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Abstract  16 

Polymers assembled using computationally designed coiled coil bundlemers display tunable 17 

stiffness via control of inter-bundlemer covalent connectivity as confirmed using small-angle 18 

neutron scattering. Neutron spin echo spectroscopy reveals that rigid rod polymers show a decay 19 

rate Γ~Q2 (Q is the scattering vector) expected of straight cylinders. Semi-rigid polymers 20 

assembled using bundlemers linked via 4-armed organic linker show flexible segmental dynamics 21 

at mid-Q and Γ~Q2 behavior at high-Q. The results give insight into linker flexibility-dependent 22 

inter-bundlemer dynamics in the hybrid polymers. 23 

Body  24 

The theory of equilibrium and dynamical properties of polymers have been developed and 25 

tested against both synthetic and biological materials  [1,2]. While most polymer solution studies 26 

utilize dynamic light scattering and rheological techniques to investigate macroscopic polymer 27 

dynamics, especially in the dilute limit  [3], neutron spin echo (NSE) spectroscopy can directly 28 

access dynamics at nanometer length scales ( Q > 0.01 Å-1, Q is the scattering vector) and time 29 
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scales of a nanosecond to a few 100 nanoseconds that are especially relevant to biological 30 

assemblies and are not accessible to aforementioned characterization techniques  [2]. Specifically, 31 

NSE spectroscopy combined with small-angle neutron or X-ray scattering yields unique insights 32 

into protein and polymer nanostructure and corresponding segmental dynamics at local, inter-33 

monomer distances  [2,4]. For example, while theoretical investigations have shown that chain 34 

stiffness impacts intra-polymer segmental dynamics  [5–7], the underlying inter-monomer 35 

segmental dynamics is uniquely accessible to NSE. However, such studies are limited due to the 36 

dearth of polymer systems possessing tunable chain stiffness. Some notable examples are 37 

investigations of inter-monomer dynamics in linear versus cyclic polymers  [7] or polyelectrolyte-38 

salt systems  [8,9] that indirectly control chain stiffness by tweaking the polymer architecture or 39 

inter-monomer interactions, respectively.  40 

In this letter, we report the impact of inter-monomer linkage on the segmental structure and 41 

dynamics of synthetic, supramolecular polymers that display tunable chain stiffness while still 42 

having the same monomer unit. Due to the peptidic nature of the monomers, these hierarchical 43 

polymer assemblies can form secondary, tertiary and quaternary structure that directly impacts 44 

chain stiffness depending on inter-monomer linker type. The results presented in this article also 45 

point to the uniqueness of biopolymers in forming such 1D assemblies with disparate chain 46 

stiffness.  47 

Specifically, the polymers are constructed via a novel assembly pathway involving hybrid 48 

physical-covalent connections between cylindrical, peptidic assembly units, called bundlemers. 49 

Bundlemers are computationally designed coiled coils of four identical peptides whose peripheral 50 

interactions are readily tuned by amino acid sequence modification such that the resulting 51 

bundlemers can form target nanostructures, from non-natural 2D lattices to soluble patchy 52 

colloidal particles  [10,11]. Using the transmission electron microscopy characterization 53 

technique, we have shown in a previous publication that 1D polymers of bundlemers of varying 54 

chain stiffness can be synthesized using the facile thiol-Michael click chemistry reaction between 55 

bundlemers end-functionalized with thiol and maleimide  [12,13]. This assembly pathway yields 56 

sequence-defined, hierarchical polymers wherein the bundlemers function as supramolecular 57 

