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ABSTRACT. The structures of a molecular brush in a good solvent are investigated using 

synchrotron small-angle X-ray scattering in a wide range of concentrations. The brush under study, 

PiPOx239-g-PnPrOx14, features a relatively long poly(2-isopropenyl-2-oxazoline) (PiPOx) 

backbone and short poly(2-n-propyl-2-oxazoline) (PnPrOx) side chains. As a solvent, ethanol is 

used. By model fitting, the overall size and the persistence length as well as the interaction length 

and interaction strength are determined. At this, the interplay between form and structure factor is 

taken into account. The conformation of the molecular brush is traced upon increasing the solution 

concentration, and a rigid-to-flexible transition is found near the overlap concentration. Finally, 

the results of computer simulations of the molecular brush solutions confirm the experimental 

results. 

Introduction 

Molecular brushes (MBs) are composed of a backbone, which is densely grafted by a large 

number of polymeric side chains, also called “bottle brushes”.1,2,3,4 Due to the high grafting 

density, the steric hindrance between the side chains results in a high stiffness of the backbone, 

compared to the corresponding bare linear polymers, and a stretched conformation of both the 

backbone and the side chains. The architecture of MBs is characterized by the degree of 

polymerization of the backbone, Nbk, the degree of polymerization of the side chains, Nsc, and the 

grafting density, z, defined as the number of side chains grafted per each backbone monomer. z is 

generally larger than 0.5.  
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Changing the relative length ratio between the backbone and the side chains leads to various 

molecular structures.5,6,7 When the side chains are much longer than the backbone, the MB has a 

structure close to the one of a star-like polymer and therefore assumes a spherical or ellipsoidal 

shape. In contrast, when the backbone is significantly longer than the side chains, the MB 

resembles a large worm-like chain. Numerous studies have addressed the relation between the 

architectural parameters and the conformation of MBs, both theoretically,8,9 in simulations10,11, 

12,13,14,15,16,17,18,19 and experimentally.20,21,22,23 

Since the structure of MBs resembles the one of a large linear polymer chain with a finite cross 

section,24,25,26 especially for MBs with long backbone, they may be considered as worm-like chains 

having a contour length Lc, a persistence length lp and a cross-sectional radius Rc. These quantities 

can be estimated theoretically27 or can be experimentally determined using small-angle X-ray or 

neutron scattering.22,28,29 

The theoretical work by Borisov et al. addressed the relation between the end-to-end distance 

Ree of MBs and the solution concentration c, from the dilute to the concentrated regime.8 In this 

study, a number of parameters are considered, including the solvent quality for the backbone and 

the side chains, the molar masses of the backbone and the side chains, and the grafting density of 

the MB. In dilute solution, the MBs were found assume their unperturbed conformation, which 

stays unchanged with increasing concentration, until the overlap concentration c* is reached. 

Above c*, the mutual interaction affects the conformation of the MBs, and quantitative scaling 

laws between Ree and c were predicted, where the length scale of the mutual interaction decreases 

with increasing concentration. When the solvent quality is good for both, the backbone and the 

side chains, right above c*, the interaction between the backbones dominates, and the scaling 

relation Ree  c-0.125 was identified, i.e. the same as for linear polymers in solution. Upon further 
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increasing the concentration, the interaction between the side chains dominates, and a scaling 

relation of Ree  c-0.304 was predicted for this second regime. When the length scale of the mutual 

interaction decreases to the level of the local segmental lengths, first to the persistence length lp 

and then the cross-sectional radius Rc, these are both predicted to depend on concentration. Thus, 

in the second interaction regime, the rigidity of the backbone and the side chains gradually 

decreases with increasing concentration. Finally, for the highest concentrations, Ree is not 

concentration-dependent, with both the backbone and the side chains featuring Gaussian 

conformation.  

In the simulation study by Paturej and Kreer, similar findings as in the described theoretical 

work8 were reported, with a detailed description on the different regimes of mutual interactions 

between MBs in good solvent.17 Four interaction regimes were identified above the overlap 

concentration c* = c1: (1) the backbone interaction regime, yielding Ree  c-0.125, (2) the persistence 

length interaction regime, yielding Ree  c-0.25, (3) the inter-side chain interaction regime, yielding 

Ree  c-0.308 and (4) the inter- and intra- side chain interaction regime, yielding Ree  c-0.4. In 

regimes (3) and (4), the term “inter-” refers to the interaction between side chains from adjacent 

MBs, while the term “intra-” refers to the interaction between side chains belonging to the same 

MB. In the same work, the role of the architectural parameters, i.e., Nsc and z, on the relation 

between Ree and c was demonstrated by several examples.17 In the extreme case of Nsc = 1, the 

concentration dependence of Ree shows the behavior of regime (1) followed immediately by regime 

(2), which lasts to higher concentrations. This means, no interaction between the side chains is 

observed in this case, presumably due to the very short side chain length. In contrast, when z is set 

to 2 and Nsc to 16, the concentration dependence of Ree shows the behavior of regime (1) directly 

followed by regime (4), while regimes (2) and (3) are not observed. This direct cross-over was 
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explained by the high grafting density combined with the long side chains, resulting in a dominance 

of the side chain interactions between the MBs. These simulation results show that the occurrence 

of the interaction regimes depends strongly on the MB architecture. 

