tirrell and coworkers42:𝑖 ∈ [1,𝑆]

𝐾𝑒𝑓𝑓 = (𝐾1 + 𝐾1𝐾2 + … +
𝑆

∏
𝑖 = 1

𝐾𝑖)
1
𝑆

≈ ( 𝑆

∏
𝑖 = 1

𝐾𝑖)
1
𝑆

#(10)

where the last equality is valid for . Thus, for the general case of different sticker binding 𝐾𝑖 > 1

strengths, the effective single-sticker equilibrium constant is approximately the geometric average 

of the intrinsic single-sticker equilibrium constants. For constant  and  the terminal hopping 𝐾𝑖 𝐷𝑓𝑟𝑒𝑒

diffusivity is expected to decay approximately exponentially with  as seen in Equation 9. Note 𝑆

that this is a significantly stronger dependence than the prediction of the sticky Rouse model,18,19 

which is a power-law However, if the sticker binding strength decreases with  due to 𝐷𝑒𝑓𝑓~𝑆 ―2. 𝑆

an entropic penalty for binding,42 this is also expected to yield a shallower-than-exponential 

scaling of  with  due to the decrease in  with . The roughly exponential scaling seen in 𝐷𝑒𝑓𝑓 𝑆 𝐾𝑒𝑓𝑓 𝑆

Figure 8 for both junction densities is generally consistent with the prediction of Equation 9, 

suggesting a roughly constant  with  for each junction density. The effective single-sticker 𝐾𝑒𝑓𝑓 𝑆

equilibrium constants obtained from linear fits range between , which are similar to 𝐾𝑒𝑓𝑓 = 1 ― 10

the pseudo-first-order equilibrium constants  estimated from the self-diffusion interconversion 𝐾 ∗
𝑒𝑞

timescale (see Figure 7). Furthermore, extrapolation of the linear fits for each junction density to 

a chain with no stickers yields a constant value of nm2/s for both junction 𝐷𝑒𝑓𝑓(𝑆 = 0) = 4 × 105 

densities, which is similar to self-diffusivities reported for other macromolecules of similar 

molecular weight such as dextran and unbound globular proteins through hydrogels of similar 

concentrations.71–73 Thus, the data suggest a relatively minor role of conformational entropy in 

modulating the effective single-sticker equilibrium constant and further support the role of single-
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chain hopping in controlling terminal self-diffusion of the protein gels. It should be noted that 

these observations are applicable for a relatively narrow range of , and that chains with more 𝑆 ≤ 4

stickers may show a greater role of alternative diffusive modes such as long-range walking.42

Figure 8. Terminal diffusivity, , of coiled-coil proteins as a function of number of stickers per 𝐷𝑒𝑓𝑓

chain, , for gels with constant junction density, using linear corrections for differences in 𝑆

molecular weight and volume fraction. 

Comparison of time scales. For all gels, the single-sticker dissociation time  (from 𝜏𝐷

tracer diffusion experiments) is smaller than the interconversion timescale  from self-diffusion 𝜏𝑜𝑓𝑓

experiments, consistent with the need for multiple bonds to dissociate to initiate a single-molecule 

hopping event that ultimately leads to terminal diffusion. In Figure 9 these relaxation times are 

examined in relation to frequency sweep data of the same gels at 35 C, again comparing gels with °

equal junction densities. All gels exhibit a high-frequency plateau modulus, , and a mid-𝐺𝑝

frequency crossover between storage and loss moduli, allowing the macroscopic network 

relaxation time to be identified via . These quantities are used to normalize the dynamic 𝜏𝑒𝑥 = 𝜔 ―1
𝑐
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moduli and frequencies, respectively, resulting in satisfactory alignment of the frequency sweeps 

of all gels suggesting self-similar relaxation behavior (though the terminal region is not fully 

developed for the telechelic PCxP gels within the measurement range). 

Figure 9. Reduced frequency sweeps of PC10P (7% w/v), PC30P (12.5% w/v), and C10(PC10)4 

(10.5% w/v) at 35 C, where the dynamic moduli are normalized by the high-frequency plateau °

elastic modulus  and the frequencies are normalized by the relaxation time defined by the 𝐺𝑝

crossover frequency . All gels have the same junction density  𝜏𝑒𝑥 = 𝜔 ―1
𝑐 𝜌𝑗𝑢𝑛𝑐𝑡𝑖𝑜𝑛 = 0.77 × 10 ―3

nm3. Filled symbols and unfilled symbols indicate storage and loss moduli, respectively. 

Characteristic timescales  and  are indicated by arrows for each gel. 𝜏𝐷 𝜏𝑜𝑓𝑓

The single-sticker dissociation times  are within an order of magnitude of the network 𝜏𝐷

relaxation time , consistent with sticker dissociation being a limiting step in network relaxation. 𝜏𝑒𝑥

This similarity between the sticker dissociation and network relaxation time scales has previously 

been observed and suggests that single bond dissociation events are sufficient to enable stress 

relaxation through junction exchange.13,16,17,38 In contrast, the self-diffusion interconversion times 

 are  times greater than , with no conclusive rheological signature for this 𝜏𝑜𝑓𝑓 10 ― 100 𝜏𝑒𝑥 ≈ 𝜏𝐷
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relaxation process yet identified.17,65 The results provide further evidence that self-diffusion and 

network relaxation are governed by fundamentally different processes, where network relaxation 

requires exchange of only single stickers on the time scale  while long-range self-diffusion ~𝜏𝐷

requires a longer relaxation time  governed by the dissociation of all stickers on a molecule ~𝜏𝑜𝑓𝑓

to begin a hopping event.      

CONCLUSIONS

In this work, the combination of structural and self-diffusion measurements on model 

associative protein hydrogels provides a molecular picture of chain dynamics in associative 

networks, suggesting the validity of single-chain models with only a minor effect of multi-chain 

correlations or network heterogeneity on long time scales. Structural characterization by neutron 

scattering and fluorescence microscopy provides evidence for a large-scale correlation length 

 times the mean inter-junction spacing, suggesting mild inhomogeneity in the junction and ~1 ― 5

chain distribution, but no macroscopic clustering or phase separation. Self-diffusion measurements 

reveal a transition between slow and fast diffusive modes in all gels on length scales similar to the 

multi-chain correlation length. Comparison to the single-sticker dissociation time suggests that 

single-chain mechanisms are sufficient to describe self-diffusion across a range of length scales as 

conceptualized in previous studies. The step size of the slow diffusive mode is commensurate with 

the end-to-end distance of the bridging strands, suggesting a single-chain walking mode rather 

than collective motion of multi-chain aggregates. In addition, the transition to the fast mode occurs 

on time scales consistent with the dissociation of all the stickers on a chain as estimated from 

mean-first-passage-time calculations, suggesting the onset of single-molecule hopping. Finally, 

the terminal diffusivity is found to follow an exponential dependence on the number of stickers 

per chain, which is consistent with large-scale diffusion occurring by molecular hopping rather 
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than sticky Rouse motion. These results support single-chain models of associative polymer 

dynamics previously proposed and may be generalizable to other associative systems with 

different sticker chemistry and chain architectures. 
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