“monomer” building blocks held together by desired organic linkers. The control of chain stiffness 58 

in the polymers is achieved by changing the linker type between the neighboring bundlemers; a 59 
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direct one-to-one linkage of bundlemers ends with short, hydrocarbon linkers resulted in formation 60 

of ultra-stiff, rigid rod-like polymers, whereas linkage of bundlemer ends via the short arms of an 61 

added, multifunctional organic crosslinker resulted in semi-rigid polymers  [12]. Thus, even 62 

though the chains are constructed with the same bundlemer building block, the two polymers are 63 

unique where  the former is essentially a straight cylinder and the latter mimics the description of 64 

a broken-rod model  [14] (see Fig. 1 (A) & (B), assembly details are given in supplementary 65 

information).  66 
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Fig. 1: Schematic of hybrid physical-covalent assembly of polymers formed via (A) direct linkage 68 
and (B) flexible small molecular linker.  The bundlemers are depicted as grey cylinders overlaying 69 

the ribbon diagram, where each of the four peptides that constitute the bundlemer have the 70 
sequence DEEIRRMAEEIRKMAERIKQMAEQIYKEA-NH2.  The N-terminus of the peptide is 71 
either functionalized with maleimide (red diamonds, Peptide_A) or thiol (green,  cut circles, 72 

Peptide_B) functional groups. The thiol-Michael click reaction between Peptide_A and 73 
Peptide_B or Peptide A and a tetrathiol functional small molecule (PETMP) results in the 74 

formation of rigid rod-like polymers or semi-rigid polymers, respectively. (C) SANS data for a 75 
concentration series of the semi-rigid polymers (“Chain”, red circles) and rigid rod-like polymers 76 
(“Rod”, blue squares) dissolved in deuterium oxide (D2O) and 50 x 10-3 mol/L sodium chloride 77 

(NaCl). The concentration of polymer is reported in volume fraction, Φ. The solid and dashed 78 
black lines are the corresponding fits to a straight cylinder and flexible cylinder form factor models, 79 

respectively. Error bars represent ±1σ (standard deviation). 80 

For this study, we have utilized homopolymers where both rigid rods and semi-rigid chains 81 

were constructed using the same bundlemer-forming peptides having an amidated C-terminus and 82 

either a maleimide-functionalized N-terminus (via addition of N-carboxypropyl maleimide, 83 

Peptide_A) or thiol-functionalized N-terminus (via addition of a cysteine, Peptide_B). To 84 

construct rigid rods, bundlemers formed from the self-assembly of Peptide_A were reacted with 85 

bundlemers of Peptide_B (refer to Fig.1 (A)), whereas the construction of semi-rigid chains 86 

(A) 
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involved reaction of Peptide_A bundlemers with pentaerythritol tetrakis(3-mercaptopropionate) 87 

(PETMP) (refer to Fig. 1 (B)).  Throughout this paper, SANS and NSE results extracted from 88 

measured data are plotted using statistically averaged data points with error bars representing ±1σ 89 

(standard deviation)  [15,16], and best fits were chosen by the method of least-squares having the 90 

lowest reduced chi-squared values (all equations and fit parameters are summarized in 91 

supplementary information)  [16,17].  92 

Previously, the structure and solution properties of a single bundlemer have been 93 

characterized using small-angle neutron scattering (SANS), revealing cylindrical dimensions of ≈ 94 

20 Å diameter and ≈ 40 Å length  [11]. Here, we briefly discuss the structural characterization of 95 

assembled polymers in solution that was performed using SANS. For a dilute solution of 96 

isotropically scattering monodisperse particles, the scattering intensity profile I(Q) is described 97 

by  [18], 98 

I(Q) = nVp
2(ρp − ρs)2 P(Q), … (1) 99 

where n is the number density of scatterers having a volume 𝑉𝑝 and a scattering length density 𝜌𝑝 100 

dispersed in a solvent with a scattering length density 𝜌𝑠. The shape and size of the scatterers is 101 

captured in the form factor, P(Q), averaged over all possible particle orientations.  102 

The solution conditions for SANS measurements were optimized to ensure form factor-103 

like scattering of non-interacting polymers over the entire probed Q-range. Specifically, sodium 104 

chloride (NaCl) salt was added to the polymer solution to screen any local repulsion between the 105 

polymers that had resulted in a correlation hole in the scattering curves in our previous 106 

investigations  [12,13]. The SANS data for a concentration series of the two polymer types in 50 107 

x 10-3 mol/L sodium chloride are shown in Fig. 1 (C). The curves confirm the distinct 108 

nanostructure of the rigid rods versus semi-rigid chains even while both polymers are constituted 109 

by the same bundlemer unit. Here, the rigid rods and semi-rigid chains have an identical feature at 110 