As for experimental studies, the MB conformation could be characterized in dilute solution using 

small-angle scattering, and relations between the architectural parameters and the conformation 

were identified.20,21,23,30,31,32 Typically, the MBs were modeled as flexible cylinders, giving the 

structural parameters Lc, lp and Rc. In contrast, the concentration dependence of the MBs’ chain 

conformation and inner structure was much less studied. At this, one of the challenges arises from 

modeling of the data, since the data in semi-dilute solutions are characterized by an interplay of 

numerous length scales, including the ones within the MBs as well as the correlation lengths 

between the MBs, making it difficult to determine the parameters unambiguously.33  Another 

challenge is to describe the contribution of the mutual interaction properly. As indicated by 

theoretical and simulation studies, the conformation of individual MBs is expected to change with 

polymer concentration in semi-dilute solutions, and their correlation may depend on the actual 

conformation. This interplay of form and structure factor has, to the best of our knowledge, not 

been considered yet. 

In the work by Bolisetty et al., the conformation of a long MB (Nbk = 1600, Nsc = 61) was 

characterized from dilute to semi-dilute solution in a good solvent,34,35 using small-angle neutron 

scattering (SANS). The scattering of the MBs was modeled as a flexible cylinder form factor. The 

mutual interaction was described by a virial series in c, which had proven applicable for, among 

others, dendrimers.36,37,38 Despite the limited number of data points, the radius of gyration, Rg, of 

the MBs was found to follow the theoretical prediction by Borisov et al., showing firstly Rg   

c-0.125 (backbone interaction dominant) and subsequently Rg  c-0.304 (side chain interaction 
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dominant) with increasing solution concentration, i.e. the first and the second regimes. Meanwhile, 

the persistence length lp of the MBs decreases steadily with increasing concentration, implying a 

decreasing stiffness of the backbone. 

Sunday et al. also investigated the scaling relation between Rg and c of a MB (Nbk = 105 and Nsc 

= 40) in a good solvent using SANS, covering a broad range of concentration. 39  To avoid 

ambiguities due to the overlapping length scales during the data analysis, the data were described 

by the generalized Guinier-Porod model instead of assigning a specific shape. This protocol 

allowed a precise determination of the radii of gyration in the longitudinal (Rg,2) and the 

perpendicular direction (Rg,1) of the anisotropic MBs; however, the detailed structural features 

were not provided. From these, values of the overall Rg and the persistence length lp were 

calculated. As for the mutual interaction between MBs, the Percus-Yevick hard-sphere structure 

factor was used, which is the simplest correlation model for interacting particles. This way, from 

dilute to semi-dilute condition, three interaction regimes could be identified, namely Rg  c-0.11, Rg 

c-0.35 and Rg  c-0.10. These exponents slightly differ from the ones identified experimentally by 

Bolisetty et al.34,35 and theoretically by Paturej and Kreer.17 Evaluating the concentration 

dependence of Rg,2/Rg,1, it was found that the overall shape of the MBs becomes less anisotropic 

upon increasing concentration, which corresponds well to the decreasing rigidity of the backbone 

at high concentrations found by Bolisetty et al.34,35 

Although a number of experimental investigations have addressed the concentration dependence 

of the conformation of MBs, the idea, that the mutual interaction between MBs may depend on the 

conformation of individual MBs, has not yet been pursued in the analysis of small-angle scattering 

data. For a proper description, the scattering contribution from the MB interaction should include 

the conformational information on the individual MBs, which is absent in the previous modelling 
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approaches, in the fitting model in order to account for the conformational evolution upon variation 

of the concentration in the solution. In addition, we performed mesoscopic computer simulations 

of the molecular brush solutions in order to confirm the experimental data. 

 

Experimental 

Polymer Characteristics 

The MB under study, PiPOx239-g-PnPrOx14, features a poly(2-isopropenyl-2-oxazoline) (PiPOx) 

backbone and poly(2-n-propyl-2-oxazoline) (PnPrOx) side chains, having degrees of 

polymerization of Nbk = 239 and Nsc = 14, respectively (Figure 1). The grafting-from method was 

used to synthesize the MB according to a modified method based on ref 40, also described in ref 

41. At this, the backbone was synthesized by living anionic polymerization of 2-isopropenyl-2-

oxazoline, which was further converted to a macroinitiator salt by reaction with methyl triflate. 

From this macroinitiator salt, the side chain was grafted by living cationic ring-opening 

polymerization. The grafting reaction was terminated with N-Boc-piperazine to improve end group 

analysis by 1H-NMR. As determined by the refractive index detection of size exclusion 

chromatography (SEC), the weight-average molar mass of the backbone, Mw,bk, is 29.4 kg mol-1 

with a polydispersity Ð = 1.09. For the whole MB, the weight-average molar mass, Mw is 413.1 

kg mol-1 with Ð = 1.01, as determined by SEC multi-angle laser light scattering detection and 

141.3 kg mol-1 with Ð = 1.12 by refractive index detection. Both elugrams are given in Figure S1 

in the Supporting Information (SI). 
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Figure 1. Chemical structure of PiPOx239-g-PnPrOx14 

SEC measurements were performed on a system from Jasco (Groß-Umstadt, Germany) with a 

PU 2080 HPLC-pump, a JetStream II Plus column oven, equipped with one Gram 3000 8 × 300 

mm and one Gram 30 8 × 300 mm column and dimethylacetamide (DMAc) with 5 g L−1 LiBr and 

1 vol% H2O as the mobile phase at 70 °C. The system was calibrated with PMMA standards (PSS, 

Mainz, Germany). A Dawn DSP-laser photometer at λ = 632.8 nm (Wyatt Technology, Dernbach, 

Germany) and an RI-930 RI detector (Jasco) were used for detection. Samples were dissolved in 

the mobile phase and filtered through 0.2 μm PTFE syringe filters prior to the measurement. 

Refractive index increments dn/dc were determined using a differential refractometer DR1/b from 

SLS Systemtechnik (Denzlingen, Germany) in the concentration range of 1–5 g L−1 at a 

temperature of 35 °C. 

 

Sample Preparation 

For sample preparation, ethanol (99.8 %, ROTIPURAN®) or perdeuterated ethanol-d6 (99.0 %, 

Deutero GmbH, Kastellaun, Germany) were filtered using mixed cellulose ester membrane syringe 

filters having a pore size of 0.8 µm. Polymer solutions having polymer concentrations c = 5, 20, 

30 and 46 g L-1 were prepared in ethanol and in ethanol-d6 for c = 1.25, 2,5 and 10 g L-1. Ethanol-

d6 was chosen to enable comparison with small-angle neutron scattering data from previous 

experiments. No difference was found in the SAXS data from solutions in ethanol or ethanol-d6, 
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see below. In each series, the most concentrated solution was prepared first and was diluted to the 

desired concentration. The solutions were placed on a shaker for at least two weeks before the 

measurements. 

 

Synchrotron Small-angle X-ray Scattering 

SAXS measurements were conducted at the high brilliance synchrotron SAXS beamline P12 at 

the Deutsches Elektronen Synchrotron (DESY), Hamburg, Germany.42 The employed wavelength 

of the X-rays was  = 0.124 nm, and the sample-to-detector distance (SDD) was 3.0 m, together 

providing a q-range of 0.03 – 4.5 nm-1, where q = 4sin(/2)/ is the momentum transfer with 

being the scattering angle. The 2D Pilatus 6M detector was used, recording the scattering as 2D 

intensity pattern. The illumination time for each measurement was 45 ms. The sample temperature 

was 20 °C. During data acquisition, the solution flowed continuously through a thermo-controlled 

capillary (50 μm in wall thickness and 1.7 mm in inner diameter) for X-ray illumination, using a 

robotic sample changer to avoid the chance of radiation damage.43,44  20 measurements were 

carried out in sequence, and the averaged data were taken, which were corrected by the 

transmission and brought to absolute scale using water as a standard. After azimuthal averaging of 

the 2D intensity, the 1D SAXS data of the solvent was subtracted. These operations were carried 

out by the automated data processing pipeline SASFLOW.45 

 

Data Analysis 

From the scattered intensity profile I(q), pair distance distribution functions p(r) were calculated 

to obtain model-free information on the shape and inner structure of the MBs as well as their 

maximum size rmax and their radius of gyration, Rg, and to identify possible correlations between 
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the MBs.46 For the calculation of p(r) and Rg, the program GNOM was used.47 Additionally, ab 

initio shape modeling of the Pfc(q) curves for 1.25, 10 and 46 g L-1 was carried out with the program 

DAMMIF.48 In detail, for each data set, 10 reconstructions were generated in slow mode, and the 

resulting models were clustered using the program DAMCLUST. 49  The stability of the 

reconstructions was quantified in terms of the Normalized Spatial Discrepancy (NSD).50 This 

metric exceeds a value of 1, when the models differ systematically from each other. After 

clustering the ab initio shape models, a representative model of the largest cluster, as determined 

by DAMCLUST, for each of the three concentrations was selected. All programs are implemented 

in the software ATSAS 3.0.51 For the calculation of p(r), the q-range 0.04 – 1.14 nm-1 was selected. 