Q ≈ 0.1 Å-1 corresponding to a circular cross-section of the assembled polymers. For Q < 0.1 Å-1, 111 

the rigid rod system shows a 𝐼~𝑄−1 dependence in the entire probed Q-range due to its rod-like 112 

structure. Thus, the rigid rods were modeled using a cylinder form factor that we have also used 113 

previously  [13] (equations for form factor models are given in supplementary information). Fit 114 

results show that the rigid rods have a radius of 10.6 (± 0.4) Å and length which is beyond the 115 

range of the SANS measurements (greater than 1250 Å). In contrast, the semi-rigid chains show a 116 
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scattering fingerprint characteristic of Kratky-Porod worm-like chains, wherein the 𝐼~𝑄−1 117 

dependence in intermediate-Q deviates to a steeper 𝐼~𝑄−1.73 scaling for Q < Q* where Q* ≈ 0.04 118 

Å-1  [19,20]. Therefore, the semi-rigid chains were modeled using the flexible cylinder form factor, 119 

which yields a 10.0 (± 0.2) Å radius, a 71.0 (± 1.0) Å Kuhn length (𝑘𝐿), and an overall chain length 120 

beyond the range of the SANS measurements. It is important to note that both polymer types are 121 

inherently polydisperse in length due to step growth polymerization kinetics of Thiol-Michael click 122 

chemistry reaction. This aspect of their length distribution has been proven previously using 123 

Transmission Electron Microscopy (TEM)  [12,13], and cannot be captured by SANS 124 

measurements since scattering intensity is sensitive to larger species in solution (see eq.(1)).   125 

The SANS fits corroborate our previous findings that both rigid rods and semi-rigid chains 126 

have the same cross-section as that of a single bundlemer unit, which is expected for end-to-end 127 

polymerized bundlemers described by schematic in Fig. 1A and 1B  [12]. Specifically, for the 128 

semi-rigid chains, a persistence length 𝑙𝑝 = 𝑘𝐿/2 = 35.4 Å is calculated using the fitted value for 129 

the Kuhn length, and is approximately equal to the length of a single bundlemer unit. However, 130 

the rigid rods have large persistence lengths that are beyond the Q-range probed here. Thus, while 131 

both polymer types herein have similar mass per unit length, the rigid rod polymers exhibit at least 132 

two orders of magnitude larger persistence length than the semi-rigid chains. This is an important 133 

result since it is well-established that 1D materials have persistence lengths that generally scale 134 

linearly as their mass per unit length  [12,21]. Also, the contour length of the organic linkers 135 

between neighboring bundlemers within the rigid rod polymers is half the length of a fully 136 

stretched PETMP linker within the semi-rigid chains. Therefore, SANS measurements allude to 137 

an increase in chain flexibility in semi-rigid chains at inter-bundlemer length scales in comparison 138 

to the rigid rods which can be attributed to the presence of the organic PETMP crosslinker between 139 

bundlemers in the former polymer type. These SANS results are consistent with our previous TEM 140 

studies of the two bundlemer-based polymers  [12]. 141 

Since concentration dependent effects are not observed for either of the polymer types, 142 

interparticle correlations are considered negligible. Thus, segmental dynamics of individual 143 

polymers dominate in this Q-range. NSE spectroscopy measurements was used to probe these 144 

inter-bundlemer dynamics within the two types of polymer chains. The extracted intermediate 145 
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scattering function, 𝐼(𝑄, 𝑡), from the neutron echo data was fitted using a single stretched 146 

exponential function which is characteristic of intra-polymer dynamics  [22],  147 

I(Q,t)