The shape of p(r) provides indication about the structure of the molecular brushes, which is taken 

into consideration when choosing the model for analyzing the SAXS data. For dilute solutions, 

i.e., c = 1.25-5 g L-1, the following model was chosen: 

𝐼(𝑞) = 𝑃fc(𝑞) + 𝐼bk          (1) 

where Pfc(q) is the flexible cylinder form factor with a polydisperse cross-sectional radius, 

describing the individual MB (Figure S2 and eqs S1 and S2 in the SI) and Ibk a constant 

background.52,53 As the degree of polymerization of the backbone is much larger than the one of 

the side chains, it is expected to resemble a semi-flexible polymer chain with a finite cross section. 

From Pfc(q), the contour length Lc, the persistence length lp and the cross-sectional radius Rc of the 

MB are obtained. An exemplary fit is shown in Figure S3a in the SI. 

As for the semi-dilute solutions, i.e., 10-46 g L-1, the contribution from the interaction between 

the MBs and the chain scattering were included in the fitting model: 

𝐼(𝑞) = 𝑃fc(𝑞)𝑆wlc(𝑞) + 𝐼fluct(𝑞) + 𝐼bk       (2) 
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Swlc(q) is the structure factor describing the interaction between worm-like chains (eqs S3-S6 in 

the SI), and Ifluct(q) is the scattering from the local concentration fluctuations (eq S7 in the SI).  

Swlc(q) accounts for the correlations between the chain-like MBs, giving the interaction factor β, 

and a characteristic interaction length Lint. Swlc(q) is an explicit function of Pfc(q) (eq S3 in the SI) 

and is therefore dependent on the MB conformation.52, 54  The contribution from the local 

concentration fluctuation, Ifluct(q), was described by the Ornstein-Zernike structure factor.55 It 

accounts mainly for the scattering from the side chains, giving the correlation length ξ of the 

concentration fluctuations. Figure S3b in the SI demonstrates the contributions from each term in 

eq 2 to the model fit.  

The procedure for fitting was the following: (1) We fitted the 1.25 g L-1 data with all parameters 

being free fitting parameters. This way, the contour length of the molecular brush was obtained. 

(2) This value of the contour length was fixed, when the data for the concentrations 2.5 - 46 g L-1 

were fitted. The background scattering was taken as a free fitting parameter for 1.25 – 5 g L-1, 

while it was fixed at 2.36 × 10-4 cm2 g-1 for 10 – 46 g L-1. Ibk was taken as a free fitting parameter 

for the dilute solutions, i.e., 1.25 – 5 g L-1, while it was fixed at 2.36 × 10-4 cm2 g-1 for the semi-

dilute solutions, i.e., 10 – 46 g L-1. For model fitting, the software SASfit 0.94.12 was used.56 The 

resulting structural parameters are given in Table S1 in the SI. The uncertainties shown are the 

ones given by this software. Confidence intervals are given in the SI. 
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Results 

Overview 

SAXS measurements were performed on PiPOx239-g-PnPrOx14 solutions at 20 °C in a 

concentration range c = 1.25-46 g L-1 (Figure 2). No difference is observed for solutions in ethanol 

and ethanol-d6. The SAXS data of the most dilute sample, i.e., 1.25 g L-1, show the typical features 

of worm-like particles: in the low q range (q < 0.08 nm-1), reflecting structures at large length 

scales, the scattering intensity I(q) reaches a plateau, as it is for dilute homogeneous particles 

whose size can be well-defined in the given q-range. Its absolute value is related to the contour 

length of the MB, Lc.  

At intermediate q-values (0.1-0.5 nm-1), a decay following I(q)  q-5/3 is observed, characteristic 

of the scattering from a worm-like chain having a persistence length lp.
57 The cross-over position 

from the plateau to q-5/3 marks the overall size of the MBs. Further, at 0.7-1.5 nm-1, I(q) shows a 

decay I(q)  q-4, which results from the sharp cross section of the MBs, that is due to the densely 

grafted side chains on the backbone. The q-value, at which the cross-over between these two 

relations occurs, is related to lp. The cross-over between the q-4 behavior and the subsequent, 

weaker dependence is related to the cross-sectional radius of the MB, Rc. At q > 1.5 nm-1, I(q) is 

independent of q, which is considered as the background scattering.  

 



 

13 

 

Figure 2. Concentration-normalized SAXS data I(q)/c (symbols) of the PiPOx239-g-PnPrOx14 

solutions at 20 °C in ethanol for the concentrations given in the legend. The lines indicate the 

power laws I(q) ~q-5/3 and I(q) ~q-4. 

From 1.25 g L-1 up to 5 g L-1, the normalized scattering intensity I(q)/c stays nearly unchanged 

(Figure 2). Shifted curves are given in Figure 3 for better visibility. It is noted that the curves are 

similar, regard less of whether ethanol or ethanol-d6 was used as a solvent. Above 5 g L-1, the 

intensity at low q values (< ~0.2 nm-1) is successively suppressed with increasing concentration. 

Furthermore, the range over which the behavior I(q)  q-5/3 is observed, diminishes with increasing 

concentration, implying a decrease in the persistence length lp. In the range 0.7-1.5 nm-1, the SAXS 

data overlap for all concentrations, indicating a constant cross-sectional radius Rc. In the highest q 

range, namely q > 1.5 nm-1, I(q)/c is independent of q for 1.25-5 g L-1, while a shallow decay of 

I(q)/c is observed for 10-46 g L-1. This decay is attributed to the concentration fluctuations at small 

length scales, which are presumably caused by the side chain scattering and are only detectable, 

when the concentration and thus the scattering intensity is high enough. In the high-q range, the 

data for 10-46 g L-1 overlap very well, suggesting that the scattering from the side chains hardly 

depends on concentration in this range. The SAXS data along with the model fits are also shown 

as Kratky plots in Figure S4 in the SI. They confirm that the fits are excellent in the entire q-range. 
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Figure 3. SAXS data (symbols) together with the model fits (solid lines, see text). The 

concentrations are indicated in the graphs. The data are vertically shifted by a factor of 10 with 

respect to each other for better visibility. 

From the SAXS data, the pair distance distribution functions, p(r), are derived (Figure 4), giving 

hints to the overall shape of the MBs as well as their correlation in dependence on concentration. 

The p(r) function of the most dilute sample (c = 1.25 g L-1) is asymmetric. It shows two maxima 

at the distances r = 5 nm and r = 11 nm and a steady decay between r = 11 and 47 nm. The latter 

represents the maximum dimension in the MB, rmax. Upon increasing the concentration to 10 g  

L-1, the p(r) function stays overall asymmetric, and the maximum at r = 5 nm is unchanged, while 

the one at r = 11 nm becomes shallower and nearly disappears. Meanwhile, the decay at r > 11 nm 

gradually shifts toward lower r-values by ~3-5 nm, i.e. rmax shrinks slightly. Thus, in the 



 

15 

 

concentration range of 1.25-10 g L-1, the MBs feature an anisotropic shape with two inherent length 

scales, which shall be disclosed by the interpretation of the model fitting results of I(q).  

 

Figure 4. Pair distance distribution functions p(r), normalized to the highest value. The 

concentrations are given in the graph. The horizontal black solid line indicates p(r) = 0. 

At concentrations of 10 g L-1 and above, p(r) assumes negative values at high distances r, 

indicating the presence of correlations between the MBs. Thus, in this concentration range, the 

SAXS data not only contain the form factor scattering of the MBs, but also a structure factor. The 

higher the concentration, the stronger is its influence. Therefore, a structure factor is included in 

the model fit in this concentration range (eq 2). 

 

Model Fitting 

For model fitting, the form factor of flexible cylinders, Pfc(q), was chosen to describe the MBs. 

It gives the conformational parameters, including the contour length Lc, the persistence length lp 

and the cross-sectional radius Rc of the chain-like MBs (eq 1 and eqs S1 and S2 in the SI). For 

concentrations at and above 10 g L-1, Pfc(q) is multiplied with the structure factor of worm-like 

chains, Swlc(q) (eqs 2 and S3-S6 in the SI). The latter includes the values of Lc and lp from Pfc(q) 

and thus describes the correlation between the MBs in dependence on their size and shape. From 
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Swlc(q), an interaction factor β, revealing the interaction strength, and the interaction length Lint are 

obtained. The scattering from the side chains, namely the decay at q > 1.5 nm-1 for concentrations 

of 10-46 g L-1 (Figure 3), is modeled by the Ornstein-Zernike structure factor, from which the 

correlation length ξ of the local density fluctuation in the solution is given (eq 2 and eq S7 in the 

SI). Using these models, excellent fits were obtained (Figure 3 and Figure S3 in the SI). 

 

Dependence of the Form Factor on Concentration 

Having fitted the models described above, the form factor of flexible cylinders, Pfc(q), can be 

considered separately (Figure 5a). The crossover from the plateau at low q-values to the decay 

with I(q)  q-5/3 moves to higher q-values, as concentration is increased, i.e. the overall size 

decreases. In contrast, in the high-q region, the curves do not change with concentration, indicating 

a constant cross-sectional radius Rc.  
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Figure 5. (a) Form factors Pfc(q) obtained by model fitting the SAXS data for the concentrations 

given in the graph. (b) Corresponding pair distance distribution functions, p(r), derived from 

Pfc(q). The curves are normalized to the highest value. The horizontal black solid line indicates 

p(r) = 0. (c) Radius of gyration Rg resulting from p(r) as a function of concentration c. The dashed 

line is a horizontal regression line from 1.25 to 10 g L-1. The solid line is a linear regression of the 

data points from 20 to 46 g L-1 corresponding to Rg  c-0.40±0.02. (d) Largest dimension within the 

MBs, rmax, as a function of concentration (symbols). Calculated average distance between the MBs, 

Davg (line). 