I(Q,0)
= exp[−(Γ(𝑄) t)β] . … (2) 148 

In this expression, 𝛽 is the stretching exponent and 𝛤 is the first cumulant of dynamic correlations, 149 

also called the decay rate, which is a function of scattering vector, Q. Here, we briefly discuss the 150 

dynamical theories applicable to the polymers  [2]. For 𝑄𝑅𝐺 < 1, where RG is the polymer radius 151 

of gyration, length scales beyond the over-all size of the polymer are probed and macroscopic 152 

diffusion of center-of-mass of the polymers dominate. This yields classic free-diffusion and  𝛤 =153 

𝐷 ̅𝑄2 where 𝐷 ̅is the mean diffusion coefficient of the polymer and the stretching exponent 𝛽 = 1. 154 

Since the bundlemer-based polymers have a large aspect ratio, are polydisperse (as discussed 155 

above due to the step-growth polymerization kinetics), and can form fractal aggregates  [13], 156 

dynamic light scattering measurements do not yield useful information about inter-bundlemer 157 

segmental dynamics and were not used to probe low-Q dynamics in this study.  158 

In the regime 𝑄𝑅𝐺 > 1, intra-polymer dynamics dominate and 𝛽 and 𝛤 depend on the 159 

length scales and corresponding chain stiffness  [5,7]. We are specifically interested in the dynamic 160 

regime 𝑄𝑏 ≪ 1 for polymers having rod-like segments of length b, where intra-polymer Rouse- 161 

(𝛽 = 1/2, 𝛤~𝑄4) or Zimm-modes (𝛽 = 2/3, 𝛤~𝑄3) have been reported for polymers in melt and 162 

in solution respectively  [2,6,23]. Based on the SANS measurements, we therefore focus our Q-163 

range to 1 < 𝑄𝑏 < 2𝜋, where 𝑏 = 37 Å is the length of a bundlemer unit. Importantly, for stiff 164 

1D assemblies, such as the polymers probed in this study, Zilman and Granek have derived a 165 

stretching exponent 𝛽 = 3/4 and segmental decay rate dependence 𝛤~𝑄8/3 due to thermally 166 

accessible bending fluctuations along rod-like segments  [24]. Such bending modes have been 167 

observed in stiff polymers and 1D assemblies like worm-like micelles and self-assembled peptidic 168 

hydrogels  [25,26]. Finally, we discuss the case of the straight cylinder that is expected to display 169 

free diffusion dynamics with 𝛽 = 1 , 𝛤 = 𝐷𝑄2  over the entire Q-range. In this case, the diffusion 170 

coefficient, 𝐷 =
𝐷∥+2𝐷⊥

3
 depends on the parallel (𝐷∥) and perpendicular (𝐷⊥) components of 171 

diffusion coefficient, as well as a rotational component (𝐷𝜃) which was derived by 172 

Broersma  [27,28], and is sensitive to the rod concentration regime as described by Doi and 173 

Edwards  [29–31]. Importantly, at large scattering vectors that are accessible to NSE, i.e., when 174 
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𝑄𝑏 ≈ 2𝜋, segmental dynamics within a flexible polymer can be used to extract an apparent 175 

monomer diffusion coefficient within the polymer, 𝐷𝑚𝑜𝑛 =
𝛤

𝑄2  [2,32].         176 
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Fig. 2: (A) Neutron spin echo (NSE) data and scaling-law fits for rigid rod-like polymers. 178 
Measurements were performed on freshly prepared samples containing a two different volume 179 

fraction of polymers, Φ, in deuterium oxide with 50 x 10-3 mol/L sodium chloride at 22ºC. The 180 
black solid and grey dashed line are fits to free diffusion dynamics. (B) Schematic of short rods 181 
diffusing in a network of long rods. Components of the diffusion coefficient D are indicated in the 182 

parallel (║), perpendicular (┴) and rotational (θ) directions. Error bars representing ±1σ (standard 183 
deviation). 184 

We first discuss the results for the rigid rod polymers and compare them with semi-rigid 185 

polymers later in the paper. The measured intermediate scattering function was fit to the single 186 

exponential free diffusion equation and displayed a single dynamic regime in the entire probed Q-187 

range (see supplementary information Fig. S3). The extracted results for decay rate 𝛤 versus 188 

scattering vector Q for rigid rods are plotted on a log-log scale for two concentrations in Fig. 2A . 189 