Calculating the pair distance distribution functions p(r) from these Pfc(q) curves (Figure 5b) 

allows evaluating their shape and size without any influence of the structure factor. Between 1.25 

and 20 g L-1, the p(r)-functions feature two maxima at r = 5 nm and r = 11 nm and an asymmetric 
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overall shape, with the decay at high r-values shifting to slightly smaller r-values with increasing 

concentration. From 20 to 46 g L-1, the p(r)-functions become steadily less asymmetric, while they 

shift to substantially smaller r-values. The asymmetric shape suggests an overall anisotropic shape 

of the MBs at all concentrations, and the changes from 1.25 to 46 g L-1 indicate a gradual decrease 

in the geometrical asymmetry of the particle.  

Furthermore, ab initio shape modeling of the Pfc(q) curves allows construction of 3-dimensional 

models of the MBs at different concentrations, using densely packed beads as the basic 

constituents. These models give information about the average overall geometry of the MBs. It 

should be also pointed out that, while the ab initio shape modeling is routinely used for the SAS 

data analysis of biological samples, it has also, more recently, been applied to data from 

nanoparticles,58,59,60 soft matter61 and biological-nanoparticle hybrid systems.62,63 One may expect 

that conformational heterogeneity in flexible molecules, such as the MBs, will result in likewise 

heterogeneous ab initio solutions, due to the smearing of the reciprocal space features normally 

present in more rigid molecules. Nevertheless, models representative of the features common to 

several shape reconstructions are expected to visualize some of the more noticeable shape 

characteristics in the SAXS curves.  

At 1.25 g L-1, the MBs are composed of about four to five small domains, each 8.0-9.0 nm in 

size, that are connected like pearls on a string (Figure 6a). Given the rather high flexibility at this 

concentration, the model clusters exhibit different types of assembly for these domains, as 

indicated by the NSD values, that vary between 1.1 and 1.5. At 10 g L-1, the MBs maintain their 

elongated shape, while the individual domains start to become smaller in size (~6.0 nm) and less 

obvious in the model (Figure 6b). A reduced flexibility of the particle shape can be perceived from 

a lower NSD value (1.2). At 46 g L-1, the small domains cannot be distinguished from each other 
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anymore, and the MBs show a compact, flat molecular shape (thickness ~4.5 nm, NSD 0.9-1.3, 

Figure 6c). Thus, the MBs undergo a shape transformation from 10 to 46 g L-1, becoming more 

compact and less anisotropic, and these changes can be easily visualized in the ab initio models. 

This result corresponds very well to the observation from the p(r)-functions (Figure 5b) and agrees 

with the findings by Sunday et al.39  

 

Figure 6. Results from ab initio shape modeling of the Pfc(q) curves at (a) 1.25 (b) 10 and (c) 46 

g L-1.  

The radius of gyration of the MBs, Rg, as obtained from the p(r)-functions of Pfc(q) is shown in 

Figure 5c in dependence on concentration. While Rg stays at ~11.5 nm between 1.25 and 10 g L-1 

and barely changes, it decreases with increasing c from 20 to 46 g L-1, following the scaling relation 

Rg  c-0.4. The scaling exponent of -0.4 suggests that inter- and intra-side chain interactions 

between the MBs dominate (regime (4) defined in the simulation study by Paturej and Kreer).17 

Noticeably, neither the scaling regime of the backbone interaction (regime (1)) nor the one of the 

persistence segments (regime (2)), which would feature exponents of -0.125 and -0.25,17 are 

observed in the present system. This behavior may be attributed to the molecular architecture of 

the MBs under study, that feature densely grafted side chains, which are long enough to affect the 

overall conformation of the MBs. 

The maximum dimension, rmax, as obtained from the point where the p(r) functions in Figure 5b 

become zero, is shown in Figure 5d. Between 1.25 and 20 g L-1, rmax decreases slightly from ~50 
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nm to ~43 nm and then strongly to 29 nm at 46 g L-1. Comparing the values with the average 

distance between the MBs, Davg: 

𝐷avg
3 =

𝑀w

𝑐𝑁A
           (3) 

(NA is Avogadro’s constant), that is calculated from the concentration and the corresponding 

number of MBs per unit volume, it is seen that rmax coincides with Davg at ~10 g L-1 and becomes 

larger than Davg at higher concentrations. Namely, the MBs are uncorrelated below 10 g L-1, while 

they are correlated above. Thus, the overlap concentration may be estimated at c* = 10 g L-1.  

From fitting the described models, a contour length of the MBs, Lc = 56.7 ± 1.5 nm, is obtained 

at 1.25 g L-1. Meanwhile, the fully extended length of the MB amounts to 66.8 nm, as estimated 

from the product of (i) the sum of the degrees of polymerization of the backbone and two times 

the one of the side chains, Nbk + 2Nsc, and (ii) the monomer length, which is calculated from the 

length of the C-C and C-N chemical bonds and the bond angles.64  Thus, the experimentally 

obtained Lc amounts to ~85 % of the fully extended length, implying a rather stretched 

conformation of the backbone. Since the value of Lc can be expected to be independent on the 

concentration, Lc = 56.7 nm is used for the model fits at all concentrations.  