The diffusion coefficient extracted for the rigid rod-like polymers (RR) were similar, with 190 

�̅�𝑅𝑅 {𝜑=0.004} =  4.8 (± 0.1) x 10−11 𝑚2/𝑠 and �̅�𝑅𝑅 {𝜑=0.002} =  4.5 (± 0.1) x 10−11 𝑚2/𝑠. One 191 

can use Broersma’s equations for freely diffusing rods  [27,28] to calculate the apparent aspect 192 

ratio of an equivalent dilute solution of monodisperse rods using the measured total diffusion 193 

coefficient and measured cross-section, which is ≈ 10.5 (apparent length Lapp ≈ 22 nm) with �̅�∥/3 194 

contributing to ≈  62 % of this value (see supplementary information for calculation). From our 195 

previous studies [12,13], we know that the rods have polydisperse lengths. Consequently, �̅�𝑅𝑅 is 196 

the average of the corresponding contributions by individual rod lengths. Thus, NSE spectroscopy 197 

indicates that the rigid rod-like polymers diffuse like straight stiff cylinders wherein the faster 198 

(B) 
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diffusing short rods contribute to the I ( Q, t) more than long rods which form a network of 199 

sluggishly diffusing rods in the background, Fig. 2B. Also, the rotation diffusion coefficient 200 

�̅�𝜃 can be neglected since it happens over time scales of a few microseconds which is beyond the 201 

scope of NSE spectroscopy measurements (see supplementary information for calculations). 202 
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Fig. 3: Neutron spin echo (NSE) data and scaling-law fits for (A) semi-rigid polymers. 204 
Measurements were performed on freshly prepared samples containing a Φ=0.004 volume fraction 205 

of polymers in deuterium oxide with 50 x 10-3 mol/L sodium chloride at 22ºC. Error bars 206 
representing ±1σ (standard deviation). (B) A schematic of the rigid rod-like (right) and semi-rigid 207 
chain-like (left) polymers, where the hydrophobic core is illustrated in yellow. This core 208 

propagates through the axis of the rigid rods and is segmented in the semi-rigid chains due to 209 

differences in type of linkers (red, insets).  210 

In contrast, the I(Q,t) data for the semi-rigid (SR) chains did not follow the free diffusion 211 

description for the entire Q-range, but instead exhibited two distinct dynamical regimes that were 212 

Q-dependent, Fig. 3A (see supplementary information for model details). In the high-Q regime, 213 

fits to I (Q, t) using β = 1 yielded a satisfactory 𝛤~𝑄2 scaling. The extracted diffusion coefficient 214 

in this Q-regime was  𝐷𝑆𝑅 = 4.4 (± 0.2) x 10−11𝑚2/𝑠  which can be attributed to the constituent 215 

bundlemer diffusion manifesting at high-Q. In the intermediate-Q regime, which corresponds to 216 

inter-bundlemer distances, a systematic deviation from 𝑙𝑜𝑔 (
𝐼(𝑄,𝑡)

𝐼(𝑄,0)
) ~ − 𝐷𝑆𝑅𝑄2𝑡 behavior (i.e. free 217 

diffusion relation) to 𝑙𝑜𝑔 (
𝐼(𝑄,𝑡)

𝐼(𝑄,0)
) ~ − (𝐷′𝑄

2

𝛽𝑡)𝛽 behavior was recorded where 𝛽 < 1 and D’ is an 218 

apparent segmental diffusion coefficient (see Fig. S4 and Fig. S5 in supplementary information). 219 

This deviation indicates that additional segmental dynamics are contributing to the I (Q, t) of the 220 

semi-rigid chains in this Q-regime. Both thermally activated bending dynamics described by 221 

Zilman-Granek model with 𝛽 = ¾ and flexible chain dynamics impacted by intrachain viscosity 222 