The resulting persistence length lp in dependence on c is shown in Figure 7. Between 1.25 and 

10 g L-1, it is constant at ~10 nm. This is close to the maximum at r  11 nm in the p(r)-functions 

(Figure 5b), and we attribute this maximum to the persistence length of the MBs. Comparing with 

the lp value of the bare backbone, namely ~1.5 nm,65,66 the lp value of the MB is significantly 

larger, implying an increase of the backbone rigidity due to the dense grafting of the side chains, 

which seems plausible. Above 10 g L-1, lp of the MBs decreases steadily with increasing c, until it 

reaches a value of 3 nm at 46 g L-1. (We note that the latter value is only slightly larger than the 

cross-sectional radius, see below, and has to be taken with care.) This means, the MBs become 
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significantly more flexible, which is supposedly a result of the enhanced mutual interaction 

between the MBs in this concentration range.35 Interestingly, the concentration where the 

interpolated values of lp cross over, i.e., 17 g L-1, is similar to the one where Rg starts to decrease, 

namely 20 g L-1 (Figure 5c). This again suggests that the rigidity of the MBs starts to weaken at a 

concentration between 10 and 20 g L-1. Thus, combining both results, we conclude that the overlap 

concentration c* of the solution is in the range of 10-20 g L-1. 

 

Figure 7. Persistence length lp from model fitting as a function of concentration c in a double-

logarithmic representation. The two dashed lines serve as guides for the eyes. Their crossover is 

indicated.  

In contrast to the overall radius of gyration and the persistence length, which depend on 

concentration above 10-30 g L-1, the cross-sectional radius Rc fluctuates around 2.5 nm in the entire 

concentration range without any trend, presumably because of the short side chain length (Figure 

8a). The corresponding cross-sectional diameter of 5 nm compares well with the r-value of the 

first maximum in the p(r)-functions, observed for all concentrations (Figure 5b). Thus, the finite 

cross section of the MB is probably at the origin of the maxima at r  5 nm in the p(r)-functions. 

Finally, the correlation length ξ, from the Ornstein-Zernike structure factor, characterizing the 
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local concentration fluctuations mainly of the side chains at the periphery of the MBs, is found to 

be ~1 nm (Figure 8b), without any clear dependence on concentration. Thus, neither the cross-

sectional radius nor the concentration fluctuations of the side chains change with concentration. 

 

 

Figure 8. Structural parameters at small length scales in dependence on concentration on a 

logarithmic scale. (a) Cross-sectional radius Rc from the form factor, (b) correlation length ξ from 

the Ornstein-Zernike function. 

 

Dependence of the Structure Factor on Concentration 
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The correlation between the MBs in the solutions having concentrations of 10-46 g L-1 is 

described by the structure factor of worm-like chains, Swlc(q), see eqs 2 and S3-S6 in the SI. Swlc(q) 

is expressed as a function of the form factor Pfc(q) and thus contains the structural parameters Lc 

and lp. The parameters from Swlc(q), describing the correlation between the MBs, are Lint and β. Lint 

describes the screening for persistence chains that are in solution at intermediate concentrations. 

The screening is not the same for segments in the center and segments close to the end of the chain. 

Therefore, the structure factor includes a length scale, that is related to the concentration and the 

chain length and is called the screening length. β is positively related to the interaction strength 

between the MBs.  

The resulting Lint values decrease with increasing concentration (Figure 9a), and the values fall 

between rmax (Figure 5d) and Rc (Figure 8a), corresponding well to the predicted length scale. β 

increases with increasing concentration (Figure 9b, symbols), reflecting the enhanced interaction 

strength. Using the relations in eqs S4 and S5 in the SI, assuming c* = 10 or 17 g L-1, estimates of 

β in dependence on concentration are obtained (Figure 9b). The experimental data fall between 

these two theoretical curves, which justifies the validity of Swlc(q) in the MB solutions for 

concentrations above c*. 
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Figure 9. Structural parameters from model-fitting of the structure factor of worm-like chains, 

Swlc(q), in dependence on concentration on a logarithmic scale. (a) Characteristic interaction length 

Lint. (b) Interaction parameter β (symbols). Calculated β-values, assuming c* = 10 g L-1 (dashed 

line) and c* = 17 g L-1 (solid line). 

 

Computer Simulations of Molecular Brush Solutions 

Dissipative particle dynamics (DPD) simulations 67 , 68  were used to study the solutions of 

branched macromolecules.69,70 The description of the simulation systems can be found in the SI. 

The concentration was varied from 0.17 to 5 vol.-%, which corresponds to the experimentally 

studied concentrations. The results are presented in Figure 10. A visual analysis of the snapshots 
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(Figure 10a) reveals the following behavior: At low concentrations (c = 0.5-1 %), the brushes 

prefer to attain an extended worm-like conformation. At intermediate concentrations, the brushes 

begin to bend (c = 1.5%), which eventually results in the more compact coil-like conformations at 

higher concentrations (c = 3 and 5 %).  

The further quantitative analysis of the brush solutions comprises the calculations of the 

persistence length lp 
DPD (Figure 10b) and the gyration radius Rg

DPD (Figure 10c) as a function of 

the polymer concentration. Here the persistence length was estimated by 

〈𝑅2〉 = 2𝑙𝑝
DPD𝐿𝑐

DPD [1 −
𝑙𝑝
DPD

𝐿𝑐
DPD (1 − 𝑒−𝐿𝑐

DPD 𝑙𝑝
DPD⁄ )]       (4) 

where R2 is the mean-square end-to-end distance and Lc
DPD the contour length of the backbone. 

In our simulations, the value of Lc
DPD remained constant, regardless of polymer concentration, and 

was equal to 143.6 ± 1.5 nm, which is more than 2 times higher than the value calculated from the 

p(r)-functions. At the same time, as it can be seen in Figures 10b and 10c, the values of lp 
DPD and 

Rg
DPD at low concentrations (c = 0.17-1 %) were estimated as ~6 nm and ~14 nm, respectively. 

Meanwhile, the increase of polymer concentration results in a significant decrease of lp 
DPD until 

the value of 3.5 nm, while the Rg
DPD changes only weakly within the considered concentration 

range (Figure 10b and c). Such quantitative discrepancy with the experimental results (i.e. a less 

pronounced decrease of lp 
DPD and Rg 

DPD) may be attributed to the assumption of full flexibility of 

both the backbone and side chains at the selected level of coarse-graining (1 bead equals 1 

monomer, see the SI). Nevertheless, the values of lp 
DPD at c > 3% matches with the ones obtained 

from the experiments which confirms the flexible chain behavior of molecular brushes at high 

polymer concentrations (Figure 7). Other agreement with the experiments can be found for the 

overlap concentration c* which is equal to 1.5 % (inflection point in Figure 10b) and lies exactly 

in the range between 10 g L-1 and 17 g L-1 (Figure 9b). Finally, the mean brush thickness Rc
DPD 
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was estimated as 4.52 ± 0.06 nm for all concentrations, which also agrees nicely with the constancy 

of the cross-sectional radius Rc (~2.5 nm, Figure 8a) and may serve as an argument that the PnPrOx 

side chains are more flexible than the initial PiPOx backbone. In other words, the results of 

computer simulations show a good correlation with the results SAXS measurements and confirm 

the proposed behavior of molecular brush solutions. 

 

Figure 10. (a) Simulation snapshots of molecular brush solutions at different polymer 

concentrations (for convenience, the solvent beads are not shown, and each brush is colored 

individually). (b) Persistence length lp 
DPD and (c) radius of gyration Rg

DPD as a function of the 

polymer concentration. 
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Conclusions 

Based on the structural analysis by SAXS and the DPD simulations, the conformational changes 

of PiPOx239-g-PnPrOx14 in dependence on solution concentration in a good solvent can be 

sketched, as shown in Figure 11. In dilute solution, these MBs assume an elongated worm-like 

shape, with the structure being unchanged up to 10 g L-1. As the concentration increases from 20 

to 46 g L-1, both the brush size (Rg and rmax) and the persistence length lp decrease steadily with 

increasing concentration, indicating a reduced backbone rigidity of the MB. Despite these 

significant changes, the cross section of the MBs and the correlation length of concentration 

fluctuations within the MBs, which are both related to the densely grafted side chains, maintains 

their value throughout the entire concentration range.  

 

Figure 11. Schematic representation of the structural evolution upon increasing concentration of 

the chain-like MB PiPOx239-g-PnPrOx14 in a good solvent, ethanol.  

From the scaling behavior of the radius of gyration with concentration, it is found that the rigid-

to-flexible transition of the backbone is driven by the interaction between the side chains. A direct 

transition from the non-interacting state (Rg  c0) to the side chain interaction state (Rg  c-0.4) is 

found, while neither the predicted backbone interaction state nor the predicted persistence length 
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interaction states are observed. This result is tentatively attributed to the dominant role of the side 

chains in the architecture of the MB. The exponents identified by us differ from the ones of 

Bolisetty et al.,34,35 while there is a certain similarity with the findings of Sunday et al.39 The reason 

for these discrepancies may lie in the different ratios of Nsc and Nbk: The one investigated by us 

(~17) lies between the ones studied by Bolisetty et al. (~26) and Sunday et al. (2.6). 

Our results show in how far the conformation of chain-like MBs deviates from the conformation 

of linear polymers in dilute and semi-dilute solution and in which way the complex molecular 

architecture affects the scaling behavior of the overall size with concentration in the semi-dilute 

regime. Synchrotron small-angle X-ray scattering proved useful to address a wide range of length 

scales. As for model fitting the SAXS data in terms of a form and structure factor, it proved 

essential to properly take into account the form factor of the MBs in the expression of the structure 

factor. In addition, the results from DPD simulations are in good agreement with the SAXS 

measurements. 
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