Semi-rigid chain Rigid rod 

(B) 
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described by the Zimm model with 𝛽 = 2/3 yielded superior fits to the I (Q, t) data in this Q-223 

regime. However, due to the narrow Q-range accessible to the NSE instrument as well as dilute 224 

polymer concentrations, we could not measure low-Q data points with good statistics to 225 

definitively quantify the segmental dynamics in this Q-regime. Nevertheless, from the NSE data 226 

we conclude that two Q-dependent dynamical regimes exist and diverge at a critical scattering 227 

vector 𝑄∗ ≈  0.06 Å−1 which corresponds to a length scale that is comparable to the semi-rigid 228 

chain’s Kuhn length, kL.  229 

Comparison of the dynamics of rigid rods and semi-rigid polymers yields interesting 230 

insights. Firstly, since the I (Q, t) data is skewed towards fast dynamics of shorter rods in the rigid 231 

rod samples, similarity of decay rate at high-Q results specifically for given polymer samples under 232 

probed solution conditions. Secondly, in the intermediate-Q regime, i.e. 𝑄 <  𝑄∗, the decay rate 233 

𝛤𝑆𝑅  and, consequently, the apparent diffusion coefficient (
𝛤𝑆𝑅

𝑄2 ) for the semi-rigid chains is less 234 

than that of rigid rods (𝛤𝑅𝑅) (comparing the rod and chain fits in Fig. 3A). We infer that the smooth 235 

linear architecture of shorter rods enables faster diffusion whereas, steric costs of bending result 236 

in the slower inter-bundlemer diffusion in the longer and locally entangled semi-rigid chains in 237 

this Q-range. Finally, fits for the amplitude I(Q,0) to the intermediate scattering function yield 238 

useful insight into dynamics within the two polymer systems (see Table S10 in supplementary 239 

information). Ideally, if all fast dynamics in the system is captured, I(Q,0) = 1  [2]. The fitted 240 

values indicate that NSE spectroscopy successfully captures all fast dynamics within the rigid rod 241 

polymers (<I(Q,0)>RR = 0.96 ± 0.02). However, all fast dynamics are not accessible to NSE 242 

spectroscopy in the semi-rigid polymers (<I(Q,0)>SR = 0.88 ± 0.04) which may be attributed to 243 

the presence of internal dynamics within the semi-flexible polymer due to the flexibility of the 244 

PETMP linker.  245 

The absence of inter-bundlemer bending dynamics in rigid rod-like polymers in NSE 246 

spectroscopy studies indicate that inter-bundlemer bending modes are constrained in these 247 

polymers. These results combined with SANS measurements corroborate our previous studies 248 

wherein we showed that the rigid rod-like polymers have exceptionally long persistence lengths 249 

of greater than a micrometer  [12].  We suspect that hydrophobic contacts between bundlemer 250 

cores and α-helical hydrogen bonds between neighboring bundlemers can be facilitated by the 251 

short inter-bundlemer linker resulting in the formation of quaternary structure in rigid rod-like 252 
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polymers that can further suppress bending dynamics (see schematic in Fig. 3B). In contrast, NSE 253 

and SANS investigations of the semi-rigid chain-like polymers indicate that segmental dynamics 254 

are activated at inter-bundlemer length scales, which can be ascribed to bending at the PETMP 255 

linker junction. In this case, the ‘crossed’ geometry of the PETMP molecule may inhibit further 256 

interactions between bundlemers (Fig. 3B). Therefore, this study of tunable supramolecular 257 

polymer systems constructed using the same macromolecular building block shows that linker type 258 

intimately impacts bundlemer chain structure as well as dynamics at the nanoscale.  259 

We have shown that NSE spectroscopy combined with SANS measurements yields unique 260 

and hitherto inaccessible information of the impact of purely the inter-monomer linker type on the 261 

persistence length and resulting chain stiffness of the exotic peptidic assemblies. In the future, the 262 

unique hybrid assembly pathway will enable the exploration of the impact of solvent quality and 263 

inter-bundlemer interactions via charge pattern on dynamics of new self-assembled 1D and 2D 264 

architectures. 265 
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